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SUMMARY

A superconvergent point interpolation method (SC-PIM) is developed for mechanics problems by
combining techniques of finite element method (FEM) and linearly conforming point interpolation method
(LC-PIM) using triangular mesh. In the SC-PIM, point interpolation methods (PIM) are used for shape
functions construction; and a strain field with a parameter o is assumed to be a linear combination
of compatible stains and smoothed strains from LC-PIM. We prove theoretically that SC-PIM has a
very nice bound property: the strain energy obtained from the SC-PIM solution lies in between those
from the compatible FEM solution and the LC-PIM solution when the same mesh is used. We further
provide a criterion for SC-PIM to obtain upper and lower bound solutions. Intensive numerical studies
are conducted to verify these theoretical results and show that (1) the upper and lower bound solutions
can always be obtained using the present SC-PIM; (2) there exists an dexact € (0, 1) at which the SC-PIM
can produce the exact solution in the energy norm; (3) for any o€ (0,1) the SC-PIM solution is of
superconvergence, and «=0 is an easy way to obtain a very accurate and superconvergent solution in
both energy and displacement norms; (4) a procedure is devised to find a oefer € (0, 1) that produces a
solution very close to the exact solution. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The development of meshfree methods has achieved remarkable progress in recent years. Methods
and techniques developed so far include the smooth particle hydrodynamic (SPH) method [1-4], the
diffuse element method (DEM) [5], the element-free Galerkin (EFG) method [6], the reproducing
kernel particle method (RKPM) [7], the meshless local Petrov—Galerkin (MLPG) method [8],
the point interpolation method (PIM) [9, 10], Kringing interpolation method [11-13], etc. A very
detailed introduction on many types of meshfree methods and techniques for different problems can
be found in books [2, 14] and the source codes of some methods can also be found in [2, 15]. These
methods and techniques extend our minds in the quest for more effective and robust computational
methods.

The linearly conforming point interpolation method (LC-PIM) [16, 17] is evolved from the point
interpolation method (PIM) with the use of gradient smoothing technique [18]. It is formulated
based on the generalized Galerkin weak form and the PIM shape functions constructed employing
point interpolation procedure using a small set of nodes located in a local support domain that can
be overlapping [9, 10]. A more general form called LC-RPIM [19, 20] is also developed based on
the radial PIM that uses radial basis functions and hence works well for extremely irregular node
distributions [10, 14]. A good feature of PIM and RPIM shape functions is that they possess Delta
function property, which allows straightforward imposition of essential boundary conditions. A
very important property of LC-PIM and LC-RPIM is that they provide an upper bound solution
in energy norm for elasticity problems with homogenous essential boundary conditions [21, 22].
This implies that the LC-PIM can produce a ‘softer’ stiffness matrix than the actual solid under
analysis.

The finite element method (FEM) has been used most widely for engineering problems. It is
well known that the displacement-based fully compatible FEM provides a lower bound in energy
norm for the exact solution to elasticity problems [23—25]. This fact implies that an FEM model
result in a ‘stiffer’ stiffness matrix. Thus, using both LC-PIM (LC-RPIM) and FEM, we can obtain
certified solutions with both upper and lower bounds [26].

The important point is that FEM and LC-PIM play complementary roles in the numerical analysis
for solution bounds. Thus, a question naturally arises: can we develop a method to improve the
accuracy of the numerical solution by combining the good features of two methods into a single
numerical method? If this can be done, it can provide a new means to obtain superconvergent and
even nearly exact solutions.

In this paper, a superconvergent point interpolation method (SC-PIM) is proposed using the
existing FEM and LC-PIM techniques. A parameter is equipped in the SC-PIM for superconvergent
solutions. By adjusting the parameter, not only the upper bound but also the lower bound of the
exact solution in energy norm is obtained using the same mesh. Furthermore, a solution that is
as close as possible to the exact solution can be obtained using a finite number of triangular
elements.

This paper is outlined as follows. Sections 2 and 3 brief on the linear elasticity and LC-PIM.
The idea of the SC-PIM is presented in Section 4. The properties of the SC-PIM are presented and
corresponding theoretically proven in Sections 5 and 6. In Section 7, the unique superconvergence
of the SC-PIM is discussed. In Section 8, numerical examples are presented and discussed to
verify the formulations and properties of the SC-PIM. Conclusions and remarks are made in
Section 9.
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2. BASIC EQUATIONS FOR LINEARITY ELASTICITY PROBLEMS

Consider a 2D static elasticity problem governed by the equilibrium equation in the domain Q
bounded by I'(T'=T", +1%,[,NT;=0) as

Lic+b=0 inQ (1)

where Lg is a matrix of differential operators defined as

0 a]"
0 Z
0x dy
Ly= (2)
0 o0 0
dy 0Ox

61 = (s, Oyy, Oxy) is the vector of stresses, bt = (b,, by) is the vector of body forces. The stresses
relate the strains via the generalized Hook’s law:

6=Dsg 3)
where D is the matrix of material constants, and g7 = (6xxs Eyy, yxy) is the vector of strains given by
e=Lgu “4)

Essential boundary conditions are
u=ug on [y (5)

where ul = (u, u y) is the vector of the displacement and ug is the vector of the prescribed
displacements on the essential boundary I'y. In this paper, we consider only homogenous essential
boundary conditions ug=0.

Natural boundary conditions are

Lie=T onTy (6)

where T is the vector of the prescribed tractions on the natural boundary I';, and L; is the matrix
of unit outward normal, which can be expressed as

ny 0 ny T
Ly= (N
0 ny ny
3. BRIEFING ON THE LC-PIM [16, 17]

In the LC-PIM, the displacements are approximated as follows:

()= Y ®;(x)d; ®)

i€n,
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where n, is the set of nodes of the local support domain containing x, d; is a vector of displacements

at this set of nodes, and
¢; (x) 0
D; (x)= ©
0 @;(x)

is the shape functions matrix for node i, which are generally constructed using the PIM procedure.

In carrying out the numerical integration, the problem domain Q is divided into smoothing
domains €y containing node k, as shown in Figure 1. LC-PIM uses constant strain for each of the
smoothing domain defined by [18]

1
(ElkE(E;(Xk)Z—/ §(X)dQ (10)
Ak Qr
where Ay = ka dQ is the area of smoothing domain for node k, and £(x) =Lgu is the compatible

strain.

Because the LC-PIM is variationally consistent as proven (when the solutions is sought in an
H space) in [21], the assumed displacement u and the corresponding assumed strains g satisfy the
generalized Galerkin weak form

/ og! (w)De() dQ — / su'bdQ— | sa'TdI'=0 (11)
Q Q I

Substituting Equations (8) and (10) into Equation (11) yields the discretized system equation:

Kd=f (12)

Figure 1. Triangular elements and the smoothing cells in the LC-PIM. o, Field
node; ¢, mid-edge-point; and A, centroid of triangle.
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where

K= % K = Z B/ (x,)DB (x;) dQ (13)

k=1 Q
f= TdF+ (p,bdQ (14)

tx(Xk) 0

B, (x) = biy (xk) (15)

bl) (xx) b,x(Xk)
bij(x¢) = — il [Z wnco,(xmn)nz(xm)} (I=x,y) (16)

4. THE IDEA OF THE SC-PIM

4.1. Choice of the shape functions

Note that background cells have to be used for performing the numerical integration in meshfree
methods and the triangular cells that can be generalized automatically are the most convenient [14].
Therefore, the present SC-PIM uses the background cells of 3-node triangles for shape functions
construction as well as for strain field construction as in the LC-PIM, which ensures efficiency
and reliability. Once the PIM shape functions are created, the displacements can be approximated
as follows:

X =Y ®;(x)d; (17)

i€n,

where n, is the set of nodes in the support domain containing x, d; is the vector of nodal displace-
ments and ®; (x) is the matrix of the PIM shape functions for node i as shown in Equation (9).

4.2. Assumption for strain field

In the present SC-PIM, the problem domain Q is divided into a set of smoothing domains
containing node k as shown in Figure 1. By connecting node k to the centroids of the surrounding
triangles, the Q is further sub-divided into M sub-domains Qy 1, Q% 2, ..., %, » and the union of
all Q ; forms Q exactly, as shown in Figure 2.

We now assume that the strain € at any points within any sub-domain Qy ; for k=1,2,..., N,
i=1,2,..., M varies linearly:

=Ligx+Logp+L3gg (18)

where L1, L, L3 are the area coordinates for sub-triangular € ;; €, €p, €7 are the assumed strains
at the node k, mid-edge-points P and the centroid /of the surrounding triangles of nodes k,
respectively.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2009; 77:1439-1467
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1444 G. R. LIU ET AL.

Figure 2. Illustration of background triangular sub-domains Qy ; used for linear strain field construction.
o, Field node; ¢, mid-edge-point; and A, centroid of triangle.

The strains €, €p, €7 can be assumed in a number of schemes.

Scheme 1. We assume g, =Lqu(xy), ep =Lgu(xp), e =Lqu(x;).

In this case, the SC-PIM will be exactly the same as the FEM when the linear polynomial
interpolation is used.

Scheme 2. We assume g, =ep =g; =5 = (1/A) ka LqudQ.

In this case, the SC-PIM becomes the LC-PIM [16, 21].

Scheme 3. We assume

1
A Jo,
e =g +(1—wé;, (0<a<l) (20)

where & ; =Lqlig ; is the compatible stain, and @i ; obtained using Equation (17) is the assumed
displacement in sub-domain € ;. In this case, the SC-PIM produces a linear strain field that is
piecewise linear and C° continuous in the smoothing cell .

4.3. Variational formulation for SC-PIM

According to Hellinger—Reissner’s two-field variational principle [27-29], we construct the
following energy functional for the discretized system equations:

(v)= / —léT(v)Dé(v)Q+ / T (v)D(Lgv)dQ — / vibdQ— / vITdr Q1)
Q 2 Q Q r,

Substituting Equations (18)—(21), the stationary condition leads to the following discretized
system equations with the matrix form:
Kd=f (22)

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2009; 77:1439-1467
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where

f=— / ®"bhdQ+ / ®"Tdr (23)
Q I,

and K is the stiffness matrix and will be given in detail later.

The overall procedure of strain field construction in the SC-PIM is as follows. The displacement
at any point in a cell is first approximated via point interpolation using Equation (17). The strains
at points k,P and / are then evaluated using Equations (19) and (20). The strain field is next
constructed again via point interpolation using Equation (18).

Note that the construction of strain field & in SC-PIM is based on the displacement field v
Hence, the displacement field is the only unknown field and there is no increase of extra unknown
variables compared with the standard Galerkin formulation.

Owing to the smoothing operation, the assumed strain in LC-PIM is constant in each smoothing
domain Q. LC-PIM hence gives the simple averaged behavior in the smoothing domain € ; while
strain difference in the individual triangular sub-domains Qy ; is ignored. In the FEM, on the other
hand, the strain in each individual sub-domain gives the full consideration of the local behavior
of Q; and does not consider the overall behavior of €. The SC-PIM considers not only the
averaged behavior of {; but also the local effects of € ; and it hence has many excellent features
that will be examined in the following sections.

5. BOUND PROPERTIES OF THE SC-PIM STRAIN ENERGY POTENTIAL

In the PIMs, there are many ways to choose the interpolation points for shape functions construction.
For simplification and in comparison with the bound properties of the FEM solutions, we only
consider the linear polynomials interpolation. In this case, the displacement is continuous and
hence is in an H space,’ the compatible strain Lgv is constant in each of the triangular cells for
a given linear displacement v.

Theorem 1

For any given admissible linear displacement field v, the strains at any points within sub-domain
Qy ; are obtained using Equations (18)—(20), and Equation (21) is used to produce discretized
system equations. We then have

Uwv)<UW)KU(v) (24)

where U (v) is the strain energy obtained from the SC-PIM solution given by

N N M 1 AT N
um=>y > _5/ sk’i(v)Dsk,i(v)dQ+/
k=li=1 Qi

Qi

& ; (VD& (V) in| (25)

N

When a discontinuous displacement functions are used, it would be in a G space. The proof on this is move
involved and will be presented in our future work. In this work, the admissible field refers a field living in an H
space.
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U (v) is that of the FEM model given by
. N M o y
uUw=> Y 3 & (V)Dg ; (v) dQ (26)
k=1li=1 Qi
and U (v) is that of the LC-PIM model given by
] N o]
Uw)=Y - [ & V)D& (v)dQ (27)
k=12 Joy

Proof
The strain energy potential of SC-PIM in Equation (21) can be written as
R N M 1
Uwm=73 > ) /
: o

ﬁz,l- (V)Dg ; (v) dQ+ / éf,,- (V)DE ; (v) dQ:|

k=1li=1 ¥ Qi
N M

=2 > Uki(v) (28)
k=1i=1

where
] . — 1 2T A 2T P
Upi(v)=—= & ;D dQ+ €, ;Dg ; dQ (29)
2 Qi Qi

Substituting (18) into (29) and using the following formula [25],

plg'r!
/L{’LngdAz—' (30)
A (p+qg+r+2)!
we have
A 1 2 — ~ T — ~ 1 ~T ~
Uk,i(v) = —E(3+206+06 )Ak,i (& —&k,i) D(Sk—Sk,i)+§Ak,i8k,iD8k,i
1 R . -
<3 /Q &, (VD& (V) dQ=Ty ; (v) 31)
ki
and
LA 1 INE- =T Nz =T LR -
ZUk,i(V)=E(3—2OC—O€) Ak,isk’iDak,i—Akaszk +5Ak3kD£k (32)
i=1 i=1

By the positivity of elasticity constant matrix D, we have

M
3 VA& — Ak 8 i 1D AriE— Ak iEx.i]
i=l1

M=

M
[Ar i E DE—2Ay L Dix i+ Ak Dir i1=— AkE D&+ Y. Ap ¥y DE >0 (33)
i=1 i=1

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2009; 77:1439-1467
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or

M
> Ay, i DE i > Al DEy (34)
i=1

Substituting Equation (34) into (32) gives

N | R Y )
3 Uk,,-(v)>5Ak.«s}D(«3k=E /Q £} (V)D& (v)dQ (35)
i=1 k

In deriving above equation, we have used the fact 3 —2x¢—o?>0 when 0<a<1.
Equations (31) and (35) give

_ N M, -
U(V)<k2 > Urim<U(v) (36)
=1li=I

which completes the proof. O

Remark
It is clear from the proof of Theorem 1 that when the PIM Shape functions with polynomial bases
are used, exact integration is readily available, and no numerical integration is needed.

Corollary 1
The stiffness matrix K obtained from SC-PIM is symmetry and has the same dimension as the
FEM and LC-PIM, when the same mesh and node numbering are used.

Corollary 1 is obvious from Equation (32).

Theorem 2

When the same mesh is used, the strain energy obtained from the SC-PIM solution is no-less
than that from the FEM solution based on a fully compatible model, and no-larger than the strain
potential for the LC-PIM model:

ld"Kd<1d"Kd<1d"Kd 37)

The proof of Theorem 2 is similar to that given in Reference [21] and thus is omitted.

6. LOWER AND UPPER BOUNDS OF THE SC-PIM SOLUTION

The fully compatible FEM can usually produce the lower bound solution in energy norm for the
exact solution to the elasticity problems [23-25]. However, this property of FEM may or may
not stand for SC-PIM. In the SC-PIM, the strain energy is calculated using the simple linear
combinations of the compatible and the smoothed strains that are all obtained using the assumed
displacement, and hence the displacement field is the only unknown variable. Therefore, the strain
energy from Equation (32) is still a quadratic function of the displacement function for a given o.
However, the value of « can influence the bound property of SC-PIM.

Here we consider a situation when SC-PIM model is sufficiently fine so that the solution is
reasonably close to the exact solution. We can then determine the bound properties of the present

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2009; 77:1439-1467
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1448 G. R. LIU ET AL.

SC-PIM, by assuming the displacement field of SC-PIM in the form of v=u+Jv where u is the
exact solution and Jv is an arbitrarily small error. The corresponding assumed strain field and
stress field can now expressed, respectively, as 6 =6+ 06 and &€ =g+ €, which are the functions
only of displacement field v. Where € and ¢ are the exact solution, and 0& and 6 are arbitrarily
small errors.

Theorem 3
In the present SC-PIM, if

3T (u) = / [—56 08 +256 Lyov]dQ (38)
Q

is positive, then the strain energy obtained from SC-PIM solution is a lower bound of the exact
solution in strain energy; if 0%TI(v) <0, the strain energy is a upper bound of the exact solution.

Proof
From Equation (21), total energy of SC-PIM can be written as

ﬁ(v)=/ [—%(G—}—é&)T(a—}—éé)—l—(6+56‘)TLd(u+5v):| dQ—/bT(u+5v)dQ
Q Q

—/ T (u+dv)dl
r,

1
:/ |:——0'T8+GTLdlli| dQ—/ bTudQ—/ TTudl’
o) 2 Q I;

II(uw)

+ / (06" (Lqu—8) — (L18)Tov—bTov]dQ
Q

oI (u)
+% /Q [—06108+206" Lgov]dQ (39)
6% TI(u)
where
ST (u) = fQ [06" (Lqu—28) — (L18)Tov—bTov]dQ (40)

and 62H(u) is shown in Equation (38).

In deriving Equation (39), we have used the fact that 6v=0 on I'y. The stationary condition
ST1=0 indicates that TT(u+0v)>TI(u) if 6*IT(u)>0 and [T(u+dv)<IT(u) when §*TT(u)<O0.

In addition, the total potential energy in the discrete form at the stationary point is

1(d)=1d"Kd-d"f=—1d"Rd=-U () (41)

Hence when 52H(u)>0, we have —U (a)>—U (d) or U ((Al)gU (d), which means Eha} the strain
energy is a lower bound of the exact solution. If 52H(u)<0 holds, we then have —U (d)<—U (d)

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2009; 77:1439-1467
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or U(d)>U(d), which shows that strain energy is an upper bound of the exact solution. This
completes the proof. ]

Corollary 2
In SC-PIM, we now define

N M
o)=Y 3 | Awi[—G+2u+0%)(0E DoF;
k=li=lI Qk,i

+08; ; DOF ; — 208, DO%y ;) +60F; ;DOFi ;i1dQ (42)

If #(G; ) >0, the strain energy for SC-PIM is a lower bound of the exact solution; if 7(a; o) <0,
the strain energy is an upper bound of the exact solution.

Corollary 2 is the results of Equations (31), (32), (38) and Theorem 3.
Note that due to the smoothing operation, the assumed strains & from LC-PIM is constant in
each smoothing domain €. Therefore, we have

08, DO dQ= | S(L1&) Do, dQ=0 (43)
Qk Qk

Corollary 3
The SC-PIM produces a lower bound solution when o=0.

This can be shown easily by invoking «=0 in Equation (42), which gives

N M
n(h;0)=33 [ (Ax,i 0% ;DO%L ) — AkéﬁzDéék} >0 (44)
k=1

i=1

This means that the SC-PIM produces a lower bound solution.

Corollary 4
The SC-PIM produces an upper bound solution when a=1.

This can be shown also easily by invoking oo=1 in Equation (42), which gives

N M
n(@; o)=Y 3 —6A;;08 DOg <0 (45)
k=li=1
This means that the SC-PIM produces an upper bound solution.

Note that the SC-PIM solution with «=1 is in fact the LC-PIM solution.

Note that there will be cases for which Corollary 4 is not true, when only a few linear elements
are used as reported in the LC-PIM model [21]. This is because we need the SC-PIM model is
reasonably fine so that dv is a small variation near the exact solution. In the cases with a few
elements, the numerical solutions may be far away from the exact solution and hence the variation
Ov is not small; hence, Theorem 3 fails for these cases.

Note also that the bound property of SC-PIM also depends on the smoothing effect. This can
be clearly seen from Equation (38), where £ and hence & all depend on the how the smoothing
is performed and the dimension of the smoothing domains. Figure 3 shows a simple example of
energy potential surface obtained using a 1D problem of a uniform bar subjected to a uniformly

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2009; 77:1439-1467
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Energy Potential

T TR
e ;
- ISR I

Ratio 93 T T

Figure 3. A simple example of energy potential surface obtained using a 1D problem of a uniform bar

subjected to a uniformly distributed force. The ‘ratio’ denotes the ratio of the smoothing domain in relation

to the whole domain; the flat plane is the exact solution. The valley of the surface is the trace of the

SC-PIM solution varying with the ratio of the smoothing domain. It is clear that the upper bound solution
occurs with an increase of smoothed domain.

distributed force (see Section 8.2 for detailed description on the problem). In producing Figure 3,
we use only two linear elements with three nodes. We then fix the two end-nodes so that the
displacement field can be controlled only by the middle node. The smoothing operation is only
applied to the middle node symmetrically, and the dimension of the smoothing domain is varied.
The ‘ratio’ denotes the ratio of the smoothing domain in relation to the whole domain of the bar;
the flat plane denotes the exact solution. The valley of the surface is the trace of the SC-PIM
solution varying with the ratio of the smoothing domain. It is clear that the upper bound solution
occurs with an increase of smoothed domain.

The smoothing effect is also related to density of the mesh used in SC-PIM. Eventually, whether
or not a method can produce an upper bound solution depends on the battle between the stiffening
effect induced by the assumption of the displacement field and the softening effect provided by
the smoothing operation. Detailed discussions on this can be found in [21, 30].

7. SUPERCONVERGENCE OF THE SC-PIM AND DETERMINATION OF PREFERABLE «

In the error analysis for FEM [24, 31] based on the minimum total potential principle, the deter-
mination of the upper bound of ||u —uyl|,, is usually reduced to the estimation of ||u —IT,ull,,.
By the approximation theory, we can only obtain, limited by the degree n of the approximation
polynomials, that

la—TTull,, <CA" T[] 41 (46)

In general this estimate cannot be improved even if the solution u possesses a higher smoothness.
Therefore,

lu—Tpul, =0 ®H"=m) (47)

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2009; 77:1439-1467
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is the optimal order error estimate. By ‘optimal’ we mean that the rate of convergence cannot be
improved, and the rates are also called theoretical rates. For linear FEM, the optimal theoretical
rate is 2.0 for the displacement norm and 1.0 for the strain energy norm. It is known that this fact
does not exclude the possibility that the approximation of the derivatives may be of higher-order
accuracy at some special points, called superconvergence points. This means that one can find
points in the elements, where the rate of convergence for the strain energy is more than 1.0 and
less than 2.0. However, for the displacement, the theoretical value of 2.0 still cannot be improved.

We will show in Section 8 that the SC-PIM has a special superconvergent property that behaves
very differently from the fully compatible FEM models. The SC-PIM is equipped with an adjustable
parameter o. Both the displacement field t(x) and strain field €= (0(); o) are the functions of «.
Therefore, an adjustment on « can obviously influence the accuracy and convergence of solutions
in both displacement and strain energy norms. When « is properly tuned, the SC-PIM can produce
a convergence rate that far exceeds the so-called theoretical optimal values for in both measures
of displacement and strain energy norms: a truly superconvergence.

Furthermore, Section 6 has proven that the solution of the SC-PIM with =0 is a lower bound
of the exact solution in energy norm; whereas for «=1, it is an upper bound. Thus, there must exist
a value oexace € (0, 1) at which the strain energy is the exact solution. This implies that we should
be able to obtain the ‘exact’ solution using an SC-PIM model of finite dimension! Therefore, the
rate of convergence in energy norm can be, in theory, infinite. This opens an opportunities for
establishing extremely fast convergence models producing ultra accurate solutions, even liner field
is used.

Finding such an ‘exact’ « is ideal, but requires extra efforts. Our study has found that such an
Oexact 1S, unfortunately, in general problem-dependent and also mesh-dependent. Hence it requires
a number of trials-of-error to find an ideal « that is very close to the eyt for a given problem,
unless a universally workable ‘magic’ formula can be found. Fortunately, when one only wants to
find a ‘preferable’ « that gives a ‘good’ superconvergent solution, the following simple ways are
recommended.

(1) Simply use «=0. This is effortless, and it will produce superconvergent solution that is much
more (often more than 10 times!) accurate than either FEM or LC-PIM using the same mesh, as
shown in all the example problems in this paper.

(2) Our intensive study using numerical examples has discovered an important fact that the
Oexact 1S approximately a linear function of the mesh size & for a given model of a problem. We
can therefore assume

Oexact (h) & Ofpref(h) = ﬁh +7 (48)

where f and y are unknown and problem-dependent constants. This discovery leads to a simple
curve-fitting method to find a preferable oyper(h) that is very close to the dexact for a given problem:

(i) Create a model MV with a coarse mesh, and slightly finer model M® with elements of
the same aspect ratio as model M1, The nodal spacing of the M and M® is denoted
as hy.

(ii) Use MDD and M@ to compute two U Mgy ~o and UP () ~a curves using Equations
(28) and (32).

(iii) Obtain the intersection point oD (k) of these two curves.
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(iv) Use procedures defined in (i)—(iii) again to compute another a@ (hy) using M @ and other
model M® that is slightly finer than M@ but with the same aspect ratio. The average
nodal spacing for these two models is denoted as h,.

(v) The unknown f§ and y in Equation (48) can now determined using

e () — @ (ho)

d y=oaVn)—ph 49
i and y=o""(h1)—fhy (49)

Using above the procedure, we can now obtain a preferable oper(f) that should works very well
for all meshes of the same aspect ratio for the given problem. When such a ‘preferable’ o is found,
the superconvergent solution can be obtained for both the strain energy and the displacement.

Equation (48) effectively resolves (to certain extend) the issue of dependence of o on the mesh,
and opref(f2) is now only problem depend. Note that Equation (48) may not be the best formula, but
it reveals an important insight: if the assumed strain field can be tuned taking the characteristics
of the mesh % into account, we can then achieve a ‘shortcut’ to arrive right at the exact solution.

8. NUMERICAL EXAMPLES AND DISCUSSIONS

In this section, a number of numerical examples will be examined using the SC-PIM with both
linear and quadratic interpolation. To investigate quantitatively the numerical results, the error
indicators in both displacement and energy norms are defined as follows:

Py PO bl ol (50)
d=— Zn . (ur_ef)z
i= i

|Unum_Uref|
E,= |[————— (51)
¢ Uret

where the superscript ref denotes the reference or analytical solution, num denotes a numerical
solution obtained using a numerical method.

8.1. Standard path test

For a numerical method working for solid mechanics problems, the sufficient requirement for
convergence is to pass the standard path test [23]. Therefore, the first example is the standard path
test using the present SC-PIM. A rectangular patch of 10 x 50 is considered, and the displacements
are prescribed on all outside boundaries by the following linear function:

uy = 0.6x

52
uy = 0.6y 62

The patch is represented using nodes shown in Figure 4. All the error for any o € [0, 1] in displace-
ment norm defined in Equation (50) are found less than 1.0 x 10~!#. This example demonstrates
numerically that the SC-PIM can pass the standard path test and is at least linearly conforming.
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Figure 4. Node distributions for the standard patch test.

Figure 5. One-dimensional bar subjected to a uniformly distribute body force.

sub-domain Q,
@® node = piecewise linear strain for SC-PIM
® midpoint - __._ Strain for FEM

Figure 6. Strain field assumed in SC-PIM for 1D bar.

8.2. One-dimensional bar problem

Consider first a simple problem of a bar with length L and uniform cross-sectional area A, as
shown in Figure 5. The bar is fixed at the left end and subjected to a uniform body force b. The
parameters are taken as L=1m, A=1m? b=1N/m and E=1.0Pa. The strain field assumed in

SC-PIM is illustrated in Figure 6.
The governing equation and boundary conditions of the 1D bar problem should be

d%u
E—+1=
dx? + 0 (53)

uly=0 =0, 0olx=1=0
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The analytical solution that satisfies the above equations is obtained as

u(x)——ix2+ix (54)
~ 2E" E

To study the convergence property of the SC-PIM solution for 1D bar problem, the model
with regularly distributed nodes has been analyzed. First, the strain energy of SC-PIM with linear
displacement field for different parameter o is calculated and plotted in Figure 7. It is found that SC-
PIM has upper and lower bound solutions of the exact solution when o =0.5 and 0.009, respectively.
Furthermore, the strain energy for these model lies in between those from the compatible FEM
solution and the LC-PIM solution that is the same as SC-PIM with «=1. These findings verify
Theorem 2.

Using Equations (50) and (51), errors in displacement and energy norms are computed and
plotted against the average nodal spacing (%) as shown in Figures 8 and 9. It is clear that when
a=1, 0.5 and 0.009, the convergence rate in displacement norm is about 2, which is similar to
that of the linear FEM. However, when «=0 and 0.009, the convergence rates in energy norm
are approximately 1.48 and 1.98, which are obviously much higher than the theoretical value of
1.0. Hence, using SC-PIM we have obtained a much higher than usual convergence rate in energy
norm: superconvergence. Note also that the theoretical optimal value for energy norm is 1.0. The
SC-PIM with «=0.009 has achieved 1.98, which is indeed remarkable.

8.3. Cantilever 2D solid

A 2D cantilever solid is now studied as shown in Figure 10. The solid is subjected to a parabolic
traction at the free end, and the analytical solutions can be found in Reference [32].

To study the convergence property, the strain energy of SC-PIM with linear displacement field
for different o is computed and plotted in Figure 11. It is easy to see that SC-PIM has upper and
lower bound solutions when «=0.9, 0.14 and 0. Furthermore, the strain energy for this model is

0.1676
1 ° ——|LC-PIM
01674 —A— =09
] & —m—a=05
01672 exact
] —&— «=0.009
01670 &— FEM
el B,
o 4
(43
5 01688 + \E
k= 1 \g\:
© — " ——
& o168 G
01664 /
1 ®
01662
01680 +—r+—r—+—F—"1T"-—+—1—+7—"—71T—"—T1"—7—"—7

DOF

Figure 7. Solution in strain energy of the SC-PIM for 1D bar problem.
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Figure 8. Convergence of the SC-PIM solution in displacement norm for 1D bar problem.
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Figure 9. Convergence of the SC-PIM solution in energy norm for 1D bar problem.

no-less than that from the compatible FEM solution, and no-larger than the strain potential from
the LC-PIM solution. These findings verify again Theorem 2.

Using Equation (50), error in displacement norm is computed and plotted in Figure 12. When
=0 and 0.14, the convergence rates in displacement norm are, respectively, about 2.36 and 3.79,
which are much higher even than that of 4-node FEM, and the theoretical value of 2.0. This
shows that we achieved superconvergence in displacement solution, which is not possible in the
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Figure 10. A 2D cantilever solid subjected to a parabolic traction on the right edge.

R
11.04
10.5 4
1004 "
9.5
z 904 \z\
o ] g
2 g5 ¥ =%
w g e
= 80 /;®/
© 4
& 7.5—_ v & —e—u=1 (LC-PIM)
7.04 —r— =09
65 Ref. solu.
1 —n—=0.14
6.0—- —x— =0
551 = —a—FEM
50 T T T T T ¥ T
0 100 200 300 400 500 600 700 800

DOF

Figure 11. Upper and lower bound solutions of the SC-PIM for 2D beam.

standard FEM models. We then compute apet using the procedures detailed in Section 7 and found
opref(h) =0.1012+0.122. The convergence rate of SC-PIM in displacement norm is about 2.98
when o= oipref(h), which is also much higher than theoretical ‘optimal’ value.

Using Equation (51), error in energy norm is computed and plotted in Figure 13. It is found
that the convergence rates in energy norm are, respectively, 1.15, 2.05 and 1.62 when =0, 0.14
and ogref(h) =0.1012+0.122, which is obviously much higher than that of the FEM of 3-node
and even 4-node elements and the theoretical value of 1.0.

These examples show clearly the very high accuracy of the solution and excellent superconver-
gence property of the SC-PIM.

8.4. Infinite 2D solid with a circular hole

An infinite 2D solid with a central circular hole and subjected to a unidirectional tensile is
studied. Owing to its two-fold symmetry, one quarter is modeled as shown in Figure 14. Symmetry
conditions are imposed on the left and bottom edges, and the inner boundary of the hole is traction
free. The analytical solution of this benchmark problem can be found in Reference [32].
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Figure 12. Convergence of the SC-PIM solution in displacement norm for different «. The dashed line
is obtained from SC-PIM solution with oyper using the procedure given in Section 7. It is clear that the
SC-PIM with oer is of superconvergence of high rate.
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Figure 13. Convergence of the SC-PIM solution in energy norm for different o.. The dashed line is obtained
from SC-PIM solution with oper using the procedure of Section 7. It is clear that the SC-PIM with apref
is of superconvergence of high rate.

To study the convergence property, the strain energy of the SC-PIM with linear displacement
field for different parameter o is computed and plotted in Figure 15. It is easy to see that SC-PIM
has upper and lower bounds solutions of the exact solution when «=0.9,0.475 and 0, respectively.
Furthermore, the strain energy for these model is no-less than that from the compatible FEM
solution, and no-larger than the strain potential from the LC-PIM solution.
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Figure 14. Infinite 2D solid with a hole subjected to a tensile force and its quarter model.
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Figure 15. Lower and upper bound solutions of the SC-PIM for 2D solid with hole.

Using Equations (50) and (51), errors in displacement and energy norms are computed and
plotted against the average nodal spacing (/) as shown in Figures 16 and 17. It is clear that when
oa=0.475 the convergence rates in displacement and energy norms are, respectively, about 2.49
and 2.149, which clearly show the superconvergence both the displacement and the energy norms.

We compute apref using the procedures detailed in Section 7 and found aper(h) =0.574h+0.415.
The convergence rates in displacement norm and energy norm are, respectively, about 2.17 and
1.92 when o= oier (), which clearly show again the superconvergence for the strain energy.

8.5. Semi-infinite plate

A two-dimensional half space subjected to a uniform pressure on the upper surface within a finite
range is studied (see Figure 18). Plane strain condition is considered and the analytical solutions
can be found in Reference [32].
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Figure 16. Convergence of the SC-PIM in displacement norm for 2D solid with hole. The dashed line is
obtained from SC-PIM solution with approximation of o using the procedure of Section 7. It is clear that
the SC-PIM with oer is of superconvergence.
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Figure 17. Convergence of the SC-PIM in energy norm for 2D sold with hole. The dashed
line is obtained from SC-PIM solution with oper using the procedure in Section 7. It is
clear that the SC-PIM with apref is of superconvergence.

To study the convergence property of the SC-PIM solution, the strain energy for SC-PIM with
linear displacement field for different o is calculated and plotted in Figure 19. It is easy to see that
SC-PIM has upper and lower bound solutions of the exact solution when «=0.9,0.4375 and O,
respectively. Furthermore, the strain energy for this model is no-less than that from the compatible
FEM solution, and no-larger than the strain potential from the LC-PIM. Using Equations (50) and
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Figure 18. Semi-infinite 2D solid subjected to a uniform pressure on the surface.
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Figure 19. Solution in strain energy of the SC-PIM for different o.

(51), errors in displacement and energy norms are calculated and plotted in Figures 20 and 21.
It can be found that the convergence rate in displacement norm for the SC-PIM with different o
is very similar to that of the FEM solution. However, the convergence rate in energy norm for
SC-PIM with «=0.4375 is about 1.63 and is much higher than usual one in energy norm, which
clearly shows the superconvergence in energy norm.

8.6. Square solid subjected to uniform pressure and body force

A square solid that is considered as plane stress is now studied as shown in Figure 22. The solids
are constrained on the left, the right, and the bottom edges, and suffering from uniform pressure

along the top edge and body force.
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Figure 20. Convergence of the SC-PIM solution in displacement norm for different o.
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Figure 21. Convergence of the SC-PIM solution in energy norm for different o.

The convergence property and energy bound for SC-PIM are also investigated in similar manners
as in the previous examples. As the analytical solution is not available for this problem, the
reference solution of strain energy is obtained using the FEM with a very fine mesh (8238 nodes).
The computed strain energy and convergent rate in energy norm for different o are plotted in
Figures 23 and 24, respectively. It is easy to see that using SC-PIM we have also obtained the
higher convergence rate in energy norm.
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Figure 22. A square solid with body force subjected to a uniform pressure.
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Figure 23. Upper and lower bound solution of the SC-PIM for different o.

8.7. SC-PIM with high-order polynomials interpolation

We now examine the 2D cantilever beam using SC-PIM with quadratic polynomials interpolation.
The details on construction of quadratic PIM shape function based on triangular cells can be
found in Reference [16]. To study the convergence property of the SC-PIM solution with quadratic
interpolation, the strain energy of SC-PIM for different « is calculated in Figure 25. It is clearly
seen that SC-PIM produces upper bound solutions of the exact solution when «=1.0 and 0.9, and
lower bound solutions when a=0.325 and 0. Using Equations (50) and (51), errors in displacement
and energy norms are calculated and plotted in Figures 26 and 27. From these figures, it is easy
to see that when =0 and 0.325, the accuracy and convergence rates in displacement norm and
energy norm are very high, which show again that SC-PIM is of superconvergence.
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upper and lower bounds solution of strain energy for different o used in
SC-PIM with quadratic interpolation.

8.8. Discussions on the computational efficiency of SC-PIM

Corollary 1 in Section 5 shows that the stiffness matrix K obtained using SC-PIM is symmetrical
and has the same dimension when the same mesh and node number system are used. This is because
SC-PIM has not introduced any extra unknown variables compared with the FEM. Considering the

extra computing cost

in computing the strain field for establishing the stiffness matrix, SC-PIM

will take more computation time compared with the FEM of the same mesh. However, when
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Figure 26. Convergence of SC-PIM solution in displacement norm for different o used in
SC-PIM with quadratic interpolation.
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Figure 27. Convergence of SC-PIM solution in energy norm for different o used
in SC-PIM with quadratic interpolation.

an iterative solver is used, the SC-PIM equations can be solved more efficiently because of the
better conditioning in K due to the softening effects. Furthermore, the much higher accuracy and
convergence of SC-PIM will result in a higher computational efficiency compared with the FEM.

To confirm this numerically, we test the CPU time for both SC-PIM and FEM using the cantilever
example with 10 x 50 mesh detailed in Section 8.3. It has been found that the CPU time used in
SC-PIM is 1.47s, which is approximately more than 8.8% than that of FEM (1.35s), when the
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same equation solver is used. It confirms that the computational cost of SC-PIM is almost the
same as that of FEM when same mesh is used.

For a fairer comparison, we now produce the efficient curve: CPU time taken for the solution of
same accuracy. Figures 28 and 29 plot, respectively, the energy and displacement errors obtained
against the CPU times used by FEM, LC-PIM and SC-PIM with different o. It is clear that for
the same CPU time SC-PIM can obtain solution of higher accuracy, and for the same accuracy
in solution, SC-PIM needs less CPU times compare with the FEM for all the « used. When a
‘preferable’ o is used, the accuracy of the SC-PIM can be more than 10 times of that of the FEM
when the same CPU time is used.
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Figure 28. Comparison of efficiency between FEM, LC-PIM and SC-PIM in displacement norm.
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9. CONCLUSIONS

In this work, an SC-PIM with piecewise linear strain field is proposed by combining the techniques
of the FEM and the LC-PIM using triangular meshes. We proved theoretically (1) when the same
mesh is used, the strain energy obtained from the SC-PIM solution is no-less than that from the
compatible FEM solution and no-larger than the strain potential for the LC-PIM model; (2) the
exact solution is bounded by those of SC-PIM with o =1 from above and « =0 from below; (3) there
exists an o at which the SC-PIM gives the exact solution in energy norm. Finally, a practical
procedure is presented to find an aper(f2) that gives very accurate solution with superconvergence.
Intensive numerical studies verified the convergence, superconvergence and bounds property of
the SC-PIM:

(1) Higher accurate solution and convergence rates in both displacement and energy norm can
be obtained using the SC-PIM.

(2) For the properly chosen o, PIM-CSS can produce upper bound, lower bound and even the
superconvergent solution, which shows that the o can be used as a adjustor to provide the
‘softer’ or ‘stiffer’ effects to system.

(3) Although triangular elements are used in SC-PIM, it can produce much better solution than
that of the quadrilateral elements of FEM.

(4) The SC-PIM is superconvergent for any o€ (0,1); and corresponding strain and stress
solutions are piecewise linear in any smoothing domain; SC-PIM with «=0 is simple, works
for all the problems studied, gives very accurate solution of superconvergence, and hence
is recommended. Even better solution can be obtained using oy that requires additional
cost in determining opref for a given problem. It is possible to build an even better shortcut
to attain the exact solution.

Finally, we note that the discussion of this paper focuses on energy norms as a global measure.
Other norm measures should be possible. In fact, an extension to any other equivalent norms
should be straightforward.
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