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Abstract. This work proposes a novel double-hybrid finite element formulation for general elasticity problems,
combining H (div, 2) conforming vector functions for displacement and L?(£2) discontinuous scalar functions for
pressure. This pair is De Rham compatible, which means that within the incompressible regime, the divergence-
free constrain will hold strongly at element level. As the H(div) spaces only present continuity of the normal
displacements across elements boundaries, the tangential displacement continuity can be weakly imposed per-
forming a hybridization of the shear stresses using H~'/2(9),) functions. From past researches conducted at
LabMeC, this approach has demonstrated to pose some numerical difficulties as it leads to a saddle point prob-
lem with two constraint variables - the pressure and the shear-stresses. In this work, a second hybridization is
done by approximating the tangential component of the primal displacement variable using the dual H'/2(9,)
space. Two benchmarks are used to verify the developed numerical scheme - the classical Cook’s membrane and
a tridimensional cantilever beam subjected to an end shear load. Optimum convergence rate is achieved under
compressible, quasi-incompressible and full incompressible scenarios.
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1 Introduction

The application of classical Galerkin method in elasticity problems using continuous H! () functions may
lead to spurious energy modes under bending, originating the well known shear-locking phenomenon. Another
difficulty emerges when the material is treated as quasi or full incompressible, so the stresses tend to infinity and
volume locking may happen. Examples of these situations can be seen in the works of Cervera et al. [1]] and
Belytschko et al. [2].

A way around is to employ a mixed formulation where displacements and stresses (or pressure) are approxi-
mated independently. The Taylor Hood elements, proposed by Taylor and Hood [3]], is one example that fulfill the
inf-sup condition and yield stable results within the incompressible regime. The inconvenience is that continuous
approximations like this one is not locally conservative as the pair of functions used to approximate displacements
and pressure are not de Rham compatible. Another possibility is to use hybrid methods where the interelement
continuity of a given field is broken and weakly imposed by means of a Lagrange multiplier (see for instance
Harder et al. [4]).

In this work we extend the semi-hybrid approach proposed in [S]] for Stokes problems to develop a new
primal hybrid finite element formulation for elasticity using De Rham compatible spaces. The H (div) functions
are constructed using a systematic methodology described in details by [6, [7]. All the implementations are carried
out using a C++ programming environment called NeoPZﬂ

2 Problem statement

Let Q € R? be an open domain with Lipschitz boundary 9Q = 0Qp U 0Qn, where Qp and 0y stand for
the boundary portion where the Dirichlet and Neumann boundary conditions are applied, respectively. The mixed
form of elasticity problem can then be defined as:

NeoPZ open source platform https://github.com/labmec/neopz
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—V-0/'(u)+Vp—b=0 inQ
~-V-u—1p=0inQ W
u=up ondlp

o-n=oy ondy

where u € H(div,Q) is the displacement field, p € H'(Q) is the pressure, up € H'Y/2(0Qp) and oy €
HY 2(89 ~) are the prescribed displacements and surface tractions, n is the outward unit normal vector, b €
L?(Q) is the body force and k = @ is the material’s bulk modulus. The Cauchy stress tensor is split into its
deviatoric and hydrostatic counterparts as:

o=o0c —l, (2

where the deviatoric stress is computed as:

o' =2u <€ - ;tr(s)1> . 3)

3 Double Hybrid finite element formulation

The weak form of Egs. (I) is obtained through the Garlekin method, choosing appropriate test functions and
integrating over the domain. Let 7 = {Q.,e = 1,--- ,n.} be a partition of € in n, finite elements with usual
shapes. The set £ contains all the element edges F and & = {F € £ : E C Q} denotes the internal edges
or element interfaces. The finite subspaces are written in terms of a single discretization parameter v = (h, k),
where h is the characteristic element length and % is the polynomial degree. In this work, divergence-compatible
pair (VY,W7) C H(div,Q) x L?(Q) is used to approximate the displacement and pressure fields, respectively.
Details on the construction of such spaces can be found in the works of De Siqueira et al. [7] and Devloo et al. [6].

Let V7 and W7 be finite subspaces of vector and scalar functions, defined respectively by:

V7 ={ue H(div,Q) NnH'(T) : ulo.€ Vi(Q),Q € T}, )
W7 = {p e L*(Q) : pla, € Wi(), 2 € T} 5)

For vector fields belonging to H (div, §2), the normal component across element interfaces are continuous,
so [u - n]|g= 0, where [e] refers to the jump operator. Carvalho et al. [5] propose a semi-hybrid method where
the continuity of the tangential component of the displacement is weakly imposed by means of a Lagrange mul-
tiplier, namely the tangential traction. Introducing the space A7 = { o-tlp e HY2(09,),Q, € T}, the weak
statement for the semi-hybrid formulation thus reads: find {u”,p”, A’} € V7 x W7 x A" such that for all
{(v7,q7,n""} € VY x WY x A™:

/ e(v?): D :e(u)d, 7/ p7(V - v7)dQ, +/ AT [v7] dE° =
Q. Q. o

6)
/ v”bdQe+/ vY o N doS.
Q. 1219394
- / (V) g7 df, / g0, =0 )
Q& e
/ ]y de =0, (8)
&

where v7, ¢7 and n?” are test functions for displacement, pressure and tangential traction, respectively. Equation
(8) plays the role of weakly enforcing the tangential displacement continuity over the element interfaces.

The displacement functions can be decomposed in internal and normal to the boundary counterparts. As
the pressure functions are discontinuous, we can statically condense at element level all the internal variables and
pressures except by one. Thus, this formulation results in a saddle-point problem with two constraints, i.e. pressure
and tangential traction. This type of systems requires a specific pivoting strategy in order to avoid zero pivots during
matrix decomposition, while using an iterative strategy demonstrated to be unstable. In this work, however, we
perform a second hybridization of the tangential traction so the tangential displacements can be introduced as a
variable acting on the element interfaces. This strategy aims to address some of the drawbacks associated with the
semi-hybrid scheme mentioned before.
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Introducing the finite subspace for the tangential velocity functions
£ ={ullp e HV2(00,), 9. € T}, ©)

the double-hybrid form thus reads: find {u”, p?, A", u'”} € VI xW7xA”x L such that forall {v", ¢7, n!”,v!"} €
V7 x WY x A7 x L7, the following equations are satisfied:

/ e(v?):D :e(u?) d. — / p? (V- v7)dQ, — / AT v doQ, =
Qe Qe 2192

(10)
/ v7~bdQe+/ vY o N doS.
Qe 1219354
—/ (V-u") ¢ dQe—/ lpqu dQ. =0 11
Q. e B
/ (u'” —u")-nt” do, =0 (12)
Qe
A7 vt doQ, = o, (13)

Qe

where Eq. (T3) was introduced to impose the continuity of tangential tractions across £°. Even though an additional
constraint is introduced, tangential tractions Y7 is now associated to a single element so it can be statically
condensed and eliminated from the global system. For a compressible solid, a symmetric positive-definite matrix
is obtained with two unknowns, namely u” € H(div,2) and u*” € H/2(99.). For the incompressible case
where pressures cannot be computed explicitly from the displacements, a piecewise constant pressure associated
to each element appears in the global system.

4 Examples
4.1 Uniform stretch of a non-homogeneous material

The first example consists on a unitary cube 2 = [0,1] x [0,1] x [0, 1] subjected to an uniform stretch.
The following boundary conditions are considered: v, = 0.5 atz = 1, u, = 0 atx = 0, u, = 0 at z = 0,
u, =0atz=1,uy, =0aty = 0and oy = 0 at y = 1. The domain is composed of two distinct materials, i.e.
the first one has young modulus £; = 1 and poisson v; = 0.5 whilst E; = 2 and vo = 0.5 are adopted for the
second one, as depicted in Figure[I] The analytical solution for this example is written as:

Uy = 3 oyy =20
. _ _Ew-1)
Uy = —% ; 0:2 = ~ 5,50 . (14)
u, =0 p= 76%
Oy =02 =0yz=0
0.5
0.5
>
D — x
z 1

Figure 1. Uniform stretch of a non-homogeneous material - geometry

A comparison of the pressure field obtained with the double-hybrid H (div, §2) and with the classical Taylor-
Hood H!'(2) continuous approximation is shown in Figure 2l One can see that the proposed scheme is able to
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Figure 2. Uniform stretch of a non-homogeneous material - pressure field obtained with (a) the double-hybrid
H(div, ), (b) Taylor-Hood and (c) pressure distribution over the y—axis

exactly reproduce the analytical solution (Figure 2a)), whilst in the Taylor-Hood formulation a continuous pressure
field is obtained (Figure . In these scenarios with heterogeneous media, the H' approximations can lead to
solutions with a considerable error as it can be noted in Figure [2c]

4.2 Cantilever beam subjected to an end shear load

A cantilever beam is shown in Figure [3a] where L = 5, a = 0.5 and b = 0.5. The beam is assumed to be

fixed at z = 0 and subjected to an unitary shear-force F' = ffb ffa oy-dxdy = 1 at z = L. The Young modulus
is £ = 1 and two values for the poisson coefficient are used: v = 0.3 and v = 0.5. The analytical solutions for
the stresses and displacements are available in [].

‘r
2b
/\/ 2CL
() ©

(a)

Figure 3. Cantilever beam subjected to an end shear load - geometry (at left), coarsest mesh (at center) and finest
mesh (at right)

The mesh size is computed as h, = 1/2, with N = {0,1,2, 3,4} being the number of division in the x
direction. The coarsest (h, = 1) and finest (h, = 0.0625) meshes are depicted in Figures A convergence
test is performed for displacement, pressure, stress and mass conservation using the L2 norm, and the results can
be seen in Figures 5] Optimal convergence rates of k + 1 for the displacement and % for pressure and stresses
are observed for both compressible and incompressible cases. For the incompressible case (v = 0.5), a divergence
free displacement field is obtained even for the coarsest mesh thanks to the stable pair H (div, 2)-L?().

Figure[6| plots the displacement, pressure, normal and shear stresses fields using the refined mesh with k = 2
over the deformed configuration of the beam for the compressible case. The results qualitatively agree with the
reference solution of [§].

5 Conclusion

In this work a double-hybrid formulation for tridimensional elasticity problems was presented, where the
main advantages and contributions are summarized bellow.
* It leads to a locally conservative scheme as a compatible de Rham complex is used, that is, displacements
and pressures are approximated using a stable pair H (div, 2) — L?();
* By performing a hybridization of the tangential stresses, a positive semi definite element matrices are ob-
tained after statically condensing internal displacements, pressure and tangential tractions. This leads to a

CILAMCE-2024
Proceedings of the XLV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Maceio, Alagoas, November 11-14, 2024



G. Avancini, N. Shauer, P. R. B. Devloo

— ‘ — S
0 |- |
10 / -1k / +1}:—3
——1
S0 e==12 | 1077 E
: RIS -
= 10—4, N &\m r 9 B
| I 1074k =] E
5 —13 S F 1 E
= 10-6 |- 1 = T E
— |4 =L 3 .
1078 L ! L \1\ | L L L L L L1 \7 10—7 i L L \1\ | L |
107! 10° 107! 10°
he[ hel
() (b)
ol ‘ ‘ 100?”“ ‘ ‘ HHH€+k1
5 b 1|—e—k=2
f o 1070 E k=3
107 ¢ = Fe——"1 E
3 B 31072 1 E
= 1072%2¢ 8
: i 703k .
5 1073 & >
| E | 10,4 AQ H
£ 10-*} . g5 !
= 5 B [> 10-5 | i
0p 3 E
| L \1\ | ! o1
100 1071 10°
her het

©) (d)

Figure 4. Cantilever beam subjected to an end shear load - convergence analysis for the compressible case (v =
0.30)

symmetric positive-definite matrix when simulating compressible solids and a saddle point problem with
normal and tangential displacements and single elemental pressure when approaching incompressibility;

* One of the advantages of using the proposed scheme is the ability of precisely capturing discontinuities in
the material properties, as demonstrated in the first example. When stretching a domain composed of two
different materials, the double-hybrid formulation recovered the exact solution with discontinuos pressure;

* A cantilever beam subjected to an end shear load was also simulated and the results showed optimal con-
vergence rates of k + 1 for the displacement and % for the remaining variables for all the compressibility
ranges.

Acknowledgements. We gratefully acknowledge the support of EPIC - Energy Production Innovation Center
through FAPESP/Equinor (Grant 2023/06981/-5), Total Energies Brazil through FUNCAMP (Process 76042-23)
and the Brazilian National Council for Scientific and Technological Development (grants 305823/2017-5 and
309597/2021-8). We also acknowledge the support of ANP (Brazil’s National Oil, Natural Gas and Biofuels
Agency).

Authorship statement. The authors hereby confirm that they are the sole liable persons responsible for the au-
thorship of this work, and that all material that has been herein included as part of the present paper is either the
property (and authorship) of the authors, or has the permission of the owners to be included here.

References

[1] M. Cervera, M. Chiumenti, Q. Valverde, and de C. A. Saracibar. Mixed linear/linear simplicial elements for
incompressible elasticity and plasticity. Computer Methods in Applied Mechanics and Engineering, vol. 192, n.
49-50, pp. 5249-5263, 2003.

CILAMCE-2024
Proceedings of the XLV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Maceid, Alagoas, November 11-14, 2024



A double-hybrid finite element formulation for general compressible-incompressible elasticity problems using de Rham compatible spaces

—— : —— 1002“” : ““H§+k:1
100 |- N r 1ok =2
1071 E El k=3
; —1 ;
_'Nq 1072 - — 12 | o 10*2 = 1 E
= 1 =
Q 3]
107t | [ =—p 1
i =13 A 0 E 1 E
10-6 | 1 s 107° % é
4 100 =3 ;
1078 - -Ar§ ! . ittt i | Eoo 1 L L R =
107! 10° 101 100
el hel
(a) Displacement (b) Pressure
10710j”” : S |
oL E E|
107 g 1|-ek=2
101 5 I | i
:iq —2 i § 10711 - -
2 1077 2 f ]
y — i > F j
P10 [ i |
e | 5
= 1074E E T o102k |
é é N f
107° ¢ — 3 E [ ]
. 1 ] I i
10—() TR RN L L L L Lo Lo | ! 1 1 1 Lo |
101 100 101 10°
hcl hnl
(c) Stress (d) Divergence

Figure 5. Cantilever beam subjected to an end shear load - convergence analysis for the incompressible case
(v =10.5)

[2] T. Belytschko, H. Stolarski, W. K. Liu, N. Carpenter, and J. S. Ong. Stress projection for membrane and shear
locking in shell finite elements. Computer Methods in Applied Mechanics and Engineering, vol. 51, n. 1-3, pp.
221-258, 1985.

[3] C. Taylor and P. Hood. A numerical solution of the navier-stokes equations using the finite element technique.
Computers & Fluids, vol. 1, n. 1, pp. 73-100, 1973.

[4] C. Harder, A. L. Madureira, and F. Valentin. A hybrid-mixed method for elasticity. ESAIM: Mathematical
Modelling and Numerical Analysis, vol. 50, n. 2, pp. 311-336, 2016.

[5] P. G. Carvalho, P. R. Devloo, and S. M. Gomes. A semi-hybrid-mixed method for stokes—brinkman—darcy
flows with h (div)-velocity fields. International Journal for Numerical Methods in Engineering, vol. 125, n. 1, pp.
€7363, 2024.

[6] P. R. Devloo, J. W. Fernandes, S. M. Gomes, F. T. Orlandini, and N. Shauer. An efficient construction of
divergence-free spaces in the context of exact finite element de rham sequences. Computer Methods in Applied
Mechanics and Engineering, vol. 402, pp. 115476, 2022.

[7] D. De Siqueira, P. R. Devloo, and S. M. Gomes. A new procedure for the construction of hierarchical high
order hdiv and hcurl finite element spaces. Journal of Computational and Applied Mathematics, vol. 240, pp.
204-214, 2013.

[8] J. E. Bishop. A displacement-based finite element formulation for general polyhedra using harmonic shape
functions. International Journal for Numerical Methods in Engineering, vol. 97, n. 1, pp. 1-31, 2014.

CILAMCE-2024
Proceedings of the XLV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Maceio, Alagoas, November 11-14, 2024



G. Avancini, N. Shauer, P. R. B. Devloo

226+01
[zo
15

Displacement Magnitude

(a) Displacement (b) Pressure

2

256400

(c) Normal stress o (d) Shear stress o, -

Figure 6. Cantilever beam subjected to an end shear load - snapshots for v = 0.3
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