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subsequent body-fitted meshing. This approach allows to speed up the cycle of design and
analysis in complex geometry and requires relatively simple computer graphics representations
of the surface geometries to be simulated, such as the Standard Tessellation Language (STL
format). Complex data structures and integration on cut elements are avoided by means of an
approximate boundary representation and a modification (shifting) of the boundary conditions
to maintain optimal accuracy. An extensive set of computational experiments in two and three
dimensions is included.

1. Introduction and overview

When considering the broader field of computational solid mechanics, one of the long-standing challenges is the simulation
of shapes of complex geometry. Historically, Finite Element Analysis (FEA) provided accurate answers to geometrically complex
problems in mechanics, and relied on unstructured mesh generation techniques to fit the computational grids to the shapes to be
simulated. In fact, one of the strengths of FEA is the ability to impose boundary conditions on relatively complex geometries in a
seamless and accurate way.

However, in recent years, topology optimization and related methods produced three-dimensional designs of geometric complex-
ity that vastly surpassed prior examples, testing to the limit modern mesh generation techniques. On a parallel line of developments,
computations started to routinely be performed on geometries acquired using a number of emerging biomedical and seismic
imaging techniques. In this case, image segmentation and conversion to traditional geometric formats in Computer Aided Design
(CAD) resulted in labor-intensive and time-consuming workflows. More recently, the development of digital twins of manufactured
mechanical systems has also relied on imaging techniques to scan the actual geometry of the components under operating conditions,
with the purpose of feeding this information to FEA models for performance/reliability prediction.

In the last decade, a variety of new embedded/immersed geometry approaches [1-3] have been proposed to further speed up
design and analysis in complex geometry. These approaches started from the realization that the generation of CAD geometrical
representations can still be a costly phase in the overall design and analysis process, especially if the geometry is obtained from the
pixels/voxels that are the result of two/three-dimensional image reconstruction techniques. These approaches rapidly spread their
area of application to problems in which CAD representations are more easily available, and showed great promise when combined
with topology optimization [4-6]. These methods are based on: (1) the use of exact cut-cell geometry representations to construct
the solution space and (2) the Nitsche’s method [7] for consistent weak boundary enforcement [8].
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Although these methods have been designed for a completely different purpose, they have borrowed some ideas from ex-
tended/enriched/unfitted methods for fracture mechanics [9]: we do not even attempt an account of the developments of the latter,
which are peripheral to the discussion here. We refer an interested reader to [10-14] where a broader introduction is presented,
although references to the massive amount of existing work on embedded discretizations for fracture mechanics may still lack
completeness.

About two decades ago, Iso-Geometric Analysis (IGA) [15,16] was proposed as an alternative paradigm, in which NURBS or T-
Spline functions are used to build discrete approximation spaces directly on the CAD representation, somewhat avoiding the costly
operation of generating body-fitted grids. However, when the level of complexity of geometric shapes is large, Immerso-Geometric
Methods [17-24] (i.e., immersed methods based on IGA approximation spaces) seem the preferred choice in the IGA community.

In this work, we propose a new immersed geometry approach to nonlinear solid mechanics, based on the Shifted Boundary
Method (SBM) [10-12,14,25], in which the complex geometry to be simulated is immersed in a pre-existing grid, and boundary
conditions are enforced on a surrogate boundary (the red segmented curve, in Fig. 1(a)), which lies in proximity of the true boundary
(the blue curve, in Fig. 1(a)). This strategy has the advantage of bypassing the labor-intensive phase of CAD/mesh generation, since a
simple representation of the surface geometry is sufficient to setup computations. For example, the proposed method works well with
the Standard Tessellation Language (or STL format, common in computer graphics), which is based on collections of disconnected
triangles in three dimensions.

One surprising aspect of the proposed approach is that the geometric representations of boundaries may not even need to be
watertight on a fine scale, as long as their resolution is finer than the resolution of the grids utilized in simulations. More details
on this aspect will be presented in the section of this article on numerical experiments.

The SBM approach bypasses two common issues stemming from the presence of cut cells in the computational domain, which
have somewhat limited the broader application of immersed techniques in the engineering practice:

a. For body-fitted approaches, employing Nitsche’s method does not adversely affect the conditioning of the system matrix.
However, in the case of embedded finite elements, due to the arbitrariness of the size of the cut elements, naive approaches
suffer from numerical instabilities and poor matrix conditioning problems. A number of approaches have addressed this issue
in recent years [26-29], but the geometric construction of the partial elements cut by the embedded boundary typically
remains a complex and computationally intensive process.

b. The construction of more complex data structures and appropriately constructed quadrature formulas to integrate the
variational equations on cut cell is challenging, and typically relies on the use of sub-triangulations (an approach that
somewhat defeats the purpose of immersed methods) or the development of complex quadrature formulas directly in physical
space (since it is not possible to define the parent domain of a cut element of arbitrary shape).

In the Shifted Boundary Method, boundary conditions of optimal accuracy are imposed on the surrogate boundary by means
of Taylor extrapolations that account for the discrepancy of location between the surrogate and true boundary. Numerical results
for the Poisson and Stokes problems [10] showed optimal convergence rates and adequate conditioning of the algebraic systems
of equations. Afterwards, the SBM was extended to the advection/diffusion equation and the laminar and turbulent incompressible
Navier-Stokes equations with static [11] and moving interfaces [13]. In addition to hyperbolic systems such as wave propagation
problems in acoustics and shallow water flows [12]. The authors of [25] proposed a number of strategies to increase the accuracy of
the method in elliptic problems and the authors of [14] presented a complete numerical analysis of the SBM for the Stokes problem
(the analysis of the Poisson problem was already presented in [10]). A high-order version of the SBM was proposed [30] and a
penalty-free version of the SBM was developed in [31].

The SBM was applied to linear elasticity problems [32] and interface/fracture mechanics problems [33-36], for which it was
proved stable and convergent. More recently, the SBM was applied in combination with a material point method [37] and a level-set
reinitialization technique [38].

When considering solid mechanics problems, the enforcement of Neumann conditions becomes crucial, since traction (or traction-
free) boundary conditions are quite common on the majority of the boundary surfaces defining the geometry. Unfortunately, if a
displacement-based, irreducible formulation of the SBM is used in combination with piecewise linear finite element spaces, it is not
possible to accurately enforce traction boundary conditions, as they require a Taylor extrapolation of the derivative of the stress,
that is, the Hessian of the displacement field. In this work, we propose to circumvent this issue by resorting to a mixed formulation,
defined only on the layer of elements neighboring the surrogate (approximate) boundary and with the displacement and the first
Piola stress tensor as unknowns. The mixed formulation on this layer of elements is then weakly (i.e., variationally) coupled to the
rest of the computational domain, where a standard primal (displacement) formulation is applied. The net result is an improved
formulation that maintains the computational cost of the base primal formulation, but allows for an accurate imposition of immersed
traction boundary conditions.

An additional complexity associated specifically to nonlinear mechanics problems, is that the computational grid deforms with
the motion of the material. This implies that both the surrogate and true boundaries deform as the loads are applied to the structure.
To consistently construct the extrapolation operators required to apply the (shifted) boundary conditions, we pose the variational
formulation in the original configuration of the solid body, and perform the Taylor expansions there. In principle, it is possible to
map the proposed variational formulation to the current configuration of the solid body, using an updated-Lagrangian approach,
which is not pursued in the present work.

More broadly, the general tradeoff of the SBM is that integration and data management of cut cells is completely avoided, at the
expense of variational formulations that include additional terms with respect to the corresponding cutFEMs, Immerso-Geometric
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and Finite Cell Methods. The SBM offers an additional important advantage over these methods, since in nonlinear mechanics
the evaluation of complex constitutive models at quadrature points may represent a large portion of the computation. CutFEMs,
Immerso-Geometric and Finite Cell Methods typically require a much larger number of quadrature points on cut cells, with respect
to the standard quadrature rules utilized on full cells. Instead, the SBM does not require to change the integration rules with respect
to a body fitted finite element method, because there are no cut cells. To modify an existing body-fitted finite element method into
a SBM, all that is needed are the two steps detailed below:

1. A preprocessing phase in which the surrogate boundary is defined, as well as its (vector) distance from the true boundary
(a step that can be achieved using either modified closed-point projection techniques, level-set approaches, or variational
methods [39]).

2. The modification of the boundary conditions of the original body-fitted variational formulation using Taylor expansions of
the solution along the distance vector.

These two steps are usually much less complex to implement than the data structures for the geometrical description of vol-
umes/boundaries of cut cells and the corresponding numerical integration strategies.

This article is organized as follows: Section 2 introduces the governing equations of static nonlinear elasticity; Section 3 presents
the formalism of the Shifted Boundary Method, a preliminary mixed displacement-Piola stress variational formulation and the more
efficient shifted boundary formulation in which the mixed form is restricted to a single layer of elements near the surrogate boundary
(Section 3.4); Section 4 presents a comprehensive set of numerical tests of accuracy and robustness in two and three dimensions;
and, finally conclusions are summarized in Section 5.

2. Equations of nonlinear elasticity

We consider problems in nonlinear (finite strain) hyperelasticity, in the Lagrangian reference frame. In what follows, we will
consider a mixed formulation in which the displacement and Piola stress are solved as nodal unknowns. This formulation is
defined only on the layer of elements neighboring the surrogate (approximate) boundary, as a way to reconstruct second-order
derivatives of the displacements in a stable, accurate and robust way. The mixed formulation on this layer of elements is then
weakly (i.e., variationally) coupled to the rest of the computational domain, where a standard primal (displacement) formulation
is applied.

2.1. Governing equations in the original configuration

Let us indicate the initial and current configurations of the body by £, and £2, respectively. £ and £, are connected open sets in
R"4 with Lipschitz boundaries (n; = 2,3 indicates the number of spatial dimensions). The deformation of the body is characterized
by the motion

@2y — Q=@
X+—x=9X),VX € 2,

which maps the material coordinate X, representing the initial position of an infinitesimal material particle of the body, to x, the
position of the same particle in the current configuration. We denote the boundaries of these domains by Iy = 0€2, and I = Q2
and always assume that ¢(I)) = I'. We assume that ¢ is smooth and invertible, such that the deformation gradient F = V yx ¢, the
deformation Jacobian determinant J = det F > 0 and the right Cauchy-Green strain tensor C = FT F are always well defined. Note
that Vy indicates the gradient with respect to the original configuration coordinate X.

We denote by p the density and by u = x — X the displacement. We recall the relation P = J 6 F~T = o cof F, between o, the
Cauchy stress tensor and P, the first Piola-Kirchhoff stress tensor, as well as the definition § = F~' P, of the second Piola-Kirchhoff
(symmetric) stress tensor S. In what follows, we will omit the dependency F = F(u), which will always be implied.

The static equilibrium condition over the original body configuration £, can be written as

—Vx-P= pyb, (1a)
where V- is the divergence operator in the original configuration. We complement equation (1a) with the identity
P—-—Pu=0, (1b)

where P(u) indicates the first Piola—Kirchhoff stress expressed as a function of u.
The set of governing equations (1) is a mixed system, in terms of the unknown displacement vector u and first Piola—Kirchhoff
stress tensor P, and must be complemented by a specific constitutive relationship P(u) and appropriate boundary conditions.
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2.2. Boundary conditions

For the problem under consideration, the boundary conditions are specified assuming that the boundary I}y = €2, is partitioned
as I p U Iy y with I} p N Iy = @. An analogous partition exists for the boundary observed in the current configuration, namely,
I'p U I'y with I'y n I'y = @. In the original configuration, the displacement boundary conditions can be expressed as

u=upX), onlyp, 2)
and the traction boundary conditions can be expressed as
PN=Ty(X), onlyy. 3)

where Ty is the normal traction and N is the outward-pointing normal to the boundary I;,. We also recall Nanson’s formula
ndI’ = cof F N dI,, where n is the boundary outward-pointing normal to the current configuration boundary I'.

2.3. Hyperelastic constitutive models

We consider isotropic hyperelastic compressible constitutive models, often used to characterize metal alloys. Under the
assumption that any volumetric state of stress will change the volume of a material but not its shape, the Helmholtz free energy
density ¥, or strain energy density function, can be decomposed into a volumetric component U and a deviatoric component W:

Y=wd,L)+UW), (€))
where I} = J=2/31, I, = J=*/1,, I, = tr(C) is the First Principal Invariant of C, and I, = (1/2) (tr(C)? — tr(C?)) is the Second Principal
Invariant C. In this work, W and U are adopted from [40,41] and given as

w, I, = g (I, —ny) 5)

UJ) =x(In(J)-J+1), (6)
where y and « are the nominal shear and bulk moduli respectively. With classical arguments, the first Piola—Kirchhoff stress tensor
can be shown to relate to the derivative of the strain energy function according to

oV oW  oU
=9F = oF T oF = Peev T Prar @

where P4, = ‘;—V; and P W

vol = FF-

3. The shifted boundary method
3.1. Preliminaries: The true domain, the surrogate domain and maps

Consider a closed domain %, such that clos(£2)) C %, and we introduce a family of admissible and shape-regular triangulations
of 7,. Then, we restrict each triangulation 7" by selecting those elements that are contained in clos(£2,), i.e., we form
Fh={T e T" : T cclos()}.
This identifies the surrogate domain
ar=ine( |J T)ca, ®
Tegh
with surrogate boundary I}' := 0Qf! and outward-oriented unit normal vector N to I. Obviously, " is an admissible and shape-

regular triangulation of Q(’)' (see Fig. 1(a)). We indicate by A (hiT, resp.) the circumscribed diameter (inscribed diameter, resp.) of
an element T € 7" and by h (K, resp.) the piecewise constant function in Qg such that Ay = hy (h{T =hi, resp.) forall T € 7 h,
We also introduce the mesh size parameter

meas, (T)
hy = ——————, ©
meas, _(7,)
for every edge 7, € T’ g’ with 0T N7, #%8, T € F". h, will be used to construct variational terms on the surrogate boundary.
We now define a mapping
M" I - T, (10a)
XX, (10b)

which associates to any point X € I’ (f' on the surrogate boundary a point X = M”(X) on the physical boundary I,. Through M", a
distance vector function D, can be defined as

Dyn(X) = X-X = [M"-T11(X). (11

For the sake of simplicity, we set D = D ,,» where D = || D|lv and v is a unit vector.
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(a) The true domain €, the surrogate domain QS C Qy, the true boundary (b) The distance vector D, the true normal N, the true tangent 7,
T, and the surrogate boundary I’ 3 and the surrogate normal V.

Fig. 1. The surrogate domain, its boundary, and the distance vector D. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

- X
x, re—
1
Lo ™ Nll X Lo,
B D <
N, N, N>
Lop [op Ty
(a) Case 1. (b) Case 2. (c) Case 3.

Fig. 2. Cases involved in the strategy for assigning a sideset to the surrogate edge 7,.

Remark 1. There are other strategies in the definition of the map M” and, correspondingly, the distance vector D. Among them
is a level set description of the true boundary, in which D is defined by means of a distance function.

Since I, is partitioned into a Dirichlet boundary I, , and a Neumann boundary I, y it becomes important to define a strategy
tohidentify a surrogate edge 7, C I} as belonging to Iy, or Iy . To this end, we partition [} as [y ) u I*\ with I}, n I, =6,
where

Iy =1 STy« M"@7,) C Iyp) (12)
h

3.1.1. Boundaries with edges, corners, or multiple boundary conditions

We describe now in more detail the treatment of boundaries with edges or corners, as they are of importance in practical
engineering applications. Let us assume that the boundary I, of the original domain £, is partitioned into K subsets Iy, k = 1, ..., K,
hereafter termed sidesets, with the following properties:

1. Each Iy, is relatively closed in I', and satisfies U{_ Iy, = I', int Iy, nint I}y, = @ for k # 1.

2. Each I, is “smooth”, in the sense that the normal unit vector N, (pointing outward) exists at each X € I}, and varies in
a continuous manner.

3. The assigned boundary condition data is a smooth function on each I .
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X,
N X,
~ Ye .
X, Ve
D D
Lo l N Lo, l Ny >
X,
D D
N> N>
To2 [op
(a) Distance vector D aligned with Nj. (b) Distance vector D not aligned with either N or N.

Fig. 3. The distance vector D and the normal vector N to I,

We aim at associating a unique sideset to each edge (in two dimensions) or face (in three dimensions) of the triangulation Fh that
is sitting on the surrogate boundary I’ ({‘. All the information needed to define the transported boundary data on the edge/face will
be drawn from the associated sideset.

Consider the case of an edge 7, C f’(f in two dimensions (the three-dimensional case can be handled similarly) with N as its unit
normal vector. Let X,, X, be the endpoints of 7, and X ,, X, be their respective closest-point projections upon I3,. Finally, let L be
the set of sidesets that X, and X, belong to. To associate a unique sideset I, ) to 7,, the following cases arise:

(1) If X, and X, belong to the same unique sideset, say I}, then the set L will have a single, element, namely I} ;, and thus
7. is associated with it (Fig. 2(a)).

(ii) If X, and X, belong to different, unique sidesets, say I,; and I ,, then the set L will consist of I,; and I, (Fig. 2(b)). In
such a case, we associate 7, with the sideset I}, in L such that

Iy = arg max, f(Tyy) (13)

where f(Iy0) = Yoy N - Ny (X))
(iii) If X, (or X;) belongs to the intersection of two sidesets, say I, and I ,, then both such sidesets are added to set L. At this
point, we refer to case (ii) for associating 7, with a sideset (Fig. 2(c)).

At last, we define the mapping M” on 7, by setting, for any X € 7,,

M"(X) := the closest-point projection of X upon I,;,, - 14)
Remark 2. We make two observations. (i) According to the given definition, M h may be multi-valued at the intersection of two
edges. However, this has no effect at all since M” appears in the boundary integrals which are computed edge-wise. (ii) If M"(X)

falls in the interior of a sideset Iy, and coincides with the closest-point projection of X upon the whole I', then the vector D is
aligned with N (Fig. 3(a)). Otherwise, it may not be aligned (Fig. 3(b)).

3.2. General strategy

In the SBM approach, the governing equations (1) are discretized on Q{)’ rather than £,, with the challenge of appropriately
imposing on f’(fl boundary conditions that would mimic (2) and (3). To this end, we resort to the idea introduced in [10] and perform
a first-order Taylor expansion of u and P at their respective surrogate boundaries in order to “shift” the boundary conditions from
T to I}. Introducing the extension operators

Eup(X) :=up(M"(X)), (15)
on f(fp’ and

ET y(X) := Ty(M"(X)), (16)
EN(X) := N(M"(X)), 17)
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on I'" | we can define a shifted approximation of the boundary conditions as follows:

O,N’
Sgu: Eup , on fg’D, (18a)
(SLP)EN = ETy , on Iy (18b)

where the boundary shift operators have been defined by means of Taylor expansions up to quadratic order of accuracy. Namely:

Stu:= u+(Vywb, onrly, . (192)
StP:= P+(VxP)D, on Iy (19b)

If accuracy higher than quadratic is required, then the polynomial order of the finite element space must be increased and,
correspondingly, additional terms in the Taylor expansions need to be added. In what follows, whenever it does not cause confusion,
the symbol E will be omitted from the extended quantities, and we would write N, u;, and Ty in place of EN, Eu;, and ET,
respectively.

3.3. A preliminary mixed shifted formulation for nonlinear elasticity

In this section, we introduce a mixed variational formulation for nonlinear elasticity. With some notable exceptions (see e.g., [42—
56] and references therein) mixed formulations are less common than irreducible (primal) formulations, which rely only on the
displacement unknown.

The motivation for a mixed formulation in the context of the Shifted Boundary Method is the ease of implementation of the
Neumann boundary conditions (18b). The price to be paid with mixed formulations is an increase in the overall computational cost,
although, at the same time, the stresses and strains are typically captured with higher accuracy and incompressibility constraints
can be treated more robustly.

When higher-order or IGA discretizations are available, an alternative approach, discussed in [31], is to accept the loss of one
order of accuracy with respect to optimal convergence and avoid the mixed formulation. While a reduction from second-order to
first-order accuracy might be deemed unacceptable for a low-order finite element discretization, the same might not be said for
higher-order formulations, which rely on high-order body-fitted grids to maintain accuracy. In the latter case the loss of just one
order of accuracy might be a good compromise if high-order body fitted meshes can be avoided.

Section 3.4 shows an additional alternative, in which the mixed formulation is applied it only over a small layer of elements near
the boundary. Then the overall computational cost of the shifted imposition of Neumann conditions can be drastically reduced. This
specific version of the shifted boundary approach becomes comparable in computational cost to an irreducible (primal) formulation.

Observe also that the simple nodal projection of the element stress (L?-projection) and subsequent application of the Taylor
expansion is not an option. In fact, nodal projection is equivalent to an unstable mixed formulation and leads to suboptimal
convergence rates for the displacements, in a number of preliminary tests not reported here for the sake of brevity.

Thus, our first step is to describe a general mixed form of the Shifted Boundary Method that applies to the entire surrogate domain
Q(’)' Note that other choices of mixed formulations are applicable for the same purpose [42-47,50,51,53-56], and the discussion to
follow in Section 3.4 is not confined to the specific mixed formulation considered here.

Let Vﬁ(.@g) and V';,(.Qg) be the discrete, piecewise-linear, globally continuous trial and test function spaces for the displacement

u" and the first Piola—Kirchhoff stress tensor P”. Namely,
VE@E = {v" e (@) "|hT e (2N Ty, vT e Ih}, (20a)
V(G = (Q" e (CO@y' e 1 Q. € (PNT)"*" VT € T}, (20b)

where 221(T) is the space of linear polynomial functions over the element 7.
Multiplying the governing equations (1a)-(1b) by the test function pair [¢", y"] € V(3!) x V(2!) and integrating by parts,
yields

0= (P"Vyd")gn —(P"N.¢" g —(P"N.¢") 1 = (pob $")gn + (P" = P@").w")gp (21)

Decomposing the surrogate unit normal N as N = (N - N)N +(N -7 ;)t;, where 7; is a unit vector tangent to the true boundary

surface and repeated index notation is implied, leads to a weak form of imposition of the Neumann conditions (19b). Namely:
(P" N,¢h>f&N =((N-N)P"N +(N - rj)Phrj,th)f&N
=((N-N)(Ty - ((VxP")D)N) +(N - ‘rj)Phrj,d)h)r-ng
=((N-N)(Ty - (SEHP"HN) + PhN,¢h>r-£N . (22)
We also add a penalty term on the Neumann boundary,

(tn (Sy(PON =T y), (N - N)*(Syy" N (23)
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for the purpose of enhancing the overall stability of the formulation; where 7y = cy 1(€,), 1(£2,) is the largest dimension of the
bounding box of £, and ¢y is a nondimensional positive constant. Dirichlet conditions can also be imposed in a weak sense,
resorting to the Nitsche-type term

(Cu "N, Spu" —up)pr +a(lICoa@"l T (N ® N)Sp¢", Spu' —up)pn 24
+a (|IChey @M AT - N @ N)Shgp", S"u"—uD)rh (25)

where C(u) = oP"(F )/OF, C(U)gey = OP, dev(F)/aF and C(u)yg = aPﬁOl(F)/aF are the (tangent) fourth-order elasticity tensors
associated with the free-energy density ¥, W and U respectively, with Frobenius norms ||C()|l, [|Cqey )|l and [|Cyq ()|, respectively.
Finally, « is a nondimensional positive constant. Combining (22), (23) and (24) with (21), we obtain

0=(P", Vx¢")gn = (P" N.¢")ps (N -N)(Ty = (SyPIN) + P"N.¢") 1 = (pb, ") g
+ (P! = Py gr +(C "N, Spu' —up)pn + a (ICoa @I AT'(N @ N) Sp¢", Spu” —up)pn
+a(lCaey@l ' - N @ N)SE ", Stu" - uD)f(;,D +{(rn(SE(PMN =T ), (N - N)Z(S,’vah)N>r-0hN . (26)

Observe that the approximation spaces V(2}') and V%(2})) do not satisfy the inf-sup condition [57] in the linear limit, and instability
may arise also in nonlinear computations. To circumvent this situation, we adopt a variational multiscale (VMS) approach [42,47,58]
and add to (26) the stabilization terms

—p(P" = Py, wh +vx¢")ég +7,(Vy - P4 pob, Vx Wgh- 27)

In the numerical computations described in Section 4, we will take a = 1, 7p = 1/2, 7, = h1(€,) and cy = 1. In summary, we obtain
the SBM variational formulation:

Find [uh P") e VI(Q! x VA(Q8) such that, V(" "] € VIO x Vi@,

Z ([u . PM;[g", h])-fgm: (¢".v", (28a)
where
Z 01t P (" y"]) = 2 m([u P (¢ .y ]>+ﬂmh([u P (9" y )+%rh (u", P); (9" y")
+ B (lu " P9 y") (28b)
Lo <[¢" v = Lo (" w") + L (8" v "1)+$f&0([¢",w"1>+zf[¢N<[¢h,w"D, (28¢)
with
%g([u", P (¢" y"]) = (P, Vx¢h)gg +(P" - P@"), w">g~3 , (28d)
B (", P (¢ y"]) = —op(P" — P@h).y" + Vb + 7V - P Vx- lllh)_@g , (28e)

L@fé,D([uh,Ph]; (" y"]) = —(P”N,:p")f& + (Sgu”,(C(uh)q/')N>r-§D
+ @ (ICoq @)l A (N ® N) Sp", Spu)n

+ @ (ICaey @I AT = N ® N) Sy, Spu) g (28f)
B (W P (" y") = (N - NSy PN = PIN.¢") i+ (o (Sy PN (N - NS N ) (289)
Lan (9" W™D = (b, ¢") g » (28h)
Zoan($"0") = =7, (pob, Vo - ¥ - (280)

L (" W'D = (up, CUYW"N) i+ a(ICoa@ll 7 up. (N @ N)Sp")
+a ([|ICaey @M h{'up (I - N @ N) S ") I (28))
L (" 9" ) = (T, (N - N)§" o+ (en T (N NSy IN) (28K)

3.4. An efficient variational implementation of the Shifted Boundary Method

Solving the mixed form of the linear elasticity equations is often undesirable due to the increase in the number of degrees of
freedom and thus the associated computational cost. At the same time, a primal formulation with Neumann boundary conditions
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Fig. 4. The true boundary I, (blue), the surrogate boundary f(:’ (red), the set of elements with one node on the surrogate boundary .ég , (gray), the set of
elements with no nodes on surrogate boundary O \ &, and the interface 7!, (brown) between @}, and Qf \ 2¢,. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

and u" € Vi’(fz(’)') would lead to a first-order accurate method, since, for example, the second-order derivatives of u”, required by
the Taylor expansion of the first Piola—Kirchhoff stress, vanish at any quadrature point for tetrahedral finite elements.

This section introduces a strategy that significantly reduces the computational burden of solving the mixed system without
jeopardizing the accuracy of the finite element displacement solution u”. The key idea is to apply the mixed formulation only the
layer of elements that have at least one node on the surrogate boundary. Roughly speaking, the thickness of the layer we are
considering is one element. In [32], it was shown that this strategy is effective for simulations of linear elasticity, and that further
increasing the thickness of the layer of elements does not substantially improve the numerical solution.

Recalling the definitions of 3! and I} in Section 3.1, we define Qg , as the set of elements T c Q) with at least one node on
T (f' (see Fig. 4), that is,

5h (e B - A TR
G, =Tl Tl +p). (29)
The main idea is to solve a mixed variational formulation only on .r}g , while on the rest of the computational domain, namely

QS‘\QS" ,» a primal formulation of (1) where only the displacement u” is solved for as unknown. The governing equations in Q{;\QS{ ’

can thus be expressed as follows:

-V (PUM) = pob, inQH\3,, (302)

Pu)*N*+P""N~ =0, on Iy, (30b)

)

where the “+” and “~” signs refer to the primal (fz(’)' \ fz(’; ) and mixed (fz{; ,) sides of the domain, respectively. Eq. (30b) enforces

continuity of the normal component of the stress across the interface IN“O”; = a.(}g ; \f(f‘. Obviously, the displacement field u” is
continuous over 2/ and in particular across I}',. Defining the discrete test functions as [¢",y"] € VA(Q!) x VA4,(&} ), multiplying
(30a) by ¢"| ohah and integrating by parts gives

0.0

0= (PW", Vx¢")gnar — (P N*. ") = (pob. ")gman - (3D

Consider now the restriction of (1a) and (1b) to Q(')' . multiplied by ¢"‘Qh and y", respectively. Following analogous derivations to
the ones outlined in Section 3.3, we obtain o
o h=N—  ph 96 n h
B (W, P L [", ") —(P""N™, ¢ >r-(;«f =Zgu (" w"D. (32)
Adding (31) to (32) and enforcing (30b) gives the following final variational form:

Find [u", P"] € VI(30) x VL (Qf} ) suchthat, V", y"] € VI(35) x V(35 ),
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B, P1; 1", ") = L (9™ 9] (33a)
where
18k
B, P'1 19" 9" = (P, Vx$")gngn + By’ (", P14 9", (33b)
2k
(8" WD) = (b, ") gr + Ly (9" 9"D) (330)

Remark 3. Because formulation (33) restricts the mixed variational formulation to a small layer of elements .Q(')' , near the boundary
fg‘, it can be interpreted as a gradient reconstruction technique, built to ensure optimal error convergence.

4. Numerical experiments

In the simulations presented next, unless otherwise specified, we set the parameters a = 1, 7p = 1/2, 7, = h1(€y) and cy = 1.
These choices were already presented in Section 3.3. All SBM simulations were performed with the efficient formulation (33),
which from now on will be simply referred to as the SBM formulation. The algebraic system of equations is solved using the
Additive Schwarz domain decomposer within the Trilinos Software Project [59] lead by Sandia National Laboratories. To facilitate
the convergence of the Newton solver, the following adaptive load step control strategy is adopted: given a current load increment,
the subsequent load increment is increased by 25%, unless the Newton—-Raphson solver fails to converge, in which case the load
increment is cut in half and the last failed step is recomputed. This strategy is recursively applied starting with an initial load
increment.

4.1. Post-processing of stress measures

In all tests, the volumetric component of the Cauchy stress (the pressure p = tr(¢)/n,) and the square root of the von Mises stress
(4/J,) are sampled as stress measures. The von Mises stress is nominally defined as

Jy=(1/2)0gey * Odey (34)

where 64., = 6 — pI is the deviatoric component of the Cauchy stress. The Cauchy stress is post-processed from the Piola stress
using the deformation gradient F(u) and Jacobian determinant J(u), obtained from the displacement gradients with respect to the
reference (original) configuration.

Typically, the above stress measures are calculated and plotted over the surrogate domain 2" or surrogate boundary ", both in
the current configuration. However, it is also important in the engineering practice to sample the stress over the surface of the true
boundary or the gap between the surrogate and true boundary. This is accomplished by first evaluating the above stress measures
over the element faces lying on the surrogate boundary and then extrapolating their values to the true boundary as constants. Since
the overall SBM formulation is second-order accurate, this strategy is simple and compatible with the overall order of accuracy of
the method. There is no need for more sophisticated strategies since the overall stress accuracy is limited to first order (similar to
the body-fitted case).

The evaluation of the stress in the gap between the surrogate and the true boundary is similar. Consider an element face lying
on the surrogate boundary, and the generalized prism (in two or three dimensions) obtained by projecting its nodes to the true
boundary along the nodal distance vectors d. The stress measures are extrapolated as constant inside the prism. Fig. 5 shows a
two-dimensional sketch, where the face BA lies on the surrogate boundary and the generalized prism is the quadrilateral BAAB.
The stress measures are evaluated on the face BA and then extrapolated as constants inside the prism, all the way to the face BA
on the true boundary. The three-dimensional case is similar.

4.2. Post-processing of the deformation of the true geometry

Equally important is the post-processing of the deformation of the true geometry, which can be accomplished with the following
strategy. Let us consider again the two-dimensional sketch in Fig. 5: node B occupies the (initial) position X 3 on the surrogate
boundary, and we can compute, with the help of distance vector D (again in the original configuration), the position X of the
corresponding point B on the true boundary:

Xp=Xz+DXp). (35)

To compute the displacement |z of point B, an average gradient is computed over all the elements that share node B and the
displacement at B is extrapolated using Taylor expansions centered at X 5:

1 g 0)
up=up+ (ﬁ ;(vxu)”} D, (36)

10
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Fig. 5. Sketch of the reconstruction of the geometry of the true boundary from the geometry of the surrogate boundary and the distance vector function d. The
face connecting nodes A and B, on the surrogate boundary, is mapped by the distance map to the face connecting the corresponding points A and B, on the
true boundary.

where nj is the total number of elements in Q(')' attached to node B, and (V Xu)g is the gradient of the displacement in element i
evaluated at B. This technique can be applied to any node on the surrogate boundary. The position in the current configuration of
points on the true boundary (corresponding to nodes on the surrogate boundary) can then be computed combining (35) and (36):

"B
- - 1 ,
xlB:X|B+u|B=XE+D(XB)+u|E+<@Z}(vxu)g)D. (37)

i=

The same ideas can be extended to the three-dimensional case.
4.3. Two-dimensional Cook’s membrane test

To test the SBM formulation under a combined shear/bending behavior, we adapted the Cook’s membrane test [42,60]. We
consider a state of plane strain with a bulk modulus x = 208.33 GPa and a shear modulus u = 96.15 GPa, which imply a compressible
response of the material. The geometry is presented in Fig. 6(a) with a leading dimension /(£2,) = 60 m. A homogeneous Dirichlet
boundary condition on the displacement is applied to the left side of the boundary (depicted in green, in Fig. 6(b)). A uniform
tangential traction of t) = 6.25 GPa (Neumann boundary condition) is enforced on the right side, depicted in blue in Fig. 6(b).
Traction-free (Neumann) boundary conditions are imposed on the top and bottom boundaries (in red and brown, in Fig. 6(b)).

Fig. 6(c) depicts the surrogate domain Q(')’ and the layer of elements Q(')’ ,» for a coarse grid such that QS’ C Q, and Fig. 6(d)
displays how each of the sides of the true boundary maps to a corresponding sideset of the surrogate boundary (using again the
color scheme green-red-blue-brown). We refer to this configuration as a domain £, with enclosed surrogate Q(’)‘

Fig. 6(e) depicts instead the surrogate domain Qg and the layer of elements QS‘ ,» for a coarse grid such that the domain £, is
contained in the surrogate domain, namely @, C .Q(')‘ We refer to this configuration as a domain £, with enclosing surrogate f)(')‘
Numerical experiments show that the SBM is not particularly sensitive to the location of the surrogate boundary, as long as its
distance to the true boundary is of the same order of the grid size.

Fig. 6(f) displays how each of the sides of the true boundary maps to a corresponding sideset of the surrogate boundary (using
again the color scheme green-red-blue-brown).

For the SBM simulations, we adopted seven levels of refinement of a structured grid of the type shown in Figs. 6(c)-6(f). The
SBM simulations are compared against a primal body-fitted formulation whereby the Dirichlet boundary conditions are enforced
strongly. Similar refinements were considered for the body-fitted FEM, for grids of the type depicted in Fig. 6(b).

The convergence of the tip displacement of the Cook’s membrane (i.e., the displacement of point A in Fig. 7(a)) is shown in
Fig. 7(b) for the SBM formulation (33) with inner and enclosing surrogate boundary choices, the body-fitted formulation, and a
reference solution obtained solving the body-fitted primal formulation on the finest grid.

To locate the node on the surrogate boundary corresponding to the tip of the Cook’s membrane, we first find the surrogate node
A (corresponding to the tip node A) as the node lying at the intersection between the two sidesets associated with the vertical
traction and traction-free conditions (see Fig. 7(a)), and then we extrapolate the solution’s displacement from A to A according to
a formula analogous to (36).

Fig. 7(b) plots the vertical displacement of u|, and the results show that the SBM formulation is at least as accurate as its primal
body-fitted counterpart for comparable mesh sizes. Note that the SBM solution obtained with the enclosed surrogate domain strategy
is more accurate than the body-fitted FEM on the four coarsest grids.

Figs. 8 and 9 show the SBM numerical solution for the four finest levels of refinement of the embedded grids using the enclosed
and enclosing surrogates, respectively. In particular, the first row of plots shows the magnitude of the displacement field, the second

11
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Fig. 6. Setup of the Cook’s membrane problem, with depiction of the true domain £, the surrogate domain Q(’}’, the true boundary I, the surrogate boundary
fo", and the layer of surrogate boundary elements Q(’)‘ ,- The correspondence between the surrogate and the true sides of the boundary is expressed with different
colors, using the color scheme green-red-blue-brown. The plots in the middle row refer to an enclosed surrogate boundary, .Qg C £,, while the plots on the
bottom row refer to an enclosing surrogate boundary, 2, C Qf. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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(a) Point A, at the top right corner of the Cook’s membrane, and its corre- (b) Vertical displacement at point A, where n is the total number of edges
sponding surrogate node A, the sidesets S (red) an~d Sz(bl~ue) on the true along S| US>, for thg primal body-fitted formulation, or the total number
boundary and the corresponding surrogate sidesets S| and S, on the surro- of edges along S| U S5, for the SBM formulation. The red/orange curves
gate boundary. correspond to the settings in Figure 6¢/6e, respectively.

Fig. 7. Left: Point A at the tip of the true boundary (top right corner) and the corresponding surrogate node A. Right: plots of the vertical displacement at point
A for a primal body-fitted formulation and the enhanced SBM formulation. In the case of the SBM, the displacement at A is estimated from the displacement
at A using (36) with B and B replaced by A and A, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

row of plots shows the volumetric stress (pressure), and the third row of plots shows the square root of the von Mises stress (\/J_z).
All these quantities are sampled on the surrogate domains.

In both the SBM and the body-fitted computations, the final deformed configuration is reached with 24 loading steps of the
adaptive load control strategy described at the very beginning of Section 4. This indicates that there are no significant differences
in computational cost between the SBM and body fitted computations in the nonlinear Cook’s membrane test (see also [32] for an
analysis of the SBM computational cost in the linear case).

4.4. Twisting of a three-dimensional beam

We consider next the twisting of a three-dimensional beam-like structure of square section. The beam is a parallelepiped of
dimension 1 m X 1 m x 6 m as shown in Fig. 10(a), and we set /(€2,) = 6 m as the characteristic dimension of €.

We set the bulk modulus x = 929.45 GPa and the shear modulus x = 96.15 GPa so that the nominal Poisson ratio is 0.45 (note
that the Poisson ratio makes sense only in linear elasticity and that the finite elasticity model used here collapses to the equations
of linear elasticity for infinitesimal displacements).

The body force b is zero and a Dirichlet condition

u, xcos(tx/6) — zsin(t £ /6) — x
u=qu,r= 0 m (38)
u, xsin(t z/6) + zcos(t £ /6) — z

is applied at the top boundary while the bottom boundary is clamped (homogeneous Dirichlet condition). The top boundary is
progressively deformed adaptively increasing the load parameter ¢ from 0 to 11. Traction free (homogeneous Neumann) boundary
conditions are enforced at the remaining surfaces. To apply the SBM formulation (33), we immerse the domain £, in a background
domain (shown in gray in Fig. 10(b)) and generate an enclosed surrogate domain f)g C £, colored in blue in Figs. 11(a) and 11(d)
for a coarse and fine background grid, respectively.

Because of the lack of exact analytical solutions, an error convergence study is not feasible. As an alternative, Figs. 11(a) and
11(d) show, in transparent gray, the reconstruction of the true deformed boundary, obtained by applying formula (37) to all nodes
on fg’, for a coarse and fine grid, respectively. In Figs. 11(b) and 11(e), we overlap the aforementioned reconstructed true boundaries
(this time in blue) with their body-fitted counterparts (in gray), obtained from solving a primal formulation with strong Dirichlet
boundary conditions, again for a coarse and a fine grid.

While the discrepancy between the SBM and body-fitted surface formulation is clear for the coarse grid (Fig. 11(c)), the
SBM-reconstructed and body-fitted true boundary surfaces become almost indistinguishable in the case of the fine grid (Fig. 11(f)).

Next, we consider the case of an enclosing surrogate domain Qg (e, 2, C Qg), which is shown in transparent gray in Figs. 12(a)
and 12(d) for a coarse and fine background grid, respectively.

The number of elements for the coarse and fine background grids is chosen so that the total number of active elements for this
enclosing surrogate domain is similar to the case of the enclosed surrogate domain discussed above.

13
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Fig. 8. Cook’s membrane test: mesh refinement study for the SBM formulation with enclosed surrogate boundary (f)(‘; C £,). Contour plots of the displacement
magnitude, the volumetric stress (pressure), and the square root of the von Mises stress (y/J,). The deformation is computed over the surrogate domains.
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Fig. 9. Cook’s membrane test: mesh refinement study for the SBM formulation with enclosing surrogate boundary (£2, C f)l’]‘). Contour plots of the displacement
magnitude, the volumetric stress (pressure), and the square root of the von Mises stress (1/J,). The deformation is computed over the surrogate domains.
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(a) Domain Q and dimensions. (b) Immersed domain Q (blue) in a background geometry (gray).

Fig. 10. Twisting of a three-dimensional beam: The geometric setup of the beam in its initial configuration is shown in Fig. 10(a). The geometry and dimensions
of the background computational domain where the true geometry is immersed is shown in Fig. 10(b). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

i:vli)::inlg of a three-dimensional beam: Initial load step and number of load steps for the SBM and body-fitted formulations.
Formulation No. elements No. active elements Initial load step No. loading steps
SBM (QS C ) ii(l):f;sg 123}617 gi 22

SBM (£, c @) 2?‘?390 fggf;m g:i 32

Body-fitted 1333331 3;3331 g:(le fis

We reconstruct the true deformed surface according to formula (37) applied to all nodes on f“o” and color it in blue as shown
in 12(a) and 12(d) for a coarse and fine grid respectively. In Figs. 12(b) and 12(e), we overlap the aforementioned reconstructed true
boundaries (blue) with their body-fitted counterparts (gray), again for a coarse and a fine grid. Also in this case, the discrepancies
between the SBM and the body-fitted computations are visible for the coarse grids (Fig. 12(c)) and negligible for the fine grids
(Fig. 12().

Fig. 13 shows the SBM numerical solutions for both the enclosed surrogate domain (fz{; C £,) and the enclosing surrogate domain
(f)é’ C ), computed with the finest respective grids. In particular, the first of the three columns of plots shows the magnitude of
the displacement field, the second the pressure, and the third the square root of the von Mises stress (\/J_z). The first row refers to
the enclosed surrogate case and the second row to the enclosing surrogate case. Both the displacement and stress fields are stable,
smooth and free from spurious oscillations.

The pressure and square root of the von Mises stress (\/J_2) on the body-fitted simulation and reconstructed true boundaries,
for both the enclosed surrogate domain (2” c £,) and the enclosing surrogate domain (Qg C ), are shown in Fig. 14 computed
with the finest respective grids. The first row of plots shows the pressure, the second row of plots shows the square root of the
von Mises stress (\/72), the first column refers to the body-fitted simulation, the second column refers to the enclosed surrogate
SBM, and the third column refers to the enclosing surrogate SBM. Visually inspecting the results, the SBM simulations match closely
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v

|
(a) Coarse grid: the surrogate boundary (blue) and (b) Course grid: the boundary of a body-fitted (c) Zoomed view of Figure 11b.
the SBM-reconstructed true boundary (gray). computation (blue) and the SBM-reconstructed

true boundary (gray).

(d) Fine grid: the surrogate boundary (blue) and (e) Fine grid: the boundary of a body-fitted com- (f) Zoomed view of Figure 11e.
SBM-reconstructed true boundary (gray). putation (blue) and the SBM-reconstructed true
boundary (gray).

Fig. 11. Twisting of a three-dimensional beam: Deformation of the SBM formulation with enclosed surrogate boundary (Q")‘ C Q). Fig. 11(a) displays the surrogate
boundary deformation (blue) and the true boundary deformation reconstructed with (37) (transparent gray), for an SBM simulation with 1731 active elements.
In Fig. 11(b), the deformation of a body-fitted simulation (blue) with a mesh consisting of 1940 elements is superimposed on that of the SBM-reconstructed true
boundary (gray). Fig. 11(c) is a zoomed view of Fig. 11(b). Fig. 11(d) displays the surrogate boundary deformation (blue) and the reconstructed true boundary
deformation (transparent gray), for an SBM simulation with 140,617 active elements. In Fig. 11(e), the deformation of a body-fitted simulation (blue) with a
mesh consisting of 135,831 elements is superimposed on that of the SBM-reconstructed true boundary (gray). Fig. 11(f) is a zoomed view of Fig. 11(e). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(a) Coarse grid: the surrogate boundary (gray) and ~ (b) Course grid: the boundary of a body-fitted (c) Zoomed view of Figure 12b.
the SBM-reconstructed true boundary (blue). computation (blue) and the SBM-reconstructed
true boundary (gray).

(d) Fine grid: the surrogate boundary (gray) and  (e) Fine grid: the boundary of a body-fitted com- (f) Zoomed view of Figure 12e.
the SBM-reconstructed true boundary (blue). putation (blue) and the SBM-reconstructed true
boundary (gray).

Fig. 12. Twisting of a three-dimensional beam: Deformation of the SBM formulation with enclosing surrogate boundary (£, c Q{;). Fig. 12(a) displays the
surrogate boundary deformation (transparent gray) and the true boundary deformation reconstructed with (37) (blue), for an SBM simulation with 2040 active
elements. In Fig. 12(b), the deformation of a body-fitted simulation (blue) with a mesh consisting of 1940 elements is superimposed on that of the SBM-
reconstructed true boundary (gray). Fig. 12(c) is a zoomed view of Fig. 12(b). Fig. 12(d) displays the surrogate boundary deformation (transparent gray) and
the reconstructed true boundary (blue), for an SBM simulation with 143,854 active elements. In Fig. 12(e), the deformation of a body-fitted simulation (blue)
with a mesh consisting of 135,831 elements is superimposed on that of the SBM-reconstructed true boundary (gray). Fig. 12(f) is a zoomed view of Fig. 12(e).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Displacement magnitude (m). Pressure (GPa). VJ2 (GPa).
0.0 0.5 0.9 1.4 -1.2e+02 4.7e+1 2.9¢+1 1.0e+02 3.0e+00 2.6e+1 4.9e+1 7.3e+01
! I} ! L |

— U —

Fig. 13. Twisting of a three-dimensional beam on the finest grids: contour plots of the displacement magnitude, the volumetric stress (pressure), and the square
root of the von Mises stress (\/72). The first row refers to the enclosed surrogate case ((E(’)‘ C £,) and the second row to the enclosing surrogate case (£, C fzg).
Color contours are shown on the surrogate boundary. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Pressure (GPa).
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3.0e+00 2.6e+1 4.9e+1 7.3e+01

Fig. 14. Twisting of a three-dimensional beam: contour plots of the volumetric stress (pressure) and the square root of the von Mises stress (\/72). Color
contours are shown on the true boundary geometry, reconstructed with (37). Similarly, stresses for the SBM are post-processed on the true boundary using the
strategy described in Section 4.1. The first column refers to the body-fitted simulation, the second column to the enclosed surrogate case (Qg C £2) and the
third column to the enclosing surrogate case (£, C fz{;). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 15. Twisting of a three-dimensional beam: history of the loading parameter ¢, for both coarse grids (left) and fine grids (right).

'];':Etli?nz of a three-dimensional beam: Initial load step and number of load steps for SBM and body-fitted formulations.
Formulation No. elements No. active elements Initial load step No. loading steps
SBM (2! c 2,) f?{ég?m 13?),1617 g:(l)zs ﬁl
SBM (£, C .ég) 2463,8390 §232154 ggf ;‘2‘4
Body-fitted 123231 12;‘,(;31 8:8525 339

the body-fitted simulations. Possibly, the SBM with enclosing surrogate offers slightly more accurate solution than the SBM with
enclosed surrogate.

Finally, Table 1 reports the initial load step and the number of loading steps for the SBM and body-fitted calculations and Fig. 15
shows the load step history in reaching the final load. It is clear that the SBM calculations require fewer load steps to reach the final
load. This is result is in part due to the fact that the SBM adopts the weak imposition of the boundary conditions, which results in
more robust Newton iteration cycles.

4.5. Bending a three-dimensional beam

Next we consider a bending problem for a structure with the same beam-like geometry, material parameters, and computational
grids used in the previous twist test. Also the boundary conditions are the same, except for the Dirichlet conditions on the top
boundary, which are now given by

u, xcos(t#/6) — ysin(t 7 /6) — x
u=qu, = xsin(t z/6) + ycos(tz/6) —yp m, (39)
u 0

with a loading parameter ¢ that is progressively increased from 0 to 5.

We adopt the same adaptive loading strategy described in the twisting beam test described in Section 4.4.

We present the results in a form analogous to the previous twisting-beam test. In particular, Figs. 16, 17, 18, and 19 correspond,
for this test, to Figs. 11, 12, 13, and 14 for the previous test. The conclusions that we can draw are very similar. On fine grids, the
SBM results are very similar to the results of body-fitted primal computations.

The bending test described here is more demanding, in term of robustness, than the twisting beam problem described in the
previous section, since it produces more severe states of deformation. The reason lies on the fact that the stress and deformation
patterns due to bending are much more complex than in the case of twisting and this is reflected in the increased number of load
steps to reach the final stage of deformation. Table 2 records the initial load step and the number of loading steps for the SBM and
body-fitted calculations and Fig. 20 shows the load step history in reaching the final load. Also in this case it is evident that the
SBM calculations require fewer number of load steps to reach the final load state. Like in the previous case of twisting deformation,
the SBM with enclosed surrogate appears more efficient than the SBM with enclosing surrogate.
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(a) Coarse grid: the surrogate boundary (blue) and the SBM- (b) Fine grid: the surrogate boundary (blue) and the SBM-
reconstructed true boundary (gray). reconstructed true boundary (gray).

(c) Coarse grid: the boundary of a body-fitted computation (blue) (d) Fine grid: the boundary of a body-fitted computation (blue) and
and the SBM-reconstructed true boundary (gray). the SBM-reconstructed true boundary (gray).

(e) Zoomed view of Figure 16c. (f) Zoomed view of Figure 16d.

Fig. 16. Bending of a three-dimensional beam: Deformation of the SBM formulation with enclosed surrogate boundary (!}g C ). Fig. 16(a) displays the surrogate
boundary deformation (blue) and the true boundary deformation reconstructed with (37) (transparent gray), for an SBM simulation with 1731 active elements.
In Fig. 16(c), the deformation of a body-fitted simulation (blue) with a mesh consisting of 1940 elements is superimposed on that of the SBM-reconstructed true
boundary (gray). Fig. 16(e) is a zoomed view of Fig. 16(c). Fig. 16(b) displays the surrogate boundary deformation (blue) and the reconstructed true boundary
deformation (transparent gray), for an SBM simulation with 140,617 active elements. In Fig. 16(d), the deformation of a body-fitted simulation (blue) with a
mesh consisting of 135,831 elements is superimposed on that of the SBM-reconstructed true boundary (gray). Fig. 16(f) is a zoomed view of Fig. 16(d). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(a) Coarse grid: the surrogate boundary (gray) and the SBM- (b) Fine grid: the surrogate boundary (gray) and the SBM-
reconstructed true boundary (blue). reconstructed true boundary (blue).

(c) Coarse grid: the boundary of a body-fitted computation (blue) (d) Fine grid: the boundary of a body-fitted computation (blue) and
and the SBM-reconstructed true boundary (gray). the SBM-reconstructed true boundary (gray).

(e) Zoomed view of Figure 16c. (f) Zoomed view of Figure 16d.

Fig. 17. Bending of a three-dimensional beam: Deformation of the SBM formulation with enclosing surrogate boundary (£, c !}[’;). Fig. 17(a) displays the surrogate
boundary deformation (transparent gray) and the true boundary deformation reconstructed with (37) (blue), for an SBM simulation with 2040 active elements.
In Fig. 17(c), the deformation of a body-fitted simulation (blue) with a mesh consisting of 1940 elements is superimposed on that of the SBM-reconstructed true
boundary (gray). Fig. 17(e) is a zoomed view of Fig. 17(c). Fig. 17(b) displays the surrogate boundary deformation (transparent gray) and the reconstructed true
boundary (blue), for an SBM simulation with 143,854 active elements. In Fig. 17(d), the deformation of a body-fitted simulation (blue) with a mesh consisting
of 135,831 elements is superimposed on that of the SBM-reconstructed true boundary (gray). Fig. 17(f) is a zoomed view of Fig. 17(d). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Displacement magnitude (m). Pressure (GPa). \J> (GPa).

0.0 2.0 4.0 6.0

450402 25042 50041 1.5¢+02 3.00+00 6.9e+1 Lde+2 2.0e+02

Fig. 18. Bending of a three-dimensional beam computed with the SBM on the finest grids: contour plots of the displacement magnitude, the volumetric stress
(pressure), and the square root of the von Mises stress (1/J,). The first row refers to the enclosed surrogate case (.r}g C £,) and the second row to the enclosing
surrogate case (2, C Q).

4.6. Bending a three-dimensional beam with nominal Poisson ratio v = 0.30

Next we consider again same bending test in Section 4.5 with the same geometry, boundary conditions, loading conditions, and
adaptive loading strategy. However, we set a bulk modulus « = 208.33 and a shear modulus y = 96.15 such that the nominal Poisson
ratio is 0.30.

Under this setup, the body-fitted calculation on the finest grid was only able to reach ¢+ = 4.95372 while the SBM numerical
calculations for both the enclosed surrogate domain (Qg C £,) and the enclosing surrogate domain (Q(')' C ) successfully reached
t =5 on the finest grids.

Given the more compressible nature of the material with respect to the previous case of a nominal Poisson ratio of 0.45, the
overall mechanical system is less stiff and there is a higher possibility for elements from either sides of the beam to interpenetrate
each other at a certain point (we do not implement a contact algorithm in this test). The body-fitted calculation breaks down just
before this occurs while the SBM calculations continue until the end, despite elements interpenetrate, as shown in Fig. 21.

Fig. 22 shows contours of the SBM displacement, post-processed pressure and square root of the von Mises stress (\/J_z) on the
finest grids, for both the enclosed surrogate domain (Qg C £,) and the enclosing surrogate domain (Q(’)’ C Q).

The displacement field is stable, smooth and free from spurious oscillations, however we start observing severe stress concentra-
tions of the pressure and square root of the von Mises stress (\/J_z) fields in certain elements of the mesh. This is an indication that
more refined grids are required to fully resolve the stress fields, but this aspect is beyond the scope of the present paper, considering
the size of the computations. We can however conclude that the SBM is at least as robust as a body-fitted primal finite element, if
not more robust.
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Pressure (GPa).
-4.5e+02 -2.5e+2 -5.0e+1 1.5e+02

—— e D —

3.0e+00 i : 2.0e+02

Fig. 19. Bending of a three-dimensional beam: contour plots of the volumetric stress (pressure) and the square root of the von Mises stress (\/Z) on the
body-fitted and reconstructed true deformed shape. Color contours are shown on the true boundary geometry, reconstructed with (37). Similarly, stresses for the
SBM are post-processed on the true boundary using the strategy described in Section 4.1. The first column refers to the body-fitted simulation, the second column
to the SBM with enclosed surrogate (Q{: C £,) and the third column to the SBM with enclosing surrogate (£, C Qf)‘). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

5 5

4t . 4r i

3 1 3r i

2+ . 20 .
— Body-fitted, primal 1k — Body-fitted, primal |

1 -
—— SBM, enclosed surrogate —— SBM, enclosed surrogate
—— SBM, enclosing surrogate —— SBM, enclosing surrogate

l l 1 1 1 1 1 | | | | 1 1 1 | |
0 10 20 30 40 50 60 70 80 90 0 50 100 150 200 250 300 350 400 450
Load Steps Load Steps

Fig. 20. Bending of a three-dimensional beam: history of the loading parameter ¢ as the load steps increase, for both coarse grids (left) and fine grids (right).
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A%

(a) Enclosed surrogate domain: the body-fitted (blue) and SBM- (b) Enclosing surrogate domain: the body-fitted (blue) and SBM-
reconstructed (gray) surfaces. reconstructed (gray) surfaces.

Fig. 21. Bending of a three-dimensional beam on the finest grids for a nominal Poisson ratio v = 0.30: Deformation of the SBM formulation with the enclosed
surrogate domain (Fig. 21(a)) and enclosing surrogate domain (Fig. 21(b)) superimposed against the body-fitted simulation. Deformation is reconstructed according
to (37). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Displacement magnitude (m). Pressure (GPa). V7> (GPa).

0.00 1.93 3.86 5.86 6.1e+02 3.8e+2 15¢+2 7.8¢+01 1.0¢+00 84c+1 17e+2 25040

Fig. 22. Bending of a three-dimensional beam computed with the SBM on the finest grids for a nominal Poisson ratio v = 0.30: Contours of the displacement
magnitude, the volumetric stress (pressure) and the square root of the von Mises stress (1/J,). The first row refers to the enclosed surrogate case (!}[’; C ),
and the second row to the enclosing surrogate case (£, C S'Zg).
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Geometry of the porous domain Q. Surrogate domain Qg.

Displacement magnitude (mm).

0.0e+00 1.8e-4 3.7e-4 5.5e-04
Pressure (TPa).
-3.0e-03 -1.3e-3 3.5e-4 2.0e-03
L | 16

VJ2(TPa).
0.0 1.0e-3 ZOe3 3.0e-3
L
Full view. XZ-Cross section. Yyz-cross section. Xy-cross section.

Fig. 23. Compression of a porous specimen. The geometry of the true domain £, the surrogate domain Ql’]’, and contours of the displacement magnitude, the
volumetric (pressure) stress, and the square root of the von Mises stress (1/J,), for various cross-sections (mid-planes), on the deformed configuration.
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Table 3
Setup times for the test involving the compression of a porous specimen.
No. elements No. active elements No. cores No. true surface facets Setup time (s)
5,229,000 3,458,639 240 112,629 217
1
0.8 |- B
0.6 |- B
04 b
0.2 B
—— SBM, enclosed surrogate
| I I I

0 1 2 3 4 5
Load Steps

Fig. 24. Compression of a porous specimen: Plot of 7 as the load steps are increased.

4.6.1. Compression of a porous specimen

Finally, we consider a domain with a geometry that has been obtained via imaging techniques [61]. As shown at the top left
of Fig. 23, we consider a sample of a porous material, that is the domain 2, = [0,0.3] mm X [0,0.5] mm x [0.2,0.47] mm, that has
been subdivided in voxels of size 8.33 - ym X 8.33 - um X 8.33 - um, by CT-scan techniques. The voxel representation of the sample
has then been segmented in STL format (i.e., a set of disconnected triangular facets, which do not necessarily combine to form a
water-tight surface), to represent the interface between the material and the voids.

The displacement on the top side surface is set to u = {0.0 mm, —0.54¢ mm, 0.0 mm }7, where ¢ is increased from 0 to 1. The solid
is clamped (u = 0) at the bottom surface and traction-free boundary conditions are imposed elsewhere. Given the geometric setup
of the problem, we set /(£2,) = 0.5 mm while the material parameters and loading strategy are the same as for the beam twisting
test presented in Section 4.4, with an initial load step of 0.1.

As apparent, the geometric features of this problem include a large number of fissures, holes and cracks which make body-fitted
meshing very challenging, particularly since the (computational) interface rock/void is not watertight. It is in this situations that
the power of an immersed/embedded solid mechanics method becomes clear, since the intersection of the interface solid/void with
the background grid is an operation that is inherently parallelizable and much more robust and efficient than body-fitted mesh
generation. We point out that this initial geometry cleanup phase is completely automated and parallelized, as opposed to the
typical geometry cleanup in body-fitted grids and/or CAD models, which requires the direct intervention of the user.

Table 3 shows the SBM setup time to be less than 4 minutes. The setup time includes the time it takes to: (a) compute intersections
between the STL surface that defines the boundary and the background grid; (b) generate the surrogate domain and boundaries;
and (c) calculate the distance vector along the surrogate boundary. To have a reference, the SBM setup time must be compared with
the time it takes, in a body-fitted computation, to convert STL to CAD format, including geometry cleanup operations, and the time
it takes to mesh the geometry. We can expect the setup phase for the SBM to be smaller, by one to two orders of magnitude, than
the typical setup times required by CAD and body-fitted grid generation tools.

Numerical results are computed using the SBM with enclosed surrogate domain shown at the top right of Fig. 23. A total of 6
loading steps were needed to reach the final load state, as shown in the load step history presented in Fig. 24. The three bottom
rows of Fig. 23 display the displacement magnitude, volumetric stress, and square root of the von Mises stress (1/J,), respectively.
Much like in the previous three-dimensional tests, the numerical solution is smooth and well-behaved, indicating that the SBM can
serve as a valuable tool in the emerging imaging-to-computing field or for the training of geometrically parametrized Digital Twins.

5. Conclusions

We presented a Shifted Boundary Method for nonlinear mechanics, in the class of immersed solid mechanic methods, which
proved robust in a series of classical benchmark tests and effective in simulating very complex geometries.

Because no cut-cells are present in the formulation, standard Gauss quadrature formulas can be used, and this is a major
advantage with respect to other immersed methods, which typically require orders of magnitude more quadrature points than
standard finite elements, to integrate the governing equations over cut cells.

This in turn results in an algorithm with computational cost very similar to traditional body-fitted finite element methods, but
without the mesh generation overhead associated with simulations in complex geometry.
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Future work will be directed to attack nonlinear incompressible elasticity and inelasticity, which however are not foreseen to
be problematic, since the SBM can be adapted easily to formulations encompassing such problems. The simulation of nonlinear
buckling with the SBM is also expected to be feasible, although beyond the scope of the present work.
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