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Abstract In solving problems of geometrically nonlinear structural mechanics, a prominent role is played
by formulation of rate equilibrium conditions. In the computational machinery, the evaluation of the stiffness
operator provides the trial incremental displacement field as fixed point of an iterative algorithm. The issue
is investigated by a new geometric approach to continuum mechanics. Kinematics is described by the motion
along a trajectory manifold embedded in the affine four-dimensional space-time. Variational conditions of
equilibrium and rate equilibrium are formulated in terms of natural time rates of stress and stretching. The rate
elastostatic problem is formulated in the full nonlinear context by adopting a newly contributed rate-elastic
constitutive model. The geometric stiffness and forcing operators are expressed in terms of an arbitrary linear
spatial connection. It is shown that the adoption of a LEVI- CIVITA connection provides a linear expression of
the geometric stiffness involving a curvature term. For bodies in motion in the flat EUCLID space with parallel
transport by translation, a symmetric expression of the geometric stiffness is obtained, thus extending the
standard formula to bodies of any dimensionality.

1 Introduction

Nonlinear continuum mechanics (NLCM) is a natural gym for differential geometry (DG), and in fact, the
recourse to concepts and methods of this mathematical discipline is compelling when dealing with nonlinear
problems.

The shining success of the geometrically linearized theory of elasticity, based on linear algebra and calculus
in linear spaces (LAC), and of elastoviscoplasticity theory, based on convex analysis (CA) in linear spaces,
has led to an underestimate of the need for DG in getting a satisfactory mathematical modeling.

As a consequence, in most treatments of NLCM contributed in the last decades, mainly notions proper of
LAC and CA are referred to, without significant recourse to DG.

On the other hand, it is well known that basic questions of NLCM can only be answered by relying on
the results of DG, see e.g. [1-11]. A classical example is provided by the differential condition of kinematical
compatibility of a finite strain measure, consisting in the vanishing of the relevant RIEMANN curvature.
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The role played by DG is, however, definitely more basic, and a knowledge of the elements of DG is
definitely needed to set up the very foundations of NLCM.

Instances of application of notions from DG to solve longly debated issues in NLCM are provided by
the proper geometric definition of stress time rate (stressing), by the formulation of a consistent rate-elastic
behavior and by the statement of the principle of constitutive frame-invariance, recently clarified in [12—-14].

The elements of NLCM are illustrated in this paper with a geometric approach developed in the space-
time framework. The rules governing time differentiation of involved vector and tensor fields along the
motion are brought to full evidence, leading to a consistent theoretical and computational formulation of
NLCM.

A main point concerns the proper definition of material and spatial fields on the trajectory manifold and
of the relevant transformation rules, dictated by a geometric paradigm. These are, respectively, push—pull
operations and parallel transports, as illustrated in Sects. 3-9. In this way, the longly debated issue about the
way time rates of stress tensors ought to be defined is finally resolved with a unique well-definite answer.

Under the guidelines of the geometric formulation, the variational equilibrium and rate equilibrium con-
ditions along the trajectory are expressed by the virtual power principle (VPP) and by a rate virtual power
principle (RVPP) involving time rates of stress, stretching and force system, defined in a natural way, and time-
independent virtual velocity fields extended by parallel transport according to an arbitrary linear connection.

The RVPP is then not a natural notion since its formulation depends on the choice of the linear spatial
connection to perform the parallel transport of virtual velocities along the motion. Anyway, all formulations
provide equivalent conditions of rate equilibrium.

The geometric analysis leads to an expression of the time rate of the virtual stretching along the motion,
which in general depends in a nonlinear way on the spatial velocity field. Thus, a nonlinear geometric stiffness
is generated. A nonlinear dependence on the velocity is shared also by the forcing (force time rate) so that the
adoption of an iterative algorithm for the iterative solution of nonlinear rate equilibrium problems is compelling.

This feature is not evidenced in previous treatments investigating 3D bodies in the framework of the
standard EUCLIDIAN space with connection by translation [15-20].

For bodies of any dimensionality, the adoption of a LEVI- CIVITA connection (torsion-free and metric-
preserving) yields a linear geometric stiffness whose expression involves a curvature term.

For bodies in the context of the flat EUCLID ambient space with parallel transport by translation, a symmetric
geometric stiffness is found. This expression extends to bodies of any dimensionality the known formula
reported in the literature for 3D bodies. A comparison with standard treatments is provided in Sect. 13.

The rate elastostatic problem is formulated in Sects. 14, 15 on the basis of the contributed new model of
rate-elasticity [12—14].

Nonsymmetric linear connections induced by mobile frames in curvilinear coordinate systems are briefly
illustrated in Sect. 16. Computational issues are briefly outlined in Sect. 17.

2 Preliminary geometric notions

All notions listed below are illustrated in detail in [21-23]. In the following, a circle o means the composition
of maps and an interposed dot - denotes linear dependence on subsequent arguments.

At each point x € M of a manifold, there is a corresponding tangent linear space 7xM made of the
velocities of curves through that point.

To a smooth transformation ¢ : M — N, there corresponds at each point x € M a linear infinitesimal
transformation Tx¢ : TxM — Ty x)N between the tangent spaces, called the differential, whose action on the
tangent vector Uy := dy—g c(s) € TxM toacurve ¢ : R — M, at the point x = ¢(0), is defined by

Tx¢ - ux = d5—0 (¢ 0 )(s). ey

A chochét (,) denotes the bilinear, nondegenerate duality between pairs of dual linear spaces (TxM, T M)
or (TyxN, Tg)N) . The dual linear map

(Tx®)* : T;(X)N > T;M
is defined for any uy € TxM and wgx) € Tpx)N by the identity

(Tx@ - ux, We(x)) = (ux, (Tx)" - Wo(x) ) ()
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Zeroth-order tensors are just real-valued functions. Second-order tensors at X € M are bilinear maps on pairs
of vectors or covectors based at that point, named covariant, contravariant or mixed depending on whether
the arguments are both vectors, both covectors, or a vector and a covector. Corresponding tensor spaces at
x € M are denoted by FUN(7xM)), Cov(TxM), COoN(TxM) and MIX(7xM), and a generic tensor space by
TENS(TxM) .

First-order covariant tensors are covectors and first-order contravariant tensors are tangent vectors. Second-
order tensors at x € M are equivalently defined as linear operators from a or cotangent space to another such
space at that point:

(Scov)x : TxM = TSM € Cov(TxM) , (3)
(scon)x : TyM > TxM € CON(TxM) , 4)
(smix)x : kM = TyM € MIx(TxM). (5)

Maximal alternating multilinear tensors of order n = dim 7xM are called volume forms and denoted by
(SvoL)X € VoL(TxM) .

Covariant, contravariant and mixed tensors may be altered, one to another, by means of (pre or post)
composition with an invertible covariant tensor that provides a one-to-one correspondence between the tangent
and the cotangent space. The covariant metric tensor g, being positive definite, is the natural candidate.

2.1 Tensor bundles

The domains of the fangent bundle TM and the cotangent bundle T*M are the disjoint union of all linear
tangent spaces and dual cotangent spaces, respectively, based at points of the manifold. The bundles are defined
by the projections my; € C'(TM; M) and Ty € C!(T*M; M) associating the base points corresponding
to tangent and cotangent vectors in the bundles.

The global transformation between tangent bundles 7'¢ : TM +— TN is called the rangent transformation.
The operator 7', acting on manifolds and on maps between them, is named the tangent functor [21,23].

¥ore general, a fibration of a manifold F over a base manifold B is characterized by a surjective submer-
sion

g € CL(F: B), (6)

called the projection. The fiber F(x) is the inverse image of x € B by the projection. A fiber-bundle is a
fibration whose fibers are diffeomorphic manifolds. A linear-bundle has linear fibers.

A field in a fiber-bundle m € C'(F:B) isa map s € C!(B:F) such that 7 os = IDg, the identity
over B, that is such that s(x) € F(x) for all x € B. In the geometric terminology, fields are called sections
of the fiber-bundle.

Tensor bundles are linear bundles defined on disjoint unions of linear tensor spaces at points of a manifold
and are characterized by the projection my; € C' (TENS(TM) ; M) that associates the base point corresponding
to each tensor in the bundle.

A tensor field s; € C'(M; TENS(TM)) is a section of a tensor bundle. This means that s;(X) €
TENS(TxM) for all x € M.

By (3)—(5), a (second-order) tensor field is equivalently described as a homomorphism2 between tangent
and/or cotangent bundles.

2.2 Push—pull, flows and Lie derivatives

A transformation ¢ : M +— N maps a curve on M into a curve in N and, under suitable assumptions,
scalar, vector and covector fields from M onto ¢ (M) C N (push forward 1) and vice versa (pull back | )

U Immersion (submersion) is a map with injective (surjective) tangent map.
2 A morphism is a fiber preserving map between fiber-bundles. A homomorphism is a fiberwise linear morphism between
vector-bundles.



1628 G. Romano et al.

[23].3 Assumptions of differentiability and of invertibility of the differential are claimed whenever needed.
The defining formulae for push—pull are the following.

Push forward from M to ¢(M), ¢ : M — N injective.

Y M R, @1 )px) = Y » 7
v:M— TM, (@1MV)¢x) = Txd - Vx, 3
v M T*M, (PIVE, Whg = (Vi (Txd) ™' Wox)). ©9)

Pull back from ¢ (M) to M.

¢:N—>TR, (DlP)x = Pp(x) s (10)
w:Ni> TN, @Iwx = (Tx$) ™" - Wox an
w* N T*N, (Pplw*, v)y = (w;;(x), Tx® - vx). (12)

Push—pull operations for second-order covariant, contravariant and mixed tensors are defined so that their
scalar values are invariant by the following formulae:

(PlScov)x = (Tx(b)* : (Scov)¢(x) -1k, (13)
(¢TSC0N)¢(x) = Tx¢ - (Scon)x - (Tx9)™, (14)
@) = Txd - (Sur)x - (Txd) . (15)

From (13)—(15) and the chain rule of linear calculus, it follows that push—pull operations by diffeomorphisms
enjoy the following commutativity properties with composition:

@1 (Scon * Scov) = (P1Scon) - (P1Scov) (16)
&1 (Scov - Smix) = (P1Scov) - (P 1Swmix)- (17)

The pull-back of a tensor field is the tensor field defined by
I Stens = P 0 Sppns © B (18)

The flow FI} € C'(M; M) is generated by solutions of the differential equation v = 3¢ FI} , and the LIE

derivative Lyw € C}(M; TM) of a tangent vector field w € Cl(M; TM) according to a tangent vector field
v € C'(M; TM) is the derivative of the pullback by the relevant flow:

LyW = 05— (FIX W) = 0y—0 TFl‘i)L -Wo FlX.

LIE derivatives of tensor fields are defined in the same way. Push—pull of scalar fields is just a change of base
points so that LIE derivatives coincide with directional derivatives.

Adopting the notation vf := Ly f, with f € C'(M;R) any scalar field, the commutator of tangent
vector fields v, w € C!'(M; TM) is the skew-symmetric tangent-vector valued differential operator defined
by

v, wlf == (vw—wv)f = (LyLw — LwLy) f. 19)
A basic theorem concerning LIE derivatives states that
Lyw = [v, w], (20)

and hence, the commutator of tangent vector fields is called the LIE bracket. For any injective morphism
¢ € C'(M; N), the following push naturality property holds

[TV, dptw] =1V, W] 1)

3 In differential geometry, push and pull are, respectively, denoted by low and high asterisks ,;* [21,22]. This standard notation
leads, however, to consider too many similar stars in the geometric sky, i.e., push, pull, duality, HODGE operator.
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2.3 Connections and parallel derivatives

A linear connection V in a manifold M can be described by a differentiation fulfilling the characteristic
properties of a point derivation

V0(1W1-|—0l2W2V =] VW1 v+ OlszZV s (22)
Vw(o1vy +a2v2) = a1 Vy vy + a2 Vyva, (23)
Vw(fV) = fVav+ (Vw )V, (24)

with o, p € CH(M ; R) scalar fields and v, w, vq, v, wi, wo € CL(M ; TM) tangent vector fields.

In terms of parallel transport v (| denotes backward parallel transport) along a curve ¢ € C!(R ; M)
with hy = 9,0 c(X) and x = ¢(0), the parallel derivative* of a vector field v e C'(M ; TM) according to
a connection is defined by

Vhv = dh—ocM)J (vocy(h).
Parallel transported vector fields (voe)(X) = ¢(L){} vx are characterized by a null parallel derivative, because
ViV i= Oh=0 (M) Y (Vo ©)(A) = dh=0 (c(M)y o (M) )Vx = dr=0 Vx = 0.

Parallel transport of a tensor field is defined by invariance and the parallel derivative along a flow FIj €
C'(M; M) is given by

VyStens i= 01=0 (F 4 Sppng) = 35.=0 (FI} | 0 Sy 0 FIL). (25)

The parallel derivative fulfills a LEIBNIZ rule, which for a covector field @ € C'(M; T*M) and a vector field
h e CH(M; TM) writes

Vho(V) = Vh(@(V)) — @(Vpv).

The curvature of the connection is the operator CURV that maps tensorially a tangent vector field s €
C!(M;TM) toa tangent-vector valued two-form® CURV(s) defined by

CURV(S)(V, W) := ([Vy, Vwl — Vv .w(8) , (26)
and the torsion TORS is the tangent-vector valued two-form defined by
TORS(V, W) := Vyw — Vyv — [v, wW]. 27
Mixed tensor fields TORS(v) and CURV(s, v) are defined by the identities
TORS(V) - W := TORS(V, W) = —TORS(W, V), (28)
CURV(s, V) - W := CURV(S)(V, W) = —CURV(S)(W, V). (29)
The second parallel derivative, defined by
Viw = VWV — Vy,w, (30)

is tensorial in the vector fields v, w € C!(M; TM) and also tensorial are the expressions (26), (27) defining
the curvature and the torsion forms [23]. The symmetry gap of the second derivative is provided by
V\%,w - V\?v,v = CURV(e, V) - W — Vigpg(v,w) » (31)

which follows from (30) and definitions (26) and (27).

A connection with vanishing torsion is named torsion-free or symmetric, and a connection with vanishing
curvature is said to be curvature-free or flat. In a RIEMANN manifold (M, g), a linear connection V is metric
preserving (or simply metric) if the metric tensor is invariant under parallel transport,

gx (Vx , Wx) = 8¢ (€M) vx, €(A) T Wx) ,

so that its parallel derivative vanishes: Vg = 0. The LEVI- CIVITA connection in (M, g) is the unique
connection which is metric and symmetric.

4 Commonly named covariant derivative, despite there is no clear relation with the homonymic property of covariance under
diffeomorphic transformations.

5 Tensoriality of a multilinear map on vector fields and generating a vector field means that point values of the image field
depend only on the values of source fields at the same point. A form is a vector-valued, tensorial, alternating multilinear map.
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Remark 1 (Path independence) Connections whose associated parallel transport from one point to another is
independent of the path connecting the end points are flat. Indeed, by tensoriality, in computing the curvature
at a point by definition (26), the tangent vector field s € C! (M ; TM) may be generated by path-independent
parallel transport. Hence, all parallel derivatives are zero and the curvature operator vanishes identically.
Special instances are the EUCLID connection by translation or connections defined by natural frames generated
by coordinate systems, considered in Sect. 16.

On a manifold M, setting Y(v) := V(v) + TORS(v), the LIE derivative of a covariant tensor field
Scov : TM — T*M along the flow associated with a vector field v € C! (M ; TM), is expressed in terms of
the parallel derivative VM by the formula

Ly Scov = Vy Scov + Scov - Y(V) + Y (V)™ - scov. (32)

This result, and the analogous ones for contravariant and mixed tensor fields, can be inferred from a com-
parison between the expressions obtained by applying LEIBNIZ rule to the LIE derivative and to the parallel
derivative [23].

The following Lemma will be recalled to get formula (96).

Lemma 1 (Parallel derivative of a composition) If Scoy = @cov - Byrx IS the composition of two tensor fields,
then the following LEIBNIZ rule holds:

Vy(etcov * Bux) = (Vvtcov) * Bux + ®cov - (VyByx)- (33)
Proof. Observing that, forany a,b € TM
Scov(@,b) = (scov - a,b) = {@cov - Byux - 2, b) = acov(Byx -2, b), (34)

from the definition of parallel transport of a tensor field, it follows that

(FI} § scov)(a, b) = scov(FI fra, FI{ 1 b)
= acov(Byx - (FI; 1ra), F; ot b)
= ocCOv(FlKﬂ ((FlKlL Bux) - @), FIXTT b)
(FIJ acov) (FIT Y Byx) -2, b), (35)

that is,

FI; § (@cov - Buix) = (FI U atcov) - (FILY By (36)

Then, applying the LEIBNIZ rule of linear calculus to the definition (25) of parallel derivative in terms of parallel
transport

VyScov := 0r=0 (lell Scov) = 01=0 (lell Acov) - (leil Buix) » 37

the rule (33) follows. O

3 Continuum kinematics

Classical continuum kinematics (CK) deals with material bodies in motion in a four-dimensional events space
& during an interval I C Z of instants in the time line.®

An EUCLID observer y € C1(€,S x Z) detects the event manifold as space-time product between the
ambient space manifold S with dimS = m = 3 and the time line Z.

Both S and Z are affine manifolds endowed with metric tensor fields

g5 € C'(S:PoS(TS)), gz e Cl(I;PosS(TZ)), (38)

which are twice-covariant, symmetric and positive definite tensor fields, invariant by translation.

6 The symbol Z is the initial of the German word Zeit (Time).
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Particle

Source placement

Fig. 1 Trajectory tube in space-time

Space and time manifolds are assumed to be endowed with linear connections VS and VZ, and the
associated parallel transports are denoted by 45 and 12 . In the one-dimensional time line Z standard
metric tensor and connection are induced by the adopted coordinate axis.

The object under investigation is a body in motion which describes a nonlinear trajectory manifold 7°
embedded in the four-dimensional affine event manifold £ . The image 7¢ :=ig 7(7) C &£ of the trajectory
by the embedding’

ic7eCl(T;¢), (39)

is a submanifold of the event manifold.®

The event manifold is fibrated by two complementary projections s € C'(£;S) and ¢ € C'(£; 2Z),
the latter being independent of the observer, since in classical mechanics, time is absolute.

The fibers £(t) = S x {t} of simultaneous events, with ¢ € I , are called spatial slices and are isomorphic
to the ambient space S .

The fibers £(x) = {x} x Z which are made of isofopic events, that is, events with the same spatial location
x € §, are isomorphic to time line Z .

The theory illustrated hereafter is constructed by a procedure whose starting basis is the information directly
available from physical experience. The mathematical treatment is naturally led to resorts to notions and tools
provided by elementary differential geometry.

The starting point is the consideration that the mechanical behavior of a body is investigated by the
experimental observation of its motion along the space-time trajectory and is formulated as an abstract theory
by the detection of the essential aspects involved in the phenomena.

This is a distinctive feature of the theory with respect to common treatments in the literature where the
notion of a body manifold is assumed a priori, see Remark 2, and plays an essential role in the formulation of
constitutive properties.

The main issues to be concerned with, according to the new geometric formulation, are the ones enunciated
hereafter and sketched in Fig. 1.

The motion is a one-parameter family of automorphisms® of the trajectory time-bundle 0, € CHT:T)
over the time shift SH, € C'(Z; Z) defined by SHy(?) := t + « with ¢, € Z, as described by the
commutative diagram

(2%

T T

tTi it,, & tro@, =SHyotT.
SHy

Z—>Z

The diagram provides a formal expression of the property of conservation of simultaneity; that is, the
motion maps simultaneous events into time-shifted simultaneous events. A map ¢, € C'(7 ;7) of the
family is the displacement of the body along the motion during the time lapse « .

7 Embedding: injective immersion with co-restriction continuous with inverse.
8 The immersed trajectory is of dimension less than or equal to the dimension of the event manifold.
" Automorphism: invertible morphism from a fiber-bundle onto itself.
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Events related by the space-time motion along the trajectory, i.e.,
e,eocé|JaeR e =g,ler),

form a class of equivalence, and the equivalence relation foliates the trajectory manifold. The ensuing natural
physical objects are depicted in Fig. 1.

A material particle is a line (a one-dimensional manifold) whose elements are motion-related events in the
trajectory.

The body is the union of the disjoint material particles, i.e., the quotient manifold induced by the foliation of
the trajectory manifold.

A placement is a spatial slice of the trajectory manifold.

Space and time projections of the trajectory manifold are defined by
T =msolg T, tT:=tgolgT.

The time projection t7 € C!(7 ; Z) induces a time fibration of the trajectory manifold 7 over the base Z .
The body placement $2; attime t € I, with dim £, = n is the spatial projection of the fiber of simultaneous
events in the trajectory, a compact connected submanifold defined by

T@)={eecT |tr(e)=1t}.

The time fibration makes the trajectory manifold 7 a fiber-bundle.
The space projection w7 € C!(7 ; S) induces a fibration of the trajectory manifold. The fiber based at
x € S is a set of isotopic events in the trajectory

Tx)={eeT |nr(e) =x},

which in general is not a manifold. Indeed, a set of isotopic events in the trajectory is a collection of trajectory
events all having the same spatial projection x € S, and this collection can well be made of isolated points or
even by a singleton. It follows that the space fibration fails to make the trajectory manifold 7 a fiber-bundle,
unless some quite special assumption concerning the trajectory can be made.!?

The trajectory space-time velocity V1 := 0q=0 @, € C!(T ; TT) has a unit time projection since

0u=0 (t7 0 @y) = Tt7 - VT = dy—( SHy © IT, (40)

so that t71v7 = 0y—0 SHy = 1. The space-time immersion of the motion is (og =ig 700, €< C\(Tg : T¢)
with velocity vg =ig 71vVT € Cl(Tg: TTg).

Although space-time motion is the natural notion, the time shift sH, € C'(Z; Z) can be eliminated
because a complete kinematical information is provided by the spatial motion q)g , defined by the commutative
diagram

&
. % 1, .
| | € TTe@c=glemr.
Py
S—=S§
Given a manifold £ diffeomorphic to a body placement, with tangent bundle T : T2 — $£2, the spatial
motion is conveniently described by a one-parameter family of injective immersions of the manifold £ into
the ambient space S

o) 21 S, (A1)

with (o‘fz (0) = $£2. The tangent map qufz () : T — TS has a matrix representation with respect to a

referential frame {e4 }, A= 1,...,n,in T and aspatial frame {a; },i = 1,...,m,in TS, denoted FX
and given by

Fla;=Tgg ) ea, (42)

with Ts(a;) = ((pg otg)(ea).

10" Fiber regularity in space fibration is an exception in mechanics and is not a reasonable request for lower dimensional bodies.
This fact has important consequences, for instance, EULER formulae for material time derivatives in fluid-dynamics hold only
under a special assumption concerning the trajectory, see Remark 3.
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Let {e4 } and {a; } be natural frames generated by the velocities of coordinate maps &g : R" > £ and
Es5() : R™ — S sothat

eA:Tigﬂ-lA, ai=T§3~1,-. (43)

The coordinate motion x, : R" — R™ is defined by the commutative diagram

of

L——=S . S

TEQ TES = Xo =85 09y0ée,
Xao

Rl’l > Rl’n
and the tangent map T(pfz () : TR +— TS is expressed by

Tog(a) = TEs(@) - Txy - (TEg) ™. (44)

The rank n JACOBI matrix 7 x, : R" — R™ of the coordinate motion is not square unless 3D bodies are
considered. The tools provided by a univocal polar decomposition are then not available in a general treatment
intended to be applicable to bodies of any dimensionality.

4 Time and space verticality

Time-vertical tangent vectors u € Vo€ C T.E are tangent to the fiber £(¢) based at t = t¢(e), that is,
u e TE(t).

The characteristic property is vanishing of time projection Tefe - u = 0. Time-vertical vectors are the
elements of a sub-bundle VE C TE of the tangent fibration Ttg € CO(TE; T Z).

The restriction of the time-vertical bundle V& to the immersed trajectory 7Z¢ is called the spatial bundle
and is denoted by (VE&)7 .

There are natural diffeomorphisms (x,7) € £(t) > x € S and (x,?) € £(X) — t € Z, respectively,
between a fiber £(¢) of simultaneous events and the space manifold S and between a fiber £(x) of isotopic
events and the time line Z.

Applying the tangent functor, isomorphisms between the tangent bundles 7€(t) and TS and between
the tangent bundles 7£(x) and T Z are induced.

In the tangent bundle to the trajectory, with the fibration induced by the projection t7 € C!(7 ; Z), the
material bundle is made of time-vertical tangent vectors Tet7 -ug = 0,i.e., uy € T,7 (1) .

5 Spatial and material fields

It is definitely important to carefully distinguish three kinds of vector fields and related tensor fields in CK,
which have peculiar physical meanings.

Space-time vector fields u € C!(£; TE) are tangent vector fields to the event manifold.
Spatial vector fields ug € C!(Z¢; V&) are defined on the immersed trajectory and are time-vertical tangent
to the event manifold, characterized by dtc -ug = 0.

Material vector fields uy € C' (7 ; VT) are time-vertical tangent to the trajectory manifold, characterized
by dt7 -ur =0.

Since the immersion preserves simultaneity, so that V7g = V(ig 717) = ig 7M(VT), sections s €
C!(7¢ ; TENS(VTg)) of the immersed material bundle T, € CY(VTz ; Tg) will still be called material
tensor fields.

Remark 2 Up to now, the treatment of nonlinear continuum mechanics (NLCM) developed in [24,25] has
been taken as a standard reference in the literature. There the notions of material and spatial descriptions are
introduced to refer, respectively, to tensor fields over the body manifold and over the current body placement
[26,27]. Accordingly, due to the diffeomorphic correspondence between these two manifolds, no basic physical
distinction is made. The physical motivation for the new geometric classification is instead basic and clear.
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Material vector fields are tangent to a current body placement, while spatial vector fields are tangent to the
space manifold. In general, no natural diffeomorphic correspondence exists between the material and the spatial
bundle, and only material tensor fields can be involved in constitutive relations. This distinction is decisive in
resolving debated issues and in developing a well-posed constitutive theory [12—-14].

6 Space-time, spatial and material metric

The space-time metric g € C1(E; POS(TE)) is defined by the pullback

ge =mslgs +iglgz,

orexplicitly ge(u,w) :=gs(Tns-u,Tans-w)+gz(Ttg-u, Ttg-w) forall vector fields u, w € cl&: 18
tangent to the event manifold.

The spatial metric field g € C1(T¢ ; POS(VE)) is the restriction of the space-time metric to spatial vector
fields. The time line metric plays then no role, so that

g =7ms!8s. (45)
The material metric g7 € C' (T ; Pos(VT)) is the pullback of the spatial metric to the material bundle
gr =igrlg (46)

The dual L* : (VE)%% — (VE)*TS and the g-adjoint LA : (VE)Y1, = (VE)7. of a mixed spatial tensor
L:(VE) 7, = (VE)7, are defined by

(L*w*,u) = (w",Lu), 47)
g(LAW,u) =gLu,w), (48)

forall u,w e C'(7g; (VE )7:) and w* € C'(Tg: (VS)*Tg) . Dual and adjoint linear operators are related by
L*.g=g- LA (49)
Hence, the g-symmetric part of L is defined by

symgL := L(L+ L") <= sym(g-L)=g-symyL. (50)

7 Spatial and material projections

The spatial projection Ps € C/(TE ; VE) is a homomorphism from the tangent space-time bundle T& onto
the time-vertical bundle V&, characterized by the fiberwise gge-orthogonality property

gcu—Ps-u,w) =0, uelT&, VYueVE.
The spatial projection is ge-symmetric and idempotent Ps o Ps = Ps by
ge(Ps-u,w)=ge(Ps-w,u)=gc(Ps-u,Ps-w), VuweTC.

The complementary temporal projector Pz = 1 — Ps € CH(TE; HE) is the fiberwise gg-orthogonal
projector on the space-vertical bundle.

The material projection II € Cl((V(S')T‘g ; VT), from the spatial bundle onto the material bundle, is
defined by the variational condition

grIl-u,w)=g,ic7tw), ue(V&)7, YweVT. (51)
This means that
neC' (Vo7 ; VT, O =ic11eC'(VT;(VEL)

are (g7, g)-adjoint homomorphisms. The image of IT A is the immersed material bundle V7g = VENTT¢ .
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The composition IT - [T : VT + VT is the identity on V7T .
The converse composition P := IT4 - IT € C'(VE )7 ; V¢) is the g-orthogonal projector of the spatial
bundle on the immersed material bundle, characterized by the variational condition

gu—P-u,w)=0, vwe V7, Ywe Vg, (52)
which is equivalent to (51) by injectivity of IT4 .

For a mixed spatial tensor field L € Cl(Tg ; MIX(VE)) and a pair of material vectors uy, wgr € V7 , we
have the equality

ic7l(g Lyur,wr) =g(L-O% ur, 0" wy)

=g7((T-L- ") ur,wr), (53)
that is,
ie7l(g-L)=gr L. (54)
The mixed material tensor field,
Ly :=I-L-O" cCY(T;MIX(VT)), (55)

is material pullback of the spatial tensor field L € C!(T¢ ; MIX(VE)) . The immersion of (55)is P-L €
C!(7¢ ; MIX(VT¢)) . These formulae will be resorted to in Sect. 12.

8 Space-time connection

By assigning a connection VS in the space manifold S and a connection VZ in the time line Z , an observer-
dependent connection V in the space-time manifold £ is induced by defining the transports of spatial and
temporal projections of space-time vectors.

Definition 1 (Space-time parallel transport) The parallel transport of a tangent vector u(e) € 7€, along a
space-time curve ¢ € C!(R; £) through e = ¢(0), is performed componentwise by considering the spatial
(time) projection Ps (Pz), in transporting the corresponding vector in the ambient space (in the time line)
along the projected curve and transforming back the result.

The parallel transport in space-time of a time-vertical vector is depicted in Fig. 2. The parallel derivative,
along the tangent vector veg(e) = dy—oc(r) € Te& based at e = ¢(0), of a tangent vector field u €
C! (£;TE), defined on a segment of the space-time curve ¢ € C! (R ;&) around e € £, is then

S E(t1) E(t2)

Xo €| = 7_1(X2 7t2)

N =

u; (u1 9 0)

Fig. 2 Parallel transport in the spatial bundle
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Vye)u := dr=0 (c(M)J 1) = 9;=0 (¢c(M)| cuoc)(A),

where ¢(1){} denotes the parallel transport from ¢(1) to ¢(0) along the curve ¢ € C'(R; E).

The space-time parallel derivative Vpe)u of a space-time vector field u € Cl(&;TE) is time-vertical
if either the time projection tgtu € Cl(&; TZ) is constant along the curve ¢ € C'(R; &) or the vector
h(e) € T€ is time-vertical, i.e., Tets - h(e) = 0.

The spatial and the temporal projections of the immersed trajectory velocity are denoted by

vs =Ps-ve, vz=Pz-vg.

It will be tacitly assumed that parallel derivatives of spatial or material fields are performed along vectors
tangent to the trajectory manifold. In the following, we will often set v = v to simplify the notation.

Being f¢1ve = 1 and hence Vvz = 0, the parallel derivative of the immersed trajectory velocity
Vg = Vs + vz is given by

Vve = Vv € CH(T¢ ; MIX(VE)). (56)

Remark 3 (Maximal dimensionality) The issue of induced connections in a product manifold is considered in
the literature with reference to the simplest case in which the vector field ug € Cl(&; TE) tobe differentiated
is defined on the whole manifold £ or at least on an open subset of it. For spatial fields, which are defined
on the immersed trajectory, this circumstance is verified only if the continuous body manifold has the same
dimensionality of the ambient space &, so that the immersed trajectory 7¢ is an open subset of the space-
time manifold £ . If the maximal dimensionality (MDP) holds true, the parallel derivative can be performed
along any vector tangent to space-time at a given event. A paradigmatic example is the acceleration field
a € C!1(7Z¢ ; VE) which is the spatial vector field to be defined in general by

a= VVgVE = VV‘gVS = Og=0 ((Pa‘U'V)' (57)
Only under validity of MDP, the acceleration a € C!(Z¢ ; V&) can be evaluated by the EULER split formula
a=Vy.v+ Vyv. (58)

This is, however, the definition of acceleration adopted in treatments dealing with 3D bodies [24-27].

Remark 4 Assuming that the maximal dimensionality property (MDP) holds true, the parallel derivative of
a spatial field in the time direction and the parallel derivative of a temporal field in the direction of a spatial
vector both vanish. An analogous result holds true for the LIE bracket [28]. Then, torsion and curvature of the
induced connection in the space-time manifold have spatial (temporal) projections equal to the torsion and
curvature evaluated on the corresponding projected arguments. Moreover, the induced space-time connection
is LEVI- CIVITA for the induced metric if and only if the spatial and the temporal connections are LEVI- CIVITA.

9 Time independence, time rates and time-invariance

Time independence is a property pertaining to the space-time metric field. Time rates of material vector fields
and of spatial vector fields, and of tensor fields constructed upon them, are evaluated according to the following
transformation rule [12,14].

The geometric paradigm states that, in comparing the values taken along a particle in the trajectory, the
tensor fields should be acted upon in two distinct ways. Material fields may be acted upon only by the push
along the motion, while spatial fields may be acted upon only by a parallel transport along the motion.

It follows that time rates of material tensors are evaluated, in a natural way, by LIE derivatives along the motion.
Time rates of spatial tensors are instead evaluated by parallel derivatives along the motion with a not natural
dependence on the choice of a connection.

Definition 2 (Time independence in space-time) A tangent vector field on the event manifold u € C' (£ ; TE)
is time-independent if it is spatially projectable; i.e., there exists a tangent vector field, on the ambient space
manifold us € C'(S; T'S), that completes the commutative diagram

E—2 =718

”S\L us i’TﬂS
S—=TS

<— usonsg=Tns-u,
— us=mnstu



Rate formulations 1637

Space-projectability means that the value of Tws-u € C'(£; TS) is invariant over the fibers £(x), i.e., that
for any pair of events e, ey € £, the following implication holds

ns(e) =ng(er) = Tems-uc(e)) =Te,ms-uc(er).

For covariant tensor fields over the event manifold scoy € CH(E; COV(TE)), time-independence means
existence of a tensor field ss € C'(S; Cov(T'S)) such that

Scov = TSISs. (59)

The metric tensor field over the spatial vector bundle is time-independent since by definition g := ws|gs €
Cl(&; Cov(VE)).

Definition 3 (Time-invariance of material fields) The time rate of a material tensor field s7 € C'(7 ; TENS
(VT)) is given by the LIE derivative along the motion

$T 1= Ly78T = da=0 (@ I57). (60)
Accordingly, time-invariance of a material tensor field along the motion is expressed by the differential con-
dition $§7 := Ly,s7 = 0, equivalent to the pullback property

ST = QuIST = @yl 0ST 0 @y. (61)
Definition 4 (Time-invariance of spatial fields) The time rate of a spatial tensor field s¢ € C'(7g ; TENS
((VE)7)) along the motion is given by the parallel derivative

S¢ = Vyese = a0 (05 U 56). (62)
Accordingly, invariance of a spatial tensor field along the motion is expressed by the differential condition
S¢ 1= Vy..sg = 0, equivalent to the integral property

se = @5 ise =51 osg 00l (63)

We underline that, resulting from the definitions above, invariance of a material field along the motion is a
natural notion, being determined only by the motion itself. On the contrary, the notion of invariance of a spatial
field along the motion depends on the choice of a linear connection in the space-time manifold and therefore
is not natural.

10 Virtual motion

To perform variations of the trajectory manifold, an enlargement of the event manifold is considered.

The virtual event manifold is the cartesian product!!
3 =Ex A, with p6E)=8SxIxA,
and A = [0, 1] called the set of virtual-time instants.

Virtual events are denoted by de € §€ . The fiber at A € A, according to the projection §x : € X A — A, 1is
the product §E(A) = £ x { A} with the identification §€(0) =& x {0} = €.

A virtual trajectory §7¢ is a submanifold of the virtual event manifold §&, such that §7¢(0) = 7¢.

A virtual motion is an automorphism of the virtual trajectory over the virtual-time shift, as depicted by the
commutative diagram

8
(STg @) (S’Tg

sni ian & Jdmod@, =SH) odm.
SHj,

A—A

I The prefix § is adopted to denote geometric objects related to the virtual motion. The symbol § by itself has no meaning.
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The X-shifted images §¢, (7¢) are all diffeomorphic to the immersed trajectory. The velocity of the virtual
motion 6v := dy—p ¢, has unit virtual-time projection:

Tém -6v=0)—gSH) odmr = 1odm.
A synchronous virtual motion fulfills the commutative diagram

3¢,

87¢ 87¢
tg\L i[s — l‘goé‘gok:tg.
1Dy
| ————1
Accordingly, the tangent map T8¢, to a synchronous virtual motion will transform time-vertical tangent

vectors into time-vertical tangent vectors, and the velocity field of a synchronous virtual motion will be time-
vertical:

Tte - 5v(8€) = dy—g (tc 0 8¢, )(8€) = B te(5€) = 0.

The restriction 8v € C'(Z¢; (VE)7:) to the immersed trajectory, of the velocity of a synchronous virtual
motion, is a virtual velocity field.

11 Equilibrium and rate equilibrium

The sub-bundle of time and virtual-time vertical tangent vectors to the virtual trajectory manifold is the natural
extension V& of the sub-bundle V& of time-vertical tangent vectors to the event manifold, defined by

VSE :={éueTéf : Tts-5u=0,Téx -Su=0}.

The bundle V§7 of time and virtual-time vertical vectors tangent to the virtual trajectory is defined in an
analogous way. The spatial bundle connection V has a natural extension to the bundle V€.

The spatial metric g € cl¢; Pos((VE)7,)) is extended to a metric tensor field g € CL(8E; POS(VSE))
in the virtual spatial bundle.

The stretching due to the trajectory velocity field vg € C!(Tg ; VTg) is the covariant symmetric material
tensor field &(v) € C!(7¢ ; SYM(VTg)) defined as one-half the LIE derivative of the material metric tensor
field g € C'(7¢ ; Pos(V7¢)) , according to the following formula:

e(v) =1Ly, g (64)
Pulling back to the trajectory manifold gives
er(vV) ==ig7d(3Lye 8 = Ly, g7 € C1(T; SYM(VT)), (65)

with the last equality following from the naturality property of the LIE derivative with respect to push by
an injective morphism, see (21).

The virtual stretching due to a virtual velocity $v € C'(Tg ; (VE )7:) is the covariant symmetric material

tensor field e(8v) € C'(7g ; SYM(VTg)) defined as one-half the LIE derivative of the extended metric
tensor field g € Cl(8& ; POS(V5E)), according to the following formula:

e(dv) := 1Lsy g 1= 10y=0 59, 8. (66)

Pulling back to the trajectory manifold gives
e7(8V) =i 7L (1Lsvg) € C1(T ; SYM(VT)). (67)

Stretching and virtual stretching can be expressed in terms of parallel derivatives according to the spatial
connection.

A treatment in RIEMANN spaces endowed with an arbitrary linear connection, introduced in [30], will
be fully developed in Proposition 1. In the standard EUCLID context, the result yields the celebrated EULER
formula [29].
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The virtual power principle (VPP) is the variational formulation of equilibrium along the trajectory that
amounts in the condition

(f,6v)g =/(0’,€7(5V))m (68)
2

for any virtual velocity field 8v € C!1(2; VE).

Here above,

o feCl(Tzg; (VE*) isthe spatial force system,

e m e C!(7;VOL(VT)) is the material mass-form,

e 0 € CI(T;CON(VT)) is the contravariant symmetric KIRCHHOFF material stress tensor field, whose
duality pairing with the stretching yields the mechanical power per unit mass on the trajectory [31-33].

The rate virtual power principle (RVPP) is stated by requiring that the equality

Do (£, V). (@) = B / (0. £(¥)) m (69)

0, (2)

holds for any virtual velocity field 8v € C!(Z¢; VE) generated by extending a virtual velocity field
8v € C'(2;VE) on the placement £ by parallel transport along the motion that is by time-invariance
expressed by (63),

V=@, Nov:i=9,H odvoe_,, (70)
equivalent to the differential condition (Vév) - ve =0.

Fulfillment of the RVPP is implied by fulfillment of the VPP at any time instant ¢ € I . Vice versa, fulfillment
of the VPP at a placement £2 and of the RVPP at any placement implies fulfillment of the VPP at any
placement.'?

Forcing is the time rate of variation f (v) € CH(Tz ; (VE)*) of the spatial one-form force, expressed by the
parallel derivative of force, along the space-time motion:

£(v) 1= Vo £ 1= 800 (@ U F) = duco (9o I} of 0 0,). (71)

By time-invariance of the spatial virtual velocity field, the time rate of the external virtual power may be
written as

Ja=0 (£, 8V) = du=0 (£, 9o 11 8V) = du=0 (@o 4 £, 8V)
= (Vy, £, 8v) = (£(v), 6v). (72)

Dependence of the forcing on the spatial velocity field is described by the response to a guiding process, with
feedback, which controls the variation of the force system as a function of the motion. In general, a nonlinear
dependence is to be expected in engineering applications, and this leads to the formulation of nonlinear rate
equilibrium problems and to the need for iterative algorithms of solution.

Stressing is the time rate of variation ¢ : 7 — CON(V7) of the stress, expressed by the LIE derivative along
the motion:

0 =Ly, 0 = 04=0(9y10) = 0y=0 (@, 00 0@,). (73)

Massing is the time rate of variation m : 7 +— VOL(V7) of the mass, expressed by the LIE derivative of the
mass-form m € C!'(7 ; VoL(VT)), along the motion

1= Ly; M= y=0 (9o IM) = Jo=0 (9o | oM o0 ;). (74)

12 The VPP is independent of the special choice of a spatial connection and is therefore a natural condition of equilibrium.
Although the RVPP depends on the choice of a spatial connection to perform the extension of virtual velocities by parallel
transport, equivalence to the VPP holds for any chosen connection.



1640 G. Romano et al.

Conservation of mass is the property stating time-invariance of the mass pertaining to infinitesimal material
parallelepipeds convected by motion. It is expressed by the condition of vanishing massing, i.e., m = 0 or

m=g,|\m:=g¢,|omog,. (75)

By conservation of mass, recalling the pullback formula for changes in the integration domain and applying
the LEIBNIZ rule, the time rate of internal virtual power at a placement §2 may be evaluated as

Buco / (6, e7(5v)) m = / B0 (9o L6, 0o LET(57)) m)
2

0 (82)

=/(3a:0¢a¢6’67(5V))m+/(G,Bazo%ié‘T(ﬁVﬂm

Q 2
=/(LvTa,eT((SV))m+/(G,EVTET((SV))m. (76)
Q ]

The last term in (76) is independent of constitutive relations since the integrand is the interaction per unit
mass between the current state of stress ¢ and the LIE derivative of the virtual stretching along the motion,
defined by

7 (v, 0V) = Ly; GLy,8T) =g 71(&(V, V), (717)
where, by the naturality property of the LIE derivative with respect to push by injective morphisms, see (21),
§(V,8V) == Ly (1L 8). (78)

The RVPP may then be written as '3

(f'(v),Sv) =/(d,87(8v))m+/(a,éT(v,SV))m. (79)
Q

2

The expression of the material tensor fields &(v), €(dv) and &(v, §v) in terms of parallel derivatives will be
provided by Prop. 1.

12 Euler formula and rate Euler formula

The linear operator TORS is tensorial in the vector field u € C(Tg ; VE), while the linear operator Y =
V + TORS is not tensorial, due to the differential character of the linear connection V introduced in Sect. 8.
Time independency of g € C!(£; Cov(VE)) implies that Vyz g = 0 and hence that

Vv 8=Vyz g8+ Vygg=Vysg (80)

The properties enunciated in the next Lemma will be resorted to in the proof of formula (90) in Proposition 1
and in the proof of Lemma 3.

Lemma 2 The connection and the forms of torsion and curvature fulfill the identities

V) - w=VPs-u) -w, 81
Tors(u) - w = TORS(Ps -u) - w, (82)
CURV(s,u) -w = CURV(s,Ps-u) - w, (83)

for all spatial fields s, w € C'(Tg ; VE) and space-time field uw € C' (Tg ; TE).

13" A superposed dot denotes time rates with different definitions depending on whether involved tensor fields are material or
spatial, in accordance with the geometric paradigm enunciated in Sect. 9.
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Proof. By definition, we have that
TORS(u) - w = TORS(u, W) = Vyw — Vyu — [u, w].

By tensoriality of the torsion form, explicated in footnote 5, the point values of the involved vector fields at a
given event may be extended in any way to regular vector fields u € C'(£; TE€) and w € C!(£; VE) defined
in a neighborhood of that event. Remark 4 implies that Vp..yW = 0 and Vy(Pz - u) = 0 so that

Vu(w) = v(Pg-u)W’ Vy() = Vi (Ps - u),

and formula (81) follows.
Moreover, being te¢tw = 0 and 751 (Pz - u) = 0, by naturality of the LIE-bracket with respect to push,
we get

et Pz -u, w] = [tetu, 1tw] =0,
tstPz - u,wl=[rst(Pz-w), rstw] =0,

so that [Pz -u,w] = 0 and hence [u,w] = [Ps - u, w]. Then, formula (82) holds and formula (83) is
obtained in an analogous way. O
From Lemma 2, being Y := V + TORS, it follows that

Y(u) -w=Y(Ps-u)-w. (84)

The material symmetric covariant tensor fields (64), (66), (77) can be transformed to g-symmetric mixed
tensor fields on the immersed trajectory by composition with the metric tensor field g € C!(7¢ ; Pos(VTg)),
according to the following formulae:

e(v) =g-D(v), (85)
e(6v) = g-D(8vV), (86)
&(v,8v) =g -D(v,dv). (87)

The next result provides a generalized version of the celebrated EULER formula [29] for the stretching and the
formula for the time derivative of the virtual stretching along the motion.

Proposition 1 The LIE derivative Ly, g € C!(Tg ; Cov(VTg)) along the trajectory velocity field ve €
Cl(Tg ; TTg) is expressed in terms of the linear connection V in the spatial bundle by the following formula:

e(V) = ;Lyveg = 18- G(V) +sym (g - Y(v)), (88)

The LIE derivative jLsyg € C'(Tg ; Cov(VTg)) along a virtual velocity field 8v € C'(8Tg; VSE) is
expressed in terms of the linear connection V in the spatial bundle by the following formula:

e@v) = 1 Lsyg = 18- G(Ov) +sym (g - Y(5v)). (89)
The LIE derivative Ly, (1Lsy 8) € C!(Tg ; Cov(VTg)) is the covariant material tensor field given by
E(v,0V) = Lyz (53Lsv8) = Ve (3Lsv 8) +sym ((Lsv g) - Y(V)). (90)
Proof. Setting M = 7¢, u = vg¢ and scov = g € C!(7g ; Pos(V7Tg)) , Lemma 2 yields (88) since

ILyeg = 1Vy.g+sym(g-Y(ve))
=1g-G(v) +sym(g-Y(V)), 91)

with the mixed tensor field G(vg) € C'(7g ; MIX(VTg)) defined by
g-G(v) =1V, g=1Vyg. 92)
Setting Ml = §&, u = v, Scov = g in (32), we get (89) since

3Lsvg = 5Vsy g+ sym(g- Y(5v))
= 1g-G(dv) +sym(g- Y(v)), (93)
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with the mixed tensor field G(8v) € C!(7¢ ; MIX(VT¢)) defined by
g-GOv) = 1Vsvg. (94)

The LIE derivative Ly, (3Lsy g) is expressed in terms of parallel derivatives by setting M = 7¢ , u = vg and
Scov = 1Lsy g in (32), to get the covariant tensor

Lve(3Lsv8) = Vye (5Lsv ) +2sym ((3Lsv 8) - Y(Ve)). 95)

Hence, by Lemma 2, we get (90). O
From Lemma 1, being Vy.g = Vyg, we infer that

Vye(g-D(v)) =g (Vy.D(V)) + (Vy.g) - D(8vV)
=g - (Vy.D(V)) +2g-G(v) - D(@v). (96)

From the pairs (85)—(88), (86)—(89), (87)-(90) it follows that

D(v) = ;G(v) +symgY(v), 97)
D(@v) = 1G(8v) + symgY(8V), (98)
D(v,8v) = symg(Vy.D(6V) +2G(v) - D(6v) +2D(SV) - Y(V)). (99)

Changing the linear connection V in the event manifold will change the formal expressions in terms of parallel
derivatives, but the mixed tensor fields D(v), D(8v), D(v, 8v) € C'(7¢ ; Mix(V7Tg)) remain unaffected being
natural objects defined by LIE derivatives.

Lemma 3 Time-invariance of the virtual velocity field v € CY(Tg; VE) yields for the material second
derivative Vy.(Vv) € C'(Tg ; MIX(VTg)) ; the following expression depending only on the restriction of
the fields v, 8v € C1(Tg ; VE) on the current body placement

Vye (V8V) = CURV(SV , V) — V8V - (Vv + TORS(V)). (100)

Proof. For a pair made of the space-time velocity ve € C!(7g; T7¢) and of any material vector field
h € C'(7¢ ; V7g), a formal LEIBNIZ rule defines the second parallel derivatives

(VVSV) -h-ve := V,, - Vpdv — (V8v) - Vi h, (101)
(VV8V) - ve -hi= Vi - Vy 8V — (V8Y) - Vpve. (102)

The symmetry gap is expressed by the formula (31)
(VV8v) -h-vg — (VVéV) - vg - h = (CURV(SV, vg) — (V3v) - TORS(vg)) - h. (103)

By assumption (70) of time-invariance of the virtual velocity field, we have that Vy.év = 0. Hence, from
(102), it follows that

(VVév) -ve -h = —(Vév) - Vvg - h. (104)

Then, from (103) and (104), we get
(VVév) -h-vg = (CURV(Sv, vg) — (VOV) - (Vvg 4+ TORS(vg))) - h. (105)
The result then follows recalling Lemma 2. O

Lemma 4 Adopting the spatial LEVI- CIVITA connection, the mixed material tensor fields D(v), D(8v),
D(v, 8v) € C1(Tg ; MIX(VTg)) take the simple expressions

D(v) =symgVyv, (106)

D(8v) = symgVéyv, (107)

D(v,8v) = symg(CURV(SV, V) + (VV)* - V). (108)
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Proof. Being G(v) = 0 by (92) and TORS = 0, the Euler formulae (106) and (107) follow immediately from
(97) and (98). On the other hand, (100) simplifies into

Vye (Vov) = CURV(§v, V) — Vév - Vv, (109)
Substituting (107) and (109) into (99) gives
D(v,8v) = symg(Vy, V8V + (V8V + (Vév)?) - Vv)
= symg(CURV(SV, V) — Vév - Vv + (Viv + (VSV)A) - Vv),
which, simplified, yields (108). O
As proven in Remark 1, if the parallel transport corresponding to the spatial connection V is path independent,

then the curvature tensor CURV vanishes identically. For continuous bodies in motion in the flat EUCLID space
with path-independent parallel transport by translation, we have CURV = 0, and from Lemma 4, we get

D(v, 8v) = symg((VEV)* - Vv). (110)

The material covariant field &7 (v, dv) € CY(T ; SYM(VT)) defined by (77) is associated with the material
mixed field D7 (v, 8v) := ig, Tl,D(V dv) € CI(T Mix(VT)), which, by naturality of the pull back with
respect to composition stated in (17), is given by

g7 -D7(v,8v) = ér(v,8v). (111)

Hence, recalling (55), we get the g7-symmetric expression
Dr(v,8v) =1 -D(v,8v) - M4, (112)

which by (110) is also symmetric in the pair (v, §v) . The formula (112) extends to bodies of any dimensionality
a known result in the literature concerning the geometric stiffness of a 3D body, see (115) of Sect. 13.

13 Standard approach to rate formulations

In the literature, treatments of rate equilibrium are developed in the framework of three-dimensional EUCLID
space and with reference to a three-dimensional continuous body [15-20].

We provide here a precise description of the path of reasoning followed in evaluating the time rate of the
virtual stretching, with a specific attention to definitions of notion and symbols, so that a clearer connection
with the geometric treatment developed in the previous sections is provided.

According to a common notation, the symbol § is the derivative along the virtual motion 4 and the dot
symbol () denotes the time derivative along the motion. !

Denoting by F the tangent displacement map (the deformation gradient in [24,25]), explicit definitions
of the involved issues are

F.;= T‘Pf,;a F:= T‘P)L,[,
() = a‘E:t ) 8 == a)\.=0 )
Fi=0=T¢,, Fi=0d-0T0,,.
Here, ¢., € Cl(2,; 2, is the displacement along the motion and ¢, , € cle,; 2, ) is a virtual
displacement at time ¢ € /.
Thus, F,, e C'(TR,;TR,), F,, e C{(TR,; TR, ;) with F,,, Fy, identity maps. By composition,
we define F; ;; :=F, ; oF,;.

In precise geometric terms, the derivatives, along the motion and along the virtual motion, should be
defined as

¥ =0 (0, 0% 0To, ), 8F =09, ,U° 0Te, ), (113)

with (pr’,ils , (pmlis backward parallel transports by translation in space.

14 On the contrary, according to the notation adopted in the present paper, the symbol § by itself has no meaning, but appended
before other symbols denotes virtual objects.

15 In [16], the symbol § denotes also the time derivative along the motion and a subscript v is adopted to mark virtual objects.
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By linearity of the adjoint involution ()4, it results in

FA = (Fy:= (F)*,  oF) = 6F,)" = 8(F2).

t

To evaluate the time rate of the virtual stretching, we first consider the expression of the finite strain associated
with the displacement ¢, ; 0 ¢, ,,

LEF ) = 1T )% (To, )" - To, .- To,,
= %F?t : F)[},r ‘Fir-Fop.

Second, the operator § is applied and the LEIBNIZ rule is invoked to get '°

8Y(FAF). = 0 (P F)s ey = oo J(F2, - FL Wy o Fry)
= 1F2, - 9,—0 (F} . -F, o) - Fy,
= IF}, - 6F) F., + iF}, - 6F. Fy,
= symg(F2, - 6F; - Fy ).

Third, we prove that 6F; - F;; = §F, . To this end, since virtual velocities v, := 9,0 ¢, , are translated
along the motion, we write

vy = (q’r,tU'S dve) = ‘pr,tiis 0dvr o Dt = ‘pr,tlis o (Or=0 (Pk,r) O QP
= (9x=0 (Pk,r) CPr;-

Applying the tangent functor 7 and exchanging the derivative d,—o with the tangent functor, we get the
result

(SF[ == T(SV[ == BAZO T(p)\»f . T¢T,l = SF-L- . F‘L’,l~
Then, the time derivative of 8} (FAF)T,, can be evaluated as

Oct 83 (P F)r s = ey B0 §(FF)s
= d;— symg(F2, - 6F; - Fr ;)
= d;—; symg(F2, - 6F;) = symg(F} - 6F,) (114)
which is symmetric with respect to an exchange of F; and §F, . The notation in (114) should be compared
with the one adopted in the formula (4.81) of [16].
By relying on the special properties of EUCLID connection by translation, it is allowed to exchange the

derivatives dy—o and d;=, with the tangent functor T, and to identify 7" with V. Thus, with v, = d;=; ¢,
and 8v; = 0,=0 @, , , from (113), we get

F[ = BT:, T(pf,l = VV[ N SF[ = 3);() T(”A,t = VSV[ 5
and hence, (114) may be written as
drmt SL(FAF) ., = symg((Vv)? - Vévy). (115)

The result in (115), which refers to the special context of 3D bodies in motion in the EUCLID space with the
standard connection by translation, is the same as the one obtained in (110) by specialization of (108).

16 In [18, 6.3], this assumption is stated as ...because the virtual velocities are not a function of the configuration
.... Dependence on the choice of a parallel transport is not evidenced, in line with the common way of doing in the litera-
ture.
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14 Elasticity

The elastic stretching is defined by the new rate-elastic constitutive law contributed in [12]'7
el :=H(o) 0. (116)
A purely rate-elastic behavior is characterized by the equality
el =e(v), (117)

where e(v) = 1Ly, g7) by (89). Substituting (116) and (117) into the RVPP, the variational principle
governing rate elastostatics writes

(£(v), 8v) =/(H(a)_1 -e(v),e(av))m—l—/(a,é(v,év))m. (118)
2 2

Let us denote by dF the fiber-derivative, viz. the derivative performed by taking the base point of the tensor
field fixed.
Existence of a stretching-valued elastic potential ¥ such that dp¥ = H is called CAUCHY integrability
and is equivalent to the former of the following symmetry conditions:
(drH(0) - 80)* = drH(0) - 0, (119)
H(o)" = H(o). (120)

The adjoint H(o)4 of the linear operator H(o) is defined, for all § 0, 520 , by the identity (here the metric
plays no role)

(H(a)* - 8,0, 810) = (H(0) - 810, 620 ). (121)

Both conditions are equivalent to GREEN integrability which assures the existence of a scalar-valued elastic
stress potential & such that dp 5 = W, 18

Elasticity (or resp. hyper-elasticity) is recovered by assuming that the rate-elastic operator H is a time
invariant and also CAUCHY (resp. GREEN) integrable, so that

el=dr¥(0) -6, (l=d>E(0)-6),
with time-invariance expressed by the pullback conditions
V=g ¥,  (E=g,l5)

Conservation of mass together with time-invariance and GREEN integrability of the rate-elastic constitutive
behavior, expressed in terms of the KIRCHHOFF stress tensor field, ensures conservation of mechanical energy
[13,14].

15 Elastic tangent stiffness and nonlinear geometric stiffness

It terms of mixed spatial tensors over the immersed trajectory, the RVPP is expressed by the variational
condition

(f(v), 8v) = / (K. D7(8v))g, m+ / (K, D7 (v,8v))g, m. (122)
2, 2,
Here, K = 0 og7 is the KIRCHHOFF mixed stress tensor and K := ¢ og7 is the mixed KIRCHHOFF stressing.

We underline that K is not the LIE derivative of K . The bracket (e, @), is the inner product between mixed
tensors induced by the material metric.

g7

17 Hypo-elasticity was introduced by TRUESDELL in [34] with a different definition.
18 Integrability was analyzed in [35] with improper arguments. The results in (119), (120), (121) are taken from [12,14].
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The rate-elastic law (116) written in the form
D7 (v) = HK) - K (123)

may then be substituted into the RVPP variational condition (122), to get the expression of the rate elastostatic
variational principle:

(f(v), 8v) :/(H(K)*1 ~DT(V),DT(8V))ng+/(K, D7 (v,8V)),, m. (124)
2 2

The last integral provides the variational expression of the nonlinear geometric stiffness which is independent
of the constitutive law. ) )

In general, the nonlinear dependence of the terms D(v, év) and f(v) on the spatial velocity field v €
C!(Tg ; VE) requires an iterative algorithm for the evaluation of the nonlinear equilibrium problem, even for
purely elastic structural models, as will be outlined in Sect. 17.

16 Coordinate-induced connections

Two reference frames are associated with a coordinate system on a RIEMANN manifold. The former is the
natural one whose basis vectors at any point are the velocities of coordinate lines. The latter is obtained from
the former by normalizing the basis vectors.

These two reference frames coincide in an EUCLID affine manifold endowed with a DESCARTES coordinate
system. In the general case, two linear connections may be introduced by defining path-independent parallel
transports in which the components of tangent vectors are left invariant. In the two reference systems, these
connections are, respectively, called the natural and the normalized (or engineering) connection.

By definition, in both connections, the parallel derivatives of basis vector fields vanish identically by
tensoriality; in computing the curvature and the torsion at a given point, the tangent vector fields may be
chosen to be generated by the path-independent parallel transport defined by the connection. Hence, parallel
derivatives vanish, the curvature operator vanishes, and according to the definition (27), the torsion form is
equal to the opposite of the LIE bracket:

TORS(u,w) = —[u, w]. (125)

In dynamics, this last property leads to formulate the POINCARE equations of motion as a special case of the
equations expressed in terms of an arbitrary linear connection [31,32].

In the natural connection, the LIE bracket of basis vector fields vanishes identically, due to the commutation
of the corresponding flows [23]. Hence, the torsion vanishes, but the parallel derivative of the metric tensor
does not vanish.

Assuming time-invariance of virtual velocity fields v € C!(Z¢ ; V&) and adopting the connection induced
by a DESCARTES coordinate system, being TORS = 0 and G = 0, the time rate of the virtual stretching along
the motion may be computed by the formula (108).

In a curvilinear coordinate system, the connection induced by the natural frame is not metric, in general,
but is torsion-free. Then, Y = V, and the general expression in formula (90) of Proposition 1 writes

D(v) = 1G(8v) + symgV (§v), (126)
and hence, (99) becomes

D(V ,0V) = symg(3Vy. G(8V) + G(V) - G(8v) + G(8V) - V(V)
+VyesymgV(8v) + 2G(v) - symgV (V) + 2symgV (8V) - V(V)). (127)

On the other hand, the connection induced by the normalized mobile frame is metric but with torsion equal to
the negative of LIE bracket, as stated by (125). Then, G =0, Y = V + TORS, with TORS(u) -w = —[u, w].
Then, the expression (98) writes

D(v) = symgY(év), (128)
and hence, (99) becomes

D(v,§v) = symg(Vy.symgY(8v) + 2 G(v) - symgY(6v) + 2symgY (8v) - Y(V)). (129)
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17 Computational issues

Let us denote by p € R" and §p € R" the active parameters describing the finite dimensional linear
subspaces of discretized velocities and virtual velocities. Setting v =N - p and év = N - §p, we have that

Vv=VN-p, (VWA=(VN-p* =N p, (130)
Vév=VN-8p, (Vév)* = (VN-8sp)4 = (VN)A - 8p. (131)

The parametric forcing F(p) is defined by the virtual power identity
(F(p).ép) = (E(N- p).N-3p), (132)
and the discretized rate-elastic equilibrium problem writes
(F(p),dp) = (ELASTIFF(K) - p, 8p) + (G(K, p), 3p), (133)
so that the nonlinear algebraic problem to solve is
ELASTIFF(K) - p + G(K, p) = F(p), (134)

where ELASTIFF(K) is the elastic stiffness matrix, symmetric and positive definite, and G(K, e) is the nonlinear
geometric stiffness with G(K, 0) = 0, evaluated according to the formulae of Sect. 15. In well-behaved
elastostatic problems, an iterative algorithm for the solution of this nonlinear problem could consist in starting
with the evaluation of pg by the linear rate-elastic problem

ELASTIFE(K) - po = F(p), (135)
assuming a time invariant velocity field and looping according to the iterative scheme
ELASTIFF(K) - p; = F(pi—1) — G(K, pi_1) (136)

for i > 1, until a fixed point is attained with a prescribed accuracy. In more general situations, a dynamical
computational approach ought to be adopted.

18 Conclusions

Rate equilibrium problems are formulated in computational mechanics in the context of iterative solution
algorithms for geometrically nonlinear problems. The issue has been analyzed here in a suitable geometric
setting with the aid of basic notions and results of differential geometry.

The starting point is a direct geometric interpretation of the basic issues in nonlinear continuum mechanics
concerning the motion of a body along a space-time trajectory. A peculiar characteristic of the treatment is
that no reference placement or manifold is adopted to introduce the fundamentals and that bodies of any
dimensionality are dealt with on the same ground.

These are innovative aspects of the theory in comparison with usual treatments of continuum mechanics.

A further qualifying point is the careful and innovative definition of material and spatial fields involved in
the analysis and the detection of the relevant tools for comparing their variation along actual or virtual motions.

The theory leads a natural way to consider LIE derivatives and parallel derivatives in performing time
rate, respectively, of material and spatial fields. The outcome is a general formulation of equilibrium and of
rate equilibrium, with virtual velocity fields defined on the trajectory manifold by parallel transport along the
motion.

Rate formulations are thus dependent on the choice of a spatial connection, but equivalence to equilibrium
along the trajectory is not affected and virtual velocities can be assumed, without loss of generality, to be
time-independent along the motion, as explicated in Sect. 11. The geometric stiffness and the forcing operators
depend in general in a nonlinear way on the motion velocity, so that iterative procedures are required for the
solution of rate equilibrium problems.

By adopting a LEVI- CIVITA spatial connection, a linear geometric stiffness is obtained which, for path-
dependent parallel transports, involves a curvature term. This term vanishes for a connection with path-
independent parallel transport such as the standard EUCLID connection by translation.
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The general formula for the time rate of the virtual stretching extends the one derived in the literature for
3D bodies in motion in the flat ambient EUCLID space with parallel transport by translation.

Standard treatments [15-20] are in fact limited to the analysis of rate equilibrium of 3D structural models,
a class of problems in which the need for a nonlinear geometric analysis is less compelling than for slender
structures modeled as one- or two-dimensional continua.

The geometric treatment developed in this paper provides an expression of rate equilibrium applicable to
continuous bodies of any dimensionality. Also, linear connections other than the standard EUCLID translation
may be considered in space. Instances are provided by analysis of continua in curvilinear coordinates, with
connections induced by natural or mobile frames, as outlined in Sect. 16.

The geometric approach leads moreover to a natural rate formulation of elasticity [12], with the stress rate
univocally defined as time rate of a material tensor field. This formulation is suited to provide the variational
expression (124) of rate elastostatic problems in the full nonlinear range and for continuous bodies of any
dimensionality.
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