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Abstract

In this paper we formulate the initial-boundary value problem of accreting circular cylindri-
cal bars under finite torsion. It is assumed that the bar grows as a result of printing stress-
free cylindrical layers on its boundary while it is under a time-dependent torque (or a time-
dependent twist) and is free to deform axially. In a deforming body, accretion induces eigen-
strains, and consequently residual stresses. We formulate the anelasticity problem by first
constructing the natural Riemannian metric of the growing bar. This metric explicitly de-
pends on the history of deformation during the accretion process. To simplify the kinematics,
we consider incompressible solids. For the example of incompressible neo-Hookean solids,
we solve the governing equations numerically. We also linearize the governing equations
and compare the linearized solutions with the numerical solutions of the neo-Hookean bars.

Keywords Accretion mechanics - Surface growth - Finite torsion - Nonlinear elasticity -
Residual stress - Geometric mechanics

Mathematics Subject Classification 74B20 - 74A05 - 74G05 - 74F99

1 Introduction

There are many examples of structures built by accretion in nature (formation of plane-
tary objects, volcanic and sedimentary rock formation, the growth of biological tissues,
etc.) and engineering applications (built up of concrete dams in successive layers, solid-
ification of metals, electrolytic deposition, thermal and laser-based 3D printing, etc.). The
first theoretical study of accretion mechanics was an analysis of thick-walled cylinders man-
ufactured by wire winding of an initial elastic tube by Southwell [31]. As examples of no-
table subsequent contributions one can mention [3, 5, 7, 8, 18, 21, 30]. In recent years
there has been a renewed interest in the mechanics of accretion, and specifically the large
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deformation analysis of accreting bodies. There are several works in the recent literature
[1,2,4,11, 14-17, 19, 24, 32-34, 38, 42, 51-53]. For detailed reviews of the mechanics of
accretion see [22] and [32].

In classical finite elasticity, a body has a fixed reference configuration and motion is
a time-dependent map from the reference configuration to the ambient space. For grow-
ing bodies the notion of reference configuration needs to be modified. There are two types
of growth: bulk and surface growth. For a body undergoing bulk growth material points
are fixed but their relaxed (natural) states change due to growth. In the literature this has
been modeled using a multlphcatlve decomposition of deformation gradient into elastic

and growth parts: F = FF Geometrically, in bulk growth the reference configuration is a
Riemannian manifold (B, G;), where B is a fixed 3-manifold that is equipped with a time-
dependent Riemannian metric G, [43].2 For a body undergoing growth on its boundary (or
a subset of its boundary) while in motion, the reference configuration is a time-dependent
set 3,. Material (stress-free or pre-stressed) can be either added (accretion) or removed (ab-
lation) from the boundary. The natural configuration of the growing body depends on its
initial natural configuration (the natural configuration before accretion started) and the state
of deformation at the time of attachment of new material points. Accretion induces residual
stress, in general.® This is due to the non-flatness of the material metric. A geometric anal-
ysis of finite deformations of accreting bodies was presented in [32, 33]. Recently, Yavari
et al. [51] formulated and solved the nonlinear initial-boundary value problem of accreting
circular cylindrical bars under finite extension. In this paper we analyze circular cylindrical
shafts that undergo finite torsion, are free to deform axially, and are simultaneously growing
symmetrically. The classical analogue of this problem (without accretion) has been stud-
ied extensively in the literature and is a subset of Family 3 universal deformations [9], see
Remark 3.2.

This paper is organized as follows. In §2, we tersely review some elements of Riemannian
geometry and the nonlinear mechanics of accretion. In §3, the nonlinear accretion problem
of a circular cylindrical shaft that is under finite torsion while it is free to deform axially
is formulated. The natural configuration (material manifold) of the growing shaft is con-
structed, and stresses and residual stresses are calculated assuming that during the accretion
process either a time-dependent applied torque or a time-dependent twist per unit length is
given. Several numerical examples are solved and discussed. The kinematics, stresses, and
residual stresses are calculated in the setting of linear accretion mechanics. The linear and
nonlinear solutions are compared in a numerical example. Conclusions are given in §4.

2 Nonlinear Mechanics of Accretion

In this section, we briefly review some elements of Riemannian geometry, nonlinear
elasticity and anelasticity, and accretion mechanics. For more detailed discussions, see
[20, 33, 43, 45].

IThis decomposition is due to Kondaurov and Nikitin [13], Takamizawa and Hayashi [36], Takamizawa and
Matsuda [37], and Takamizawa [35]. One can find similar ideas in [39, 40]. This decomposition was popular-
ized in the literature of biomechanics by Rodriguez et al. [26]. For a historical account of this decomposition
in different fields see [27, 50].

2Growing bodies are non-Euclidean in the sense that their natural configuration is not Euclidean, in general.
Non-Euclidean solids—a term that was coined by Henri Poincaré [25]—has been used interchangeably for
anelastic bodies in the recent literature [42, 52, 53].

3This was first observed in the setting of linear accretion mechanics in the seminal work of Brown and
Goodman [5] who studied accreting planets under self-gravity.
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Riemannian Geometry Let us consider a smooth n-manifold 5 (this is identified with the
body in its reference configuration). Its tangent space at a point X € B is denoted Tx 5. Let
S be another n-manifold (this is the Euclidean ambient space) and ¢ : B — S a smooth
and invertible mapping (this is the deformation mapping). A smooth vector field W on B
at every X € B3 assigns a vector Wy such that X — Wy € TxB varies smoothly. For W a
vector field on B, o, W = T¢-Wo ™! is a vector field on C = ¢(B) C S—the push-forward
of W by ¢. Similarly, if w is a vector field on C = ¢(B), the pull-back of w by ¢ is defined
as o*w=T(p~") - wo g, which is a vector field on B. The derivative map of ¢ is denoted by
F =T, and is a two-point tensor. When ¢ is a deformation map, F has traditionally been
called deformation gradient in the finite elasticity literature. One should note that F (unlike
the gradient operator) is metric independent. It has the following representation

d 1)
dx4, Foy=—,
oxe & AT 9x4

a

F=F, 2.1

where {X“} and {x“} are local coordinate charts for 3 and S, respectively. Note that {52 }
is a basis for 7,C (x = ¢(X)) and {d X"} is a basis for T B, the co-tangent space, i.e., the
dual space of TxB, or the space of 1-forms. The push-forward and pull-back of vectors
have the coordinate representations (¢, W)* = F*4 W#, and (¢*w)* = (F~"),*w*. A (3)-
tensor at X € B is a bilinear map T : Tx3 x TxB — R, and in a local coordinate chart {X4}
for B one has T(U, W) = T4z U* W2, where U and W are vectors, i.e., are elements of
TxB. Let B be a smooth manifold that is equipped with an inner product Gy on the tangent
space TxB. Assume that Gx varies smoothly, i.e., if U and W are vector fields on B, then
X — Gx(Ux, Wx) = {(Ux, Wx))gy, where (., .))g, is the inner product induced by the
metric Gy, is a smooth function. In this case (B, G) is called a Riemannian manifold.

For two Riemannian manifolds (B, G) and (C, g), and for a diffeomorphism (a smooth
map with smooth inverse) ¢ : B — C, push-forward of the metric G is denoted by ¢, G. It is
a metric on C = ¢(B3), and is defined as

(e, W) ey, = ("W x, (@"W)x) ey » 2.2)

where x = ¢(X). In components, (0,G)ap = (F~")* (F™"),% G 4. The pull-back of the
metric g is a metric in ¢! (C) = B, and is denoted by C* = ¢*g—the right Cauchy-Green
strain. It is defined as

(Ux, Wx ) prpx = ((@:U)x, (0 W)i))g, » (@' ap=F'aF'58u. (2.3)

If G = ¢*g, or equivalently, g = ¢, G, ¢ is called an isometry and the Riemannian manifolds
(B, G) and (C, g) are isometric.

Kinematics In an accretion process, the material manifold that represents the growing body
is time dependent; new material points are attached to part of the boundary of the body
that we call the growth surface. Let us identify the accreting body with a time-dependent
3-manifold B,. The initial body is denoted by B = ;. Accretion occurs in a time interval
[0, ¢,]. We follow [33] and define an accreting body to be a 3-manifold M—the material
ambient space—that is embedded in the Euclidean ambient space along with a smooth time
of attachment map t : M — [0, t,].* Note that for all points in the initial body B, 7(X) = 0.
The body at time ¢, 15;, is defined as

Bi={XeM|t(X)<t}. 24

4The idea of a time of attachment map is due to Metlov [21].
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Note that the growth surface at time ¢ is given as ©, = ~!(#). For an accreting body, motion
is a time-dependent map ¢; : B; — S, t € [0, #,], where S is the Euclidean ambient space.
Consider the map ¢ : M — S defined as ¢(X) = ¢(X, t(X)). For points in the initial body
@(X) = X. For a point X in the secondary body B, \ By, ¢(X) is the placement of X at
its time of attachment. Notice that for each layer Q;, ¢|q, = ¢|q, because for 7(X) =1,
@(X) = (X, t). This implies that ¢ records the placement of the deformed configuration
o, = ¢, (£2;) = p(£2,) of the layer €2, at its time of attachment. It should be noted that the
map ¢ is not one-to-one, in general. In other words, ¢ is not a deformation mapping. 7 ¢
need not be injective either.

Deformation gradient is the derivative of ¢, : B, — S, see (2.1). The frozen deformation
gradient is defined as F(X ) =F(X, 7(X)); it is the deformation gradient of point X at its
time of attachment 7 (X). It can be shown that T7¢ = F+V ®@dt, where V(X, 1) = %(p(X, 1)
is the material velocity. The frozen deformation gradient F(X) is compatible on each single
layer 2,. However, it is not the tangent map of any embedding; Fis incompatible, in general.
In accreting bodies, the incompatibility of the frozen deformation gradient is the source of
anelasticity, and hence residual stresses [33].

The growth surface in the deformed configuration w, = ¢,(€2;) is that part of the de-
formed boundary where new material points are added. The growth velocity is a vector field
u, on w;, that describes the rate and direction at which new material points are being added
to the boundary. The material growth velocity U, describes the time evolution of the layers
€2, in the material ambient space. It turns out that U,, and consequently the material motion,
is not unique. In other words, there is some freedom in choosing U, and all these equivalent
U,’s lead to isometric material manifolds [33]. Natural distances in the material manifold
are measured using a material metric G. This metric is not known a priori in accretion prob-
lems; it depends on the state of deformation of the body during the accretion process. It is
determined after solving the accretion initial-boundary-value problem. The accretion tensor
Q is a time-independent two-point tensor that is defined as

QX)) =F(X) + [u@X), 7(X)) —FX)UX)] ®@dr(X), XeM. (2.5)

Because (d7,U) = 1, QU = u. Notice that the accretion tensor Q is not the tangent
map of any embedding, although it is compatible on each single layer. Also note that,
Qlq = Flg = T'@|q. The Euclidean metric of the ambient space is denoted by g. The
material metric of the accreting body is defined as the pull-back of the Euclidean am-
bient metric g using Q, i.e., G(X) = Q*(X) g(¢(X)) Q(X). In components, G p(X) =
0 4(X) gap(@(X)) QP 5(X). One can show that if the energy function W of the material
is rank-one convex, and if the growth surface is traction-free, then F= Q [33].

Transpose of the deformation gradient F' : T,.C — TxB is defined as (FV, Vg =
(V,FTv)g, YV € TxB, v € T,C. In components, (FT(X))*, = gu»(x) F?5(X) G*B(X).
The right Cauchy-Green deformation tensor is defined as C(X) = FI(X)F(X) : TxB —
TxB, and in components, C4 5 = (FHA, F%5. Note that C* = ¢*g (b is the flat operator in-
duced by the metric g), and has components C43 = F?4 F’5 gu» 0. The left Cauchy-Green
deformation tensor is defined as B¥ = ¢*g” (f is the sharp operator induced by the metric
), and has components BA% = (F~1)4, (F~")8, g%. The deformation tensors ¢’ and b*
(the Finger deformation tensor) are the spatial analogues of C” and BF, respectively, and are
defined as

b -4 -1\B
¢ =G, cap=(F F Gag,
ab ( ) a( ) b JAB (26)
b Z(p*Gﬂ, bl — Fe, FbB GAB.
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It is straightforward to see that b% ¢, = b, ™, =8¢, i.e., b=c~'. The strain tensors C
and b have the principal invariants I, I, and I3, which are defined as [23]: I} =trb =
by =b" gy, =5 (I —trb?) 3 (I7 — b, b)) = 5 (IT — b**b° guc 8pa), and I3 = detb.

Constitutive Equations For an isotropic hyperelastic solid, the energy function depends on
deformation through the principal invariants: W = W (X, Iy, I, I3). For an incompress-
ible (I3 = 1) isotropic hyperelastic solid energy function only depends on I; and I,:
W = W(X, I, I,). The X-dependence of the energy function models material inhomogene-
ity. In this paper, we restrict our calculations to homogeneous bodies. The Cauchy stress has
the following representation [6, 28]

o=—pg +2W,b* —2W,¢*, o =—pg® 4+ 2W, b —2W,c?, .7

where p is the Lagrange multiplier associated with the incompressibility constraint J =
VI =1,and W; = %, i =1,2. Notice that b* and ¢*, and consequently o, explicitly
depend on the material metric G. It is assumed that the material points of the accreting
body are isotropic in their relaxed configuration. However, in its current configuration the

accreting body may not be isotropic.

Equilibrium Equations Accretion is usually a slow process, and hence one can ignore in-
ertial effects. In the absence of body forces, the balance of linear momentum in local
form, and in terms of the Cauchy stress, reads: dive = 0, where div = div® is diver-

gence with respect to the spatial metric. In components, one writes (divo)* = 0%, =

a(;; l:,b + 0%yl + oy, where y9,. is the Christoffel symbol of the Levi-Civita con-

nection V2 in the local coordinate chart {x“}, and is defined as V%, 3. = y“,. d,. More
explicitly, y9,. = %g”k (gkb,c + 8keb — gbc.k)~

3 Torsion of an Accreting Circular Cylindrical Bar

In this section we formulate the initial-boundary value problem of symmetric accretion of
a circular cylindrical bar made of an incompressible isotropic hyperelastic solid that is un-
dergoing finite torsion while it is free to deform axially. In order to motivate the continuous
accretion problem, let us first discuss a discrete accretion problem, which is a twist-fit prob-
lem [46]. Consider a circular cylindrical bar with radius R, that is finitely twisted, see Fig. 1.
While the bar is twisted a cylindrical shell with thickness R, — R; is printed on its boundary
cylinder. In other words, we start with a stress-free solid cylinder with radius R,, remove
a concentric solid cylinder of radius R;, and replace it with the twisted bar with radius Ry,
and then glue them. After removal of external loads, the accreted bar is residually stressed.
This is because the natural configurations of the core and the shell are incompatible. In the
following, we will formulate the continuous analogue of this problem. We will calculate the
metric of the natural configuration, the stress distribution during accretion, and the residual
stress distribution after removal of the external loads.

Kinematics and the Material Metric Let us consider a circular cylindrical bar with initial
length L and radius Ry that is made of a homogeneous isotropic and incompressible material
with energy function W = W (I, I;). We use the cylindrical coordinates (R, ®, Z) in the
reference configuration, and cylindrical coordinates (r, 8, z) in the current configuration.
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Fig.1 The twist-fit problem: A
cylindrical bar is first twisted. In
the deformed configuration, a
stress-free cylindrical shell is
printed on its cylinder boundary.
When the accreted bar is

released, the unloaded bar is Release the accreted bar
residually stressed to obtain its unloaded shape.

Print a stress-free cylindrical shell on
the boundary cylinder of the twisted bar.

A twisted bar

The metrics of the reference and current configurations have the following representations
(0= R =Ry

1 0
G=|0 R
0 0

S

0 1 00
0], g=|0 r2 0. 3.1
1 0 0 1

Let us consider a time-dependent torsion of the circular cylindrical bar such that it is slow
enough for the inertial effects to be negligible. Torsion of circular cylindrical bars is a subset
of Family 3 deformations that are universal for incompressible isotropic solids [9], and have
the following form®

r=r(R,t), 0=0+yMN)Z, z=2(Z, (3.2)

where 1/ (¢) is twist per unit length, and A2(¢) is the axial stretch, see Fig. 2. Under a twist-
control loading v (¢) is given while A(#) needs to be calculated. Under a torque-control
loading the applied torque is given while both v (¢) and A(¢) are unknown functions to
be determined. In the numerical examples we will consider both cases. The deformation
gradient reads

Rty 0 0
F=F(R,1)= 0 L y@ |, (3.3)
0 0 A0

where r' (R, t) = %. The incompressibility condition is written as

det A2 r(R, 1) r (R,
J= |08 g A OrROIRD (3.4)
detG R

5Family 3 deformations are universal for certain inhomogeneous and anisotropic bars as well [44, 47, 48]. In
this paper, we restrict our calculations to isotropic and homogeneous bars.
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Fig.2 An accreting circular M(t),F(t)=0
cylindrical bar undergoing finite

torsion while it is free to deform

axially. (a) The initial bar, (b) the

accreting bar at time ¢, and

(c) the residually-stressed

accreted bar after the completion

of accretion and removal of the At =0) =
external forces Wt

(@ (b) ©

This condition, together with (0, ) = 0, gives us

R

r(R,t)= Ok 0<R<Ry. (3.5)

We assume that while the cylindrical bar is under the time-dependent deformation (3.2)
cylindrical layers of stress-free material are printed continuously on its boundary (see
Fig. 3). The growth velocity is assumed to be normal to the boundary in the current configu-
ration and has magnitude u,(#). This means that in the time interval [¢, t + dt] a stress-free
circular cylindrical shell of thickness u,(¢)dt is attached to the deformed body. We also as-
sume that this accretion process is continuous in the time interval ¢ € [0, z,]. Let us assign a
time of accretion t(R) to each layer with the radial coordinate R in the reference configu-
ration. For 0 < R < Ry, T(R) = 0. We assume that there is no ablation during the accretion
process, and hence T(R) is invertible for R > Ry. Its inverse is denoted as s = t~', and
it assigns to the time ¢ the radial coordinate of the accreted cylinder in the reference con-
figuration. The growth surfaces in the reference and the current configurations are defined

as
Q={0#),0,2):0<0<2r,0<Z<L}, .
3.
0 ={rs0),0),0+¢¥(1)Z,1*1)Z):0<0 <27r,0<Z<L}. G0

Note that

d ar ) ar , ,
EF(S(I)J) = ﬁ(s(t), N () + E(S(f), D=r(s@®),) Ug) + V'i(s@®),0), (3.7

where U, (t) =$(t), and V" = % is the radial component of the material velocity on the

growth surface. In the absence of accretion, the spatial velocity of the material points lying
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Fig.3 Cross section of a circular cylindrical bar undergoing symmetric accretion and torsion simultaneously.
(a) The material manifold (B, G). The radial coordinate of the boundary of the accreting bar at time ¢ is s(z).
At alater time  +dt the radial coordinate changes to s(t) + Ug (t)dt. (b) The deformed bar under torsion with
a layer of stress-free material of thickness ug (¢)dt joining its boundary during the time interval [z, t + dt].
(c) The residually-stressed accreted bar after the removal of the external torque

on the boundary is V" (s(¢), t), and this implies that
u (1) =r'(s@), 1) Uy (1) . (3.8)

Following [32], we choose U, (t) = u,4(t). Sozio and Yavari [32] showed that other choices
for U, (t) will result in isometric material metrics. In other words, this choice will not affect
the calculation of stresses, see Remark 3.1.

From (3.8), the choice U, (t) = u,4(t) imposes the following constraint on (R, t):

r'(s(t),t)=1, or r(R,T(R))=1. 3.9)

Note that s(f) = Ry + fol uy(£)d&. In order to simplify the calculations, let us assume that
the spatial growth velocity is constant, i.e., u, (t) = ug > 0. Thus

R — Ry
s(t) = Ry + upt, or T(R) = . (3.10)
Uo
The constraint (3.9) is simplified to read
, , R — Ry
r'(Ry +upt,t)=1, or r'| R, =1. 3.11)
Uo

For the initial body, i.e., for 0 < R < Ry, the material metric has the representation (3.1);.
For Ry < R < s(t), we assume that the accreted cylindrical layer at any instant of time ¢ is
stress-free (generalizing our analysis to the case of pre-stressed material is straightforward
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[32]). This implies that the material metric at R = s(¢) is the pull-back of the metric of the
(Euclidean) ambient space, i.e.,

G(s(1) = gr(s@),1), or  G(R)=¢;p g(r(R, T(R))). (3.12)

In components, one has Gz(s(t)) = Gap(R) = F4(R,T(R)) F?3(R, T(R)) gup(r (R,
T(R))). Therefore

[ r*(R, T(R)) 0 0
G(R) = 0 r*(R, T(R)) Y(t(R)r*(R,T(R))
B 0 Y(T(R)r* (R, T(R)) Y2(x(R)r*(R,t(R)) + A*(t(R))
1 0 0
=|0 r*(R, T(R)) V(T (R) r*(R, T(R)) ,
|0 Y (x(R) (R, (R) Y (t(R)r*(R,T(R)) +A*(z(R))

(3.13)
where use was made of (3.9), and 7 (R) is given in (3.10),.
For this accretion problem, the material manifold is an evolving Riemannian manifold
(B;, G), where

B,={(R,©,2):0<0© <21, Ry<R<s({t)=Ro+upt, 0<Z <L}, (3.14)
and®
1 0 0
O<R<Ry: G=|0 R?> 0],
0 0 1
Ry <R < Ry -+ upt : (3.15)
1 0 0
G=|0 r*(R,T(R)) Y (t(R)r*(R, T(R))
0 Y(R)r (R, T(R) Y (x(R)r*(R,(R)+A1*(z(R))

The incompressibility constraint for R > Ry is written as

_ [detg o r(R.1) , o
7= detGdetF_r(R’T(R)))Lz(r(R))r(R’t)}\ (n=1. (3.16)
Thus
/ A (2(R)
r(R,t)r (R,t)—r(R))Lz—m, (317)

6Note that as soon as a layer is deposited it becomes part of the body and participates in the deformation
process. If the load is fixed, one would have a classical twist-fit problem (Fig. 1). The time dependence of
the load (or twist) makes the natural state of the body (the material metric) inhomogeneous. In other words,
after completion of accretion if each cylindrical layer is allowed to relax independently of the rest of the body
the collection of relaxed thin cylindrical shells can not be put back together in the Euclidean ambient space
without local elastic deformations. This incompatibility of the local rest configurations depends on the state
of deformation during accretion and indirectly on the applied load during accretion.
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where ¥ (R) :=r(R,T(R)) =r (R, R;—f"). Hence

2

2 _ R o2
ri(R,1) = 20 + 20 Jo, r(§) A7 (t(§))dg, Ro=R=Ro+uot, (3.18)

where use was made of (3.5). Thus
R
M) r*(R,1) = R; +2/ F(E) M (T(8)) dE . (3.19)
Ry
The right-hand side is time independent, and hence, A2(¢) r>(R, t) is independent of time. In
particular, A%(t) r2(R, t) = A>(z(R)) r*(R, T(R)), and hence

A(z(R))

r(R,t) = 0

F(R). (3.20)

The constraint (3.9) gives the following ODE for the unknown function 7(R):

N(T(R)T'(R) FR) =1

r'(R) + AR (3.21)
With the initial condition 7(Ry) = Ry, this ODE has the following solution:
1 R
r(R)yY=— | Ry + A dé | . 3.22
F(R) mm))[ : fR (&) s} (3:22)
Therefore’
1 R
r(R,t) = m |:Ro + /;0 AT (&) dé] . (3.23)
For0 < R < Ry:
pere 0 0
PRO=| 0 L+y20 2oy |,
0 ROy A0
200 0 0 (3.24)
CRn=| 0 E2  —y@®
0 -y Egod
The principal invariants of b read
24 R2YA(1) + A5(1) 14+ R¥2(1) 4+ 20500)
LI(R, 1) = 20) , L(R,t) = 0 . (3.25)

TThis is identical to what was obtained in [51] in the case of accreting bars under finite extension.
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The Cauchy stress has the following non-zero components

o (R, 1) =—p(R, 1) + (R, )—,B(R 122(1).
A2(1)
22 4
a” (R, 1) =—p(R,1) ()+a(R t)|: oy (,)] _M,
R (3.26)
o (R, t)=—p(R,t) + a(R, 1) A*(t) — B(R, 1) urat

" (R.)=y ) [a(R, D)7 (1) + B(R, 1],

where o = 28W and g = 2%. Using the circumferential and axial equilibrium equations

one concludes that p = p(R, t). The radial equilibrium equation reads 2 1o —ref =
0. This can be rewritten in terms of the referential coordinates as
do’” 2(¢
—1// ()aR=0. (3.27)
oR A2(t)
Thus
o Y [T
0" (R, ) =00(t) — — Eag,1)dk, (3.28)
A(1)
where oy(t) = 6" (Ry, t). This implies that for the initial body one has
VA1) (R, 1)
—pR,)=00(t) — —5— S (§,1)d§ — +B(R, 1) A*(1). (3.29)
22() Jr A% (1)
For the secondary body, i.e., for Ry < R < s(t):
52
: )g((tR;)) 4 2 0 2 2 0
g _ A ERN+FH(R) (D)= (T(R))) AMOWO—=Y(T(R))
bi(R, 1) = 0 M (T (R)F2(R) M(z(R) ’
A2<t)<w§r>—w<r<R>>) 4x4<r>
L A (T(R)) A*(T(R))
- ! : (3.30)
()
A2(z(R)) 40 0
i — AT YRy @)
c(R.1)= 0 AT (R)F(R) A2(T(R))
VER)-Y (@) A ER)FER Y O—Y (T (R))?
L (T (R))? @)

The principal invariants of b read

2@ 2°(x(R) | PR (1) — ¥ (x(R))’

hkn= AM(T(R)) A2 (1) 22(t(R) A2(1) ’ 4
LR RER) 220 PR -y @R '
PEUT TR T R2@(R) 20
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The non-zero components of the Cauchy stress are

"R = —p(R.D) + aR) SERD g gy MO
o (R, t)=—p(R, 1) +a(R,1) 20 B(R, )AZ(r(R))’
22() a(R, 1) B(R, 1) 1*(1)

00 _ _
o (k0= p(R’t)kz(r(R))Fz(R) F(R)  M((R)(R)

«(R, 1) (Y (t) — ¥ ((R)))>
AT (R))
a(R,1)24()  B(R, 1) A*((R))
M(E@R) A1)
CBROPRY (1) — Y (z(R))>
A4 (1) ’

Y1) — ¥ (z(R))
AT (R)

’

(3.32)

o (R, t)=—p(R, 1) +

a*(R,t) = [a(R, ) 22(t) + B(R, 1) M (t(R))] .

The equilibrium equation reads

90" (R, 1) _w(R.D) FIR)(Y (1) — ¥ (1(R)? _o

oR A2(T(R)) A2 (1) (3:33)

Thus

rr _ K FEW @) =y (@E))’
o (R,t)—ao(t)—l—/Ro (&, 1) VORG dt . (3.34)

This implies that for Ry < R < s(¢):

_ K FE W @) — Y (T(E)))? A2(7(R))
—p(R,z>—ao(r)+A0a<s,z> OO dg —a(R.1) =500

A% ()

+ B(R, 1)
Thus on the growth surface, one has

50 FE) W (1) — Y (T (£)))>

—P(S(t),t)tho(t)-F/ a(g,1) d§ —a(s(t),1) + B(s(1),1).

Ro A2(T(£)) A2(1)
(3.36)
Note that for R =s(¢), T(R) = t(s(t)) = ¢, and hence ¥ () = ¥ (t(R)). Thus
1 0 0
a(s(t), 1) =[—p(s(®), 1) +als(®), 1) — B(s(1),1)] {0 B 0} : (3.37)
0 0 1

We know that o (s(¢), t) = 0 (note that stress-free material is added on the boundary and this
means that the stress tensor vanishes on the boundary), and hence —p(s(t),t) +a(s(t),t) —
B(s(t),t) =0. Therefore

FEW @) — ¥ (x())?
A2 (T(§)) A2 (1)

s(t)
Uo(t)z—/ o, 1) dg . (3.38)
Ro
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Thus, for Ry < R < s(t) we have

~ O FOWO = () 32(2(R))
_”(R”)__xz(z)/,e 0T e TR T
A2 (1)
+B(R,1) 2GR (3.39)

From (3.29), for 0 < R < Ry:

k=L / cate e - [ o FOWO —y @)

22(0) 2@ Jy, 267 222 () 4
a(R,1) 5
=20 +B(R,)A°(1).
(3.40)

Therefore, the non-zero physical components of the Cauchy stress for the initial body (0 <
R < Ry) are®

1 s(t) = 2
57 (R.1) = w(>/ fal.ndE — 50 a(s,t)”@)(w;?( .
1 s(t) = 2
G (R, 1) =— z(t) / ga(.nds = 55 a(s,nr@“/’fz)( (g(f(g)) dg
R y2(1)
+0[(R,t))\'27(1)
2 Ry (1) P — 2
5ZZ(R,r)=—f2((;)) /R ale.dt - 1 /R e t)r@)“/’;?(t (g(’(g)) de
i 5 _1+R21//2(t):|
+a(R, 1) |:A (1) A2(t)] + B(R. 1) [A ) G
(R, 1) = R;/(’t()t) [@(R,0)2*(1) + B(R.D)] .
(3.41)

For the secondary body (Ry < R < s(t)) they read

e O RO -y (EE)
’ (R’t)‘_v(r)/R T e
] O RO - v ()
60 _
o Rn= Az(n/R B e B
a(R.1)P(R) (1) — Y (x(R)))?
22 2 (2 (R)) ’

8The physical components of the Cauchy stress are defined as 54b = gab /8aa 8bp (NO summation) [41].
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_ s FE W (1) — P (T(§))?
& (R,t)——kz(t)/ (g, t 260 dg (3.42)
R, 1) (R — R)))? A A2(t(R
BRI )(xf(t) Y (T(R))) +a(R’t)[ : ® (;( ))]
A4() AH(T(R)) A2(1)
A%(1) AT (R))
+’3(R”)[A2<r(R>) 0] ]
5% (R, 1) = riRW @ — ¥z (R)) [(R. ) 22(t) + B(R, 1) M (T (R))] -

M) 23 (T (R))

At the two ends of the bar (Z = 0, L), the axial force is assumed to be zero and the
applied torque is given, i.e.,

s(t)
F(t):Zn/ P*%(R,1)RdR =0,
’ (3.43)
s(t) _ s(t)
M(t)=271/ P“Z(R,t)RZdR=2n/ PY%2(R,t1)r(R,t)R*dR,
0 0

where P = P%Z is the zZ-component of the first Piola-Kirchhoff stress and P?% = r P??
is the physical 6 Z component of the first Piola-Kirchhoff stress. Note that

o) R() 5(1) FOWO-¥EE)?
A“(t) Ea(é, t)dé—‘—)\4(t)f a(S,t)Wdé
2.2
+a (R0 [120) = s |+ B(R ) [1 - HREO],
0<R=<Ro,
PZ(R,1) = (3.44)
1 s FOWO-YEE)® g5 _ BROFPRWO—Y(x)?
T /R (. 1) 22 (x(§) dg 28(1)
22(1) 22(z(R) MRy
Fa(R. 1) [wr(k)) T A0 ] TBR.1) [A%(R)) 28(0) ] ’
Ry <R <s(1),
and
a(R, 1)+ ﬁ;ﬁ;’)’]wt), 0<R<R,
PY2(R,t) = (3.45)
Sty [R.DZO +BR.DIZD] . Ry R=<s().

Remark 3.1 Instead of the choice U, (t) = u,(t) = uo, let us assume that U, (¢) = Uy > 0. In
this case, instead of the constraint (3.9), one has
Uo

r(st),1) = l”]—‘; or 1 (R,(R) = U (3.46)

where R is the radial coordinate of the new material manifold (for 0 < R < Ry, R= R).

Note that in the two material manifolds the time of attachment of the same layer should be
the same, i.e., T(R) = t(R). This implies that
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R Up U
R= (1 )R0+—°R (3.47)
1220] Up

With this choice, the new time dependent material manifold is

[(1% ©,7):0<0 <27, Ry<R<s(t)=Ro+Upt, 0§Z§L] (3.48)

Let us denote the radial component of the deformation mapping with respect to the new
material manifold by 7 (R, ¢). The material metric has the following representation

1 0 O
O<R<Ry: G=|0 R*> 0],

0o 0 1
Ry < R < Ro+ Uyt (3.49)

2
("—g) o o
G= 0 P2 (R, 2(R)) Y (T(R))F2(R, T(R))
0 Y(T(R)FXH(R,T(R)) Y (E(R)F*(R,T(R)) +A*(£(R))
With respect to the new material manifold
o FR,t) 0 0
F=F(R,t) = 0 1 v@) |- (3.50)
0 0 A%

For 0 < R < Ry, we have R= R, and f(Ié, t)y=r(R,t)= W For R > Ry, incompressibil-
ity implies that

(R,0) FR,HN) =1. (3.51)

I’;
“ 7 (R, £(R)) A2(F(R))

Therefore

£
22(1)P2(R, 1) = R} +2ﬂ/ FaD A2 (E () dn, (3.52)
UO Ro

where r(n) = r(r] 7(n)). The rlght hand side of the above relation is time independent, and
hence A2(1) F2(R, 1) = A2(£(R)) F2(R, T (R)), or

PR, 1) = M;((g)) F(R). (3.53)

The constraint (3.46) gives the following ODE for the unknown function 7 (R)

?’(R)+4[ ERD] 7 gy = (3.54)
AT(R)) Uy
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This ODE has the following solution:

~>|
~

ot e ® [Facaman|= —1 | gt ™ (Mo
TRy | T U S TN T @@y | T U S,

(3.55)

Note that dR = lu]—ng, and hence l”/—((’) flg) AMT()dn = f1§] (T (€)) dE. Substituting this re-

lation back into (3.55), and comparing this with (3.23), we observe that f(ﬁ, t)=r(R,1).
This means that kinematics is not affected by the choice U,(t) = Uy > 0. Consequently,
stresses are not affected either.

Remark 3.2 In [10] for each of the six known families of universal deformations of incom-
pressible isotropic solids [9, 12, 29] the corresponding universal eigenstrains (or equiva-
lently material metrics) were found. However, there may be many more pairs of universal
deformations and their corresponding universal eigenstrains (material metrics). In [51] one
such family of universal deformations and eigenstrains was found. In this paper, we have
found another family of universal deformations and eigenstrains. More specifically, we have
shown that the following pair of deformations and material metrics (¢, G)

)\‘i7 OSRSROv
r=r(R,t)= (lt) R
r,6,2) =¢(R,0,Z): M[RO+/ K(T(S))dé], Ry < R <s(1),
Ry
0=0+y)Z,
2=21Z,
(3.56)
and
1 0 o
0 R*> 0], 0<R <Ry,
G :O 0 1
1 0 0
0 r*(R,T(R)) Y (t(R)r*(R, T(R)) , Ry<R<s(1),
|0 YRR, T(R) Y (T (R)r*(R,T(R)) +A*(T(R))
(3.57)

are universal.

Example 3.3 For neo-Hookean solids «(R) = u(R) > 0 and S(R) = 0. Let us also assume
a uniform shear modulus @ (R) = po. Therefore, the non-zero physical components of the
Cauchy stress for the initial body (0 < R < Ry) are

VORI R o [fOFEW0) - Y($))’ J

RO= TG T TR Sy () B
_ VORI -R o [POFEWW) — ()’
06 - _ 0 -
07 (R, 1) = —po 2 2 22(1) Jg, A () “*
R2 wZ(t)
LAY (3.58)

@ Springer



Accretion Mechanics of Nonlinear Elastic Circular Cylindrical Bars Under...

VORI R o [TOFEW ) —Y($))’

CRD= Gy T T R Sy (2 (E) e
4
+ 1o |:k ) — kz(t)} )
5% (R, 1) = po RY (1) (1) .
For the secondary body (Ry < R < s(t)) they read
o [POFEW@) - Y(E))?
T ERD="500 ), G
s(t) = 2 =2 2
o e FEW @) — ¥ (T (€) P2(R) (W (1) — ¥ (z(R)))
R D=0 /R @) 9t o 2 ) 2 (R))
o POFOW@) - ¥(r(§))? M@ AT(R))
RO="50 /R 22 (T (&) 45 + o [M(r(k)) 20 }
o RO — ¢ (T(R)
&% (R, 1) = 1o TER) A1) .
Thus
—;/’;i’g) (R3 = R%) +22() — 7
PZZ(R7 f = o _ )\4;([) ;(;;t) r(E)(I//)f;)(;(l/‘;T(S)) dg , 0<R<Ry,
o - S~ RO SR, <),
and .
Y (1), 0<R=<Ry,
PP2(R,t) = po (3.61)
%, Ry <R <s(1).
The applied torque is calculated as
R4
M= "% % 20 o Ro [ (1) I (1) — ha (1)) + 270 o[ 1) s (1) — ha(1)]
(3.62)
where
_ s(t) R2 _ s(t) R2 w(‘C(R))
= /R Sy R 0= /R we@®) F
O R2y(R) /“” R*Y(z(R)) y(R)
h = dR, h = ——— " " dR, 3.63
:0) /R 3@ (R)) O= [ TTSaE®) (69

R
Y (R) =/ M () dE.

Ry
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Thus
W (1) = ug s> (1) W (1) = ug s> (1) Y (1)
T8 T8 .
2(Oh 2 h .
hg(o:%, h;m:%@f“(’) BL(1) = o M (0),

where h5(t) = y(s(t)). We assume that M (0) =0, L(0) =1, and ¥ (0) = 0. Note also that
hj(0)=0,j=1,...,5.

The zero applied force condition is written as

A1)

830 (0) + A5 () k(1) — )

[m_;] RS RO s k(@)

R2
T 20 [W (1) (Roks (1) + ka (1)) — 29/ (1) (Roks (1) + ke (1)) + Rok7 (1) + ks(f)]

~ i [P0 (R @)+ Ka0) = 20:0) (Roks) + Relt)) + Rofr) + Ka(0)] =0,

(3.65)
where
s(t) R s(t) )
kl(t):/[;() de, k2(t):‘/l;0 RA (T(R))dR,
o= R _ar = [ LB
3()_/R0 MR 4()_/&) W (T(R))
[0 y(E(R) [0 (R Y (R)
kS(”‘/RO @y R ké(’)‘/RO wa@®) K
[0 Y2 (R)) L[ YR (R) y(R)
W)_/RO we@®) F kg(”_/Ro wawy R

A s(1) s(1) 1 5® s¢) v(§)
k3(t)=/1;0 R/R mdst, k4(1)—/RO / )ﬁ(r(é))

s® 5@ s(1) s()
ks(t)_/ / V&) ap kﬁ(t)_/ f YEEYE Jn
Ro Ro

BEy P&
0 O OO g2 )y (6)
W)‘/RO / Py BR k"(’)‘/RO / Toee)y EIR-

(3.66)
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Thus
) ug s (t) , 2 , ug s (t)
Y = A -
K=S50  kO=us0r0), K =S50
, ug y (s(t)) , uo P (1) , ug () y(s(t))
k,(t) = ————— ks(t) = k()= ———---~—~*°2
W0 ="0507 0 K0 = S50 A0 o GO
/ Y2 (1) , ug Y2 (1) y (s (1))
ki(t) = —— ko(t) = —————.
7(0) 20 g(1) 20
Note that’
7 o 2 2
Ky(t) = m(s (t) — R}). (3.68)
Similarly,
~ MOV(S(I)) 2 2 ~ MOW(t) 2 2
kg (1) 2)3(1) (S () 0)7 ks (1) 223(1) (5 () 0)’
. upp () y (), 5 2 . uo Y1) 2
ke(t) = ——————— t)—R ki (t) = t)—R 3.69
6() 2)»3(1‘) (S() 0)7 7() 2)»3(t) (S() 0)» ( )
o uo‘/fz(l))/(s(l)) 2 2
ks(t): T(l‘)(s (l)—RO)
9This is a simple application of the Leibniz integral rule:
b d 50 _ SO 9f (1, R)
k3(t)_E/R0 f@,R)dR =35 (t)f(t,S(t))-‘rfR0 o1 dR,
where
s(t) ds
t,R)=R .
re R /R IRICI))
Note that
B SO gg O ER 1 _ Rug
JEs=00 | ey =" o T O%ceon T Ao
Thus
& (t)=/S(t) Ruo yp— 40 (s2() — R2)
3 Ry A3 223(1) o
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Note that £;(0) = --- = kg(0) = 0, and 123(0) =...= 128(0) = 0. Therefore, we have the
following system of nonlinear first-order ODEs:
2y LR RO 0!
[k “ m)] TR G vrry
2
m 0 V0 Roks 0+ Ks0) = 2010 (Roks (1) + Ko (0) + Roka (1) + ks (1)
~ i [P0 (Roks(0) +s0)) = 200) (Ros(8) + Re(0)) + Rokoo) + (1] =
TRy Y(@)
T w + 27 o Ro[ W (1) hy (1) — ha(8) ] + 2 puo[ ¥ (1) B3 () — ha(0) | = M (1),
c oSt w0y, ues(0) hs()
MO=550 0 RO ROTTsG
2
i = OB o —uo,
s Uos(D) b 2 s Uos(t) ) Uohs(F)
K =5 O =usOR0, kG0 =T55 Ko =572
o U () s U (1) hs(t) Lo U YR (1) ;oo uo (1) hs(r)
ks(t) = k3—()s ke(t) = T(t)’ ki (1) = B0 kg(t) = A3—0)9
R h
B0 = s (70— R). ) = “ZOTS(E’))(W) — R,
2 uo Y (1) 5, uo ¥ (t) hs(t)
k@) = 2‘;3(0 (s2(t) — R2), ki) = W(ﬁ(z) —R),
A uo Y2 (1) oy uo Y2 () hs (1)
k() = ;Hm (s(t) = R2),  ky(r)= W(sz(t) —RY),
MO)=1, Y(0) =hy(0) =---=hs5(0) =k (0) =+ =ks(0) = k3(0) = -+ = ks(0) =0
(3.70)

Let us assume that Ry =1, ug =1, and ¢, = 1. We first consider the following twist-control
loadings:
t 2t
). v = sin® (Z=).

T[t).

Z)’ Ya(t) = 7 sin’ <8tu

U (£) = 7 sin (227

(3.71)

. /8
Yi(t)=m s1n< ;

a

The corresponding A2 (¢) distribution for each loading is shown in Fig. 4. Next we consider
the following torque-control loadings.

3 . (2wt 3 . o2t
M\ () =7 Ry sm(t—), M,(t) =7 R sin ( ;

a

(3.72)

5 . (8w
M;(t) =7 Ry sm( ;

a

t 5 ., (8Tt
), My(t) =m Ry sin ( ; )

a

The corresponding A2(¢) and ¥ (¢) distributions are shown in Fig. 5.

Remark 3.4 Note that in (3.62), M(¢) is a linear function of v (z). Consequently, in (3.62)
and (3.63) the transformation ¥ (t) — —(¢) changes the sign of M (¢). Note also that (3.65)
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Fig.4 The axial stretch /\2(t)
distribution for a bar under the
four different twist-control 25l — i(?)
loadings given in (3.71) during Tl mmmeaa o (t)
accretion — Y3(t)
------- Ya(t)
20F
" ’
R ‘:“| : lu
. “ R4 [} LS ]
AW AWRAY NS AR
15F D oy : 1’.",' I: \',' Lead v
\ (3 :"\, ‘ "vv“ ew*
i ': " : ‘,l":‘ e
d A " a7
: i t
0.0 0.2 0.4 0.6 0.8 10 t,
A1)
130, M (t) M;(t)
e My(t) — ====- My(t)
1.25[
1.20} -
| e
1| " d 'l‘ K RS A -
1.15—: ! RS AV, T
i Y :I‘I' : " : vt :¢" i
1.10—.I ¥ l, A R
u
1.05f; /
AN t
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Fig.5 The time-dependent axial stretch and twist per unit length for a bar under four different applied torques
given in (3.72) during accretion

is unchanged under the transformation ¥ (t) — —(¢). This implies that if (L(z), ¥ (¢)), is
a solution for M (¢), t € [0, t,], then (A(¢), —y(¢)), is a solution for —M(¢), t € [0, t,].
Consequently, from (3.58) and (3.59), if 0" (R, t), 6% (R, t), 0%*(R, t), and 6"*(R, t) are
the stresses for M(t), t € [0, t,], then o”" (R, 1), c??(R, 1), c%*(R, 1), and —a?*(R, 1) are
the stresses for —M(t), t € [0, t,].

3.1 Residual Stresses

Let us assume that after the completion of accretion at time ¢, the accreted body is unloaded,
ie., forr > t,, F(t) = M(r) = 0. In this section we calculate the residual stretch A2, residual
twist v, and residual stresses. The material metric of the accreted body has the following
representation:

1 0 O
O<R<Ry: G=|0 R?> 0O,
0 0 1
- (3.73)
1 0 0
Ry<R<R,: G=|0 F*(R) Y (T(R))F*(R) ,
L0 Y (TR)F(R) Y (R)F(R)+A*(T(R))
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where R, = s(t,). Note that for a given loading during accretion the material manifold
(B,G), where B = B,,, has already been constructed. The map from the natural con-
figuration of the accreted body to its residually-stressed configuration with no external
loads is denoted by @ : B — C C S. In cylindrical coordinates it has the representation
@(R,0,272)=(r, 9, 2)=(F(R),0® + 1/7Z, 5\2Z). Using the incompressibility constraint one
obtains

>,1| =

0<R=<Ry,
F(R) = (3.74)
—+—/ FE)A(T(E))dE, Ry<R=<R,.

The residual Cauchy stress has the following distribution for the initial body (0 < R <
Ro)

. RN 1 /R" FEW — Y (t(©))?
& (R dé — — d§ ,
(B) == : fa)ds — = A 6 PEE) £
z00 v? 1 /Rﬂ FEW — Y (T(§)))? sz
- dg — — d
(B)=—= : s (§)ds - = A a(®) TGE) £+a(R)
. ¥ 1 /Rﬂ FEW — Y (T(©))?
zz R d —_ d
(B)=—= : Sa(é‘) -5 A a(®) EE) £
- 1 - 1+ R
+ a(R) [A —ﬂw(m Mo :
5% (R) = —w[a(R)A2+ﬂ(R)]
(3.75)
and for the secondary body (Ry < R < R,)
s LR FEW — Y (1(6)))?
d (R)__F/ O prey ©
=06 1 /R” FE W — Y (T(§)))? a(R)F2(R) (Y — Y (1(&)))>
R)=—— d ~ s
= O Eeey “T RR(E))
sy /Ru FE W — Y (T(§)))? B(R)FA(R) (Y — ¥ (z(R)))?
)——T o -i: =
32 Jr A2(t (&) e
a4 A2(z(R)) 22 A (T(R))
R)| = — — R — — s
e )[A4(r<R>) € }”}( )[ﬂ(r(R)) % }
Z0e o TR — ¥ (1(R))) = 2
5 = [a®) 32+ pRYZ(D)] .

(3.76)
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Table 1 Residual stretch and
twist for the four different
torque-control loadings given in
(3.72)

My (1) M (@) M3 (1) May(1)

2 124866 1.20544 126215 1.26174
0.18626  0.23904  0.022172  0.29500

BTSSR

Example 3.5 For a homogeneous neo-Hookean solid, the zero applied torque and force con-
ditions are written as the following system of nonlinear algebraic equations

R

0% +4R0[1ﬂh1 ﬁz]+4[lpﬁ3—l~l4]=0,
- 1TR: R . - k
[kz 4} 2 -2
A 8% i 3.77)

_ ZR_)éI:Ipz (R0]€3+]24> -2y (Rol€5+1€(,) +R0]€7+]€8:|

- %[w (Roks + &) — 29 (RoRs + k) + Roky +&5] =0

where ii; = hi(ty), i =1,.... 4, ki=ki(ty),i=1,....8, and ki = k; (t,), i =3, ..., 8.

For Ry =1, up =1, and ¢, = 1, the residual twists and stretches for the four applied
torques (3.72) are given in Table 1. The residual Cauchy stress components have the follow-
ing distributions. For 0 < R < Ry:

VERZ—R®  po (R FE W — Y ((§))?
TR =l T F/ 2eey E
. VERZ—R® o (R FE W —Y((§))? R2?
5% (R — -0 - = d _
(R)=—to 57 A2 2 A% IR, A2(T(§)) St A2 (3.78)

VERZ—R® o [RFEW -y (xE))? [ 1 ]
= A T =5 d )\. - == N
MET 2 Tty T Raey TR TR

&7 (R)=poV AR.

For Ry < R < R,:

’O:.ZZ(R) — _

B FEW - v (@)’

~rr d
®=-5 e
Ry 2 -2 7 2
5% (R) = / r(&)(wz VEED? [ PR (=Y ER)?
e A2(T(8)) A2 02(t(R))
(3.79)
= BFOW — Y @)’ S 0))
zz R d — = s
w=-5 [ e e [M(r(m) 72 }
50 Ry = g MRV —V(E(R))

A (T(R))
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Fig.6 Residual stresses in a bar under the applied torque M () =27 Rg ( é)3 during accretion

For Ry =1, up =1, and 7, = 1, in Fig. 6 we show the residual stress distributions for the

loading M (t) = 2n Rg(éf It is observed that the shear stress is an order of magnitude
larger than the normal stresses.

3.2 Linearized Accretion Mechanics

In this section we linearize the governing equations of the nonlinear accretion theory and find
those of the linearized accretion mechanics. We assume that linearization is with respect to
an undeformed stress-free configuration of the bar. More precisely, let us consider a refer-
ence motion ¢,, and a one-parameter family of motions ¢, . such that ¢, o = ¢, [20, 32, 49].
For the combined torsion and extension of a bar we consider the following one-parameter
family of motions

9(R,©,Z,1)=(re(R,1),© + Y. (1) Z, M. (1) Z) . (3.80)
We will linearize the governing equations with respect to the reference motion ¢, (R, ©,
Z,t) = (R, 0, Z), which corresponds to the motion of a cylindrical bar that is under no

external forces or torques while stress-free cylindrical layers are added to its boundary in
the time interval [0, 7,]. The variation field is defined as

8¢ (R,©,Z) = 5—6 _Owé(R, ©®,Z,t)=0r(R,1),5¢¥ () Z,25)1(t) Z) . (3.81)
From

d
Sr(R.1)=—| re(R.D). (3.82)
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one concludes that 67 (R) = ér (R, R_R"). The displacement field is defined as

up
U(R,©,Z,1)=5¢/(R, 0, Z) — 8¢, (R, O, Z). (3.83)

Assuming that ¥ (0) =0 and A(0) = 1, for the initial body (0 < R < Ry), ¢(R,®, Z,0) =
(r(R,0),0,Z2) = (R, 0, Z), and hence §¢y(R, ®, Z) = (0,0,0). Thus, for 0 < R < Ry,
U(R,0,Z,t) = 3¢,(R, 0O, Z). However, for the new material points (Ry < R < s(t) =
Ro + uot) the displacement field is defined with respect to their positions at the time of
attachment.

Linearized Kinematics For 0 < R < Ry, the incompressibility condition for the perturbed
motion is written as Af(r) re(R,t)r.(R,t)/R = 1, which along with (0, t) = 0, implies
that

re(R, 1) = , 0<R<Ry. (3.84)

Ae(t)

Taking derivative with respect to € on both sides, evaluating at € = 0, and noting that
Ae=o(t) = 1, one obtains

0r(R,1) =—RA(1). (3.85)

Knowing that A.(0) = 1, 61(0) =0, and hence §r(R, 0) = 0.
For Ry < R <s(¢):

R
re(R,t) = D) |:Ro + /RO kg(t(é))dé] . (3.86)
Thus
R
6r(R,t) = —R4SM() +/ SA(t(€))dE. (3.87)
Roy

Linearized Stresses For 0 < R < Ry, one has

VO RG =R o [V P @ W) — Y (2(5))

CCROD=1 T T uw 2@ @) @
&7 (R.1) = —uo ‘i’jg; R - I:’) () (Ve A<Z>( T—(gg(r@»z dt

+ o Rjép(ej)(t) ’ (3.88)
% (R, 1) = —po 1g((,t)) % ; Lo Al;(or) ,:t) : (S)(wa(g)(f_(;;ﬁ(é))z d§

4 J—
o [x‘(’) xzm] ’

(R, 1) = o R Ye(1) Ae (1) .
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For Ry < R <s(¢):

o [*VFE) W) — Y (x(5))?

D=0 ), 2@ .
s(t) = 2 =2 2
T FE)Wet) — Y (1(6) P2(R) (e (1) — Y (1(R)))
o RD="20 ) 22 () Bt o 2 (R)
e [ RO W) — Pt E)) M) R2(c(R))
% (R”)__Az(t) p A2(T(§) d““‘)[ké(r(m)_ A2(1) }
PR (Wet) — Vo2 (6))

Gl (R, 1) = o Ae(1).

A3 (T (&)
(3.89)

Thus, for 0 < R < Ry:

86" (R, 1) =86 (R, 1) =0,
8G(R, 1) = 6/, SA (1), (3.90)
8% (R, 1) = o RSY (1),

and for Ry < R <s(¢):

86" (R, 1)=86"(R,1)=0,
86 (R, 1) = 640[8A(1) — SA(T(R))], (3.91)
86%(R,1) = o R[8Y (1) — 8Y (x(R))].

For the perturbed motion (3.62) reads

Ry (1) SO R? SO R2 4 (t(R))
MeD)y= =715 gy +2mHoRo [*”e(’) W @) R /R 23(x(R)) dR]
*© R2y(R) /“” R2Y(T(R)) ve(R) ]
+2 . dR — dR |,
o [‘” « /R A3 (x(R)) o A3((R))
(3.92)
R . R
where y.(R) = fRo Ae(T(£)) dE. Notice that y._o(R) = fRo d& = R — Ry. Thus
4 s(1) (1)
SM @) = &(SWU) + 8y (1) RO/ R*dR — RO/ R28y (x(R))dR
27 po 4 R Ro
s(1) s(t)
+ 8y (1) R*>(R — Ry)dR — / R%>(R — Ry) 8% (t(R))dR
Ry Ro
4 304 _ P3 s(t)
= %aw(z) + 8y (1) ROS(”% - RO/ R*8vy (z(R))dR (3.93)
Ro
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(W(t)

s(t)
+ (3s*() — 4R0s3(r)+R§)—/ R*(R — Ry) 8¢ (t(R))dR
Ry

4(1) s(1)

8w<r)—Ro/

Ro

s(t)
R?8y (t(R))dR — / R*(R — Ry) ¥ (t(R))dR.
Ro

Taking time derivative of both sides one finds

= 4 SU(). (3.94)
Knowing that §1/(0) = 0, one obtains
() = —— M) (3.95)

o Jo s*(x)

Similarly, for the perturbed motion (3.65) reads

2 4.2
20~ 1o | 2 - B ok - 20

8A(1) ‘ A2 (@)

2
Wm [2(0) (Rokse (0 + ke (1) = 207c(0) (Rokse (6) + K (1)) + Rokre (1) + ks (1) |
-0 020 (Rokse )+ kae)) = 20e0) (Rofise 0+ e )) + Rore (0 e (0] =0.
(3.96)
where
k @ __R dR k W)sz R))dR
()= VS s e(F) = s
(1) /R ) (1) /R 2(2(R))
e (1) = / R R ke (1) = / QA
v A((R) v A(T(R)
[y (2 (R)) Oy (2 (R) 7 (R)
k*(t)_/Ro W (T(R)) aR. k"’e(”_/m W”’
S0 y2(x(R)) /“” Y2((R)) ve(R)
k7 (1) = < dR, kg (1) = < - “dR,
e® /R 232 (R)) wO= | TRG®R)

) B s(t)  ps(t) “:: s@ s Ve(é)
kge(r)—/ / new) ©9R "46(’)—/ ) e

s(t)  ps(t) s@) ps()
k5€(t)—/R / LAUCHI k&(r)—/R / V@ V® e
0 0

@) ! - REE)
s s ¢2(T(§)) SO0 y2(2(8)) ye(§)
k“(t)_/m / nee) Sf(t)_/Ro / BECG
(3.97)
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Thus, linearizing (3.96), one obtains

s(t)
s2() 8A (1) = 2/ R3A(T(R))dR. (3.98)
R,

0

Taking time derivative of both sides one obtains s2(¢) 5)\.(t) =0, and hence § )L.(t) = 0. Know-
ing that §A(0) = 0, one concludes that §1(t) = 0. Therefore, the only nonzero linearized
stress has the following distribution:

Ry (1), 0<R=<Ry,
56" (R. 1) = :MO o : (3.59)
o R[S (1) =8¢ (T(R)], Ro<R=<s(t).
Or
! -
M
ROV, 0<R <R,
T Jo s*(x)
867 (R, 1) = . . (3.100)
2R | ['EM(x) *® 5 M(x)
— / dx—/ dx|, Ry<R<s().
7 | Jo stx) 0 s*(x)
This can equivalently be written as
CSM()

dx, O=<RZ=Ry,
7 Jo s*(x)

86%%(R, 1) = . (3.101)
2R (" SM()

T Jurw) s4(x)

dx, Ry<R<s(t).

Linearized Residual Stresses Linearizing the zero-force condition (3.77),, one finds i =0.
Similarly, linearizing the zero-torque condition (3.77);, one obtains

Rq &) SAT(+)
- / £ / M) dx de . (3.102)
Ry 0

st

The only nonzero linearized residual stress has the following distribution:

_7T,LLOR

_ R8Vr, 0<R<R,
85 (R) = [“" v 0 (3.103)
po R[8Y — 8¢ (x(R))], Ry<R=<R,,
or
Ra “© SMx)
/ / (x)dxdé, 0<R<Ry,
85%(R) = o .
Ra “© 5M(x) 2R TR SM(x)
4f / (x)d ds——/ 4(x)dx, Ry<R<R,.
TR, Jr, T Jo s4(x)
(3.104)

For Ry =1, up=1, and ¢, = 1, in Fig. 7 the residual shear stress and the linearized residual
shear stress distributions for the loading M (¢) = km R0 sin (27”) and four different values of
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nonlinear

=R ... linear 5%(R)
Mo Ho
0.5
0.2}
| | AN /TN R
0.5 1.0 1. 20 Ry 05 1.0 1. 20 Ry
02}
051
04f
5.02 (R) =0z (R)
Ho Ho
. k=15 150 Y k=20
1.0 - .e°
Py 1.0F .’
05) < L
=N 05 > (N
R R
0.5 20 Ry 0.5 20 Ry
0.5}
-0.5¢
10F
or 1.5}

Fig. 7 Residual shear stress and linearized residual shear stress for the loading M (t) = km RS sin(zt%t) for
four different values of k

k are shown. As expected, as k increases the difference between the nonlinear and linear
solutions increases.

4 Conclusions

In this paper, we formulated the initial-boundary-value problem of finite torsion and exten-
sion of an accreting circular cylindrical bar. The bar is assumed to be homogeneous and is
made of an arbitrary incompressible isotropic solid. It is also assumed that accretion is sym-
metric, i.e., the accreting bar is a solid circular cylinder at all times. Assuming a generalized
Family 3 kinematics (3.2), we showed that radial deformation is a functional of the time-
dependent axial stretch A%(¢), see (3.56);. Assuming that stress-free material is added to the
boundary of the deforming bar (generalizing our analysis to the case of pre-stressed mate-
rial is straightforward), we calculated the material metric of the accreting bar. We noted that
this metric is unique up to isometry. The kinematics is completely specified as soon as the
time-dependent axial stretch A>(¢) and the twist per unit length v (¢) are known. The applied
toque M (¢) and the axial force F(¢) explicitly depend on these two functions. We assumed
that there is no applied axial force, i.e., F'(f) = O; the bar is free to deform axially. We
considered both twist-control (¥ (¢) is given) and torque-control (M (¢) is given) loadings.
We calculated the corresponding stresses. It was observed that the kinematics (3.2) together
with its corresponding material metric are universal for incompressible isotropic solids (see
Remark 3.2) in the sense that equilibrium equations are satisfied in the absence of body
forces and for any energy function W (I, I;). We also calculated the residual stresses that
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are induced by accretion. Finally, we calculated the deformations and stresses in the setting
of linear accretion mechanics by linearizing the nonlinear fields. The nonlinear and linear
solutions were numerically compared in a few examples. As expected, as the applied torque
increases the difference between the linear and nonlinear solutions becomes more apprecia-
ble.

The analysis presented in this paper can be extended to inhomogeneous and anisotropic
bars. In the case of incompressible transversely isotropic, orthotropic, and monoclinic solids,
we expect the kinematics ansatz given in (3.2) to be universal for circular cylindrical bars
with the universal material preferred directions found in [47]. We also suspect that for either
isotropic or the three anisotropy classes (transversely isotropic, orthotropic, and monoclinic
solids), the cylindrical bar can have radial inhomogeneity, i.e., its energy function can ex-
plicitly depend on the radial coordinate: W = W (R, I}, I,) [44, 48].
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