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Abstract

We use four linear constitutive relations to study finite deformations of a biaxially loaded elastic membrane, triaxially
loaded cube, and simple extensional and simple shearing deformations of an elastic body. In each case, the body is
assumed to be isotropic and homogeneous. It is shown that only the neoHookean relation (a linear relation between the
Cauchy stress tensor and the left Cauchy—Green tensor) and the Signorini’s relation (a linear relationship between
the Cauchy stress tensor and the Almansi-Hamel strain tensor) predict load—deformation curves that qualitatively agree
with most of the test observations. A similar conclusion holds when the body is assumed to be incompressible. © 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction p are Lamé constants which satisfy 4 + 3 > 0 and

w > 0. It was shown that the axial nominal stress

In a previous note [1] we considered the follow-
ing two linear constitutive relations to study the
simple extension and simple shear deformations of
a homogeneous isotropic elastic body:

S = A(trE)1 + 24E, (1)

o= g(tr(B — 1)1 + u(B — 1). )

Here S is the second Piola-Kirchhoff stress tensor,
E the Green-St. Venant strain tensor, B the left
Cauchy-Green tensor, ¢ the Cauchy stress, 1 the
identity tensor, tr the trace operator, and 4 and
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E-mail address: rbatra@vt.edu (R.C. Batra).

vs. axial stretch curve in simple extension and
the shear stress vs. the shear strain curve in
simple shearing deformations predicted from con-
stitutive relation (1) do not qualitatively agree with
those observed experimentally. However, the cor-
responding curves obtained from constitutive rela-
tion (2) are in qualitative agreement with the test
observations. Here, in addition to (1) and (2) we use
the following two constitutive relations to study the
aforestated deformations of an elastic body as well
as deformations of a biaxially loaded isotropic elas-
tic membrane, and a triaxially loaded cube:

o = Mtr A)1 + 2uA, 3)
T = AtrA)1 + 2uA,, T = JR'6R, A, = InU. (4)
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In Egs. (3) and (4), A =(1 — B™')/2 is the Alma-
nsi-Hamel strain tensor, U is the right
stretch tensor in the polar decomposition F = RU
of the deformation gradient F, R is the rotation
tensor, and J =detF. Note that B = FF",
and E = (F'F —1)/2. The eigenvalues of the
logarithmic strain tensor A, equal the natural log-
arithm of the eigenvalues of U, and the two tensors
have the same eigenvectors. The first Piola-Kir-
chhoff stress tensor, T, is related to ¢ and S as
follows:

6 =TF"/J, T=FS. (5)

For infinitesimal deformations, each one of the
constitutive relations (1)-(4) reduces to Hooke’s
law. Also, each one of these four relations is objec-
tive and is also invertible in the sense that a strain
tensor can be expressed in terms of the correspond-
ing stress tensor. The principal axes of stress and
strain coincide, and a triaxial state of stress at
a point will produce a triaxial state of strain. Con-
stitutive relations (1) and (4) can also be expressed
in terms of ¢ and B but such relations will be
non-linear.

Constitutive relation (1) was proposed by St.
Venant and Kirchhoff (e.g. see [2]), (3) is a special
case of that proposed by Signorini, (2) is usually
known as the neoHookean material, and (4) has
been studied by Hill [3]. The deformations studied
herein are homogeneous; thus the balance of linear
momentum is trivially satisfied.

2. Unconstrained materials
2.1. Simple shear

In rectangular Cartesian coordinates, consider
the simple shearing deformation

X1 =X, +kX,, x=X,, x3=2X,, (6)

where x gives the present position of the material
particle that occupied place X in the reference con-
figuration and k is a constant. For the four consti-

tutive relations (1)-(4), the shear stress T, is
related to the shear strain k as follows:

p
TY = uk + <§ + ;4)18,
T = uk,
T¢) = uk,
kl
i R 1n<1 + kST k2/4>. )
N = 2

Here TYY denotes the value of T, for the consti-
tutive relation (1). For 4/u = 20, the normalized
shear stress, T'1,/u, vs. the shear strain, k, is plotted
in Fig. 1 for the four constitutive relations. Whereas
for constitutive relations (2)—(4), the shear stress
depends only upon the Lamé constant u, for consti-
tutive relation (1), it also depends upon A. For
rubber-like materials, 2 > u. Note that the shear
stress vs. the shear strain curve is concave upwards
for constitutive relation (1), it is concave down-
wards for constitutive relation (4) and is linear for
the other two constitutive relations. The shear
stress monotonically increases with k for constitut-
ive relations (1)—(3) but attains a maximum value of
1.3255u at k = 3.0178 for constitutive relation (4).
Adopting the Considére criterion [4], i.e., the
material becomes unstable when the applied load
is maximum, the material described by (4) will
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Fig. 1. The normalized shear stress, T'1,/u, vs. the shear strain,
k, for simple shearing deformations.



R.C. Batra | International Journal of Non-Linear Mechanics 36 (2001) 421-432 423

become unstable at k = 3.0178. The normal stress
on planes X, = const. is given by

o
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——In({ 1+ =+ kJ1+k%/4))
NZEY < 2 M
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For u > 0 and / > 0, constitutive relations (1) and
(2) require that a tensile normal stress be applied to
planes X, = const. in order to produce simple
shear. However, constitutive relations (3) and (4)
require that this normal stress be compressive.
Thus, in the absence of these normal stresses, the
Poynting effect (e.g. see [2]) predicted by constitut-
ive relations (1) and (2) is opposite to that given by
constitutive relations (3) and (4). For A/u = 20, the
magnitude of the Poynting effect predicted by con-
stitutive relation (4) is much smaller than that for
constitutive relations (1)—(3). For constitutive rela-
tions (1)-(3), the magnitude of the normal stress and
hence of the Poynting effect is proportional to
k?; for constitutive relation (4) this holds for k < 1.
The normal stresses on planes X; = const. and
x,; = const. are also different for each constitutive
relation.

2.2. Simple extension

Following the usual approach (see e.g. [1]) we
obtain the following relations (9) between the axial
load, P, per unit undeformed area and the corre-
sponding axial stretch, «, in a prismatic isotropic
and homogeneous elastic body deformed in simple
extension:

344+ 2u
240+

3/1 + 2,U 2 )L
JC A e Y P S R
“(za n u)> (o )< 3+ 2" >

PY =y a(o® — 1),
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Fig. 2. The normalized axial load, P/y, vs. the axial stretch, o, for
simple extensional deformations.
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These correspond respectively to the constitutive
relations (1)-(4); the load deformation curves are
exhibited in Fig. 2 for a material with A/u = 20.
According to the Considére condition [4], an insta-
bility occurs when the axial load per unit unde-
formed cross-sectional area reaches an extreme
value. We find that an instability initiates when

o =0.577, /(21 + w)/A) and 2.718 for constitutive
relations (1), (2) and (4), respectively. For the consti-
tutive relation (3), dP/do >0, and the load is
a monotonically increasing function of the stretch.
The load increases from w(37 + 2u)/4 at « — 0 to
oo for o = (A/(34 + 2u))** = o*. This is unphysical
because an axial tensile load is predicted by the
constitutive relation for extremely large compres-
sive deformations. However, for « > o*, the load
monotonically increases from —oo to p with
an increase in the value of the axial stretch. Thus,
the load is discontinuous at o =a* and the
constitutive relation predicts unphysical behavior
for stretches close to o*. For constitutive relations
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(1), (2) and (4), the axial load, P;,, at the initiation
of an instability is respectively given by

p _ _ M A+ 23
ms \/S A/ + H b
P(Z) = ﬁ ;u 2
ms 41(3 + u)’
30+ 2u
pw — M _ 10
T8 A4 (10)

Hence, the magnitude of the axial nominal stress at
instability is of the order of the magnitude of the
Lamé constants.

The Poisson function (e.g. see [9]),
vo) (= (1 — p)/(x — 1), where f is the stretch in
a lateral direction), for the four constitutive rela-
tions (1)—(4) has the expressions

Dy B 3&—1—2#_ Ao? >1/2>/ B
v ("‘)‘<1 <2(/1+u) wiw) )

(-2 ) o
v o) = (1 — (A + WAB — o 2A/2 + w)'"?)/

(o« — 1),
V() = (1 — o= 20T0) (o — 1),

and its variation with « is depicted in Fig. 3. Note
that the Poisson ratio defined as

A
vo = lim v(a) = ——,
o =) = i

has the same value for each one of the four consti-
tutive relations. However, the Poisson function for
constitutive relations (1) and (2) is the same but it
differs noticeably from those for constitutive rela-
tions (3) and (4). When v(x) > 1, the contraction per
unit length of line elements in the lateral direction
will be greater than the elongation per unit length
in the axial direction. For a homogeneous isotro-
pic elastic body, the usual expectation is that
0 < v(x) < 1. Whereas constitutive relations (1) and
(2) violate these inequalities on v(x) for simple ex-
tensional deformations with o > 1.7097, constitut-
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Fig. 3. The Poisson function, v, vs. the axial stretch, o, during
simple extensional deformations of a prismatic body.

ive relations (3) and (4) do so for o < 0.7587 and
0.3488, respectively.

2.3. Biaxial loading of a membrane

2.3.1. Equal dead loads on the edges

In this subsection, we follow Miiller [5] who
studied the stability of a biaxially loaded elastic
membrane made of a Mooney-Rivlin material. As-
sume that dead loads F; and F, per unit unde-
formed length are applied, respectively, in the
x; and x, directions to the edges of an isotropic
and homogeneous rectangular membrane whose
thickness in the unstressed reference configuration
is uniform and equals t,. There are no loads ap-
plied to the top and bottom surfaces of the mem-
brane. Thus

Fi=toT11, (11a)
Fy =t,T;,, (11b)
F3 =0=T33. (llc)

Here and below we use rectangular Cartesian coor-
dinates with x;-axis in the thickness direction. Let
the homogeneous stretches produced in the mem-
brane along the xy, x, and x; axes be «,  and
y, respectively. Evaluating the stretch y from
the boundary condition (11c), requiring that
oo >1v >0, and setting F; = F,, we arrive at the
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following relations between « and f for the consti-
tutive relations (1)—(4).

CRI: (¢ — PLS(2 + f*> —2) + o® +
+of—1]=0, (12a)
o2 + B2 —3 < (1 =955, (12b)
CR2: (2 — PO + > —2) — (1 + af)] =0,
(12¢)
o2 + B2 —3 < (1 —6)5, (12d)

CR3: (ax — P[&(a* + B* — 202B%) + o> + B>

+aff — o?f?] =0, (12€)
iz+—2—3<(1—5)/5, (12f)
o B

CR4: (2 — B)dIn(ap) + In(B*/a) = 0. (12g)

The prefix CR1 implies that the relation following
it between o and f is for the constitutive relation 1.
In (12a)-(12g) 6 = 4/(4 + 2u). The constraints (12b),
(12d) and (12f) on the values of o and f§ are imposed
by the requirement that oo >y > 0. The constitut-
ive relation (4) does not restrict the admissible
values of o and . Note that in each case, « = f§ is
a solution implying that equal axial edge loads per
unit undeformed length produce identical stretches
in the loading directions. However, there may be
other solutions for which o # f and which depend
upon the value of 4. Regarding f as a positive-
valued function of o, we conclude from (12a), (12¢)
and (12¢) that unequal axial stretches with equal
biaxial loading are possible provided that

CRI: (1402 —(1+25)<0,
CR2: (1 — 480 + 45(1 + 28) > 0,
CR3: (1 +20)22 —(1 +9)>0, (13)

respectively, for constitutive relations (1)-(3). The
corresponding relations between o and f§ are

CR1:
Pl JoF =41+ 01 + 0)e® — (1 + 20)]
B 2(1 + ) ’
(14a)
CR2:
P + /o — 4500 — 20 — 1)’ (145)
26
CR3:
pt=
—a b Jam 241+ O)[(1 +20) — (1 + ) 2]
2(1 +0) '
(14¢)

Note that o« and f must also satisfy inequalities
(12b) (12d) and (12f), respectively, for constitutive
relations (1)-(3). The solution (14b) with the minus
sign before the square root is valid only when
1 4+ 26 — da* < 0. Multiple roots of Eq. (12g), if
they exist, can be found numerically. For 4 = 20y,
Eq. (12a) also has unequal roots for 0 < o < 1, Eq.
(12e) for « > 0.823, and the other two Eqgs. (12¢) and
(12g) do not have unequal roots. In order to ascer-
tain which one of the multiple solutions is realized
experimentally, we need to investigate the stability
of these solutions. For stretches prescribed on the
edges, the solution that gives lower value of the
stored energy will be stable. However, if dead loads
are prescribed on the edges, then the configuration
with the lower value of the potential energy
W — F,ou — F,f will be stable; e.g. see [5]. Here
W = W(a, f) is the stored energy function for the
material of the membrane. Except for constitu-
tive relation (1), the stored energy function W for
the other three constitutive relations is unknown;
hence the stability of solutions has not been
studied. Treloar’s experimental data [6, Table 1]
indicates asymmetric equilibrium stretches in a rec-
tangular rubber sheet subjected to in-plane equal
biaxial loads applied perpendicular to the sheet edges.

2.3.2. Equal stretches on the edges
Consider the case of a hard loading device
which applies equal stretches on all four edges of
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a homogeneous and isotropic rectangular mem-
brane. Assume that the state of deformation in the
membrane is such that equal stretches are produc-
ed. Then the load deformation relations for the four
constitutive relations (1)-(4) are

FOfuto) = (1 + 28)u(e? — 1), (15a)
FOlute) = (1 + 20)u(e® — 1)(1 + 25(1 — a2))112,
(15b)

F%(uto) = (1 + 25)<oc - é)((l +28) — 28/a2) 12,
(15¢c)
F®/(uto) = 2(1 + 28)(In 2)/a, (15d)

where F is the edge load per unit undeformed
length. Fig. 4 evinces these load-deformation rela-
tions for 6 = 1%. The right-hand side of Eq. (15b)
is real-valued only for o < 1.245. Like the
load-elongation curves for simple extension which
essentially coincided for values of « close to 1.0, the
load—-elongation curves for the biaxially loaded
membrane overlap for values of o near 1.0. The
qualitative nature of the load-clongation curves for
constitutive relations (1), (3) and (4) for the biaxially
loaded membrane is similar to the corresponding
curves for the axially loaded prismatic body. The
stretch corresponding to an extreme load that also

- CR1
E - CR2
sk - - cR3

; — CR4

Normalized Load, F/(uto)

L
1.5 2 25 3
Axial Stretch, alpha

Fig. 4. The normalized axial load per unit thickness, F/ut,, vs.
the axial stretch, o, during the biaxial stretching of a membrane.

satisfies inequalities (12b), (12d) and (12f) with
f = a is given by

CRI1: o =0.577,
CR2: 8a* — (10 + 3/0)0* + (2 + 1/3) = 0,
a® < (1 + 20)/26,
CR3: no value of o,
CR4: a=e=2718. (16)

Thus an instability occurs at universal stretch
values of 0.577 and 2.718 in a very thin plate made
of materials described by constitutive relations (1)
and (4) and stretched by equal amounts in the two
lateral directions. Whereas the membrane made of
material (1) will become unstable in compression,
that made of material (4) will experience an instabil-
ity during extensional deformations. For constitut-
ive relations (1) and (4), the load, F;,, at the instant
of instability equals, respectively,

Fid/(uto) = — 0.385(1 + 20),
FiRd/(uto) = 0.736(1 + 20). (17)

2.3.3. Different dead loads on the edges

We now investigate the case when loads (11a)
and (11b) are unequal, i.e., F{ = ¢F, with ¢ < 1.
Inequalities (12b), (12d) and (12f) still apply for
constitutive relations (1)—(3), respectively. The rela-
tions between f and o for the four constitutive
relations are

_ 3 oo ) w26 —1—26
CRE B =G+ +ﬁ< 110 )
(1420
$<—1+ . —oc2>=0, (18a)
_ (1 + ) 146, 1+2
CR2 ﬁs_Tﬁerﬁ( YT >
¥ oc¢<1 0 a> ~o, (18b)

CR3: B33l +20) — (1 + ) — B(2(1 + 20)
— S)or — B0 + poud(1 +3) =0,  (18¢)

CR4: (f — ¢pa)lnof + flno — ¢paln f = 0.
(184d)
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These equations can be solved numerically. It is
possible that for some values of ¢ multiple roots
exist in the range o, § > 0. For ¢ = 0.2 and § = 13,
Eq. (18a) is satisfied by two positive values of f§ for
o close to 1.0. However, for o > 1.2, there is only
one solution of Eq. (18a). Eq. (18b) has two solu-
tions for f when 0 < o < 1, no admissible solution
for 1 <a < 1.8 and only one solution for « > 1.8.
Eq. (18c) has a unique admissible solution for
0<a<0.8, and two admissible solutions for
0.8 <a < 1.15 and also for o greater than about
8.6.

2.3.4. Equal surface tractions on the edges

When equal surface tractions fi,f, per unit cur-
rent area are applied on the edges of the membrane,
as will be in the case of pressure loading, then
constitutive relations (2)-(4) require that f = o but
constitutive relation (1) gives

+25
fme b=Trs —% (19)

Inequality (12b) must hold for constitutive relations

(1)-(3).

2.3.5. Unequal surface tractions on the edges

For the case of f; = ¢f,, ¢ < 1, the relationships
between f and o for the four constitutive relations
are given below:

CRL: B*¢(1 + 8) — B [0*3( — ¢ + 1) + (1 + 20)]

— 22(@2(1 + 0) — (1 + 20)) = 0, (20a)
CR2: XS — (1 + 8) + o2(1 + 5(1 — )
+ (¢ — 1)1 +20) =0, (20b)
CR3: BXS(1 — ¢)20% — 1) + oX(1 — ¢) — 1)
+ o3 ((1 + ) — 8) =0, (20c)
CR4: o1 H9)700 — go1+o)=0 (20d)

Whereas Eq. (20a) may have multiple solutions in
the range 4, § > 0, Egs. (20b), (20c) and (20d) have
a unique solution f§ = f(a) > 0. Numerical compu-
tations reveal that for ¢ = 0.2 and § = 13, Eq. (20a)
has two solutions for 0 <o < 0.3815 and
0.954 < o < 1.2, and only one solution for o > 1.2.
Eq. (20b) has a unique solution only when

4

beta
n

algna

Fig. 5. The relationship between the two axial stretches, o and f,
in a biaxially loaded membrane subjected to unequal surface
tractions on the two edges.

0 <a < 1.142, and Eq. (20c) for o > 0.881. How-
ever, Eq. (20d) has a unique solution for all positive
values of «. The relationships between the values of
o and f for the four constitutive relations are exhib-
ited in Fig. 5.

2.4. Triaxial loading of a cube

We now consider a cube placed in a hard loading
device and stretched by an axial stretch o in each
direction. For the constitutive relations (1)—(4), the
load F per unit undeformed area is given by

FY = o0 — 1),

F® = o2 — 1),

F® = —1),

F(4):21noc , 1)
o

where F = 2F/(3A + 2u). The stretch at an extreme
load and hence at the initiation of a material insta-
bility and the corresponding non-dimensional axial
nominal traction equal

CR1: o=0577, F= —0.385,

CR2: o =0.707, F = —0.25,

CR3: always stable,

CR4: «=2718, F =0.736. (22)
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Constitutive relations (1), (2) and (4) predict mate-
rial instability at universal stretches of 0.577, 0.707
and 2.718; the corresponding loads and deforma-
tions are compressive for constitutive relations (1)
and (2) but tensile for constitutive relation (4).

For the case of equal nominal tractions, i.e., load
per unit undeformed area, applied on the faces of
the cube, each constitutive relation admits solu-
tions a=f=pa=p#pf=rvFc,y=0a#p,
and o # ff #7, where «, f and y are the axial
stretches. Rivlin [7] has given such solutions for
a cube made of a Mooney-Rivlin material.

For a cube subjected to a hydrostatic tension p,
the stretch o must be same in every direction, and
the pressure-stretch equations for the four consti-
tutive relations (1)—(4) are

ph = <§A + u><a2 — 1>’ (23a)
2 o

p? = (3—2/1 + u)(ocz - 1), (23b)
P = (3—j T u)(l —~ 1/, (23¢)
P = (% >ln o (23d)

Fig. 6 depicts the normalized pressure versus the
stretch for the four constitutive relations. For each

Normalized Pressure, p/u

=100

P L
[ 02 04 0.6 0.8 1 12
Axial Stretch, alpha

Fig. 6. The normalized pressure, p/u, vs. the axial stretch, o, for
a triaxially loaded cube.

one of the four equations it is a monotonically
increasing function of o.

3. Incompressible materials

For an incompressible material, a stress tensor
equals the sum of two parts; one of these is not
determined by the deformation gradient and the
other is (e.g., see [2]). Analoges of constitutive rela-
tions (1)-(4) with the determinate part of the stress
tensor linear in a measure of the deformation are

S= —p(1 +2E)"! + 2uE, (24a)
o= —pl+uB-1), (24b)
o= —pl+2uA, (24c¢)
T= —pl +2uA,. (244)

The hydrostatic pressure p cannot be determined
from the deformation field, but is completely deter-
mined by the balance of linear momentum and the
traction boundary conditions prescribed either on
a part or on the entire boundary of the body.

The deformation fields envisaged below are ho-
mogeneous. Thus, the determinate part of the stress
tensor is constant throughout the body. The bal-
ance of linear momentum requires that the pressure
field also be uniform.

3.1. Simple shear
For the deformation described by Eq. (6) the

relationships between the shear stress T;, and the
shear strain k for constitutive relations (1)—(4) are

TV = pk(1 + k?),
T3 = k.
T} = uk,

k2
T(‘”:#ln(l—k——l—k 1+k24>. 25
= T+ k/THRR ) 25)

These relations are similar to Egs. (7) for uncon-
strained materials. The pressure field, p, can be
determined by requiring that any one of the planes
x; = const., X; = const.,and x, = X, = const. be
free of normal tractions. When normal tractions on
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planes X; = const. (or X, = const.) are taken to be
zero, we get T,, =0 (or T; = 0) and there is no
Poynting effect for each one of the four constitutive
relations (24a)—(24d).

3.2. Simple extension

The axial load P per unit undeformed area is
related as follows to the corresponding axial stretch
o in an isotropic and homogeneous prismatic elas-
tic body:

1 1
P(l)z 3_ __+_’
e e S

1

P = _
1
PO =puf1-=)
(1)

3ulna

Pw = (26)

o
The dependence of the normalized axial load, P/u,
upon the axial stretch, o, is exhibited in Fig. 7 for
the four constitutive relations. For 1 < o < 2.5, the
load-stretch curves are close to each other for con-
stitutive relations (24b)-(24d) and these are concave
down, but that for the constitutive relation (24d) is

Normalized Axial Load, P/u

1

i ”. . . .

0 0.5 1 15 2 25
Axial Stretch, alpha

Fig. 7. The normalized axial load, P/y, vs. the axial stretch, o, for
simple extensional deformations of an elastic incompressible
prismatic body.

concave upwards. Whereas dP/da > 0 for consti-
tutive relations (24a)-(24c) it equals 0O at
o = e = 2.718 for the constitutive relation (24d) and
the corresponding value of P is 1.1036.

3.3. Biaxial loading of a membrane

For loads given by (11a)-(11c) the pressure field
can be determined from Eq. (11c). Relations be-
tween stretches o« and f for the case of equal edge
dead loads F; = F, are

CRIL: (o0 — Pl —o2p* + o> + B2

+af—1)]=0, (27a)
CR2: (x— B)[1 +a’p*] =0, (27b)
CR3: (x— B[+ 2 +afp —a*f*T=0, (270
CR4: oalnp?a — flna’p =0. (27d)

These relations are universal in the sense that they
do not depend upon the shear modulus p. As for
unconstrained materials « = f§ is a solution of each
one of the Egs. (27a)—~(27d). Except for (27b) whose
only solution is a = f5, other equations may also
have solutions with f# o and o« >0, > 0. An
attempt to seek numerical solutions of these equa-
tions revealed that only Eq. (27¢) has a solution
with o # f8; this is shown in Fig. 8. When multiple
roots exist then the stable solution will minimize

4 ' ‘ ' ‘ ' ‘ ‘ ' __-— CR3

beta
8]

alpha

Fig. 8. The relationship between the two axial stretches, o and f,
in a biaxially loaded incompressible elastic membrane subjected
to equal edge dead loads.
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either the stored energy or the potential energy
depending upon whether stretches or dead loads
are prescribed on the edges, respectively.

For a membrane placed in a hard loading device
which applies equal stretches on all four edges, the
relationships between the edge load F per unit
undeformed length and the stretch o are

FDfuto) = (@ — Do + (2 + 1)/27], (28a)
FPf(uto) = (2 — 1/2°), (28b)
FOfuto) = (& — 1/2%), (28¢)
F/(uto) = 6(In o). (28d)

The load—deformation curves for the four constitut-
ive relations are plotted in Fig. 9. For o > 1, the
F vs. o curves are concave upwards for the consti-
tutive relations (24a) and (24c) and concave down-
wards for the other two relations. The load-
deformation curves for the constitutive relations
(24b) and (24d) are close to each other. For Egs.
(28a)-(28¢c) dF/do > 0. As for the case of an uncon-
strained material, the edge load for a mem-
brane made of the material described by Eq. (24d)
attains an extreme value at o =e = 2.718. For

10

CR1
-+ CR2
8 - = CR3
— CR4
6 .7
.
»
4l e

Normalized Edge Load, F/(uty)

-10 L - L L L L L
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Axial Stretch, alpha

Fig. 9. The normalized edge load vs. the stretch in an incom-
pressible elastic membrane stretched equally in all directions.

F, = ¢F,, ¢ <1, the corresponding stretches in
the two directions are related as follows:

(L ¢
CRI: <a2ﬁ21><a2ﬁ3

1 2
_ a3ﬁ2> + o(o* — 1)

— @B — 1) =0, (29a)
2o
cr2 (€ -2 ) 4 2B — pg) =0, (29b)
p
(@ 1 2p2(® 1Y _
CR4: o2~ — 200, (29d)

It is possible that for some value of ¢ multiple roots
exist in the range o, f > 0. For ¢ = 0.2, only Eq.
(29¢) could be satisfied by positive values of « and
f and the relationship between the two is unique.

When equal surface tractions f; = f, per unit
current area are applied on the edges of a mem-
brane, then for constitutive relation (24b)-(24d)
o= pf is the only possible solution. However,
for constitutive relation (24a), either f =« or
B =./1 —a® Forthe case of f; = ¢f,, the relation-
ships between ff and o for the four constitutive
relations are as follows:

CRI: %(1 - ¢)<1 - L) + o0 — 1)
o f

o2
— BB —1) =0, (30a)
CR2: o® — ¢f> — %ﬁz(l —¢) =0, (30b)
CR3: o2fX1 — ¢) f% + % —0, (30¢)
CR4: o2 9p1~20 =1, (30d)

The first three of these equations may have more
than one solution f§ = f(a) > 0, however, Eq. (30d)
uniquely determines f in terms of o and ¢.

3.4. Triaxial loading of a cube

For a cube made of an incompressible isotropic
elastic material placed in a hard loading device that
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applies prescribed stretches on all faces of the cube,
the hydrostatic pressure and hence the load defor-
mation relation cannot be determined from consti-
tutive relations (24a)-(24d). When either one or two
pairs of opposite faces of the cube are kept traction
free, the problems become similar to those treated
above in Sections 3.2 and 3.3. For the case of equal
dead loads (surface tractions per unit undeformed
area) applied on all faces of the cube, each consti-
tutive relation admits multiple solutions for the
three axial stretches. A discussion of the stability of
these solutions requires a knowledge of the stored
energy function for each constitutive relation, and
is not pursued here.

4. Discussion

Each one of the four constitutive relations (1)-(4)
and (24a)-(24d) is consistent with the principles of
Continuum Mechanics (e.g. see [2]) and reduces to
Hooke’s law for infinitesimal deformations.

The constitutive relation (3) gives a stable re-
sponse for each one of the deformations studied.
For simple extensional deformations, the axial load
per unit undeformed area becomes infinite at an

axial stretch of \/1/(34 + 2u) and is discontinuous
at this value of the axial stretch. It predicts a tensile
axial load for very large compressive axial deforma-
tions. According to the constitutive relation (4), the
value of the deformation measure at the initiation
of material instability is independent of material
parameters.

Note that the discussion of structural instability
also involves a consideration of the loading envi-
ronment which is not accounted for herein, e.g. see
[5]. The constitutive relation (1) predicts universal
values of the instability stretch for simple exten-
sional deformations of a prismatic body, biaxial
stretching of a membrane, and triaxial stretching of
a cube. Whereas constitutive relation (1) predicts
instability for compressive deformations, (4) does
so for tensile deformations. For simple shearing
deformations, constitutive relation (1) predicts
a hardening behavior.

For incompressible materials, constitutive rela-
tion (24d) predicts material instability in simple

extensional deformations at an axial stretch of
2.718, in simple shearing deformations at a shear
strain of 3.02, and in a biaxially stretched mem-
brane at a stretch of 2.718 in each direction. In
simple shearing deformations, the material de-
scribed by constitutive relation (24a) exhibits hard-
ening behavior. None of these constitutive relations
predicts the Poynting effect. In simple extensional
deformations, the axial load vs. the axial stretch
curves for materials (24b) and (24d) are concave
downwards, and the tangent modulus decreases
with an increase in the deformation. However, for
axial elongation of the bar made of material (24a),
the tangent modulus increases with the elongation
implying thereby that the material hardens as it is
stretched.

One can conclude from the aforestated results for
simple deformations that out of the four constitut-
ive relations studied, only (2) and (3) for uncon-
strained materials and (24b) and (24c) for
incompressible materials give results that agree at
least qualitatively with most of the test observations
detailed in Bell’s encylopedia article [8]. If the
material instability is a desired feature of a consti-
tutive relation for finite deformations of an
elastic material, then constitutive relation (3) is in-
admissible.

As noted in the text, each one of the four consti-
tutive relations studied reduces to Hooke’s law for
infinitesimal deformations. However, they predict
quite different responses for moderate and large
deformations.
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