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are small. The resulting constitutive relation is a non-linear relationship between the
linearized strain and the stress. The model is used to fit data for rock and concrete.
Some boundary value problems are studied within the context of homogeneous defor-
mations, and also a problem with inhomogeneous deformations is analyzed, namely
the inflation of a circular annulus. The predictions of this new implicit constitutive
relation are compared with the predictions of the constitutive equations for linearized
elastic bodies.
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1. Introduction

MANY BODIES EXHIBIT THE NON-LINEAR RESPONSE even when they are un-
dergoing very small strains, in that the strain is related nonlinearly with respect
to the stress'. While this is true of several intermetallics (see SAITO et al. [3],
L1 et al. [4], TALLING et al. [5], SAKAGUCH et al. |6], HAO et al. |[7], WITHEY
et al. [8], ZHANG et al. [9]), it is also true of very traditional materials like con-
crete (see GRASLEY et al. [10]) and rocks (see CRISTESCU [11]). The response of
such materials cannot be described by the classical linearized elastic constitutive
relation which one obtains when one linearizes any non-linear Cauchy elastic
body or its sub-class Green elastic bodies (see TRUESDELL and NOLL [12]) un-
der the assumption that the displacement gradient is small. On the other hand,
linearization of implicit constitutive relations that have been put into place to

"Many early scientists that include Leibniz, James Bernoulli, Ricatti, Wertheim and others
did not subscribe to the elastic solids obeying Hooke’s law even when the strains are exceedingly
small (see discussion in BELL [1]; see also RasacopaL [2]). In fact, they considered parabola
and hyperbolas to fit the experimental results.
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describe the response of elastic bodies (see RAJAGOPAL [13, 14]) do provide
approximations that lead to constitutive relationship between linearized strain
and stress that is non-linear. A thermodynamic framework for the description
of non-dissipative (elastic bodies) has been put into place by (RAJAGOPAL and
SRINIVASA [15]) within the context of which constitutive relations can be devel-
oped, and this will be the starting point for our analysis in this paper.

Using the thermodynamic framework developed by RAJAGOPAL and SRINI-
VASA [15] wherein the Helmholtz potential depends both on the Green—Saint
Venant strain and the Cauchy stress, restricting the class of interest of the bod-
ies to isotropic elastic bodies, and appealing to results in representation theory
(SPENCER [16]), one can generate the implicit constitutive relation in terms of
the right Cauchy—Green tensor B and the Cauchy stress T, their respective
invariants and mutual invariants. Then we linearize this implicit constitutive
relation under the assumption that the Frobenius norm of the displacement gra-
dient is small in the sense that its square can be neglected in comparison to
itself. This then provides us with an implicit constitutive relation between the
linearized strain € and the Cauchy stress T (see Eq. (3.3)) wherein the linearized
strain appears linearly but the stress appears nonlinearly. We simplify this im-
plicit relation and use it to study several boundary value problems. Two of the
boundary value problems that we study make them amenable to corroboration
against experiments.

We determine the material constants that appear within the context of our
constitutive relation by corroborating against experimental results that are avail-
able for the uniform compression of a concrete cylinder (see the experiments
results provided in GRASLEY et al. [10]) for the value of the normal axial and ra-
dial strains that are functions of the stresses. While we find very good agreement
with the results for our non-linear implicit constitutive relations, the agreement
is quite poor with respect to the classical linearized elastic constitutive relation
(see Fig. 1). We use the same values for the material constants as used in the ex-
perimental corroboration to study several other homogeneous deformations and
the inflation of a cylindrical body that leads to an inhomogeneous deformation.

In the case of rock, we consider an experiment where a cylinder of the spec-
imen that is free of lateral loading is subject to tension/compression (see the
experimental results presented in BUSTAMANTE and ORTIZ [17]). Once again,
we find that the implicit non-linear constitutive relation fits the experimental
results much better than the classical linearized elastic constitutive relation.

In addition to studying boundary value problems within the context of the
non-linear implicit constitutive relation that we develop in this paper, we also
solve the boundary value problems within the context of the classical linearized
elastic constitutive relation and compare the two. We find that the solutions are
radically different.
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The organization of the paper is as follows. After a brief review of the prelim-
inaries in Section 2, we assume a form for the Helmholtz potential in Section 3
and derive the implicit constitutive relation that is used to describe concrete
and rock. In Section 4 specific boundary value problems involving homogeneous
deformations are solved using the constitutive relations developed in Section 3.
In Section 5 we use the experimental data for concrete and rock that are avail-
able to corroborate against specific boundary value problems that correspond to
the experiments to determine the material constants in the constitutive relation,
and then use them in the solution of other boundary value problems. Section 6
is dedicated to the solution of a boundary value problem wherein a cylindrical
annulus is subject to inhomogeneous deformation due to inflation. In Section 7
some final remarks are given.

2. Basic equations

The deformation gradient, the displacement field, the Green—Saint Venant
strain tensor and the linearized strain tensors are defined as:

ox 1
2.1 F=—— —x—-X. E=Z(FIFr-1 — Rl il
(2.1) u=x-X ( ) e <aX T ax
The Cauchy stress tensor is denoted by T and satisfies the balance of linear
momentum

1 1 ou ouT
X’ 2 2

(2.2) p% = div T + pb,

where p is the density of the body in the current configuration, div is the diver-
gence defined in the current configuration, and b corresponds to the body forces
in that configuration as well. The dot denotes material time derivative. In the
case of quasi-static deformations from (2.2) we have

(2.3) divT 4 pb = 0.
The second Piola—Kirchhoff stress tensor is denoted by S and is defined as
(2.4) S=JF!TF T,

where J = det F.
More details concerning the kinematics, concept of stress, and the basic bal-
ance equations for a continuum can be found in [18].

3. An implicit relation for elastic bodies

We use as a starting point the theory of RAJAGOPAL and SRINIVASA [15]
for elastic bodies, where we assume the existence of a free energy function



516 R. BusTAMANTE, K. R. RAJAGOPAL

II =1I(E,S), and from the first law of thermodynamics we have (see, for ex-
ample, (3.1), (3.2) in [15] and (6.19), (6.20) in [19])

1/ 0*10 0’11 o .
(3:-1) [2(888E * 8E88> _J] B+ 5sps S=0

where the components of the fourth order tensor £ are given in Cartesian coor-
dinates as

1
(3.2) it = 5 (0irdjt + Gudj)-

We shall consider the special case wherein the potential II is an isotropic
function of S and E, when the gradient of the displacement field is small, i.e.,
a—)‘H ~ 0(6), § < 1, which implies that S ~ T and E ~ €, and the strains
appear linearly. The particular implicit relation of interest to us is:

33) e+ qOtrT)e + 5 O(Te + eT) + §V (tre)I + §2 (tr T) (tre)I

(0) 0 by, O Op

+ g tr(Te)I + " (tre)T + 8141 + 8I5T + ol
where §1, §2) ) and q(© are material constants and p = p(T) =p(Ls, I5, Is),
where Iy = trT, Is = 5 tr(T?) and Is = % tr(T?). Details concerning how the
above relation (3.3) is derived, starting from (3.1) is provided in the Appendix,
see in particular (7.29).

For convenience, from now onwards we shall assume that p = p(T) depends
on the principal stresses or eigenvalues of T, i.e., if 0;, ¢ = 1,2,3 are such
principal stresses, we assume p = p(T) = p(l4, I5,Is) = p(o1,092,03), where
p(o1,03,09) = p(o9,01,03) = p(03,09,01), and in such a situation (3.3) becomes

L7209,

(34) e+ qOtrT)e +b5O(Te + eT) + §V (tre)I + §2 (tr T)(tre)I

p ) ()

O tr(Te)I + ¢ (tre)T =0,
+ gV tr(Te)I + gV (tre) —l—zaalt@t

(4)
where t,i=1,2,3 are the principal directions or eigenvectors of T.
In Section 4 we study also the simpler case, where in (3.4) we assume that
4@ = =0, and (3.4) reduces to

@) )
t®t=0.

3
(3.5) e+ iV (tre)I+ @ (tr T)(tre)I+ ) g (‘: 4
:1 1

For the function p we use a simplified version of the model proposed in [20],
where we have

p ="Pi(o1) + Pi(o2) + Pi(o3) + Pa(01)(02 + 03) + Pa(02)(01 + 03)
+ Pa(o3) (o1 + 02) + Ps(os),
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where o0g = (01 + 02 + 03)/3. In the present work we assume Pa(x) = 0, thus
after using the notation § and & for the functions 3; and B3, we obtain

(3.6) p=38(01) + (02) + F(o3) + &(05).
Here, since og = tr T = (01 + 02 + 03)/3, it follows from (3.6) that

op
do;

§(01) + 2 (05),

(3.7) 3

where § (0;) = (%i and ®'(0g) = Ci%. From now on we assume that

(3.8) §(0)=0, ®'(0)=0.

From the above implicit relation (3.3) the classical constitutive equation for
an isotropic linearly elastic body can be obtained if we assume that 8% =
p? (trT), 38—1?5 = p®), g—}; = 0, where p® and p® are constants, and we as-

sume that
(3.9) p® = % MO _(1+EV)7 4@ —0, 5O =0, V0, j® o,

where E is the Young modulus and v is the Poisson ratio. In Sections 5 and 6
we compare some of the results of the new model with the predictions of the
classical linearized isotropic elastic body

(1+I/)T_Z

1 =
(3.10) € z 7

(tr T)I.

In the following section we use (3.4), (3.5) to study some simple boundary
value problems, wherein we have homogeneous distributions for the stresses and
strains, such that (2.3) is satisfied automatically (in absence of body forces). In
Section 5 we use (3.4), (3.5) to fit the experimental data for concrete from [10],
and for rock from [17], considering in particular the expressions for the homoge-
neous uniaxial compression/tension of a cylinder without lateral load as discussed
in Section 4.1. The particular expressions for the functions § and & are used to
obtain plots for the other boundary value problems studied in Section 4.

4. Boundary value problems

In this section we study some boundary value problems, where T and e do
not depend on x. In such a case if there is no body force, for the quasi-static
case the equation of equilibrium (2.3) is satisfied automatically.
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4.1. Uniform tension-compression of a cylinder without lateral constraints

Let us suppose that the body in cylindrical coordinates is defined through
(4.1) 0<r<r,, 0<60<2m, 0<z<L.

We shall assume that the state of the stress and the strain tensors in the cylinder
take the form:
(4.2) T=o0,e,Re,, e=c(e,Re +egRey) +c.e,Re,,
where o,, €, and €, are constants. 0
(2

We have tr T =0,, 05 =0,/3,01 =02=0,03 =0, t=-¢e;,i=1,2,3 and
tre = 2¢e, +¢,.

Using (4.2) in (3.4) we obtain:

(4.3) er + 900, (er +£2) + (U +§Po,) (22, +e5) + 88‘“ =0,
o1
(44) e +2(a2 +5Noe, + [ + (5P + qD)o.](2e, +¢.) + ;p = 0.
o3
The above two relations can be used, for example, to obtain &, and ¢, in terms
of o,.
In (3.7) using the eigenvalues of T given previously we have
op 1 op 1
4.5 - = _—®'(0./3 — =% (0.) + =6'(0./3),
(45) S = 300.f3), G =00+ 5003

where §'(z) = & and &'(z) = 9¢.

4.2. Uniform tension-compression of a cylinder with lateral load

For the same cylinder described in (4.1), we assume the presence of an axial
and a radial load, which causes the same homogeneous strain (4.2)o (this test is
called sometimes the triaxial test). The stress tensor is

(4.6) T=o0,(e,Q0e +eyRey) +0.e.Qe,,

where o, and o, are constants. We have tr T = 20, + 0., 05 = (20, + 0,)/3,

01 = 09 = 0., 03 = 0,, and as before (’é): e,i=1,2,3 and tre = 2¢, + ¢,.
Using (4.6) and (4.2)2 in (3.4) we obtain:

(4.7) 5T+q(0)(20T+az)5r—|—2b(o)arsr—l—f(1)(26r—|—z—:z)+f(2)(2crr—|—az)(2er+sz)

0
+q(0) (2UT€T+0262) +q(0) (2€r+5z)o-r+% =0,
1

(4.8) .49 20, 40.)e.+20 Vo0, +§V (2, +2.) +§P (20,402 ) (26, +¢2)

9p

— =0.
Odos

+q(0) (20,e,+0.€2) —i—q(o) (2e,4€,)0,+
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The above two relations can be used, for example, to obtain &, and ¢, in terms
of 0, and o,. Here, we show such explicit expressions for &, and ¢,:

(4.9) & = {;p[H—f(l)+2(f(2)—i—q(o))ar—k(f@)+26(0)+2q(0))az]
01

d
_8:;ﬁ:(l)+(2f(2)+q(0))ar+(f(2)+q(0))02]}

x {2[fV+q (o, +0.) +1P (20, +0.)]? - [1 42§D
+2(5 +5@ 43¢5, 4 (2§ + 4o, ] [1 4§V
+2(7% +9 D)o, + (12 +20© 43¢0 ]}1

—(;953[1+2(2f(2)+ >+3q o+ (242 +q<0>>az1}

x {1420, (5 +49® + 4 (25 +5¢) o]
1205 124 125075, 1 95@ 5, + 8¢5, )5, + @ (25©
+9Ne2+§2 (20, 40.) (34260, +64 Vo, + 4500, +3¢V5,)
+§1 34690, +3¢V 0. +26©) (0, +20.)]} 71

In the simpler case that q(*) = h(©) =0 (see (3.5)) (4.9), (4.10) become

(4.11) oo Lo _ 9 _ (250 + 505)
‘ " 3003 o1 (14 3f) + 6§20, + 3§a,) ]’
2(52 — 32 ) [ +§ (20, +0.)] - 52

1+ 3fM + 3§ (20, + 0,)

(4.12) £, =

Here for both cases (4.9), (4.10) and (4.11), (4.12) from (3.7) we have:

B o)+ 5820, +0.1/3),
g1
(4.13) o 1,

B o)+ 56 20+ 1))

4.3. Slab subject to simple shear stress
For the slab described through

L; L;
4.14 <2 =1,2
( ) 9 = _27 ? 7737
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we assume the presence of the stress and the strain tensors:

3
(4.15) T=7(e;1®ey+e2®e), €= Zsiei ®e +v(er®er+er®e),
i=1

where 7, €;, ¢ = 1,2,3 and ~ are constants. In this problem o; = —7, 03 = 0,
(1) (2) (3)
o3 = 7 and t:—%elJr%eg, t=e3 t= \[e1+\fe2’ os =0, rT =0,
tr(Te) = 2y7 and tre = €1 + €3 + 3.
Using (4.15) in (3.4) we obtain:

1/ Op Op
(0) (0) 1(op op)\ _
(4.16) Y+57(e1+e2)T+4q (61+52+53)7-+2<803 801> 0,
(4.17) e1+ 2007 +§D ey + £9 +3) + 29 V7 + Lo + b\ _ 0
. K 2\ 0oy  Oos ’
(0) €] (0) 1L/ 0dp  Op
(418)  ea+ 20 Vyr +§ V(g1 +ea 4+ e3) + 2907 + o[ =+ ) =0,
2\ do1 Oos
(4.19) e+ (er +e2 +e3) + 2007 + aap —0.
02
Subtracting (4.18) from (4.17) we find that
(4.20) €1 =& =¢.
Using the above in (4.16), (4.18) and (4.19) we obtain:
P 8]3 op (1)
4.21 @p g 9P 9P
a2y o= { Ry g agg( +0)
LI YO )
2
* <801 803>(h 1000 +q0)r
Ip g O\ 0] 2
2 2—— 4+ —
|: b 80‘2 <80‘1 802 +803>q T
x {4[2(1 + §D)pO% 4 4p©g(® 4 3¢©%)r% 2 — 65D},
(422) ey =P 40P O 4 02,2
OJoo Odoo

?ﬂ 80'3
x {2[2(1+ FD)pO? 4 4p©0) () 4 390772 1 _ 331
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(4.23) y=— {(1 + 3fM) (;fl - ap)

Oos
dp dp Op Ip
) ( 2 4 (1) ZF (1) F g () ZF
2 [b (801 i do1 2f 802 + 0o il dos

Op O 9 o
+(801+602+003>q T

X {4[2(1 + §D)HO% 4 4p©g(® 4 3¢©%)r% 2 65D}
Since og = 0 from (3.7) we have

Op Op _ o
oy = 5 (=7 =0 g, =8

In the simpler case that h(® = q(©) = 0, it follows from (4.15) from (3.5), it
follows from (4.25) and (3.5) that:

[§'(=7) +F ()] +§Y)

(4.24)

(4.25) £=— 20+ 30 ,
_ B+ F Ol

(4.26) €3 = Trs0)

(427) 1= (1) -]

4.4. Slab subject to simple shear strain

In this section we study the behaviour of the same slab described in (4.14)
when it is in a state of simple shear strain.
The stress tensor and the strain tensors are assumed to take the form:

(4.28) T =0,e1 e +o0pes Qe+ o3 R es + T(e1 Xey+er® 61),
(4.29) e=v(e1®ert+er®eq),

where o, 0y, 0., T and 7 are constants.
It follows from (4.28) and (4.29) tre = 0, tr T = 0, + 0 + 0. = 305 and
tr(Te) = 2y7. Using (4.28), (4.29) in (3.4) we obtain the relations:

Op 1 4
(4.30) v+ Cl( )(O'a +op+ o)+ h(© )(Ua +op)y+ — P — (U b )
0oy 1y 2T

+9P1<%—0H%>:Q

dog 13 27

8]3 1 (og—o0p— ¢ 2
(0) (0) _r -~ (e o =
(4.31) 208y + 29"y + ) D) < >

+6pl<%—mﬁff:Q

OJoo r% 27
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op 1 Op 1
(4.32) 25 Oyr + 29Oy + 2= 4 B,

Joir;  Ooars
(4.33) 2qO~7 + O _ 0,

Jdos
where
1 1
(4.34) o1 =§(Ua+0b—5), 02=§(Ua+0b+f), 03 = O¢,
a - € 2 a + E 2

(4.35) L= \/(U;Tb> +1, rp= \/<U;Tb> +1,
and
(4.36) (= /(04 — 0p)2 + 472

The simpler case where h(®) = q(9) =0 can be obtained easily from (4.31)—(4.33)
and is not presented here for the sake of brevity.

The four equations (4.31)—(4.33) can be used to obtain v, o4, 0p and o, in
terms of 7. The expressions for 87"2, are given in (3.7).

5. Applications to the modelling of concrete and dry rock

We apply the constitutive models (3.4), (3.5) for the modelling of concrete
and rock, wherein we assume rock as an isotropic, dry, homogeneous and elastic
solid. The data for concrete is taken from one of the tests documented in [10],
while the data for rock are taken from [17]. In both cases the data are obtained
for a cylinder under uniform compression/tension and no lateral load (see Sec-
tion 4.1). In the implicit model (3.4) we have four constants f1 $2) 5O and q(©),
and the functions §, &. In this work the functions §, & are found indirectly in
the following manner. We assume that from the experimental data for a cylinder
under compression/tension we can propose functions (see Section 4.1) €,(0) and
ér(0) to fit the data for £, and &, versus o, for such a test, then from (4.3), (4.4)
(see also (4.5)) we have (using the notation x for the arguments of the different
functions):

(5.1) F(2) = &r(2) — a8 (@)x — ()1 + 200 + ¢©)a],
(5.2) &' () = —3{&-(32)[1 + 2§V + 3(2f? + V)]
+2.(32) [V + 3G + ©)a]}.

In the above expressions the constants f(l), f(Q), H© and q(o) are arbitrary. We
study the effect of considering different values for such material constants for
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the other boundary value problems studied in Sections 4.2-4.4. If additional
experimental data can be obtained, for example, for the triaxial compression of
a cylinder (see Section 4.2), these constants f1), §2 §©) and q(@ could be used
to fit that additional data.

Regarding the range of possible values for the material constants f(l), f(2),
5 and g, from the results shown in Sections 4.2 and 4.3 we can see that for
certain values of such constants, it is possible that ¢,, ¢, (see (4.9)-(4.12)), and
7, € and €3 can become infinite (see (4.21)-(4.23), (4.25), (4.26)). We choose the
values for these functions so as to avoid such blow up.

5.1. Concrete

In this section we use the method described previously for the particular case
of modelling the behaviour of concrete. The experimental data is taken from one
of the tests presented in [10]. In that work the axial and radial components of
the strain tensor are obtained for the uniform compression of a cylinder (see
Section 4.1). No results are reported for the behaviour of a similar cylinder in
tension. For the functions €, and £, we propose:

(5.3) E,(0,) =Eo, + Cai’,
(5.4) ér(0y) = wilexp(thoy) — 1] + walexp(Vao,) — 1],

where &, ¢, wi, wo, Y1 and v are material constants. In the case of the lin-
earized elastic model (3.10) for this problem of a cylinder under compression
without lateral load we have e, = 0,/F and ¢, = —vo,/E. The different ma-
terial constants are found using least squares fitting and are shown in Table 1.
In Fig. 1 we have the comparison between the experimental data called ‘Exp.’,
the predictions of the non-linear models (5.3), (5.4) (called ‘Nonlin.”), and the
linearized model (3.10) (called ‘Lin.’), where we compare the behaviour of the
axial and radial components of the strain tensor. We show separately the results
in compression and tension.

Table 1. Modeling of concrete. Values for the material constants in (5.3), (5.4)
and also for the linearized model (3.10), for the case of concrete under
compression (see [10]).

3 ¢ w1 U1
2.364 x 1077 [MPa] ' | 1.433 x 10~ '3 [MPa]~®| 1.809 x 10~> | —0.03768 [MPa] !
w2 ) E v
1.904 x 10716 —0.3607 [MPa]~" | 38051.8 [MPa 0.1452

Using the material constants presented in Table 1, we study the rest of the
boundary value problems presented in Sections 4.2-4.4, considering different
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o x10° (a) 5 107 (b)
ex(0z)  Exp. ) 25k ==-c:(c:) Nonlin. 1
057 ez(0z) Nonlin. ral ////,
S e.(c.) Lin. 7
P S ez(0z) Lin. /// 2 p :, .
N //, n //:/
o V2 w 1.5f st
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P
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G2t ™
== =e&r(02) Nonlin. ™
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N
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\\\\
4 w
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Fic. 1. Comparison of the predictions for the behaviour of concrete, considering the
nonlinear model (5.3), (5.4) called ‘Nonlin.”, the linear model (3.10) called ‘Lin.’, with the
experimental data from [10], called ‘Exp.’. The axial stress o is in [MPa]. (a,b): results for

the axial component of the strain, (c,d): results for the radial component of the strain.

cases for the constants f(1), 12, h(©) and q(®). In this section from (3.4), (3.5) we
can see that f(!) is a dimensionless constant, while ), §(© and q(© are given in
1/[MPal. In Figs. 2-4 we show results for the triaxial compression of a cylinder,
described in Section 4.2, using (3.5) and the material constants from Table 1,
and assuming that h(©) = q(o) = 0. For this figure and also for Figs. 5-7 we have
used the definitions

(5.5) 0, =

, =

7z
E

In Fig. 2 results are presented for the case f!) = 1, ¢, = —5[MPal, and
where we have three cases for {), namely §?) = 0.015f1), 2 = 0.01f") and
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20 ‘ : ] :
-20 -15 -10 5 0 5
o %107

ez, f® = 0.01f()

-er, 12 =0.01§1)

ez, f® = 0.015f(V)

2, f = 0.005f(1)

1= = =er, f@ = 0.015fV)
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F1c. 2. Results for the triaxial compression of a cylinder considering the model for concrete
(4.11), (4.12) and (5.3), (5.4). Case f¥) =1, 0,, = —5[MPa] and different values for §(*).

20 -15 -10 5 0 5
o, %107

e, ) =1
ez,f(l) =5
e, {1 =10
|=--er, fV =1
---e, fD =5
1= -er, fV =10

Fic. 3. Results for the triaxial compression of a cylinder considering the model for concrete
(4.11), (4.12) and (5.3), (5.4). Case §? = 0.01§!), g, = —5|MPa| and considering three

values for §(1).

§2) = 0.005f(). In Fig. 3 we show results for the

case f(2)

—5[MPa] and for three cases for f1), namely f) = 1, f) = 5
Finally, in Fig. 4 results are presented when §? = 0.01f"), 1) = 1 for four

values for o, = —5, —10, —15, —20 [MPa].

0.01§, ¢, =
and ) = 10.



526 R. BusTAMANTE, K. R. RAJAGOPAL

—¢&,, 00 =—5
€z, 00 = —10
€z, 00 = —15
€z, 0p = —20

-=-=-&p,0p =—5H
1---¢ep, op = —10
- =-gp,0p =—15
7———sr, or = —10

-20 : ' ' '
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F1G. 4. Results for the triaxial compression of a cylinder considering the model for concrete
(4.11), (4.12) and (5.3), (5.4). Case ) = 0.01§"), {1 =1 for four values for o,. In the
different cases o, is in [MPa].

In Figs. 5, 6 results are presented for the triaxial compression of a cylinder,
for the case h© £ 0 or q(© # 0, assuming §? = 0.0V, 1) = 1 and o, =
—5|MPal. In Fig. 5 we show results for the case q(®) = 0 and h© = 0, H(© =
0.006f(1) and H(© = 0.012f(1). In Fig. 6 results are presented for the case hO =0
and q(© =0, ¢ = 0.006§)) and q(© = 0.012f1).

-4
5 x10
— €&z, h(o) =0
—e., H (O = 0.006§1)
O L 4
—e., hO = 0.012f(1>
-~ ~ér, h(o) =0
5+ ]
- - =¢&r, H (O = 0.006f)
- - -&p, H(0 = 0.012§)
-10F ]
-15 ¢
-20 ‘ ‘ ‘ ‘
-20 -15 -10 -5 0 5

-4
o %10

Fi1G. 5. Results for the triaxial compression of a cylinder considering the model for concrete
(5.3), (5.4) and (3.4). Case where it is assumed that * = 0.01f", ) = 1 and
o, = —5|MPa], for different values of §®> and ¢ = 0.
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F1G. 6. Results for the triaxial compression of a cylinder considering the model for concrete
(5.3), (5.4) and (3.4). Case where it is assumed that §* = 0.01§"), §') =1 and
o, = —5|MPa). Case h® = 0 and different values for q(®.
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Fia. 7. Results for different homogeneous problems, for the modelling of concrete,
comparing the predictions of the nonlinear model (5.3), (5.4), (3.4) denoted ‘NL’, and the
linearized elastic model (3.10) that is denoted ‘L’; (a) results for the triaxial
compression/tension of a cylinder, (b) results for the simple shear stress of a slab (see
Section 4.3), (c) results for the simple shear strain of a slab (see Section 4.4), results for v,
(d) results for the components of the stress G, . for the simpler shear strain of a slab.
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Finally, in Fig. 7 we present results for the problems described in Sections 4.3
and 4.4, comparing the predictions of the new constitutive relation (3.4) (see
(5.1)-(5.4)), which in the figure are denoted ‘NL’, and the linearized model
that in the figure are denoted ‘L’ (see (3.10)). For the three cases studied
here we assume f) = 1, §& = 0.01fV), o, = —5[MPa], h© = 0.006f")
and q(© = 0.006§(). In Fig. 7(a) results are shown for the triaxial compres-
sion/tension of a cylinder. In Fig. 7(b) results are shown for the simple shear
stress of a slab (see 4.3), and in Figs. 7(c,d) results are presented for the simple
shear strain of a slab (see 4.4). For this last problem it is necessary to observe
that o, = 0, (see (4.31)—(4.33)).

5.2. Rock

The constitutive relations (3.4), (3.5) are also used to model the behaviour of
two types of rock, namely granodiorite and diorite-monzonite. The experimental
results are taken from [17]. In that paper results were obtained for a cylinder
(without lateral load) under compression and also tension. In the case of the
cylinder in tension, only results for the axial component of the strain versus the
axial stress are reported, whereas for the cylinder in compression we have data
for the axial and radial components of the strain tensor. We can observe the
completely different behaviour in compression in comparison to tension.

For the functions £, and £, defined at the beginning of this Section 5, we
assume that:

(5.6) ¢.(02) = 90.)q0(02) + ¢ (02)ar(02),
(5.7) ér(02) = 8D (0.)ge(02) + 2 (0.)gr(02),
where:
1 1
(5.8) ar(2) = (1 +erf(Co)],  qeolo) = S[1 —erf(Coz)),
where C is a positive constant, and:
(5.9) £Na,) = €90, + (D02,
(5.10) tM(o,) = Do, + (D2,
(5.11) £Na,) = Do, + (D2,

where & §C), CZ(C), €£T), CgT), §£C)’ and QQC) are constants. In the above expressions
(5.6), (5.7) we have functions €,(o,) and &,(0,) that are valid for o, negative
©)

or positive. Those functions depend on functions £;"’(c) and éfnc)(az) that are
obtained only using the data in compression of a cylinder, whereas the functions
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& (02) and eD (o) should be obtained using the data for tension of a cylinder.
As mentioned before, we do not have experimental data for the radial component

of the strain for the tension of a cylinder, which is the reason why in (5.9)-(5.11)
(T)

we do not propose any expression for ;" ’(0,). Instead, we simply assume that
gD (02) = —peD (02), where v is the Poisson ratio found during compression.

From the experimental data shown in [17] we obtain the different material
constants in (5.9)—(5.11), and E, v for the linearized model (3.10), in this last
case only using the data for the compression of the cylinder. The constants are
shown in Table 2. Here we assume C = 10[1/MPa).

Table 2. Modeling of rock. Values for the material constants in (5.9)—(5.11) and
also for the linearized model (3.10) (see [17]).

© © © ©
1.824 x 107% [MPa] ™' | —3.888 x 10~ [MPa] 2 [1.086 x 107 [MPa|~"|7.631 x 10~% [MPa| >
m m B v
0.001647 [MPa]™' | 9.699 x 10~° [MPa] 2 46926.3 [MPa] 0.17203

In Fig. 8 we show results for the model (5.6), (5.7) and the linearized model
(3.10) for the case of a cylinder under compression/tension, without lateral load,
comparing with the experimental data of [17]. In the case of the linearized model

20x10°  (2) o 10 (b) 0.02 (c)
,/'/ —e.(02), Exp.
o E ,’,//"/ 0.015 - - -&.(02), Nonlin.
-~ 7
510 -10 7 0.01 G e-(0), Lin.
/// f
° -15 0.005
0 - - -
-20 0
60 40 20 0 60 40 20 0 o 2 4 6
%107 (d) . 10" (e) ) 10 (f)
\\\ er(oz), Exp.
0 w___‘___ N .
| 2 . AN - --¢e.(02), Nonlin.
W -1 ‘l AN NN
~ A
| AN A R er(oz), Lin.
|I 1 " R \,\\ -2 > 1
2 . . .
l \\\ * \|
-3 0 3
-60 -40 -20 0 -60 -40 -20 0 0 2 4 6
Oz Oz 0,

Fig. 8. Comparison of the predictions for the behaviour of rock, for the non-linear model
(5.6), (5.7) called ‘Nonlin.’, the linear model (3.10) called ‘Lin.’, with the experimental data
from [17], called ‘Exp.’. The axial stress o, is in [MPa]. (a,d) Comparison for the whole range
of values for o.. (b,e) Comparison for the case 0. < 0. (c,f) Comparison for the case . > 0.
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Fic. 9. Predictions of the non-linear model (3.4), (5.6), (5.7), for the triaxial load of
a cylinder. Figures (a,b) results for the case o, = —5 [MPa), f(l) =1, and f(2) = 0.0?f(l),
£ = 0.01fY and §* = 0.005fY. Figures (c,d) show results for the case o, = —5,
2 =0.01§ and f = 0.1, ¥ = 1 and §¥) = 10. Figures (e,f) show results for the case
fO =1, 2 = 0.01f* and o, = —5, 0, = —10, 0, = —15 and o, = —20 [MPa].

(3.10) for the whole range of values for o, we only use the constants obtained
using the experimental data in compression?. In that Fig. 8 we show separately
the behaviour of the cylinder only for compression and only for tension.

In Fig. 9 we show results for the triaxial compression of a cylinder (see Sec-
tion 4.2) within the context of (3.4), assuming h(® = q(®) = 0. Here as before
1) is a dimensionless constant, while 2, h© and q(®) are given in 1/[MPa).
In Figs. 9(a,b) results are shown for the case o, = —5[MPal, f{) = 1, and

2See [17] for a ‘bimodular’ model where two sets of constants E, v are used for the model,
obtained separately using the data in compression and tension, respectively.
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Fia. 10. Predictions of the non-linear model (5.1), (5.2), (5.6), (5.7), (3.5), for the triaxial
load of a cylinder; (a,b) results for the cases q© =0, H @ =0, @ = 0.0075fV and
H© = 0.015f1, (c,d) results for H@ =0, ¢ =0, ¢'© = 0.0075f1 and q© = 0.015fL).

12 = 0.02§(1, §@ = 0.01§V) and §@ = 0.005§)). In Figs. 9(c,d) results are pre-
sented for the case o, = —5, f?) = 0.01f() and §!) = 0.1, f1) =1 and fV) = 10.
Finally, in Figs. 9(e, f) results are shown for the case f1) = 1, §? = 0.01f") and
or = =5, o, = —10, 0, = —15 and o, = —20|[MPa|. In all the cases studied
above we show the behaviour of the cylinder for the whole range of values for o,
and also when o, < 0 and separately when o, > 0.

In Fig. 10 we portray the case o, = —5[MPa, f1) = 1, §® = 0.01f() for
different values of h(© and q(©. In Figs. 10(a, b) we display results for q© =0
and §(© =0, H© = 0.0075f1) and 5@ = 0.015f1). In Figs. 10(c,d) results are
presented for h© = 0 and @ = 0, q© = 0.0075f1) and q(© = 0.015f)). In
both cases we portray results for the whole range of values for o,, and for the
particular situation o, < 0 and o, > 0.

In Figs. 11-13 we exhibit results for the different boundary value prob-
lems presented in Sections 4.2-4.4, comparing the predictions of the non-linear
model (3.4), (5.1), (5.2), (5.6), (5.7), and the linearized model (3.10). Here we
assume that o, = —5[MPa], {V = 1, & = 0.01f, H© = 0.0075§)) and
q© = 0.0075f(1). In Fig. 11 we present results for triaxial loading of a cylinder.
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Fi1c. 11. Predictions for the non-linear model (5.1), (5.2), (5.6), (5.7), (3.4) denoted ‘NL’,
and comparison with the predictions of the linearized model (3.10) that is denoted ‘L’, for
the problem of triaxial load of a cylinder.

0.01

0005}

-0.005

-0.01

x107#

Fic. 12. Predictions for the non-linear model (5.1), (5.2), (5.6), (5.7), (3.5) denoted ‘NL’,
and comparison with the predictions of the linearized model (3.10) that is denoted ‘L’, for
the problem of simple shear stress of a slab.
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F1c. 13. Predictions for the non-linear model (5.1), (5.2), (5.6), (5.7), (3.5) denoted ‘NL’,
and comparison with the predictions of the linearized model (3.10) that is denoted ‘L’, for
the problem of simple shear strain of a slab.
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In Fig. 11(a) we depict the predictions for the whole range of values for o,.
In Fig. 11(b) we show details of the above plot for the case o, < 0, while in
Fig. 11(c) we show details for the case o, > 0.

In Fig. 12 we document results for the case of a slab in a state of simple shear
stress (see Section 4.3). In the case of the non-linear model we present results
for the shear -, and also for the longitudinal components of the strain tensor €1
and 3.

Finally, in Fig. 13 we show results corresponding to simple shear strain
of a slab (see Section 4.4). In Fig. 13(a) results for 7 are presented, while in
Fig. 13(b) results for the normalized components of the stress 7, and 7. are
shown for the non-linear model.

6. Inhomogeneous distributions for the stresses and strains.
Inflation of a cylindrical annulus

In this section we study the behaviour of the cylindrical annulus
(6.1) r, <r<r, 0<60<2r, 0<z<L,

when subject to the stresses shown below.
It is assumed that the cylinder is subject to the following distribution of
stresses

(6.2) T =o0,(r)e, ®e, +0p(r)eg @eg+ o.(r)e; e,

and thus tr T = o,.(r) + 09(r) + 02(r), 05 = [0,(1) + 0¢(r) + 0:(7)]/3, 01 = 0¥,
(1) 2) (3)

o9 =0p,03=0,and t=e,, t=ey, t=e,.
Using (6.2) in the equation of equilibrium (2.3) (assuming b = 0) we obtain:

do, 1 d
7 +—(o,—09) =0 & ogp=—(roy).

6.3
(6.3) dr r dr

It is assumed that the stress distribution (6.2) produces the displacement
field

(6.4) u=u,(r)e, + (A, — 1)ze,,

where ), is a positive constant. Using (6.4) to obtain the components of the
strain tensor (see (2.1)4) we have

du, Uy
:dr7 50:77 522)\2_1-

(6.5) Er
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Using (6.2) and (6.5) in (3.4) we obtain:

(6'6) Er + q(o)(UT + o9 + 02)57“ + 26(0)87‘07‘ + f(1)<€7‘ + €9 + 52)
+ (o, + 06 + 0.)(er + 20 + €2) + 4O (6,0, + 900 + £202)

9p
0oy

6.7) e+ 9D (o, +0g+0.)eg + 20V egog + F V(e + 9 + £2)
+§2) (0, +09+0.)(er +e9+e2) +qV(ero, +egog + .02)

0
+q(0)(5r+50+5z)09+ p =0,
80'2

(6.8) e+ 90y +0g+0.)es + 2000, + § (e, + 29+ €2)
+ D (o, + 09+ 0.)(er + 20 +22) + 4 (g0, + £gop + £.02)

0
+9O%, +ep+e)o. + L 0,
Jdos

+ 49, 49+ e2)o + =0,

where from (3.7) we have:

69 AE = F o) + 50 () + onlr) + 0 (0]/3),
6100 B = F o) + 58 (o) + ool + ()3,
61) = F o) + 300 lr) +ou(r) + o))

Equations (6.6)—(6.8) (recall (6.3)2) are solved for o, = 0,(r) and o, using the

same methodology presented in [21] and using the program Comsol?® [22].

In subsequent analysis, for the sake of simplicity, we assume that A, =1, i.e.,
there is no axial extension of the annulus. Regarding the boundary conditions at

r =r; and at r = r, we assume that o,(r;) = —P and o,.(r,) = 0. In the plots
shown below we use the notation:
_ Oy _ g9 _ Oz _ T
(6 12) 0—7'257 0—9257 Uzzfa r:;j’
' Uy ~ up (1) _ P
Up = —, uri = 9 P = 5
T T E

3For the two constitutive relations studied in this paper, and after carrying out an analysis
of the influence of the mesh, we use a finite element model with 960 elements of the same
length (Lagrange quadratic) and 3842 degrees of freedom. The nonlinear equations are solved
using the damped Newton method with a relative tolerance of 107%, a maximum number of
iterations of 250, and the initial damping factor of 10™* and the minimum damping factor

of 1078.
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In Figs. 14-16 results for the behaviour of the annulus are shown for the
case of modelling concrete, using (5.1)—(5.4), (3.4) and comparing the results
with the predictions of the linearized model (3.10). In Fig. 14 we display results
for the dimensionless components of the stress versus the dimensionless radial
position, for 4 values of the external traction P. In that plot the results obtained
using (3.4) are denoted ‘NL’, and the results using the linearized model (3.10) are
denoted ‘L’. In Fig. 15 we depict results for the dimensionless radial displacement
and the two components of the strain tensor. Finally, in Fig. 16 results are
presented for the dimensionless radial displacement at r = r; versus the ex-
ternal dimensionless load P, comparing the results obtained using the non-linear
model (3.4) (which is denoted ‘Nonlinear’), and the predictions of the linearized
model (3.10) that is denoted ‘Linear’.

%x10™ a %1073 b %10 C
0 ( ) Z 3 ( ) 2::::::::(::):::::: ——157NL
—--—15, L
— 30, NL
- --—30, NL
—— 45 NL
S5, L
— 60, NL
---—60, L

-10 /

-15

1 15 2 1 15 2 1 15 2
r r r
F1G. 14. Results for the dimensionless components of the stress tensor versus the
dimensionless radial position for the modelling of concrete. Results are shown for different
values of P [MPa|. The results obtained with (3.4) are denoted ‘NL’, and the results obtained
using (3.10) are denoted ‘L.

%10 (b)

— 15, NL
---—15,L
——30, NL
----30,L
—— —45, NL
- -—45, L
— —60, NL
---—60, L

F1a. 15. Results for the dimensionless radial displacement and the components of the strain
tensor versus the dimensionless radial position for the modelling of concrete. Results for
different values of P [MPa]. The results obtained using (3.4) are denoted by ‘NL’, and the
results obtained using (3.10) are denoted by ‘L’.
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F1c. 16. Modelling of concrete. Behaviour of the dimensionless radial displacement at r = r;
versus the dimensionless load P.
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F1G. 17. Results for the dimensionless components of the stress tensor versus the
dimensionless radial position in the case of rock. Results for different values of P [MPa]. The
results obtained with (3.4) are denoted ‘NL’, and the results obtained using (3.10) are
denoted ‘L’.
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Fic. 18. Results for the dimensionless radial displacement and the components of the strain
tensor versus the dimensionless radial position in the case of rock. Results for different values
of P[MPa]. The results obtained with (3.4) are denoted ‘NL’, and the results obtained using

(3.10) are denoted ‘L.
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Fia. 19. Modelling of rock. Behaviour of the dimensionless radial displacement at r = r;
versus the dimensionless load P.

In Figs. 17-19 results for the behaviour of the annulus are shown for the
case of modelling rock using (3.4), (5.1), (5.2), (5.6)—(5.11), for the non-linear
model. In Fig. 17 results are presented for the dimensionless components of the
stress tensor versus the dimensionless radial position, for different values of the
external load P [MPa|. In Fig. 18 we show results for the dimensionless radial
displacement and the two components of the strain tensor. In Fig. 19 results are
presented for the dimensionless radial displacement at r = r; versus the external
dimensionless load P.

7. Conclusions

In the present communication we have analyzed the implicit constitutive re-
lation (3.3), and used it to describe the response of a type of isotropic dry rock
and concrete. In (3.3) we can observe the explicit dependence of the relation
on tre. That term is directly related with the change in density of the body,
and it can be an important factor for the modelling of porous solids, where the
porosity (which is affected by the deformation) is known to have an important
impact on the manner such solids behave (see, for example, [2]). We reiter-
ate that is the main aim of this work. The constitutive relations used in [10]
and [17] do not contain material moduli that depend explicitly on the density.
Thus, while the constitutive relations in [10] and [17] might fit the data for one
specific experiment, it might not in other experiments on porous solids whose
material properties are expected to depend explicitly on density. Also, in our
general constitutive relation the material moduli depend on the pressure and we
expect such a dependence in porous elastic solids. Also the presence of terms like
Te + €T and tr(Te) in more general deformation would lead to terms that the
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other two constitutive relations cannot. The fact that in a specific experiment
two different constitutive relations fit the data does not mean the philosophical
underpinning of the constitutive relations are the same, and this fact cannot be
overemphasized.

Regarding the modelling of the mechanical behaviour of rock, in [17] a bi-
modular model was proposed for rock, where in particular there are two sets
of constants, a modulus resembling the Young modulus for tension and com-
pression, and a Poisson-like modulus in tension and compression, plus another
constant that is related with the transition between such states. The interested
reader can compared the fitting in that work (see Fig. 8(b,c,e) in [17]) and the
results from Fig. 8 here. The nonlinear model (3.3), (5.6)—(5.11) give a qualita-
tively better fitting for the experimental data, however the new implicit model
presented here requires more material constants than that considered in [17]. On
the other hand, if more experimental data would be available, for example, for
the problems studied in Sections 4.2-4.4, then the new model (3.3) would be
much more suitable for the fitting of that data for porous elastic solids.

Concerning the modelling of the behaviour of concrete using the experimen-
tal data from [10], it is necessary to remark that the new model (3.3), (5.3),
(5.4) does not necessary give a much better fitting for the data of compression
of a cylinder without lateral load (see Fig. 1). However, as explained in the in-
troduction, the main aim of the present work is the development of an implicit
constitutive model, where the effect of the density (and as a result the influ-
ence of the porosity) can be put explicitly in the constitutive relation, which
we feel would be useful for describing porous elastic solids for a wide range of
experiments.

Our intention is to use (3.3) or other special subclasses of (3.1) for the mod-
elling of other porous solids, for which experimental data can be found. Another
important future investigation involves the role the density plays in the stability
of solutions.

Appendix A

Here, we present details concerning the derivation of (3.4) from the general
implicit relation (3.1). We recall that relation (3.1)

1/ 0*10 0?11 oM
[2(888E * aEas) _J] Bt 5598 570

If we only consider the modelling of isotropic bodies, it follows from the theory
of invariants (see, for example, [16]) that

II= H(E> S) = H(Il>127l3vj4a I5a 167 177 IBa 197]10)7
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where

1 1
I =trE, I,= 5m:(EQ), I3 = gtr(E3), Iy =trS,

Is = %tr(sz)a Is = %tr<83)7

(7.2) I; = tr(ES), Ig=tr(ES?), Iy=tr(E?S), I;,=tr(E*S?).

(7.1)

Using the above invariants to express II = II(E, S)

I

(7.3) ZS = I+ 1158 +S? +TI;E+ 113 (ES +SE) +IIgE* 411, (E*S +-SE?),
and

oIl 2 2 2, Q2
(74) 55 = MIHTRLE+ILE TS +T1sS™+Tly (ES+ SE) 41110 (ES”+ S°E),
where we have used the notation II; = g—g, i=1,...,10. It follows from (7.3)
that

gl 1) @
(75) M =II5# +115 L +1IgE"\ +111p& +H474I®I

+ (T 5+1T79) (I@S+SRI) +114 6 (I0S? +S% 1)
+114,7IQE4+E®I) 411, 5[I® (ES+SE)
+(ES+SE) @I +11, o(IQE*+ E*®1)

+114,10[1® (E*S+SE?) 4 (E?S+SE?) @ 1] +11;5 ;8®S

+115 6(S®S*+S?®8S) +11; 7 (SO E+E®S)

+115 5[S® (ES+SE) + (ES+SE)®S] +115 9 (SR E* + E*®S)
+1T5 10[S® (E*S+SE?) + (E?*S+SE?)® 8] +115 6S* ®S?
115 7(S’QE+E®S?) +1145[S?® (ES+SE)
+(ES+SE)®S?|+1159(S’QE* +E*®S?)
+116,10[S?® (E*S 4 SE?) + (E*S 4+ SE?)® 57

+1I; ;EQE+1I; s[E® (ES+SE)+ (ES+SE)QE]
+117,10[E® (E2S+SE?) + (E*S+ SE?) Q E]

+113 s(ES+SE)® (ES+SE)

+113 9 [E*® (ES+SE) +(ES+SE)® E?]
+115,10[(ES+SE) ® (E*S+SE?) +(E*’S+SE?)® (ES+SE)]
419 o E*@E? 411 19[E*® (E*S+SE?) + (E?S+SE?) o E?]
+1110,10(E*S+SE?)® (E*S4SE?),
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. 2 .
where we use the notation II; ; = %, i,7 = 1,...,10, and where the com-
191

ponents of the fourth order tensors ., &) and & are defined (in Cartesian
coordinates) through

1
(7.6) Sijkl = 5(51@1'5” + Sirbj1 + 0uSkj + Sidjk),

1
(7.7) 5,(]1;31 = §(Eik5jl + i Ej + Eudjr + 0uFyj),

1 (2) (2) (2) (2)
(78) Cg;(fk)l = 2( ik 5]1 + 5zk El] + Ei 5]k + 521 Ek])
where

(2)

(7'9) Eij: EimEmj-

On the other hand, from (7.3) and (7.4) we obtain

1/ 0711 0211
(7.10) 2<asaE+aEas>

=1I7% + 1< + Hgéa(l) +

SO0 L) H e T

+ o 7EQE +I390E? @ E2 + 1578 ® S + I15 8% @ S?

1
+ Hso(ES + SE) ® (ES + SE) + §(H2,4 + 7)) (IQE+E®I)

+-(Msa+ o) (IQE* + E* @) + (H4,7+H1,5)(I®S+S®I)

l\')\»—t L\’)M—t

+ (Mg + T 6)(IT®S* + 82 RT) + 1(1‘[4,9 + Tl 8)[I® (ES + SE)

+(ES+SE)®1] + H42 DI® (ES?+ S’E) + (ES? + S°E) @ I

(Ily5 +1I77)(E®S +S®E) + %(Hg,g, +T79)(S® E* + E*® S)

(Tls8 +s7)(S®S? +S®S) + (H&g +Tsg)[S* ® (ES + SE)
ES + SE) ® 8?] + H“;’lo S? ® (ES? + S’E) + (ES? + S°E) ® 7|

+ =(s7 + o) (B’ @ E+ E® E?) + H;’S(E®SQ+SZ®E)

(Il7,9 + 2 8)[E ® (ES + SE) + (ES + SE) ® E]

+ ~ (T35 + Mg 9)[E? ® (ES + SE) + (ES + SE) ® E?|

M\HN\HM\H ’“ l\?\b—‘[\D\l—‘
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I 1I
+ =[S ® (ES + SE) + (ES + SE) © S| + —2(S? 9 B + E? © §?)

il
+ 8210 [(ES + SE) ® (ES? + S’E) + (ES” + S°E) ® (ES + SE)]

IT

—20R? ¢ (ES? + S’E) + (ES? + S°E) ® E?|

+ e (E?S + SE?) + (E’S + SE})) ® 1]

+—5 Eg (E?S + SE?) + (E%S 4+ SE?) ® E]
——[E’ ® (E’S + SE?) + (E*S + SE?) ® E|

+——[8® (E2S + SE?) + (E2S + SE?) ® S|
510 o2 2 2 2 2 2

+T[S ® (E*S + SE?) + (E“S + SE*) ® S7]
Ig,10

+—5[(ES+SE) & ® (E*S + SE?) + (E*S + SE?) ® (ES + SE)]

1
+ 5 [(BS® + 8°E) @ (B°S + SE?) + (E’S + SE*) @ (ES” + S°E)),

where the components of the fourth order tensors ##(1) and #? are defined in
Cartesian tensor components as:
1 1
(7.11) t%’ij(k% = 5(5kiElm5mj + EiSij + Sk Eij + SimEmidij
+ 05t EkmSmj + EaSkj + SuEk; + SimEmidji),

(7.12) A = (5kislmEmj + SikEij + ExSij + EimSmidi;
+ 0itSkmEmj + SiErj + EiSkj + EimSmidji)-

Replacing (7.5) and (7.10) in (3.1) we can obtain an explicit expression for
the implicit constitutive relation for isotropic bodies. For the sake of brevity we
do not do that here.

Appendix B. Implicit constitutive relations for isotropic bodies.
Case of small gradient of the displacement field

In this appendix we btudy the case when the gradient of the displacement
field is small, i.e., the case } %] ~ O(8), § < 1. In this case we do not distinguish
between the current and the reference configurations, as well as this, we have
the approximations E ~ e and S ~ T.
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Neglecting terms of order §2 or higher for € in (7.5) we obtain
0?11

oToT

258 + e + MW + T 0@ T4 (Tys + I79)I@ T+ T 1)
+ LI T*+ T2 +,;IRe+ex1)
+ I 8[I® (6T + Te) 4 (€T + Te) ® I
+ 155 TRT+156(TOT? + T2 T)
+157(T®e+e®T)+ 55T ® (eT + Te) + (eT + Te) ® T|
+66T? @ T2 + M 7(T? @ € + £ ® T?)
+ g 8[T? ® (eT + Te) + (€T + Te) ® T?],

(7.13)

and doing the same in (7.10) we have

1/ 0’1 0?11
(7.14) 2<8T86+858T>

I
~ 7S + 1S + My + %(%ﬂ“) + ) 4T IR]
1
+1I5,T ® T + g sT? @ T + SIzg+1IL)I®e +e®T)
1 1
+ Mz + M) (I@ T+ TOT) + (Mg + ) (T T? + T?®1)

1
+ 5 (g + M g)[1® (€T + Te) + (T + Te) & 1]

Iy 10
2

1 1
+ 5( 2.5 +H7’7)(€ QT+ T ®€) + §(H578 —|—H677>(T ®T2 -+ T2 X T)

1
+ 5 (g9 + s 8)[T? ® (T + Te) + (T + Te) @ T

+ [I® (eT? + T%) + (eT? + T?%) ® I

16,10
* 2

I
+ %[T@ (eT + Te) + (eT + Te) ® €.

i
[T? ® (€T? + T2) + (T2 + T?%) ® T2 + %(s T2+ T?®e)

In (7.13), (7.14) and thereafter the fourth order tensor ., &1, #(V) and s
are defined as in (7.6), (7.7), (7.11) and (7.12), replacing S by T and E by e.
From (7.1), (7.2) we have the approximations:

1 1
(715) L ~tre, L~0, [3~0, [ ~trT, I5=~ 5tr(TQ), Is ~ gtr(T?’),
(7.16)  I; =~ tr(eT), Ig~tr(eT?), Iy~0, I0~0,
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as a result:

(717)  I79=0, Ig=0, IIjp=0, Ilpy=0, Il4g=0, Ilsi0=0,
(718) 1IIp5 =0, Is9g=0, Ils10=0,

thus

(7.19) II =1I(1y, Iy, I5, I, I7, I3),

and using this in (7.14) it becomes

1/ 0°11 011
(7200 3 <8T86 * 858T>

=1;# + U + M IR T+ 15 ;T T + I s T @ T?

I 1
+7¥a®e+e®n+§auruhwa®T+T®D

1 I
§Gh8+HMMI®T2+T2®D+~éﬁu®(ér+T@
I
@T+T@®ﬂ+7¥@®T+T®@
L1
T3
27, 178 2 |, m2
+ (€T +Te) 0 T + — S (e @ T + T? @ e)

11
+ 78D?®(sTH+T%) + (T +Te) ®el.

1I
(55 + To7) (T © T2 + T © T) + —*[T? @ (€T + Te)

In the case }g—)‘é‘ ~ 0(5), 0 < 1since E ~ e and S ~ T Eq. (3.1) can be
approximated as

1/ o o o
(721) [2<8Tas*'aafr>‘"ﬁ]‘54‘8T8T'1T_0’

and using (7.13) and (7.20) in the above expression we have (see also the as-
sumptions that leads to (7.23) below):

(722) |:H7f =+ ngy + H174I QI+ H577T ® T + H6’8T2 [%9) T2
1
Llyr + T 5)I@ T+ ToT) + 5 [ag + 1) (T T? + T* & 1)

_I_

l\')\»—*[\ﬂ

(M58 + 7)) (TR T? + T2 T) — F| : €
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+ {[I5.7 + 167 + gV + M I @I+ 1L 5(I@ T+ T®I)
+ LI T*+T?D) +1,;Ie+ex])
+ s I® (6T +Te) + (6T + Te) @I + 55T ® T
+T6(TRT? + T2 T) +157(T®e+e®T)
+TI55[T ® (T + Te) + (6T + Te) ® T] + g 6T? @ T?
+He7(T?® e+ e ® T?)
+ es[T? @ (eT + Te) + (eT + Te) @ T4} : T = 0.
We assume that |€| ~ O(0*), §* < 1. The above makes sense if we first divide

€ by some characteristic value, which is denoted g;. One possible expression for

g
L
value problem and ¢ is the gravitational constant. In such a case the dimen-

that can be ¢, = where L is a characteristic length for a given boundary

sionless strain rate can be defined as \/%é. We use the same notation for that

dimensionless strain rate.

For the fourth order tensor that appears in the inner product with € (see the
first square bracket in (7.22)) we demand it does not depend on €, whereas for the
fourth order tensor that appears in a double contraction with T we demand it can
be at most a linear expression in €. Sufficient conditions for the above restrictions
to hold are (recall the original expressions for a‘?rng and %(% + gj—ar,lr) given
in (7.13) and (7.20)):

(7.23) i 7=0, IL,g=0 II;7=0Igg=0, II;3=0,

and
(7.24) Mg, g7, s, 57, Isg, g7, Ilgg are constant in e.
A function II that satisfies the above restrictions is
(7.25) II(Ih, 14, I5, Is, I7, I3) = f(14, I5, Is) 1 + 9(14, I5, Is)I7
+ 014, Is, I6)Is + p(14, I5, Is).
Replacing (7.25) in (7.22) we obtain

(7.26) 9f + 0 +fI@I+ g T T+ heT? ® T?

(94+f5)(I®T+T®I)+%(b4+f6)(I®T2+T2®I)

N | =

+
1
+§(b5+96)(T®T2+T2®T)—J s

+ {(fsT1 + 9517 + b5Is + ps)F + (fol1 + g6l7 + bels + pe)S + h&W
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(Faali + gaalz +baals +ps4) IR 1T
(Fa501 + 94507 + basls +pas) (I @ T+ T I)
(fael1 + ga6I7 + baols + pas) (I T2+ T2 R 1)
gu(I®e+exI) +hy[Ix (eT + Te)+ (6T + Te) ® 1
+ (Fs,511 + 95507 + b5 508 +p55)T@ T
+ (fs.611 + 95,617 + bs6ls + p56) (TR T? + T2 @ T)
+95(T®Re+ex®T)+h5[T® (eT + Te) + (6T + Te) ® T
+ (fo,6 11 + 96,617 + bo6ls + pee)T? @ T? + go(T? ® € + € ® T?)
+b6[T? ® (€T + Te) 4 (eT + Te) ® T?]} : T = 0,

+
+
+
+

0
Z, P = 62 and

where we have used the notation f; = a%i, 9 = %7 h; =
f; 9 _&%g b _9%p _&p
ij = ana1, %3 = arnor;» Vii = aLaI Pid = aLar, -

Appendix C. A subclass wherein the stresses appear linearly for the
expressions associated with the functions §, g and h

In this section we study (7.26) in the particular case the stresses appear
linearly for the expressions associated with the functions f, g and h. That is
possible if we assume that the functions (14, Is, Ig), 9(14, I5, Is) and b(l4, I5, Is)
defined in (7.25) are given as (recall (7.15), (7.16)):

(7.27)  §(I3, I, Is) = §O + §V 14 +f(2 + 19I5, gL, I, Is) = ¢ + gV 14,
(7.28) b(Is,I5,Ig) = H¥

where f(o), f(l), f(Q), f(?’), g(o), g and f)(o) are constants. Here we assume that
p = p(ly, I, Ig).

Using (7.27) and (7.28) in (7.26) after some manipulations we obtain
(729) (09 — 1e+ gW[(tr T)é + (tr T)e] + O (Té + €T + T + Te)
+ iV (tr )T+ §P[(tr T) (tr &) + (tre) (tr T)]I

2

N [(g(” : i)

+ [(g(l)—i-f?’)) tr(Tée) 4 gV tr(sT)] I

(tré)T + %) (tre) ] 4 pd 1 psT 1 peTZ = 0.

In the above relation the number of material constants can be reduced if we
divide the whole expression by g(® — 1 (assuming that g(®) # 1). We do so and
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do not use a different notation for the remaining constants, and also for the
derivatives of the functions p.
In order to obtain (3.4) we assume that

(7.30) g = §3 = qO),

where q() is a constant. In this case (7.29) can be integrated in time, and we
obtain (3.4), where on the right side of (7.29) after integration we have a constant,
which for simplicity we assume to be zero.
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