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ABSTRACT:

This work contributes to general theoretical aspects of yield stress fluids with significance for practical phenomenological
material modeling. It introduces a terminology so that the material class ‘yield stress fluid’ is defined and can be distinguished
from the terms ‘solid’ and ‘liquid’. This new material classification is based on two criteria, the equilibrium relation and the
flow function. In line with this terminology, an experimental procedure for classifying the material behavior is presented. The
second key aspect of this paper is a discussion on the proper definition of the term ‘viscosity’. The benefit of the differential
viscosity over the dynamic viscosity in case of non-Newtonian fluids in general is worked out. This is shown by the most ele-
mentary yield stress fluid, the friction element, because it is the basis of the yield stress concept. Its constitutive equations are
given for positive as well as negative strain rates and are also able to represent the preyield behavior. The theory presented

in this article is also applied to the Maxwell, Kelvin-Voigt, and Bingham element to demonstrate the working principle.
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1 INTRODUCTION

The material behavior of soft matter can often be
described by material models belonging to the class of
yield stress fluids. So, how can yield stress fluids be dis-
tinguished from classical materials —solids and liquids
—in case of phenomenological modeling? This directly
leads to the question of convenient classification crite-
riato separate solids, liquids and yield stress fluids from
each other. The search for a definition of the terms sol-
id and liquid has a long history [1]. For example Bing-
ham [2] said “If a body is continuously deformed by a
very small shearing stress, it is a liquid, whereas if the
deformation stops increasing after a time, the sub-
stance is a solid”. Noll defined solids and liquids relat-
ing to its symmetry properties [3—-8]). But Greve [7]
pointed out that there are materials which are neither
solids nor fluids in the sense of Noll’s definitions. There
also exists a classification into solid and liquid-like
behavior depending on the storage and loss modulus.
Solid-like behavior occurs if G’ > G”, otherwise liquid-
like behavior [9—14]. A disadvantage of this definition
becomes obvious for example in case of the Maxwell
element with the elastic moduls G and the viscosity 5,
which has to be classified either as solid or liquid
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depending on the angular frequency w. For w < G/n the
loss modulus is greater than the storage modulus so
that the Maxell element has to be treated as fluid. On
the other hand it has to be classified as liquid for w >
G/n since the storage modulus dominates over the loss
modulus. Thus, the search of phenomenological defin-
itions of ‘solid’ and ‘liquid’, which can be applied theo-
retically as well as practically, is still necessary in gen-
eral and especially to define the class of yield stress
fluids. Furthermore, this contribution investigates the
way of defining the term ‘viscosity’ since the behavior
of yield stress fluids is dramatically different to the one
of Newtonian fluids due to yielding.

Classifying materials as well as defining ‘viscosity’
is essential also in practice e.g. for material modeling.
To determine the class of a material behavior should be
the first step before applying constitutive equations.
Determining the differential viscosity enables to ex-
tract the pure viscous properties of a yield stress fluidic
material specimen which is necessary to model it. That
is why, this article places a great emphasise on basics
of yield stress fluids in the sense of phenomenological
modeling, material classification as well as the differ-
ential viscosity and is useful in terms of practical ques-
tions. It
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Figure 1: Determination of the equilibrium relation by the limit
value of a relaxation process (8 =y) or creep process (B = 7).

B introduces aterminologyforyield stress fluids so that
they can be distinguished from solids and liquids
M presents a measurement procedure to determine
the class of a material behavior, either solid, liquid
or yield stress fluid
B works out the deficit of defining the viscosity as
dynamic viscosity in case of yield stress fluids and
show the benefit of using the differential viscosity
and
H defines the terms ‘preyield’ and ‘postyield’ for the
friction and Bingham element.
The paper is outlined as follows: The first classification
criterion, the equilibirum relation, is defined in Sec-
tion 2. The flow function, the second classification cri-
terion, as well as the differential viscosity are intro-
duced by the steady state material response to a
constant strain rate loading in Section 3. On this basis,
the new material classification is proposed in Section 4
so that the terms ‘solid’, ‘liquid’, and ‘yield stress fluid’
can be distinguished. This theory is applied in Section 5
to standard and extended rheological elements to
demonstrate its working principle. Therefore, the con-
stitutive equations of the standard rheological ele-
ments are briefly summarised in Section 5.1. The advan-
tage of the differential viscosity is demonstrated in
Section 5.2. The new material classification is then ap-
plied to the standard rheological elements in Section
5.3 and extended rheological elements in Section 5.4.
Inadditiontothese generalaspects, thearticle uses
modified constitutive equations forthefrictionelement
which ensure that the material model is valid for the
preyield as well as for negative and positive strain rates.
To define the terms ‘preyield’ and ‘postyield’ in case of
the friction element, its constitutive equations are giv-
enintermsoftheyield function,anassociated flow rule,
the Karush-Kuhn-Tucker and consistency conditions in
Supplemental Information A. This allows for a more
general representation in case of hardening. With the
help of logical statements, given in Supplemental Infor-
mation A.1 and A.2, the Karush-Kuhn-Tucker and con-
sistency conditions can be reconstructedinaconvenient
way without discussing the optimisation with con-
straints in form of inequalities. The analytical expres-
sions which are behind the figures of Section 4 to
describe the behavior of solids, liquids and yield stress
fluids are specified in Supplemental Information B.
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(a)

(b)

Figure 2: Total stress T (b) of a viscoplastic material according
to a cyclic loading (a) with the strain B = y as control quanti-
ty; equilibrium stress 1¢7 (b) due to relaxation relating to Fig-
ure1withB=vy.

2 SPLIT OF THE TOTAL STRESS INTO AN
EQUILIBRIUM AND OVERSTRESS

Haupt proposed a classification which divides the ma-
terial behavior by examination of two classification cri-
teria, the shape of the equilibrium relation 747 — ¢4 [6,
15,16] and the rate dependency [6, 15,17 - 20]. A state of
equilibrium in this meaning is defined according to the
basic assumption that a dynamic process always goes
into a state of standstill if the external conditions are
kept constant [6]. A stress which corresponds to a state
of equilibrium in a material model is called equilibrium
stress %9 [6, 15, 19]. The difference between the total
stress and the equilibrium stress is defined as over-
stress 79V [6, 19, 20]

T=74+7% (1)

and vanishes by definition for the state of equilibrium.
Each point (y/, 7¢4/) on the equilibrium relation can
be determined by the limit value of a relaxation process
[6,19, 21], see Figure 1with 8=, even if the equilibrium
relation is zero. Here 8 is the control quantity of the
process. For a better understanding, the total stress v
and the equilibrium stress 7¢7 of a viscoplastic materi-
al [6] are plotted in Figure 2b for a cyclic loading [6]
according to Figure 2a with 8=y [6, 19, 21]. If relaxation
experiments with sufficiently long holding times At at
different strain levels y’ are performed as it is shown in
Figure1,thetotalstressrelaxestotheequilibriumstress
as it is denoted by colored circles. In terms of theoreti-
cal and experimental observations

H relaxation (8 =y = const) always implicates a state of

equilibrium whereat (S1)
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Figure 3: Difference between the dynamic and differential vis-
cosity and equality between the differential viscosity and the
coefficient of the linear term of the Taylor series which
defines the slope of the flow function.

B a creep load (3=1=const) not always tends to an
equilibrium [6, 22]. (S2)

This can be reproduced by the determination of the equi-

libirum of standard rheological elements in Section 5.3.

3 DIFFERENTIAL VISCOSITY DEFINED BY THE
STEADY STATE MATERIAL RESPONSETO A
CONSTANT STRAIN RATE LOADING

Tobe abletodefine the differential viscosity, the steady
state stress 7, related to a constant strain rate

T = {@Cr(t)for {y=const}=:y @)

has to be introduced first. This directly leads to the flow
function 7..(¥). The viscosity 7 is calculated from the
flow function. It is a material parameter and cannot be
measured but defined in a proper way. “It is, of course,
entirelya matterof convention” [23]. Independent from
the definition, the viscosity has to be an even function

[24, 25]

To ensure this, it is plotted for positive and negative
strain rates in Figure 5. The apparent or dynamic vis-
cosity is calculated by

T
Y (4)

r]dyn =

A disadvantage of using the dynamic viscosity in case
of yield stress fluids is that their zero viscosity
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is infinite [26] if the stress does not tend to zero as fast
asthestrainrate. This can be explained by means of the
friction and Bingham element in Section 5.2. One can
get rid of this problem, if the viscosity is rather defined
by the differential viscosity

N, = dr
diff d’;’

(6)

Anotherargumentto preferthe differential against the
dynamic viscosity in case of non-Newtonian fluids is its
physical interpretation. It can be seen in Figure 3 that
theincrease of the stress At duetotheincrease of the
strain rate AY is directly related to the differential vis-
cosity being the tangent to the flow function. Thus, it
isnothing morethanthelinearterm of the Taylor series

(AR = (1)+ 8 A

&,
H_/

Y
el )

and is given by Az, = ngigd;-;-A¥. In contrast to this, the
dynamicviscosity is just the secant and has no physical
interpretation. This is explained in Section 5.2 on the
basis of the Kelvin-Voigt, friction and Bingham ele-
ment.

4 CLASSIFICATION OF MATERIAL BEHAVIOR
INTO THREE TYPES: SOLIDS, LIQUIDS AND
YIELD STRESS FLUIDS

In this work the definitions of solids, liquids and yield
stress fluids are formulated related to the mechanical
point of view of phenomenological modeling depending
on two classification criteria, the equilibrium relation
according to relaxation and the flow function.
Solid-like material or a solid is denoted as material,
which has a non-zero equilibrium relation. The limit val-
uet,ofthestressresponserelated toaloading with con-
stant strain rate following Equation 2 does not exist so
that the flow function is not defined (Definition D1).
The non-existent flow function is clear, since an
increase of the strain by Ay is connected with anincrease
of the stress by At in case of ideal solids without dam-
age and fracture effects. That is why a constant strain
rate results into a continuous increase of the stress so
that no limit value 7, can be reached. Furthermore, it
does not matter if an equilibrium relation is determined
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Equilibrium relation according to relaxation

zero non-zero
Flow existent fluids yield stress fluids
function | non-existent - solids

Table 1: Three classes of material behavior depening on two
classification criteria, the flow function and the equilibrium
relation according to relaxation.

by creep or by relaxation. In both cases a non-zero equi-
librium relation is found which is an observation of the-
oretical studies with a variety of material models but do
not follow from a rigorous mathematical proof. For a
detailed demonstration, an ideal viscoplastic material
model is presented in Section 5.4.1.

Liquid-like material or a fluid is defined as material
for which the limit value 7, and thus the flow function
arewell defined. The equilibrium relation determined by
relaxation is zero (Definition D2).

The determination of the equilibrium relation by
creep is theoretically not possible for fluids because no
state of standstill can be reached. A constant stress
forces a fluid to flow indefinitely so that it cannot reach
a time-constant strain. For practical reasons during a
creep measurement the question: “Perhaps is there a
time-constant strain if the time of observation At is
increased?” would always remain as long as no time-
constant strain is reached. To illustrate the working
principle of the new material classification for fluids,
the Maxwell element as an example of a viscoelastic
fluid is discussed in Section 5.4.2.

For yield stress fluids [26 —33] or materials with sol-
id-liquid transition [28, 30, 34, 35], the equilibrium rela-
tion determined by relaxation is non-zero. The limit val-
ue 7., and thus the flow function are well defined
(Definition D3).

In contrast to solids, the investigation of an equilib-
rium point related to relaxation and creepin case of yield
stress fluids may differ from each other but do not have
to. Relaxation as well as creep identify the same equilib-
rium relation only in the preyield. In the postyield, yield
stress fluids flow indefinitely related to creep. Thus, no
state of standstill appears and no equilibrium relation
canbeidentified. Itis measured only by relaxation.In Sec-
tion 5.4.3 the working principle of the new material clas-
sification is shown for a viscoplastic yield stress fluid.

For a better overview the three classes are ordered
in Table 1. The remaining case of a zero equilibrium rela-
tion and a non-existent flow function is purely theoret-
ical due to combinatorics. Because it has no practical rel-
evance it is not being considered here in any way. The
Definitions D1, D2, and D3 are practicable to classify one-
dimensional operators so that one is able to choose a
material model according to the classification. They are
based on qualitative considerations related to the
mechanical point of view of phenomenological model-
ing. However, these definitions leave the classification
of generalised, three-dimensional material models open
insome cases. Imagine forexample an anisotropic mate-
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rial which behaves in one direction as fluid and in an oth-
er direction as solid. These material classification is ap-
plied to standard rheological elements, the Kelvin-Voigt,
friction and Bingham element, for demonstrationin Sec-
tion5.3.

5 DISCUSSION OF THE DIFFERENTIAL
VISCOSITY AND DEMONSTRATION OF
THE FUNCTIONALITY OF THE MATERIAL
CLASSIFICATION BY STANDARD AND
EXTENDED RHEOLOGICAL ELEMENTS

In the following the theoretical founded statements of
this work are practically illustrated by their application
tostandard and extended rheological elements. First of
all, the constitutive equations of the standard rheolog-
ical elements are given in Section 5.1. Then, the benefit
of defining a differential viscosity instead of a dynam-
ic viscosity in case of yield stress fluids is shown in Sec-
tion 5.2. The dynamic viscosity is only equal to the dif-
ferential viscosity in the special case of Newtonian
fluids (S3) and viscoelastic fluids [6] with linear viscous
properties (S4). Finally, the functionality of the new
material classification of Section 4 is described for stan-
dard rheological elments in Section 5.3 and is demon-
strated for extended rheological elments in Section 5.4
by means of the investigation of the equilibrium rela-
tion (Section 2) and the flow function (Section 3).

5.1 CONSTITUTIVE EQUATIONS OF STANDARD
RHEOLOGICAL ELEMENTS USED TO ILLUSTRATE THE
THEORETICAL STATEMENTS OF THIS ARTICLE

The previously presented theory isillustrated in the next
two sections with the help of standard rheological ele-
ments, the Kelvin-Voigt (Figure 4a), friction (Figure 4b),
and Bingham element (Figure 4c). Thus, their constitu-
tive equations are briefly summarised in this section. The
one of the Kelvin-Voigt element yields [s, 6, 36]

Thy n .
= + —
G ’ka G ’)/kv (8)

The constitutive equations of a single friction element
have not often been discussed in literature. However,
for this work it is inevitably necessary to investigate
them, because the friction element is the basis of the
yield stress concept [37—-39]. Due to the lack of this
investigation,the materialequations of rheological ele-
ments which partially consist of a friction element are
only valid for positive strain rates and are not able to
ensure the equilibrium in the preyield. An example is
given by the common definition of the stress of the
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Figure 4: Defining stresses, strains and material parameters of the (a) Kelvin-Voigt, (b) friction, and (c) Bingham element used

to illustrate the theoretical statements of this article.

Bingham element 7 =1, +7y.Here, the stress of the fric-
tion element is given indirectly by 7 = 7, which is only
true fory > o but not for y < 0. To eliminate these dis-
advantages, the stress which acts on the friction ele-
ment is given by

T, =1,sign(y,)

(9)

The function sign is related to the signum function of

—1
@"(7’7)2 &
1

y;<o
V=0 with —1<&<1
Ys>o0

(10)

The definition sign(o) = & is chosen in contrast to the
ordinary definitionsign(o) = o of Equationi12totake —7,
<1< 7, into account if y ;= 0. In this sense the variable
¢ is determined by the equilibrium so that also the
material behavior in case of no plastic flow can be
expressed. Thus, £ lies in the interval —1< £ < 1. Because
the inverse of sign is not a function, a closed relation
¥ A7) cannot be expressed. But it can be stated that

7f:|7f‘5ign(7f)'f‘rf‘:7y ()

with the ordinary defined signum function

(12)

Sign(Tf):ggn(j/f):STg?'(yf) if{‘Tf‘:Ty' Vs io} (13)

The description of the constitutive equations in the
sense of the classical theory of plasticity [6] with F(r7) =
|t — 7, (Equation A.) is presented in Supplemental
Information A, so that the terms ‘preyield’ and ‘post-
yield’ can be defined in case of the friction element by
Equations A1 which yield
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(F<0) V[(F=0) A (F < 0)]: preyield
(F=0) A[(F=0) A (> 0)]: postyield

The Bingham model is the most commonly used mod-
el in cement and concrete technology [40]. The consti-
tutive equations of the Bingham element [32] follow in
analogy to the one of the friction element. The stress
equals

7,=1,5ign(y,)+mn
b =Ty519 (Vo) 175 (14)
Since Equation 14 gives y, = o for 7, =Tfp, NO evolution
of y, occurs if the absolute value of the applied stress
|7p| is less than or equal the yield stress. That is why the
friction element has to be described by sign instead of
sign with

—1 y;<o
sign(y;)=1 &

1

yr=0 with —1<&<1

¥s>0

(15)

According to the friction element also the variable £ is
determined by the equilibrium but lies in the interval
—1 <& <1. The evolution of the strain rate depending
on the stress is given by [41]

o F(r,)<o

Ye=7 1 .
b ;(|Tb|—ry)Slgn(‘rb) F(Tb)>0

(16)

The interpretation of the Bingham element as Perzyna
type element [6, 41, 42] in analogy to the classical the-
ory of viscoplasticity [6] leads to the description of

<o

>0

preyield
Flro)=lmil=r, postyield

in case of the Bingham element.
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Figure 5: Differential and dynamic viscosity of the friction ele-
ment.

5.2 ILLUSTRATING THE BENEFIT OF A DIFFERENTIAL
VISCOSITY BY STANDARD RHEOLOGICAL ELMENTS

In this section the advantage of the differential viscos-
ity (Section 3) in case of yield stress fluids is demon-
strated. It is also shown that the differential viscosity
givesthesameresultsasthedynamicviscosity for New-
tonian fluids and viscoelastic fluids [6] with linear vis-
cous properties. Therefore, the flow function is evalu-
ated so that the dynamic (Equation 4) and differential
viscosity (Equation 6) can be determined. In case of the
Kelvin-Voigt element, the flow function does not exist
so that neither the dynamic nor the differential viscos-
ity are defined. The flow function of the frictionelement
exists and results into 77, = 7,5ign(¥). Thus, its differ-
ential viscosity is given by

Nyag =27,0(7;) (18)

according to Equation 6 with dsign(y,)/dy s= 26(y/) and
satisfies the condition of an even function (Equation 3).
It is plotted in Figure 5. Here 6(7/f) represents the Dirac
delta function. The viscosity equals zero for all non-zero
strain rates. This result is mandatory because the vis-
cosity is a material parameter which is connected to
rate-dependent behavior[6,17,18], whichisnotthe case
for the friction element. In contrast to this, the dynam-
icviscosity of the friction element ¢, (Figure 5) attrib-
utes shear thinning behavior [9, 43 - 46] because it only
tendstozerofor |§"/f| — co. Here the deficit of the dynam-
icviscosityis obvious. Therefore, the viscosity is defined
as differential viscosity for all non-Newtonian fluids.
Thesame consequence occurs ifone considers the Bing-
ham element. The differential viscosity is given by

77b.diﬁ:27y5(7;’b>+77 (19)

Thus, its plot and the one of the dynamic viscosity is
only shifted by n7 so that they are qualitatively identical
to Figure 5. As for the friction element, the yield stress
fluid character of the Bingham element can only be
revealed if the differential viscosity is used.
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Figure 6: Example of an ideal solid (a) whose flow function is
not defined (b).

5.3 APPLICATION OF THE MATERIAL CLASSIFICATION
TO STANDARD RHEOLOGICAL ELEMENTS

In the following, the working principle of the material
classification (Section 4) is explained. Therefore, the
equilibrium relation (Section 2) and the flow function
(Section 3) have to be determined. As required, the new
material classification matches the literature in case of
the Kelvin-Voigt element. Beside the non-existent flow
function, relaxation and creep lead to non-zero equilib-
rium relations 7,,%7 = 7, so that the Kelvin-Voigt ele-
ment is considered as a solid. To determine the equilib-
rium relation of the friction element, first the relaxation
behavior is investigated. Following Equation 10b, the
stress is not uniquely defined for y; = const. If the load-
ing of a friction element is changed from a stress con-
trolled one to relaxation, 7requals the stress which was
present directly before relaxation was applied so that
thisstress definesthe equilibriumstress7#9=1¢. An equi-
librium relation can be also identified for creep loading
with |7¢| < 7,.In case of a creep load with || = 7, the fric-
tion element flows and no equilibrium relation can be
found. But if relaxation is applied, the stress |7¢| = 7, is
identified as equilibrium stress. This discussion explains
the statements (S1) and (S2). Because both, an equilibri-
um relation as well as the flow function are well defined,
the friction element is classified as yield stress fluid.

For the Bingham element the investigation of the
equilibrium relation is qualitatively the same to that of
the friction element. For creep loading with |7, | <7, an
equilibrium relation is found. The Bingham element
flowsin case of a creep load with |7¢| > 7, sothat no equi-
librium relation can be identified. But if relaxation is
applied, the stress in the Newtonian dashpot relaxes
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Figure 7: Investigation of the existence of an equilibrium rela-
tion for an ideal viscoplastic solid with G = 1 Pa, = 0.5 Pas,
G,=1Pa, G,=0.5Pa,1,= 0.5 Paq, T=1s,y=1(a)andt=1Pa
(b): Total stress t(y) and equilibrium stress t¢4(y) of the ideal
viscoplastic solid of Figure 6a according to cyclic strain con-
trolled loading y(t) (colored arrows indicate the relaxation of
the overstress), (b) Total strain y(t) and equilibrium strain
v€i(t) of the ideal viscoplastic solid of Figure 6a according to
cyclic stress controlled loading t(t) (colored arrows indicate
the redistribution of the total stress). |t*| decreases, ||
increases as long as =1 and 7 = 0.

instantaneously and the stress in the friction element
remains analog tothe discussion above. Thus, the equi-
librium is given by 7, = 7¢,,. Due to the existing flow
function, the new material classification classifies the
Bingham element as yield stress fluid as normal.

5.4 APPLICATION OF THE MATERIAL CLASSIFICATION
TO EXTENDED RHEOLOGICAL ELEMENTS

In this section, the response of one extended rheologi-
cal element of each material class is calculated to vali-
date the working principle of the new material classifi-
cation in much more detail. Therefor, first the flow
function is plotted. Second, the determination of the
equilibrium relation is discussed due to relaxation as
well as creep. The corresponding analytically calculat-
ed equations are given in Supplemental Information B.

5.4.1 Classification of a viscoplastic rheological element
as solids

To illustrate a classification into the class of solids, an
ideal viscoplastic material model with linear kinemat-

© Appl. Rheol. 24 (2014) 14578 | DOI: 10.3933/ApplRheol-24-14578

p Y
G n
T =14 /"NVVWN——T }— —>71=1%
P Vel NS ’YV N
(a) 7€ r g
Ton
n
1
>

(b)

Figure 8: Example of a fluid (a) whose flow function is well
defined (b).

ic hardening due to the backstress 7, [6, 42, 47, 48]
according to Figure 6a is considered. The correspond-
ing one-dimensional constitutive equations are briefly
summarised in Supplemental Information B.1. Its non-
defined flow function is signed in Figure 6b. The stress
response 7(y) as a result of a cyclic strain controlled
loading (Figure 2a with 8 = y) as well as the corre-
sponding equilibrium relation 7¢(y) due to relaxation
(Figure 1 with 8 = y) are plotted in Figure 7a. The strain
response (7) related to a cyclic stress controlled load-
ing (Figure 2a with 8 = 7) as well as the resultant equi-
librium relation y#4(r) due to creep (Figure 1 with 8 = 7)
are given in Figure 7b. The corresponding analytical
solutions are documented in Supplemental Informa-
tionB.2andB.3.In both cases, eitherrelaxation orcreep,
an equilibrium relation can be observed which is illus-
trated by the arrows in Figure 7. Because of an existent
flow function and a non-zero equilibrium relation
according to relaxation the material behavior of the
one-dimensional rheological element in Figure 6a is
classified as solid-like.

5.4.2 Classification of the Maxwell element as fluid

The classification of the Maxwell element (Figure 8a)
into the class of fluids is demonstrated in the follow-
ing. Its well defined flow function is given in Figure 8b.
For testing that the flow function is an odd function

[49-52]

(V)= (=) (20)

it is plotted for positive and negative strain rates. Fig-
ure 9a includes the stress response 7(y) to a cyclic strain
controlled loading related to Figure 2a with 8 = y. Fur-
thermore, the corresponding zero equilibrium relation
7¢(y) = o due to relaxation according to Figure 1 with
B=vyisplotted. The strain response y(r) to a cyclic stress
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Figure 9: Investigation of the existence of an equilibrium rela-
tion for a viscoelastic fluid with G = 1Pa, n= 0.5 Pas, T=1s5,
v=1(a)andt =1Pa (b): (a) Total stress t(y) and equilibrium
stress 1¢4(y) of the viscoelastic fluid of Figure 8a according to
cyclic strain controlled loading vy(t) (colored arrows indicate
the relaxation of the overstress to zero), (b) Total strain y(t) of
the viscoelastic fluid of Figure 8b according to cyclic stress
controlled loading t(t), equilibrium strain y*(t) is not defined
(colored arrows indicate the unlimited increase of y for infi-
nite holding times because T = TV 7.

controlled loading, defined by Figure 2a with 8 =7, is
giveninFigure gb.Independent of at which point of the
strain response [y(7);7] a creep process is started, the
strain never reaches a timeconstant value. In case of a
starting point with 7 < o, the strain tendstoy —» —o,
otherwise it goes to y = oo. The analytical solution of
the total stress response as result of cyclic strain con-
trolled loading is identical with the overstress in Sup-
plemental Information B.2 because the equilibrium
stress of a Maxwell element is zero. The analytical solu-
tion for the strain response to a cyclic stress controlled
loading is determined as solution of the differential
equation [, 6, 36, 43]

ny=t1+-—1
¢ (21)

and is documented in Supplemental Information B.4.
Because of an existent flow function and a zero equi-
librium relation according to relaxation the material
behavior of the one-dimensional rheological element
in Figure 8a is classified as fluid-like.

© Appl. Rheol. 24 (2014) 14578 | DOI: 10.3933/ApplRheol-24-14578

G n

% <— /N \WN—— }—
Yell W

> T

Gy Ty

T <~ - AMWN—L
(G) Yel2 R o1

Tw

/An/
Ty 1

Figure 10: Example of a yield stress fluid (a) whose flow func-
tion is well defined (b).

5.4.3 Classification of a viscoplastic rheological element
as yield stress fluid

To demonstrate the behavior of yield stress fluids, a vis-
coplasticmaterial according to Figure10ais considered.
The one-dimensional constitutive equations are briefly
summarised in Supplemental Information B.s. Its flow
function (Figure 10b) is well defined and equals the one
of a Bingham element. The stress response 7(y) accord-
ing to cyclic strain controlled loading (Figure 2a with
B=v)as well as the corresponding equilibrium relation
7¢(y) due to relaxation (Figure 1 with 8 = y) are plotted
in Figure 11a. The strain response y(7) related to a cyclic
stress controlled loading (Figure 2a with 8 = 7) is given
in Figure 11b. The corresponding equilibrium relation
y¢ () due to creep (Figure 1 with 8 = 7) is not unique,
because the plastic strain y,, strongly depends on the
history of the entire creep process. If the condition for
viscoplastic loading (Equation B.71) is fulfilled, the yield
stress fluid of Figure 10a behavesin the postyield (Equa-
tion A.11b) and flows so that y, changes as long as the
condition of viscoelastic unloading (Equation B.69) is
met again. That is why the equilibrium strain in Figure
1b can be uniquely determined only in the first preyield
(see arrows in Figure) but not for the overall process. If
creep is applied in the postyield at a point of the strain
response [y(7);7], the strain tends to infinity for infinite
holding times. The analytical solution of the total stress
response and the equilibrium stress response as result
of cyclic strain controlled loading are identical with the
ones of Supplemental Information B.2 with respect to
G, = 0. The analytical solution of the strain response is
documentedin Supplemental Information B.6.Because
of an existent flow function and a non-zero equilibri-
um relation according to relaxation the one-dimen-
sional rheological element in Figure 8a is a yield stress
fluid.
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Figure 11: Investigation of the existence of an equilibrium
relation for a viscoplastic yield stress fluid with G = 1Pa, n =
0.5Pas, G,=1Pa, ty=0.5Pa, T=1s,y=1(a)and t =1Pa (b):
(a) Total stress t(y) and equilibrium stress t*(y) of the vis-
coplastic yield stress fluid of Figure 10a according to cyclic
strain controlled loading vy(t) (colored arrows indicate the
relaxation of the overstress, (b) Total strain y(t) of the vis-
coplastic yield stress fluid of Figure 10a according to cyclic
stress controlled loading t(t), equilibrium strain y<i(t) is not
uniquely defined for the overall process (blue arrow indicates
the redistribution of the total stress as long as T = 787 and
=0, Green and red arrow indicate the unlimited increase of g
for infinite holding times because |t°| > o).

6 SUMMARY AND CONCLUSION

Thiswork is a contribution to aspects of yield stress flu-
idsinthe sense of phenomenological modeling. Itintro-
duced a terminology to define the three types of mate-
rials, ‘solid’, ‘liquid’, and ‘yield stress fluid’, and the
terms ‘preyield’ and ‘postyield’. In this context a proce-
durewas presented sothat one can determine the class
of a material behavior. Furthermore, the use of the dif-
ferential viscosity instead of the dynamic viscosity was
highlighted. The theory was proved by standard as well
as extended rheological elements in Section 5. Here, a
great emphasise was placed on the friction element
since it is the basis of the yield stress concept.

The physical interpretation of viscosity was theo-
retically discussed in Section 3 for non-Newtonian flu-
ids and was investigated by standard rheological ele-
ments in Section 5.2. Their constitutive equations were
evaluated for constant positive and negative strain
rates. The question: "Does it makes sense, that the sin-
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gle friction element is connected with viscous proper-
ties?” directly led to the deficit of the dynamic viscosi-
tyin case of yield stress fluids. Because the dynamic vis-
cosity is just the secant between a point on the flow
function and the origin, it has no physical meaning for
strongly non-linear fluids. For non-Newtonian fluids
the application of the differential viscosity is advisable
since it is defined as the tangent to the flow function.

To ensure a coherent concept of material classifi-
cation, Section 4 was devoted to the general questions:
"Whatis a convenient definition of the termyield stress
fluid in the sense of phenomenological modeling? How
can it be distinguished from solids and liquids?” Here,
three types of material behavior were classified by the
equilibrium relation, introduced in Section 2, and the
flow function (Section 3). The measuring of the flow
functionisclear, of course.Buthow isit possible to mea-
sure the equilibrium relation of yield stress fluids? In
this sense, the determination of the equilibrium rela-
tionwas consideredrelatedtorelaxationand creep.The
uniqueness between relaxation and creep is not given
for all theoretically possible materials. Examples were
given by the friction and Bingham element in Section
5.3, the Maxwell element (Section 5.4.2) as well as the
viscoplastic yield stress fluid in Section 5.4.3. In case of
fluids, one cannot determine the zero equilibrium rela-
tion by creep, because the material flows indefinitely.
But it is possible to identify the zero equilibrium rela-
tion by relaxation. The determination of the equilibri-
um relation by creep andrelaxationonly gives thesame
result for solids. For yield stress fluids the identification
of the equilibrium relation according to relaxation and
creep is only possible in the preyield. In the postyield
regime yield stress fluids flow indefinitely for infinite
holding times so that no equilibrium relation can be
identified by creep. It can be determined only through
relaxation. The corresponding measurement proce-
dure was given in Figure 1with § = y. By the application
of the new material classification to standard and
extended rheological elements in Sections 5.3 and 5.4,
the working principle was verified because it produced
theexpected statements of literature forclassical solids
and liquids and dispeled ambiguity for yield stress flu-
ids like it is denoted by Reiner [53].

As it is mentioned above, the investigation of the
friction element was inevitably necessary for this work.
Therefore, the first part of the constitutive equations of
the friction element are worked out in Section 5.1, being
valid for the preyield as well as the postyield with respect
to positive and negative strain rates. This could be
ensured by the introduction of a signum related func-
tion.

The second part of the constitutive equations of
the friction element was presented in Supplemental

19 |



Information A and included the description in terms of
the classical theory of plasticity. As consequence, the
terms ‘preyield’ and ‘postyield’ were defined for the
friction element by the loading and unloading condi-
tions which in turn are connected with the Karush-
Kuhn-Tucker and consistency conditions. In this work
the latter two were illustrated in a convenient way by
the evaluation of logical expressions in Supplemental
Informationg A.1and A.2 without considering the opti-
misation problem with constraints in form of inequal-
ities.
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Supplemental information

To define the termpreyieldandpostyieldin case of the friction element, the description of its ciintve
equations by classical theories are productive. The datigé equations of the friction element are given
with respect to the classical theory of plasticiy, [p. 227] in supplemental informatioA because a
similar representation is not known to the authors of thiskwén this sense they are defined by the yield
function, an associated flow rule, theaARKUSH-KUHN-TUCKER- and consistency conditions. The latter
two are derived from an optimisation with constraints imfiasf inequalities @2, p. 6], [54]). However, in
this work they are illustrated more practically by a desivgoway of logical statements and calculations
with respect to the physical nature of the friction elemengupplemental informatioA.1 andA.2. This
enable a convenient reconstruction of theR€OSH-KUHN-TUCKER- and consistency conditions without
discussing an optimisation with constraints in form of inalifies.

In supplemental informatiol8 the analytical descriptions of the stress and strain resgmccord-
ing to cyclic loadings are documented. These are the badiseofigures7(a) 7(b), 9(a) 9(b), 11(a)
and 11(b)which are plotted in sectioB.4to demonstrate the definitions of the three classes of rahteri
behavioursolid, fluid andyield stress fluid They were checked and validated with the finite element
method by Marc/Mentat of MSC Software Corporation.

A Constitutive equations of the friction element in terms ofthe clas-
sical theory of plasticity

In the following, the friction element is described in ternfghe classical theory of plasticitys] p. 227].
First theyield function
F(t) =t -1y (A.1)

is defined without consideration of hardening or softeniffigots.
F(5)=0 (A.2)

is the necessary condition of plastic flow and is referregielsl condition([6, p. 228, 232],42, p. 4]). The
condition

F(15) <0 (A.3)
defines feasible stress states. The temporal change of#lireistgiven by thessociated flow rule
=05 (A4)
The proportionality factor{ is by definition
{>0. (A5)
As it can be seen in equatioA.@d), { > 0 is necessary and sufficient for plastic flow. (S5)

Due to equationsA.3) and A.4) the values ofF (1r) and { express kinetic and kinematic condi-
tions of the friction element. Thus, they are not indepenftem each other. Depending on which of them,
F (1r) or {, is the starting point of a logical discussion the four cadfd@able2 exist. Examples for each of

Table 2: Four logical statements betwde(r;) and{
!IF {=0 THEN {(F=0) OR (F<O0)}
:IF (>0 THEN F=0
!IF F=0 THEN {({=0) OR ({>0)}
:IF F<O0 THEN (=0

[ Iy





the four cases are specified in supplemental informaiidn Equations A.14), (A.16), (A.18) and A.19)
hold the information of the four statements of taBli@ the logical notation and can be summarised by

{F (1) =0. (A.6)

Equations A.3), (A.5) and @A.6) are called KK\RUSH-KUHN-TUCKER conditions([41, p. 123], b5]) and
comming from convex non-linear programmingZ2[ p. 6], [54]). But due to casél of table2 it is not
possible to decide wethef is equal or greater than zero. To solvdfi(rf) is considered. Under the
assumption oF (1;) = 0 it is necessary to keep

F (1) <0 (A.7)

to satisfy equationA.3). Furthermore, it is imperative to connd%(rf) = 0 with plastic flow so that its
necessary condition, equatiof.?), can be satisfied during the whole time of the plastic floncpss. With
respect to statement (S5) the four cases of talebdst, depending on which of the logical statemeftst)
or Z, is the starting point of the logical discussion.

Table 3: Four logical statements betwde(r;) and{
LIF >0 THEN {(F = 0)AND (F =0)}
:IF {(F=0) AND (F=0)} THEN{ >0
IR E(F :og AND (¢ =0)} THEN {(F =0) AND (F <0)}
:IF {(F=0) AND (F <0)} THEN {(F =0) AND ({ =0)}.

(i |

The logical evaluation as well as examples are considerddtail in supplemental informatioh.2. Thus,
the information of the four statements in taBlean be summarised in tle@nsistency conditio(j6, p. 235,
461], [18, p. 200], B2 p. 6, 77], b6, p. 193])

{F(1)=0 if F(t)=0. (A.8)

With the help of the KRUSH-KUHN-TUCKER and consistency condition theading and unloading con-
ditions([42, p. 78], b6, p. 189])

(F<0) = ((=0) rigid (A.9)
[(F<0)=({=0)] rigid unloading (A.10a)

(F=0)A{ [(F=0)A({=0)] neutral loading (A.10b)
[(F=0)A({>0)] plastic loading (A.10c)

are expressed. They provide the definition ofpineyield the region of no plastic flow, and tip@styieldat
which the friction element flows plastically. Thus, the paed postyield are separated by

(F<O)V[(F=0A(F<0)] : preyield (A.11a)
(F=0)A[(F=0)A({>0)] : postyield. (A.11b)
{ can be calculated by the evaluation of the consistency tondvith respect to equatiorA(4), which

yields = y sign(t;) under consideration (g% = sign(t;). With signy) = sign(t;) according to equation
(11) the proportionality factor is calculated to

2= (A.12)

A.1 Explaining the third K ARUSH-K UHN-TUCKER condition related to table 2

In this section the four cases of taldare illustrated. To verify this some examples are discudsiest the
written logical statements of tabfeshall be expressed with logical symbols. Thereto OR is oeldyV.

The IF A THEN B construction which leads to the logical termsufficientfor B and Bnecessaryor A is

substituted by=-. With it the truth table for casél andJ can be formulated and is plotted in taldleHere
A, B and C are logical variables. Depending on the case they ar

0 : A=({=0), B=(F=0), C=(F<0) (A.13a)
0 : A=(F=0), B=({=0), C=({>0). (A.13b)





Table 4: Truth table for cadé and

A=B)vV | A=
BVC | A=B | A (
VEIASBIA=C a0 | BYO)

OCOOOKKKHH >
HHOOHHOOl
OHOHOHOK O
HHOKKFRKFO KM
HFHHHHKHOO
HHHHOKMO M
HHHRRRO M
HHHRRRO M

The start of the discussion of caSes given by the logical everd = 0. Here both events, either=0 or

F < 0, are possible and are linked by an OR operation relatecetpribsaic statement of tali?e Thus, the
column B and C are linked by the OR operatoand define column four. Because the truth table given by
column two to four at line one to four is similar to the trutiblagiven by column five to seven at line one
to four the logical statement

{@=0=[F=0vF<0]}={[¢=0=(F=0)|v[¢=0=(F<0]} (14

is verified. An example to demonstrate c&5is given by the stress driven sinusoidal loading: Ty sin(wt)
so that it yields

—1y c t=21 (3 +n2n (A.15a)
T={ —Ty<TG<Ty c[t=0] N\ [t=2 (Z+nm)] (A.15b)
Ty o t=21(F+n2m). (A.15c¢)

\\ describes the difference of sets so thiat- 0] \ [t = £ (£ +nm)] defines all times greater equal zero
without the times = 1 (Z+nm). At the reversal points to the timés= X (Z 4 nm) the stress starts to

decrease so that the loading passes under the assumptieatadlnoading withy (t = Q% (g +n 7T) ) =0.

Thus, it is clear thaf{ = 0) A (F = 0) on the reversal points and otherwise it yields= 0) A (F < 0).
Here the operatot stands for the logical AND operator.

In casell the starting point of the argumentatiorFis= 0. Here{ cannot be restricted. Thus, both events,
either{ =0 or { > 0, are still possible. Relating to a discussion analog te Eatsee above) the logical
statement

{F=0=[¢=0v(>9]}={[F=0=(@=0]v[F=0=(>0)]} (18

holds true. An example o(F = 0) A (Z = O) is given by the neutral loading conditions at the reversal
points due to equatiorA(15) with y% (t = 01) (’—2T +n n)) = 0. If the friction element undertake plastic flow

for example with a non-zero constant strain ratg 0 it yields (F = 0) A ( > 0).
For casél andO the logical variables are linked by A B (table4) and associated with the statements

0 : A=({>0), B=(F=0) (A.17a)
0 : A=(F<0), B=({=0). (A.17b)

In casell the discussion is started with> 0. It follows F = 0 and it yields
(>0)= (F=0). (A.18)

Here{ > 0 is sufficient forF = 0 which means tha = 0 is necessary fof > 0. This is the case if the
friction element flows (plastic flow).
F < 0 is the start of the argumentation of caseo that{ = O follows. Thus,

(F<0)=({=0) (A.19)

is valid. F < 0 is sufficient for{ = 0 and{ = 0 is necessary fdf < 0.





A.2 lllustration of the consistency condition related to table 3

In this section the logical correlation betwelernd{ are discussed under the assumptioR ef 0. Thereto
the logical statements of tabBeare expressed with placeholders by

00 @ A=({>0),B={(F=0)A(F=0)} (A.20a)
00 @ A={(F=0A({=0)},B={(F=0)A(F<0)}. (A.20b)

In the following, statement] and shall be evaluated. Therefore theifAand only if B construction is

e5: r htablefromcas@toD
| | (A=B)A BéA)|A B

OOKFH>
OHOH
l-w-‘or-dug

=
1
0
0
1

I-*Ol-*l—*
HOOHR

substituted by=. First the prosaic statemelitis expressed by its logical symbols and define column three
of table5. The prosaic statemeht of table3 gives column four of tabl®. Because column five is similar
to column six the logical statement

(>0 = {(F=0A(F=0)} (A.21)

holds true. This means theg > 0) if and only if { (F = 0) A (F = 0) }. Both logical statements are valid
if the friction element is in plastic flow.
The statment&] and(J are discussed in the same way and one obtains

{F=0A (=0} {(F=0)A(F<0)}. (A.22)

Analog to the discussion abofgF = 0) A ({ = 0)} if and only if { (F = 0) A (F < 0) }. An example of
this case is the neutral loading at the reversal points oo (A.15) with % (t = % (Z+ nn)) =0.





B Analytical calculations to explain the definitions ofsolid, fluid and

yield stress fluid

B.1 One-dimensional constitutive equations of the materiamodel of figure 6(a)

In the following the one-dimensional constitutive equasi®f a viscoplastic material according to figure

6(a)is briefly summarised.

kinetic condition: T=1%+71% (B.1)
kinematic condition: Y= VYell + W = Yei2+ Vi (B.2)
overstress: Y =GYei=nW (B.3)
equilibrium stress: 9= G1 Yel2 = Tpack+ Tt (B.4)
backstress: Thack= G2 Ypl (B.5)
stress of the friction element: Tt = Sign(yp!) Ty (B.6)
yield function: F = 1% Thacd — Ty (B.7)
associated flow rule: Yo = { oF (I;:;gb“k) = Z sign(T®%— Thack) (B.8)
K ARUSH-KUHN-TUCKER conditions: F (1% Thack) <O (B.9)
(>0 (B.10)
¢ F(Teq Thack) = 0 (B.11)
consistency condition: ZF (189, Thaer) = 0 if: F(1%9 Thack) = 0 (B.12)
loading and unloading conditions:
(F<0) = ((=0 ...viscoelastic behaviour (B.13)
(F=0) A [(F<0)=({=0)] ...viscoelastic unloading (B.14)
(F=0 A [( F 0 A({ =0)] ...neutral loading (B.15)
(F=0 A [(F A({>0)] ...viscoplastic loading (B.16)
The proportionality factof is determined bf(req, Tpack) = 0 and yields
7= signN(1®9— Tpack) G1 Y _ Sign(1®9— Tpack) 769 . (B.17)

G1+G2

G2

B.2 Total stress response and equilibrium stress responsé the material model of
figure 6(a)according to cyclic strain controlled loading

The stress response in case of cyclic strain controlledrgazhn be calculated separately for the overstress
and equilibrium stress since they are additively connedtiedto equationi.1). The overstress s calculated
by solving the differential equatior2l). The equilibrium stress

=G (V_ Vpl)

is given by equations.2) and B.4). At viscoplastic loading, the plastic strain is relatedte total strain

by equationsB.8) and B.17) and results into

viscoplastic loading: yp =

_ G
G1+ G

y+C

(B.18)

(B.19)

The constant of integratio@ is determined by the transition condition which ensure thetiauity of yy

during the whole loading.





The solution for the overstress response is given by

0<t<T : ()= Tyn (+1—e’ﬁGt) (B.20)
T<t<3T : ()= ?Vn (flfe*ﬁGt +2e’%(t’T)) (B.21)
AT<t<5T : 1o(t)= ?Vn (+1fe*%‘ y2e 1D fZe*%(t*?’T)) (B.22)
The equilibrium stress response yields
OSth—TV : reqa):el%’t (B.23)
1
T, T [y G T
o SIsT ¢ =6 +¥t (1_ Gl+le) - leZGz] (B.24)
2 v . Gy—
T<t<T (1+ Gzyy) C () =Gy (—¥t+2y— Glly+ GTZV) (B.25)
2Ty e [ y A Gl Ty
Y )l<t< : drt) — _r o o _
T (1+G19> <t<3T (1) = G, ( Tt+2y) <1 Gl+GZ> S (B.26)
2T, 1% . Giy—1y
IT<t<T(3+=%) : 18t)=Gy(+=t—4 B.27
<t< <+Gly> (1) 1(+T Ve, (B.27)

21, y . Gy Ty ]
T(3 Y ) <t<5T : 8t)=G Lt—ay)(1- B.28
( +le>— = ® 1K+T V)< Gl+Gz>+Gl+Gz (8.28)

The sum of both stresses results into the total stress whigloited in figure7(a) as parameter-dependent
set of[y(t); T(t) = °V(t) 4+ t®9(t)] with the timet as parameter. The same holds for the equilibrium relation

[y(t); T9(t)].

B.3 Total strain response and equilibrium strain response tthe material model of
figure 6(a) according to cyclic stress controlled loading

To determine the strain response in case of cyclic stressddleal loading, the overstress part and equilib-
rium stress part of the material model cannot be solved agglgr Since they are additively connected due
to equationB.1) the split of the applied total stress into the overstresisamuilibrium stress is restricted by
the kinematic condition (equatioB(2)) which couples the overstress part and equilibrium sipass That
is why the strain response of each loading, either visctela®ding or viscoplastic loading, is defined by
a corresponding differential equation. The strain respansase of viscoelastic behaviour is determined
by .

viscoelastic behaviour: é + % = (1+ %) Yelz + %ymz (B.29)

with respect toy = ye2. The material behaviour in the range of viscoplastic logdéngiven by the differ-
ential equation

. . . 1 17 . . TyG1 . G1Gy . G1 Gy
viscoplastic loading: G + n Sign(ypi) 1(G1+ Gy G116y <1+ G(G1+G2)) y+ 7(G17G) y. (B.30)

The solving procedure to obtain the strain response of fig(lsgis explained in the following. The times
of the transition from viscoelastic to viscoplastic loaglity, t3 andts) are defined by nonlinear equations
which cannot be solved analytically by the authors of thiskwdhus, a fully analytically description of
the strain response cannot be specified. They were solvednually instead and calculated f&= 1Pa,

n =0.5PasG; = 1Pa,G, = 0.5Pa,1y = 0.5Pa,T =1s andr = 1.

__©6 T 1 T 1
O<t<ti : y(t)=Cie Moo 4 % Gi (6 - GG+GGl) + % St (B.31)

1 1 1

Ttn/1 G+G
Ci—_Ltn(2_ B.32
S <G GG (B:32)
t; — numerically determined by:y(t =t;) — é—y =0 (B.33)
1
t1 =0.76804s





th <t<T

T<t<t3

3T <t<ts

ts <t <5T

= 2
y(t)=Core n[G(GlGJ}(SZZ)EGle] t_ T M b
T (Gl Gz)z G,

T G1G,G
Ty 1 G1+Go tl) enlG (G1+G;)+616,] 1

(Ty T n(G1+Gy)?
C=( L+ T2

1 (G1G2)? G T GiG
Wt=T) =g gt =15 g,
y(t) =Cse et érl éG% <é _ GG+G(.131> _ ?f Gilterp,(t -T)
Cs= [V(tT)GilJrTfGil (é GG+G(.131) it T)] oieten T

—Ty+ (G1+G2)Vp|(t = T)

t3 — numerically determined by:y(t =t3) — e =0
1
ty = 2.7453s
~ 2 ~
v(t) :C4eimt+l n(Gi+Gy) Ty 2T(G1+G2) T G1+G2t
T (G1Gy)? Gy 6162 T GGy
~ 2 ~
o (ot~ D ACHHOF T MGG 1Ot Cr ) iy
T (G1Gy)? Gy G1G2 T Gng
Gy
Wl =3T) = =2 [ME=3T) Yt =t5)| 4yt =T)
616 4T T n (1 G+G T 1
n(G+G) - _ - = — 3T
My =Cse 1E0T - TGl<G GGl>+TGt+Vp'(t 3T)

GG

) i —om)] e

Ty + (Gl + Gg)yp|('[ =3T)
Gy

T Tn/1 G+G;
Cs = [V(t_3T)+Gl TGl(G GG

ts — numerically determined by:y(t =ts5) —

=0

ts = 4.82225
G1G,G T T -
V(t) = Coe oG oeyt - LT D27 Ty A(C1+Gy) T CitGoy
T (G1Gy)? Gy G152 T GG
4f(G1+G2) TG +Gy

GiG; T GG

GGG s
5) e'][G<Gl+Gz)+Gle]

The equilibrium strain is given by the solution of the eduiliim stress part of the material model.

The total strain is plotted in figur&(b) as parameter-dependent sefm(t);

Ty 117

0<t< 2T : yt B.48
<t<3T o PA=5 5 (B.48)
Yrct<T yoa(t) = i+i jt—i (B.49)
T - — G G/ T Gy '
2ty + 1T 1 T 2\, T
<t<Z2 T 0 ) =— (—= Y .
T<t< = T yoa(t) Gl( Tt+2r)+ G (B.50)
2Ty + 1 1 1 T . T
<t< ) = [ — + — _— Y )
—— T <t<3T yea(t) (G1+G2>< Tt+2r)+G2 (B.51)
21y + 37 1 -T+71y
IT<t< ———T : yt)= +y Ti a4ty (B.52)
T Gl Gz
21y + 3T 1 1 T
<t< DY) = = — A :
z T<t<5T yoa(t) (Gl+GZ> <+Tt 4r) G (B.53)

y(t)] with the timet as param-

eter. The same holds for the equilibrium relatja(t); y©9(t)].

(B.34)
(B.35)
(B.36)
(B.37)
(B.38)

(B.39)

(B.40)

(B.41)
(B.42)
(B.43)
(B.44)

(B.45)

(B.46)

(B.47)





B.4 Total strain response of the MAXWELL element according to cyclic stress con-
trolled loading

In the following the analytical descripton for the straispense of the MXwELL elementin case of cyclic
stress controlled loading are determined as solutionssodimstitutive equatior2().

17, 171t?
0<t<T y(t):a;HE% (B.54)
2 2 12
T<t<3T y(t) = é <+2f %t) +% (+2ft % % - fT> (B.55)
1 . T 1 SO O R
3T <t<5T y(t) = c (4r+ %t) + M (4Tt+ % % +8TT) (B.56)

B.5 One-dimensional constitutive equations of the materiamodel of figure 10(a)

In the following the one-dimensional constitutive equatiof a viscoplastic yield stress fluid according to
figure10(a)is briefly summarised.

kinetic condition: T=1%+71% (B.57)
kinematic condition: Y= VYelt + W = Yel2+ Wi (B.58)
overstress: =Gy =nNW (B.59)
equilibrium stress: =Gy Yep =T (B.60)
stress of the friction element: Tt = sign(ypl) Ty (B.61)
yield function: F=|1%—-1 (B.62)
. _ : JF(1°9) e
associated flow rule: Yo =¢ = Z sign(t®Y) (B.63)
KARUSH-K UHN-TUCKER conditions: F(t®9) <0 (B.64)
(>0 (B.65)
JF(1%% =0 (B.66)
consistency condition: (F (189 =0 if: F(t®% =0 (B.67)
loading and unloading conditions:
(F<0) = (=0 ...viscoelastic behaviour (B.68)
(F=0) A [(F<0)=({=0)] ...viscoelastic unloading (B.69)
(F=0) A [(F=0)A({=0)] ...neutralloading (B.70)
(F=0) A [(F=0)A({>0)] ...viscoplastic loading (B.71)

The proportionality factof is determined by (7% = 0 and yields
{ =signt®9)y. (B.72)

B.6 Total strain response of the material model of figurelO(a) according to cyclic
stress controlled loading

The determination of the strain response in case of cydl&sstcontrolled loading cannot be done sepa-
rately for the overstress part and equilibrium stress plattie® material model because they are additively
connected due to equatioB.67). The kinematic condition (equatioB (68)) couples the overstress part
and equilibrium stress part and restricts the applied &itaks. Analog to the procedure of supplemental
informationB.3, each loading of the material model of figut8(a) either viscoelastic or viscoplastic, is
defined by a corresponding differential equation in a similay. The strain response for viscoelastic be-
haviour is determined by equatioB.@9) with respect toy = ye 2 too. In case of viscoplastic loading the
material behaviour is given by the differential equation

viscoplastic loading: é + % —sign(ypl) % =y (B.73)





and the plastic strain rate is related to the total straia rat
viscoplastic loading: yy =y (B.74)

by equationsB.63) and B.72). The solving procedure to obtain the strain response ofditjli(b)is similar
to that in supplemental informatid®.3. The transition from viscoelastic to viscoplastic loadappens
atts, t3 andts. These times are defined by nonlinear equations which wévedsaumerically because the
authors of this work could not solve them analytically. Tisatvhy a fully analytically description of the
strain response cannot be specified.

__&% ¢ T n /1l G+G; T 1
<t< : = n(G+Gy) R _ )
0<t<ty y(t)=Csie 1 +TG1 (G GGy )+TG1t (B.75)
7,ii 1 G+G
C= TGl(G GGl) (B.76)
t; — numerically determined by:y(t =t;) — é—y =0 (B.77)
1
t1 =0.76804s
Tl 1 T t?
<t<T = e . B.7
th<t< y(t) Cz+(+TG n)t+T2r7 (B.78)
b (Il m), _Iu?
C=g (TG n)tl T2 (B.79)
T
Wit =T) =nt=T)— & (B.80)
&6+ 21 T n (1 G+G T1
T<t< = n(G+Gy) - __ (= R — =T B.81
tste : oy —Cue et LD (L SIS L e-T) @sy
= = ,i ii lfG—i_Gl _ — n(g}rg)T
Cg[y(tT) G1+TG1 (G GG, Wit=T)| e 1 (B.82)
Ty + Gy (t=T
t3 — numerically determined by:y(t = t3) — byt (13Vpl( ):0 (B.83)
1
t3 = 2.8414s
T1 2T+ T t?
<t<3T : = Sk A B.84
stsST ¢y =Cot (1 gt )t 1o (B.84)
T1 2t+1y T t3?
=Vt=t9)—(—=3x —— B.
Ci=y(t=t3) (TG+ 0 )t+T2n (B.85)
Wit =3T) =yt =3T)—y(t=t3) +y(t=T) (B.86)
__&C8 ¢ 4T T n (1 G+G T
<t< : = nG+Gy) — — 4 — L [ = _ _ — )
IT<t<ts y(t) =Cse D - & TGl(G Gel)+TGlt+yp.(t 3T) (B.87)

_fyt—amy e oI (L G+G1) i ar] encien®T
Cg[y(t3T)+G1 TG <G GG, Wi(t=3T)| e 1 (B.88)

ts — numerically determined by:y(t =ts) =0 (B.89)

Gy
ty = 4.8414s
T1 4i+1 T t?
ts <t <5T y(t) Ce—i—(TG 0 )t+T2r] (B.90)
o T1 4f+71 T t5?
%—V(t—ts)—(fa— 0 )IS_TE (B.91)
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