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This paper addresses the general calculus operators with respect to another func-
tions containg the power-law and exponential functions. The Boltzmann-type su-
perposition principles for the anomalous linear viscoelasticity are considered for
the first time. The new technologies are as non-conventional tools proposed to
extend the quantitative concepts of anomalous rheology for solid mechanics.
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Introduction

The general calculi with respect to monotone functions containing the general deriv-
ative which are derived from the Newton-Leibniz derivatives for the composite functions (that
is to say, the chain rules for the Newton-Leibniz derivatives), and the general integrals with
respect to another function, which are derivated from the antidifferentiation of a composite
function and the rule for the change of variables for definite integrals, were considered to de-
scribe the anomalous linear viscoelasticity with use of the general calculi involving the positive
scaling law function and exponential functions [1-3].

In 1878, Boltzmann [4] proposed the superposition principle for the linear viscoelas-
ticity. The problems for the superposition principle for the anomalous linear viscoelasticity in-
volving the functions of the power law [5], fractional exponential [6] and Kohlrausch-Williams-
Watts [7] decay laws were discussed in detail.

Inspired by the ideas and due to the different monotone functions, which are inclusive
of the power-law function (the positive scaling law function [8]) and exponential function, the
aim of the report is to propose the Boltzmann type superposition principles for the anomalous
linear viscoelasticity with the aid of the general calculi involving the positive scaling law func-
tion and exponential functions.
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The geometric interpretations of the general calculi
with respect to monotone functions

In this section, we give the comparison of the geometric interpretations of the Newton-
Leibniz calculus and general calculus with respect to monotone function [1-3].

Let N, R, and R be the sets of the natural numbers, real numbers and positive real
numbers, respectively.

The Newton-Leibniz calculus

Let us recall the Newton’s and Leibniz’s results as follows.
The Newton-Leibniz derivative with respect to the variable ¢ is defined [1, 2]:

_dg0) _ o 4+ AD—4(0)
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The Leibniz integral with respect to the variable ¢ is defined [2]:

n

A0 = [y (0di = lim iw(tk)[b — “j )
a k=1

where a € R and t, = a+k(b—a)/n.

General calculus with respect to monotone function

The general derivative with respect to another function is defined [1]:
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where o(t) = ¢[g(¢)] and g (r)>0.

The theorems for general derivative with respect to another function are given as
follows.

Theorem 1. (The sum and difference rules for general derivative with respect to an-
other function).

If D

1.2 (?) and p® )¢, (2) exist and g(l)(t) > 0, then we have:
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Theorem 2. (The constant multiple rule for general derivative with respect to another
function).

If Df};(.)(p(t) exists, g (¢)>0 and [ is a constant, then we have:

Do [lp()] =Dy (1) (5)

Theorem 3. (The product rule for general derivative with respect to another function).
If D ¢, (t) and Dg};(.)(pz (¢) exist and g(l)(t) >0, then we have:

t,g(")
D) [ () 9, ()] = 9, ()DL 1 (1) + @, ()DL o, () (6)

Theorem 4. (The quotient rule for general derivative with respect to another function).

If DE};(.)% (t) and Dﬁ};(.)(pz (¢) exist, g(l) (1)>0 and ¢,(¢) =0, then we have:
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Theorem 5. (The chain rule for general derivative with respect to another function).
If dp(w)/dw =" (w) and D) ;w(r) existand g (r)> 0, then we have:

D, om0} = ¢ (0D () ®)

For more details of the analogous proofs, we refer to the results [11].
The general definite integral with respect to another function is defined [1]:

(o) = lim ZQ[gk (t)][g B (")} - [QAglde = [ (©)

where a e R, y(#)=Qfg(r)] and g; (1) = g(a)+k{g(b) - g(a))/n.
The theorems for general integral with respect to another function are given as follows.
Theorem 6. (The sum and difference rules for general definite integral with respect to
another function).
If alt(,g(_)¢)1 (¢) and I,(,g(.)qoz (¢) existand g (¢) >0, then we have:

A0 0,(01= 10 o ()% 10 0 () (10)

Theorem 7. (The constant multiple rule for general definite integral with respect to
another function).
If 1 (l)()(o(t) exists, g (¢)>0 and [ is a constant, then we have:

Lo leO1=1,1{5,0(0) (1)
Theorem 8. If S,flt(l)(o(t) exists and g(l) () >0, then we have:
oL@ == 1000 (12)

Theorem 9. (The first fundamental theorem of general definite integral with respect to
another function).
If D(l)( ) (1) exists and gV (¢)>0, then we have:

() ~v(@)= I, [ Do ®)] (13)

Theorem 10. (The mean value theorem for general definite integral with respect to
another function).
If D(l)( ) (1) exists and gV (#)>0, then we have:

Ao =y D) - g(a)] (14)

Theorem 11. (The second fundamental theorem of general definite integral with re-
spect to another function).

If Dglg,( ) (1) exists and gV(¢)>0, then we have:
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v()=D{l | L0 ® ] (15)

Theorem 12. (The net change theorem for general definite integral with respect to
another function).
If D(l)( ) (1) exists and gV (¢)>0, then we have:

v () -y (@)= I, [ Do O] (16)

Theorem 13. (The integration by parts for general definite integral with respect to
another function).
If D(l)( y¢i(?) and D g( )@, (2) exist and gV(1)> 0, then we have:

J00 [ 2200000 (0 =01 (00, () - 91 (@)ps (@) 10, [ 2 OD (0] (17)

For more details of the analogous proofs, we refer to the results [11].
The comparison of the geometric interpretations of the Newton-Leibniz derivative
and general derivative with respect to another function is illustrated in fig. 1.
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Figure 1. The geometric interpretations of the Newton-Leibniz derivative and general derivative with
respect to another function
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The comparison of the geometric interpretations of the Newton-Leibniz integral and
general integral with respect to another function is illustrated in fig. 2.

General calculus with respect to positive scaling law function

To determine the behavior of the positive scaling law function in nature [8], we intro-
duce the following general calculus with respect to positive scaling law function.
The general derivative with respect to positive scaling law function is defined [2]:

1 de®

M
st Dy (ﬂ(t)—ﬂ s

(18)

where xt” is the positive scaling law function with the normalization constant & and the
scaling exponent S for k e R, and feR,
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Figure 2. The geometric interpretations of the Newton-Leibniz integral and general
integral with respect to another function

The general integral with respect to positive scaling law function is defined:
IOy () = B[y (O de (19)

with y (1) = o D[y ()] and w(0) -y (a) = 1", Dy (1)].

Taking the different values of the parameters, we have the following results:

(M1) When x =1, one has the general derivative with respect to power-law function
defined by [1-3]:

d
PDE“qo(t):ﬁ‘g—E” (20)

and the general integral with respect to power-law function defined by [1-3]:

Sy () =/3]w(r)rﬁ“dr 1)

with (1) = pDV[1 y(0)] and w (1) -y (a) = ;I"[ , D"y (2)].
(M2) When g =1, one has the general derivative with respect to the monotone func-
tion defined:

D0 =20 22)

and the general integral with respect to power-law function defined:

51,‘”w<t>=zc]w(t>dr (23)

with y(0)= , DU ()] and w(0)—y(a)= LIOT, Dy ()]

(M3) When k=1 and g =1, one has the Newton-Leibniz calculus [9-11].

The basic results of the general calculus with respect to positive scaling law function
are presented as follows:
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If p(t)=k"t"? for n e N, then there exists:

SL D£1)¢(t) =nx"'1" VP (24)

If w(f)=nx""'t" D for neN, then there exists:
IO (1) = k"t (25)

If p(t) = e where ¢” is the Kohlrausch-Williams-Watts function [7, 12-14] and
A e R, then there exists:

5. DVp(t) = Ag() and g DV p(r) = Ap(1) (263, b)
If w(t)= 2e*!” for A e R, then there exists:

i s
S 1Dy (1) =™ (27)

If w(t)= ne’i’“ﬂ +xtPe ™ for A R, then there exists:
2D p(0) =-Ay (O +e " (28)
If @)= nem’“ﬁ , where i =(-1)"* and A € R, then there exists:
D} () =i2¢(t) and o D p(t) =-A>p(t) (292, b)
where the subcurve is given:
nei’l"’ﬂ = n[subcos(Axt” ) +isubsin(Axt?)] (30)

with the subsine function defined:

subsin(Axt?) = i( el _gritwt! ) 31

2i

and the subcosine function defined:
subcos(Axt”) = %(em’“ﬂ et ) (32)
If o(t) = subcos(Axt” ) , where 1 € R, then there exist:
o DWo(t) = —Asubsin(Axt?) and o DPg(r) = —A% subcos(Axt?) =-A*p(r) (33a,b)
If @(r) = subsin(Axt” ), where i = (=1)"? and 1 e R, then there exists:
SLDﬁl)(p(t) = Asubcos(Axt”) and L Dgz)go(t) =-1° subsin(/b(tﬂ ) = —lzgo(t) (34a,b)
If (1) = subcosh(Axt”) , where A e R, then there exist:

S Dgl)(p(t) = Asubsinh(Axt”) and SL Dgz)(/)(t) = A? subcosh(Axt?) = 2*p(t) (35a, b)
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where the hyperbolic subcosine function defined:
subcosh(Ax”) = %(e“’” Lot ) (36)
and the hyperbolic subsine function defined:

subsinh(Axt”) = %(e’l’“ﬁ — g ) (37)

If () = subsinh(Axt”), where A € R, then there exist:

. DWo(t) = Asubcosh(Axt?) and ¢, DP () = A% subsinh(Axt?’) = A*(f) (38a, b)

If w(t)= 4e*” for A € R, then there exists:
w0 = (39)
If p(t) = newﬁ , where i = (—1)]/ * and A eR, then there exists:
2DWo(t)=ide(t) and ,DPep(t) = -2 (1) (40a, b)
where the subcurve is presented:
nemﬁ = n[subcos(ﬂtﬁ )+ i subsin( A’ )] 41)
with subcos(A2?) = (e +e " )/2 and subsin(A¢?) = (1/2i)(e™ —e*").
If @(¢) = subcos(At”), where A € R, then there exist:
»DWo(t) = —Asubsin(Ar”) and ,DPg(r) =A% subcos(At?) = —A2p(t)  (42a,b)
If ¢(t) = subsin(A¢#), where i = (-1)"* and A e R, then there exists:
»DWo(t) = Asubcos(At?) and g DPg(t) = —A% subsin(Axt’ ) =-A*p(t)  (43a,b)
If () = subcosh(A¢”), where A € R, then there exist:
»DWo(t) = Asubsinh(Ar”) and ,DPp(r) = 1% subcosh(At?) = Ap(t)  (44a, b)

where

subcosh(Ar#) = %(el’ﬁ +e ) and subsinh(Ar”) = %(e’”ﬁ e ) (45a, b)

Suppose that ¢(¢) = subsinh(4¢”) , where A € R, then there exist:
»DWo(t) = Asubcosh(At”) and ,DPg(t) = A* subsinh(A7) = () (464, b)
It is seen that:

subcos® (Axt” )+ subsin® (Axt” ) =1 and subcos®(Axt”)+ subsin®(Axt”) =1 (47a, b)
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General calculus with respect to exponential function

To decribe the behavior of the complex materials, we introduce the following general
calculus with respect to exponential function.

The general derivative with respect to exponential function is defined [1-3]:

1 de(t)
DYp(t) = ————-2 48
E~t @( ) ﬂ,peﬂt dt ( )

where 4, p eR.

The general definite integral with respect to exponential function is defined [1-3]:

t
SOy () = Ap[w(t)edr (49)

where a € R.
Their relationships between egs. (48) and (49) can be written [1-5]:

_ 1 i E (1) =( mijt At
20! ( ppe dtjal, o=\ j v (e dr (50)
and

w() = l(ei’ %j eMdr +y(a) (51)

The Boltzmann type superposition principles
for the anomalous linear viscoelasticity

Let &(¢) be the strain, o(¢) be the stress, ¢ be the time, G(¢) be the relaxation mod-
ulus, J(¢) be the creep compliance, Ao; be the discrete stress increment applied at time ¢ =17,
Ag; be the discrete strain increment applied at time ¢ =7;, o, be the constant strain, and &, be
the constant strain.

The Boltzmann superposition principle for the linear
viscoelasticity

With the Boltzmann superposition principle [4], one has:

(t) = iAo-iJ(t -7) (52)

i=1

which can be written:
n
Ao
g() =Y J(t—1,)=2L A, (53)
i=1 Az,
In this case, one has from eq. (53) that:

e(t)= j.J(t—r)%dr (54)



Yang, X.-J.: New Non-Conventional Methods for Quantitative Concepts of Anomalous Rheology
THERMAL SCIENCE: Year 2019, Vol. 23, No. 6B, pp. 4117-4127 4125

which leads to:

T d/(r)
e(t)=0,J(1)+ ja(z ~7) dr (55)
0 dr
In an analogous manner, one has:
o)=Y A&G(t-T;) (56)
i=1
which leads to:
z Ag;
o(t)=) G(t—7,)—LAr, (57)
i=1 Az,
Here, one has from eq. (57) that:
¢ de(7)
o(t) = j G(t-1) dr (58)
- dr
which can be given:
< dG
o(t) = £,G(t)+ [ &(t - T)d—(r)d‘[ (59)
T
0

The Boltzmann type superposition principle for the anomalous
linear viscoelasticity within the power-law function

To decribe the behavior of the complex materials, we present the Boltzmann type su-
perposition principle within the general calculus with respect to power-law function.
From eq. (55) one has:

&(t)=0,J (1) + ﬂKT o(t-7)c’ o DWJ(r)dr (60)
which can be written: O
&(t) = px j J(t-0)"" o DV (r)dr (61)
which leads to: -
e(t) = Zn:Ao;J(t -7, (62)
i=1

In an analogous manner, one has:

o(t) = £,G(t) + ﬂKT st-1)c? o DVG(r)dr (63)
0

which can be written:
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o(t) = fx j G(t—1)c’" o DVe(r)dr (64)

which leads to:

o(t)= Zn:AgiG(t -7;) (65)
i=1

The Boltzmann type superposition principle for the anomalous
linear viscoelasticity within the exponential function

To describe the behavior of the complex materials, we introduce the Boltzmann type
superposition principle within the general calculus with respect to exponential function.
From eq. (55) one has:

e(t)=0,J(t)+ Ap j o(t—1)e” ,DVJ(r)dr (66)
0
which can be given:
t
é(t)=2p [ J(t-1)e* ;D o(r)dr (67)
which implies that:
e()=Y Ao, J(t-1;) (68)
i=1
In an analogous manner, one has:
o(t) = £,G(t)+ Ap j e(t-1)e™ ,DVG(r)dr (69)
0
which can be presented:
t
o(t)=Ap j G(t—7)e* ;.DVe(r)dr (70)
which can be written:
o)=Y A&G(t—T;) (71)
i=1

Conclusion

In our work the theorems for the general calculus operators with respect to another
function were considered. The sub-trigonometric functions via Kohlrausch-Williams-Watts
function are proposed and their characteristic equations were discussed in detail. The discrete
forms of the Boltzmann type superposition principles are same but their integral forms are dif-
ferent due to the different quantitative concepts of anomalous rheology for solid mechanics. The
results can be used to explain the Kohlrausch-Williams-Watts decay law in complex materials.
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Nomenclature

t —time, [s] Ao; —discrete stress increment, [Pa]
&(t) —strain, [—]
Greek symbols o(t) —stress, [Pa]

Ae;

;  —discrete strain increment, [—]
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