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Modeling and research of processes for creep compliance and relaxation based
on fading memory concept

Abstract. Using of rheonomic materials in engineering structures is one of the most important
issues in determining strength and durability. The main task of the mechanics of a deformable
solid is to simulate the processes of deformation of viscoelastic materials. Currently, there are
quite well-developed theories and methods of viscoelasticity that allow to determine and describe
the viscoelastic properties of materials. They differ between linear and nonlinear viscoelasticity.
In the linear and nonlinear theory of viscoelasticity, such a task is reduced to finding creep and
relaxation kernel. Creep and relaxation kernel are interconnected by a known integral relationship
that establishes a relationship between stress, strain and time. The work is devoted to modeling of
stress relaxationand sttrain of hereditary materials. Stress relaxation is described by a nonlinear
integral equation with an Abel’s kernel. New efficient method has been proposed for determining
of parameters (o, §). Bisection method is used for obtaining of parameter a.. Algorithm have been

developed for calculating of parameters of « and 4.
Key words: relaxation, bisection method, conditional instantaneous stress, relaxation stress.

A . Uckak6aes', K.C. Kyrumos 2%, I.M. Encebaena 3, O. Xabuomna
19-Dapabu aremEgarel Kazak yITTEIK yHEBepcHTeTi, AMMaTE K., KazakcTan
2E.A. Boekeros areinarsl Kaparanas: yausepcureri, Kaparamms k., Kasakcram
3 KopxsiT-Ata arsiagarst Ksspuiopaa yausepenreti, Keispuiopaa k., Kazaxcran
*e-mail: kiyas6@mail.ru
2KaipIHbIH ©11yi KOHIEIUsIChI HerisiHge >KbIIIKBIMAJIBIIBIK, >KOHE pPeJIaKcallus MPoIecTePiH
MOJeJIb/iey YKOHE 3epTTey

NHxkenepIik KypbLIbICTAPIa PEOHOM/IBI MaTepHaJsIap/Ibl Maiigaiany - OepiKTLIIK eH Y3aKTHIKThI
AMKBIHIAYIBIH, MAHBI3IBI Mocesieepiniy 0ipi. ledopmariusiiaHaTblH KATTHL JeHe MEXaHUKACHIHBIH,
Heri3ri MiHgeTi TYTKBIPFa TO3IMIl MaTepHaIap/aIbl JedOpMaIsIay MPOIECTEPIH MoIeabaey 60-
JIBITT TAaOBLIa Al Ka3ipri yakbeITTa TYTKBIP CEPHIMALTIKTIH 2KETKIMIKTI KaKChI 931pJIEHIeH TeOPUsi-
JIapbl MEH 9icTepi 6ap, oap MaTepuasIapablH TYTKbIPFa TO3IMI KACUETTEPIH aHbIKTAyFa YKOHE
cunarTayra MyMKIiHIIK 0epe/i. Osap/ia »KeJiijiiK »KoHe ChI3BIKTHIK, eMeC TYTKBIP CEPIIIMILIIr aXKbl-
parbLiaabl. TYTKBIP CEPHIMILTIKTIH CHI3BIKTBIK, YKOHE ChI3BIKTHIK eMeC TOPaObIHIa MYHIAM MiHIEeT
CYpTrijiey 2K9HE pejlaKcalius sIpOJIapbIH i3meyre okesei. 2KbURKY YKoHEe DPEeTAKCAINS SIPOJIAPBI
KepHey, JedopMalys KoHe YaKbIT apachbIHIArbl OaiIaHbICThI OeIriIedTiH Oe/rii nHTerpaIIbIk,
KATBIHACIIEH OAaNIAHBICTHI.

Byn Kymbic MypaJbl MaTepUAIAP/IBbIH pPeJIaKCAllud YAEPICiH KOMIBIOTEPJIK MOJIEIbIAEYTe ap-
vasirad. Kepueymin azaio yzepici AGesb siIPOCHIMEH CBIZBIKTBI €MeC UHTErPajIblK, TeHJIeYiMeH
cunarrasaabl. AGeanb e3erinin napamerpiepin (o, §) aHBIKTayIbIH KaHA THIMIL oici Gepiared. «
[apaMeTpiH aHbIKTay YIIIH OMCEKIUs 9ici HalifaJaHbLIaabl. ( XKOHE 0 IapaMeTpJIepil caHayIbIH,

AJITOPUTMI JKOHE COKeC KOMITBIOTEPJHK HaFrIapaaMachl XKacaJFaH.
Tyiiin ce3nep: Pemakcanus, 6ucekims oIici, MApPTTHI JIE3TIK KEPHEY, KEPHEY/IiH a3al0ybl.
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MO,ILGJIHpOBaHI/Ie n uccijieaoBaHue IIPponecCoB II0JI3YyYeCT U peJiaKCallu Ha
OCHOB€ KOHIEeIIInn 3a’1‘yxa101ue171 IIamMAaATn

Wcnonp3oBaHne pEOHOMHBIX MaTepPUAJIOB B HHXKEHEPHBIX COODYKEHUSX - OJWH N3 BasKHEHITIX
BOIIPOCOB OIIpeJIeJIEHIEe IIPOYHOCTH U JlosiroBednocTr. OCHOBHO# 3a/1a4eil Mexanuku 1edopMupy-
€MOI'0 TBEDJIOTO TeJla SIBJISeTCsl MOJIeJINPOBAHUE IIPOIECCOB J1e(POPMHUPOBAHNS BI3KOYIPYTUX Ma-
TepuaJioB. B Hacrosilee BpeMsi UMEIOTCs JIOCTATOYHO XOPOIIO pa3paboTaHHbIE TEOPUU U METOJIbI
BA3KOYIIPYI'OCTH, KOTOPBIE IO3BOJIAIOT ONPEJE/JUTh U OIUCATh BA3KOYNPYTHE CBOICTBa MaTepHua-
JIoB. B HEX pa3imyaloT JIMHEHHYIO M HEJIMHEHHYIO BA3KOYNPYroCcThb. B jmHeiiHOW M HeJMHEeNHOH
TOPUU BA3KOYIPYTIOCTH TaKasd 3aJa49a CBOAUTCA K OTBICKAHHUIO ANCP IOJA3YYECTH U PEJIAKCAIUN.
A npa non3ydecTu u peslaKCaluy CBA3aHbI MEXKTy CODON M3BECTHBIM MHTErPAJIbHBIM COOTHOIIEHNU-
€M, KOTOpasl yCTaHaB/INBAET CBs3b MEK/y HallpsKeHHeM, jiedopMaliieil 1 BpeMeHH.

Pabora nocssiiena KOMIIBIOTEPHOMY MOJIEJIMPOBAHUIO PeJIAKCAIIUN HAIIPSI?KEHUIl HAC/IeCTBEHHBIX
MaTepuaJsioB. Pesakcanys HaIpsIzKeHUI ONNCHIBAETCS HEJIMHEHHBIM HHTEI'DAJIbHBIM YPABHEHHEM C
sapom AGestst. Ilpenyoxkena HoBas 3¢bdeKTUBHAS METOJUKA OIIPEIeJICHUs TapaMeTpoB (o, §) -
pa. [lyis HaxoXKieHust mapaMeTpa ¢ UCIOJb3yeTcss MeToj bucekiun. Ha ocHOBe BbllieyKa3aHHBIX
Teopuil pa3paboTaHbl AJIFOPUTMBI B COOTBETCTBYIOIIAsI KOMIIBIOTEPHAs IIPOI'PAMMa JIjIsI BBIUUCIIe-
Hust napamerpoB a u §. KirrouesBbie ciioBa: Pejtakcaiust, MeTo OMCEKIINN, yCJIOBHAST MI'HOBEHHAS
HAIIPAXKCHU, HAIIPS?KCHAA PEIaKCAIUNU.

1 INTRODUCTION

To determine the nature (linearity or nonlinearity) of hereditary materials deformation, a
new method was proposed with the introduction of the so-called experimental rheological
parameter [1,2]:

ke(t) = ——=, (1)

where .(t) is the creep strain value at time t determined experimentally; § is conditionally
instantaneous deformation at the time moment ¢ = 0 determined experimentally.

According to the proposed method the values of experimental rheological parameter are
calculated at different time ¢ and stresses o. Based on the results of the calculations, the
graphs k. (t) are constructed at different stresses o. For a physically linear material, all curves
k.(t) at different stresses coincide, i.e. we have only one average curve k.(t) for all stresses.
There are special curves k.(t) for a physically nonlinear material for different stresses.

Using the procedure in work [1], model (theoretical, calculated) values of a creep
deformation can be determined in the following sequence:

1. Calculation of model rheological parameter values k,,(¢) by the formula:
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)
Fn(t) = 14+ 7——- t=a), (2)

2. Determination of a conditional instantaneous deformation at stresses o:

o) = % 3 £ )

3. Calculation of model values for creep deformation at stresses o:

em(t) =0 (0) - km(t). (4)

The works [3-4] determined creep processes of several hereditary materials, such as Nylon
6, Fiberglass TS8/3-250 (stretching at the angle of §=0°, 45° and 90° and an asphalt concrete.

This article is a continuation of the above works, and it discusses the issues of modeling
the creep and relaxation process based on the fading memory concept.

2 THE USE OF THE PROPOSED ALGORITHM AND METHODS

2.1 Polycrystalline graphite

In [5], a polycrystalline graphite was tested at the stresses of 10, 14, 18 and 22 MPa and the
temperatures of T=2000°C. The creep strain values of the polycrystalline graphite at four
stresses are given in Table 1. The values of the experimental and model rheological parameter
of the polycrystalline graphite obtained by formulae (1) and (2). Calculating by formula

Ak = [Fre0] . 100% (5)
®

the maximum deviation of the calculated values for the rheological parameter of the
polycrystalline graphite as per formula (5) is equal to 0.84%. Using the proposed algorithm
and methods [3-4|, we calculate the design values of creep strain at different stresses. By
calculation according to the developed computer program, the following values of creep kernel
parameters were determined: o = 0.7900; 0 = 0.0612. We will determine

' =4.02-1073. o1

Consequently, the creep curve for the material of the polycrystalline graphite will be
described by the equation:
o(e) = 0 = 90.81 - %812
The difference of experimental and design values for creep strain we will obtain by the
formula:
|5| = |5e - 5m| (6>

The maximum difference at voltages of 10 MPa is 0.0011; 14 MPa - 0.0068; 18 MPa -
0.021; 22 MPa - 0.0259. Experimental and design values of material creep strain at stresses
of 10, 14, 18 and 22 MPa are shown in Figure 1. It is obvious that the extent of coincidence
for design strain with the experimental one is high.
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Figure 1. Creep curves of polycrystalline graphite material at different stresses: 1 — 10MPa; 2 —
14MPa; 3 — 18MPa; 4 — 22MPa.

e — experiment, — design.

2.2 Polyester polymer concrete

In the work [6], experimental studies of polyester polymer concrete were carried out at the
stresses of 10, 20, 30, 40 and 50 MPa. The maximum deviation value of rheological parameter
for polyester polymer concrete according to the formula (2) is equal to 0.81%. As you can see,
the experimental and model rheological parameters coincide with a high accuracy. Using the
proposed algorithm and methods [3-4], the following values of the creep kernel parameters
are determined: o = 0.7267; 6 = 0.0329.

We will determine

e =3.779-107 - 0.

Then the creep curve for the material of polyether polymer concrete will be described by

the equation
p(e) =0 =23489 ¢

Experimental and design values of the creep strain of the polyester polymer concrete
material at different stresses are shown in Figure 2. It is obvious that the extent of coincidence

of the calculated deformations with the experimental ones is high.
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Figure 2. Creep curves of polyester polymer concrete material at different stresses: 1 — 10 MPa; 2
— 20 MPa; 3 — 30 MPa; 4 — 40 MPa; 5 — 50 MPa.

2.3 Aramid fiber Synthetical High-Strength Material

In the work [7], the aramid fiber SHSM was tested at the stresses of 330, 1000 and 1650
MPa. The experimental and model rheological parameters coincide with a high accuracy.
The maximum deviation according to the formula (2) is 0.96%.

Using the proposed algorithm and methods [3-4], the following values of the creep kernel
parameters are determined: o = 0.8745; 6 = 0.0372.

We will determine

g'=11-10""0.

Then the creep curve for the material of aramid fiber SVM will be described by the
equation

p(e) =0 =1307.2-¢.

Experimental and calculated values of the creep strain for the material of aramid fiber
SHSM at three stresses are shown in Figure 3.
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Figure 3. Creep curves of the aramid fiber material at different stresses: 1 — 330 MPa; 2 — 1000
MPa; 3 — 1650 MPa.

2.4 Resin EDT-10

In the work [7], experimental studies of resin EDT-10 were carried out at the stresses of 6.8;
13.6 and 20.4 MPa. For all stresses, the duration of the experiment was 50000 hours.

The experimental and model rheological parameters coincide with a high accuracy. The

maximum deviation according to the formula (2) is 4.46%.
Using the proposed algorithm and methods [3-4], the following values of the creep kernel

parameters are determined: o = 0.6105; 6 = 0.0219.
We will determine

g =3.03-10"%-0.
Then a creep curve for the material of the resin EDT-10 will be described by the equation

p(e) =0 =233.07-¢.
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Experimental and design values for the creep strain of the material of resin EDT-10 at
three stresses are shown in Figure 4.
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Figure 4. Creep curves of resin EDT-10 material at different stresses: 1 — 6.8 MPa; 2 — 13.6 MPa;
3 —20.4 MPa

3 Creating Stress Relaxation Curves from Rheonomic Materials Creep Curves

If isochronous creep curves of materials are straight (see Figures 3, 6, 9, 12), then viscoelastic
determining relations between stresses and deformations can be written as [8-10]:

t

e(t,T) = %[a(t, T) + OfK(t —T1)o(r,T)do] (7)

where is an elasticity modulus of a material; is a samples test temperature, T' = const.
Solution of the integral equation (3) will be

a@T%:ﬂdﬁD—JR@Jﬁ@TMﬂ 8)

where R(t,7) is the relaxation kernel.
Now we consider the kernel of type [Yu.N. Rabotnov, 1948§|

Lo(t —7) = gy (t = 7)™ (9)

Here I'(1 — «) is a gamma-function, o € (0, 1).
The identical equation occurs [8-10]:

T = 1 - Ben(=h), (10)
where

B=6C(1—a); >0 (11)
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t
I 1= /Ia(t — 7)dT;
0

O/ea Bt —7)d

Here I,(t — 7) is determined by the relationship (5).
€a(—p,t — 7) is Rabotnov’s kernel [10]:

s n(t—r)n(1-a)
Cal=B,t =) = (t =)™ 3 ST
n=0
where I'(+) is a gamma-function;
T is a variable of integration;
t is time of observation.

(12)

From (6) it follows that the relaxation kernel fe,(—pg,t — 7) of the integral operator

pe’ (—0) corresponds to the creep kernel

K(t—T) = ﬁ(t—T)_a

of the integral operator SI*, and the value § is determined by the relationship (7).

Now let £(0) = €9 = const Then from (4) we will have:
t
o(t,T) = 0o(1 = B [ €a(=B,t — T)dT) = 09(1 — Bt~ Fy).
0

Here 0y = Fey;

[e.9] n

X

Byla,z) = Z(_l)nr[u —a)(n+1)+1

n=0

where z = St~ values Fy(«, ) tabulation | 8-10].

3.1 Polycrystalline graphite

(13)

(15)

Knowing the following values of the creep kernel parameters of the material for polycrystalline
graphite: « = 0.7900; 9 = 0.0612. We will determine the value 8 by the formula (7), g =

0.2668. We will determine o(t,T") by the formula (10)

o0

—0.2668)" . ¢0-21n
o(t,T) = o <1 —0.2668 - %21 . Z F< ) )
n=0

021 (n+1)+1)
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Table 1 Design values of a polycrystalline graphite relaxation stress

Time t, min Stress o, MPa
0 10 14 18 22
40 6.0700 | 8.4980 | 10.9260 | 13.354
80 5.7120 | 7.9968 | 10.2816 | 12.5664
120 5.4980 | 7.6972 | 9.8964 | 12.0956
160 5.3460 | 7.4844 | 9.6228 | 11.7612

RN
15|\
A —

2
1
5
0
8

T T
0 120 160

Stress o, MPa

0 40

Time t. min

Figure 5. Stress relaxation curves of polycrystalline graphite at the strain 1 —gg =
0.0681%;2 — g9 = 0.0981%;3 — g9 = 0.1294%; 4 — g9 = 0.1818%

3.2 Polyester Polymer Concrete

Knowing the following values of the creep kernel parameters of the polyester polymer concrete
material: « = 0.7267; 5 = 0.0329. We will determine the value of 8 by (7), 8 = 0.1086. material

Table 2. Design stress relaxation values of a polyester polymer concrete
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Time t, hour Stress o, MPA

0 10 20 30 40 50
50 7.3570 | 14.7140 | 22.0710 | 29.4280 | 36.7850
360 6.1570 | 12.3140 | 18.4710 | 24.6280 | 30.7850
500 5.9370 | 11.8740 | 17.8110 | 23.7480 | 29.6850
680 5.7270 | 11.4540 | 17.1810 | 22.9080 | 28.6350
800 5.6145 | 11.2290 | 16.8435 | 22.4580 | 28.0725
1000 5.4590 | 10.9180 | 16.3770 | 21.8360 | 27.2950
1300 5.2760 | 10.5520 | 15.8280 | 21.1040 | 26.3800
1600 5.1300 | 10.2600 | 15.3900 | 20.5200 | 25.6500
1800 5.0470 | 10.0940 | 15.1410 | 20.1880 | 25.2350
2000 4.9730 | 9.9460 | 14.9190 | 19.8920 | 24.8650
2200 4.9060 | 9.8120 | 14.7180 | 19.6240 | 24.5300
2400 4.8440 | 9.6880 | 14.5320 | 19.3760 | 24.2200
2600 4.7880 | 9.5760 | 14.3640 | 19.1520 | 23.9400
2800 4.7360 | 9.4720 | 14.2080 | 18.9440 | 23.6800
3000 4.6870 | 9.3740 | 14.0610 | 18.7480 | 23.4350

We will determine by (10)

o(t,T) = oy (1 —0.1086 - ™27 .

WE

i
[e=]

(—0.1086)" - £02™
L(0.27- (n+1) + 1)

Stress o, MPa

Figure 6. Stress relaxation curves of a polyester polymer concrete at the strain of
1 —¢e9 =0.0338%;2 — ¢ = 0.0662%; 3 — g9 = 0.0958%;4 — €9 = 0.1269%;5 — g9 = 0.1573%

3.3 Aramid fiber SHSM

1500

Time t. min

2000 2500

3000

Knowing the following values of the creep kernel parameters for the aramid fiber SHSM:
a = 0.8958; 6 = 0.0783. We will determine the value of 5 by (7), 8 = 0.7136.

Table 3. Design values of stress relaxation for aramid fiber SHSM material
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Time t, 103 hour Stress o, MPa

0 330 1000 1650

1 187.8360 | 569.2 | 939.1800
2 181.9290 | 551.3 | 909.6450
3 178.4640 | 540.8 | 892.3200
4 175.9890 | 533.3 | 879.9450
6 172.5240 | 522.8 | 862.6200
8 170.0490 | 515.3 | 850.2450
10 168.1020 | 509.4 | 840.5100
12 166.5510 | 504.7 | 832.7550
14 165.1980 | 500.6 | 825.9900
16 164.0430 | 497.1 | 820.2150
18 163.0530 | 494.1 | 815.2650
20 162.1290 | 491.3 | 810.6450
22 161.3040 | 488.8 | 806.5200
26 159.8520 | 484.4 | 799.2600
30 158.6310 | 480.7 | 793.1550
32 158.0700 | 479 | 790.3500
36 157.0470 | 475.9 | 785.2350
40 156.1560 | 473.2 | 780.7800
42 155.7270 | 471.9 | 778.6350
46 154.9350 | 469.5 | 774.6750
50 154.2420 | 467.4 | 771.2100

We will determine by (10)

Stress o, MPa

Figure 7. Aramid fiber SHSM stress relaxation curves at the strain of 1 — gy =

—  (—=0.7136)" - {0104
o(t,T) = oy (1 —0.7136 - 4104 )
£~ T(0.104- (n+1) + 1)
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0.2729%;2 — g9 = 0.7705%; 3 — g0 = 1.2432%
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3.4 Resin EDT-10

Knowing the following values of the creep kernel parameters for the resin material EDT-10:
a = 0.6105; 6 = 0.0219. We will determine the value of g by (7), 5 = 0.0499.

Table 4. Design stress relaxation values of a resin material EDT-10

Time t, hour Stress o, MPa

0 6.8 13.6 20.4
1 6.4355 | 12.8710 | 19.3066
100 5.0259 | 10.0518 | 15.0776
500 4.0474 | 8.0947 | 12.1421
1000 3.5700 | 7.1400 | 10.7100
3000 2.8009 | 5.6018 | 8.4028
5000 2.4582 | 49164 | 7.3746
10000 2.0250 | 4.0501 | 6.0751
15000 1.7938 | 3.5877 | 5.3815
20000 1.6408 | 3.2817 | 4.9225
25000 1.5280 | 3.0559 | 4.5839
30000 1.4396 | 2.8791 | 4.3187
35000 1.3559 | 2.7118 | 4.0678
40000 1.2859 | 2.5718 | 3.8576
50000 1.2036 | 2.4072 | 3.6108

We will determine by (10)

o(t,T) = oy (1 —0.0499 - %39 Z F((
n=0

o0

—0.0499)" - {0397

0.39 - (n+ 1)+1)>

0 10000

Figure 8. Stress relaxation curves of resin EDT-10 at the strain of 1 — g = 0.2057%; 2-

20000 30000
Time t, hour

40000

g0 = 0.4113%;3 — g0 = 0.6170%

50000
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4 Conclusion

Generalizing properties of creep and stress relaxations of rheonomic materials are obtained.
As mentioned above, the relaxation process cannot be considered without the creep process.

Based on this, using the results of experiments by well-known authors, stress relaxations of

various rheonomic materials are calculated from the creep process. Its rheological parameters
are calculated for each material. Also, according to the proposed methodology, the creep
processes of these materials are calculated and modeled.
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