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Forord

Projektets arbetsgrupp vill rikta ett stort och varmt tack till samtliga deltagare i projektet. Ett sarskilt
tack for hjalp med tolkningen av kéllkodsanalysen och forstaelsen av bakgrunden till olika modellval
riktas till Jan-Erik Jonasson. Projektets arbetsgrupp vill slutligen rikta ett stort och varmt tack till SBUF

for finansiering av detta projekt.



Sammanfattning

Denna rapport sammanfattar SBUF-projektet 14016 Analys av spanningsberakning i ConTeSt och
framtagning av prototyp for spanningsberdkning i betong i programmet PPB. Forst beskrivs
genomforandet av de olika delarna i projektet inklusive vissa justeringar av senare moment, som
motiverades av resultat fran tidigare moment. Darefter presenteras resultaten av bade de analytiska
delarna av projektet och av valideringen. Slutligen foljer ett kort konstaterade av slutsatser och
rekommendationer, baserade pa utfort arbete. Projektet har uppnatt avsett mal med att forsta och
dokumentera hur ConTeSt utfor spanningsberdkning i ung betong och hiarmed sakerstéllt en stabil
grund for vidare implementering av spanningsberakningar i Produktionsplanering Betong.
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1 Inledning

1.1 Bakgrund och syfte

Denna slutrapport beskriver arbete utfort i projektet SBUF 14016 Analys av spanningsberdkning i
ConTeSt och framtagning av prototyp for PPB. ConTeSt ar det verktyg som anvands i Sverige for att
simulera spanning i ung betong och utfora sprickriskberakningar for temperatursprickor.
Berdkningsalgoritmerna omfattande bade struktur- och materialmodeller ar inte formellt
dokumenterade, utan ar en samling av information fran olika forskningsartiklar, avhandlingar,
rapporter mm. Dessa hanger vidare samman med provningsmetodiken vid LTU samt algoritmer for
behandling av matdata samt anpassning av materialparametrar till materialmodellerna. Det har
tidigare utforts kunskapsoverféring kring dessa algoritmer och materialmodeller i samband med
utveckling av ett nytt verktyg for anpassning av parametrar till matdata, SBUF 13108 Kvalitetssdkrad
utvardering av materialdata. Dessa har visat sig otillrackliga for att astadkomma en ny
implementation som raknar pa samma satt som den gamla berdkningskarnan. Detta projekt
startades i syfte att fylla detta kunskapsgap genom ytterligare analys av gammal kallkod och
ytterligare kunskapsoverforing. | projektet ingick daven framtagning av en prototyp eller likvardig
mjukvara som kan visas rakna spanning i relevanta fall pa ett likvardigt satt som ConTeSt.
Projektresultatet ar avsett att vara indata till kommande implementering av spanningsberakning i
programmet Produktionsplanering betong (PPB).

1.2 Rapportens struktur
Rapporten ar uppdelad i fyra delar:

e Inledning

e Projektets genomférande — har redovisas det arbetet som utférdes under projektet.

e Resultat — har redovisas en overgripande bild av resultaten. Fér detaljer se rapportens
bilagedel.

e Slutsatser och rekommendationer — har redovisas vad projektet rekommenderar avseende
uppfoljningsarbete.

Denna rapport innehaller dven en bilaga med detaljerad matematisk beskrivning av materialmodeller
anvanda i spanningsberdkningar i ConTeSt.



2 Projektets genomforande

2.1 Moten

Da projektets mal och arbetsgang var val definierad redan i ansdkan startade projektet utan
styrgruppsmote. Kommunikationen inom styrgruppen samt med referensgruppen skottes
kontinuerligt under projektets gang. | samband med avslutande av projektet holls ett kort
styrgruppsmote 2022-03-21, dér resultaten granskades, projektmalen konstaterades uppnadda och
slutrapporten godkandes for redovisning till SBUF.

2.2 Analys av kdllkod och kompletterande
kunskapsoverforing

Kallkoden till Constre version 5.0.1c 2014, som ar berdkningskarnan for spanning i den senaste
versionen av ConTeSt, analyserades genom s.k. reverse engineering. Denna analys omfattade 10194
rader kdllkod i Fortran (ca 184 A4-sidor). Resultaten diskuterades I6pande med upphovsmakaren och
en kompletterande 6verforing av bakgrundskunskap samt motiveringar till olika vagval i
modelleringen av materialegenskaperna agde rum.

Analysen omfattande dven strukturberdkningen i enlighet med metoderna Linear-Line samt Plain-
Surface. Denna fanns relativ enkel, féljande grundmetoderna och implementerad utan den
komplexitet som kdannetecknar materialmodelleringen.

2.3 Justering av valideringsforfarande

Da den dominerande komplexiteten i bade modellering samt implementation forelag kring
modelleringen av materialegenskaperna och inte i strukturberakningen justerades planen fér den
utforda valideringen av resultaten. | stallet for att bygga en fullstandig prototyp inkl. bade
strukturberakningen och materialmodelleringen i Matlab och jamféra resultaten med ConTeSt,
valdes att endast implementera den fullskaliga materialmodellringen i verktyget for anpassning av
parametrar for just dessa materialmodeller, SBUF 13108, som i vidareutvecklad form (YoungCon)
anvands l6pande vid LTU. Detta mojliggjorde en mer omfattande jamférelse an just
materialmodelleringen da anpassningsalgoritmerna testar ett stort antal kombinationer av
materialparametrar.

2.4 Konstruktion av mindre delprototyper i Matlab

Endast ett antal mindre delalgoritmer testades i Matlab, huvudsakligen for att fordjupa férstaelsen
for hur de fungerar och inte i valideringssyfte. For 6vrig validering se féljande sektion av denna
rapport.

2.5 Alternativ validering inom ramen fér YoungCon
Huvudvalidering av algoritmer for modellering av materialegenskaper skedde inom ramen for det
verktyg, YoungCon, som idag anvands for att anpassa just dessa parametrar till matningar av
krypning, frirorelse samt forsok i spanningsrigg, utforda vid LTU. Det sista anpassningssteget i
YoungCon bygger pa fullstandig simulering av beteende hos ett materialprov i en spanningsrigg. Dar
styrs temperaturen hos materialet genom externa varmare och provet ar forhindrat att rora sig, s.k.
fullstandig inlasning. Under matningen registreras kraften som kréavs for att halla emot provets



rorelse. Denna ar ett direkt matt pa erhallen spanning i provets tvarsektion. Den uppmatta
kraftkurvan jamfors sedan mot en kurva som berdknas ur de anvdanda materialmodellerna, de
materialparametrar som anpassas samt den patvingade temperaturkurvan.

YoungCon togs ursprungligen fram med just en sadan modellering som visat sig inte stdamma overens
med motsvarande berdkning utford i Constre. Nar skillnader i berdkningsresultat upptacktes,
justerades inte berdakningen i detta anpassningssteg i YoungCon utan i stéllet anvande YoungCon
berdkningen i Constre.

Detta projekt valde att ta fram en uppdaterad version av YoungCon med egen fullskalig simulering av
materialbeteende och jamféra den mot den gamla, baserade pa Constre. Som underlag till
jamforelse anvandes uppmatt beteende for tre olika betonger med olika
bindemedelssammansattningar, bl.a. s.k. grén betong. For dessa har simuleringar med olika
materialparametrar for spanning utforts och jamforts mellan verktygen.

2.6 Rapport och projektforslag for implementation

Resultaten dokumenterades i form av denna rapport. D3 utvecklingsresurser, i form av beror
personal, for ndrvarande inte ar tillgdngliga samt vissa fragor rorande projektdesign kvarstar att
diskutera med tilltdnkta projektdeltagare, har ansokan for implementeringsprojektet endast
utarbetats som ett utkast. En projektansdkan avses att lamnas in till SBUF under 2022.



3 Resultat

Projektet har uppnatt de tilltdnkta resultaten. Det etablerades en god insikt och férstaelse for den
gamla kéllkoden. Baserat pa detta samt ett flertal tidigare forskningspublikationer kunde det
faststallas hur ConTeSt och dess berakningskadrna for spanning, Constre, utfér berdkningar. Denna
kunskap kan delas upp i tva omraden, strukturmodeller (hur strukturen/konstruktionen beter sig)
samt materialmodeller (hur materialet beter sig). Strukturmodellerna visade sig vara relativt enkla
och féranledde inte nagon mer omfattande dokumentation, da Constre implementerar en redan
beskriven metodik. For en forenklad beskrivning med vidare referens se sektionen nedan. Mycket
mer omfattande arbete lades ner pa dokumentation av materialmodeller, inkl. full matematisk
beskrivning, da dessa ar vasentligt mer komplexa och dessutom kombinerar olika slags beteenden
hos materialet med varandra, se vidare denna rapport och framst dess bilaga. Vidare presenteras en
jamforelse mellan berdkningar som ligger till grund for valideringen av den framtagna kunskapen.
Ytterligare en observation som kan bildggas resultaten ar att inga nya buggar utéver nagra redan
kdnda upptacktes under genomgangen av Constre.

3.1 Strukturmodellering

Constre innehaller spanningsberakning baserat pa tva olika strukturmodeller: Linear-Line Analysis
(LL) och Plain-Surface Analysis (PLS). Dessa ar till stor del snarlika och bagge utgar fran val bekanta
principer inom balkteori. Den grundlaggande skillnaden bestar i antalet frihetsgrader for
konstruktionens yttre rorelse. LL tillater bade en deformation i balkens langdled samt en deformation
i form av bdjning, se figur nedan.

Fig. 1 Principiell skiss éver yttre deformation och samverkande yttre krafter och b6jmoment i enlighet
med Linear-Line.

PLS tillater en mer komplex deformation med tillhérande yttre samverkan genom en andra bdjning
kring y-axeln, se figur 1. For detaljer och referenser for LL och PLS se vidare Jonasson 1994.



3.2 Materialmodellering

Modelleringen av materialegenskaper bjuder pa en hel del komplexitet. | grund och botten ses
betong som ett viskoelastiskt material med en krypning som modelleras med hjalp av en s.k. kedja av
Maxwell-element med aldersberoende E-moduler. Till detta tillkommer en icke lokaliserad
modellering av mikrosprickor, s.k. smeard crack model. Denna modifierar ett i grunden linjart
elastiskt samband mellan spanning och tdjning till ett icke-linjért plastiskt. Aven denna modell bjuder
pa en del komplexitet da bade tojningshallfastheten, gransen mellan bagge sambanden samt E-
modulen i fraga varierar med alder.

Vidare tacker materialmodelleringen dven betongens beteende nar det géller egen t6jning. Denna
bestar av tva komponenter: varmeutvidgning samt autogen rorelse, dven kallad krympning. For
detaljerad beskrivning av samtliga materialmodeller med bakomliggande ekvationer se bilaga 1.

3.3 Ndgra valideringsexempel

Nedan visas nagra exempel fran valideringen av algoritmerna genom jamférande berakning av
spanningsniva som funktion av tid. Tre huvudfall for jamférelsen redovisas i separata diagram dar tre
olika bindemedelssammansattningar har testats, se Fig. 2, Fig. 3 samt Fig. 4. Varje av dessa har
grunddata for det specifika bindemedelssammanséattningen och baserar sig pa ett fér cementet
specifikt temperaturforlopp. Tre olika uppsattningar av spanningsparametrar (P1, P2 samt P3) har
jamforts beraknade bade med Constre och den nyligen implementerade algoritmen i YoungCon.

OPC

YoungCon P1
----- Constre P1

YoungCon P2
----- Constre P2

Spanning [MPa]

250 300

YoungCon P3

----- Constre P3

Tid [h]

Fig. 2 Jdmférelse av spdnningsberdikning fér olika parameteruppsdttningar (P1, P2 och P3) mellan
YoungCon och Constre for anldggningsbetong med rent OPC.

Mjukvarorna anvander olika typer av tidsstegning, vilket ger en viss skillnad i noggrannhet i
berdkningen. Med hansyn till detta bedoms de observerade skillnaderna tillrackligt sma for att bagge
algoritmer kan anses ge likvardiga resultat. En mycket viktigare observation i jamférelsen ar att bagge
algoritmerna responderar likadant till skillnader i bade val av parametrar for spanning och fér andra



grundlaggande parametrar som beskriver beteende hos tre mycket olika
bindemedelssammansattningar.

OPC med slagg

YoungCon P1

————— Constre P1

YoungCon P2

----- Constre P2

Spanning [MPa]

200

YoungCon P3

----- Constre P3

Tid [h]

Fig. 3 Jdmférelse av spdnningsberdiikning fér olika parameteruppsdttningar (P1, P2 och P3) mellan
YoungCon och Constre fér anldggningsbetong med OPC och slagg.

OPC med flygaska

YoungCon P1
----- Constre P1

YoungCon P2

----- Constre P2

Spanning [MPa]

250

YoungCon P3

----- Constre P3

Tid [h]

Fig. 4 Jamférelse av spdnningsberdkning fér olika parameteruppsdttningar (P1, P2 och P3) mellan
YoungCon och Constre for anldggningsbetong med OPC och flygaska.



4 Slutsatser & rekommendationer

Projektet kan konstatera att det nu foreligger klarhet i hur ConTeSt med dess berakningskarna
Constre utfor spanningsberakningar. God insikt har erhallits och dokumenterats fér anvianda
algoritmer och modeller beskrivande bade materialbeteende samt strukturapproximationen i
berdkningen. Tidigare observerade skillnader har férklarats och osakerhet avseende hur det
berdkningsverktyg, som anvands i Sverige for temperatursprickrisker, fungerar har eliminerats.
Denna kunskap har redan resulterat i uppdatering av befintligt verktyg for anpassning av
materialdatatill uppmatt beteende (YoungCon). Samtidigt utgor den ett fast underlag for realisering
av en ny, langsiktig berakningsplattform for sprickrisker i form av en ny berdkningsmodul i
Produktionsplanering Betong (PPB).

Projektet rekommenderar harmed vidare implementation av bagge berdkningssatten, Linear Line
Analysis och Plane Surface Analysis, for spanningsberakning i PPB.

Referenser

Jonasson 1994 — J.-E. Jonasson, Modelling of Temperature, Moisture and Stress in Young Concrete,
Doktorsavhandling 1994:153 D, LTU
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SBUF 14016 Slutrapport Bilaga 1
Materialmodeller

1 Material strain

During hardening, the concrete undergoes changes that result in strain. This strain is not a result of
any external load. It is generated by the material itself and it consists of two parts, thermal dilatation
and shrinkage due to hydration and drying.

Etot = €7 T Esy

where

er is thermal dilatation

&y is shrinkage

Etor IS total strain generated by the material.

1.1 Thermal dilatation

Thermal dilatation is proportional to the temperature change and given by the formula below.
AET == AT(ZT

where
Aer is change in thermal dilatation

AT is change in temperature
ar is the thermal dilatation coefficient.

Traditionally two versions of the coefficient have been used — one during heating phase of the
hydration and another during cooling. These seems to be no good physical argumentation for having
two different values for this parameter and adaptations of material parameters today only uses one
and the same value for both heating and cooling. Historically the two different values were used
while there was no explicit model for shrinkage strain and different coefficients for thermal
dilatation were used to approximate the entire material strain.

1.2 Shrinkage

Shrinkage due to hydration and drying is give by the following formulae, depending on the
equivalent time of maturity:

0 for te < teo
(te - teo)
—81 fOT' teo < te S tSH
&H = (tsy — teo)
tso NsH
& + ErereXp [— (ﬁ) ] for te > tsy
e SH

where
t. is equivalent time/age of maturity

teo is starting age before which no shrinkage takes place
tsy is the limit age between a linear phase and an exponential phase

1



Bilaga 1

&, is an adaptation parameter, representing the maximum shrinkage at the end of the linear phase
Eref is an adaptation parameter, representing the maximum shrinkage generated by the exponential
addition

tso is an adaptation parameter

Nsy is an adaptation parameter.

In order to calculate a change in shrinkage for a given time step, a difference between shrinkage
values for the maturity at the start and the end of the time step is used:

Aegy = g5y (te(t2)) — esu(te(tr))

2 Stress-induced strain

There are two stress-strain-related correction of non-linear character that are used in the material
modelling of concrete behavior, derived from Bazant & Chern 1985. Both use the ratio between
stress and tensile strength as a source of correction on the two types of material strain, i.e. thermal
dilatation and shrinkage. The corrected strain values are calculated according to the following

formulae:

o

Al = Aep (1 + o —sign(AT))
fet
c o -
Aegy = Aegy (1 + oy 7 sign(Ag))
fet

where

or is an adaptation parameter

Qs is an adaptation parameter

o is the stress in the material

fect is the tensile strength of the material
Ag is a change in relative humidity.

where g1 and ggy are material parameters. The sign of corrections is driven by the sign of change in
the driving potential behind each phenomenon. When computation of moisture is not taking place
and moisture potential changes are not available the following approximation is used:

sign(A¢) = sign(AT)

One should observe that these corrections shall be applied during both tension and compression
independent of the fact that the amount of impact from stress in the formulae is related to the
tensile strength only.

3 Creep

Creep phenomena in concrete are modelled by use of a chain of Maxwell elements with maturity
dependent E-modulus, based on Bazant & Wu 1974. First lets capture the behavior of one Maxwell
element, as presented in figure below.
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E n
—N—
€, : £, '
£

Fig. 1 A Maxwell element.

The governing laws for the spring element and the piston element give resp.:
o

& ==

'7E

and

é2=

=19

where
o is the stress in the element

&, is the strain of the spring

E is the E-modulus of the spring

&, is the time derivative of the strain of the piston
7 is the viscosity of the piston.

Differentiation with respect to time and summarizing gives further:

.0 O
E=—=+—

Rearranging gives the ordinary differential equation:

0+—0g=E¢
n
with a homogenous solution
_E,
oy =Ae 1

where
A is a constant of choice.

As a particular solution the obvious case, corresponding to the time-asymptotic, constant rate piston
movement, is chosen:

Op = Né&const

where
Econst 1S @ constant time derivative of strain.

Adding these together and using the start condition o = 0, at t = 0 gives the final solution:



Bilaga 1
_E, _E,
o=0pe 1 +Néconse |1 —€ 7

Defining further the retardation time by 7 = % and substituting it results in the equation giving the

behavior of a single Maxwell element:
_t _t
0 =o0pe T+ TEEé onst [1 —e T]

. . . o A
Now consider a time step [ty, t,] with At = t, — t;. Setting £const = —

Y and using the start condition

0 = 0y att = t; gives:
a(ty) = ape T+TE—[1—€ T]

And after some rearrangement

g gl [1— =]
o= At/-[ &—0y e

where the first term describes the instant elastic response of the element to a strain load and the
other the time based relaxation of the total stress in the element.

Consider now a chain of m such elements with differing material parameters, given in the figure
below. Using the last formula for the stress change on a time step for one Maxwell element, the
calculation for the entire chain is given simply by summation over all element:

m
/Tu,

2= g ¥y 1—e "
o= z At/q; S—ZO‘MO[ —e ]
u

u=1

[t _At
By use of substitution E* = Zu 1Ey T and Ac* = Zzl:l 00 [1 —e /Tu] the equation
governing stress change on one time step with constant strain can be simplified into:
Ao = E*Ae — Ac™

where the first term describes the total instant elastic response of the chain to a strain load and the
other the total time based relaxation of the stress in the chain.
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a

Fig. 2 A chain of m Maxwell elements.

In practice, a set of retardation times for the chain is chosen and an adaptation of the corresponding
E-moduli is performed to measured movement. The time dynamics of material response of
hardening concrete are modeled as piece-wise linear dependency of the E-moduli on equivalent
time of maturity.

3.1 Temperature dependency

In order to model temperature dependency in the speed of relaxation, the retardation times are
corrected with respect to average temperature before use for each time step according to:

1 1
Tyr = Ty €Xp [_eTemp (293 273+ Tave>]

where
T,,r IS the temperature-corrected retardation time

7, is the uncorrected retardation time
O1emp is @ material parameter
T,ve is the average temperature during the time interval in question.

4 Non-linear stress-strain relation

4.1 The concept

In linear-elasticity the relation between stress and strain is typically modelled as shown in the figure
below left with the first part of the red line with a slope equal to the E-modulus.
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A 0
f4 — — — fod — — — — =
E E
> >
E E

Fig. 3 Comparison between left: a linear elastic behavior until a failure point with plastic deformation
thereafter without any further stress increase and right: a linear elastic behavior up to a certain
point and thereafter a non-linear plastic deformation with decreasing slope between sting and

stress.

The simplest way to incorporate some kind of failure of elasticity and a transition to plastic
deformation is shown in the same figure by the other part of the red line with 0 slope. When the
stress level reaches the strength of the material, a plastic deformation starts and there is
theoretically no limit for how large the strain may become. In practice few materials exhibit such a
behavior. When it comes to concrete a model better visualized with the right diagram is used. The
transition between the elastic and the plastic domain is smoother and more gradual in order to
better correspond to effects of successive micro-cracking before a total material failure. This means
that there is a typical elastic region up to a certain stress level, where all the deformation is
considered reversible. Above that level the deformation is considered plastic and non-reversible as
well as the relation between the stress and strain follows a decreasing E-modulus.

4.2 The variable normalization and the curve description

In order to handle the dynamics of maturity dependency for properties of young concrete a change
of variables is adopted with corresponding substitutions and a normalization of the relation above.
Instead of working directly with stress, a stress ratio is defined:

g
fet

where the absolute stress level is related to its corresponding strength (tensile or compressive for

§

various stress signs). Further, instead of working directly with strain, a strain ratio is also defined:

_ Ee
T
where the absolute strain is multiplied with its corresponding E-modulus and related to the strength
level of the material. These substitutions transform the relation between stress and strain into a
relation between both ratios, £ and ¢ according to the figure below. The key advantage of working in
these variables is the simplification of handling of time dynamics of the tensile strength. For each

time step in the calculation a scaling is performed to adjust the £ and { with respect to change in f,;
and modelling of the relation between the variables simply continues in the normalized coordinates.
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r 4

= o/t
14 — ——

ct

N

L z=eE/f

Fig. 4 The combined linear-elastic and non-linear plastic model in normalized coordinates.

The slope of the curve, y, is defined according to:

1 for {(<aq
= (—a
4 exp (— 1= 0:;) for {>aq

where a.; defines the border between elastic and plastic material behavior. Explicit formula for the

relation curve in the elastic region is given by identity between the variables. In order to get the
formula for the plastic region some integration is required.

¢
r_ r_ 4
(0=t [on(-S2)at =y [ on(-£25)

Act

ct

(—a
= Ot — 1- act)exp (_ 1 <

)+ -

ct

which after simplification gives

¢ for {<ag

(_act

(O=1- - awen(-5%) for (> aq
- Wt

In order to be able to follow the curve in the opposite variable direction, i.e. from & to {, the formula
above has to inverted.

§=1-(1-acexp(- ‘- ~at)

1_act

R Sl (_(—act)
1—aq p 1—aq
_1( —f)zi—act
1_act 1_act

7
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and summarizing for the entire domain

§ for §<ag

1—a,
act+(1—act)ln<1_§> for &> aq

¢(§) =

4.3 Loading, unloading and reloading

The general picture of loading, unloading and reloading of the material has a certain complexity and
requires administration of where in the ¢ vs. { diagram one actually operates. There are principally 4
different cases, as shown in the figure below.
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14 — — — — — 14 — — — — =
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> »
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1 1
b i
L L4
¢ g

Fig. 5 Loading situations. Upper left: reversible loading in elastic domain. Upper right: continued
loading into plastic deformation region. Lower left: elastic unloading from partially plastic
deformation. Lower right: first elastic reloading and then continued plastic loading.

The cases are given as follows:

1. Loading unloading and reloading in the purely elastic region of the diagram. As long as the
stress ratio does not exceed a; all loading is reversible independent of sign and y equals 1.

2. When the stress ratio exceeds a; the following increase in deformation will be plastic, i.e.
non-reversible and the loading follows the defined curve with a successively decreasing y.

3. Unloading from a partially plastic deformation becomes a little more complex. It does not
follow the curve. What happens here is that the elastic part of the initial deformation gets
unloaded and the plastic part remains deformed. This means that unloading is done
reversible and linearly with use of y equaling 1.

4. Reloading from the previous state has to be done in precisely the reverse order. First
reloading is done elastically with y equaling 1, until the entire elastic unloading is reversed,
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i.e. the red curve is reached. Thereafter any further loading proceeds plastically along the
red curve with a decreasing y.

4.4 Connection to relaxation handling

In order to add the potential non-linear effect described above to the load administration from the
Maxwell-chain, the slope of loading, y, for the current loading point, £ and ¢, and sign of stress
change is used. The y is calculated according to the loading rules and formulae given earlier and is
added to the final equation for stress change on a time step for the Maxwell chain by extending its
final equation:

Ao = E*As — Ac*
Into
Ao = y(E*Ae — Ac™)

One additional observation is crucial to this computation. The Maxwell chain uses accumulated
stress as a natural state variable and strain only as an increase or decrease of the internal load.
Entire relaxation is handled by decreasing of stress. The non-linear stress-strain-relation, i.e. where
on the loading curve one is, can on the other hand be handled by both tracking of stress ration
and/or strain ratio. While combining the two models only one approach will in reality work. Keeping
track of strain state with respect to the relaxation of the Maxwell chain is simply very difficult. The
recommended procedure is to keep track of the loading position in the £-{-diagram by use of ¢, i.e.
the stress rate. When stress is the key state variable the relaxation is handled automatically by the
equation above and no additional corrections are necessary. This is the main reason for earlier
deriving formula for calculation of strain rate from stress rate:

¢ PSS ag

1—0(Ct
act+(1—act)ln(1_f) D E>an

) =
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