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4 4 
MODELINGG OF AXIAL STRESS-STRAIN DATA 

Basedd on the article: 
Dauvillierr BS, Hiibsch PF, Aarnts MP, Feilzer AJ (2001): Modeling of 

viscoelasticc behavior of dental chemically activated resin composites during 
curing,, J Biomed Mater Res (Appl Biomater) 58: 16-26. 

Abstract t 

Thiss paper describes an engineering approach to the analysis of axial 
stress-strainn data by means of mechanical models. Two 2-parametric models 
(Kelvinn and Maxwell) and one 3-parametric model (Standard Linear Solid) 
whichh are possible candidates for describing the viscoelastic behavior of dental 
restorativee material during setting are presented. An identification procedure was 
developedd by which the material parameters can be calculated by matching the 
model'ss stress response to experimental stress data. In addition, an evaluation 
proceduree was developed to calculate the model's response to axial shrinkage 
strainn only. The identification procedure was validated and the effect of white 
noisee on the parameter identification was investigated. The results showed that 
thee identification procedure is free from error, and that it is capable of identifying 
twoo parameters from sinusoidal stress-strain data with a good degree of accuracy. 
Thee identification of three parameters from axial stress-strain data is only 
possiblee when the contribution of shrinkage strain to the applied strain is 
substantial. . 



In t roduct io n n 

Thee literature overview in chapter 2 emphasis on the importance to 
gainn knowledge of the mechanical behavior development of dental 
resinn composites during setting. In this research project, the changes in 
mechanicall  behavior during setting were monitored by dynamic stress-
strainn tests, as described in chapter 3 in this thesis. The mechanical 
behaviorr can be quantified by (i) stress-strain analysis, revealing the 
storagee modulus (E') and loss modulus (E") of the material, or by (ii ) 
mathematicall  modeling [1]. The advantages of using a mechanical model 
aree several. The most important advantage is that for a model the cause 
(strain)) and effect (stress) is well known. With the aid of stress-strain 
data,, recognizable material parameters such as Young's modulus (E) and 
viscosityy (!")), can be identified. When factors such as resin formulation, 
initiationn system, C-factor, etc on the shrinkage stress development are 
studied,, then the development of these material parameters can be 
comparedd to each other, whereby the most suitable approach can be 
singledd out. 

Anotherr advantage of using 
modelss is that the stress within the 
restorativee material can be 
predictedd on basis of the strain and 
materiall  parameters as input for 
thee model. Finite Element Analysis 
(FEA)) is a popular simulative 
modelingg technique by which the 
stresss development with respect 
too a restoration design can be 
studiedd relatively straightforward. 

Thee process for representing the 
mechanicall  behavior of shrinking 
resinn composites in a model is 
calledd mathematical modeling 
(Fig.. 4.1). As stated earlier, the 
mechanicall  behavior of resin 
compositess during setting is 
hiddenn in stress-strain data. 
Therefore,, a properly defined 
stress-strainn law, the so-called 
constitutivee equation, must be 
usedd as mechanical model. This 

[[ Mathematical modeling J 

Mechanicall behavior of 
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Parameterr identification 
(stresss & strain data) 
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(strainn & model parameters) 

Figur ee 4.1 Scheme of mathematical 
modeling. . 
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typee of model can be visualized by elementary elements, because the 
stress-strainn law is based on an observation of nature. For example, the 
linearr elastic solid equation (Hooke's law), which is visualized by a 
spring,, is based on the observation that the relative deformation is 
proportionall  to the stress. This lead to a material parameter (Young's 
moduluss E), which can be identified by matching the model's stress to 
experimentall  stress data. 

Threee mechanical models (Maxwell, Kelvin, and Standard Linear Solid 
model)) are candidates for representing the mechanical behavior of 
shrinkingg resin composites. The equations representing these models are 
differentiall  equations, which contain derivatives of both the stress and 
strainn with time. In the course of this research project, several modeling 
proceduress were developed to match the model's equation to 
experimentall  data. The first procedure was able to identify the material 
parameterss by performing a least square method to a system of normal 
equationss derived from the differential equation [2]. A drawback of this 
proceduree was that the differential equation was used, not solved. In this 
way,, it was not possible to evaluate the model response; i.e., to calculate the 
model'ss stress response on basis of the strain and calculated parameters 

Thee second modeling procedure was based on the identification procedure 
off  Hübsch [3]. In this so-called parameter identification procedure, the 
differentiall  equation was solved and the parameters were identified 
byy an optimization procedure. In this study, certain aspects of this 
proceduree have been improved. First, the differential equation can be 
solvedd analytically, which greatly reduced computation time and 
enhancedd the accuracy of the results. Second, the procedure provides 
besidee the parameter value also its error estimate. 

Thee third modeling procedure was able to evaluate the model response 
underr shrinkage conditions. With the aid of this so-called evaluation 
procedure,, we were able to accept or reject the model for describing the 
mechanicall  behavior of shrinking resin composites. 

Thiss chapter describes the modeling approach on a step-by-step basis, as 
depictedd in Figure 4.1. The parameter identification (step 4) and 
evaluationn procedure (step 5) is described in more detail. In addition, the 
resultss of the validation i.e., checking the implementation of the 
algorithmm used in the procedure, and the influence of noise on the 
parameterr identification are presented. A study on the effect of noise on 
thee parameter identification was necessarily, since the experimental 
dataa recorded in the dynamical test method are not exact, but contains 
whitee noise (Fig. 3.15). 



Stepp 1 — Mechanical behavior  of shrinkin g composites 

3 3 
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Inn this reseach project, the mechanical behavior of shrinking dental 
restorativess was monitored by experiments with the universal testing 
machinee [4]. For mathematical modeling, therefore, a properly defined 
stress-strainn law, the so-called constitutive equation, must be used as 
model.. Tests on shrinking resin composites showed that these materials 
doo not only store but also dissipate mechanical energy, because applied 
deformationn cycles results in hysteresis in stress-strain data (Fig. 3.11), 
aa typical phenomena for viscoelastic materials. 

Inn a co-operative study with the Department of Engineering of the 
Universityy of Wales, many viscoelastic models were investigated on 

w>> the basis of axial stress-strain data provided by our laboratory [3]. 
2»» Adequate modeling results were achieved with the Maxwell model if 
w>> only the build-up of stress through polymerization shrinkage was taken 
,55 into account. This encouraging result pave the way to study the mechanical 
3̂3 behavior of shrinking resin composites with simple mechanical models. 
oo In this research project, not only the Maxwell model, but also the Kelvin 
^^ model and Standard Linear Solid model were investigated. 

Stepp 2 — Modeling considerations 

o__ Some assumptions have to be made to predict the complexity of the 
cc real mechanical behavior by a limited, but useful, model. First, the 

mechanicall  properties of dental resin composites are considered 
isotropic;; i.e., the material property does not depend on the location 
withinn the resin composite, but is the same in all directions. Further, any 
possiblee plasticity behavior of the restorative material is disregarded. 
Anotherr important assumption is that the deformations applied to resin 
compositess do not negatively influence the structural integrity and the 
polymerizationn reaction during setting. Results in Table 3.2 justify that 
thee structural integrity is not being altered by strains of amplitude < 
0.044 % and frequencies < 0.02 Hz. Finally, the mechanical behavior of the 
settingg material is considered constant when identifying the parameters. 
Thee benefit of this assumption is described in the next section. 

Stepp 3 — Formulate a mathematical model 

Thee theory of linear viscoelasticity is applicable to dental composites, 
becausee the experimental data were generated at small strains (<0.5 %) [5]. 
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Linearr viscoelasticity can be described using simple mechanical models 
consistingg of springs and dashpots, which can model the process of energy 
storagee and dissipation respectively. Al l models were invest igated in 
onee dimension only, because the stress-strain data were monitored in one 
direction.. The models must be kept simple, because by model ing uni-
axiall  data, only a restricted number of material parameters can be fitted 
inn a unique way. As a consequence, the validity of the qual i tat ive and 
quant i ta t ivee viscoelastic behavior s tud ied is confined to the stress, 
strain,, and strain rate range covered by the experiment. To meet the 
requirementt of isotropic shr inkage behavior of dental composites, the 
specimenss were made as long as possible; in case of l ight-act ivated 
compositess wi thout exceeding the depth of cure (2 mm) [6]. 

Maxwelll Standard 
Linearr Solid 

Kelvin n 

Fluidd behavior 
de de 

°doshpott _T1*~37 

Linearr viscoelastic behavior Elasticc behavior 

spring spring 
E*z{t) E*z{t) 

Figur ee 4.2 L inear v i s coe las t i c mode ls be tween two e x t r e m e s : pure f lu id 
behaviorr (left) and pure elast ic behavior (r ight) . 

Thee mechanical behavior of resin composites dur ing sett ing changes 
fromm fluid behavior before, to solid behavior after sett ing. When this 
mechanicall  behavior is modeled by small t ime intervals in the stress-
strainn data, then the material parameters can be assumed to be constant. 
Ass a result, the fundamental relationship between stress, strain, and time 
forr a linear viscoelastic material can be represented by the general equation: 



ddnnoo v ' , dme 
Ltf n-^rr = 2 A - ^r (4.1) 

i nn which an and bm are constants. Some mechanical mode ls can be 
obtainedd from Equat ion (4.1): 

Hooke 'ss law: aQa = bQ£ (4.2) 

«c c 
**  , , , de 
t jj  Newton s law: a0<J = o ,— (4.3) 
cc  <# w w 

Maxwelll  model: auy + fl, = h— (4.4) 
00 l dt l dt K ' 

cc Kelvin model: a0a =è( )£+è1— (4.5) 

?? dt 

OO A A 
^^ Standard Linear Solid model: 000" +a, -b0e+bx— (4.6) 

dtdt dt 

m m 
Thee derivation of the differential equations is fairly straightforward, and 

>-.. is well documented in the literature [5, 7, 8]. The material parameters of 
"^^ interest are the Young's modulus (E), which represents the stiffness in 
-cc axial tension and compression, and the extensional viscosity (r|), which 

iss inversely related to viscous flow [9]. 

Thee above expressions in the form of differential equations are equivalent 
too descr ib ing the l inear viscoelastic behavior by mechanical models 
constructedd with springs, which obey Hooke's law, and dashpots, which 
obeyy Newton 's law of viscosity. The Maxwell model consists of a spring 
andd a dashpot in ser ies (Fig. 4.2). When this model is stra ined, the 
spr ingg wil l react instantaneously and proport ional to the stress. The 
modell  represents a viscoelastic l iquid because the stress energy stored 
inn the spr ing wil l be slowly dissipated by the dashpot. After removal of 
thee st ress, the elast ic component wi l l recovers immedia te ly and 
completely,, whi l e the strain of the dashpot remains intact. 

Thee Kelvin model consists of a spr ing and a dashpot in parallel. The 
responsee on a strain is retarded by the resistance of the dashpot, and 
afterr removal of the stress the dashpot recovers slowly, thus wi th a 
t imee delay, and completely. Finally, the Standard Linear Solid model 
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consistss of a spring and a Maxwell model in parallel. When this model is 
strained,, both springs wil l be deformed equally. With time, the stress 
energyy in spring E  ̂wil l be dissipated through its connecting dashpot, so 
thatt the stress contributed by this arm of the model wil l decay. 
Ultimately,, the resulting stress wil l be due to spring E2 and this is 
termedd the "equilibrium stress". After removal of the stress, the dashpot 
recoverss slowly, thus with a time delay, and completely. The model 
cann exhibit a viscoelastic liquid property (E2=0), as well as a viscoelastic 
solidd property. 

Ass stated earlier, the polymerization reaction results in a drastic change 
off  the mechanical properties of the resin composites. As viscoelastic 
behaviorr takes place between the two extremes (Fig. 4.2), it is imaginable 
thatt more than one viscoelastic model is necessary to model the mechanical 
behaviorr of resin composites during setting. 

Stepp 4 — Parameter  ident i f icat io n procedure 

Inn this section, the parameter identification procedure is described. 
Thee identification procedure does not only provide the value of the 
materiall  parameters but also its error estimate. To reach this goal, the 
differentiall  equations (4.4-4.6) of the models were solved allowing the 
stresss to be expressed as a function of the strain and unknown parameters. 
Thee material parameter values were then adjusted until the model 
responsee did fit the experimental observation as closely as possible. A 
schemee of the parameter identification procedure is shown in Figure 4.3. 

Mathematicall  solution of the model 

Thee differential equations (4.4-4.6) of the viscoelastic models contain 
timee derivatives of both the stress and the strain. Allowin g these 
equationss to be solved, one of the variables, either the stress or the 
strain,, has to be declared the independent variable. The choice of making 
thee strain the independent variable seems natural, because the mechanics 
off  the experiment were such that the strain was externally controlled. As 
aa consequence, using the strain as input for the model means that, if the 
modell  under consideration is representative for the shrinking resin 
composite,, the model's output should match the stress observed in the 
experiment. . 

Ass the functional form of the applied strain (sine and linear) with time 
iss known, the differential equations (4.4-4.6) can be solved analytically, 



yieldingg the stress as a function of strain and the unknown material 
parameterss (appendix A). To achieve independence from the points at 
whichh the strain data were collected, a sine and linear fit was applied to 
respectivelyy the dynamical strain and shrinkage strain of the isolated 
timee interval. Finally, the strain values in the interval were chosen 
equidistantlyy in order not to biass the parameter identification procedure 
towardss closer approximation in certain regions of the interval. 

Strain n 

Experiment t 

Stress s 

—> > kA A 
Time e 

Time e 

Initiall parameters 
Choicee model 

Minimizee difference by 
adjustingg parameters , 

h£ £ 
Comparee stress curves 

A A 

Solvee model equation 

Stresss I 

—
Time e 

Figur ee 4.3 Parameter identification procedure applied on a small time interval 
inn stress-strain data. 

Forr the final stress equation of the Maxwell or Standard Linear solid 
model,, the stress at the beginning of the interval, the so-called initial 
stresss 0(to), has to be taken into account. This initial stress can be 
obtainedd from experimental stress data or calculated with the aid of 
thee initial strain (£(t0)). In this study, the initial stress was obtained 
fromm experimental stress data, because evaluation of the initial stress by 
integratingg the initial strain and the variable material parameters over 
thee time period [0,t0] prior to the isolated interval requires extensive 
computation. . 

Extractingg the material parameters 

Too be able to assess how well a model with a certain set of material 
parameterss approximates the real mechanical behavior of shrinking 
resinn composites, a quantitative measure of the difference between the 
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stresss computed from the model (Omocjei) and the stress measured in 
thee experiment (Gexp) over a small t ime interval has to be defined. The 
nonlinearr least squares algorithm is useful for this purpose, whereby the 
quant i tat ivee measure can de defined as [10]: 

«« = Ia,(ffmodd(/I.)-cyBp(/1.))
2 (4-7) 

Thatt is, the model 's stress approx imates the stress measured in the 
exper imentt at selected k points in the t ime domain of the isolated 
interval.. No weighting of the data was appl ied ((Xi=l) . A cubic spline fit 
wass appl ied to the experimental stress data. With spline interpolat ion, 
thee stress values were chosen at the same points in time (tj) as in the case 
forr the strain values. 

Thee final material parameters associated with the viscoelastic model 
weree calculated by an optimization procedure, in which the residual (8), 
ass def ined in Equat ion (4.7), was min imized. For this purpose, the 
Levenberg-Marquardtt method was selected. In this method, the line-
searchh d i rect ion s t ra tegy was per formed wi t h cubic po lynomial 
algorithmm [11]. The method has been tested on some nonlinear problems 
andd it has been p roven to be more robust than the Gauss -Newton 
method. . 

Thee main difficult y in the implementat ion of the Levenberg-Marquardt 
methodd is an effective strategy for controll ing the step-size so, that it is 
efficientt in finding the min imum value of the residual. The initial step-
sizee in the search direction was set to one, and, at each iteration, the step-
sizee was determined and updated by a standard procedure implemented 
inn the opt imizat ion procedure. I terat ing to convergence (to machine 
accuracyy or to the roundoff limit ) is generally wasteful, time consuming, 
andd unnecessary, because the minimum for 5 is at best only a statistical 
est imatee of the parameters. In practice, the condit ion for stopping the 
i terationn process was the first or second occasion that the residual (8) 
decreasedd by a negligible amount, say either less than 0.1 absolutely or 
somee fractional amount lik e 10"3. 

Thee final value of the 'square difference' between the experiment and the 
modell  stress may be viewed as an indicator as to how well the chosen 
modell  can be made to fi t the real material behavior. It cannot be the 
indicator,, because it may be that the model describes the mechanical 
behaviorr of the material very well, but that the parameters associated with 
thee model cannot be determined accurately from the experimental stress, 
resultingg in a high value of the residual. Therefore, the residual is rather 
ann indicator of the 'usefulness' of a model than of the modeling capability. 



Thee parameter identification provides (i) the parameters, (ii ) the error 
estimatee on the parameters, and (iii ) the residual (5) that is a quantitative 
measuree of the difference between experimental and model stress. For 
thee calculation of the error estimate on the parameters, the error was 
assumedd to be normally distributed [11]. 

Validatio nn of parameter  ident i f icat io n procedure 

Too verify the validity of the algorithm of the parameter identification 
proceduree presented above, a set of artificial data was generated for the 
threee viscoelastic models by solving the differential equation analytically, 
usingg prescribed material parameters and a known input strain. The 
materiall  parameters were chosen to produce stresses similar to the ones 
measuredd in the experiment. For the Kelvin and Maxwell model a sinu-
soidall  strain was used, while for the Standard Linear Solid model two 
differentt strain functions were used: (i) sinusoidal and (ii) linear and 
sinusoidall  (Fig. 4.4). 

Modell response 
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onn linear strain 

Modell response on 
sinee + linear strain 
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0) 0) 
L . . 
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aa 1.5 
TT i.o 
33 0.5 
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Intervall time (s) 
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Figur ee 4.4 Response of Standard L inear Sol id model on (a) s inuso ida l strain 
(amp l i t ude=0 .044 % & per iod=30 s) and l inear st ra in (s lope= 0.002 %/s) wi th 
exac tt pa ramete rs E-|=2.00 GPa, E2=0.10 GPa, and n=25 .00 GPa.s . (b) Whi te 
no isee was added to the mode l stress response (SNR=0.85) . 

Thee linear strain represents artifical shrinkage strain for a small interval 
inn time. In reality, the slope of the linear strain; i.e., the shrinkage strain 
ratee of setting composites, changes continuously. Therefore, the effect of 
thee slope in the lineair strain on the identification of the three parameters 
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off  the Standard Linear Solid model was studied at five realistic shrinkage 
strainn rate values (Fig. 4.5). 

Finally,, white noise was added to the artificial stress response of the 
threee models to investigate the influence of the noise level, defined as the 
Signal-to-Noisee Ratio (Fig. 4.6), on the parameter identification procedure. 
Thee effect of noise was studied solely on the stress signal (Fig. 4.4), 
becausee the load signal of the load cell (1 kN) was far more affected to 
whitee noise than the deformation signal of the sensitive LVDT trans-
ducers. . 

4000 800 
Timee (s) 

Signal l 

peak__ to _ peak_ Signal] 
peak_to__ peak_ Noise J 

Figur ee 4.5 Shrinkage strain rate curve 
off a two-paste resin composite 
(seee Fig. 3.9). Identification of the 
prescribedd parameters of the Standard 
Linearr Solid model was performed at 
fivee selected slope values for the 
linearr strain: 0.003, 0.002, 0.001, 
0.0005,, and 0.0001 %/s. 

Figur ee 4.6 
Noisee Ratio 

Definitionn of Signal-to-
(SNR)) [12]. 

Evaluationn procedure 

Inn this section, a procedure to calculate the model response on the 
inputt of axial shrinkage strain and calculated material parameters is 
described.. With this procedure, the appropriateness of the various 
mechanicall  models can be evaluated by comparing the model response 
withh the axial shrinkage stress of resin composites, as measured with the 
testt system (Fig. 3.7). 

Basically,, the evaluation procedure was derived from the parameter 
identificationn procedure. No optimization routine was carried out, 
becausee the material parameters were already known. In the procedure, 
thee model was loaded, on a sequential interval-step (At) basis, with a set 



off  material parameters and shrinkage strain data (Fig. 4.7). The shrinkage 
strainn in the small interval was assumed to increase linear with time. 
Smalll  time intervals in the setting time domain were applied to the 
model,, because the differential equations (4.4-4.6) used in this procedure 
aree only valid for constant material parameters. The material parameter 
valuess were obtained by cubic splines interpolation on the mean parameter 
values.. The material parameter values were selected in the middle of the 
timee interval. The stress solution at the end of each interval was taken as 
thee initial stress condition for the next interval. 

Sett P4 parameters 

Strain, , 

At , , Solvee model equation 

Stress,, ,o(At„) 

SetP, , 

MODELL PARAMETERS SHRINKAGE STRAIN MODEL STRESS RESPONSE 

Meann E 
Meann r| 
Splinee fit 

At,, At2 At3 At4 At,, At2 At3 At„ At,, At, At, At4 -

Figur ee 4.7 Scheme of evaluation procedure. The model stress response was 
calculatedd for small intervals (At) sequentially in time. The stress solution at the 
endd of each interval was taken as the initial stress condition for the next 
interval. . 

Thee cubic splines interpolation, parameter identification procedure, 
andd evaluation procedure were performed on a Pentium (200 MHz) 
desktopp computer with MATLA B software (version 5.3, Mathworks) 
underr Windows® 98 platform. 

Resultss and d iscuss ion 

Validation n 

Thee parameter identification procedure applied to the artificial stress 
dataa of each model converged quickly to the true value of the material 
parameterr (Table 4.1); indicating that the implementation of the 
algorithmm for the parameter procedure is valid for all models. The small 
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standardd deviation in the parameter is due to the round-off error of 
thee computer. In spite of these good results, a remark concerning the use 
off  least squares is in order here. A striking limitation of a least squares 
optimizationn is the need for a good initial estimate of the material 
parameters.. It was found that when the initial material parameters 
weree poorly chosen; i.e., out of a certain range, a local shallow minimum 
wass found and the calculated parameters were incorrect. In this situation, 
thee optimization algorithm sticks in a very flat region of the 8 landscape. 
Therefore,, the optimization was routinely started from different initial 
materiall  parameter values and the optimization results were compared. 
Thee global minimum always corresponded to the lowest 8 value and the 
bestt graphic fit. 

Thee parameters of the Standard Linear Solid model could only be 
identifiedd from sinusoidal stress data when the initial estimate of the 
parameterss was close to the exact value. Under normal identification 
conditionss - using arbitrary chosen initial estimates - the procedure 
wass not able to determine the prescribed parameters accurately (Table 
4.2).. The explanation for this observation is that in the case of stress data 
generatedd by a sinusoidal strain of one frequency only, no more than two 
independentt parameters can be determined, because only two 

Tabl ee 4.1 Validation results of the parameter identification procedure for the 
threee mechanical models with standard error in parenthesis. The artificial 
stresss data were generated with sinusoidal strain (amplitude=0.04 % & 
period=300 s). The procedure was started with 1.00-109 as initial value for the 
two-parametricc models. No white noise was added to the stress. 

Parameter r 

E (1) ) 

n n 

E 2 2 

6a a 

Kelvi nn mode l 

Exactt Calculated 

2.00-1099 2.00-109 

(0.10) ) 

2.50-10100 2.50-1010 

(0.48) ) 

1.79-10-17 7 

Maxwel ll  mode l 

Exactt Calculated 

2.00-1099 2.00-109 

(0.02) ) 

2.50-10100 2.50-1010 

(0.40) ) 

2.21-10'19 9 

SLSS mode l 

Exactt Calculated 

2.00-1099 2.00-109 

(6.96-103) ) 

2.50-10100 2.50-1010 

(2.03-105) ) 

1.00-1088 1.00-108 

(8.18-103) ) 

1.05-10'15 5 

a5=quantitativee measure of the difference between experimental and model 
stress. . 
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Tabl ee 4.3 Validation results of the parameter identification procedure for the 
Standardd Linear Solid model with 1.00-109 as initial value for the three para-
meters.. The artificial stress data were generated with sinusoidal (ampli-
tude=0.044 % & period=30 s) and linear strain (five different slope values) with 
thee prescribed parameters E^ .OO GPa, E2=0.10 GPa, and r|=25.00 GPa.s. No 
whitee noise was added to the stress. 

Slop ee linea r 
strai n n 

(%/s) ) 

0.003 3 

0.002 2 

0.001 1 

0.0005 5 

0.0001 1 

Numbe rr  of 
iteration s s 

220 0 

348 8 

554 4 

994 4 

1249 9 

Ei i 

2.00-109 9 

(2.01-10" 7) ) 

2.00-109 9 

(2.25-10" 7) ) 

2.00-109 9 

(5.75-10-7) ) 

2.01-109 9 

(3.28-10" 5) ) 

2.05-109 9 

(2.88-10" 3) ) 

Materia ll  parameter s 
(withou tt  noise ) 

E22 H 

0.10-1099 25.00-109 

(2.14-10" 7)) (6.24-10-6) 

0.10-1099 25.00-109 

(2.47-10" 7)) (7.44-10" 6) 

0.10-1099 25.00-109 

(6.97-10" 5)) (2.12-10-5) 

0.10-1099 25.02109 

(3.07-10" 5)) (7.42-10" 4) 

0.11-1099 25.08-109 

(2.87-10-3)) (6.91-10" 3) 

8a a 

7.11-10" 12 2 

8.76-10-12 2 

2.03-10-11 1 

8.05-10" 9 9 

6.03-10-4 4 

a6=quantitativee measure of the difference between experimental and model 
stress s 

independentt variables are generated, namely a load signal and a phase 
angle.. To obtain an accurate prediction of the prescribed parameters, the 
stresss to be modeled must be generated by a mult i -wave strain. 

Addit ionn of linear strain to the sinusoidal strain proved adequate for this 
propose,, because the procedure was capable in finding the exact value of 
thee mater ial parameters using different initial est imates (Table 4.2). 
Thee lower the slope in the linear strain, the longer time it took to calculate 
thee material parameters (Table 4.3). At a shr inkage strain rate value of 
0.00011 % /s the identification procedure was able to calculate the param-
eterr values within acceptable computation time only, when less stringent 
terminat ionn criteria were appl ied. These criteria could be stated less 
stringent,, because the artificial stress data was free of noise. At shrinkage 
strainn rates smaller than 0.0001 % /s the procedure failed to calculate the 
parameterss exactly. 



logg  (5) 
-6 6 

2.1 1 

2.0 0 

-10 0 -14 4 

aj j 

a. a. 

LU U 

1.9---

1.8 8 

, r t -^ --

—— E exact 

—— tl extact 

30 0 

28 8 

0. . 
O O 

- - 2 6 6 

24 4 
4 4 

SNR R 

Figur ee 4.8 Effect of white noise on the calculated Maxwell parameters (  E, A r|) 
comparedd to the prescribed values (line). The residual (5) of each pair of 
Maxwelll parameters is scaled on the secondary x-axis (top). The Signal-to-Noise 
Ratioo (SNR) is defined as the amplitude of the load signal divided by the 
amplitudee of the noise signal (Fig. 4.6). The gray area represents the SNR 
regionn in which the load signal (0-100 N) of the universal testing machine 
experimentss was recorded. The error bars indicate the relative standard error 
inn the parameters. 

Whitee noise in stress data 

Whitee noise added to the artificial stress data influenced the calculation 
timee of the parameter identification procedure; the lower the Signal-to-
Noisee Ratio (SNR) value, the longer it took to find the material para-
meters.. The results of the calculated Maxwell parameters at different 
whitee noise levels are visualized in Figure 4.8. For each SNR value 
(primarilyy x-axis), the calculated Maxwell parameters were plotted 
withh the residual (secondary x-axis) to match. The gray area represents 
thee SNR region for the load signal range (0-100 N), in which the load 
signall  of resin composites was recorded in the universal testing machine 
experiments.. The results for the Kelvin model resembles the Maxwell 
modell  and are therefore not reported. 

Thee parameter identification results of artificial stress data with different 
levelss of noise reveal several interesting features. First, down to a 
Signal-Noise-Ratioo (SNR) value of two, the calculated material para-
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meterr values of the 2-parametric models were very good approximations 
off  the exact values. As the load measurements in the experiments of resin 
compositess take place within 10 % of the load cell capacity, the lower and 
upperr boundar ies of the practical SNR values, as measured using the 
steell  specimen, were 2.20 and 2.76 respect ively. The posit ion of the 
practicall  SNR values, shown as a gray area in Figure 4.8, revealed that 
whenn the viscoelastic behavior of resin composites is described by the 
Maxwelll  or Kelvin model, then it was possible to obtain precise material 
parameterr values for these models. 

35.0 0 

00 0.0005 0.001 0.0015 0.002 0.0025 
Slopee in lineai r strain (%/s) 

0.0033 0.0035 

Figur ee 4.9 Effect of slope in linear strain on the calculated Standard Linear Solid 
parameterss (  E, A. r\) compared to the prescribed values (line). The artificial 
stresss data were generated with sinusoidal (amplitude=0.04 % & period=30 s) 
andd linear strain with five different strain rate values. In addit ion, noise 
(SNR=2.2)) was added to the stress data. The identification procedure was 
startedd with 1.007E109 as initial value for the three parameters. The error bars 
indicatee the relative standard error in the parameters. 

AA second feature is that the value of 8, which measures the difference 
betweenn the experimental and the model stress, increases as the noise 
levell  of the stress data increases. Since the calculated material parameter 
valuess are good approximations of the exact values, the noise carried by 
thee stress data in the SNR region down to two has no decisive influence 
onn finding the global min imum of the 5 parameter. As soon as the SNR 
valuee dropped under the value of two, then a remarkable phenomenon 
wass visible for the Maxwell model. Al though the standard error in both 



parameterss increased rapidly, the calculated Young's modulus para-
meterr still approximated the exact value, while the viscosity param-
eterr deviated markedly from the exact value. Since the high level of 
noisee carried by the experimental stress data has a decisive influence on 
thee viscosity parameter of the Maxwell model, caution is advisable 
withh respect to the calculated value of this parameter at low SNR values. 
Inn absence of white noise, the identification procedure was able to 
calculatee the three parameters of the standard Linear Solid model exactly 
downn to a linear strain slope value of 0.0001 %. For practical application, 
itt is of interest to known if this slope limi t holds when the stress data 
containss white noise with SNR=2.2; i.e., at the lower boundary of the 
practicall  SNR region of the dynamic test system. Figure 4.9 shows that 
thiss is not the case. 

Downn to a slope value of 0.0003 %, the identification procedure was 
capablee in finding the material parameters within an acceptable 
deviationn (<5 %) from the exact value with a nearly constant value of 
66 (7.5-10 ~3). At 0.0003 % and lower, the procedure was not capable to 
calculatee the three parameters on this acceptable basis. 

Conc lus ions s 

Inn this chapter, an engineering approach to the modeling of axial 
stress-strainn data is described step-by-step. Three mechanical models 
representingg linear viscoelasticity are introduced as possible candi-
datess for the modeling of the mechanical behavior of resin composites 
duringg setting. In addition, a parameter identification procedure and an 
evaluationn procedure are presented in detail. Validation results show 
thatt the software implemented in MATLA B is free of error. On the basis 
off  sinusoidal stress-strain data, the parameter identification procedure 
iss capable of finding the two parameters associated with the Maxwell 
andd Kelvin model with a good degree of accuracy. When performing the 
proceduree on sinusoidal stress data with a high level of noise, the 
calculatedd viscosity value of the Maxwell model must be regarded as 
questionable.. To obtain an accurate prediction of the three material 
parameterss of the Standard Linear Solid model, the stress to be modeled 
mustt be generated by a multi-wave strain. For this moment, the addition 
off  linear strain with slopes larger than 0.0003 %/s to the sinusoidal 
strainn proved adequate for this purpose. 
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