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ABSTRACT

A numerical-experimental technique for the characterization of the mechanical behaviour
of materials described by a time dependent two phase mixture model is presented. Starting
point is the identification technique presented by Hendriks (3~). This numerical-experimen
tal technique uses the deflections between measured and numerically computed fieldpro
perties to iteratively adjust the material parameters.

In this paper the effect of parameter identification based on combined fluid pressure
and displacement measurements is investigated. Also the effect of different estimation
strategies with respect to the number of observations in space and time is studied.

As a simple test problem a simulation of a confined compression experiment is
considered. Two parameters, the Youngs modulus E of the solid phase and the permeabili
ty K are estimated. As a more advanced test problem a simulation of a bulge compression
experiment is considered. In this “experimentt’ it is also possible to estimate the Poisson’s
ratio V.

For the described simulations it seems worthwhile to use pressure measurements and
displacement measurements for the estimation process.

INTRODUCTION

Hendriks (3J presented an identification technique for the characterization of the
mechanical behaviour of materials. This numerical-experimental technique is based on the
use of three elements: measurement of fieldproperties like displacements, velocities,
stresses, on objects with arbitrary geometry and boundary conditions, finite element
modeling of the experiment, and a minimum variance estimation scheme to minimize the
deflections between measured and numerically computed data by iteratively adjusting the
material parameters.

In earlier applications of this technique (Hendriks (a), Van Ratingen (4,5)) only
displacements on the surface of objects were used as observations in the estimation
process. This means that those authors were limited to thin membrane or plate like
structures. Although not a principle issue, the authors also limited themselves to elastic
material behaviour.

This paper is applied to fluid-solid mixtures, because these mixtures are attractive to
describe the mechanical behaviour of biological tissues. One of the interesting features of
mixtures is that not only surface displacements can be measured but also internal fluid
pressures. In that case the technique is no longer limited to thin structures.

The effect of including pressure measurements is investigated by means of numerical
simulations of a confined compression experiment and a bulge compression experiment.
Also the effect of different estimation strategies with respect to the number of observations
in space and time is studied.

In the following sections the theory of the identification algorithm according to
Hendriks (3), and the numerical simulations will be outlined.

THEORY OF IDENTIFICATION TECHNIQUE

In this section the theory of the identification algorithm according to Hendriks (3) will be
outlined briefly. The algorithm is based on a sequential minimum variance approach. The
nonlinear mathematical model is represented by:

y= h(x)+v (1)

The nonlinear function h(x) describes the dependence of the observation on the column x



with material parameters, if there are no observation errors. Function h(x) symbolizes the
finite element calculation with use of material parameters in column x. Column y contains
the observed displacements and/or pressures, and column v contains observation errrors.
The iterative scheme, used for estimating x is given by the following updating equations:

= k~÷ Kk+l (Yk+1 — hk+l (~k)) (2)

= (Pk+Q)H~’+l(R+Hk+l(Pk+Q)H~+l)’ (3)

Pk+l = (I—Kk+jHk+l)(Pk+Q)(I—Kk+lHk+l)T+ Kk+lRK~’+l (4)

where k denotes the iterative step. The update of the material parameters is based on the
difference between the measurement data y~÷~ and the calculated data hk+l, multiplied by
the updated gain matrix Kk+l. The matrix H~1 expresses the sensitivity of the model output
for parameter variation and is defined as:

H = ah(x) (5)k+1

The matrices Pk, Q and R are used as weighting matrices. Matrix ~k represents the
covariance of the estimate k~ and is given by:

= E{ (kk — E{~k})(~k — Ef~k})T } (6)

Matrix ~k is large if parameter errors are large. In that case there is less confidence in the
parameter estimations, and more weight is put on new measurement data. Matrix Q is
used to prevent that matrix ~k becomes to small. The quality of the measurement data is
expressed by the measurement error covariance R:

R = E{VVT} (7)

More accurate measurements result in smaller elements of matrix R. This tends to lead to
faster convergence of material parameters.

The algorithm as given above is derived in a way that in each estimation step k+1 a
new set of observations Yk+1 is used to improve the estimation kk. In principle it is possible
to use the same set of observations for several values of k. For elastic problems this has
been done many times (Hendriks (i), Van Ratingen (4,~5)) and worked quite well.

In this paper two different strategies have been used. The first uses each set of
observations only once; the second strategy works with a mall number of iterations with
each set of observations.

The sequential minimum variance approach is implemented as an extra module
PAREST in the finite element system DIANA used for finite element modeling (1).



NUMERICAL SIMULATIONS

The confined compression “experiment’t and the bulge compression “experiment” are
modeled with the finite element system DIANA 5.1 (1). The mixture material is modeled
with axisymmetrical two phase mixture elements, consisting of a linear elastic solid, and
an ideal fluid. The outcome of the FE-analysis is used for the generation of measurement
data. Noise is added to the calculated displacements and pressures, with a normal
distribution and a standard deviation which is equal to a certain percentage of the
maximum displacement and maximum pressure respectively. Later, the same models are
used for parameter identification.

The measurement points are chosen in such a manner that large pressures and displace
ments are measured, because in that case the relative measurement errors will be small. At
the same time, the measurement points are divided over the mixture material in such a
way that they represent the behaviour of the material during loading as good as possible.

1. The confined compression “experiment”.

1.1 Numerical model.

The confined compression experiment can be considered as a one dimensional axisymme
trical problem. The two phase mixture material is placed in a tight fitting ring on a rigid
bottom surface, as shown in figure 1. A load is applied by a filter on top of the material
which has a very high permeability compared to that of the material.

The finite element model is shown in figure 2. It consists of 15 axisymmetrical two
phase mixture elements. The displacement of all nodes at the same height are equal in y
direction and suppressed in x-direction. The pressure at the top of the model is set equal
to zero. Figure 3 shows the load on the filter at the symmetry axis of the finite element
model as a function of time. The Youngs modulus E of the solid phase, Poisson’s ratio v
and the permeability K used in the FE-analysis are:

x~= [EvK] = [1 0.3 1] (8)

The values of the parameters are chosen arbitrarily.

Figure 1: Confined compression experiment Figure 2: Finite element model
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Figure 3: Load versus time

In figure 4 and 5 some FE-analysis
results are shown which are repre
sentive for the confined compressi
on “experiment”. Figure 4 shows the
y-displacement of the filter at the
top of the model versus time. Figure
5 shows the pressure at the bottom
of the model versus time. Just after
applying the load the mixture beha
ves as an incompressible material.

The confined compression “experiment” is a one dimensional problem, therefore the
experiment does not contain sufficient information to estimate the Poisson’s ratio V.

Therefore only the Youngs modulus E of the solid phase and the permeability K will be
estimated. Four different estimation strategies have been used for parameter identification
with the help of the confined compression experiment, as shown in table 1:

Table 1: Four combinations of timesteps, iterations per timestep and measurements.

1. - 5 timesteps 2. - 5 timesteps
- 4 iterations per timestep - 4 iterations per timestep
- 8 displacement measurements - 6 displacement measurements

- 2 pressure measurements

3. - 20 timesteps 4. - 20 timesteps
- 1 iteration per timestep - 1 iteration per timestep
- 2 displacement measurements - 1 displacement measurement

- 1 pressure measurements
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Figure 4: Displacement versus time Figure 5: Pressure versus time

1.2 Parameter identification.

TIME [.]

The number of measurements per timestep and the number of timesteps in the four cases



are chosen rather arbitrarily, but in such a manner that the product of the number of
measurements per timestep and the number of timesteps is equal to 40. The product of the
number of timesteps and the number of iterations per timestep is chosen equal to 20.

The timesteps are chosen equidistant, and at all timesteps the same measurement points
are used. Each timestep supplies one column of observations y. In case 1 and 2, each
column of observations is used four times in equation (2) for updating the estimations of
the material parameters. In case 3 and 4, each column is used only once in equation (2).

In case 2, the measurement points of the pressure are chosen at the bottom and in the
middle of the specimen. In case 4, the measurement point of the pressure is chosen at the
bottom. The matrices R and Q are considered diagonal with diagonal elements equal to
5E-10, respectively 1E-4. The parameter column x and the initial guesses for the parame
ters are:

xT = [E K] x0T = [0.8 1.2] (9)

The initial estimate of matrix P is also considered to be diagonal with diagonal elements
equal to 5E-2. In all cases noise is added to the calculated displacements and pressures,
with a standard deviation of 1% of the maximum displacement and maximum pressure
respectively.

1.3 Results.

Figure 6: Estimation results of the confined compression “experiments1’.
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In figure 6 the estimations of the Youngs modulus E of the solid phase and the permeabi
lity K versus the iterations are shown. In all cases, the estimations converge to the values
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which are used in the FE-analysis for the generation of measurement data.

1.4 Discussion.

Comparing case 2 and 4 to case 1 and 3, it can be concluded that identification based on
pressure measurements besides displacement measurements for this example results in
more accurate estimations of the material parameters, because the estimations approximate
the real values more accurate. The instability of the estimations at the first iterations in
case 3 and 4 can be due to the fact that only two measurements are used for identification,
which contain not sufficient information for a fast convergence.

When in case 1 and 2 an identification is performed with new measurements at a new
timestep, the estimations converge relatively fast to new values. The estimations of the
next three iterations at the same timestep do not differ very much from the first iteration,
except the estimations of the last iterations in case 1. So, it is not worthwhile to perform
an identification based on more than one iteration per timestep.

It is made plausible that it is more efficient to perform an identification based on
pressure and displacement measurements and with one iteration per timestep. The
investigation of the influence of pressure measurements is continued with the bulge
compression ~‘experiment’t in the next section.

2. The bulge compression “experiment”.

2.1 Numerical model.

The bulge compression experiment is a two dimensional and axisymmetrical problem. The
two phase mixture material is fixed on a rigid bottom. A load is applied by a rigid solid
plate which is fixed on top of the material (figure 7).

Figure 8 shows the finite element model before and after deformation. The linear case
is considered; the nodal displacements are magnified to draw the deformed model. The
model consists of 144 axisymmetrical two phase mixture elements. The pressure at the
outer surface is set equal to zero.

Figure 7: Bulge compression experiment Figure 8: Finite element model
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Figure 9 shows the load applied on the plate at the symmetry axis of the finite element
model as a function of time. The values of the material parameters used in the FE-analysis
are:

Figure 9: Load versus time

xT= [EvKJ= [1 0.3 1] (10)

In figure 10 and 11 some FE-anal
ysis results are shown. Figure 10
shows the y-displacement of the
solid plate at the top of the speci
men, and the x-displacement of a
material point at the outer surface at
half of the height of the specimen
versus time. Figure 11 shows the
pressure versus time at the bottom
in the middle of the specimen.

Figure 10: Displacements versus time
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Figure ii: Pressure versus time
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2.2 Parameter identification.

Besides the Youngs modulus E of the solid phase and the permeability K, it is also
posssible to estimate the Poisson’s ratio v, because the bulge compression ‘texperimentt’
contains sufficient information. The confined compression ~experiment11 revealed that it is
more efficient to use one iteration per timestep than more iterations per timestep.
Therefore the bulge compression hlexperimentu is only used for further investigation of the
influence of taking into account pressure measurements, The following cases are used for
parameter identification:

Measurements at 10 equidistant timesteps, one iteration per timestep and:
(1) 10 displacements
(2) 7 displacements and 3 pressures

L~ [-]

45

- y-displ.

TIME [-

At all timesteps the same measurement points are used. The three measurement points of



the pressure are divided in x-direction at the bottom of the mixture material, because there
is only a high pressure gradient in x-direction. The displacements are measured in x- and
y-direction in a number of points at the outer surface where the mixture material bulges
out. In both cases an identification is performed without noise and with 1.5% noise added
to the calculated data. The parameter column x and the initial guesses for the parameters
are:

xT = [E v K] , x0T = [0.8 0.1 1.21 (11)

The diagonal elements of the matrices R, Q and the initial estimate of matrix P are chosen
equal to the ones used in the confined compression “experiment”.

2.3 Results

In figure 12 the estimations of the Youngs modulus E of the solid phase, the Poisson’s
ratio v and the permeability K are drawn versus the iterations in both cases with 1.5%
noise. In both cases, the estimations approximate the values which are used in the FE-
analysis for the generation of measurement data, except the permeability K in case 1. The
estimation results of both cases without noise are not shown, but the estimations of all
parameters converged fast to the exact values, although the permeability K converged
more slowly in case 1 than in case 2.

Figure 12: Estimation results of the bulge compression “experiments”.
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2.4 Discussion

Comparing case 2 to case 1, the figures of the estimations versus the iterations show a
“smoother” convergence. In case 2 the identification of the permeability K was more
successful compared to case 1. At the last iteration, the quality of the estimations of E and
v are approximately the same in both cases. This can be explained by the fact that in both
cases sufficient displacements are measured for a successful identification.

CONCLUSIONS

For the examples in this paper it seems that several iterations within one timestep is not
worthwhile, even when the number of measurement points (displacements, pressures) is
increased. It also seems that adding pressures as field data is worthwhile and has a
positive influence on the estimation process. From these few tests it is of course not clear
wether or not these conclusions have general applicability, but it is worthwhile to
elaborate more on his subject.

RECOMMENDATIONS

The influence of parameter identification based on a combination of pressure and
displacement measurements, instead of displacement measurements exclusively, can be
further investigated by considering real experiments, more complex constitutive models
and modeling errors.

The aim is to identify material parameters of mixture materials which can be described
by a two phase mixture model, in real experiments. Therefore appropriate materials and
measurement systems are necessary.

In the two “experiments” used in this paper, the solid phase of the two phase mixture
material is considered to be linear elastic and isotropic. In future research however, the
solid phase of the mixture may be considered as a time dependent visco-elastic material.

Numerical simulations of experiments as used in this paper may be used to investigate
the influence of modeling errors. It is possible that identification based on a combination
of pressure and displacement measurements is less influenced by modeling errors than
identification based on displacement measurements exclusively.
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