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SUMMARY 

Standard ways of quantitative determination of mechanical properties of a material have some 
features in common that lead to insoluble difficulties when being applied to complex materials. 
In particular this holds for highly anisotropic and inhomogeneous materials. Another problem is 
that the manufacturing of small test specimens may disturb the internal material structure and 
thereby affect the mechanical properties. Hendriks developed a mixed numerical experimental 
method (= MNEM) that copes with these problems. This method combines three elements: optical 
measurement of the displacement field on a specimen with arbitrary geometry and loading 
conditions 0), finite element modelling of the experiment (2), and system identification (3). The 
system identification comprises the fitting of the numerical data according to the finite element 
model on the experimental obseIVations, leading to the quantitative values of the material 
parameters. 

The objective is to verify the suitability of the MNEM for identifying highly anisotropic materials 
by means of experiments. For this purpose, a 45° off-axis uniaxial tensile test is performed on a 
square membrane of a homogeneous, anisotropic material. The specimen is loaded incrementally 
at which for each load step the displacement field is measured. The material is modelled as a 
linear elastic, orthotropic continuum. 

Experiments proof the MNEM to be a powerful tool for characterising highly anisotropic 
materials. This conclusion is supported by four arguments which are: fast convergence of 
parameters (I), all parameters are determined from one experiment (2), parameters show good 
resemblance to results of the standard approach (3), and residual deflections of numerical and 
experimental data approach the measurement error (4). 
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CHAPTER 1 : INTRODUCTION 

1.1 : Identification of the Mechanical Behaviour of Solid Materials 

Standard ways for a quantitative determination of mechanical properties of a material have some 
features in common that lead to insoluble difflculties when being applied to complex materials. 
For instance. biological tissues -often highly anisotropic and inhomogeneous- can hardly be 
characterised by means of standard tests. This problem also applies to some technical materials 
as injection moulded products with short fibres and flbre reinforced composites. 

Standard methods make use of specimens with well determined shapes. The design of the 
specimen and applied load aim at a homogeneous strain distribution in a part of the sample. If the 
material in consideration is homogeneous then also the stress distribution will be homogeneous. 
However, this method is not suitable to be applied to any arbitrary material. The first reason is 
that the assumption of homogeneity does not hold for a number of complex materials. The second 
reason is that the manufacturing of small test specimens can disturb the internal structure of the 
material in case of anisotropic materials. Therefore the specimen is no longer representative for 
the mechanical behaviour of the material in an undisturbed structure. This calls for a 
generalisation of the standard approach to the characterisation of complex materials. 

The approach that is considered in this report. is the Mixed Numerical Experimental Method (= 
MNEM) which is developed by Hendriks (1991). This method is based on the combination of 
three elements: 

. digital image analysis for the measurement of inhomogeneous displacement fields on 
objects with arbitrary geometry and loading conditions. 

finite element modelling (= FEM) for the numerical simulation of the considered test 
case, and 

• application of system identiflcation. 

The system identiflcation comprises the comparison between experimental data (measured 
displacements and loads) and numerical data according to the FE-modeL leading to quantitative 
values of material parameters. The basic assumption is that some suitable constitutive model for 
describing the mechanical behaviour of the material under consideration is available. 

There are two major points of distinction between the MNEM and the standard method. The first 
difference concerns the characterisation of the material behaviour. The standard method determines 
all material parameters independently by way of a number of mostly well dermed experiments. 
For an orthotropic material for instance, the moduli of elasticity and Poisson's ratios can be 
determined from uniaxial tensile experiments. On the other hand, the MNEM fits an appropriate 
constitutive model to only one experiment. Using this method the combination of parameters is 
estimated for which the numerical model resembles the experimental data best. 
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The second difference between both methods concerns the preferred strain field. Unlike the 
standard method, the :MNEM does not demand the strain field to be homogeneous in some part 
of the loaded specimen. On the contrary, it is preferable that the strain field is inhomogeneous 
because an inhomogeneous field contains more information on the overall material performance 
(Ratingen, 1992). 

Although the :MNEM opens new perspectives, it is noted that the characterisation of materials also 
becomes more complex and requires more advanced equipment. 

1.2 : Mixed Numerical-Experimental Method 

In this section some features of the :MNEM are discussed. First, the general procedure for 
characterising a material using the :MNEM is described in paragraph 1.2.1. Further, the numerical 
algorithm for estimating the material parameters from the experimental data is discussed in 
paragraph 1.2.2. 

1.2.1 : General Procedure 

In this paragraph the general procedure that is passed through for characterising the mechanical 
behaviour of a material using the MNEM is discussed. 

1. The process starts by deSigning an experimental configuration testing the material. A 
suitable experiment is marked by a strongly inhomogeneous strain field. With relation to 
the design of the experiment three basic features can be distinguished: specimen geometry, 
boundary conditions, and material orientation. With the help of numerical simulations based 
on a priori knowledge on the mechanical behaviour of the considered material a fair choice 
for the experiment configuration can be made. 

2. The designed specimen is manufactured after which it is put to a test construction (e.g., 

tension tester). To measure the displacement field a large number of markers is attached to 
the surface of the specimen. The marker positions for the reference (= unloaded) and loaded 
situation are measured using a digital video measurement, which is discussed in section 2.2. 
Eventually also external loads are recorded. It is noted that application of an optical method 
for determining deformations offers the important advantage of measuring con tactless. 

3. A fmite element model is generated to analyse the geometry and boundary conditions 
of the specimen under consideration. Particularly the modelling of boundary conditions often 
is very complex. For instance, the boundary conditions for clamped edges are difficult to 
model because of skid in the clamped edge or changing loads over the edge. To avoid this 
problem a FE-model may be created of only that part of the specimen where markers are 
attached (see figure 1.1). This means that the boundary conditions of the FE-model become 
purely kinematic since extemalloads are neglected. Only displacements of the outer markers 
(= contour markers) will act as boundary conditions. This method of modelling is called the 
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local approach. It offers a suitable tool for the analysis of specimens with complex 
geometry under arbitrary boundary conditions. 

4. Using the experimental data and the FE-model the material parameters are to be 
estimated for which the calculated field marker displacements best resemble the 
experimental data. For this purpose Hendriks (1991) implemented a module PAREST in the 
finite element code DIANA (Borst et al., 1985). This module contains an iterative 
computational algorithm which is discussed briefly in paragraph 1.2.2. 

~.:::.~..:: . .:.~-:=.~:~ ... -. "-"-. 
t • • • ,........ ...... .._ .................. _ .. _ ........... : .. . 
I I ................ 1..:.:. ." 
T ' ..---.----.----.--'--"'1 
I 
T 
I 

• 
I 

• 
I 

... ~ .. :'! .. : .. ::.: ... ~.:.=.~ ..... 

Sample 

..-................... ::::."-----'---'----'-----' 

FE-model 

Figure 1.1 : Finite element model for a part of the sample. 

1.2.2 : Numerical Algorithm for Parameter Estimations 

9 

The difference between the experimental data (displacements and loads) and the calculated data 
according to the FE-model offers information on the quantitative values of the unknown 
parameters. A numerical algorithm is derived to convert this information efficiently into a process 
for estimating the parameters (see figure 1.2). This iterative algorithm (Hendriks, 1991) that is 
based on a sequential minimum variance approach, is described by the following equations: 

X' l = x. + K. l[y-h(x.)] 
1+ I 1+ I 

(1.1) 

(1.2) 

(1.3) 

H' l = 1+ 
(1.4) 
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where: 

i = index for number of iteration steps 

Xi = estimation for material parameters in i-th iteration step 
y = experimental data 

~ = fmite element estimation of experimental data y using Xi 

Pi = covariance matrix of error in estimated parameters Xi 

R = covariance matrix of measurement error in experimental data y 

Q = convergence matrix 

Ki+l = gain matrix for updating estimated parameters Xi 

Hi+l = linearisation of h(x) with respect to Xi 

Equation (1.1) for the material parameters can only be solved iteratively since function h(x) is 
nonlinear in X. The adjustments of parameters are based on the difference between the 
experimental data and the finite element estimations. which is the residual [y-h(xi)]. multiplied by 
the updated gain matrix Ki+l' 

To start up this algorithm. the user must supply a set of initial data. First. the user must supply 
the initial parameter set io and the covariance matrix Po which expresses the confidence in io. 
Further. matrix Q which prevents that matrix Pi becomes too small. is provided. For nonlinear 
estimation problems Pi may become too small too quickly which has a negative influence on the 
convergence speed. Matrix Q prevents that Pi+Q in equation (1.2) comes below a limit value 
chosen by the user. It appears good practice to choose Q in accordance with the required accuracy 
of the parameters X. The user supplied data X. po. and Q are based on a priori knowledge on the 
considered material. The experimental data y and covariance matrix R, which expresses the 
confidence in these observations. proceed from the experiment. Further. the nonlinear function 
h(x) is established from the FE-model. When these data are provided. the algorithm is started. 

The estimation algorithm is stopped either when a specified convergence norm or a maximum 
number of iteration steps is reached. Per iteration step the most important results are written to 
an output fIle. These results are the parameter set Xi. the parameter covariance matrix Pi. and some 
information on the residual. On the basis of this output information the experiment and the 
performance of the constitutive model can be evaluated. 

Parameter 
Adjustment 

Experiment 

model 
.. : .. ;j'ij .... 

r;, Mathematical 
Algorithm 

Data 
Correlation 

Figure 1.2 : Schematic representation of the identification method. 
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1.3 : Purpose and Scope of this Research 

The objective of this research is to verify the suitability of the MNEM for characterising highly 
anisotropic materials in a practical situation. This will be done by means of experiments on the 
membrane structure of a homogeneous, orthotropic mixed composite having a considerable 
stiffness ratio. On the basis of these experiments, an inventory can be made on the quality and 
restrictions of the MNEM. 

One of the difficulties encountered was the problem to separate errors due to the limitations of 
the numerical modelling and the obselVation errors in the experiment. For a correct interpretation 
of estimation results of the MNEM this separation is an important issue. For this reason a lot of 
effort is put in analysing the random error connected to the video measurement system. 

The structure of this report is as follows. In chapter 2, the analysis of the random error of the 
video measurement system is discussed. Next, in chapter 3 the material and the experiment are 
discussed. In chapter 4, the results of the identification are presented and discussed. Finally, 
conclusions and recommendations are presented in chapter 5. 
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CHAPTER 2: ANALYSIS OF THE RANDOM ERROR OF THE VIDEO 
MEASUREMENT SYSTEM. 

2.1 : Introduction 

The positions of markers are evaluated with a video measurement system. However, these 
positions do not agree exactly with the real marker position because the measurement data contain 
measurement errors. For the considered system this error can be divided into systematic errors and 
random errors. 

The systematic error is caused by geometric distortions as a consequence of camera deflections 
and lens distortions. The magnitude and direction of this error vary rather smoothly over the 
image. The maximum systematic error is ±200 pixels, which is about 0.6% of the total image 
length, is located at the edge of the image. This is investigated by van de Yen (1993). On the 
basis of his research position data can be corrected. The position data used in this report are not 
corrected for this distortion since this feature was not yet available. However, this is not a 
problem since all marker displacements remain small. 

With relation to the behaviour of the random error little is known. Earlier experiments have shown 
that the magnitude of the random error can differ rather strongly from measurement to 
measurement. Therefore it is interesting to know what factors affect the random error and how 
strong this influence is. With this knowledge, the random error can be controlled better. 

In section 2.2, the video measurement system is described. Next, in section 2.3 the experimental 
set-up and factors that are investigated with relation to their effect on the random error, are 
presented. Section 2.4 discusses the effect on the random error for each factor separately. Finally, 
section 2.5 summarises the results. 

2.2 : Description of the Video Measurement System 

Because the way the video measurement system operates has a large influence on the magnitude 
of the observation error it is necessary to give a detailed description of the system. The video 
measurement system is a high-speed and high-resolution multi-point tracking system. It is 
developed by Hentschel System GmbH (Hannover, Germany) and is labelled type HSG 84.30. It 
consists of two components: a random access camera and a video-based tracking system. 

The random access camera (Hamamatsu el18l) creates a continuous, real-time image of the field 
of view. This image is composed of 32768x32768 [pixels2

]. A pixel is the smallest unit of an 
image that can be identified by the system hardware. The photo-sensitive part of the camera is 
a photo-emitter. This makes real-time selective scanning of any arbitrary trajectory inside the 
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image possible. Along the specified trajectory the intensity of light is measured. In normal 
cameras, a total scan of the image always is necessary to prevent charge build-up. Selecting of 
parts from an image can only be done after this total scan is made. Because of the possibility of 
selective scanning, the access time of arbitrary points in an image taken by a random access 
camera is short compared to a normal camera. Moreover, by selective scanning the amount of data 
is strongly reduced which means only a relatively small memory is needed for data storage. A 
disadvantage of a random access camera is its low sensitivity. 

The video-based tracking system (Hentschel video interface 84.330) is developed to measure the 
2D-position of markers (= points to be tracked) in space and time. Therefore, the system basically 
distincts three functions: 

generation of the deflection signal, 

analysis of the measured video signal, and 

data transfer to the host computer. 

The generation of the deflection signal denotes the trajectory along which the intensity of light 
(= video signal) is to be measured. This will be discussed in more detail later on. For 
measurement of 3D-positions of markers the video interface allows the connection of a second 
random access camera. The 3D-reconstruction based on two 2D-measurements is established off
line. 

The markers are shaped circular and produced of retro reflective foil (= foil that reflects light in 
the direction of irradiation). Markers and background are illuminated by halogen spotlights placed 
circular around the camera lens. By using the retro reflective foil this results in a strong contrast 
in intensity of light between markers and background. This contrast is used for measuring the 
positions of markers. 

Before marker tracking is started, a search scan is performed. During this search scan the whole 
image is scanned once. The positions of the markers are determined globally and stored in the 
tracking memory. It is noted that the number of markers is restricted to a maximum of 126 
markers. When all markers are found the system is put to the window scan mode. In this mode, 
for each moving marker a window is defined with its centroid first at the position that was stored 
in the tracking memory. The window size can be varied discrete by 2i12% (i = -2,-1, .. ,4) of the 
field of view. The position of a marker is determined by only scanning its window. 

Windows are scanned in the sequence as the markers were found in the search scan. When all 
windows are scanned once, one frame is scanned. This scanning of a frame is repeated 
continuously like is illustrated in figure 2.1. Utilising this technique a scan-rate up to 7500 
windows per second can be achieved. 

A window is scanned both horizontal and vertical to determine respectively the marker y- and x
position (see figure 2.2). This high-speed deflection signal, which is generated by the video 
interface, is composed of two independent sine wave signals. These control the x- and y
coordinate of the trajectory of the deflection signal. For scanning the x-position, the x-coordinate 
signal is controlled by a 120 kHz frequency sine wave signal while the frequency of the y-
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Window scan 1 

Window scan 2 

Fillurt 2.1 : Two subsequent frames for scanning the windows of three moving marlcers. 

coordinate signal can be chosen 2i (i=2 .... 5) times slower. According as the second signal 
becomes slower. proportionally more scan lines are put within a window and the time needed for 
scanning one window increases. This means that the position precision increases while the number 
of windows to be scanned within a time period (= scan speed) decreases. Only in case of dynamic 
measurements where marker motions are analysed, both scan speed and position precision are 
important. For static measurement, where the position of markers is not time-dependent, only 
position precision is important. 

Window scan lines : 
Marker Y -position 

Marker X-position 

Marker 

Window 

Fi6ur, 2.2 : Window scan lines (= deflection signal) for determining the position of the 
marker centroid within the window. 

A window scan across a marker delivers a low-intensity, needle-shaped video signal. Before this 
raw video signal is manipulated, it is first gained up to some desired level. Taking the second 
order time-derivative of the gained video signal and injecting this to a zero crossing detector the 
two deflection points of each needle are determined. Calculating the mean of all deflection points 
of needles higher than an adjusted pretrigger level, the marker x- and y-coordinate inside the 
window is determined. The vector addition of the window centroid position (= position of window 
in the field of view) and the marker centroid position (= position of marker inside the window) 
delivers the marker position in the field of view. These coordinates are on-line transferred to the 
3 Mbyte extended memory of a standard 386-PC with a DMA interface. Moreover, these 
coordinates are stored in the tracking memory and used for window placing in the next frame. 

The amount of data that can be transferred during one measurement is limited by the DMA 
interface. In practice, this means that the number of frames to be stored, nframe, must be smaller 
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than 214/nmar (nmar = number of markers). For example, if one hundred markers are tracked, then 
for each marker 163 times a position is transferred to the PC (214/nmar= 163.84 ~ nframe = 163). 

2.3 : Experiments on the Random Error 

The following factors are investigated with relation to their effect on the random error: 

gain of the video signal, 
position in image, 

marker/window size, 
jump distance, 
camera lens adjustments, and 
measurement conditions. 

The experimental set-up is illustrated schematically in figure 2.3. All experiments concern static 
measurement, which means that markers do not move during a measurement. For this reason, for 
all measurements the lowest scan speed (~ best position precision) is applied. This means that the 
scan-rate is fixed at 937.5 windows per second. 

Camera 

Video InteIface 

" Object with 
markers 

Computer 

Figure 2.3 : Schematic representation of the experimental set-up. 

For static measurements, for each marker the mean value and standard deviation of nframe x- and 
y-coordinates are calculated according to: 

-Zj = ~ __ ~ z .. 
nf L..J IJ rame j-l 

1 
nf.arne 

(2.1) 

(2.2) 

where zij denotes the z-coordinate (z = x, y) of marker i in the j-th window scan. SDZi represents 
the random error on the z-coordinate of marker i. 
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2.4 : Results and Discussion 

For six factors mentioned in the previous section, the effect on the random error is considered. 
Each of these factors will be discussed separately. In this discussion the term experimental 
configuration is used regularly. This term concerns the specific adjustments of the system for a 
measurement (e.g., marker size, object-to-camera distance, camera adjustments, and window size). 
However, fIrst a method for evaluating measurements is presented. 

To compare different measurements with relation to the random error, it is convenient to appraise 
each measurement with some performance index. For this purpose, two quality-norms are defined 
for the random error: 

Qnorm1 = (2.3) 

Qnorm2 = .!.. median( SD 2 + SD 2) 
2 -x -y 

(2.4) 

with 

(2.5) 

The median of a column is the value of that item which is so positioned in the column, when this 
column is arranged in order of ascending values, that there are an equal number of items of 
smaller and larger values. 

Gain of the Video Signal : 

The low-intensity video signal is gained before it is manipulated to determine the position of 
markers. The level of gaining is to be adjusted by the experimentator; up till now this adjustment 
was guided by intuition. It is analysed how the gain level affects the random error. For this 
purpose measurement series for a number of different experimental configurations are performed. 
For each confIguration the gain level is increased incrementally. Each increment a video 
measurement is performed and the intensity of the gained video signal is recorded. The intensity 
of the gained video signal is quantifIed by means of its root mean square (= RMS). It is noted that 
this RMS-value is only a relative measure for the gain level since the intensity of the original 
video signal varies per configuration. 

For all confIgurations quality-norms Qnorm1 and Qnorm2 are calculated per video measurements. 
Next, per confIgurations these norms are plotted versus the RMS/RMSmax -value of the gained 
video signal, where RMSmax is the RMS-value for maximum gain level. All configurations 
demonstrate rather different relations. In fIgure 2.4 for four arbitrary configurations this relation 
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is shown. It is emphasized that the quantitative values along the vertical axes are not relevant 
since only the effect of the gain level on the random error is considered. Looking at these graphs 
it is obvious that the gain level does affect the norms and thus the random error. Furthermore, 
each configuration exhibits a gain level at which the Qnorm's are minimised for the particular 
configuration. Apparently, there is an optimal gain level which per configuration can be identified 
according as is discussed here. 
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Figur,2.4: For four experimental configurations quality-norms Qnorml (+) and 
Qnorm2 (0) are plotted versus the RMSIRMSma;t-value of the gained video signal. 

Comparing both quality norms, it appears that for an optimal gain level Qnorml and Qnorm2 are 
about equal. However. according as the gain level differs from its optimum Qnorml may become 
considerably larger than Qnorm2. This difference is caused by the fact that the standard deviation 
of a few markers escalates (e.g., SDXi magnifies by a factor 20 as the gain level is adjusted 
nonoptimal). Mostly. these markers initially had a relatively large deviation. That Qnorml is 
affected by this escalation and Qnorm2 not, is the consequence of the different defInitions 
(equations (2.3) and (2.4». 

For the factors that are discussed next, only Qnorm2 is used for evaluating the experimental 
results. This is done for reason that Qnorm2 is not sensitive for a few markers that may 
have escalated because the gain level was not adjusted optimal by accident. 
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Position in Image: 

It is analysed whether or not the magnitude of the random error is related to the position in the 
image. For this analysis, meshes are generated at which standard deviations SOx and SDy are 
plotted separately as a function of the position in the image. This is done for different 
experimental configurations. It is noted that the gain level is adjusted optimal for all video 
measurements. 

In figure 2.5, meshes SDx and SDy are shown as a function of the position in the image for three 
different configurations. For each configuration the minimum and maximum SD-value are 
specified. These meshes are presented to illustrate some of the possible patterns that may occur. 
Mesh-set A is related to an truly optimal configuration. Both other mesh-sets concern suboptimal 
measurement, which means the gain level is adjusted optimal however the experimental 
configuration itself is not optimal. Both situations are discussed briefly. 

(A) 

min. ; 2.6 [pixel] 

max. ; 5.7 [pixel] 

(B) 

min. : 3.9 [pixel] 

max.. : 7.6 [pixel] 

(C) 

min. : 5.7 [pixel] 

max. : 8.9 [pixeil 

Figure 2.5: For three configurations the meshes SDx and SDy as a function of the position in the image. 
Set A concerns an optimal configuration while Band C are suboptimal. 

In case of an optimal measurement, meshes SDx and SDy show an purely random pattern. This 
means that for this situation the random error is not affected by the position in the image. 

If measurements takes place under circumstances that are suboptimal for whatever reason, mesh
sets like for situations B and C will occur. From these and other mesh-sets, which are not shown 
here, three issues are put forward: 

Meshes shape to some structured pattern. However, there is no consistent ever-recurring 
pattern. If the configuration changes, this may result in a completely different pattern for 
the mesh-set. 
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. Markers that have a relatively large standard deviation are concentrated mostly on the 
edge of the image (see B). 

Meshes SOx and SOy are not related to one another. Per mesh-set. meshes for both 
components mostly are completely different. For one part of the image SOx is small. 
while for the same part SOy may be large (see C) . 

Marker/Window Size : 

It is studied how the quotient of the marker diameter (in pixels) and the window size affects the 
random error. This quotient is defmed according to the following equation: 

where: 

mi _ cmo 1 
Wi - -d- Wi 

Il10 = marker diameter [mm] 
Il\ = marker diameter in image [pixel] 
Wi = window size in image [pixel] 
d = camera lens to object distance [m] 
c = calibration factor (for d = 1000 mm) [pixel] 

(2.6) 

Experiments are done with ~= 1.0mm and ~=2.0mm markers. Further two camera lenses are 
used which are a 75mm and 50mm-Iens (respectively c=250 [pixel] and c= 167 [pixel]). For 
both situations. measurements are performed for different window sizes Wi and distances d. 
Herewith the quotient Il\/Wj is varied within the range 0.2 < Il\/Wi < 0.7. 

In figure 2.6 for the small and larger markers Qnorm2 is plotted versus the quotient Il\/Wi' In 
figure 2.7 for both markers. the quotient Qnorm2y/Qnorm2x is plotted versus the quotient Il\/wj • 

where Qnorm2z is the median of column SOz. 
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Figure 2.6: Quality-norm Qnorm2 is plotted versus the quotient of the marker and 
window. This is done for both a 1.0mm (left) and 2.0mm marker (right). 
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Figure 2.7: The quotient Qnorm2y lQnorm2x is plotted versus the quotient of the marker 
and window. This is done for both a l.Omm (left) and 2.0mm marker (right). 
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Looking at figure 2.6 two issues come forward obviously. First, for each window size separately, 
Qnorm2 shows clearly a relation to the quotient milwi. However, the transition from one window 
size to the next is discontinues. This is not strange because each window uses other electronic 
connections within the video interface. Second, for both marker sizes Qnorm2 shows an optimum 
for the quotient mJwi 1:$ 0.4. Apparently this quotient-value is a true optimum for minimising the 
random error. For both marker sizes at this quotient the average random error is minimised at ± 
4.0 pixels. 

Next figure 2.7 is considered. Per window size and also in general, the quotient 
Qnorm.2y / Qnorm2x shows an upward tendency for an increasing maker/window size. This means 
that when the quotient mJwj increases Qnorm2y /Qnorm2x increases. It is noted that for the 
optimal mJ Wi Qnorrn2x and Qnorm2y are about equally large. 

Jump Distance : 

It is possible, that the standard deviation on the i-th marker is affected by the magnitude of the 
window-jump from marker (i-I) to marker i. This suggestion is based on the thought that as a 
consequence of lag-effects the time that is needed for stabilisation increases when the marker 
jump increases. 

Some arbitrary measurements are analysed to investigate if the jump distance indeed affects the 
random error. This is done separately for SOx and SDy • In figure 2.8, results are shown for an 
arbitrary measurement. For all markers, quantities SDx/Qnorm2x and SDYi /Qnorm2y are plotted 
versus the matching jump distance towards the considered marker. It appears from this figure that 
the jump distance does not affect quantities SOx/Qnorm2x and SDy /Qnorm2y. Apparently the 
random error is surely not correlated to the jump distance. It is noted that this conclusion concerns 
the low scan-rate which is applied here. According as the scan-rate increases the jump distance 
may affect the random error. 



22 

::!:: 
" N 

! 
~ 
Oi 
/:I 
<Il 

Mechanical Characterisation of Conveyor Belt Material by a Numerical Experimental Method 

SDX/Qnorm2x per marker 

2.00 

1.50 

iiti 
+ 

1.00 { . . . 
0.50 

0.00 L-_~ __ ~_~_---' 

o 5 10 15 20 
(Tb ....... ) 

Jump distance [pixel] 

.... 

..!.o 
~ 

i 
~ 
>: 
/:I 
<Il 

SDy/Qnorm2y per marker 

:LOO 

1.50 ... .. t . 
I 

. .. ... 
1.00 \, 4 . . 

~ \ . . + ... . 
0.50 

0.00 L-_~ __ ~_~_~ 

o 5 10 15 20 
(TbOllllllllda) 

Jump distance [pixel] 

Figure 2.8: Quantities SDxlQnorm2x (left) and SDylQnorm2y (right) are plotted versus the 
matching jump distance towards the considered marker. 

Camera Lens Adjustments : 

Like for normal TV -cameras, the lens of a random access camera may be adjusted in two ways. 
These are the focus and the diaphragm. For both elements, the effect on the random error is 
discussed briefly. 

With relation to the focus, there is simply only one optimal adjustment (= focal distance). This 
is the focal adjustment for which the contrast in the image is most sharp. The optimum can be 
adjusted on basis of the video signal that is received from window scanning. It holds that the 
RMS-value of the video signal is at most for the focal distance. For this focus, the random error 
is minimised with relation to the focus adjustment. It is noted that correct focusing is important 
for reducing the random error. However, with the help of the RMS-value of the video signal the 
focal distance can be adjusted abundantly accurate. 

The diaphragm controls the amount of light that is let in the camera through the lens. To 
investigate how the diaphragm affects the random error, for a number of experimental 
configurations measurements are performed with various adjustments of the diaphragm. These 
measurements show consistently that the diaphragm which lets most light in the camera, offers 
the smallest random error. However, the effect of the diaphragm on the random error is rather 
impotent. 

Measurement Conditions: 

Apart from the specific factors that are discussed so far, there are some general advices for 
reducing the random error. These advices, which concern circumstances under which a 
measurement is performed, are: 

The surface to which markers are attached, must absorb light well. This is important for 
reason that a sharp contrast of the marker to the background is essential. This means that 
in case the absorptive power for light is bad, it is recommended to manipulate this 
surface to improve the absorptive power. 
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All markers should reflect approximately the same amount of light. This is important 
because only for this situation all markers require the same system adjustments for 
minimising the random error. This means that for markers a constant quality qua 
roundness and diameter is required. Further, all markers have to be illuminated equally 
by the halogen spotlights placed around the camera lens. 

Only light that is radiated by the markers, offers information on the position of markers. 
Therefore, all light that comes from other sources, must be avoided as much as possible. 

2.S : Conclusions 
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Evaluating section 2.4 there are mainly four conditions for minimising the random error on the 
position data. First and most important, the quotient of the marker and window size should be ~ / Wi = ± 
0.4 [-]. Second, the gain level should be adjusted optimal. How this optimum level is determined 
is discussed in the previous section. The third condition is that the camera lens is adjusted correct, 
in particular the focus. Finally, the measurement conditions mentioned at the end of the previous 
section should be regarded. 

In case these conditions are satisfied the magnitude of the random error will be minimised. This 
means that the average random error becomes SDz = ± 4.0 [pixel] and this error is not at all 
correlated to the position in the image. Herewith is noted that the standard deviation of the mean 
marker position z becomes SDz=4.0/...jnframe. 
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CHAPTER 3: EXPERIMENTS ON CONVEYOR BELT MATERIAL 

3.1 : Introduction to Conveyor Belt Material 

The material that is to be characterised with the MNEM is a mixed composite that is used for high 
duty conveyor belts. This conveyor belt, type HAB-12E, is manufactured by the HABASIT 
company in Reinach-Basel, Schwitzerland. It is a plain woven fabric material system that is 
composed of two layers (see figure 3.1). These are an isotropic top layer of acrylo-nitrilene
butadiene rubber and an anisotropic bottom layer of coated polyurethane woven fabric. 

La,.-1 

Layer: 2 

Figure 3.1: Schematic illustration of con· 
veyor belt material. 

Figure 3.2 : Interlacing structure of a plain 
woven fabric. 

The woven fabric is a biaxial plain weave where the warp and weft yarns interlace in an 
orthogonal regular sequence of one under and one over as shown in figure 3.2. For this plain 
woven fabric, the warp and weft direction are considered as the material symmetry directions. 

Some standard tensile tests are performed on the conveyor belt material to obtain some general 
information on the in-plane mechanical behaviour of the conveyor belt. For this purpose, tensile 
specimens are manufactured along the warp, weft, and bias direction. The specimen dimensions 
are 100x12x2 [mm3]. All specimens are tested at a constant strain rate £=0.001 [S·l]. The tensile 
force and the elongation in the central region of the specimens are recorded during testing. 

In figure 3.3 the measured stress-strain relationships are presented for all three directions. This 
graph shows some important properties of the belt material. First, for the different directions the 
material exhibits a completely different mechanical response to the imposed deformation. 
Apparently, the anisotropic behaviour of the woven fabric layer is dominant over the isotropic 
rubber layer. Second, for small deformations (£S:0.01 [-D the mechanical response is 
approximately linear in the axial strain. This is demonstrated by the dotted tangents. These 
tangents result in the following initial stiffness moduli: Eo. = 1220 [Nmm'~, E4so = 240 [Nmm·2

], 

and ~o=440 [Nmm·2
]. The initial stiffness ratio becomes ~o/Eoo=0.36 [-]. It is noted that the 

stiffness modulus along the bias direction (= 45°-direction) is relatively small. This means that 
the in-plane shear rigidity is quite small. For larger deformations the material behaviour becomes 
nonlinear. Primarily this nonlinearity is caused by the woven structure of the fabric which changes 
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essentially as a consequence of deformation (Chou, 1992). A second cause is that the yam itself 
behaves nonlinear. 

Additionally. an experiment is performed on a 
90°-tensile specimen. In a regular 3x3-pattem 
nine markers are attached to the central part of 
this specimen. The specimen is loaded 
incrementally. After each increment the 
specimen is relaxed for 60 seconds and 
subsequently marker positions are measured by 
the video measurement system and the tensile 
force is recorded. Analysing the marker 
displacements the axial and transversal strain 
are calculated for each increment. The stress
strain curve of this quasi-static experiment is 
shown together with the curve of the 90°
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Figure 3.3 : Stress-strain curves of conveyor belt 
material for dynamic tensile tests along the weft 
(0°), warp (90°), and bias (45°) direction. 

experiment at a constant strain rate (respectively solid and dashes line). Comparing both curves 
the only difference is that for the incremental experiment the stresses are about 10% smaller. 
Apparently viscosity does not affect the mechanical behaviour essentially. Further. in figure 3.4b 
the transversal strain is plotted versus the axial strain. It is noted that initially the transversal strain 
increases with the axial strain. This means that the Poisson's ratio becomes negative initially. 
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Figure 3.4: Results of quasi-static experiment. (a) Stress· strain relationship measured for increments 
indicated by circles; the dashed line shows the curve according to the 90°· dynamic test. (b) 
Transversal strain plotted versus the axial strain. 

3.2 : Constitutive Model 

It is assumed that for small deformations (ES:O.01 [-]) the conveyor belt material can be modelled 
as a homogeneous, linear elastic. orthotropic continuum. Since only membrane structures are 
regarded, plane stress conditions suffice for the strain-stress relations. The strain-stress relations 
under plane stress conditions are given by 

(3.1) 
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where 

aT = [a a 't ] 
- x y xy 

sin2a. 

cos2a. 

sina.cosa. 

l/EI -y 2/E2 0 

S = -y liEI l/E2 0 

o 0 l/G12 

2Sina.cosa.] 
-2sina.cosa. 

2cos2a. - 1 

In this equation columns ~ and Q respectively contain the 
linear strain and Cauchy stress component in an arbitrary 
orthonormal coordinate system {~x' ~y}. Matrix S is the 
compliance matrix. Transformation matrices T represents the 
transformation from the model coordinate system {ex, ey } to 
coordinate system tel' e2} that matches the material 
symmetry. In this matrix, parameter tan(a.) describes the 
angle between the model x-axis and the material I-axis 
(figure 3.5). This means that the quantitative material 
behaviour is described by a set of five parameters: 

(3.2) 

3.3 : Experimental Set-Up 

Figure 3.5 : Transformation from 
model to material coordinate 
system. 
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To characterise a material using the :MNEM it is essential to perform an experiment such that 
enough information is offered for estimating all unknown parameters. In general, two conditions 
can be considered crucially. First, the experiment has to be designed such that a strongly 
inhomogeneous strain field is produced. Second, deformations should be large enough to see to 
it that measuring errors of the video tracking system become negligible. 

Since the MNEM prefers an inhomogeneous strain field and therefore the restriction of specimens 
with well determined shape is dropped, extra freedom arises for the design of experiments. The 
challenge now is to benefit optimally from this newly obtained freedom for the design of 
experiments. 
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With the help of numerical simulations based on a priori knowledge on the mechanical behaviour 
of the considered material a fair choice for the experimental set-up is made. For these numerical 
simulations, the DIANA fInite element software is used. 

After a number of simulations with DIANA for different experimental configurations the following 
set-up is chosen because of its expected inhomogeneous strain field. This experiment is illustrated 
in fIgure 3.6 and concerns an uniaxial off-axis tensile test on a 72x80 mm2-rectangular specimen. 
The orientation of the stiff warp direction will be defined as the fIbre orientation, referred to as 
the material I-axis. This fIbre is oriented 45 0 -clockwise relative to the vertical y-axis. The 
specimen is clamped rigidly at the bottom and upper edge. By purely translating the bottom edge 
in negative y-direction while fIxing the upper edge, a strongly inhomogeneous strain field is 
produced. The experiment is perfonned on an uniaxial 200kN ZWICK 1484 tension tester . 

._---+- Material l-uis 

Marker 

AY 

Figure 3.6 : Schematic illustration of the experimental set-up and marker grid. 

A grid of 121 retro reflective markers with diameter is attached to the rubber layer side of the 
specimen. The grid is refmed towards the comer areas since in these areas the strain fIeld will be 
most inhomogeneous and thereby will offer most infonnation. The marker displacements are 
measured with the video tracking system. For the MNEM this grid means: 

. 40 contour markers for detennining the kinematic boundary conditions, and 

. 81 observation markers for estimating the parameters. 

I Case I AY [mm] II Case I AY [mm] I 1000 

1 0.2 7 1.4 
~ 

800 
. . ................ : .................. : ............................. . 

2 0.4 8 1.6 -g 600 
.3 

............... ~..... ...... . ... ~ ................. ~ .............. . 
: : : 

3 0.6 9 1.8 

4 0.8 10 2.0 

G) 
400 := 

~ 200 

............... : .................. ~ ................. .; ............... . 

.............. ~ .................. : ...... , .......... : .............. . 

5 1.0 11 2.4 
0 

6 1.2 12 2.8 
0 0.03 0.04 0.01 0.02 

Axial defonnation [-] 

Table 3.1 : Clamp displacement 4Y per load case. Figure 3.7 : Tensile force versus axial deformation. 
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The positions of the markers are measured for the unloaded situation (= reference situation). Next, 
the specimen is loaded by moving down the bottom clamp in stages. The clamp displacement IIt.Y 
for this loading series is presented in table 3.1. After each load step, the material is relaxed for 
60 seconds and subsequently the new positions of markers are measured. For each step also the 
tensile force is recorded (figure 3.7). It is noted that this load information will not be used for the 
identification. It is noted that for all static video measurements a 1.4% window size and a scan
rate of 937.5 windows per second are used. Furthermore. all 121 markers are scanned 135 times 
(nframe = 135). 

3.4 : Discussion on Measured Displacement Data 

Each static measurement delivers for all markers (i = 1, .. ,nmar) a mean position [li;Yi] and 
corresponding standard deviation [SDXi ; SDyi] according to equations (2.1) and (2.2). The 
accuracy of these measurements is evaluated by their quality norm Qnorm2 (equation (2.4». For 
all measurements. this norm is rated Qnorm2 = ± 5.4 [pixel]. Relating this value to the absolute 
minimum norm discussed in section 2.5, these measurements are judged fairly accurate with 
relation to the random error. 

Using statistics. it follows that the standard deviation on the mean position of marker is given by 
[SD"i;SD~J=[SDxi..Jnframe;SDyJ"nframe]. This means that the average standard deviation 
on position [i;Y] is given by SDpos=Qnorm2/..Jnframe=±O.46 [pixel]. For the marker 
displacement components this results in a standard deviation SDdis=SDposxff=±O.66 [pixel]. 
Since the pixeVmm-ratio is 225 [pixeVmm], this deviation corresponds to an error SDdis = ± 0.003 
[mm]. 

The MNEM assumes that the random error on position data exhibits a Gaussian (= normal) 
distribution. In figure 3.8 two histograms showing the distribution of quantities Zx=(xrl)/SDx and 
Zy=(Yry)/SDy for one marker (Xj = x-position in j-th window scan) are presented. The dashed 
line shows the expected CUNe according to a Gaussian distribution with the same standard 
deviation SDx' The assumption appears to be correct. 
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Figure 3.8: Histograms showing the distribution of quantities zx (left) and zy (right). 
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Using the marker displacement fields. for each load case the principle strains in the obselVation 
markers can be estimated. For this a method that is developed by Peters (1987). is used. For load 
case 5 the principle strain distribution and principle strain domain are shown in figure 3.9. 
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Figure 3.9 : Principle strain field (left) and domain (right) for load case 5. 

3.5 : Noise Reduction using SVD-filtering Technique 
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The experimental displacement data are afflicted with a measurement error. By manipulating the 
experimental data with some intelligent filtering technique. this error may be reduced and so 
improved data can be accomplished. For this purpose a singular value decomposition (SVD) 
filtering is applied. This filtering technique is based on the assumption that displacements of 
markers are mutually related because they are embedded in a common continuum. By using this 
technique. components associated with common displacements are separated from those associated 
with random noise. For a detailed description on this filtering technique is referred to Muitjens 
(1990). 

This SVD-filtering technique is applied to the experimental marker position data. The effect on 
the material identification is analysed in the following chapter. 
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CHAPTER 4 : IDENTIFICATION OF MECHANICAL BEHAVIOUR 

4.1 : Numerical Model 

The experiment is analysed by the finite element code DIANA. For reasons mentioned in section 
1.2.1, the local modelling approach is applied. This means that the model geometry is set 
according to the positions of the contour markers in the reference situation. The kinematic 
boundary conditions are set per load case according to the displacements of the contour markers 
relative to the reference situation. The flnite element model is built up from 400 4-noded, 
isoparametric, plane stress elements (figure 4.1). Positions and boundary conditions on the edge 
of the model that do not correspond to an existing contour marker are generated by linear 
interpolation between the two nearest contour markers. 

As was stated in section 3.2, the 
mechanical behaviour of the conveyor belt 
material is modelled orthotropic, physically 
linear elastic. Further, the material is 
assumed to have homogeneous properties. 

Creating a numerical model, a simplified 
numerical representation of physical reality 
is generated. Inherent in this modelling is 
the introduction of model errors. These 
errors should be minimised. Within the 
framework of the MNEM, three classes of 
error can be distinguished: 

Figure 4.1 : Finite element mesh built up 
from 20x20 elements. 

Model errors related to the constitutive behaviour. This error is caused by a difference 
between the actual material behaviour and the assumed constitutive model. For instance, 
visco-elastic effects and nonlinear material behaviour may give reason to such a 
disagreement. 

Model errors related to the numerical design (model) of the experimental configuration. 
This error is mainly caused by an incorrect or incomplete modelling of specimen 
geometry and boundary conditions. Another reason may be that the experiment is 
expected to have a 2-dimensional character while also out of plane loads and 
displacements may occur. 

Model errors related to the finite element formulation. This error is caused by the 
discretisation of the specimen into a finite number of elements. According as a more 
accurate finite element mesh is generated this error will decrease. 
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Using DIANA. the numerical model (including: geometry. boundary conditions. and material 
model) is analysed and displacements in the nodes of the FE-model are calculated. Displacements 
of obselVation markers are accomplished by bilinear interpolation among the four nodes of the 
element in which a marker is placed. 

4.2 : Parameter Estimation 

In paragraph 4.2.1. the mechanical characterisation of the conveyor belt material is discussed using 
only displacement data for one particular load case. This is done to illustrate the general parameter 
estimation procedure and to show some estimation results. Next. results of parameter estimations 
using both original and SVD-filtered displacement data of other load cases are presented in 
paragraph 4.2.2. Additionally. parameter estimations are performed using a geometrically nonlinear 
theory. 

4.2.1 : Estimation Example using Load Case 5 

In this paragraph. the material parameters are estimated using the original displacement data of 
load case 5. For this load case. the axial elongation is about 1.4% of the initial clamp distance. 
Information on the principle strains for this particular case was shown in figure 3.9. 

Using the local approach. absolute stiffness parameters can not be identified since no information 
on forces and loads is incorporated in the numerical model. However the stiffness ratios can be 
identified. This means that the following set of dimensionless parameters is to be estimated: 

(4.1) 

On the basis of a priori knowledge on the quantitative material behaviour the initial parameters 
Xo and the diagonal matrix Po are set according to table 4.1. Convergence matrix Q is defined a 
diagonal matrix with terms [ 10-4; 10-4; 10-4

; 10.7]. Measurement error matrix R is a diagonal 
matrix with diagonal terms set according to the measurement error squares of the displacement 
components. 

I Parameter I~II (Xo)i I (PO)ii III (Xr)i I (Pr)ii I 
tan(a) 1 1.0 10-3 1.00 6xlO-5 

E 2 0.3 10-3 0.42 8xlO-4 

1112 3 0.3 10-3 0.56 4xlO-4 

G12 4 0.1 10-5 0.Q134 5xlO-7 

Table 4.1 : Initial estimation information and final estimation results for load case 5_ 
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Figure 4.2 : Parameter values for load case 5 as a function of iteration steps. 

Convergence is established after 30 iterations. The progression of parameters with relation to the 
number of iteration steps is shown in figure 4.2. The final estimation results Xc and diagonal tenns 
of matrix Pf are summarised in table 4.1. 

Examining these results, some preliminary conclusions can be made. First, the parameter estimates 
do satisfy the thermodynamic constraints, which are 

(4.2) 

Second, the stiffness ratio E shows good agreement with the initial sti!:,.fness ratio ~o/Eoo=0.36 
[-] according to standard tensile tests (section 3.1). Third, shear ratio G12 shows a poor in-plane 
shear resistance which is a typical property of biaxially woven fabrics. Finally, the estimated value 
of tan( a) indicates a rotation a = 45.00 of the material I-axis relative to the model y-axis. This is 
in perfect agreement with the experimentally adjusted 45°-orientation. 

4.2.2 : Estimation Series 

If the numerical model and experimental data were free from systematic errors (and random 
measurement errors were neglected), parameter estimations would result in equal parameter sets 
for different load cases. However, if there is some systematic error, different load cases will result 
in different parameter sets probably. 
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To investigate the identification of the conveyor belt material with regard to the presence of 
systematic errors, estimations are performed for all load cases separately. The initial parameter 
conditions Xo and Po and matrix Q are equal to the ones for load case 5. Measurement error matrix 
R is adjusted per load case. 

Further, the effect of SVD-filtering on the material identification is investigated. Using the filtered 
displacement data, again parameter estimations are performed for all load cases separately. For 
these estimations also the initial parameters Xo and matrices Po and Q are equal to load case 5. 
Matrix R is chosen equal to the original situation, although the measurement error is assumed to 
be reduced. 

So far, all estimations are performed using a physically and geometrically linear constitutive 
theory. Looking at the nonlinear behaviour of the belt material for larger deformations (figure 3.3), 
it is interesting to see what the effect is of identifying the material using a geometrically nonlinear 
theory. This theory describes a linear relationship between the 2nd Piola-Kirchhoff stress tensor 
and the Green-Lagrange strain tensor. Using this nonlinear theory and the SVD-filtered 
displacement data the numerical model is analysed once more. For this estimation, initial 
parameters Xo and matrices Po, Q, and R are selected equal to earlier estimation series. 

The most important results of all three estimation series are shown in figure 4.3. Figure 4.3a 
presents each of the final estimation parameters xr as a function of the axial deformation per load 
case (table 3.1). In figure 4.3b, the root mean square of the displacement residuals is plotted 
logarithmically versus the axial deformation. The displacement residual is the difference between 
the experimentally measured marker displacements and the calculated displacements according to 
the final estimation parameters [y-h(xr)]. The root mean square of the residuals is defined: 

r = 
[y - h(xr)F [y - h(xr)] 

2N 
(4.3) 

where N denotes the number of observation markers. Results are shown only for estimations that 
demonstrate convergence clearly. For load cases 1 and 2 convergence did not succeed. 

4.3 : Discussion on Parameter Estimation Results 

In this section the parameter estimation results will be evaluated. First, some aspects of the 
accuracy of experimental data on the material identification are considered in paragraph 4.3.1. 
Next, the estimated parameters sets and the constitutive theory are evaluated in paragraph 4.3.2. 
Finally, paragraph 4.3.3 analyses the displacement residuals. 
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Figure 4.3a : Final estimation parameters if per load case for the geometrically linear 
estimation with original data (solid), linear and SVD-filtered (dashed), and 
nonlinear and SVD-filtered (dot-dash). 
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4.3.1 : Accuracy Requirements for Estimation Convergence 

In this section the influence of measurement errors on the convergence of parameter estimations 
is regarded briefly using the results in figure 4.3. First, for the smallest load cases (1 and 2) 
parameter estimation does not succeed in identifying the belt material. A plausible explanation for 
this is that the experimental data are too much disturbed by measurement errors for these cases. 
The influence of disturbances is relatively most large for small deformations. The consequence 
is that for cases 1 and 2 too much information on the material behaviour is lost to identify the 
conveyor belt material. It is noted that for load case 3 for which first the parameters are estimated 
the average principle strains are E = 0.008 [-]. 

Second, the effect of SVD-filtering is 
discussed. For this, the estimation results for 
the original and SVD-filtered displacement 
data using the geometrically linear theory are 
compared (figure 4.3). Two essential 

differences are observed. First, the 
parameters for the filtered data demonstrate 
a substantially smoother progression for 
increasing deformations. Second, for all load 
cases (in particular cases 3 and 4) the 
displacement residual r related to the filtered 
data is smaller than for the original data. 
Apparently the SVD-filtering does not just 
smooth the experimental data but it truly 
reduces the measurement error on these data. 
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Figure 4.4 : Number of iteration steps required to 
establish convergence for both the original (0) and 
filtered (*) data as a function of deformation. 

This improvement is confirmed once more by figure 4.4. This figure shows for both the original (0) 

and filtered (*) data per load case the number of iteration steps required to establish parameter 
convergence. The estimation series using filtered data require considerably less steps, in particular 
for smaller deformations. 

Considering these differences in estimation results, the SVD-filtering technique is judged a useful 
tool for improving the experimental displacement data. Therefore, from this moment on only the 
results of estimation series based on SVD-filtered data will be regarded. 

4.3.2 : Parameter Analysis 

Comparing the linear and nonlinear estimation series, it is noted that for small deformations the 
parameter sets are almost equal. However, according as deformation increases both parameter sets 
differ substantially. This observation is confirm the expectations since for small deformations the 
nonlinear theory equals the linear theory while they differ more strongly according as deformation 
increases. Further, it is noted that the nonlinear estimations required about 8 iteration steps to 
establish convergence whereas the linear series required 14 steps. 
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For small deformations (load cases 3 and 4), the material is assumed to behave approximately 
linear (section 3.3) and therefore the material parameters are expected to be constant. However, 
looking at figure 4.3a, the opposite seems to be the true. In particular for lower cases the 
parameters exhibit a strong sensitivity to small changes in the axial deformation; this involves 
both the geometrically linear and nonlinear estimation series. Herewith it is noted that the 
parameters change smoothly for succeeding load cases. This indicates that the material 
identification is disturbed substantially by some systematic error. Possible errors are a systematic 
measurement error and the three model errors discussed in section 4.1. 

A systematic measurement error cannot have caused the change of parameter values for small 
deformations. This is explained by the fact that no rigid body motions did occur in the 
experiment. Therefore only a systematic measurement error is introduced by material 
deformations. This means that only according as deformation increases the material identification 
may be disturbed. Further, a model error related to an inaccurate numerical description of the 
experiment is implausible to have cause the parameter changes because the local approach is 
applied. Also a model error related to the finite element formulation is rejected because earlier 
experiments have shown that a 400-element mesh is abundantly accurate. This leaves the model 
error related to the constitutive behaviour. Apparently the assumed linear elastic constitutive 
theory is not capable of describing the mechanical behaviour of the conveyor belt material 
consistently, in particularly not for small deformations (£<0.01 [-D. The mechanical properties 
of textile fabrics (= dominant layer) require a nonlinear constitutive theory. This nonlinearity is 
caused primarily by an substantial change in the woven structure of fabrics during deformation 
(section 3.1). 

Although the (physically) linear constitutive theory is inadequate for perfectly modelling the 
material behaviour, parameter sets are estimated for 'all' load cases. Each of these sets reflects 
a local linear approximation to the actual behaviour. Confrontation of the local linear solution sets 
with results of standard tests demonstrates two striking agreements. 

First, using data of the tensile tests presented in figure 3.3, a local weft/warp stiffness ratio for 
increasing deformation is calculated. For instance, the local stiffness ratio at £ax = 0.02 [-] is 
calculated over region 0.0l5::;;£ax::;;0.025. In figure 4.5a, these stiffness ratios are plotted versus 
their deformation. This figure is compared with the stiffness ratios according to the MNEM (figure 
4.3a). In particular the nonlinear estimation series shows good resemblance over the whole 
deformation range. this holds both qualitative and quantitative. 

The second resemblance concerns the Poisson's ratio. Using the data presented in figure 3.4, local 
Poisson's ratios V21 can be calculated as is discussed above. These Poisson's ratios are shown in 
figure 4.5b. To accomplish ratio V 12• ratios v21 should be multiplied by the inverse stiffness ratio. 
Considering figure 4.5a, this means the ratios should be multiplied by a factor 3 approximately. 
These Poisson's ratios are compared with the local Poisson's ratios v12 according to the MNEM 
(figure 4.3b). Both estimation series show obvious agreements with the standard results. Extending 
the estimation series to small deformation the Poisson's ratio seems to become negative like for 
the standard ratio. It is noted that a negative Poisson's ratio for small deformations is not 
unfamiliar for this type of material. For larger deformations, again the nonlinear estimation series 
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resembles the standard results best. Both the nonlinear estimation and the standard approach show 
a plateau for v12=± 0.6 [-]. 
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Figure 4.5: The local stiffness ratio E9f)JEo" (a) and the local Poisson's ratio (b) 
versus deformation according to standard tensile tests. 

4.3.3 : Displacement Residual Analysis 

0.04 

For evaluating parameter estimations, the distribution and size of the displacement residuals offer 
important information. In case of an ideal material identification (no systematic errors), the 
structure of the displacement residual field will be random and the residual size r will approach 
the random measurement error. 

Comparing the displacement residual fields of the linear and nonlinear estimation series, per load 
case these fields appear to be almost identical per load case. In figure 4.6 the residual field for 
load cases 5 and 10 of the linear estimation series are shown. The crosses and circles represent 
the measured and calculated marker positions respectively. It is noted that the distances between 
the crosses and circles are multiplied by a factor 500. Looking at the fields the structure appears 
to be not random. These non random fields show strong resemblance qua structure. Further, the 
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Figure 4.6: Displacement residual fields for load cases 5 and 10 of the linear 
estimation series; the displacement residuals are multiplied by a factor 500. 
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residual sizes r (figure 4.3b) appears to be larger than the measurement error (section 3.4). On 
the basis of these features of the displacement residual it can be concluded that the material 
identification is disturbed by some systematic error. The systematic error that is aimed at here, 
is the inadequate constitutive theory discussed in paragraph 4.3.2. 

For all load cases the structure of the residual 
fields are essentially the same as in figure 4.6. 
However, the displacement residual size r 
increases for succeeding load cases as is shown 
in figure 4.3b. This increase is explained on the 
basis of figure 4.7. In this figure the dotted line 
represents the stress-strain relationship of some 
nonlinear material. This material is assumed to 
behave linearly (cr=ExE). On the basis of 
information offered by the solid curves, two 
material parameters E are estimated. In figure 
4.7 the 'estimated' cr-E relationships are 
represented by the dashed lines. For solid curve 
(I), the 'estimated' relationship resembles the 

/ 
. ..... . 

, .... " 

~(y' 
O/' 
o Strain [-] 

Figure 4.7 : Effect on the residual of linear 
modelling of nonlinear material behaviour in 
different parts of the stress-strain curve. 

original data properly; the residual (= difference between 'experimental' and 'estimated' stress) 
is small. However for solid curve (2), which is related to larger deformations, the residual 
increases considerably. Looking at figure 4.7 the causes may be clear. 

Further examination on figure 4.3b establishes that r can be described excellent by the following 
exponential function f in the axial deformation Eax: 

(4.4) 

where a=0.781 and b=12.4. Extending this function to E.x=O.O [-] the residual size becomes 

r =0.781 [pixel]. This residual is almost equal to the measurement error which was SDdis =0.66 
[pixel]. Apparently, the linear theory can fit the experimental data 'perfectly' for small 
deformations . 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1 : Conclusions 

The MNEM is applied for identifying the mechanical behaviour of conveyor belt material. 
Herewith the local approach is used for modelling the boundary conditions. Comparing the results 
of the MNEM with results of standard experiments, there appear to be obvious resemblances. In 
particular for the geometrically nonlinear estimation series, the parameters show clear 
resemblances to the standard results over the complete deformation range. This resemblance holds 
both qualitative and quantitative. Because of this resemblance and because of the complex 
behaviour of woven fabrics, the geometrically nonlinear constitutive theory is judged more suitable 
for describing the mechanical behaviour of the conveyor belt material. 

Analysis of the estimated parameters and displacement residuals for different levels of deformation 
demonstrate that the assumed physically linear constitutive theory is inadequate for modelling the 
mechanical behaviour consistently. 

By means of numerical simulations the MNEM already had demonstrated to be a potential tool 
for identifying highly anisotropic materials. The experimental verification in this research confirms 
this statement, at least for the local approach. This conclusion is supported by three arguments. 
First, the displacement residual approaches the random measurement error. Second, convergence 
is established 'fast'; this means ± 14 iteration steps for the geometrically linear estimation series 
and ±8 steps for the nonlinear series. Third, all parameters are estimated from one experiment (= 

load case). 

Although the experimental verification has shown that the :MNEM is a potential method, also two 
remarks should be made on this method. These remarks are: 

The accuracy requirements with respect to the experimental data are very strict. The 
importance of this condition did come forward a number of times and is illustrated by 
two examples. First. application of the :MNEM to an unidirectional fibre reinforced 
composite did not succeed in characterising all material parameters because the 
measurement error was too large relative to the deformations (£ = ± 0.006 [-D. The 
second example concerns the displacement data for the experiment discussed in this 
report. The parameter estimations showed considerably faster convergence and smoother 
parameter progression after the original displacement data were improved with the help 
of SVD-filtering. 

On the basis of a priori knowledge on the considered material a constitutive theory is 
chosen. The suitability of this constitutive theory can be evaluated only after a careful 
analysis of the parameter estimation results. This analysis is a time-consuming process 
and requires quite some expertise. In case the constitutive theory does not satisfy a new 
run should be started with another theory. 
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Application of SVD-filtering to the experimental data of static measurement series has shown a 
positive effect on the material identification. Therefore it is concluded that this fIltering technique 
improves the accuracy of the experimental displacement data. 

5.2 : Recommendations 

The mechanical behaviour of the conveyor belt material is dominated by the woven fabric layer. 
The mechanical properties of this fabric show a nonlinear behaviour. This nonlinearity is caused 
primarily by the woven structure of the fabric which changes essentially as a consequence of 
deformations. For this reason in literature the mechanical properties of fabrics often are modelled 
as a structural body (e.g., Chou, 1989). Therefore. to come to a more consistent description of the 
mechanical behaviour, it is recommended to model the conveyor belt material as structural body 
rather than as a continuum. 

The MNEM offers a powerful tool for material identification and as such should be considered 
as an excellent complement to the standard approach of identification. The application of the 
MNEM is aimed at materials for which the standard approach is not suitable. In practice, this 
means that the MNEM will have to deal with mostly complex materials and therefore high 
demands are addressed to this method. In this framework the following extensions of facilities are 
recommended: 

. The number of available constitutive theories should be extended. 

A systematical method for post-analysis of the quality of a constitutive theory on the 
basis parameter estimation results should be developed. In case the applied constitutive 
theory does not satisfy. this method should be able to suggest a more suitable theory. 

A new measurement system that offers more accurate information on the displacement 
field is required. This demand aims at the identification of materials that allow only very 
small deformations. 

The facilities for the experimental testing of materials have to be broadened. This 
necessity arises from the preference of inhomogeneous strain fields for material 
identification. In particular a biaxial tensile tester allowing considerable tensile loads 
(e.g., 20kN) seems to be a worthy complement. 
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