


k Values for All Human Samples 

 
Table 10 - Calculated k Values for Human Samples Using Both Methods 

Diagonal Matrix:      
  11 12 13 14 15 16
K0 181.0467 1002.95 4367.408 7047.832 31062.79 12706.87
K1 136.2868 666.63 2097.654 5855.971 14334.07 7998.571
K2 126.7161 705.0559 1532.603 5671.911 9106.855 7919.811
K3 105.2903 787.0828 1476.577 5853.543 7876.797 8811.938
K4 232.0027 765.3493 1777.299 6124.643 8082.05 10721.37
K5 200.9153 781.1553 1960.429 5939.566 9396.152 13243.69
K6 213.9409 714.5861 2146.12 5223.977 7434.319 13368.32
K7 91.23754 127.6792 2209.271 3042.323 9410.148 11831.84
K8 158.3795 852.4785 1854.627 3126.4 4099.834 14722.71
K9 277.7292   2644.077 4630.802 13560.38 8933.917
K10 6.669098   258.1989 755.8173 681.845 1099.336
       
Circular Reference:      
  11 12 13 14 15 16
K0 279.6525 1509.416 6790.703 10023.43 48057.17 19255.88
K1 56.58826 373.1214 646.713 4459.096 4724.651 4137.529
K2 210.977 792.3173 1921.707 6135.778 10548.58 9185.494
K3 -10.2471 767.4706 1262.12 5565.42 8246.234 8255.568
K4 353.4642 821.8969 1826.406 6436.344 5489.577 11107.03
K5 109.2623 642.9943 2134.147 5648.132 14256.92 12768.89
K6 293.5861 957.566 1754.343 5608.653 349.9482 15582.01
K7 52.11827 -94.168 3018.747 2997.247 19016.41 8490.009
K8 94.67502 870.9238 642.6556 1699.291 -7423.01 17608.82
K9 407.5565   3959.754 6758.342 23609.45 8624.537
K10 -73.1619   -517.426 -567.987 -3942.71 -590.013
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k Values for Human Spine Samples
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Figure 22 - k Values of All Human Samples 

 64  



PORCINE INTERVERTEBRAL DISC DATA AND ANALYSIS 
 
 

 The last chapter discussed the problems encountered using human spines for this 

study.  Since the spine is fresh from the body, the researcher had to be ready to test when 

a spine was available in order to prevent freezing of the spine.  Once a spine was 

available, it was in poor condition from age and many of the discs had ossified.  It was 

uncommon to receive a spine less than 60 years old.  The surgeons at the tissue bank 

were not careful to leave the ribs and other bones attached to the spine to prevent 

exposure of the discs to outside elements.  Also, these spines are not cheap and it was 

hard justifying the money spent on the spines when the data did not turn out as well as it 

would with a younger, healthier spine.  Because of these reasons, porcine spines were 

used for the rest of the study. 

 The FDA (Food and Drug Administration) in Bethesda, Maryland, was doing 

some experiments on pigs during the same time that this study took place.  They were 

varying the diets of common pigs that they were raising and then sacrificing the pigs for 

their hearts and discarding the rest of the body.  The research team made two trips to the 

FDA and dissected six spines (three per trip) out of the bodies before they were 

incinerated.  This controlled two variables: 1) the spines were young and the discs were 

still elastic; and 2) the spine was dissected according to the developed protocol so the 

discs were not exposed to outside elements.  Once the spine was dissected from the body, 
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it was cut into half vertebral body-intervertebral disc-half vertebral body segments and 

eight of these were used from each spine.  The samples were then placed in clean bags 

and grouped by spine.  Once back to the lab in Florida, the first sample was immediately 

tested (since a day had elapsed since dissection) and the rest were buried in the ground.  

The data analysis is similar to that previously conducted for the human spines but is 

summarized again below1.   

Data Analysis 

During the stress relaxation tests, the load and displacement were recorded at each 

time interval of one second.  A duration of five hours was not quite long enough for the 

tissue to relax in the previous human IV disc stress relaxation tests, so each pig IV disc 

was tested for ten hours to ensure that the tissue was able to relax.  Each sample was 

tested for 43,229 seconds, with the exception of sample 23, which ended early at 23,846 

seconds.  Then the load was corrected for water loss over the time span of the testing and 

recalculated for each data point.  The water loss was approximated for this data set by 

using the last 11,000 data points. 

 Before being placed in the testing chamber, the major and minor axis of each disc 

was measured with calipers to calculate the area of the disc.  The height was also 

measured and recorded.  The strain, which is held constant during the stress relaxation 

tests, was calculated by dividing the displacement of the disc during the first thirty 

seconds of compression by the initial displacement of the load cell of the Instron testing 

machine.  Then the stress was determined by dividing the load by the area of that specific 

                                                 
1 The size of the data files were too large to include in this thesis.  All raw data and calculations for the 
human and pig samples are on cd, which can be requested by contacting Dr. Ted Conway.  
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disc.  Using these strain and stress values, the elastic modulus at each data point was 

calculated to determine the experimental curve for the elastic modulus.   

 Now the Schapery collocation method was used to determine the theoretical curve 

for the elastic modulus.  The logarithm of time as well as the logarithm of the 

experimental elastic modulus values were calculated and plotted against each other to 

assess whether or not the sample reached a steady state value (i.e. relaxed) during the 

stress relaxation test.  Also, using these data, decade values were chosen from the 

logarithm of time values in order to carry out the Schapery collocation method.  For this 

set, it seemed reasonable to choose a final decade value of 4.568 since the largest value 

for the logarithm of time was 4.635474.  Many attempts were made to choose a value 

closer to 4.635474, but more negative k values were calculated as the final decade value 

approached 4.635474.  Eleven decade values were chosen for simplicity: the first decade 

value being zero and the others being multiples of 0.4568.  The elastic rubbery modulus, 

ke, was chosen as the final value of the logarithm of time, which was 4.635474.  Then the 

Erel values at each decade were calculated by taking 10 to the power of each decade 

value.  Finally, ke was subtracted from each of these Erel values to determine the kj values 

for the theoretical curve.   

 The kj values were calculated using two methods in order to determine which one 

creates a more accurate curve.  The first method approximates all matrix coefficients less 

than 0.06 to zero, which creates a triangular matrix.  This method uses backward 

substitution to calculate each kj value.  It is a simple “plug-and-chug” method.  The 

second method takes advantage of circular references using Microsoft EXCEL to 

calculate each kj value based on the other kj values.  This is an iterative process that 
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refines the kj values.  The actual values of the matrix coefficients are used, eliminating 

the simple backward substitution technique.  Both sets of values are listed for each 

sample.  By looking at the graphs and by knowing that less rounding error occurs, it is 

obvious that the circular reference method creates a more accurate theoretical curve when 

compared to the experimental curve so these sets of kj values were used to plot each 

theoretical curve for all comparisons.   

 Finally, the theoretical and experimental curves were plotted on top of each other 

and compared.  For the porcine IV discs, there were problems with some of the data and 

they could not be used for analysis.  The next section lists the samples not used for 

analysis and discusses the reasons why. 

Samples with Poor Data 

 Unfortunately, one cannot predict when a sample will provide poor data or when 

the Instron tensile/compression testing machine will have a power failure.  There were 48 

total pig samples tested, and 13 of these could not be used.  For set one, which includes 

spines 1, 2, and 3, samples 12, 21, 22, 31, and 32 were not able to be used because their 

corrected load plots were irregular, indicating the movement of samples in the clamps 

during testing.  A common corrected load vs. time plot is shown below in Figure 23 for 

sample 14.  Notice that the load reaches a steady state value. 
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Corrected Load vs. Time
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Figure 23 - Typical Corrected Load Graph 

 
The other corrected load graphs are shown below to validate the data being 

excluded from the analysis.  The problems with the corrected load graphs indicated that 

the samples were moving in the clamps, in which case the k values are of no importance. 
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Figure 24 - Corrected Load Graph for Sample 12 
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Corrected Load vs. Time
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Figure 25 - Corrected Load Graph for Sample 21 
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Figure 26 - Corrected Load Graph for Sample 22 
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Corrected Load vs. Time
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Figure 27 - Corrected Load Graph for Sample 31 

 

Corrected Load vs. Time
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Figure 28 - Corrected Load Graph for Sample 32 

Also, in set one of the porcine spines, sample 27 could not be used because the 

theoretical stress relaxation curve was not smooth.  The data collected was choppy in the 

beginning and the theoretical curve took this into account and therefore, cannot be used.  

One can see this bend early on in the curve shown below in Figure 29.  Note that EXCEL 

can only graph up to 31,000 data points so the repeated graphs in the legend are merely 

the rest of the data points.  
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Experimental vs. Theoretical Stress Relaxation Curves
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Figure 35 - Stress Relaxation Curves for Sample 48 
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Figure 36 - Stress Relaxation Curves for Sample 57 
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Experimental vs. Theoretical Stress Relaxation Curves
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Figure 37 - Stress Relaxation Curves for Sample 65 
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Figure 38 - Stress Relaxation Curves for Sample 68 
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Analysis of k Values 

Once the k values for the samples with poor data were excluded, the k values for 

the remaining samples were compared to see if a trend could be seen in any of the data.  

In order to compare like samples with like samples, the k values were compared between 

the sets because the samples for spine 1 were on the same time scale as spine 4, while the 

same theory applies for spines 2 and 5 and spines 3 and 6.  See the following figures for k 

value plots.  The k values calculated using circular references are shown below in Table 

11. 

Table 11 - k Values for Porcine Spines 

Pig Spines 1 - 3:
13 23 33 14 24 34 15 25 16 26 36

K0 7.701 16.319 29.013 22.048 6.370 14.629 4.625 103.738 0.297 6.484 11.822
K1 4.974 -2.138 1.618 10.561 4.215 2.259 4.325 -61.709 -0.047 -5.351 -5.016
K2 6.431 20.307 8.912 25.108 -1.463 13.951 5.439 124.484 0.133 13.417 16.657
K3 10.931 -16.790 0.550 4.470 9.278 -3.108 5.530 28.702 0.014 -12.613 -7.340
K4 15.705 46.250 19.897 110.506 -11.395 16.187 10.367 110.442 0.109 13.294 37.446
K5 28.418 -17.717 3.171 104.805 26.334 5.623 22.339 90.468 0.009 17.338 9.919
K6 72.559 60.605 41.039 41.130 -8.358 0.182 20.472 262.811 -0.687 -3.484 50.757
K7 72.090 12.913 8.408 74.466 8.197 3.485 4.989 36.763 -0.930 7.368 -4.530
K8 57.279 9.606 9.623 28.088 12.054 10.714 6.957 32.622 11.364 14.515 16.761
K9 2.484 -0.449 1.847 0.218 -0.377 -0.077 2.471 1.248 0.646 -2.547 -3.789
K10 -0.350 #DIV/0! 0.510 1.072 0.184 -0.407 -0.590 -0.039 -0.371 0.770 0.595

Pig Spines 4 - 6:
43 53 63 44 54 64 45 55 46 56 66

K0 21.322 1.749 20.709 4.739 10.333 8.824 12.902 7.852 13.275 -7.343 21.114
K1 11.073 1.080 6.125 3.315 0.836 0.866 6.569 1.050 1.699 6.731 -2.238
K2 24.185 3.068 12.684 7.518 10.907 5.841 8.698 7.639 10.738 1.428 22.259
K3 35.152 1.137 20.988 8.135 5.067 3.046 20.039 4.214 10.550 14.597 3.854
K4 54.818 6.532 23.128 24.330 17.853 5.144 24.774 12.565 26.864 7.335 49.560
K5 38.611 5.884 21.074 14.700 15.919 19.052 37.837 7.504 21.951 23.257 -6.419
K6 4.725 4.778 12.409 21.669 24.411 5.370 38.486 10.895 16.601 20.990 26.631
K7 4.889 -0.145 -0.847 -2.392 -0.339 2.591 5.136 3.015 -8.052 -3.267 1.061
K8 0.212 9.098 12.200 10.036 15.164 6.937 8.307 7.176 19.282 13.300 10.380
K9 9.686 0.834 -3.600 0.522 -0.098 -0.221 4.745 8.195 -0.388 3.596 0.952
K10 -1.893 0.338 2.262 0.409 0.509 0.295 -0.437 -0.873 0.874 -0.272 -0.627  
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k's vs. k's
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Figure 39 - k Values vs. k Values for Porcine Spines 1, 2, and 3 
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Figure 40 - k Values vs. k Values for Porcine Spines 4, 5, and 6 

 79  



 
 Graphs of the 11 k values for set 1 were plotted against set 2.  These graphs were 

studied to observe trends in the data.  If trends can be determined from the graphs, it may 

be possible to narrow down time since death to a range of time in days based on the 

behavior of the stress relaxation curves of a sample.  These graphs can be found in 

Appendix C.   

In order to rule out the range of logarithm of time values as a reason why there is 

not a trend in the data, the analysis was repeated for a span of 4.5 and 4.6 both having 11 

k values.  All three plots were very similar with 4.658 being very close to that of 4.6.  

This was the same for all k values for both sets of spines.  The graph for k0 values for set 

1 is shown below. 
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Figure 41 - k0 Values for Porcine Spines 1, 2, and 3 
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 Since changing the range did not seem to make a difference, the number of k 

values was changed from 11 to 17 to see how that affected the curves.  Increasing the 

number of k values made the curves less similar as can be seen in Figure 42. 

Experimental vs. Theoretical Stress Relaxation Curves
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Figure 42 - Stress Relaxation Curves for Sample 14 using 17 k Values 

 To validate the choice of using 11 decade values, a range of decade values from 5 

to 11 was studied for one sample.  Using only 5 or 6 decade values produced a curve that 

did not fit the experimental curve very well around the transition area between 3000 and 

5000 seconds.  Although there was little difference between the curves approximated 

using 7, 8, 9, 10, or 11 decade values, it was determined by the author that 11 decade 

values accurately modeled the experimental stress relaxation curve. 
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DISCUSSION OF RESULTS 
 
 

 As previously mentioned, the data collected from the human spines, with the 

exception of one, were not helpful in determining a correlation between time since death 

and the degradation of the spine.  Focusing on the data from the human spine used for 

study and the six porcine spines, the values for the elastic moduli in the stress relaxation 

curves in most cases are much higher for the human spines than for the pig spines.  This 

could be attributed to the forces on the spine and its position in the body.  A human spine 

is vertical and experiences loads due to gravity along the axis of the IV discs (discs are in 

compression). However, a pig spine is horizontal and experiences gravitational loads 

perpendicular to the axis of the IV discs (discs are in shear and bending).  When the pig 

IV discs are tested in compression they will be weaker than the human IV discs.  Human 

IV discs tend to be more elastic to cushion the spine during everyday movement.  

 Since there was only one set of acceptable data for a human spine, a comparison 

between the k values could not be done.  The data was still analyzed and observations 

were made.  The k values: k0, k1, k2, k3, and k5, all have increasing slopes for all 

samples excluding sample 16, which can be seen in Figure 22.  The number of negative k 

values increased the closer the values were to the rubbery modulus.   

 The bulk of the analysis was conducted on the porcine spines, since there were 

two different sets and a total of six spines.  It should be noted that the decade values were 
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the same for both sets of spines so they could be compared to each other.  Examining the 

k values for both methods, using backward substitution and circular references, led to the 

observation that the trends in the k values are different for each method.  The author was 

not concerned with the k values calculated using backward substitution because a curve 

created using this method was less accurate compared to a curve created using circular 

references.  There was not a significant trend in those k values.   

 The first set of pig spines includes spines 1, 2, and 3.  General trends were 

observed between spines 1 and 3 for the following: k1 for samples 3 through 8; k3 for 

samples 3 through 7; k7 for samples 4 through 8; and k9 for samples 5 through 8.  These 

graphs can be found in Appendix C.   

Another significant observation is that of sample 25.  The Schapery collocation 

method produced a curve that was basically identical to the experimental curve.  This 

may explain why the k values for this sample are so extreme compared to the other 

samples.  Since other experimental curves do not match the theoretical curves perfectly, 

the k values are lower because the Schapery collocation model is undercompensating for 

the errors, meaning the values are not as high or low as they should be.  If the data were 

perfect for each sample, the k values would be different and could possibly have a more 

detectable trend.  

The second set of spines includes spines 4, 5, and 6.  Spine 6 had a generally 

decreasing slope for most of the k values, those up through k6, which can be seen by 

inspection of values in Table 11. 

 Each set followed the same time line.  Spines 1 and 4, spines 2 and 5, and spines 3 

and 6 were tested on the same days during the relative time line of day 1, day 2, etc. from 
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the start of the cycle.  Since the data were bad for some of the samples and there is a need 

to compare like samples with like samples, only samples 3 through 6 were compared for 

each spine, except for k10 where only 4 through 6 were compared.  There is a general 

trend for k3, k9, and k10 for spines 1 and 4.  k7 and k10 followed the same general trend 

for spines 2 and 5.  k4 and k6 also show similar trends for spines 3 and 6.  These graphs 

can be examined in Appendix C.  

 In general, the first set of pig spines had many more negative k values than the 

second set.  Obviously these negative values affect the trends in the k values, which in 

turn affect the theoretical curves of the relaxation modulus.   

 In addition to varying the number of decade values as discussed in the analysis, 

the dominant terms in the curves were studied for two samples – one with a smooth curve 

and the other with fluctuations in the curve.  All negative k values or those less than 2 

were removed from the equation that calculated the Erel(t) values for the sample.  Pig 

sample 14 did not have any negative k values, but it did have k9 and k10 values less than 

2.  These were excluded from the equation, and in doing this, the curve did not 

significantly change.  Then pig sample 24 had negative k2, k4, k6, and k9 values in 

addition to a k10 value less than 2.  When all of these were excluded from the equation, 

the curve was actually better at approximating a smooth curve from a shaky curve, which 

can be seen by comparing graphs in Appendix B.  Excluding negative or small k values 

may help in analyzing imperfect stress relaxation curves. 

 There are many variables that may have affected the data, preventing a correlation 

from being found.  First of all, the process of decomposition could not be controlled.  

Although the amount of rainfall in the area and the moisture content in the water were 
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observed, these variables did affect the rate of decomposition.  It was noted that when 

there were periods of heavy rainfall, the samples did not decompose as quickly because 

the water tended to preserve the tissue. 

 Secondly, anatomy also plays a role in the analysis of the data.  The number of 

vertebrae that a pig has varies, so it was difficult to get the same discs (i.e. L1, L2, etc.) 

from each spine and test them at the same times during the study (i.e. day 4, day 10, etc.).  

Also, even though the pigs were relatively young, they were on high fat, high cholesterol 

diets that may have promoted abnormal tissue growth or facilitated the herniation or 

deterioration of the IV discs.   

In addition to those variables affecting the data, the technique used to evaluate the 

data may not have been the ideal method for this study.  The Schapery collocation 

technique is not unique.  This means that different sets of elastic moduli and relaxation 

times can be obtained from a given set of experimental data.  This was proven when the 

range was adjusted from 4.568 to 4.5 and 4.6 and again when the number of k values was 

changed from 11 to 17.  It is necessary to use the collocated parameters to reconstruct the 

original curve to determine whether the reconstruction produces an accurate curve, in this 

case to examine a trend.  It happened in this case, that some of the calculated k values 

became negative.  This results from the fact that the matrix inversion used to calculate the 

kj values is mathematically an ill-posed problem.  Small variations on one side of the 

matrix may produce large changes on the other side [Tschoegl, 1989].   

It is possible that a correlation may still exist if some of the above mentioned 

variables are controlled or if another technique is chosen for analysis.  It is concluded by 

the author that the Schapery collocation technique is insufficient for determining a 
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correlation between time since death and the degradation of the human spine.  Although 

many positive observations were made, a correlation could not be statistically proven. 

 This study developed a protocol, as well as a testing chamber and clamps, for 

testing human and porcine intervertebral discs.  This protocol can now be applied to a 

similar study on a larger scale of 50 to 100 spines.  Only then will more definite trends be 

established in the data.  With these trends, postmortem interval could possibly be 

measured in a range of time that spans days, which is a significant improvement for the 

techniques currently available to estimate postmortem interval past the first 60 hours.  

Even if the data is only able to determine PMI for a range of days, this will be a 

significant help to forensic investigators.
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FUTURE WORK 

 
 
 The Schapery collocation technique was used in this thesis to determine whether 

or not there was mathematical trend in the data that correlated time since death of a body 

to the degradation of the spine.  The number of kj values was varied as well as the range 

of decade values in order to get a more complete set of data for the theoretical curves.  

Neither of these attempts seemed to make a difference in determining a correlation, 

although using too many kj values can make the curve much less accurate.  Many 

attempts were made to find a range that produced all positive k values, but with so many 

data points, it was very difficult to find one, so one was chosen that minimized the 

number of negative k values.  If one wanted to keep playing with that range, then it is 

possible that a correlation could be found that way.  A program could be written to 

continually change that range and recalculate the k values in order to determine a trend. 

 However, there are other techniques that can be used for model fitting that use the 

Wiechert or Kelvin models to describe observed behavior.  One could use Procedure X 

discussed by Tschoegl [1989].  This method first writes the relaxation modulus Erel(t) in 

logarithmic form and separates out the term with the longest relaxation time.  The E and τ 

values can be determined from the intercept and slope of the resulting asymptotic 

equation.  This method generally does not allow more than a few relaxation times to be 
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determined because there is not enough sufficient space between them.  Although this 

method is not unique either, it could possibly determine a trend in the data.   

 Another method described by Tschoegl [1989] is called the multidata method 

which uses all of the data, not just a subset like the Schapery collocation method.  This 

method reduces the error in determining Ej’s or kj’s.  The τj values are predetermined so 

the error needs to be minimized with respect to the Ej values.  Introducing an equation to 

minimize the error creates square matrices that can be solved to produce the same 

equation as that of the Schapery collocation method, but the results will have less error. 

 In addition to changing the analysis technique, the protocol could be modified.  

The testing could be done with specimens consisting of only the intervertebral discs 

themselves instead of half a vertebral body - IV disc - half a vertebral body segments that 

were used in this study.  This may reduce any error in the stress relaxation data for the 

discs, but new clamps would need to be made for testing the discs only.  Also, more 

samples could be taken from the spine and tested.  In this study, only 8 samples were 

taken from pig spines and 6 from the human spine, but more could have been used from 

the pig spines.   

 Besides the intervertebral discs of the spine, other parts of the body could be 

tested to estimate postmortem interval.  Maybe certain bones could be tested for 

brittleness after death as a function of time since death.   

 Certainly either of the two methods described in this section could produce better 

confidence in the results.  The objectives of this research require a new direction to better 

correlate the degradation of the spine with time since death.  It is hoped that future work 

may find a better correlation in the data. 
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Table 12 - Human Disc Measurements 

Sample Major 
Axis

Minor 
Axis

Disc 
Height

Area Test 
Date

Notes

11 2.71 1.96 0.31 4.17 3/15/2003 L4-L5, good 
12 2.5 1.9 0.28 3.73 3/18/2003 L2-L3, poor 
13 2.21 1.67 0.27 2.9 3/21/2003 T12-L1, poor 
14 1.8 1.56 0.2 2.21 3/24/2003 T10-T11, poor 
15 1.46 1.44 0.205 1.65 3/27/2003 T8-T9, poor 
16 1.42 1.37 0.21 1.53 3/30/2003 T6-T7, poor 
17 1.465 1.11 0.15 1.28 4/2/2003 T4-T5, sample too small 

to test 
 
 
 

Table 13 - Porcine Disc Measurements for Spines 1, 2, and 3 

Sample
Major 
Axis

Minor 
Axis

Disc 
Height Area Test Date Notes

sp1sa1         5/11/2003   
sp2sa1         5/12/2003 broken 
sp3sa1 1.535 0.925 0.295 1.11516722 5/13/2003 L4-L5 
sp1sa2 1.62 1.145 0.335 1.45683505 5/14/2003 L2-L3, mostly broken 
sp2sa2 1.43 1 0.25 1.12311937 5/15/2003 broken 
sp3sa2 1.49 0.985 0.21 1.15268961 5/16/2003   
sp1sa3 1.48 1.18 0.21 1.37161935 5/17/2003 T12-L1, first good one 
sp2sa3 1.37 1.01 0.18 1.08675544 5/18/2003 T12-L1  
sp3sa3 1.405 0.99 0.25 1.09244958 5/19/2003 T12-L1 
sp1sa4 1.48 1.09 0.14 1.26700432 5/20/2003   
sp2sa4 1.35 1 0.17 1.06028752 5/21/2003   
sp3sa4 1.39 1.04 0.2 1.13537159 5/22/2003   
sp1sa5 1.36 1.11 0.2 1.18563707 5/23/2003 disc exposed 
sp2sa5 1.51 0.95 0.21 1.12665367 5/24/2003 falling apart 
sp3sa5 1.35 0.935 0.125 0.99136883 5/25/2003   
sp1sa6 1.34 1.035 0.1 1.08926871 5/26/2003   

sp2sa6 1.2 0.94 0.13 0.88592913 5/27/2003 
time & weight 
measurements 

sp3sa6 1.255 0.89 0.13 0.87725048 5/28/2003 broken 
sp1sa7 1.27 1.01 0.1 1.00743022 5/29/2003   
sp2sa7 1.14 0.98 0.1 0.87744683 5/30/2003   
sp3sa7 1.23 0.9 0.11 0.86943577 5/31/2003   
sp1sa8 1.25 0.97 0.1 0.95229527 6/1/2003   
sp2sa8 1.08 0.92 0.11 0.78037162 6/2/2003   
sp3sa8 1.14 0.875 0.11 0.78343467 6/3/2003   
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Table 14 - Porcine Disc Measurements for Spines 4, 5, and 6 

Sample Major Axis
Minor 
Axis

Disc 
Height Area

Test 
Date

41 1.51 0.8 0.15 0.94876098 7/18/2003
51 1.56 0.93 0.14 1.13945566 7/19/2003
61 1.55 0.94 0.18 1.14432512 7/20/2003
42 1.4 0.94 0.14 1.03358398 7/21/2003
52 1.33 1.02 0.17 1.06547115 7/22/2003
62 1.47 1.11 0.18 1.28153418 7/23/2003
43 1.31 0.93 0.14 0.95685058 7/24/2003
53 1.32 1.05 0.14 1.08856185 7/25/2003
63 1.41 1.06 0.16 1.1738561 7/26/2003
44 1.3 0.98 0.13 1.00059726 7/27/2003
54 1.27 0.92 0.17 0.91765921 7/28/2003
64 1.46 0.98 0.15 1.12374769 7/29/2003
45 1.19 0.86 0.15 0.80377648 7/30/2003
55 1.21 0.92 0.14 0.87430524 7/31/2003
65 1.26 0.98 0.15 0.96980965 8/1/2003 
46 1.15 0.86 0.14 0.77675878 8/2/2003 
56 1.14 0.89 0.15 0.79686498 8/3/2003 
66 1.25 0.95 0.13 0.93266032 8/4/2003 
47 1.1 0.78 0.12 0.67387162 8/5/2003 
57 1.1 0.84 0.13 0.7257079 8/6/2003 
67 Degenerated       8/7/2003 
48 1 0.74 0.11 0.58119464 8/8/2003 
58 Degenerated       8/9/2003 
68 1.16 0.92 0.11 0.83817692 8/10/2003
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Figure 43 - Stress Relaxation Curves for Sample 11 
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Figure 44 - Stress Relaxation Curves for Sample 13 
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Figure 45 - Stress Relaxation Curves for Sample 14 
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Figure 46 - Stress Relaxation Curves for Sample 15 
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Figure 47 - Stress Relaxation Curves for Sample 16 
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Figure 48 - Stress Relaxation Curves for Sample 17 
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Figure 49 - Stress Relaxation Curves for Sample 18 
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Figure 50 - Stress Relaxation Curves for Sample 23 

 96  



 

Experimental vs. Theoretical Stress Relaxation Curves

0

10

20

30

40

50

60

0 10000 20000 30000 40000 50000

Time (sec)

E
re

l (
ps

i) Experimental
Experimental
Theoretical
Theoretical

 
Figure 51 - Stress Relaxation Curves for Sample 24 
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Figure 52 - Stress Relaxation Curves for Sample 24 Using Only Dominant Terms 
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Figure 53 - Stress Relaxation Curves for Sample 25 
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Figure 54 - Stress Relaxation Curves for Sample 26 
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Figure 55 - Stress Relaxation Curves for Sample 28 
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Figure 56 - Stress Relaxation Curves for Sample 33 
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Figure 57 - Stress Relaxation Curves for Sample 34 
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Figure 58 - Stress Relaxation Curves for Sample 35 
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Figure 59 - Stress Relaxation Curves for Sample 36 
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Figure 60 - Stress Relaxation Curves for Sample 37 
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Figure 61 - Stress Relaxation Curves for Sample 38 
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Figure 62 - Stress Relaxation Curves for Sample 43 
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Figure 63 - Stress Relaxation Curves for Sample 44 
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Figure 64 - Stress Relaxation Curves for Sample 45 
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Figure 65 - Stress Relaxation Curves for Sample 46 
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Figure 66 - Stress Relaxation Curves for Sample 51 
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Figure 67 - Stress Relaxation Curves for Sample 52 
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Figure 68 - Stress Relaxation Curves for Sample 53 
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Figure 69 - Stress Relaxation Curves for Sample 54 
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Figure 70 - Stress Relaxation Curves for Sample 55 
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Figure 71 - Stress Relaxation Curves for Sample 56 
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Figure 72 - Stress Relaxation Curves for Sample 61 
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Figure 73 - Stress Relaxation Curves for Sample 62 
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Figure 74 - Stress Relaxation Curves for Sample 63 
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Figure 75 - Stress Relaxation Curves for Sample 64 

 
 
 

Experimental vs. Theoretical Stress Relaxation Curves

0

20

40

60

80

100

120

140

0 10000 20000 30000 40000 50000

Time (sec)

E
re

l (
ps

i) Experimental
Experimental
Theoretical
Theoretical

 
Figure 76 - Stress Relaxation Curves for Sample 66 
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Figure 77 - k0 Comparison between Both Porcine Spine Sets 
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Figure 78 - k1 Comparison between Both Porcine Spine Sets 
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Figure 79 - k2 Comparison between Both Porcine Spine Sets 
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Figure 80 – k3 Comparison between Both Porcine Spine Sets 

 112  



k4s

-20

0

20

40

60

80

100

120

1 2 3 4 5 6 7 8 9 10 11 12

Samples (Increasing Time)

k 
Va

lu
e 

(p
si

)

Series1
Series2

 
Figure 81 – k4 Comparison between Both Porcine Spine Sets 
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Figure 82 – k5 Comparison between Both Porcine Spine Sets 
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Figure 83 – k6 Comparison between Both Porcine Spine Sets 
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Figure 84 – k7 Comparison between Both Porcine Spine Sets 
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Figure 85 – k8 Comparison between Both Porcine Spine Sets 

 

k9s

-6

-4

-2

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12

Samples (Increasing Time)

k 
Va

lu
e 

(p
si

)

Series1
Series2

 
Figure 86 – k9 Comparison between Both Porcine Spine Sets 

 115  



Set 1 K1s

-70

-60

-50

-40

-30

-20

-10

0

10

20

1 2 3 4 5 6

Sample Number

k 
Va

lu
e 

(p
si

)

sp1
sp2
sp3

 
Figure 87 - k1 Values for Spines 1, 2, and 3 
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Figure 88 - k3 Values for Spines 1, 2, and 3 
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Figure 89 - k7 Values for Spines 1, 2, and 3 
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Figure 90 - k9 Values for Spines 1, 2, and 3 
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Figure 91 - k3 Comparison for Spines 1 and 4 
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Figure 92 - k4 Comparison for Spines 3 and 6 
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Figure 93 - k6 Comparison for Spines 3 and 6 
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Figure 94 - k7 Comparison for Spines 2 and 5 
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Figure 95 - k9 Comparison for Spines 1 and 4 
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Figure 96 - k10 Comparison for Spines 1 and 4 
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Figure 97 - k10 Comparison for Spines 2 and 5 
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