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1 SUMMARY

This paper describes the use of the Weibull cumulative density function (CDF) for
characterizing the life data of wooden poles. The Kaplan-Meier technique is used for
point estimates of cumulative probabilities. Correlation is evaluated using the coefficient
of determination (COD) for the CDF transformed to a linear relation by means of two
successive natural logarithmic operations.

The analysis can be used for the following purposes.
To determine whether the failure rate is decreasing, constant or increasing.
To forecast the number of failures as afunction of age.

To compare the performance of different species and different preservation
techniques.

To assist in developing a replacement strategy.

2 INTRODUCTION

The four decades following World War 11 represented a period of considerable expansion
for utilities in North America. Many of the products installed during that era are now
approaching the end of their physical or economic life. The challenges for utilities have
therefore shifted from those associated with construction to the cost effective, safe, and
environmentally acceptable replacement of aging products. Included within these aging
products are wooden poles of a variety of species and preservation techniques. Many of
these poles are now approaching the end of their useful life because rot is jeopardizing
thelir structural integrity.

Statistical techniques for quantifying the reliability of products as a function of age have
been developed and applied in the aircraft and aerospace industries during the past five
decades. Similarly statistical techniques have been developed and applied for many
decades in the medica field for quantifying various phenomena as a function of age.
More recently these techniques have been successfully applied to assist in assessing
business risks and to improve the quality of decisions associated with the replacement of
products.

The Weibull function is the most appropriate probability function in the vast majority of
situations. The classical Weibull technique for estimating point values of the cumulative
probability requires reasonably accurate life data for the population of interest, from the
date of installation. Unfortunately this information is often unavailable in utilities.
However utilities often have data for a complete population at a particular time and as a
function of age. The Kaplan-Meier technique (developed within the medical industry) is
suitable for this kind of data. The Kaplan-Meier technique is also more suitable than the
Weibull technique for large amounts of data, which is often the case with wooden poles.

Using Kaplan-Meier point estimates to estimate the parameters of the Weibull CDF
usually yields a Weibull CDF with acceptable correlation. However even when the
correlation is unacceptable the curve provides insights into the reasons for poor
correlation.
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Of course inferences from the assumed function are meaningless if the fit between the
function and the data is poor. Fortunately the fit can be quantified by means of the COD
used commonly for liner relations. The Welbull can be transformed to a linear function
by two successive logarithmic operations, from which the COD can be cal cul ated.

It is important to note that statistical analyses are not a substitute for engineering
judgement and common sense.

3 METHODOLOGY

Results of inspections of populations of wooden poles are often available for an interval.
The results are usually arrayed by age, species, and preservation techniques. In this case
the Kaplan-Meier technique is appropriate for point estimates of the cumulative
probability of failure (R.B. Abernethy, 2000).
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where:

“P[t3tk]” isthe probability of survival to time ty.

“t” istimein years.

“t" Isthetimeto the end of the K inspection interval.

“f" isthe number of failures at the end of thei™ inspection interval.
“n" isthe number of polesinspected in the i™ inspection interval.
“k” isthe number of inspection intervals.

“F(tc)” 1sapoint estimate of the probability of failure by time t.
The associated cumulative density function is the Weibull function.

a(t- to )Qb

F(ty=1-e® " 2

where:
“F(t)” isthe cumulative probability of failure by timet.
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“to” Isthe time correction.
“h” isthe characteristic life (scaling factor).

“b” isthe shape factor.

The parameters b and h are estimated using least squares techniques.

Y=mX +b
€ 2 1 o
Y =lndn ’
e gl F(tk)%
X =1In(t, - t,)

The COD varies from zero to unity A value of zero means that there is no correlation. A
value of unity means that the correlation is perfect. Correlation improves as the COD
approaches unity. There are graphs available to judge whether correlation is acceptable.
The graphs are afunction of the type of probability density function and the number of
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inspection intervals (in this case). If the value of the COD istoo low, the graph of the
data should be examined for possible batch problems, mixtures of failure modes, and
mixtures of failure mode classes.

The shape factor b indicates whether the failure rate is decreasing, constant, or
increasing.

A value of b lessthan unity generally indicates that wear-in is represented within
the population.

A value of b of unity indicates that random failures are represented within the
population.

A value of b exceeding unity indicates that wear-out is represented within the
population.

The scale factor h indicates the age by which 63.2% of the population is estimated to fail.

The performance of different species and preservation technigques can be compared, either
by specific age or by the mean timeto faillure (MTTF).

MTTF=t, +h(§+£g
b g

Future failures can be forecast for each age group.

where:

“T” isthe total number of failures.

“t” isthe age of thei™ age group.

“u” istheinterval.

“s” isthe number of survivorsin thei™ age group.
“F(t;)” isthe probability of failure by age “t;”.

“F(t + u)” isthe probability of failure by age “tj + u”.
“k” isthe number of age groups.

Note that the forecast is sensitive to correlation and is usually not effective for forecasting
beyond a few units of time.

The cost per unit time can be expressed as follows (R.B. Abernethy, 2000).
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where:

C(t) isthe unit cost.

P isthe planned replacement cost.

U is the unplanned replacement cost.

F(t) is the cumulative probability of failure to timet.

4 RESULTSAND DISCUSSION

Mr. Wayne Ortiz of Manitoba Hydro kindly provided inspection data on wooden poles.
The following data were analyzed as examples of the application of the techniques
described in this paper. The analyses were done with an incomplete knowledge of the
data collection so isfor illustrative purposes only.

Jack Pine poles with creosote preservation

Jack Pine poles with penta preservation
Western Cedar poles with creosote preservation
Western Cedar poles with penta preservation

Tables 1 to 4 inclusive and Figures 1 to 4 inclusive show the regression analyses and
results. General observations are as follows.

Correlation is satisfactory for the four analyses.

Thefailurerateisincreasing in al cases. Wear-out is therefore represented in all
populations.

The best correlation for the Jack Pine and Western Cedar poles with creosote
preservation was obtained with a positive time shift. This suggests that with this
preservative rot does not occur for afinite time. The best correlation for the Jack Pine
poles with penta preservation was obtained with a two-parameter Weibull function (i.e.
without atime shift). This suggests that rot proceeds more quickly than for creosote
preservation or that the poles may have been stored for some time before being installed.
The best correlation for the Western Cedar poles with penta preservation was obtained
with a negative time shift. This suggests that the poles may have been stored for some
time before being installed. Of course these comments are only conjecture. A technical
assessment is necessary to fully explain the differences in performance. The values of
COD are asfollows.

Jack Pine poles with creosote preservation — 0.987
Jack Pine poles with penta preservation — 0.994
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Western Cedar poles with creosote preservation —0.990
Western Cedar poles with penta preservation —0.988
The expected number of failures for the next three-year period was estimated as follows.
Jack Pine poles with creosote preservation — 480
Jack Pine poles with penta preservation — 100
Western Cedar poles with creosote preservation — 980
Western Cedar poles with penta preservation — 1330

In this case the Jack Pine poles with creosote preservation appear to have significantly
greater longevity on average than the Jack Pine poles with penta preservation. Jack Pine
poles also appear to have greater longevity than Western Cedar poles. The mean times to
faillure are asfollows.

Jack Pine poles with creosote preservation — 126 years
Jack Pine poles with penta preservation — 63 years
Western Cedar poles with creosote preservation — 54 years
Western Cedar poles with penta preservation — 58 years

From the values of the shape factor it seems that once rot has started it proceeds more
rapidly in penta treated poles than creosote treated poles. It also seems that once rot has
started it proceeds more rapidly in Western Cedar poles than in Jack Pine poles.

Sometimes safety or environmental concerns dictate a maximum allowable value of the
cumulative probability. The analysis provides the corresponding age, so replacement can
be planned. Replacement ages for a maximum cumulative probability of 10% are as
follows.

Jack Pine poles with creosote preservation — 52 years

Jack Pine poles with penta preservation — 40 years
Western Cedar poles with creosote preservation — 31 years
Western Cedar poles with penta preservation — 38 years

Sometimes the cost of unplanned maintenance exceeds the cost of planned maintenance
significantly. The analysis yields the age at which planned replacement represents the
least per unit cost. For example the least cost replacement age for Jack Pine poles with
creosote is approximately 90 years if the cost of unplanned replacements is five times that
of planned replacements, and 60 years if the cost of unplanned replacementsis ten times
that of planned replacements.

5 CONCLUSIONS

The Weibull cumulative probability function, using the Kaplan-Meier technique for point
estimates of the cumulative probability of failure, can be used for the following.

To quantify the relation between the cumulative probability and age.
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To forecast required replacements.
To compare species and preservation techniques.

To estimate the age at which poles should be replaced for safety or environmental
reasons.

To estimate the age at which planned replacement represents the least cost
alternative.
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Table 1. Manitoba Hydr o Jack pine poleswith creosote

A B C D E F G H | J K
X' = "YX' =
t-to (y) f, n; 1-f/n | KM | 1-KM | In(A) |'Y' =In(ln(UA-F)|'Y* =H? G*H |'X*=G?
3.30 2 593  0.997] 99.7% 0.3%  1.19 5,600 3238 -6.79] 143
6.30 4 755 0995 99.1% 0.9% = 1.84 475 2252 -8.73  3.39
9.30 8 2036 0996 98.7% 13% 223 -4370 1921 -9.75 497
12.30 32 1684 0981 96.9% 3.1% 251 345 1189 -8.65  6.30
15.30 4 5790  0.993 96.2% 3.8% 273 -3.25| 1057 -8.87 744
18.30 11 554 0980 94.3% 57% 291 -2.83] 803 -824 845
21.30 8 1065 0.992 93.6%  6.4%  3.06 271 736 -830] 936
24.30 17| 1133 0985 922% 7.8%  3.19 251 629 -8.000 10.8
27.30 23 1647 0986 90.9% 9.1%  3.31 -2.35| 551  -7.77]  10.94
30.30 1200 12309 0.990 90.0% 10.0%  3.41 -225| 507 -7.68] 1164
33.30 52 7391] 0993 89.4% 10.6%  3.51 2190 478  -7.66] 12.29
Table 2. Manitoba Hydr o Jack pine poleswith penta
A B C D E F G H | J K
X' = "YX' =

t-to (y) f; n; 1-f/n | KM | 1-KM | In(A) ['Y' = In(In(U/A-F)['Y* =HY G*H [X*=G?
16.00 3 1332 0998 99.8% 0.2%| 277 -6.0947, 3715 -1690  7.69
19.00 4 1105  0.996 99.4%  0.6% 294 51360, 26.38 -15.12 867
22.00 6| 1142 0995 98.9%  1.1%  3.09 -4.4964 2022 -1390 955
25.00 5. 1677, 0997 98.6%  1.4%  3.22 42501 1814 -13.71  10.36
28.00 7 6300 0989 97.5% 25%  3.33 -3.6766) 1352 -12.25 1110
31.00 6 465 0987 96.2% 3.8% 343 -3.2624)  10.64 -11.20 1179
34.00 8 361 0978 941% 59% 353 -2.8017]  7.85 -9.88 12.44
37.00 9 362 0975 91.8% 82%  3.61 24548  6.03  -8.86 13.04
40.00 5 147,  0.966| 88.6% 11.4%  3.69 21162 448 -7.81 1361
43.00 5 217) 0977 86.6% 13.4%  3.76 -1.9393 376 -7.29 14.15
46.00 8 348 0977 84.6% 154%  3.83 -1.7894 320 -6.85 14.66
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Table 3. Manitoba Hydro Western Cedar poleswith creosote

A B C D E F G H | J K
X' = "YX' =

t-to (y) f; n; 1-f/n | KM | 1-KM | In(A) ['Y' = In(In(UA-F)['Y* =HY G*H [X*=G?
10.1 2 104 0981 98.1% 1.9% 231 -3.94160 1554 -9.11 535
14.1 1 164 0994 975% 25% 265 -3.6677] 1345 -9.71  7.00
18.1 11 2500  0.956 93.2% 6.8% 290 -2.6517]  7.03 -768 839
22.1 69 1367 0950 885% 115%  3.10 -2.1011] 441 -650 958
26.1 112 1185 0.905 80.1%| 19.9%  3.26 -1.5068  2.27]  -492  10.64
30.1 264 3354 0921 73.8% 26.2%  3.40 211921 1420 -406 1159
34.1 158 1956 0919 67.9% 321% 353 -0.94720 090, -3.34  12.46
38.1 203 1788 0.886] 60.1% 39.9%  3.64 -0.6766  0.46] -2.46 13.25
421 231 2358 0.902] 54.3%| 457%  3.74 04919 024  -1.84 13.99
46.1 41 376  0.891] 48.3% 51.7%  3.83 -0.3190, 010 -1.22 14.68
50.1 20, 87 0770 37.2% 62.8% 3.9 -0.01200  0.000 -0.05 15.32
54.1 10, 63 0.841] 31.3% 687%  3.99 01492 002 060 1593
58.1 1 5|  0.800 25.1%| 74.9%  4.06 03250, 041 132 16.50
62.1 12 41 0707 17.7% 823% 413 05483 030 226 17.05

Table 4. Manitoba Hydro Western Cedar poleswith penta
7 A B C D E F G H | J K
X' = 'YX =

t-to (y) f, n; 1-f/n | KM | 1-KM [In(A) ['Y'=In(In(UA-F))|Y* =H3G*H |X*=G?
13.1 1 1263 0999 99.9%  0.1% 25726 714 5099 -1837]  6.62
17.1 1 1565 0.999 99.9%  0.1% 2.8391] -6.55| 4289 -1859 8.0
21.1 3 2302 0999 99.7%  0.3%| 3.0493 -5.90|  34.83 -18.000  9.30
25.1 31 5348 0.994 99.1%  0.9% 3.2229 -476| 2268 -15.35  10.39
29.1 108 7966 0.986 97.8%| 2.29% 3.3707 -3.81] 1450 -12.83 1136
33.1 218)  9097] 0.976] 955% 4.5% 3.4995 307 942 -10.74 1225
37.1 333 12918 0.974 93.0% 7.0% 3.6136 -2.62] 688 -948 13.06
41.1 3000 9003 0.967 89.9% 10.1% 3.7160 224 502 -832] 1381
45.1 185 3333 0.944 84.9% 15.1% 3.8089 -1.81] 328 -6.90 1451
49.1 o4 2162 0957 81.2% 18.8% 3.8939 -1571 247 -6.11] 1516
53.1 82 1085 0.924 75.1% 24.9%| 3.9722 -1.25| 156  -4.96] 1578
57.1 55 532  0.897] 67.3% 32.7%| 4.0448 093 086 -3.75 16.36
61.1 28 914  0.969 65.3% 34.7% 4.1125 085 072 -350] 16.91
65.1 2 48 0958 625% 37.5%| 4.1759 -0.760 057 -3.16| 17.44
69.1 1 3 0667 41.7%| 58.3% 4.2356 013 002 -057 17.94
73.1 1 3 0667 27.8%| 72.2% 4.2918 0.25| 006 1.06 1842
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Cumulative Probability of Failure (%)

Figurel
Manitoba Hydro
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Cumulative Probability of Failure (%,
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Figure2
Manitoba Hydro
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Cumulative Probability of Failure(%)
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Figure4
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