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Re Page B-84:

Q.

With reference to Hydro’s response to IC27-NLH in the 2007 Hydro Capital
Budget, and specifically subsection (f) of that response, please update
Hydro’s response with respect to those recommendations that had not been

followed or completed, namely R4, R6, R8 and R10.

IC27-NLH 2007 Hydro Capital Budget Question - R4

If the analysis identifies that a large number of poles need to be replaced
then a separate study should be undertaken considering full refurbishment
and/or upgrading or even building a new line before a capital program is

launched.

R4 - Until now, Hydro has replaced a small percentage of the total pole
inventory as part of WPLM program. Also, the poles replaced were not
clustered in general. The need for a separate study was proposed to identify
any large group replacement of wood pole line asset(s) such as insulators,
conductors and poles and the merit of such large maintenance replacements
against upgrading or building a new line section before a capital program is

launched. Hydro has not yet encountered such a situation.

IC27-NLH 2007 Hydro Capital Budget Question — R6

Data to be analyzed to develop a “Replacement Criteria” for Wood Pole
Lines based on a minimization of cost model as shown in Fig. 1.1. Some
initial work has been completed as part of this study and this should be

followed up further for validation of this model with additional field data.
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Cost

Total Cost

Least Cost

Initial Cost
(Cost of Maintenance)

Cost of Damage
(Cost of Failures)

Reliability

Fig. 1.1-Optimum Cost Curve

R6 — The Transmission and Distribution (T & D) department has made
considerable progress in the area of model development and has developed
a methodology which can filter a large amount of condition based inspection
data to provide a decision matrix for refurbishment /replacement of pole plant
assets. The methodology uses a reliability based analysis and a paper was
published in 2006 to describe the approach. The concept was well received
during a presentation at the American Society of Civil Engineer's (ASCE)

conference in Birmingham, Alabama. A copy of this paper is attached.

The work on model development will continue and the model will be

improved as new data is available.

IC27-NLH 2007 Hydro Capital Budget Question — R8

In each year of this inspection program, a separate fund is allocated to do
routine testing of components including the in-service wood poles of various
ages to develop a long-term database. Hydro, in collaboration with MUN,
has developed special benches to do this type of testing and this should be

funded annually.
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R8 - During the past few years, a number of full scale pole testing was done
at the structural engineering laboratory of MUN and the strength data,
identifying the degradation due to aging was used in analyzing the field data.
This testing involves using large forces to bend the poles until they burst.
MUN has indicated that the current setup for pole testing is not acceptable
because it has concerns with respect to safety of pole testing in a confined

environment.

T & D is currently in discussion with the Faculty of engineering to modify the
test setup arrangement to mitigate the above issue and is expecting a
proposal from MUN soon. Hydro is also in discussion with Memorial
University of Newfoundland to fund a graduate student to support the long

term R & D work with respect to non destructive testing.

IC27-NLH 2007 Hydro Capital Budget Question — R10

A working group be formed within Hydro’s TRO Division, which should
include one representative from each of Engineering, Operations and System
Planning. The primary role will be to review the annual Engineering report on
the inspection results and its recommendation to ensure that if any major line
replacement is required in the future based on the data trend, Hydro will be
able to plan this program in advance to avoid a large capital expenditure in

any given year and distribute the resources in an even and timely manner.

R10 - Although T & D group discusses the various issues pertaining to the
WPLM program with operations on a regular basis through monthly
conference calls and a few “face to face” meetings, Hydro has not yet setup
a formal Task group on WPLM program as it was outlined in the original

proposal in 2003. This should be considered in 2007.
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Condition Based 'Mauagement Of Wood Pole Transmission Lines °
Using Stractural Reliability Analysis '
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Abstract

o Woog\le\:l?undlancli apd szbrador Hy_d.ro (NLH) maintains approximately 2400
B pole transmission lines operating at 69, 138 and 230 kV. During the past
&amgf;a;s'{(lg{l’.ﬂ ha;é devgl:illned a Wood Pole Line Management Program (‘V‘?PLI\/IPWf
T systematically analyzing a large volume of i i .
or 1 nspection dat
Eeocl;]:nitrznsn’;‘;isswn lines has been developed using the reliall]bility baz:df(;;av{ '
mcngg} 3.3 luez ;nnzt{tl;;i ustrzs a;};‘l;ybrid approach™ where the uncertainties in load’ -
va strength deteroration due to agin zkern i
the condition rating of each elbpa corgin St
pole and structure to devel iti i
The. SETE _ ¢ Op a condition matrix tab)
ethodo! 1s presented with particular applicati i
transmission line with various methods of mitigatiozls). o7 fo @ section of a :

Introduction

N
oy Consfs\;vsfc();;ng;nd and Labrador Hydro operates a high voitage network syste
e O{)y[;(zlr'l:n.?l'} \fvood‘ pole transmission lines. These lines consist o
' ) mission size poles of varying a i i '
being 41 years. Almost two-thi fision ols oo O
: | -thirds of transmission pole plant i
categories; approximately 34% are at or i oo o
1at over 30 years, and ano
years old. The remaining asset age is less than 20 years old B AR 03

s dmoxﬁsﬁgﬁ?ly, NLH’s pole Inspection and maintenance practices followed the
program was um)é ;ppe]:;a(:h Of Soundln',g aﬂd _Visua-l inSpﬂCtiOn Onl}’. Fhe ea:rli
P e I bassd, “{:‘h 20% of a line inspected in each year, It is well known
as the preservative pt;e s become extremely susceptible to fungi and/or insect attack
ikl e s retention level depletes over time. Figures 1 and 2 present t

ypes of damage: (i) damage due to rot and (ii) damage due to Carpenter ants w0
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Figure 1. Pole Rot Damage
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Figure 2. Carpenter Ant Damage

In 1985 and 1998, NLH decided to take core samples on selected poles to test

for preservative retention levels. NLH also collected data on pole decay. The results
of these tests raised concerns regarding the general preservative retention levels in
wood poles.
confirmed that there were a significant number of poles that had preservative levels
well below the threshold level required to maintain the reliability of these lines.
During this period, a large number of poles were replaced because the preservative
level had lowered to the point that decay had advanced and the pole was no longer
structurally sound. Figure 3 presents the measured retention levels (averaged) for
outhern Yellow Pine (SYP) poles for the lines located on the eastern part of
ewfoundland. The poles were originally treated with pentachioropheonol and were
stalled in md-60"s. Figure 4 presents the rejected pole population plotted in terms
of asset retirement curve known as IOWA curves (Winfrey, 1937). These curves are
used widely in industrial asset retiremnents. A 50-year curve (Type R4} was chosen for
pole plant assets in validating the rejected pole data for various age groups. The data
correlation is good. These inspections and the validated TOWA curve data for a
number of lines confirmed that NLH needed a more forrmmal wood pole line
management program to ensure that future maintenance program is well managed.

Between 1998 and 2003, additional coring and preservative testing
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Figure 3. Southern Yellow Pine Preservative Retention Data
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Scope

This WPLM program (Haldar, 2004} covers the on-going mana
forty-one (41) wood pole lines across Newfoundland and Labrador
objective of the program was to address three specific items. These are
test and treat 26000 poles and associated fine components such.
hardwate, insulator over a 10 year period (2) develop and implemen;
data collection system to ease the field data collection and subsequen
and (3) develop a gencral reliability based methodology using a “Hyb)
The result of the conventional structural reliability analysis is used Wi
inspection data to assess the consequence of a specific failure mode wi
reference to strength deterioration with increasing line age.
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Figure 4. Pole Rejection Data -IOWA Curve

Databuse Development

As part of the WPLM program, the requirements of an electronic
collection system, and a storage database to i
allow for easy retrieval for subsequent analysis, were identified. A detajled inspect
form was developed to collect the field information for eack line component.
included structure, conductor, hardware, insulator and guy arrangements. Each
component was further broken down into various subcomponents and informat

was collected with specific questions for the overall condition assessment,
cxample, the structure as a m

braces, knee braces and cross arms. Figure 5 shows a typical data sheet for

NLH has collected inspection data for 4755 structures along with other lin
components and they have been archived in the system,

based on the failure mode eval_uation an R
der a given loading scenario and strength and O o i

rose ngcc on the system. In this approach the line 1s irea

conseque! !

effects of all loads on the line or on its componen
defined completely by their res
strength distribution can be develope
2jor component was broken down into poles, cros
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Transmission Line Management Pragram
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Reliability Based Condition Assessmernt Methodology

i i imarily

i d maintenance program 18 prim
R s et (RBcIi) a{:;essment (FMEA) of each component
quent evaluation of its

he
is i tion that the strength as well as t
Reliability analysis is based on the assumpts A e Can.be
fi it istributions. The respective
robability distributions
pecgvgasped on the sampie test data set or canTEZ
5.
ined based on published data of similar pqie age groups ??h:;pfjgbinaﬁons
Obta%m eters are normally wind velocity, ice thickness an S
v palmﬂrtc::(i to loads and load effects through appropnated o ey
= mcdcgi?;buﬁons could be lognormal or non—nor_mal. .Th‘e Sh}?g :n e
The loa the tailure probability. In structural analysis, Lin‘s can et
meas‘l‘x o ealue" (), which is directly related to the failure probabi 1 y -
0 a6 b?a vxample a, B value of 1.282 represents 10% failure proi{abdl.ht}; vsv el
.Fore ; ef :
1:;;11: ofoi 645 implies 5% failure probability. The higher § value indicate
v !

failure probability.
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o ; s
nce the failure probability is assessed under a specific loading scenario .

risk can be calculated by si
y simply multiplyi i ili
consequences of the failure exprcsfeg in c;lclvillsgmg e failure probabilty by

Fi i

probabilitiu‘fheg ::iePICES ﬂ.lﬂ overal mechanism (process) of assessing fail
load effects as well :jst;t (line, component etc.) is exposed to both the vaniﬁoﬁ .
original design mean ¢ strength. Variation of strenglh is not only inherent t .
o B s Surength (for example SYP with 8000 psi) but al p
Figiite:8, Agiual rthe fcpend'ent strength value at any discrete time point as sho "
i i i)e evalua?eil of deterioration 18 not necessarily smooth as shown in theofgv -
Bointsudtioy 16, 36 rggson;bly well if we collect the strength data at discretelEim
low and most lines will han 40 years respectively. Initial failure probability will be
PrOEchEes overting th ave an acceptaple factor of safety. As deterioration pr

e, the capacity, R (1) in Figure 6 will start to decrease and ftggfx::

point, it could be less than th P
life (40 to 50 years), e load effect thus initiating a failure within the service

- | Tamamere |

i CAPACITY GREATER

] THAN THE DRIGINAL
TAPACITY, Ay |

STRESS/STRENGTH VALUE (PSH)

TIME (YEARS)

Figure 6. Time De s
pendent Aging Problem in Reliabili
. t .
(Modified After Schueremans, 2003) ility Apalysis

Stress Strength Interference

Fi ; 5
il 40 ;get;z 6r ;;;:ccttisvtl:e m;erference of load and strength diagrams at age 20 i
1 ely. For example, to ill ure
s ; ustrate how to as is fai
probability at age 20 years, the shaded area indicated ag “ P’ is aze:zﬁ:xl:!aicfzhtge
; e

failure probability assumin
N g we know the distributi

this point. nbutions of load eff;

servipcemrtiolzsh cr::;eoi}vg? ;fiues Jlan o Sa D Bls o] fuﬁ":tssc:itd[gg:r}im' -
; ed from the site or b ; rin-

destructi : A y collecting field data
ve evaluation (NDE) using POLETEST equipment (EDM 1bga§s7c)d :riv{lgnc;

, : ide

further. The shaded area “ P depicts

which is much greater than * p s

strength deterioration below some threshold value,
' capacity to its original in
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y good. This should be done based on appropriate
the difficulties in doing this calibration will be
at age 40 years, the strength deteriorates

the measure of failure probability at age 40,

e NDE prediction is reasonabl
alibration (correlation). Some of
iscussed later. As a further illustration

oses its capacity because of the
it may be necessary to bring the
stalled level Rg by appropriate intervention (mitigation). It
ecessary to increase the capacity to a new level greater than the

may even be n
original capacity, Ro, by extra reinforcement such as adding guys, stubbing at ground
level, adding bracing, etc. These graphical illustrations are based on the assumption

that load effects remain constant over the entire service life. However if the load
effects (design loads) change over the service life (Haldar, 1997), then the measure of

“ Py will be amplified further (Figure 7).

Figure 6 also depicts that as the structure 1
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Figure 7. Effect of Strength Reduction and Load Revisions During Service Life

Reliability Assessment Of A H-Frame Structure Under Wind Only Case

Figure Al in the APPENDIX depicts a typical 230 kV wood pole H-Frame
structure that is cross-braced and knee braced to support the conductor loads due to
wind and ice. The structure may experience three possible failure modes under
varjous load combinations. These ate: (i) pole bending, (i) pole buckling and (iii)
knee brace failure under vertical load. Let us assume a simple transverse “pole
bending” failure mode due to wind only. In this situation the bottom of the cross
brace is the “weak link” and the distribution of moment vatue should be compared
with respect to the current strength distribution value at this point. A lognormal
distribution is used here to simplify the calculation process and the details of the f-
value computation are presented in the APPENDIX. For non-normal load effects, the

computation process is more involved (Haidar, 2006).
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Sirength Model

To develop the strength distribution of the in-service poles of variong
groups, a number of poles were tested at Memorial University of Newfound
(MUN). Figure 8a depicts the MUN test sct up. Since the test prograim has a limi
sample size it was decided to correlate the full-scale test data with NDE data obtaise
by POLETEST (EDM, 1997), Figure 8b presents the data collection in the field u§

POLETEST. Figure 9 depicts the full scale and the predicted data (NDE) obtairi
from MUN test. The uncertainty in the prediction is introduced through two factor
(i) model error and (ii) data error due to finite sample size. However to develop
general methodology for calibration of various full-scale test data against POLETES
data, one needs to assess the quality of the dataset (correlation) and its influence on
the prediction interval,

In statistical data analysis, the degree of predictability will often depend on
the quality of the dataset (mutual dependence between full scale test data and the
NDE data) and this is often measured by the statistical correlation coefficient, R%. The
correlation value was low. This raised concerns with respect to the prediction interv.
reported in the literature in terms of strength cut off limit in the POLETEST manual,
(EDM, 1997). A further literature search revealed that similar observations with

orted by Wright (1992) for SYP

particular reference to poor correlation were also rep
data. Figure 10 presents this data.

Figure 8a. MUN Test Setup Figure 8b. POLETEST in Use

Since the data correlation was poor, it was decided to use directly the full-
scale test data in the reliability calculation with particular reference to strength model

for a specific pole age group. However NDE data analysis is still under study and the
full results will be published in the near future.
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Figure 9. Predicted and Actual Test Results
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Figure 10. Predicted and Actual Test Resolts (Wright, 1992)
Development Of Condition Matrix Based On Field Data

This section will describe 2 logical approach to the d:veizpm?nt(c; ci{?:lcf:;r;r;
i iabili lysis information of each pole ( /-
trix where the structural reliabilily ana ‘ . ; :
::id with the condition rating obtained from the ﬁe;ld mst.lpeilcno;\ ag:ﬁ::: rSO)t.ﬂe}rinac; r
i i le has shell se
is also tested for NDE information. If Li:xc po ] ;
p;i:riioi:](i}zed problems, this NDE information may ;.:ot be avaﬂa{l;(lle.:.. ’I’hei Z:zzggﬁ
fevel data is collected for 10% of the pole population inspected. A 1txglz:fevaluaﬂon
data collection is mandatory if a pole is ranked 3 or above, .After a care S
0? the data for each pole, which includes sounding ?nfonnapon, retentm; gle :
well as shell rot, pole decay, etc, a revised ranking is established as per Ta .
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Pole Condition Acin g
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ry Plot For Suspension Structures (Pole Bending) ~Beta
Values Versus Condition Ranking

This revised ranki
the additional ng could be higher than th N
comments of the inspector. This revjz ef;fﬂd ra.t;r;g. talkmg into accoun
ranking is later used agains}

the S value for e ;
ach pole obtained from the reliability analysis (APPEN Figure 1. Summ
DIX) to

vary depending on the failure mode. Ifa

15 usually targeted as thr
other ; eshold. Similar condj .
hon dulcjfgrnary failure modes for each line corgd’ot:m matnx can be developed for aj The specific mitigation action can
Wt e ; gtc. Let us assume that we have mspe ené such as cross arm, cross braces  pole has lost fiber strength considerably, one can add guys to support the pole or
above approach pected a number of poles on a line ]33/l replace the pole completely. Obviously adding few guys would be a much cheaper
full replacement of the pole. If the problem is specific at the

option compared to the
ground line, stubbing should be considered to attain a more cost effective solution.

Similarly, if the analysis shows that the top portion of the p
arrangement is placed is exposed to decay, steel collars may be added to increase the

Condition Matri
- ix Showing Inspect;
pection Versus Analysi :
¥sis Oul
tcomes strength. Figure 12 shows some decision chart outlining the above approach. The
above 3 poles required additional guy supports. These poles will be monitored and

will be re-evaluated within two years.

ole where the knee brace

Cutcome No.2

Condiri ,
ondition Rating -] ow Condition Rating -Low

Conclusions

A framework for systematically analyzing a large volume of wood pole
transmission line inspection data has been developed using the reliability based
analysis technique. The method uses a hybrid approach where the uncertainties in
toad and strength values and the strength deterioration due to aging are taken into
account with the condition rating of each pole to develop a condition matrix table.
] This matrix table provides four possible outcomes for future mitigations. Aithough
Ysis results of a 230 kV line Onl ; the method is presented for “pole bending” failure mode, it is also equally applicable
st of 60 pole inspection data‘ Thn pledi v to other failure modes such as vertical failure mode of the cross arm or buckling

i - 1he analysis shows - failure mode of the angle and/or dead end structures.

/- High
& £ -Low

Analysis Outcome No3

Condition Rating -Hi gh Outcome No.4

CDﬂdi[ﬁOﬂ Ra,{u]g 'ngh
A-Low

Figure 11 presen
L ts th
line is included her hich 203;1;1
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“ACTONG APPENDIX A
ACTIONS COST {5¥POLE
; ; ind Load
fiton ot Gusa s7e Estimation Of 3 - Value For Pole Bending Analysis Under Wind
/ Figure Al presents a typical H-frame structure .(knfze braced ;ntg c;l:;se}:vor‘iczif}:
Outcome Addition of $2500 of height, Hg above the ground line. The faxlure point is assux;:u; L erure motat)
M*':::: & il cross brace level. The point where the bending moment is zezo (© " e e
= Rl . i the bottom of the cross brace level, M.,
" i i moment at the bof -
is first determined. The bending . T
is also determined from the maximum shear at the point of com.;riaﬂfxur;i.ame[er
et o - i:mmeut is a function of the many parameters that depend on con fu{: or E brace),
o @r,, (diameter at the pole top), ¢, (diameter at the bottom of cros s
Top
Pole Reptacement $7000

¢, (diameter at the zero bending moment point), @;(ground line diameter),
c

; ,H o {distance
Figure 12. Mitigation Approach H . (distance between the contra flexure location and pole top), H »¢
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Based on our own test data, we find that o, drops to a point from the inif
average value significantly and then remains in steady state condition beyon
years. On the other hand the section modulus, Z,, can continue to drop due-
and/or carpenter ant damage unless some actions are taken early cnough to arest th
situation (probably through treatment with some additional cost) or putting coll
increase the section modulus. The load effect M. is calculated based on an
values of wind speed, ice thickness and their combinations. The mean and
variance of the load effects are computed and the time dependent reliability in
B, (1), is obtained as (Melchers, 1996)

R, () (L COV2ue) o5

_ M. (1+COV%s) ,

LA+ COViw )1+ COVPR)] |

where COV of R,, and M . define the coefficients of variation for load effects
and strength respectively.

Lnf

B (1)





