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INTRODUCTION

Qualifications

8223704

MY name is Robert George Lake. | am employed by Transpower New
Zealand Limited (Transpower) as a Senior Development Engineer in the
Asset Development Group. The Asset Development Group is involved with
design and construction aspetts of new and uprating line works. | am also

involved with the development of Transpower’s line design standards.

I hold a Bachelor of Engineering (Civil), a Diploma in Structural Computations,
and a Master of Engineering Science (Civil) - "Transmission Line Tower

Foundations".

I have been designing transmission tower structures and their foundations,

and lines in general for over 25 years.

| have been a user of the three dimensional overhead line design programme
known as PLS-CADD for approximately 10 years. | am a member of the
Australasian PLS-CADD Users Group. | am also responsible for the
management of Transpower's close relationship with the program developer,
Power Line Systems (USA). Transpower is an approved PLS-CADD Beta test

site.

I am a member of the International Council on Large Electric Systems
(CIGRE). The main contact with CIGRE is through my membership of the
relevant Australian Panel of CIGRE, APB2, which has a yearly meeting.

| am also a full member of the CIGRE Working Group (WG) B2.06; Principles
of Overhead Line Design, and recently the new WG B2.29, Anti- and De-lcing
Systems of HV and UHV Transmission Lines. For the last two years, | have
also attended the CIGRE Study Committee B2 (Overhead Lines) yearly set of
meetings, covering the above and several other WG's, including WG B2.08,

Structures.

I am also a member of the Australian Standards sub-committee which has

been formed to review the Energy Networks Association (ENA - Australia) Line
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Design guideline document, C(b)1. The resulting document will be an

Australian Standard, with the expectation that it will also be adopted as a New

Zealand Standard. My involvement covers the civil and structural aspects of

C(b)1, and | am the overall co-ordinator of the Transpower contribution to the

Standard preparation.

| confirm that | have read and am familiar with the Code of Conduct for Expert

Witnesses in the Environment Court Consolidated Practice Note (2006). |

have approached the preparation of this evidence in the same way that | would

for the Environment Court.

Scope of evidence

9.

8223704

IN this statement of evidence | discuss the following:

(a)

(b)

(c)

(h)

preliminary line design;

line design software (PLS-CADD);

determination of the line specific wind loads;

transmission line loading in relation to the applied wind loads;

combinations of loads and associated load factors;

reliability levels of these loads and how they compare to overseas

practice;
how the loads are applied in the PLS-CADD model accounting for
line direction and location, including alliance for broken conductor

loading and potential for cascade failure;

structure types used on the line, and what their structural limits are in

relation to wind and weight spans;

make up of the tower structure - main members, braces and

redundants,
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(1)

(m)

(q)

load distribution in the towers, and comment on the impact of base

width versus main leg member size;

loading on the foundations, including preliminary loading

determination;

types of foundations;

geotechnical investigation;

foundation sizes;

use of the PLS-CADD mode! and relevant loading combinations to
get conductor positions for ground and other obstacle clearance

considerations by others;

determination of conductor tensions and loads on other components
from the PLS-CADD model;

reliability versus expected tower/foundation failure rates and how this

compares to international practice; and

other issues related to tower performance, e.g. earthquake loading

and proximity to fault lines, and proximity to adjacent lines.

PRELIMINARY TRANSMISSION LINE DESIGN

10.

8223704

THE design process, to date has covered the identification of sufficient

information to develop the expected project costs and to carry out the

environmental and economic processes, (e.g. the Electricity Commission

approval). The preliminary design has been based on the various

environmental, safety and statutory limits (e.g. ground clearances), with

sufficient margin where relevant to accommodate possible subsequent

changes during the more extensive detailed design stage. Mr Noble

discusses this further in his evidence.

Page 3



USE OF PLS-CADD IN TRANSMISSION LINE DESIGN

1.

12.

13.

14.

15.

8223704

TO design lines, it is usual to create a full 3 dimensional modei of the line in a
computer programme called PLS-CADD. PLS-CADD is used internationally
by more than 500 organisations, in over 75 countries, and is specific to
overhead line design. This programme is used extensively by New Zealand
and Australian utilities and consultancies for both transmission and distribution

line design.

PLS-CADD uses a sophisticated finite element methodology. This basically
involves splitting the line up into a number of components (e.g. conductor,
structure etc), and into small enough elements to get accurate results for the
conductor tensions and sags, and hence structure loads. The non-linear
analysis of these elements continues until the loads and displacements in the

model reach equilibrium.

THE PLS-CADD model encompasses ground and other features acquired
from either ground based surveys or aerial laser surveys (ALS) of the line
route. In particular, the models include representations of the structures and

conductors, as well as digital terrain data of the ground and related features.

THE ALS data for the Brownhill-Whakamaru North A line (BHL-WHN A) was
captured along with similar data for many other lines throughout the country
using the same survey and laser equipment and setup. At the time of the
original survey, independent check surveys were undertaken, confirming that

the expected accuracy of the data along the line route was as required.

THE PLS-CADD model is used to calculate the behaviour of the conductor
with regards to sags, and vertical and horizontal ground clearances, under a
number of different conditions, including maximum operating temperature, and
to check conductor swing (blow-out) under the action of wind. The model is
also used in conjunction with other programmes, to calculate and extract the
insulator and the in-series component, structure and foundation loading

information.

Page 4



LINE BEHAVIOUR

16.

17.

THE extent of conductor sag and therefore conductor height above the ground
under different operating and loading conditions depends on the span length,
configuration of the span (e.g. suspension towers at both ends or a mixture of
strain and suspension towers), and the tightness or tension with which the

conductor has been installed.

THE dééign process is cyclic in nature, undertaken by applying an expected
set of criteria, and then checking that the line behaviour and resulting sags
and therefore clearances are within the required limits, modifying the input
parameters accordingly, and re-running the analysis until a consistent set of

results are obtained.

FACTORS TAKEN INTO ACCOUNT: BASIC DESIGN PARAMETERS FOR THE LINE

18.

19.

20.

8223704

A number of basic design parameters are taken into account during the design

process, which | describe below.

LINE design is a combination of various disciplines with the main ones being
civil/structural and electrical. Mechanical and material science issues are also
considered, and the design process is a combination and a compromise of all
the competing aspects, while still achieving the required statutory and other

standard limits and considerations.

THE following is a list of some of the design considerations included in our

analysis:

(a) electrical design parameters such as the current carrying capacity,
voltage level, and environmental aspects of an electrical origin such
as field levels;

(b) operating conditions, including those that could be considered to
occur on any day as well as the likely maximums over the practical
design period,

(c) long term maintenance requirements including component material

types to minimise maintenance and suitable access to both the
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Wind loading

21.

8223704

(d)

(e)

(f)

(h)

(i)

1)

(k)

structures and generally along the line, and whether this would be by

land based vehicles or by helicopters;

noise levels due to corona discharge or wind blowing on the

conductors (as discussed by Mr Khot in his evidence);

radio frequency interference:

structure heights and configurations inciuding crossarm length based
on achieving the required clearances both internally between the
phases and circuits of the line, and externally to the ground and other

obstacles;

below ground requirements covering the soil types and required

foundations;

construction considerations including available equipment types and
sizes as discussed by Mr Patrick in his evidence and material supply

limitations;

loadings on the various components including the externally applied

wind and other environmental loads;

component capacities and the relativity of the capacities between the
various components to ensure that the overall line behaves as

expected and failures are minimised; and

appropriate widths of legal boundaries from the line identified through
easements and the conditions applied to the possible activities on the
easement to ensure they do not restrict the operation of the line as

discussed by Mr Miles in his evidence.

HISTORICALLY, regional wind speeds based on New Zealand loading code

requirements, with some allowance for wind direction, would have been used

for designing lines. More recently, Transpower has tried to optimise the

design wind loadings by getting line specific and site specific wind speeds.
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22,

23.

24,

25.

26.

27.

28.

8223704

THE analysis of wind speeds is undertaken by NIWA using a combination of
sophisticated terrain and wind behaviour modelling tools, including Wind Atlas
Analysis and Application Programme (WAsP). This combination of software
can account for channelling within valleys, the "lee" zone affect near large
mountain ranges, and in particular the speed-up affect of wind passing over

non-flat terrain.

TRANSPOWER provided NIWA with the co-ordinates for all the towers and
the mid-span centreline positions, and NIWA provided a table of wind speeds
at a datum height of 10m at these locations, for the 8 main directions (north,

north-east, east, south-east, south, south-west, west, and north-west).

TRANSPOWER analysed the wind data for the various directions to determine
which is the most critical direction, and therefore the critical wind speed for a

given location and span direction.

FOR towers, the combined action of wind on the conductor within the span
and on the tower structure itself means that as well as a perpendicular wind, it
is necessary to consider a "yaw" wind at a relatively small angle from the

perpendicular direction.

THE wind speeds are determined based on a 1000 year return period, and
then factored to give the values for the required design return period. In this
case, the BHL-WHN A line would be a core grid line, and in accordance with
the Transpower line design standard, a 500 year return period wind event is to

be considered.

BASED on the critical wind direction for the various spans, the maximum
expected 500 year return period wind speed along the proposed line is about
56m/s (or about 200km/hr), compared to an average wind speed of about
37m/s (or about 133km/hr).

NIWA also provided information about the likely ice/snow load and the
possible coincident wind. The resulting design thickness of ice is about 6mm,
at a specific gravity of 0.4 (or 400kg/m3) with a coincident wind speed of about
2.5m/s. By comparison to the design ultimate wind load events, the combined

ice and wind load is almost insignificant.
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Line loading

29. LOADING on transmission lines are similar in many ways to other structures,
in that vertical and horizontal loads are considered. For transmission lines, the

following terminology for the loads is used:

(a) vertical — generally due to gravity and the vertical component of the
conductor tension, and can be in either an upwards or downwards

direction;

(b) transverse — perpendicular to the tower and/or the conductor span
between the towers, and generally due to wind on the conductors and
towers, but the load due to conductor tensions becomes increasingly

significant as the turn-off angle in the line increases; and
(c) longitudinal - paraliel to the conductors and/or perpendicular to the

transverse direction for the tower loading, and mainly due to

conductor tension.
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Figure 1 Typical tower loading directions
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30. CONSISTENT with normal ultimate design requirements, the loads in the
various directions, and from various sources, are combined together with
various load factors to account for their expected accuracy of determination
and likely probability of coincident application. The load factors generally vary

from slightly less than one to two or more times the expected load
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31.

32.

8223704

THE types of loads that need to be considered for line/tower design, covering

both structural loading and the loads for conductor to ground/obstacle

clearances, include the following:

(a)

(b)

(d)

(e)

(®

(9)

(h)

(i)

(0

wind on conductors, for both tower loading and ground/obstacle

clearances;

wind on towers;

ultimate or maximum wind;

everyday wind - taken as 100Pa (12.9m/s or about 46km/hr), and

considered to be a wind that could exist at any time on any day;

half maximum wind for easement width and tower structure clearance

checks;

maximum operating temperature;

minimum temperature;

construction and maintenance loads;

broken conductor and broken earthwire loads (failure containment);
ice/snow loads;

uplift and compression loads, in particular for the foundations, but this
can also influence the requirements for the crossarm and other

members; and,

other permanent or temporary loads.

THESE load cases (situations), and combinations of these load cases, are

defined in the PLS-CADD criteria file and applied to every span and/or

structure as required.

Page 10



33.

34,

THE critical wind loads are defined as multiplying factors on a span by span

basis and stored such that PLS-CADD can apply them to the individual spans.

ALTHOUGH the use of site specific winds reduce the overall loading
requirements, the overall load application still provides a conservative

approach to the loads, and is consistent with international practice.

PRELIMINARY DESIGN

35.

36.

37.

IN this section of my evidence, | discuss the preliminary design that has been
carried out to date. As already mentioned, the preliminary design is
necessarily on the conservative side to ensure that the resulting envelope of
structure/line dimensions used for the environmental and potential impact
considerations can accommodate the final detailed design arrangement. An
example of this is the construction margin applied to the calculation of required

easement width as discussed in paragraph 96.

MR NOBLE in his evidence discusses the various stages of determining the
line alignment, and how the tower locations have been determined. This
covered the interaction between the tower positions and the required tower
height. Mr Khot in his evidence discusses the conductor to ground clearance
requirements, and circuit and phase spacing requirements for the various

electrical considerations that are also part of the preliminary design process.

IN a subsequent section, the preliminary investigation and design of the

foundations for the towers is discussed.

Tower configurations

38.

39.

8223704

MR NOBLE in his evidence describes the different structure types used on the
line. The strain structures effectively split the line up into sections. Apart from
the very small influence of the tower deflection under load, the loading on a
section does not influence the loading on the adjacent section (except for the
interface tower, a strain tower, where loading from both adjacent sections

needs to be considered).

THE interface strain towers are designed as "stop" structures to limit the

potential for a large horizontal load due to a broken conductor or similar, to be
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40.

transferred to an adjacent section that could otherwise cause a "cascade" type

failure. In addition, every tower is designed to accommodate the expected

residual tension load from a broken conductor, to further minimise the

potential for a "cascade" type failure.

spaced at about 10-12km.

The interface towers are generally

TABLE 1 provides the preliminary loading limits for each type of tower in terms

of the equivalent wind and weight span and turn-off angle combinations.

Table 1 Preliminary tower wind & weight span and turn-off angle limits

Turn-Off | Wind Span | Weight Ll
. Weight
Tower Type Angle {(normalised) Span s
pan
(degrees) (m) (m) (m)
Double Circuit 0 500
Standard Suspension 700 20
(SSU) 3.5 400
0 1000
Double Circuit
Heavy Suspension 5 950 1000 20
(HSU)
10 900
10 900
Double Circuit
Angle Suspension 20 800 1000 20
(ASU)
30 700
15 800
Double Circuit 20 700
Light Strain 800 -200
(LST) 25 600
30 500
30 800
Double Circuit 40 700
Heavy Strain 1000 -200
(HST) 50 600
60 500
Single Circuit
Light Strain 10 400 900 -200
(LST-SC)

8223704
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Tower geometry

41.

42,

8223704

FIGURE 2 is an extract from a tower geometry drawing to highlight the various
structural components of a typical double circuit tower. The geometry
proposed is typical of a lattice tower configuration using bolted steel angle
("L") shaped members. The included steel members are of varying sizes
depending upon their location and function in the tower. Some members may
be welded, usually limited to members in the crossarm tips, but the majority of
connections are of a bolted nature to minimise any fatigue issues and to

simplify the manufacture and erection and maintenance stages.

Figure 2 Preliminary double circuit suspension tower geometry
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THERE are six basic components of a tower: earthwire peak, superstructure,
crossarms, common or basic body, body extensions (located between the
common body and the leg extensions), and leg extensions. For the load
distribution in the tower due to the applied loads, the components work
together, with the component shape and member types determining the path
of the applied loads (from the wind on the tower and from the phase
conductors and earthwires, down to the base of the tower and the

foundations).
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43.

44,

45.

46.

IN each component, there are main leg or chord members, secondary or
bracing members, and finally what are called redundants that are used to

support other members to increase the capacity of the other members.

THE main leg or chord members generally carry the major loads, while the
secondary or bracing members take the horizontal and vertical shear loads

into the rest of the tower.

THE geometry of the tower members needs to be optimised to provide the
required and minimum clearance between the phases (conductors) and the
members, but also to optimise the loads in the various members and provide
the minimum weight tower. To allow for a range of maintenance options, the
vertical crossarm spacing would be such as to allow for helicopter
maintenance, such as where access is required to the fittings located along

the conductors.

FOR example, the crossarm is generally made up of two top and two bottom
chord members, with bracing members in the horizontal and vertical faces of
the crossarm. There may also be some redundants used as well. With
reference to Figure 2, the load in the top chord members of the crossarm
could be decreased by making them steeper, however this would in turn
reduce the clearance to the phase (conductors) above and may require
increasing the vertical phase to phase spacing to provide the necessary phase
to steel clearance. Therefore a compromise is reached, that in turn dictates

the required member size. Refer to Figure 3 for an example of this situation.

Figure 3 Effect of tower geometry on member loads and clearances.
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47,

48.

49,

50.

51.

52.

8223704

A second and more significant example of the impact of the geometry is the
slope of the main legs in the common body and subsequent body and leg
extensions. In the preliminary design for the towers, the main leg slope angle
(rake) is 9 degrees (refer to Figure 2) from the point at the lower end of the

superstructure or waist of the tower, down to ground level.

INCREASING the slope angle of the main legs (making them flatter) would
decrease the load in the main leg members allowing them to be a smaller
member size. However, if the'leg slope was decreased, the load in the legs
would increase requiring a larger member size, but the width of the base
would decrease, and therefore reduce the extent of the potential land-use
impact. Similarly, the required foundation size (capacity) would increase with
a reduced leg slope. There is therefore a complicated compromise process to
reduce the tower weight, while not having an excessive base width, or not
having an excessive required foundation capacity, and being able to use

available member sizes.

THE ideal leg slope is one that would create an intersection point of the two
adjacent main leg members that coincided with the effective centroid of all the
applied loads. As there are always several load cases with varying load
quantities and load directions, and therefore load centroids, the slope of the

legs will never coincide with the centroid of all the loads cases.

PRACTICAL considerations, such as the maximum member size and length
that could be used, along with construction weight and dimension limits for
components, as well as the extent of bracing member patterns required to
assist with the distribution of loads and provide support for the main members
are also considered in determining the optimum geometry of the various tower

components.

AS such, Figure 2 indicates only a preliminary double circuit tower profile that

would be finalised during the detailed design phase for the proposed line.

THE maijority of structures on the line are proposed to be double circuit towers
in a vertical configuration as shown in Figure 2. To accommodate a system
requirement to transpose the phases (as discussed by Mr Boyle in his
evidence), and to minimise the overall tower height (as discussed by Mr Noble

in his evidence), single circuit towers are also proposed at three locations,
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namely towers 16A and 16B, 140A and 140B, and 286A and 286B. These
would be of a similar type of steel lattice member construction to the double
circuit towers, but would have the single circuit (3 phases) in a horizontal
configuration. The shape of these towers, although larger to accommodate
400kV voltage clearances, would be basically the same as other single circuit

towers throughout New Zealand.

Monopole design

53.

54.

55.

56.

8223704

A number of submissions raise the use of monopoles. For monopoles, the
design process to determine the pole diameter and crossarm length would be
basically the same as for the proposed lattice steel towers, taking into account
the ground and electrical clearances as described by Mr Noble and Mr Khot in
their evidence, and involving a similar iterative process to optimise the design

and minimise the monopole weight.

MONOPOLES are generally made up of a number of shorter length sections
that are combined together by either overlapping joints or by bolted end plate
connections. The overlapping joints are more common, but they add to the
weight of the monopole, while bolted end plate connections can adversely

affect the visual appearance.

WHILE with towers, the compromise is with the slope of the legs or crossarm
chord members, as well as the number of members, with monopoles, the
compromise is with the slope of the sides of the pole and the steel plate
thickness. There are practical limits to the thickness of steel available, the
monopole diameter, and the corresponding section length that can be readily
manufactured. There are also issues with the sort of construction plant
necessary to erect monopoles. In extreme situations, towers can be erected
member by member, while monopoles would always require a crane or large

capacity helicopter to lift and position the individual sections.
FIGURE 4 is a simple comparison between the proposed double circuit steel

lattice towers and an equivalent steel monopole. The visual aspects of

monopoles versus lattice towers are covered by Mr Lister in his evidence.
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Figure 4 Steel monopole elevation versus typical double circuit steel lattice tower

Other components

57.

58.

59.

60.

8223704

THE non structure/foundation components, such as insulators, conductors and
fittings also need to be checked for their relevant loading capacities. The PLS-
CADD loading output is also relevant here, with insulator and conductor loads
being outputted as reports or checked directly within the PLS-CADD model
analysis based on input limits. Relevant capacity margins are applied to the

various component capacities depending upon material types.

WHILE increased conductor tension increases the ground clearance for a
given span length, it also imposes additional loads on the towers, and
consequently the foundations. Moreover, a tighter conductor can be more
susceptible to vibration due to wind, which if the tension is above the tension

limit, could potentially lead to fatigue failure of the conductor and or fittings.

THE conductor tension is therefore limited by its ultimate capacity and by its

vibration behaviour.

INTERNATIONAL best practice suggests that the maximum axial tension of a
conductor should not exceed approximately 70% of its expected ultimate
tensile strength. This condition has been set as a binding limit in the PLS-
CADD line model to ensure it would not be exceeded under any

circumstances by the proposed works.
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61.

SIMILARLY the conductor tension under everyday conditions, where vibration
is possible, also needs to be limited. Transpower applies the guidelines
developed by CIGRE which is based on an extensive international review of
the suitable tensions for the different conductor bundie configurations that
have historically provided suitable installed performance. The detailed design
process will also involve site measurements and/or computer modelling of this
behaviour to ensure that the adopted vibration damping arrangement is

appropriate.

STRUCTURE FOUNDATIONS

62.

BECAUSE of the variability of the ground conditions along any line, some
preliminary design work is required to identify the likely foundation issues, and
therefore better define the type of foundations to be considered and in-turn the
extent of site investigation required to confirm or provide the foundation design
parameters. For the proposed line, with limited site access and only
preliminary tower design being completed, a muitiple stage approach was
adopted.

Foundation loading

63.

THE preliminary foundation loads were calculated based on the preliminary
tower geometry, the maximum expected wind speeds, the minimum and
maximum height towers, and the design wind and weight spans and turn-off
angles for each tower type. The foundation loads range from about 1000kN
uplift and 1300kN compression for the Standard Suspension tower, to about
3000kN uplift and 3500kN compression for the Heavy Strain tower. The
corresponding horizontal shear loads range from about 350kN to about

1100kN respectively.

Likely soil conditions

64.

8223704

IT is usual practice in transmission line foundation design to progressively
build up information about the soil conditions expected along a line route.
Initially, this may be from generic published information and some preliminary
field investigation and preliminary design work to help define the likely depths
and types of foundations involved, but it would always involve some extent of

detailed field investigation.
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65.

66.

67.

8223704

IN this case, the preliminary work has involved a review of the published soil
maps for the area and a simple drive-by inspection of the route. Although
access to actual properties was limited, a lot of good information was obtained
by such a drive-by inspection in conjunction with the published data, by
comparison with such things as the material exposed in road and river
cuttings, vegetation cover, hill shapes, rock outcrops, any soil slumping,
swamp areas, and a review of any other foundations in the area, including

those for adjacent lines.

MAUNSELL Limited were engaged to undertake this preliminary investigation
work and they produced a report dated February 2006 that covered
information from both a desktop and drive-by investigation. Maunsell identified
the presence of 33 geotechnical terrains along the route (out of a potential of
40 — made up of four slope and ten geological categories), of which 30 were
likely to be associated with proposed structure sites. They also identified
sections of the proposed route where there is potential for slope instability,
ground settiement or seismic liquefaction. Maunsell recommended that site
geotechnical investigations should be undertaken at about 30% of the

proposed structure sites.

THE slope categories identified by Maunsell are as follows:
Flat (0 — 5°);

Rolling (56° — 10°);

c) Hilly (10° — 25°); and

(d) Steep (greater than 25°).

The geological categories are outlined in Table 2.
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Table 2 Geological categories

Category | Description

A Recent alluvium, poorly consolidated fine to course sediments.

B Alluvium and volcanic airfall material, poorly consolidated with voids, 2m to
8m thick overlying moderately strong rock.

c Poorly consolidated medium to very fine pumiceous sediment with peat, thin
hardpan layers and voids.

D Moderately consolidated medium to fine sediment, weakly cemented in part.

E Weak to moderately strong sedimentary rock with 2m to 10m thick weathered
profile.

F Moderately strong to strong sedimentary rock with 2m to 20m thick
weathered profile.

G Well consolidated, weakly cemented, medium to fine sediment, with boulders
and gravel of strong rock.

H Moderately strong columnar jointed rock, overlain by 1m to 5m of silty clayey
Sand (Ash).

I Strong rock with thick weathered profile of rubbly silty clay overlain by 1m to
5m of siity clayey sand (Ash).
Moderately strong to strong sedimentary rock with highly weathered profile

J 2m to 10m thick overlain by 1m to 10m of pumiceous sand with boulders of
moderately strong rock up to 5m in diameter and silty clayey sand (Ash)

68. FOR each expected geotechnical terrain, typical ground profiles were

developed. The ground profiles involve different materials, sub-divided into 7

general material classes as indicated in Table 3, including the relevant design

material properties.

8223704
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