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CHAPTER 3

DEVELOPMENT OF POLE/CABLE BREAEKAWAY SYSTEMS

3.1 INTRODUCTION

The experimental development of a workable scheme for modifying
timber utility poles to breakaway on impact was conducted in two

stages :

(1) A preliminary test series of seven impacts with poles
modified by the crossed-hole scheme of Wolfe et al.,
(see Figure 1.1). These tests established the viabil-
ity of the scale model test technique and revealed a
number of areas in which detailed design development

was regquired to improve the performance of the breakaway

systems.

(ii) The main test series of 88 impacts was used to investi-
gaté the design changes made as a result of the prelim-
inary test results, and to find the effects of different
pole strengths and cable configurations and the speed

and angle of approach of the impacting vehicle.

The total test program can be summarized in terms of pole/cable

configquration and pole timber as follows :

Configuration Material Number of Tests
Two Ccrossarms Ironbark 59
One crossarm Messmate 28
Luminaire Messmate 6
Free-standing Ironbark 2

(pole only)

The details of experimental conditions and results for all tests

are presented in Appendix D.
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For the sake of brevity the following terminology will be adopted

for the remainder of this report :

(1) Two-crossarm pole ironbark pole which supports a
layer of high- and a layer of
low~voltage conductors (Figure

2.1) .

(ii) Single~crossarm pole = messmate pole which supports a
single layer of low voltage

conductorg (Figure 2.2).

(iii} FSE = full scale equivalent ; i.e.,
derived from scale model results
by applying the appropriate

scale factor.

3.2 PRELIMINARY TEST SERIES

The preliminary series of seven tests involved impacts with iron-
bark, two-~crossarm poles only. In five of the tests the poles
were modified with crossed holes at the base and just below the
lower crossarm. The holes were sized to maintain a FSE rated pole
strength of about € kN (see Section 2.7). In the remaining tests
impacté were made with an unmodified pole and a pole which had been
sawn through at the base, these cases representing two extremes of
base shear strength. In all tests the impact speed was nominally
75 km/h FSE and the wvehicle approached the line of poles at an
angle of 15°. -

In the first few tests the modifjed pole base fractured success-
fully, but the upper zone failed to break because the standard
strength cable ties {10 amp fuse wire - see Section 2.6.1) failed
first. In order to establish whether or not the cables could
develop enocugh tension to produce failure at the top modified zone
of the pole, the cables were clamped to the crossarms for four of
the remaining tests. These tests were successful in that the
breakaway segment of the pole detached from the crossarms ang
upper-pole section. The cables withstood both the impact phase
and the lcads induced by bouncing of the remaining upper-pole/

¢rossarm section.
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Pigure 3.1 shows the accelerometer signal and the velocity
change trace ohtained in test No. 6, which involved a 7.63 m/s
{75 km/h FSE) impact with a modified pole, the cables being
clamped to the crossarms. It can be seen that thé impact resulted
in a peak vehicle deceleration of about 32 g, and a velocity

change of 2.2 m/s {a full scale equivalent of 6.0 m/s or 21.5 km/h).

By way of comparison, the unmodified pole did not break on
impact and brought the wvehicle to rest (a FSE velocity change of
75 km/h), following a peak deceleraticn of 73g.

The reduction in collision severity produced by modification of
6 kN poles may be assessed by the following comparison of the FSE
results of test No, 3 {(ummodified)}, the averaged data from tests
Nos. 5-7 {(modified), the TRB (1978) impulse criterion for no injury
and Chi's (1976) serious injury thresheold :

Deceleration (G) Velocity
Peak Average Change (m/s}
Unmodified 73 26 21
Mcdified 30 16 7
No injury (TRB) - - o 4
Serious Injury (Chi) - 25 12

It is apparent that a worthwhile reduction in collision severity
has resulted from the pole meodification, but there is still a fair
chance of some injury. Based on the data of Marsh (Figures C.4
and C.5, Appendix C ), the chance of an occupant sustaining some
injury (AIS 1 or higher) is greater than 50 percent, as shown in
Table 3.1.
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TABLE 3.1

PROBABILITY OF AN INJURY OF A GIVEN LEVEL OR HIGHER
ACCORDING TO DATA OF MARSH ET AL., (1977) FOR IMPACT
AT 75 KM/H. (PRELIMINARY TEST SERIES).

INJURY LEVEL MODIFIED POLE UNMODIFIED POLE

(1} {CROSSED HOLES)
AIS 1+ .54 .90
AIS 2+ .10 .55
RIS 3+ .01 .30

(1) AIS - Abbreviated Injury Scale (Committee on Medical Aspects
of Automotive Safety, 1971).

These results were considered sufficiently encouraging to
justify further development of the pole modification scheme.
Aspects of the collision process which were identified as requir-
ing further investigation included

(a) The post-impact trajectory of the detached pole segment.

(b) Clashing of the overhead cables.

(c) Cable-tie strength requirements to ensure an upper pole

section breakaway.
(a) The maximum loads induced in the cables.
(e) The effects of different impact speeds and angles.
(£) The.effects of different pole/cable configurations.

{g) Alternative methods of modifying the pole to further

reduce the impact severity.

3.3 MAIN TEST SERIES

3.3.1 Introduction

To meet the objectives of this series of tests, collisions were
staged with poles modified at the base by Wolfe's crossed-hdles,

Labra's slot/shims and by a new slotted base developed in this
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project. Three impact velocities were used (40, 60 and 70 km/h
FSE), three impact directions (15° , 30° and 50° from the pole

line) and rated FSE pole strengths ranging from 2 kN to 8 kN.

Both single- and two-crossarm pole/cable configurations were tested,
as was a modified timber luminaire pole. Transducers were devel-~
oped to monitor cable tensions and the problems of cable clash and
cable/tie strength were resolved. A scheme for improving the
post-impact trajectory of the breakaway pole was developed. The
following sections describe the inﬁestiqations made into these

various aspects of the breakaway pole/cable system,

3.3.2 Effect of Moisture Content of Pole Timber

As the main test series was undertaken some twelve months after
the preliminary tests, the first of the new tests were conducted
in an attempt to replicate the earlier results. That is, two-
crossarm ironbark poles modified by crossed-holes were impacted at
a velocity of 70 km/h FSE and an angle of 15° to the cable line.

The cables were clamped to the crossarms.

The preliminary test tesults were not reproduced precisely, in
that the detached pole segment contacted the vehicle windshield
and roof, a problem not encountered previocusly. This was found to
be related to the moisture content of the poles used. The prelim-
inary series poles were more moist than those in the later series
and so the fractures tended to be less brittle. This meant that
the upper failure zone acted as a hinge for a short time after
the pole base was sheared, allowing the detached pole to swing up
over the car. This effect was verified by testing a 'greener’
pole : the bréakaway pole segment then successfully cleared the

vehicle.

The model poles were cut from full scale crossarms that had
been weathered for a number of years. The model poles were then
stored indoors for up to six months prior to testing. The condit-
ion of the poles at the time of testing was therefore ‘air-dry'.
This had implications alsc for the ultimate strength of the poles,
because air-dry, unchecked poles can be up to 40% stronger than
their 'green' counterparts. However, because the ultimate strength

of the timber in each scale model pole was measured (Section 2.6.3),



the effects of timber strength variations could be accounted for

in interpreting the experimental results.

As was pointed out in Section 2.6.3, the-in-service pele
strength at the lower zone would probably approach the green timber
value because of a high moisture content and decay of the sapwood.
However, it would be reasonable to expect that the upper pole zone

strength would be closer to the air-dry value.

3.3.3 Performance of Crossed-Hole Base Modification

Velocity change and deceleration data were obtained from a total
(from both test series) of eight 70 km/h FSE impacts with two-
crossarm poles modified at the base by crossed holes (Figure 1.1).
The average impact severity for the various FSE pole strength’

ratings was as follows :

FSE Rated Pole Average FSE Velocity
Strength (kN) Deceleration (G) Change (m/g)
0 {Sawn through} 2.8 2.3
4 : 11.8 .5
6 15.5 7.0
8 ' ' 13.5 7.9

Although the impact severity was less than Chi's (1976) serious
injury threshold for all rated pole strengths, the TRB {(1978) no-
injury impulse criterion (which requires a wvelocity change of less

than 3.6 m/s for the test vehicle) was never satisfied.

The phenomenon of vertical splitting of the pole timber during
impact, which had been observed in the full-scale tests of Labra
(1977), was also present in the scale model tests. Typically a
piece of some 70 mm in length was torn from the impacted side of
the pole. Failure on the other side of the pole usually occurred
cleanly. This suggests that the crossed-hole modification may not
take full advantage of the anisotropic nature of the pole material.
It was decided therefore to investigate alternative base modific-

ation schemes which might reduce the impact severity.
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3.3.4 Performance of Slot/Shim Base Modification

One 65 km/h impact test was conducted on a two-crossarm pole modi-
fied at the base by the slot/shim concept. The modification was
carried out as detailed in Figure 1.3 (after Labra, 1977) with the
untouched core width t being equal to 45 mm FSE so as to maintain
a FSE rated pole strength of 8 kN. The shims were 7.5 mm thick
(FSE) crossgrain ironbark. The base fractured satisfactorily,
resulting in a less severe impact (AV = 5.1 m/s FSE, X5, = 10.2 g)
than for an B8 kN pole with crossed-holes. However, for the
reasons ocutlined in Section 1.2.2, it was decided not to pursue
this alternative further. Instead, a slotted-base modification

scheme was developed, as described in the following section.

3.3.5 A New, Slotted-Base Modification Scheme

Fiqure 3.2 shows a pole base modified by drilling crossed-holes at
two levels and joining these by vertical slots, thereby forming
four columns. The rationale for this modification is that, while.
it uses crossed-holes to make efficient use of the outer pole
fibres for resisting bending moments due to service loads applied
at the top of the pole, the columns suffer high bending moments at
their top and bottom when a shear load is applied just above the
base modification. The longer the slot, the greater will these
bending moments be for a given shear load. The idea is then, that
the slots 'amplify' the effect of the shear lcad and cause failure
of the columns in bending, rather than in shear. The same prin-
ciple has previously been used in modifying timber sign supports,

but with holes and slots in one direction only.

The derivation of a design equation to predict the shear load
at car bumper height which will cause failure of the slotted base

is given in Appendix F .

The severity of impacts with two-crossarm poles modified with
the slotted base and with crossed holes is compared in Figures
3.3 and 3.4. Iﬁ all these tests crossed-holes were used to
provide the ﬁpper breakaway mechanism. In order to take account
of the measured rupture stresses of the individual poles used in
these tests, velocity change and deceleration are plotted in these

figures against the 'ultimate' service strength of the pole - i.e.,



AL | | __TA

et 25 440
st [ @ 18
_____ . ! e o e i i
150
Ground |
All dimenhsions in mm,
re e modi

N
\S1Z%

Section A-A

N

24N
Y ¥

Section B-B




1= O 40 km/h Impaci
A -
e a ™ »
L] - Crosesd hows modfomtion|
e 8 D " (Mo pole frachurs
201
®
“T
o™
= 18 =4 o
§ =t A
e Op Iy ®o
c 11— @
= @
"‘*‘ o
i 19—+ ° o
Q o =] o
W & (') o
] o 0 b
> (] o
< b=t § o
=]
a o
ot o o
o n ]
]
L i 1 i } i -1 i t f t t i f t ;
o b [ | 1 12 % i ] W 0 2 kO 18 . 54
ULTIMATE STRENGTH F,q (kM)
Figure 3.4. Vehicle average deceleration versus pole ultimate strength for

impacts with two-crossarm ironbark poles modified by slots or crossed
holes.

“¥9



VELOCITY CHANGE &Y (ms~1)

Figure 3.3.

e 8
-

B o=

00 40 km/h  [mpact speed
[2Y -] =
[o] 70 =
& n E IC romiad hotem mod Fectard
© «w " Mo po Aratunl
e oo 4 %g
E‘i B .
'l- a o
=]
o 2
oy ‘E ° oa o
E‘Q b ] o
o % e
& ano
Q
t } % t } } f ¥ t t e
[ L E 7] 1x B 1] " i3 1 28 i

ULTIMATE STREMGTH

Vehicle wvelocity change versus pole ultimate strength for impacts
with two-crossarm ironbark poles modified by slots or crossed holes.

ax

R 133 kg VEWIELE  (kNs)

LINEAR IMPULSE

59



66.

the horizontal load applied at the top of the pole which convent~
ional design calculations indicate will actually rupture the pole
base, All the quantities shown in Figqures 3.3 and 3.4 are full

scale equivalent values obtained from the scale model results by

applying the appropriate scale factors derived in Section'2.4.

It can be seen that the crossed-hole modification for nominally
the same pole bending strength results in a more severe impact
than does the slotted base modification. The improved performance
of the slotted base over the crossed-hole base is further demon~
strated by comparing the deceleration trace of Figure 3.5 (slotted
base) with that of Figure 3.1 (crossed hole base). The two poles
have nominally the same rated bending strength and test conditions,

yet the slotted base results in a substantially less severe impact.

Experimental results and analyses presented in the remainder of
this chapter will therefore be confined to those tests in which
the slotted-base modification was employed. In-service implement-
ation of the slotted base would require some form of environmental
protection for the pole core, perhaps through the use of expanding
foam and externél sealants.

3.3.6 Upper Pole Breakaway Mechanism

Crossed-holes were retained as the means of obtaining pole break-
away from the upper-pole/two-crossarm assembly. No attempt was
made to model the crossarm release mechanism proposed by Labra
(1977), as it was thought that it would prove prohibitively elab-
orate and expensive for in-service application. Further, the
crossarm release mechanism may not be applicable to poles with
two-crossarms {(and hence two layers of cables)} because of the
possibility of the falling pole and crossarm segments snagging the
conductors on the way down. Instead, the strength of the cable/
tie connections required to produce failure of the upper crossed-
hole modification was determined experimentally as described in
Section 3.3.12.

No upper zone modification was employed for the single crossarm
messmate pole tests. Instead, it was found that for all impact
speeds and angles the crossarm stripped easily away from the con-

ductors through failure of the tie wires. The tie wires used in
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all the single crossarm tests were made from 10 amp fuse wire,
which modelled the strength of the existing full scale installat-

ions (Section 2.6.1).

3.3.7 Post-Impact Trajectory of the Detached Pole Segment

For low rated pole strengths and high impact speeds the breakaway
section of the pole did not contact the wehicle after the initial
impact. Such a situation is illustrated in Figufe 3.16 which shows
post-impact positions of an unrestrained messmate luminaire pole
and the wvehicle. However, for most pole configurations and impact
speeds, the pole struck the vehicle a second time on the windscreen,
roof or trunk. Eﬁen the low shear strength luminaire pole landed
on the vehicle roof after low speed impacts. Compared with conven-
tional breakaway metal lighting columns, this behaviour is to be
more expected with timber utility poles because of their greater
mass and bage shear strength, It was therefore decided to attach
restraining cables between the target pole and adjacent poles. In
the case of a run of modified poles, the restréining cables would
be required between the modified poles, as well as between the ocuter

modified poles and the adjacent unmodified poles.

A disadvantage of the restraining cables is that they cause
additional wind loads to be applied to the pole and so a pole
strength penalty is suffered, However, the effectiveness of the
restraining cable in reducing the incidence and severity of the
breakaway pole impacting the vehicle roof and windscreen is clearly
demonstrated in Figures 3.6 through 3.18. Figures 3.6, 3.10,

3.14 and 3.15 are before- and after- test photographs for the three
pole configurations investigated. It can be seen that in all after-
test photographs, the top of the pole is suspended well clear of

the ground. Figures 3.7, 3.8, 3.11, 3.12, 3.16 and 3.17 are time
sequence plots taken from high-speed movies of tests with and
without restraining cables for matched impact speeds and FSE rated
pole strengths. These figures quite clearly demonstrate the
benefit of the restraining cables. PFigures 3.9, 3.10 and 3.13 are
frames taken from high-speed movies of tests involving the three
pole configurations with restraining cables. They also show the

breakaway pole comfortably clearing the wvehicle.
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For the three pole configurations tested, the breakaway pole
with restraining cables generally cleared the vehicle for impact
speeds of 60 and 70 km/h FSE. For impact speeds around 40 km/h
FSE, the secondary impact'with the windscreen/roof was not prevent—

ed, but its severity was reduced.

The restraining cable also has the advantage that it prevents
the detached pole segment from translating far from its starting
point, thereby reducing the probability of secondary collisions

with other wvehicles.

The model restraining cable used was 1.5 mm diameter 19-strand
stainless steel. The sag was set to. 10 cm over a span of 4,74 m

via turnbuckles which were strain-gauged to measure cable tension..

The restraining cable tension was recorded in the 'worst-case’
situations for each pole configuration ; that is, an impact velog-
ity of 70 km/h FSE, an impact angle of 50° and low pole base
shear strength. For the ironbark, two-crossarm pole the peak re-
straining cable tension was found to be 890 N (FSE of 50.5 kN), and
occurred about 200 ms after the base sheared., If this time is
related to the time sequence plot of Figure 3.8, it can be seen
that the peak tension corresponds to the first 'bounce' of the
breakaway pole on the restraining cables. There was a second
bounce of a lower magnitude some 400ms later, after which the cable:

tension rapidly fell to its rest value of 50 N (2.8 kN FSE).

The messmate pole tests resulted in a peak restraining cable
tension of 800 N {full scale equivalent of 45.5 kN} which also
quickly decayed to the rest tension of around 50 N.

3.3.8 Influence of Impact on Adjacent Mﬁaified7roles

A number of tests were conducted to investigate the possibility of
a 'domino effect' of successive failures occurring in a run of
modified poles when one of their number was struck by a vehicle.
Again, the 'worst case' situation was set up for each pole config-
uration. In the case of the single-crossarm and two-crossarm
poles, the poles were modified to a FSE rated strength of 3.1 kW,
while the luminaire poles were modified to a 2 kN FSE rating.
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Figure 3.6, Before and after a 68.2km/h FSE velocity
impact with a 3.1kN two-crossarm pole with

restraining cable.
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Figure 3.7. Scale model time sequence plot of a 3.lkN
two-crossarm pole without restraining cable
(test # 24) impacted at a FSE velocity of
68. 0km/h.
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Figure 3.8. Scale model time sequence plot of a 3.4kN
two-crossarm pole with restraining cable
(test # 27) impacted at a FSE wvelocity of
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Bs + .10s Bs + ,15s
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Figure 2.9. Frames taken from a high speed movie film of
impact with 3.4kN two crossarm pole with
restraining cable at a full scale equivalent
velocity of 68.2km/h (test #28).
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Before and after a 68.2km/h FSE velocity
impact with a single crossarm messmate pole
with restraining cable. (Not rest position

of car).
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Figqure 3.11. Scale model time sequence plot of a 3kN
single crossarm pole without restraining
cable (test # &l) impacted at a FSE
velocity of 70.5km/h.
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Figure 3.12. Scale model time sequence plot of a 3kN
single crossarm pole with restraining cable
(test # 62) impacted at a FSE velocity of
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Base shear Bs +..056s

Bs + 0.10s

Bs + .25s

Figure 3.13. Frames taken from a high speed movie film of
impact with 3kN single crossarm pole with
restraining cable at a full scale equivalent
velocity of 61.9%m/h (test #73).
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Figure 3.14, Photograph of the pre-test setup for a
messmate luminaire pole without restraining
cable,

Figure 3.15. The results of a 70km/h FSE velocity impact
with a 2kN messmate luminaire pole with
restraining cable. (Not rest position of car).
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Figure 3.16. Scale model time sequence plot of a 2kN
luminaire pole without restraining cable
(test # 90) impacted at a FSE velocity of
70.3km/h.
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Figure 3.17. Scale model time sequence plot of a 2kN
luminaire pole with restraining cable

(test # 95) impacted at a FSE velocity of
M Lrrm Fla
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Figure 3.18. Frames taken from a high speed movie film of

impact with 2kN luminaire pole with restraining

cable at a full scale equivalent velocity of
70.0km/h (test #95).
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For each pole configuration a line of three modified poles and
two outer, termination poles were connected by restraining cables.
The target pole was struck at a FSE velocity of 70 km/h and an
impact angle of 50° ., While the target poles successfully broke

away, the adjacent modified poles remained intact in all cases.

3.3.9 Effect of Base Shear Strength, Pole Configuration
and Impact Velocity on Crash Severity

Within the expected range of impact speeds on urban roads (40-80 km/h) the
severity of the crash experienced by the vehicle and its occupants
is mainly determined by the resistance to shearing of the pole
base. The inertia of the pole and the actual impact speed have a
smaller influence on the severity of the collision. For this
reason the experiméntal measures of crash severity have been corre-
lated with an estimate of the base shear strength, Fg, which takes
into account both the measured rupture stress of the individual
pole timbers and the geometry.of the slotted base. Presenting

the results in this way also allows comparison with the predictions
of the mathematical model of the collision process described in

Section 1.3, which uses Fg as a pole parameter.

It will be recalled from Section 2.7.3 that the amount of pole
material that can be removed in the base modification is determined
by the need to maintain a bending section modulus of Ph/o, to
resist the pole rated lcad P , appliied at a height h above the
modification, without exceeding an allowable design stress Oy -
Because of the stress magnifying effect of the slotted base, the
mechanism of failure when a shear load is applied just above the
modification (as by an impacting vehicle) is different from that
for the service load applied at the top of the pole. For this
reagon, and Eecause of the different allowable working stresses
for the various pole timber species, poles made to the same rated
service strength of different materials may have quite different

base shear strengths.

In Appendix F the following expression for the base shear
strength is derived :

A “alt (3
£ o = o ™
B h + /2 + E
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i M Tl ag
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where
Fg = base shear strength

Gult = timber modulus of rupture

= height of car bumper above fhe top of the slot
slot iength

= cross-sectional area of each column

NP = T
n

= sgection modulus of each column.

To check the accuracy of this calculation of the (static) shear
gstrength of the slotted base, six irombark poles modified at the
base with the slot scheme were statically tested by applying a load
to the pole at car bumper height, just above the top of the slot.
Figure 3.19 shows the comparison between the measured and predicted
shear strength of the poles. It can be sgeen that there is a good
correlation between the measured and predicted wvalues, but egquation
(3.1) consistently overestimates the shear strength by about 16 per-
cent, possibly because of stress concentration effects not allowed
for in the model. (It is noted that Pearson, Kloot and Boyd {1962)
list a number of fairly substantial 'form factors' for modifying
the calculated bending stresses in timber beams of different crosé—
sectional shapes.) It appears therefore that equation (3.1l) prov-
ides a good parameter for ranking the base shear strengths of slotted

hase poles and gives a reasonably accurate estimate of their static

strength.

Figure 3.20 shows vehicle average deceleration plotted against
base shear strength calculated from equation (3.1). Both messmate
and ironbark test results for the three impact velocities are
plotted on the graph. On the basis of this plot there is little
to distinguish between the three configurations (single-crossarm,
two-crossarm or luminaire) and wvehicle response appears to be
independent of timber type or the mechanism of pole release from
the overhead services. This is confirmed by the plots of maximum
vehicle deceleration and velocity change against base shear
strength presented in Figures 3.21 and 3.22 respectively. It is
again noted that Figures 3.20 - 3,22 show full scale equivalent
values derived from the scale model results by the application of

the relevant scale factors presented in Section 2.4.
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The plots in Pigures 3.20 - 3.22 appear to provide a more con-
sistent representation of the effects of pole strength on crash
severity than do the plots in Figqures 3.2 and 3.3, which are based
on the ultimate strength for loads applied at the top of the pole.
This is partly evidenced by the better correlation of the ironbark
data on the Fg-based plot. Additionally, there is a clearly
defined value of base shear strength Fg above which the messmate
poles did not shear in 40 km/h FSE impacts. By comparison, there

was no such clear ranking in terms of the ultimate strength P, .

Examining the plots in Figqures 3.20 - 3.22 further, it can be
seen that vehicle deceleration and the logarithm of vehicle veloc-
ity change increase approximately linearly with base shear strength.
The regression lines shown on the plots are based only on.those

cases in which the pole broke away.

The scatter of data points about the regression lines could
result from numerous sources of experimental variability, but the
most important are likely to have been variations in timber strengths
between the pole bases and the sample specimens used to measure
rupture stress, defects in the timber, and manufacturing tolerances

in machining the poles and the slot modifications.

It is difficult to detect consistent effects of impact velocity
on crash severity, except for the 40 km/h FSE impacts with poles
having a base shear strength of 200 kN or higher, for which the pole
fails to breakaway and appears rigid to the vehicie. Further,
collisions with FSE impact velocities of 40 km/h, on average, tend
to result in lower vehicle deceleration and velocity change levels

than those resulting from higher speed impacts.

Another measure of crash severity of interest is residual vehicle
deformation, Table 3.2 shows vehicle deformation against rated
pole strength for three impact velocities. As expected, vehicle
deformation generally increases with increasing impact velocity

and rated pole strength.



TABLE 3.2
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MEAN FULL SCALE EQUIVALENT VEHICLE DEFORMATION (m)

FOR SLOTTED BASE-POLE IMPACTS

FSE
Impact Velocity

Rated Pole Strength

km/h 3 & 8 Unmodified
40 0.42 0.54 0.60 0.74
60 0.44 0.55 0.76 0.89
70 0.48 0.60 - 0.70 0.24
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3.3.10 Comparison of Experimental Results with
Mathematical Model.

A simplified mathematical model of the vehicle- pole impact was
described in Section 1.3 (Appendix A contains the detailed deriv-
ation). This simplified model was used to generate the plots of
vehicle veiocity change and maximum deceleration against pole base
shear strength Fg shown in Figures 3.23 and 3.24, respectively,

for the experimental impact velocities of 40, 60 and 70 km/h FSE.

The form of the predicted plots is very similar to that of the
experimental plots. The experimentally obtained regression lines
correspond well with the model predictions, particularly for the
velocity change plot, remembering that the experimental regressions

excluded the non-breakaway results.

The relative insensitivity of crash severity to the range of impact
speeds tested, which was noted for the experimental results, is

confirmed by the simulation.

The mathematical model generally underestimates the peak vehicle
deceleration, which is reasonable given the assumption of a linear
vehicle crush stiffness element in the model. Figqure 2.9 shows
that the scale model crush stiffness was non-linear, particularly
for high deformations where the crush forces rise sharply. The
departure of the experimental peak deceleration results from the
model predictions would therefore be expected to be greatest for
high vehicle deformations, which in turn are associated with high
base shear Strengths. This is in fact the case. It is likely
that if the mathematical model were further refined by the inclus-

ion of a non-linear stiffness element, the experimental and
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predicted results would be in even better agreement. Appendix B
details a model refinement which accounts for pole flexibility, but
it was found that this made little difference to the predicted

results.

One prediction of the model which was less successful was the
level of base shear strength required for breakaway in a 40 km/h
impact. This was well defined by the experiments at about 200 kM,
whereas the model predicts a value just over 240 kN. 'The reason

for this discrepancy has not been determined.

On the whole the simple model presented in Appendix A i=
remarkably successful in predicting the impact severity, and should
prove a useful tool for investigating the effect of system para-

meter changes.

3.3.11 The Prediction of the Collision Performance

of Modified In-Service Poles

The full scale equivalent results presented thus far have been
related to the predicted base shear strength. It was established
in Section 2.6.3 that the strength of the air-dry timber in the
model poles was considerably greater than is likely to be encount-
ered in full scale poles in service. Thus the FSE scale model
impacts were more severe than would be expected for the majority
of in-service poles with the same rated pole strength. However,
because the calculation of the base shear strength toock account of
the measured modulus of rupture of each pole tested, the results
can be simply related to full-scale poles of any given timber
strength.

As a guide to the collision severity which can be expected from
poles with the species mean medulus of rupture reported by Boyd
(1961, 1968), the curves in Figqures 3.25 and 3.26 have been derived
for poles made of ironbark and messmate, respectively. These
curves show the expected levels of vehicle deceleration and veloc-

ity change as a function of the rated (deéign) pole strength.

The predictions in Figures 3.25 and 3.26 are based on the
regression lines shown in Figures 3.20, 3.21 and 3.22, and the

timber properties detailed in Table 3.3. The calculation
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procedure was as follows

(i) For a given pole rated or design strength and allowable
working stress the slot modification dimensions were

determined.

(ii) From the slot modification dimensions and the species
mean modulus of rupture the base shear strength was

calculated using equation (3.1).

{iii) Using the relevant regression equation and the calculated
base shear strength, the value of the crash severity

indices were calculated.

The curves of Figure 3.25 apply to 12 m (9.8 m above ground)
ironbark poles with two-crossarms ; the curves of figure 3.26
relate to 11 m (8.6 m above ground) messmate single-crossarm or

luminaire poles, as shown in Figures 2.1, 2.2 and 2.3 respectively.

The in-service species mean modulus of rupture adopted for each
of the two timbers in Table 3.3 were the green timber values
reported by Boyd, who found that ultimate strength of seasoned,
desapped and resoaked pcles (the likely in-service condition) did
not vary greatly from the green timber value. It can be further
noted that scale model results show that the crash severity is not

related to the pole strength at the upper breakaway zone of two-

crossarm poles.

TABLE 3.3

TIMBER PROPERTIES ADOPTED FOR THE PREDICTION CF
COLLISION SEVERITY AS A FUNCTION OF RATED POLE STRENGTH

—_— -

TIMBER SPECIES WORKING STRESS . MCBULUS OF

Y {MPa} _ RUPTURE Uult (MPa)
Ironbark 60 (1) 129 [2)
Messmate 48 (1) TE (1)

S

(1) From SECV (1978) Overhead Line Design Manual.
(2) From Boyd (1961}.
(3) From Boyd (1968).
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The use of the experimental regression lines in the derivation
of the predicted crash severity curves neglects the effect of
impact speed. However, as the mathematical model and the experi-
mental data show, this effect is relatively small in the range of
speeds tested. The curves should therefore provide reasonable

estimates for impact speeds between 40 and BO km/h, say.

The curves in Figures 3.25 and 3.26 are also only drawn for one
vehicle mass, viz. 1343 kg. The mathematical model predicﬁs that,
for a given impéct speed and base shear strength, the impulse
suffered by the vehicle is relatively indeperndent of wehicle mass.
Hence the impulse curves apply approximately to other vehicle
masses also. Velocity change can be predicted by dividing the
impulse by the vehicle mass. The mathematical model results in
Figure 1.8 show that the peak deceleration varies inversely with
vehicle mass. Estimates of peak and average deceleration can
therefore be derived by multiplying the values obtained from

Figqures 3.25 and 3.26 by 1343/M , where M 1is the vehicle mass
in kg.

As has been pointed out in Chapter 1, and discussed at length
in Appendix C, the prediction of likely iniury severity from
vehicle frame parameters is difficult in the present state of
knowledge. However, for the purposes of design evaluation, the
data of Chi (1976) and the Transportation Research Board (1978)
were chosen as being representative of the fatal or serious injury,
and no-injury limits, respectively. The limits reported by'Chi
for restrained occupants were an average vehicle deceleration of

25 g and a velocity change of 12 m/s.

The Transportation Research Board no-injury limit is an impulse
of 4890 Ns for a wvehicle with a mass of 1020 kg. However, as has
just been pointed out, the impulse suffered in the collision
appears to be insensitive to vehicle mass, Thus if the 4890 Ns
limit is satisfied by poles impacted by the 1343 kg vehicle mod-
elled in the present tests, it should alsc be satisfied for a
1020 kg vehicle.

It can be seen in Figures 3,25 and 3,26 that the TRB no-injury
limit is met by modified ironbark poles with a rated strength of
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& kN or less, and by modified messmate poles with a rated
strength of 8 kN or less. The severe injury limits are met by all
modified poles with design or rated strengths in the range investi-
gated. This is in sharp contrast to the likely outcome of an

impact with an unmodified pole.

3.3.12 The Effect of Pole Breakaway on the
Conductor Cables and Cable Ties

Cable tensions were measured for only eight of the two-crossarm
ironbark pole tests. Seven of the eight tests involved poles with
a FSE rated strength of B8 kN ; the remaining test was with a & kN
FSE pole. Three impact velocities were used (40, 60 and 70 km/h)

and the impact angle was 15°.

For thig configuration, the pole is modified by crossed-holes
just under the lower crossarm, as well as by vertical slots at the
pole base. After the base of the pole has been sheared by the
impacting wvehicle, the breakaway pole section detaches from the
upper-pole/crossarm section of the pole at the upper modified zone
(see Figure 3.9), To achieve separation at the crossed-holes
modification, the cables and cable ties must provide a reactive

bending moment.

In the preliminary test series, it was found that conventicnal
strength ties (10 amp fuse wire in the scale model) were not strong
enough to achieve the upper breakaway, although the cables were
found to be strong enough when clamped to the crossarms. In the
main test series, 15 amp fuse wire cable ties performed success-
fully for FSE rated pole strengths up to and including 6 kN. For
the 8 kN poles 20 amp fuse wire was required. Table 2.4 relates
the size of the fuse wire to the full scale static strength of the

cable tie -~ ipnsulator connection required.

The positioning of the cable tension transducers for the two-
crossarm and the single-crossarm configurations is shown in Figures
3.27 and 3.28 resgpectively. It can be seen that the tensions were
only measured on the high tension side of the crossarms, due. to
limitations in the number of available recording channels. *HOWever,
for one test, trénsducers were placed on both sides of the crossarm

and it was found that, as the tension increased on one side of the
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crossarm following the impact, it quickly fell to zero on the other

side,

Figure 3.29 shows two cable tension traces resulting from a
70 km/h FSE impact with 6 kN two-crossarm ironbark pole. Cable
No. 1, which is the middle, upper cable, develops a peak tension of
215 N as the upper breakaway occurs. This may be compared with the
model cable failure load of 440 N (which, it may be recalled from
Section 2.6.2, scales perfectly with the full-scale conductor fail-
ure load). The pole breaks away at the upper modification as the
peak tension is reached and the crossarms and top section of the
pole then bounce up and down on the cables. The trace from cable
No. 4 (a lower crossarm cable) in Figure 3.29 has a coarser time
scale than the cable No. 1 trace. The initial tension peak which
occurs at pole upper breakaway was consequently not registered in
the plot because of lack of resoclution in the digital storage CRO.
If the initial segment of the signal is examined with a finer time
gcale the breakaway-induced tension peak appears, but has a magni-
tude less than the peaks due to the bouncing of the crossarms.
The longer time scale for the cable No. 4 plot was used to show
the decay of the bouncing mode, and the rest tension level which is
about 50 N (FSE of 2840 N).

Cable No. 1 has the highest peak tension of all the cables, with
the top three cables suffering generally higher tension peaks than
those on the lower crossarm. The peak tension recorded for the
8 kN pole tests was marginally higher at 220 N. However, the
tension peaks due to the bouncing crossarms were much the same for
all tests. Of the lower crossarm cables, the roadside cables were

subjected to the highest peak tensions.

There was no upper pole modification employed in the single-
érossarm, messmate pole tests. Rather, the crossarm stripped away
from the conductors through failure of the 10 amp fuse wire cable
ties. The crossarm separated successfully for all impact velocit-
jes and angles, and the same set of model cables were able to be
used throughout the tests. Figure 3,30 shows the tension traces
for two wires resulting from a 70 km/h FSE impact with a 6 kN rated
messmate pole. The initjial tension spikes occur as the tie wire
fails ; the subsequent tension peaks result from cable bounce. The

peak tension in the conductors is approximately 100N (FSE of 5680N).
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The 10 amp fuse wire used for cable ties in the tests models
the strength of the present in-service aluminium tie wire. Tables
2.3 and 2.4 provide details of the full scale equivalent strengths.
Assuming that the ties were subjected to the peak cable tension
recorded on one side, and effectively zero tension on the other
side, traces such as those in Figqure 3.30 suggest a dynamic failure
load of about 100 N. This compares well with the static failure
locad of 94 N measured in oblicque-pull tests (Table 2.4).

As was mentioned in the discussion of the preliminary results,
high speed movies of the tests with conductor-supporting pole con-
figurations revealed evidence of cable clash. This was completely
eliminated for the single crossarm case by installing three cable
spreaders in each span. .For the two-crossarm case, spreaders were
found to be necessary between the upper and lower cable layers as
well as across the cable layers. In practice this means installing
spreaders between high and low voitage conductors, which may pose

some insulation problems.

3.4 SUMMARY

(i) The experimental program included 95 tests which investi-
gated the collision performance of three modified pole
configurations, for two species of timber, three impact

velocities and three impact angles.

{ii) It was found that a peole medification system involving
the cutting of two vertical slots between two layvers of
crossed-holes resulted in less severe collisions than a
modification involving only a single layer of crossed-

holes.

(iii) It was found necessary to install restraining cables
between the target pole and adjacent poles to reduce the
incidence of the breakaway pole crashing onto the vehicle
roof and/or windscreen. This modification was successful
in preventing such secondary collisions for all but the
lowest speed impacts. Installation of the restraining

cables has the added advantage of preventing the breakaway
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pocle segment from travelling too far and becoming a

hazard in itself.

Vehicle deceleration (peak and average), and the logarithm
of wehicle velocity change were found to be approximately

linearly related to the modified base shear strength.

The experimental results agreed well with the predictions

of the mathematical model described in Chapter 1.

Cable spreaders are required if the problem of post-impact

cable clash is.to be avoided.

Connections between cables and crossarms need to be
gtronger than those presently in service for the two-

crossarm breakaway mechanism to perform satisfactorily.

Conductor cable tensions resulting from pole breakaway
and subsequent cable bounce were well below the ultimate

strength of the conductors.

all three modified pole configurations tested performed
well, over a range of impact velocities and angles, in
terms of reduced crash severity and maintenance of con-

ductor integrity.

Curves showing the peak vehicle deceleration, average
deceleration and vehicle velocity change to be expected
in collisions with in-service poles with rated strengths
ranging from 1 kN to 8 kN were derived. Separate plots
were presented for ironbark and messmate poles. The
results show that impacts with slotted-base ironbark
poles up to a rated strength of 6 kN, and messmate poles
up to 8 kN, result in wvehicle impulse levels below the
TRB no-injury criterion. All modified poles in the rated
strength range investigated (up to 8 kN) resulted in
collision severities well below the severe or fatal injury
limits of Chi (1976).
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CHAPTER 4

SUMMARY AND RECOMMENDATIONS

4.1 BREAKAWAY CONCEPT FOR TIMBER UTILITY POLES

This study was motivated by the desirability of finding an econom-
ical and effective means of modifying existing timber utility poles
go as to reduce the severity of vehicle collisions with them, while

maintaining the integrity of the overhead conductors.

A review of the literature reveals two previous studies of break-
away timber utility poles. Wolfe et al., (1974) conducted a series
of pendulum impact tests on poles modified at the base and near the
crossarm by two crossed-holes. Wolfe's idea is that an impacting
vehicle should cause the pole to break at the base and near the top,
sustaining a tolerable deceleration level, and then continue on clear
of the detached pole segment. Conductor damage should not occur
because the cables are required to support only the relatively small

mass of the crossarms and the very top section of the pele.

Labra (1977) carried cut static and pendulum impact tests on a
number of similar pole modification schemes. He recommended and crash
tested a scheme involving a slot-shim modification at the pole base
and a crossarm release mechanism to release the conductors from the

pole.

The work of Wolfe et al., and Labra demonstrates the feasibility
of the breakaway concept. However, direct extrapolation of the -
results to the heavier and stronger poles used in Australia is not
considered valid. The present study was undertaken to develop a

system suitable for local use.

4.2 MATHEMATICAL SIMULATION OF IMPACT WITH BREAKAWAY POLE

A simplified mathematical model of a vehicle-pcle impact was devel-
oped to investigate the feasibility of a breakaway concept for
Australian pole timbers and vehicles.. The model was used in a
parameter study of the vehicle/breakaway-pole system. The parameters

which have most effect on collision severity were found to be the
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pole shear strength and vehicle mass, with wvehicle impact speed
having a somewhat smaller effect within the range most likely to be
encountered on urban roads. The model results indicated that.a
significant reduction in collision severity could be achieved through
the modification of utility poles, and further experimental study

was justified.

4.3 INJURY TOLERANCE LEVELS

Published data on relationships between the level of wvehicle occup-
ant injury and vehicle motions during a collision do not lead to
well-esfablished injury tolerance limits. However, for the purposes
of design evaluation in this project, the TRE (1978) impulse criter-
ion of 4890 Ns (for a 1020 kg vehicle} was chosen as the no-injury
limit=; the upper or serious injury limits were taken to be 12 m/s

velocity change or 25g average deceleration (Chi, 1976).

4.4 . SCALE MODEL FACILITY FOR INVESTIGATION OF THE
BREAKAWAY CONCEPT FOR CABLE-SUPPORTING POLES

A program of scale model tests was chosen in preference to full

scale tests because :

{a) They should provide an accurate simulation of full scale
tests, provided the laws of similitude revealed by dimens-

ional analysis are adhered to.

(b} They allow the investigation of the feasibility of the
idea, as well as the elimination of unimportant parameters,
for a cost which is an order of magnitude less than fora

comparable series of full scale tests.

{c) They have been used with.great success in crash research

previously.

Scale models were constructed f£rom prototype materials, to a
length scale factor of 1:7.38, of the two most common pole/cable
configurations found beside arterial roads in Melbourne. Timber
luminaire poles were also made. Prototype materials were used

because of the importance of the details of material behaviour to
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the performance of the system. The scale model vehicle was based
on a standard six-cylinder sedan. It was provided with an easily

replaceable, dynamically validated, crushable front structure.

Static tests were carried out on the model and prototype cable-
tie/insulator systems, conductor cables and on the scale model pole
timbers. The scale model timber was found to be, on average, 40%
stronger than would be expected for in-service poles. This is
because the timber in the scale models was drier, and had fewer
defects, than that found in pole bases in service. However, this
was taken into account in the prediction of full scale response

from the scale model results.

The test set-up consisted of a line of five poles. The target
pole was flanked by identical wooden poles and the conductor cables
were terminated on adjustable turnbuckles mounted on two outer
steel poles., The model vehicle was launched by a spring-actuated
plunger at an angle to the pele line which was varied between 0°
and 50° , at full-scale equivalent impact speeds of 40, 60 and 70
km/h.

Vehicle deceleration was recorded and processed by a digital
processing oscilloscope system. A twin-light-beam timing gate
allowed measurement of impact velocity, while specially-developed
transducers monitored cable tensions during the tests. High-speed

motion pictures were taken from two locations.

4.5 DEVELOPMENT OF POLE/CABLE BREARKAWAY SYSTEMS

4,5.1 Preliminary Test Series

A preliminary test series of seven impacts with poles modifisd by
the crossed-hole scheme of Wolfe et al., was conducted. The tests
established the viability of the scale model test technigue and

the substantial reduction in collision severity that can be achiewved
through pole modification. The tests also identified a number of
areas requiring detailed design development in the main test series.

These were :

(i) The post-impact trajectory of the detached pole
segment.
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(ii) Clashing of the overhead cables.

(iii) Cable tie and insulator strength requirements to

ensure an upper pole breakaway.
(iv) The maximum load induced in the cables.
(v) The effect of varying impact speeds and angles.
(vi) The effect of different pole/cable configurations.

(vii) Alternative methods of modifying the pole to further

reduce the impact severity.

4.5.2 Main Test Series

The main test series involved B8 impacts with poles modified at the
base by Wolfe et al's. crossed-holes, Labra's slot/shims and by a
new slotted base developed in this project. Three impact velocit-
ies were used (40, 60 and 70 km/h full scale equivalent) and three
impact directions (15° , 30° and 50° from the pole line).

Poles are rated according to the transverse load which can be
sustained at a point near the top of the pole without exceeding an
allowable working stress in bending. In-line poles typically
require a strength rating of about 3 kN to resist wind loads ;
termination and deviation poles have higher rated strengths. Both
single-crossarm messmate, and two-crossarm ironbark pole/cable con-
figurations, modified to maintain full scale equivalent rated
strengths from 3 kN to 8 kN, were tested. A 2 kN timber luminaire

pole was also tested.

(a) Recommended modifications

Of the three pole base modifications tested, the slotted base illus-
trated in Fiqure 4.1 is recommended. Its impact performance is
superior to the crossed-hole scheme and its potential for in-serv-

ice degradation seems less than for the slot/shim modification.

The recommended upper pole breakaway mechanism for the two-
crossarm pole configuration consists of two crossed-holes drilled
through the pole just below the lower crossarm. On impact, the

breakaway segment of the pole detaches at the slotted base and at
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the upper crossed-holes, leaving the crossarms and pole top suspend-

ed on. the conductors.

The maximum hole sizes ‘allowable at both the base and upper mod-
ification can be determined from conventional pole design calculat-
ions. Environmental protection of the pole timber will be regquired.
Filling the holes and slots with expanding foam and surface sealing

is suggested.

Measured cable tensions indicate that the strength of the cable-
tie/insulator system required for two-crossarm poles with rated
strengths up to 6 kN is of the order of 9.5 kN, For poles with a
rated strength of 8 kN, a cable-tie/insulator strength of 12.5 kN
is required. By way of comparison, the aluminium tie wire system
presently in service has a strength of 5 kN. Higher strength
systems therefore need to be developed before a prototype modified
pole can be tested.

The prototype conductor cables for this configuration were
19/3.25 AAC. The peak cable tension resulting from impact and
subsequent pole breakaway was 12.5 kN, The ultimate strength of
alternative conductors should be checked if they are to be used.

In the case of the single-crossarm pole, no upper pole modified
zone is required. Instead, the pole and crossarm simply strip away
from the conductors by breaking the standard strength cable ties.
The peak cable tension resulting from impact and subsequent pole

breakaway is 5.7 kN.

The installation of restraining cables between the target pole
and the adjacent poles was found to be necessary to reduce the
incidence and severity of the breakaway pole segment impacting the
vehicle windscreen or roof. This has the additional advantage of
preventing the detached pole segment from translating far from its
starting point, thereby reducing the probability of secondary
collisions with other vehicles. For ironbark poles the ultimate
strength of the restraining cable should exceed 50 kN ; for mess-

r

mate poles, 45 kN .

A number of tests were conducted to investigate the possibility

of a 'domino effect' of successive failures occurring in a run of
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modified poles when one of their number was struck by a vehicle,
No such effect was produced.

(b) Collision severity

The impact test results show that the vehicle deceleration (peak
and average) and the logarithm of vehicle velocity change increase
approximately linearly with base shear strength. For a given base
shear strength, there is little to distinguish between the impact
performance of different pole configqurations or timber species.
There is also little detectable effect of impact velocity on

collision severity in the range of speeds tested.

The simple mathematical model predictions are generally in good
agreement with the experimental results, and the model should prove
a useful tool for investigating the effect of system parameter

changes.

As a quide to the collision severity that can be expected from
impacts with modified in-service poles, the curves in Fiqures 4.2
and 4.3 have been derived. These are for ironbark and messmate
poles respectively, based on the species mean modulus of rupture
reported by Boyd (1961, 1968). These curves show the expected
levels of wehicle deceleration and velocity change as a function of

rated pole strength,

The curves of Figure 4.2 apply to 12 m (9.8 m above ground) iron-
bark poles with two-crossarms ; the curves of Figure 4.3 relate to
1l m (8.6 m above ground) messmate single-crossarm or luminaire

poles.

Although the curves have been derived for a vehicle mass of
1343 kg, the mathematical model results allow estimates of collis-
ion severity for vehicles of different mass to be made. Velocity
change can be predicted by dividing the impulse by the vehiclé mass,
and estimates of peak and average deceleration can be derived by
multiplying the values obtained from Figures 4.1 and 4.2 by 1343/M ,

where M is the vehicle mass in kg.

It can be seen in Piqures 4.2 and 4.3 that the TRB no-injury
impulse limit of 4890 Ns is met by modified ironbark poles with a
rated strength of 6 kN or less, and by modified messmate poles with
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a rated strergth of 8 kN or less. The severe or fatal injury limits of
Chi (1978) (12 m/s velocity change or 25 g average deceleration) are met
by all modified poles with design or rated strengths in the range
investigated. This is in sharp contrast to the likely outcome of impacts

with unmodified-péles.

(c) Integrity of conductors

Conductor cable tensions resulting from pole breakaway and subsequent
cable bounce are well below the ultimate strength of the conductors. The
installation of cable spreaders was found to be necessary to avoid the

problem of post-impact cable clash.

In general, all three modified pole configurations tested performed
well, over a range of impact veleocities and angles, in terms of reduced

crash severity and maintenance of conductor integrity.
4.6 RECOMMENDATIONS FOR FURTHER WORK

It has been clearly demonstrated that a significant reduction in the
severity of impacts with timber utility poles can be achieved through simple
modifications to the pole. It is therefore recommended that a program of

full scale tests be undertaken with the following objectives:

(a) Validation of the scale model test results. This would be achieved
by replicating the test conditions and results of six tests
involving the three modified pole configurations (Figures 2.1 - 2.3)
being impacted by a 1350 kg wvehicle at speeds of 40 and 70 km/h,
Ideally, this would mean the replication of scale model test numbers
31, 33, 66, 68, 90 and 92. Given that the scale model response
corresponds to that of the prototype for these test configurations,
it is reasonable to assume that the remaining scale model results

are valid simulations of full scale behaviour.

(b) Evaluation of the recommended in-situ utility pole modification

schemes in terms of

(i) impact performance
(ii) electrical integrity
(iii) ease of installation

(iv) service life
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{c) Development of final prototype system specifications prior to

in-service trials.

It is envisaged that the model validation tests would form the basis of
a preliminary test series, the outcome of which would in turn determine

the course of any subsequent test program,

It is also recommended that the scale model facility be maintained during
the full scale tests so that any proposed design variations could be

tested gquickly and economically prior to full scale testing.

The utility authorities should be closely involved in the full-scale

trials to ensure that all operational problems are defined and investigated.
It is noted that before full-scale trials on two crossarm poles can be
undertaken, the development of ﬁigher strength cable—tie/insulator systems

is required,

Following successful full~scale trials, it is recommended that in-
service trials of the in-situ modifications be undertaken at a number

of sites where the accident risk justifies such action.
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APPENDIX A

MATHEMATICAL MODEL OF IMPACT WITH
BREAKAWAY RIGID UTILITY POLE

The model proposed is illustrated in Figure A.1l. A wvehicle of
mass M, with velocity V and crush stiffness k, impacts a pole of

lenqthfﬂ, shear strength Fs and a moment of inertia about its

top of I,

There are two phases in the collision sequence modelled.
The results of phase I provide the initial conditicns for the

equations describing phase II.

At the moment of impact, the vehicle is assumed to be in
contact with an immovable pole. This continues until the
vehicle crush has de#eloped_fo the extent that the force between
the pole and the vehicle is equal to Fs. This. is phase I. As
soon as the impact force reaches Fs' the pole is assumed to shear
and is then free to rotate about O. Discussion of this assumption

is contained in the main text.
The assumptions contained in the model are:

{a) Once the impact force reaches Fs' shearing of the pole is

instantaneous.

{b) The vehicle has a linear crush characteristic with zero

coefficient of restitution.
{c) The pole is rigid.

{(d}) After shearing, the pole rotates about O.
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Phase I ~ Vehicle crush with Phase II -« Pole free to rotate
no pole displacement. about O.
where:
Fs - Pole shear strength

- Moment of inertia of pole about O
- Vehicle crush spring stiffness
Pole length '

-~ Mass of vehicle

< B e ® OH
|

- Impact velocity
X,9- Generalized co-ordinates

t - Time

Figure A.l. Mathematical Model.

Until the force between the vehicle and the pole reaches Fs'
the equation of motion for the vehicle is (with no pole motion
during this phase}:

M$ + kx = O (a-1)

That is,

%
&+ m02x=0, w =f§ (a-2}
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The solution to this equation, with initial conditions, x{(0) = ©
x(0) =V is,

Xx = V ¥Y{M/K) sin mot {(A-3)
Thus the velocity is
X = Vwo Y (M/K) cos wot (a-4)

The force between the vehicle and the pole is

Hence
F = V vkM sin wt (2-5)

The pole shears when F F_. That is, when

__Ts
v vkM

sin w t
o

Thus, at the end of phase I

(5]
= T
]

x. =V 1#1-13‘52/1*:1‘1\!:2

These form the initial conditions for the post-shear phase, or

phase II .

The equations of motion for phase I are:

Mx + kx - k8 = Q (A~6)

I 6 - kix+ki%=0
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Assuming a solution of the form

lq = (9} ad®

results in

Mu? + Xk - k2 jx |
- {0 {A=8)
-k - Tw? + k&2 lu
ie
[£] {¢} = {0}

where [f] is the characteristic matrix

and {¢} is a modal vector.

The characteristic equation is obtained as
| £] = (-Mu?+Xx) (-Tu?+ ki) - ki = 0

ie MIot - (Mke2 + kI) w? = 0

The roots of the characteristic equation yield the system naktural

frequencies:

©y

0 {(rigid body mode)
and

E
]

V(1 + MR2/T) (k/M)

sclving (A-8) for each of the modes in turn yields the modal

matrix

[8] = | ¢ M) {4t} | = [‘L - mt |

33
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Hence the general solution of the equations of motion is

£l | 1 3 +
X [ i : g, it ].t 3
| ML |
- i ]
[: {t) 1 1 . sin fw.t + ¢}
J | 3 < ]

where Cl' C2, C, and |y are constants of integration. That is,

T

x (t) = £(clt + cz) - ML C3s:Ln (mzt + P {A-9)

B (t} = Clt + c2 + C351n (mzt + ) (a-10)
L

x (£} = lcl - ML c3 w, cos (mzt + ) (a-11)

8 (t) = C1 + C3m2 cos (wzt + y) {(a-12)

The initial conditions for phase II are,

Fg

k. }‘ﬁ(o)

vehicle: x (o)

V1 - F 2/%M72
v/l - F 2/x

8 (o)

3
=]
~

[l
o

pole: 8 (o)

Inserting these initial conditions in equations (a-9) - (A-12) and

solving for ¢, Cl' C2 and C, gives:

3

v Yl - F§2/kMV2
2 (1 + I/ML2)

(A-13)

g
]

F_/ (k&) (1 + I/M22) (A-14)
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<,

C3 = = sin ¥ (&-15)
C2w2

tan ¢y = El (A=16)

The vehicle crush &, is given by

5 = x - ki

I
Thus 8w, | wiZ + 1) L sin lu,t + ¥
X
and § = -Cju, | Mi? + 1) cos (0t +9)
The maximum crush is
.
= - 1 E.E
'ﬁm}t C | + 1]
and occurs at
n -2y
Sanx 2w,
Since
Fax = ®mx = M gy
Then
C'Jlk

Xy ™ M (ME2 + 1)

As zero restitution is assumed, the pole and wehicle separate
4 6 B
at tuax when mx_has been reached
Thus, from equation (A~-1ll), the total velocity change is given
by
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APPENDIX B

MATHEMATICAL MODEL OF IMPACT WITH & FLEXIBLE
BREAKAWAY UTILITY POLE

The model described here is an extension of the model derived in
Appendix A, to account, approximately, for the effects of pole
flexibility. The assumptions concerning the vehicle crush stiff-
ness, the shearing of the pole, and the top pin joint remain.

In order to simplify the calculations, however, the pole has been

assumed to be cylindrical with a uniform mass distribution.
Phase I of the motion proceeds as in the rigid pole model.

For phase II, generalized coordinates x(car displacement),
6(rigid body pole rotation) and n{elastic deflection of pole) are
employed.

The elastic deflection of the pole at a distance y from the top

is taken as vyl = no(y) (B-1)

Phase II

Figure B.1l. Flexible pole model
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where the deflection pattern of the beam is assumed to be that of
the fundamental elastic mode of a pinned-free uniform beam. This

mode shape may be approximated by (Den Hartog, 1956):

$(y) = sinmy/R - 3y/m% . . {B=2)
The kinetic energy T of the system may be written:
Irr.
T = hMx® + J Lulyd + u)lay {B-3}

£ ]
where M is the wvehicle mass and u is the mass per unit length of

the pole, which is of length ¢.

Equation (B-3) may be written

2 v
T = BMx? + RI82 + n2 f ué(y)2dy + on J nyé(y)dy  (B-4)
- Q ]
where 2
I = I py?dy
o]

is the moment of inertia of the pole about the pin joint 0.

Substituting the assumed deflection pattern (B-2) into (B-4)

results in

T = MMx2 + 51062 + 502 (.1960) pt (B~5)

The potential energy V of the system may be written

']
v o= hk[x - 28 - w{£)]? + &BEI [
|:| L1

3"--.!]E

—r 4

:.Ij,-ll ¥

where k is the wvehicle crush stiffness and EI is the bending

stiffness of the pole.
Using (B-2),
Vo= hk[x? - 2Ex8 + 2202 - 2¢(L)xn + 20400080 + 40212 ] (B-8)

A
2
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From the general guadratic forms for T and V in equations (B-5)}
and (B-6) the system mass and stiffness matrices may be deduced.

The equations of motion are then:

MO 0 [ 2 [k =ki k4 (1) f“ i
| ek :
o I 0 {8+ | =kt ks kig (L) a
, | — . - oy 3 m'EL f
0 O 196wk | | H ] [~k$(2) kig(L) kip()® + 5537l (n )

The characteristic¢ equation,

-uiM 4+ k -k 4 ~kg (L) |
=ki -wll + ki kE&{R) [ = 0

o : _ -  WEI |

--k.-;.ll:i:l ﬂlﬂﬁi] -'_u‘-lgﬁJL + h¢-|:5':l_ + 2}_._ I

can be written
w? [w* - m2(m02 +w 2 w ) +w 2y 2] =0
20 30 20 30

wherea L m (] 4 —

a2
2 o K¢ ()
- “s © D.196ut

The natural fregquencies are thus given by
w2 =0
1

w i =w?+u e 2w (w -w 2w 2+
0 0 30 20 0

2 30

(w +a )2}}
30 20

The corresponding mode shapes, assembled into a modal matrix [¢],

are

-I_ L
. M2 ML
[ﬁ] = 1 1 | I
I > = I 3 bl
ﬂ ————— | 1 — | —— .'_.|'-; - d =
k1¢[£]i”2 m;gj kid{L}[ 3 0 J
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The general sclution of the egquation of motion is therefore

M () Ct+C 1
| [ =] 1 !'
alt)r = [4] Elﬂn w t + 4.1211
¢ =
nit) C sinfw £t + ¥ IJ
3 3 3

where Co' Ci and wi (i =1, 2, 3) are constants of integration.

That is,

I I 7
x(t RC t + C - —Cainfw t + ¢ | = —C sinluw t + ¥ (B=T)
: o 1 MR, 2 ‘s WLy 3. iy '

& = CE+C +#Csinfwt+d ) +C sinfw t + i B-8
(t) E : E [E i : ¢ -1:3 (B~-8)

n ot g - S5 B 210 mi = 4 +I— % ol
(6 % Bty W, 5w, )0, Me R VN ¢ TR e )

" |: -
35in (u,t + 9,) (B-9)

The initial conditions for phase 1I, as derived for the

termination of phase I in Appendix A, are

8{(o) = n(c) =0

8(o) = n(o) =0

x(o) = Ts

k

x(o) = wi - 7 /v’
where FS = shear strength of pole

V = impact velocity

M = vehicle mazs

k = Vehicle crush stiffneas

Inserting the initial conditions into eguations (B-7) - (B=9)
and their derivatives, resulks in

(B=10)

Wi‘l - F 2 /knv?
T (1 + med 1)
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F ML
=g
ST
k1{1l -I-"'i—] (B=11)
-C, + C_siny
l 3 k1 ol L.
C2 = Sind (B=12)
c051n¢2 - Clcoswz
C, = _. . (B~13)
3 51n¢3cos¢2 w351n¢2cosw3
:IIEL-:.|
tdn{ﬂ21 - (B-14)
o
w,C
371
tan(¢3} = (B-15)
o
Vehicle deformation, 6, is given by
§ = x - &8
From eguations B-7 and B-8.
f= =L (I 12 Ly 1C ®in | + C.sin{w.t + 3 B=
(LML* + 5.LJ infw,t + ¥ C, n i 3 L3]P [B-18)

Maximum vehicle deceleration occcurs when the crush is a maximum,

MAX M “MAX, (B~17)
at time t =t

The total vehicle velocity change is given by
AV =V - xl(t < "
assuming that the pole and wehicle separate at the moment of
maximum vehicle deformation. Hence

=V - -1 _
bV =V -ac - Ibzwzcos(mztuhx + ) + Cqugcos(usty, . + Wyt l

(B=18)

Upon substitution of numerical values, equation (B~16) may be
evaluated as a function of time until the maximum crush is
reached at tMAx‘ Equations (B~17) and (B-18) then vield the
maximum deceleration and overall velocity change for the impact.
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APPENDIX C

INJURY TOLERANCE LEVELS

The evaluation of crash severity during an impact attenuation test
program reguires the prediction of probable occupant injury levels,
Typically, such predictions are based on vehicle deceleration and
velocity change resulting from the impact. This assumes a
relationship befween vehicle dynamics and occupant injury, and
ignores large sources of variability such as occupant size, health,

restraint and vehicle interior geometry.

Considerable effort has been put into relating injury severity
to vehicle frame velocity change and deceleration levels. However,
the preseht state-of-the-art is such that reported tolerance levels
can at best be interpreted as lower-bound estimates. Work is
currently underway in the USA to review and refine the evaluation

criteria for impact severity (Transportation Research Board, 1978).

The bulk of tolerance data reported relates to vehicle-vehicle
or vehicle-barrier collisions. Thus they do not encompass the
special problems created by pole collisions such as massive
penetration of the occupant space as a result of the narrow,
concentrated impact. Conditions grossly affecting the tolerance
figures reported, such as pulse shape and restraint typre, vary
widely from study to study, further complicating the selection of

appropriate levels,

TABLE C.1.

LIMITS OF TOLERABLE DECELERATION (G), GRAHAM ET AL (1967)

Occupant Lateral Longitudinal Total
Restraint

Unrestrained 3 5 6
Lap belt 5 10 12

Lap belt and shoulder

15 25 25
harness
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{Consequently a comparison of reported tolerance figures must take
‘into consideration experimental conditions, particularly the
-Qccupant restraint system and the time profile of the parameter
under study. Fiqure C.1 from Michie and Bronstad (1971) demonstrates
‘the effect of acceleration duration on tolerance levels, while
Table C.1 fromGrahametal (1967) shows the effect of occupant restraint
itype. The figures‘reported by Graham are assumed to be low injufy
probability levels, although this is not specified,

Cchi (1976), in his reviéw of barrier-crash injury criteria also
outlines the effect of restraint type, exposure time and onset

rate on proposed injury tolerance levels.

Head and chest injuries are the most critical injuries and
itrauma in these regions has been the subject of considerable study.
‘Tolerance figures are typically reported for a number of body regions
in terms of the deceleration, impulse, velocity change etc.,

iexperienced by a particular region {(eg. 80g for 3ms at the head).

Melvin, Mohan and Stalnaker (1975) present a comprehensive
ireview of available data on these ‘localized' tolerance figures,
iand point out that the data are largely incomplete., This is
jparticularly so in the area of head injury where the roles of
linear and angular motions and their interactions in the injury
iproducing mechanism are not well understood or modelled,
inpplication of 'localized' tolerance figures requires the use of
ioccupant simulators during a crash test program to establish the

'various exposure levels for different body zones.

A simplification of the test program would be achieved if

‘tolerance figures could be set for vehicle-frame parameters.

One source of information in this area is the Experimental
Safety Vehicle (ESV) program, in which a number of worldwide
vehicle manufacturers attempted to produce a prototype vehicle
which would meet specifications for crashworthiness, accident

avoidence, post crash behaviour and pedestrian safety. The ESV
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program criterion for maximum permissible deceleration as a function

of impact velocity, is shown in Figure C.2.

The ESV crash test specifications (Slechter, 1971) included
requirements for a 50 mph (80 km/h) frontal pole impact, as well
as a 15 mph (24 km/h) pole sideimpact. Test specifications allowed
a maximum of three inches of occupant space penetration, The
frontal impact response had to satisfy occupant space integrity
requirements as well as achieve deceleration levels below those

set out in Figure C.2.

Table C.1 specifies tolerable vehicle frame acceleration
levels for different occupant restraint systems. This table was
subsequently reported by Olson, Ivey, Post, Gundersdn, and Centiner
{(1974) and Michie, Calcote and Bronstad (1971). The levels are
for an exposure duration of 200 ms, and a maximum onset rate of

500 g/s.

Much of the acceleration tolerance level data resulted from
sled tests and laboratory experiments using both volunteer and

animal subjects.

Another approach adopted by a number of authors has keen to
attempt to correlate vehicle damage levels with occupant injury
severity, using accident data files and photographs cf the damaged
vehicles. Accident-vehicle damage was in turn compared with
vehicle damage resulting from controlled barrier crash tests, to
allow estimates of accident-vehicle deceleration and velocity;

change levels.

Olson et al (1970) used this method to derive the following formula:

i

where G = average longitudinal deceleration

P

probability of injury due to longitudinal acceleration.
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This equation gives tolerance levels below those reported in
Table C.1.

The applicability of barrier test results to high velocity change
pole collisions is doubtful because of the larger cccupant space
penetrations in pole collisions, Figures derived from barrier tests
in this range of AV, can at best be considered as upper bounds for

tolerance levels in pole collisions.

Tolerance figures in terms of vehicle velocity change have also
been reported. Johnson amd Messer {1970) considered a velocity

change of llmph (17.7 km/h) to be the injury threshold for

unrestrained occupants.

Grime (1976) and Marsh, Campbell and Kingham (1977) used the
effective~-barrier-speed (EBS) approach as fhe basgis of their work.
Effective barrier speeds are estimated by comparing the level of
vehicle damage resulting from a controlled barrier collision test
with the level of damage to the accident vehicle. Grime derived
plots of cumulative percentage of injured occupants against EBS (as
a measure of collision severity) for slight injury, serious injury
and fatalities. The data base was vehicle-to-vehicle frontal
impacts. Although not clearly stated, it appears that the data
are for unrestrained occupants. Grime's results, for collisions

between vehicles of equal mass, are shown in Figure C.3.

Figure C.3 is interpreted as "Y% of slight/serious/fatal

injuries occur at velocity changes of X or less".
Marsh et al (1977) transformed recorded accident wehicle ecrush
(CRUSH inches)into effective barrier speed (EBS mph) using the

following egquation:

EBS = 7.5 + 0.9 x CRUSH
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The EBS calculation assumes a distributed crush zone and thus

its use is invalid for damage resulting from pole accidents.

The plots derived by Marsh et al and by Grime could perhaps
be used for pole impacts which result in low velocity changes
(say AV < 35 km/h)., In such impacts, pole penetration would be
low. The vehicle velocity change and deceleration would then be the
predominant factors in injury causation. Breakaway pole impacts

would fall into this category for successful pole designs,

Marsh et al employed the abbreviated injury scale (AIS)
(Committee on Medical Aspects of Automctive Safety, 1971) as a
measure of injury severity. They plotted the cumulative percentage
of injured occupants against EBS for BIS levels 0 through 4
(Figure C.4).

Marsh et al also plotted the probability of a given level of
injury or greater against EBS (Figure C.5). For example,
Figure C.5 shows that for an EBS of 30 mph {48 km/h) the probability
of an AIS of 3 or greater is 4 percent. It is unfortunate that
both Marsh et al, and Grime both conclude their discussions by
stating that the data base used to derive the crash severity and

injury level distributions were scant.

In addition it is likely that both data bases were for
unrestrained occupants. They therefore form a lower bound for
Bustralian conditions, where compulscry seatbelt wearing legislation
has lead to a seatbelt wearing rate ranging from 65 to 85% (Vaughn,
Wood and Croft, 1974); Cowley and Cameron, 1976). It is .thought
however, that the seatbelt wearing rate may be lower amongst

accident victims.

In their study of vehicle-to-wvehicle side impacts, McHenry, Baum
and Neff (1977) estimated the wvelocity change for both the striking and
and struck:vehicle using the CRASH 2 accident-reconstruction for cases

from the Multi-Disciplinary Accident Investigation File{National Highway
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TABLE C.2.

INJURY VS AV FOR STRIKING VEHICLE (ALL SIZES)
(McHENRY, BAUM AND NEFF, 1976)

AV INJURY RATING (AIS)
MPH
0 1 2 3 4 5 6 Total

0~ 5 1 2 3
0 ~-10 7 12 4 1 24
n-15 7* 22* 14 6 1 50
16 - 20 3 13 15% 4% 35%*
21-25 1l 10 11 3 1 26
26 - 30 1 5 5 11
31-35 2 1 3 6
36 - 40 1 1 2
41 - 45 1 1 1 3
46 ~ 50 1 1
51-55 1 1l
56 - 60 1 1

<60
Total 20 €8 50 18 1l 2 4 163

* TIndicates the 50th percentile AV category for eath injury severity.

TABLE C.3.

RECOMMERDED MAXIMUM DECELERATION (G) LIMITS FOR FATAL OR IRREVERSIBLY
DISABLING INJURIES (CHI, 1976)

Longitudinal Lateral Vertical
Occupant
Restraint AV  a AV a Aa a
Lap and shoulder belts 12 25 12 25 3 12
Lap belts only 12 20 & 20 3 12
Unrestrained 6 20 6 20 3 12

where AV Velocity change due to the occupant impacting the vehicle interior

in meters/sec (usually the terminal wvelocity before impact).

a= Average deceleration in G - units over the duration of impact.



136.

Traffic Safety Administration). These velocity changes were tabulated
against injury severity (AIS) and the results for the striking wvehicle
are shown in Table C.2. BAs in the majority of published information in
this area, no firm tolerance figures can be derived from the results
because of the small case numbers involved in each category, and data

shortcomings.

Chi (1976) adopted the approach of calculating the average deceleration
in a crash test as the wvehicle wvelocity change divided by the impact duration.
The velocity change was obtained by integrating the deceleration record. This
value along with the average deceleration, forms the basis of Table C.3,

which specifies tolerance limits for fatal or irreversibly disabling

injuries.

Chi defined "tolerance limits" as the maximum acceleration or velocity

change which will not cause fatal or irreversible damage.

For conservative designs, Chi recommends the application of a factor
of safety of two or three to the tabulated figures, although lower values
may be argued on the basis of cost-benefit studies for a particular

design.

The only known source of tolerance data for pole collisicons (apart
from the ESV specifications comes from the testing of breakaway luminaire
and sign supports. Edwards, Martinez, McFarland and Ross (1968} report a
velocity change of 6mph (2.6 km/h) as the injury threshold for unrestrained
occupants. The FHWA (1970) sets an impulse limit of 4543 Ha for full scale
crash testing of.breakaway luminaire supports. This is eguivalent to
6mph {9.65km/h) for a 40001b (1810 kg) vehicle, and llmph (17.7 km/h) for
a 30001b (1357 kg) wvehicle. '

The latest procedure guide for the wehicle crash testing of highway
apurtenances (Transportation Research Board, 1978) has maintained the

impulse criterion of 4890 Ns as the principal measure of impact severity.
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It would be perhaps more rational to replace the impulse criterion with
a velocity change criterion as the latter does not vary with vehicle

mass.

The impulse criterion has to be satisfied at two impact velocities

8.9m/s (20mph) and 26.8m/s (60 mph) with the vehicle mass being 1020 kg.

For the purposes of design evaluation and comparison it was decided
to use the TRB impulse criterion (4890Ns) as the lower bound (no-injury
level) and the average deceleration (25g) and velocity change (12 n/s)
figqures reported by Chi (1976) as the upper bound {serious injury tolerance
limit). Crude estimations of the likely reduction in cccupant injury
obtained for a particular design will be obtained from the results of

McHenry et al (1977) and Grime {(1976}.
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APPENDIX D

SUMMARY OF TEST RESULTS

This Appendix details the set-up and results of each test conducted.
Some of the information is presented in shorthand form, the numbers
in the brackets corresponding to those in the explanation of the
codes which follows. It is noted that the results presented here
are the scale model results. Full scale equivalents must be

derived using the'appropriate scale factors.

1. Pole material :

I - _ironbark

M - messmate.

2. Test mode - details pole configuration, impact angle, and
presence of restraining cable. The code consists of both
letters and numbers, the numbers referring to the angle of

impact (vehicle path relative to pole line) and the letters
as follows :

DL - double layer of conductors supported by two

cross-arms {(Figure 2.1) ;

DLR - as for DL, with a restraining cable ;

I

SL - single layer of conductors supported by single

cross-arm (Figure 2.2) ;

SIR - as for SL, with a restraining cable ;

r

Lp - luminaire pole (Figure 2.3) ;

¥

LPR =~ luminaire pole with restraining cable.
T - free standing pole.

3. Lower modification type :

X-holes - c¢rossed holes (Figure 1.1) ;

Slot - two 1ayers of crossed holes connected by
slots {(Figqure 3.2)

S1t/Shm - slot/shim method (Figure 1.3) ;

ST - sawn through.
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4. Lower hole diameter :

In the case of the two layers of crossgd holes joined by

slots, both sets of holes were the same size.

5. Velocity change :

The full scale equivalent in km/h is given in the brackets.

6. Roof /windscreen impact :

This notes whether or not the pole end strikes the vehicle
windscreen and/or roof as the vehicle passes underneath.
The first letter refers to the severity of impact (L -
light , M - moderate , S - severe) and the remaining

letters to impact zone (R - roof , W - windscreén).

7. Tie wire :

The tie wire used to attach the conductors to the insulatoy
pins in the scale model was fuse wire. This item records
the amp rating of fuse wire used which can be related to

a static strength (refer Sectioﬁ 2.5.1). The category
clamps refers to the set-ups where the conductors were

clamped to the cross-arms.

8. Upper fracture occurred :

Notes whether or not the pole successfully detached from
the upper modified zone. '

9. Lower fracture occurred :

Notes whether or not the pole successfully detached from
the lower modified =zone.
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Test Test Number
Parameter 1 2 3 4
Pole material (1) I 1 I |
Test mode (2} DL15 DL1S DL15 DL15
Lower modif. (3) X-holes X~holes Unmod. S.T.
Lower hole

dia. {cm) 1.27 1.43 - -
Section modulus
remaining-lower
zone (cmd) 2.11 1.39 4.88 0
Pole design

strength (kN) 6.00 3.94 13.85 0
Impact vel. (m/s) 7.17 7.63 7.63 7.63
Velocity change 2.35 2.02 7.63 . 0.84

(m/s) {5) (23) (19.8) {(74.6}) {8.2)
Peak decel. {q) 32 31 73 6.5
Average decel. (g) 12.8 11.8 26.2 2.7
Vehicle nose

def. {(cm) 10.2 . 10.0 12.8 2.5
Roof/windscreen

impact (6) NO NO RO NO
Tie wire (7) 10 Clamps 10 Clamps
Conductor failure NO NO |1 NO
Upper fracture

occurred (8) NO YES MO YES
Lower fracture

occurred (9) YES YES WO -
Rupture stress (MPa) 177.8 153.4 180.8 =
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Test Number

Test
Parameter 5 6 7 8
Pole material (1) I I I I
Test mode (2) DL15 DL15 DL15 bIl5
Lower modif. (3) X-holes X-holes X-~-holes X-holes
Lower hole

dia. (cm) 1.31 1.31 1.31 N.A.
Section modulus
remaining-lower
zone *{cm3) 2.15 2,23 2.09 2,90
Pole design

strength (kN) 6.09 6.32 5.93 B.24
Impact vel. (m/s) 7.63 7.63 7.63 6.58
Velocity change 3.08 2.20 2.56 N.A

{m/s}) (B {30.1) {21.52) {25.02) T
Peak decel. {g} 37 32 33 N.A.
Average decel. (g) 18.6 15 15.5 N.A,
Vehicle nose

def. (cm) 10.0 10.2 11.4 11.7
Roof/windscreen

impact (6} NO NO NO N.A.
Tie wire ({7) Clamps Clamps 15 Clamps
Conductor failure NO NO NO NO
Upper fracture

occurred (8)- YES YES NO NO
lower fracture

occurred (9) YES YES YES YES
Rupture stress (MPa) 182.7 174.8 174.6 -
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Test
Parameter 9 10 11 12
Pole material (1) 1 I I I
Test mode ({2} DL15 DI.15 DL1S DL15
Lower modif. (3) X-holes Slot S1t/shm. S.T.
Lower hole

dia. {cm) 1.03 1.11 - =
Section modulus
remaining-lower
zone (cm2?) 2.80 2,76 N.A. " 0
Pole design

strength (ki) 8.24 8.08 8.0 0
Impact vel. {m/s) 6.88 6.51 6.56 6.49
Velocity change 3.42 1.54 1.87 « 0.84
{m/s) (5) {33.4) (15.1) {(18.3) (8.2)
Peak decel. (g) 34 17.5 26 7.0
Average decel. (g) 15.5 7.2 10.2 2.76
Vehicle nose

def. (cm) N.A. 2.0 10.0 6.0
Roof/windscreen

_ j_mpact (6) SR, SW SR, 5W SR, 5W SR
Tie wire (7) Clamps Clamps Clamps Clamps
Conductor failure NO NO NO NO
Upper fracture

occurred (8) YES YES YES YES
Lower fracture

occurred (9} YES YES YES -
Rupture stress (MPa) - 134.6 110.0 ©149.7
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Test

Parameter

—— ——

Pole material (1)
Test mode {2}
Lower modif. (3)

Lower hole
dia. {cm)

Section modulus
remaining-lower

zone (cm3)

Pole design
strength {(kN}

Impact vel.: (m/s)

Velocity change
(m/s) (5)

Peak decel. (g)
Average decel. (g)

Vehicle nose
def. {(cm)

Roof/windscreen
impact (©)

Tie wire (7)
Conductor failure

Upper fracture
occurred (8)

Lower fracture
aoccurred (9)

Rupture stress (MPa)

Test Number

13 14 15 16
I I I I
DL15 DL15 DLLS T15
X-holes X-holes Slot Slot
1.31 1.31 1.19 1.11
2.9 2.9 2.76 2.76
8.24 8.24 8.08 8.08
6.99 6.97 6.97 6.94
2.63 2.70 2.37 , 1.23
{(25.7) (26.4) (23.2) (12.1)
35 35 18 19
12.6 12.5 12.9 6.7
10.2 11.1 8.0 8.0
MW, MR R MR NO
Clamps Clamps Clamps N.A,
NO NO NO -
YES YES YES -
YES YES YES YES
- - 126.6 132.9
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Pole material (1)
Test mode (2}
Lower modif. (3)

Lower hole
dia. (cm}

Section modulus
remaining-lower

zone (cm3)

Pole design
strength (kN)

Impact vel. (m/s)

Velocity change
{m/s) (5)

Feak decel. (q)
Average decel. (g)

Vehicle nose
def. (cm)

Rocf/windscreen
impact (6)

Tie wire (7)
Conductor failure

Upper fracture
occurred (8)

lower fracture
occurred (9)

Rupture stress (MPa)

Test Number
17 18 19 20
_I I. I I
DL1S T15 ‘DL15S . DL1S
Slot slot Slot Slot
1.129 1.07 1.19 0.99
2.76 2.76 2.76 2.76
8.08 8.08 8.08 8.08
7,03 6.93 7.00 6.95
2.22 1.80 1.68 2.14
(21.8) (17.6) {16.4) (20.9)
24 17.5 22 22
10.7 9.8 N.A. 8.7
10.2 7.9 8.0 10.0
SR SR 5B LW
Clamps N.A. Clamps Clamps
NO - HO ALY
YES - YES NO
YES YES YES YES
134.6 126.4 134.6 149.7
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Test Test Number
Parameter -"éi . 22 ié- 24
Pole material (1) I 1 I I
Test mode {2) DL15 DL15 DL1S DL15
Lower modif. (3) Slot D.Slot Slot Slot
Lower hole

dia. (cm) 0.99 l1.19 1.39 1.71
Section modulus
remaining-lower
zone {cm3) 2.76 2,76 1.06 1.06
Pole design

strength (kN) 8.08 8.08B 3.1 3.1
Impact vel., (m/s) 6.94 7.21 6.96 £.95
Velocity change 1.56 1.65 1.12 ., 1.06
(m/s) (5) (15.3) (16.1) (11.0} (10.4)
Peak decel. (g) 26 16 13.5 14
Average decel. (g} 10.3 6.1 4.3
Vehicle nose

def. (cm} 10.0 8.0 6.0 7.2
Roof/windscreen

impact (6} SB NO SR SW, SR
Tie wire (7) Clamps 15 15 15
Conductor failure NO 3 NO NO
Upper fracture

occurred (8) YES NO YES YES
Llower fracture

occurred (9) YES YES YES YES
Rupture stress (MPa) 218.1 115.9 14G.2 149.7




146,

Test Test Number
Parameter 25 26 27 28
Pole material (1) I I I I
Test mode (2) DLR15 DLR15 DLR1S DLRLS
Lower modif. (3) Slot Slot Slot Slot
Lower hole

dia. {cm) 1.75 1.71 1.23 1.75
Section modulus

remaining-lower
zone f{cm3) 1.06 1.06 1.06 1.1l&
Pole design

strength (kM) 3.1 3.1 3.1 3.4
Impact vel. (m/s) 6.98 6.99 6.97 6.98
Velocity change’ 0.58 1.09 1.18 , 1.29
{m/s) (5} {5.7) (10.7} (11.6) (12.6)
Peak decel. {(g) 14 16 14 N.A.
Average decel. (g) 3.2 6.8 6.4 MN.A.
Vehicle nose

def. (cm) 6.5 6.9 6.8 6.0
Roof/windscreen

impact (6) NO NO wO HO
Tie wire (7) 15 15 15 15
Conductor failure NO “NO RO HO
Upper fracture

occurred (8) YES YES ¥YES YES
Lower fracture

occurred (9} YES YES YES YES
Rupture stress (MPa) 121.1 156.3 110.0 152.9
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Test Test Number
Parameter 29 30
Pole material (1) I I
Test mode (2) DLR15 DLR15
Lower modif, (3) Slot Slot
Lower hole

dia. (cm) 1.75 1.71
Section modulus

remaining~lower

zone (cmd) 1.16 1.16
Pole design

strength (kN) 3.4 3.4
Impact vel. (m/s) 5.97 3.92
Velocity change 0.87 0.87

{m/s) (5) {8.5) (8.5)
Peak decel. (g) 12 7.0
Average decel. (q) 4.7 3.55
Vehicle nose

def. (cm) 6.0 E.5
Roof/windscreen

impact (6) NO LW
Tie wire (7) 15 15
Conductor failure NO NO
Upper fracture

cccurred (8) YES YES
Lower fracture

occurred ({9) YES YES
Rupture stress (MPa) 115.9 126.4

31 32
I I
DLRLS DIR1S
Slot Slot
1.43 1.43
2.04 2.04
6.0 6.0
6.93 5.92
1.43 . 1.65
(14.0) (16.1)

17.0 17.5
7.8 8.7
7.3 7.5
NO NO
15 15
NO NO
YES YES
YES YES

110.0 140.2
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Test Test Number
Parameter 33 34 35 36
Pole material {1) I I ) 1
Test mode {2) DLR15 DLR30 DLR30 DLR30
Lower modif. (3) Slot Slot Slot Slot
Lower hole

dia. {cm) 1.43 1.67 1.58 1.75
Section modulus

remaining-lower

zone {cm3d) 2.04 1.16 1.16 1.16
Pole design

strength (kN) 6 3.4 3.4 3.4
Impact vel. (m/s) 3.88 7.31 6.26 4.12
Velocity change 1.65 1.42 1.28 v 1.23

(m/s) (5} (16.1) (13.9) (12.5) {12.0)
Peak decel. (g) ~13.5 17.0 15.0 10.0
Average decel. (g) 5.4 5.8 8.6 S.7
Vehicle nose r

def. (cm) 6.9 7.0 6.5 5.3
Roof/windscreen

impact (6) NO NO W SW
Tie wire (7) 15 15 15 15
Conductor failure NO NO NO MO
Upper fracture

occurred (8) NO YES YES YES
Lower fracture

occurred (9) . YES YES YES YES
Rupture stress (MPa) 110.0 126,4 196.9 1i21.1




Test

Parameter

Pole material (1)
Test mode " {2)
Lower modif. (3)

Lower hole
dia. {cm)

Section modulus
remaining-lower

zone (cmd)

Pole design
strength (kN)

Impact vel. (m/s)

Velocity change
(m/s) (5}

Peak decel. (g)

Average decel. (g)

Vehicle nose
def. (cm)

Roof/windscreen
impact (6) -

Tie wire (7)
Conductor failure

Upper fracture
occurred {B8)

Lower fracture
occurred (2)

Rupture stress {MPa}
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Test Number

37 38
I I
DLR30 DLR30
Slot Slot
1.27 1.31
2.04 2.04
6 6
7.20 6.35
1.87 1.53
(18.3) (15.0)
20.0 17.5
10.2 6.2
7.8 7.3
NO LW
15 15
NO NO
YES YES
YES YES
170.1 186.0

39

DLR30

Slot

1.35

2.04

4.21

1.56

(15.3)

15.0

5.7

7.0

sw

15

NO

YES

176.6

40

DLREO

Slot

1.75

3.4
7.25

0.80
(7.9

12.0

NO
15

NO

YES

170.1
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. Test Number

Test
Parameter 1 42 43 44
Pole material {1} I I I I
Test mode (2} DLR50 DLRSO DLRS0 DLR50C
Lower modif. (3) . 8lot Slot Slot Slot
Lower hole

dia. (cm) 1.35 1.59 1.31 1.23
Section modulus
remaining-lower
zone (cm3d) 2.04 1.16 2.04 2.04
Pole design

strength (kN) 6 3.4 6 6
Impact vel. (m/s) 7.21 4,18 4.17 7.21
Velocity change 1.57 0.99 1.32 2.02
{m/s) (5) (15.3} (9.7) {(12.9) {12.7)
Peak decel. (g) 17.5 11.0 17.0 20.0
Average decel. (g) 8.5 4.6 3.9 S.7
Vehicle nose

def. (cm) 8.0 6.0 7.5 7.0
Roof/windscreen

impact (6) LW SR SR W
Tie wire (7) - 15 15 15 15
Conductor failuré NO NO NO L]
Uppef fracture

occurred (8) YES YES YES YES
Lower fracture

occurred (2} YES YES YES YES

143.6 177.9 208.9 196.9

Rupture stress (MPa)
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Test Test Number

Parameter 45 46 47 483
Pole material (1) I I I I
Test mode (2) DLR 50 DLR 50 DLR 50 DLR 15
Lower modif. (3) Slot Slot Slot Slot
Lower hole

dia. (cm) 1.27 1.27 1.23 1.03
Section modulus

remaining-lower

zone (cm3) 2.04 2.04 2.04 2.90
Pole design

strength (kN) 6 3 6 2]
Impact vel. (m/s) 7.22 7.22 3.48 7.40
Velocity change 1.54 1.35 1.89 . 2.73

{m/s} {5) (15.1) (13.2) (18.5) (26.7)
Peak decel. (g) 17.5 14.0 15,0 24.0
Average decel. (q) 7.2 5.0 >5.1 11.1
Vehicle nose

def. {(cm) 7.3 7.0 7.0 9.5
Roof/windscreen

impact (6) NO SW, SR NO NO
Tie wire (7) 13 15 15 15
Conductor failure NO NO NO NO
Upper fracture

occurred (8) YES YES YES YES
lower fracture

occurred (9) YES YES YES YES
Rupture stress .(MPa) 142.6 170.1 150.58 208.9
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Test Number

Test
Parameter 49 50 51 52
Pole material (1) 1 I 1 |
Test meode {2} DLR15 - DLR15 DLRELS DLRLE
Lower modif., (3) Slot Slot Slot Elot
Lower hole

dia.(cm) 1.27 0.71 .91 0.95
Section madulus
remaining-lower
zone {cm3) 2.04 2.90 2.90 2.90
Pole design

strength (kN) 6 8 8 8
Impact vel., (m/s) 7.37 7.37 7.26 7.26
Velocity change 1.36 3.19 1.62 3.3
(m/s} (5) {13.3) {(31.2} (15.9) (32.2)
Peak decel. (g) 15.0 i3 19.0 - 31.0
Average decel. {g) 6.5 16.3 9.5 13.5
Vehicle nose

def. (cm) 7.0 10.5 B.3 10.3
Roof/windscreen

impact (6) NO SW, SR b1 MW
Tie wire (7) 15 20 20 20
Conductor failure NO NO MO HO
Upper fracture

occurred (8) YES YES YES YES
lowar fracture

occurred (9) YES YES YES YES
Rupture stress (MPa) 143.6 176.6 177.9 201.7
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Test Test Number

Parameter 53 54 55 56
Pole material {1) I I I I
Test mode (2) DLRLS DLR1S DLR1S DLR1S
Lower modif. (3) Slot Unmod. Unmod . . Unmod .
Lower hole

dia.{cm) 0.91 - = -
Section modulus
remaining-lower
zone {cm3d) 2.90 4.59 4.59 4.59
Pole design

strength (kN) 8 12.7 12.7 12.7
Impact vel. (m/s) 6.43 6.34 4,39 7.19
Velocity change 2.81 6.34 4,39 7.19

{m/s) (5) (27.5) {62) (43.0) {70.3)
Peak decel. -(g) 34.0 47.5 34.0 - 73.0
Average decel. {g) 12.7 2l.6 13.1 30.5
Vehicle nose

def. (cm) 11.0 12.0 10.0 13.0
Roof/windscreen

impact (6) MW NO NO NO
Tie wire (7) 20 20 20 20
Conductor failure KO NO NO RO
Upper fracture

occurred (8) YES NO NO NO
Lower fracture

occurred (9} YES NO NO NO
Rupture stress (MPa) 186.0 170.1 170.1 170.1
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Test Number

Test
Parameter 57 58 59 60
Pole material (1) I I I b
Test mode (2) DLR1S DLR15 DLR15 DLR1S
Lower modif. (3) Slot Slot Slot Slot
Lower hole

dia. {cm) 0.91 0.95 0.95 0.83
Section modulus
remaining-lower
zone {cm3d) 2.90 2.90 2.90 2.90
Pole design

strength (kN} 8 8 8 8
Impact vel. (m/s) 7.21 4.1 7.11 7.17
Velocity change 3.35 4.1 2.34 ., 3.19

(m/s) (5) (32.8) (41.0)  (22.9) (31.2)
peak decel. (g) 35 22.0 36.0 33.0
Average decel. (g) 15.6 12.8 11.2 15.3
Vehicle nose

def. (cm) 10.8 8.0 B.5 9.8
Rocf/windscreen

impact (6) MR, LR NO SW MW, LR
Tie wire (7) 20 20 20 20
Conductor failure NO NO HD HO
Upper fracture

occurred (8) YES NO ¥YES YES
Lower fracture
Rupture stress (MPa) 208.9 208.9 20a.9 170.0




155,

Test Test Number

Parameter o 61 62 63 64
Pole material (1) M M M M
Test mode (2) SL1S SLR1S5 SLR15 SLR15
Lower modif. (3] Slot Slot Slot Slot

Lower hole
dia. (cm) 1.59 1.55 1.51 1.51

Section modulus
remaining-lower

zone (cm3d) 1.35 1.35 1.35 1.35
Pole design

strength (kN) 3.0 3.0 3.0 3.0
Impact vel. (m/s) 7.21 7.21 7.07 4.01
Velocity change 0.87 1.10 1.16 , 1.03

(m/s) {5} {8.7) (10.8) (11.3) {(10.1)
Peak decel. {g) 12.0 15.0 15.0 1z2.0
Average decel. (g) 5.2 6.0 7.0 4.8
Vehicle nose

def. (cm) 6.3 6.0 6.0 6.0
Ronf/windscreen

impact (6) SR NO NO SW
Conductor failure NO NO NO NO

Upper fracture
occurred (8) - - = =

lLower fractﬁre
occurred (9} YES YES YES YES

Rupture stress (MPa) 104.4 104.4 104.4 104.4
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Test Test Number

Parameter 65 &6 67 &R
Pole material (1) M M M M
Test mode ~ (2) SLR15 SLR1S SIR]1E SLR15
Lower modif, (3) Slot Slot Slot Slot
Lower hole

dia, (cm) 1.51 0.91 0.95 0.9]
Section modulus
remaining-lower
zone [(cm3) 1.35 2.70 2,70 2.70
Pole design

strength (kN)- 3.0 6.0 6.0 6.0
Impact vel. (m/s) 6.12 7.07 5.98 4.06
Velocity change 1.14 1.70 2.19 4,06

{m/s) (5) (11.11) (16.6) {21.5) (39.7)
Peak decel. (g) 12.0 30.0 22.0 N.A.
Average decel. (g} 6.2 Tard 10.0 N.A.
Vehicle nose

def. (cm) 6.0 .5 9.0 2.0
Roof/windscreen

impact (6) NO MW MW NO
Tie wire (7) 10 10 10 10
Conductor failure NO NO NO NO
Upper fracture

occurred {8) - - - -
Lower fracture

occurred (9) YES YES YES NO
Rupture stress (MPa) 102.7 100.2 93.4 93.4
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Test Test Number
Parameter 69 70 71 72
Pole material (1) "M M M M
Test mode (2) SLR15 SLR15 SLR15 SLR30
Lower modif. (3) Slot Slot slot Slot
Lower hole

dia. (cm) 0.52 0.52 0.36 1.43
Section modulus
remaining-lower
zone {cm3) 3.60 3.60 3.60 1.35
Pcle design
~strength (kN) 8.0 8.0 8.0 3.0
Impact vel. (m/s) 6.75 6.13 3.81 6.86
Velocity change 2.19 2.55 3.18 0.62

{m/s) (5) (21.4) {24.9) (37.2) (6.1}
Peak decel. (g) 27.0 30.0 20.0 8.0
Average decel. (g) 12.6 11.0 8.8 3.5
Vehicle nose

def. (cm) 10.0 10.0 9.0 5.8
Rocf/windscreen

impact (&) W LW NO NO
Tie wire (7} 10 10 10 10
Cbnductor failure NO NO NO NO
Upper fracture

occurred (8) - - = =
lower fracture

occurred (9) YES YES NO YES
Rupture stress (MPa) 105.3 87.7 100.2 87.7

[ =2
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Test Number

Test
Parameter 73 74
Pole material (1) M M
Test mode (2) SLR30 SLR30
Lower modif. (3) Slot Slot
Lower hele

dia.{cm) 1.43 1.35
Section modulus
remaining-lower
zone {cm3) 1.35 1.35
Pole design

strength (kN) 3.0 3.0
Impact vel. (m/s} 6.33 4,23
Velocity change 0.39 .79

(m/s) (5} (3.9) (7.7}
Peak decel. (g) 10.0 13.0
Average decel. (q) * N.A. 6.7
Vehicle nose _
def. (cm) 6.0 6.0
Roof/windscreen

impact (6) NO Sw
Tie wire (7) 10 10
Condurtor failure NO NO
Upper fracture

occurred (8) - =
Lower fracture _

occurred (9) YES YES
Rupture stress (MPa) 103.1 100.2

75

SLR30

Slot

0.83

2.70

6.0
7.24

1.39
(13.6)

20.0

NO
10

WO

YES

76.0

76

SLR30

Slot

0.95

2.70

6.36

2.20
{21.5)

22.5

8.8

MW
10

NO

YES

93.4




Test

Parameter

Pole material (1)
Test mode (2)
Lower modif. (3)

Lower hole
dia. {cm)

Section modulus
remaining-lower

zane (cm3)

Pole design
strength (KN)

Impact vel. (m/s)

Velocity change
(m/s} (5)

Peak decel. (g)
Average decel. (g)

Vehicle nose
def. (cm)

Roof/windscreen
impact (86)

Tie wire (7)
Conductor failure

Upper fracture
occurred (8)

lower fracture
cccurred (9)

Rupture stress (MPa}

159.

Test Number

79

77 78

M M- M

SLR30 SLR30 SLR30

Slot Slot Slot
0.91 0.52 G.56
2.7 3.6 3.6
6 8 8
4,11 7.23 6.37
1.48 2.44 2.38
(14.5) {23.8) (23.3}

20.0 33.0 32.0
6.7 13.2 _ 11.4
7.0 10.0 10.0

SW NO 5W

10 1C 10

NO NO NO

YES YES YES

104.6 102.7 104.,¢6

80

SLR30

Slot

0.52

3.6

4.18

4.72
{46.2)

20.0

11.2

NO

10

NO

NO

88.0
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Test Number

Parameter 81 82
Pole material (1) M M
Test mode (2) SLR50 SLR50O
Lower modif. (3) Slot Slot
Lowaf hole

dia. (cm) 1.51 1.43
Section modulus

remaining-lower

zone (cm3) 1.35 1.35
Pole design

strength (kN) 3 3
Impact vel. (m/s) 7.17 3.95
Velocity chahge 1.20 0.95

{(m/s) (5} (11.8) (9.3)
Peak decel. (g) 11.0 16.0
Average decel. {g) 4.9 3.2
Vehicle nose

def. (cm) 6.5 6.0
Roof/windscreen

impact (8) NO sW
Tie wire {7) 10 10
Conductor failure NO NO
Upper fracture

occurred (8} - -
Lower fracture

occurred (9) YES YES
Rupture stress (MPa) 88.0 103.1

- 83

SLR50

Slot

0.91

2.70

3.94

0.90
(8.8)

18.0

6.8

SW, MR

10

NO

YES

105.3

84

SLR50

Slot

0.99

2.70

6.97

1.11
{10.9)

20.0

7.5

NO

10

NC

YES

83.0
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Test Number

Tast
Parameter 85 86 87 88
Pole material (1) M M. M I
Test mode {2} SLRS0 SLR50 SLR50 DLR50
Lower modif. (3) Slot Slot slot Slot
Lower hole

dia. (cm) 0.60 0.60 1.43 1.23
Section modulus
remaining-lower
zone (cm3) 3.60 3.6 1.35 1.06
Pole design

strength (kN) 8 8 3 3.1
Impact vel. (m/s) 4.01 7.00 6.95 7.03
Velocity change 4.01 2.13 1.16 N.A
(m/s) (5} {39.2) (20.8) (11.3) )
Peak decel. (g) 23.0 27.5 14.0 N.A
Average decel. ({(g) 18.9 10.9 7.9 N.A
Vehicle nose.

def. (cm) 8.6 10.0 7.0 6.5
Roof/windscreen

impact (6) NO SW w NO
Tie wire (7) 10 10 10 10
Conductor failure NO NO NO NGO
Upper fracture

occurred (8) - - ic i
lower fracture

occurred {9) NO YES YES YES

88.0 100.2

Rupture stress (MPa)

104.6

213.1
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Test Test Number
FParameter 89 T
Pole material (1} M_
Test mode (2) SLRS0
Lower modif. (3) Slot
Lower hole

dia. (cm) 0.56
Section modulus
remaining-lower
zone (cm3) 3.6
Pole design

strength (kN) 8
Impact vel. (m/s) 7.08
Velocity change 7.08
{m/s) (5) (69.3)
Peak decel. (g) 46.0.
Average decel. (g) 17.2-
Vehicle nose _
def. {cm) 12.0
Roof/windscreen

impact (6) NO
Tie wire (7) 10
Conductor failure NO
Upper fracture

occurred (8} =
lowey fracture

occurred (9) -NO
Rupture stress (MPa) 100.2

90

LP1l5

Sleot

1.59

0.90

7.19

1.00
{9.8)

12.0

YES

104.6

91

LF15

Slot

1.5%

0.90

&. 08

-0l
(2.9

P15

Slot

0.2

3.99

0.

ie. 9

5.0

SW

- YES

87.7
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Test Test Number
Parameter ._.-T_- — ..9_4._. — _9.5 —
Pple material (1) M M M
Test mode (2) LPR] S LPR15 LPR15
Lower modif. (3} Slot Slot slot
Lower hole

dia. (cm) 1.67 1.67 1.51
Section modulus
remaining-lower
zone {cm3) 0.20 0.90 0.90
Pole design

strength (kN) 2 2 2
Impact vel. (m/s) 3.98 6.10 7.16
Velocity change 0.59 0.90 1.03

(m/s) {5} (5.74) (8.8) (106.09)
Peak decel. (g) 6.0 10.0 9.0
Average decel. {q) 2.7 4.9 3.8
Vehicle nose

def. (cm) 5.0 5.5 5.5
Roof/windscreen

impact (6) Ler NO NG
Tie wire {7) - - -
Conductor failure - - -
Upper fracture

occurred (8) - - -
Lower fracture

occurred (9} YES YES YES
Rupture stress (MPa) 103.1 93.4 102.7
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APPENDIX F

MODEL FOR THE SHEAR STRENGTH OF THE
SLOTTED-BASE POLE MODIFICATION

This Appendix details the derivation of an expression for the

force Fg required to shear a slot-modified pole base.

Figqure F.1 shows the model and the free body diagrams used in
the derivation. It is assumed that the pole section above the
load application point (car bumper height) and the conductors
contribute little to the shear strength of the lower modified

zone.

By considering the equilibrium of the pole section between the
top of the slot and the load application point (Figure F.1b),

an expression for the vertical forces in the four columns can be

obtained
F_h F. 4
5 s
vV = 3 + >3 (F.1)
where V ‘= total vertical force on two columns
h = distance between point of application of Fg and

the top of the slot

d = distance between centroids of adjacent colusn

cross—-sections

£ = slot length.

For the column shown in Figqure F.lc , the wvertical forces are

compressive and result in a compressive stress in the column of

o] v

¢ = 53 {F.2]
where

A = cross-sectional area of column.

From equations {F.1l) and (F.2)

St g
et o~ s £
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There are also bending stresses induced in the column by the
applied moments and shear forces. The maximum bending stress

ecccurs at the points of maximum bending moment at each end of

the column.

The maximum bending moment M is given. by :

Therefore the maximum bending stress o, is :
Fo &

g, == e

b 82

where

u ]
It

the section modulus of a single column.

The direct stress distribution across the top of the column
shown in Figure ¥,lc¢ is sketched in Figqure F.2. This sketch
apélies to columns 1 and 2 in Figure F.1. It can be seen that
the maximum stress is compressive-and occurs at the inner face of
the column :

FS l, FS

L
6 = === ¥ 33g B+z) (F.3)

At the lower end of the column, the maximum stress is also
compressive and oc¢curs at the outer face. For columns 3 and 4 in
Figure F.1l, the maximum stresses are of the same magnitude as for

columns 1 and 2, but are tensile,

From Equation (F.3) the force Fg required to fail the modified

base, given an ultimate stress ou1t , is

o]
P - .ult (F.4)
5 h + L
2 " i
2ad 82

As well as direct stress failure, shear failure should also be

considered. The shear stress T in a column is given by :
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dc = zira'r1+754

Figure F.2. Stress distribution across columns 1 and 2

in figure F.1.
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For a column to fail in shear :

e - Tult
s 4A

where Tult is the ultimate shear stress.

For the materials and dimensions used in the scale model tests,
critical bending stresses were found to occur before critical
shear stresses. Thus, for the same rated service load capacity,

a pole modified with slots near its base will have a lower impact
resistance than a pole modified according to the crossed-hole

scheme, which fails in shear.
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