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SUMMARY

This paper presents results of the full-scale dynamic tests performed
on the UHV(1000kV) power transmission test line and associated numerical
study. Natural frequency, mode shape and damping coefficient were obtained
for the foundation, the tower and the tower-conductor coupled system.
Simplified numerical models for each of them are developed which give
accurate dynamic properties of them. Using these numerical models and the
test results, foundation-tower interaction and the conductor-stringing
effect are discussed. Stability of the test line against seismic and wind
loads is briefly discussed and the current design method is indicated to be
valid.

INTRODUCTION

The increasing power demand in Japan will require UHV(1000kV) power
transmission in the near future. As UHV transmission towers are to be of
considerable height and to have long arms as well as heavy conductors and
insulator assemblies, their dynamic properties may be different from those
of existing smaller towers. After the preliminary research on the concep-
tual design of UHV power lines and the development of various associated
devices, a full-scale test line for UHV transmission was built at the Akagi
Test Center, CRIEPI, during 1979-1980. Forced vibration tests and numeri-
cal studies were performed on this test line for the following objectives:
(1) Characterize dynamic properties of the tower foundation, the tower and
the tower-conductor coupled system, respectively. (2) Establish and verify
their numerical models. (3) Confirm the dynamic stability of the test line
against seismic and wind loads.

OUTLINE OF THE UHV TRANSMISSION TEST LINE AND THE DYNAMIC TESTS

The Akagi UHV test line was built midway up the southern slope (about
400 m above sea level) of Mt. Akagi. It extends in west to east direction
and consists of two spans (300 m each) and three steel pipe towers. The
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conductors are of 2 circuits, 3 phases, 10-conductor bundles of 810mm?2 ACSR.
Tower foundations are reinforced concrete slabs with or without four con-
crete piles. The towers were designed in accordance with Ref. 1.

Main features and configuration of the test line are given in Table 1 and
Fig. 1. Fig. 2 shows the shape and dimensions of Tower No. 2.

Forced vibration tests using an exciter (max. load 10 ton) were per-—
formed at three different times during the construction of the line: (1)
first, on one of the four foundations of No. 2 tower before tower erection,
then (2) upon the erection of No. 2 tower, and (3) after the stringing of
the conductors. The exciter was mounted on the slab or at the top of the
foundation in case (1), and near the top of No. 2 tower in case (2) and (3).
Frequency sweep range was from 0.5 to 25 Hz in (1) and 0.15 to 10Hz in (2),
(3). It was varied by 0.01 Hz step near the resonance peaks in order to
obtain resonance curves as precisely as possible. Damping coefficient of
the tower, however, was very small and it was determined from free vibra-
tion curves obtained by suddenly stopping the exciter when the tower was
executing resonance vibrationm.,

Responses such as acceleration and strain throughout the towers,
tension fluctuation of conductors, earth pressures on the foundation, etc.
were measured (max. channel number of simultaneous measurement is 56) and
their resonance curves were obtained.

DYNAMIC TEST RESULTS AND NUMERICAL MODELS

Foundation Properties

Fig. 3 shows the displacement resonance curves of the foundation slab
obtained from the vertical and horizontal vibration tests. Eigen frequency
and damping coefficient are given in Table 2. The foundation has apparent-
ly one degree of freedom vertically and two degrees of freedom (sway and
rocking) horizontally. Its horizontal properties are the same in both
longitudinal and transverse directions. Thus the foundation can be modeled
as a spring-mass system with the above mentioned degrees of freedom.

In modeling the foundation as a spring-mass system, restoring forces
of the slab and the piles exerted by the surrounding ground were determined
by the theory of elasticity and the horizontal restoring force given to the
slab by the piles was evaluated by making use of Chang's equation and Vesic's
earth reaction equation. Resonance curves of the numerical model thus estab-
lished are also shown in Fig. 3 which assures the validity of this simplified
spring-mass model.

According to the test result and the numerical model, four reinforced
concrete piles have a great effect on the properties of the whole foundation
system. Ninety percent of the vertical stiffness, fifty percent of horizon-
tal stiffness and seventy percent of rocking stiffness are provided by these
piles. The percentage for the damping coefficient is 50, 24 and 37, respec-—
tively. (Ref. 2, 3)

Tower Properties

Fig. 4 shows the mode shapes of No. 2 tower obtained from the before
and after-stringing tests. Eigen frequency and damping coefficient are
given in Table 3. Frequency and damping after the stringing should of
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course be interpreted as those of the whole tower—conductor coupled system.

Eigen frequencies of the tower alome in the transverse direction are
smaller than the longitudinal ones owing to the rotatory inertia of cross-
arms. First and second mode shapes are similar for both directions. But
longitudinal third mode is accompanied by the torsional mode which is
probably due to the anti-symmetric horizontal framework in the right and
left cross-arms, whereas transverse vibration has pseudo-third mode as well
as normal third mode. Long and heavy cross—arms of UHV towers are evident-
ly the cause of these complicated modes.

The tower—conductor coupled system has far more resonant or eigen fre-
quencies because of its complex structural nature. Of those frequencies
given in Table 3, lower frequencies (below 0.66 Hz or 0.55 Hz) corresponds
to the conductors' vibration with very little tower displacement, the only
exception being 0.27 Hz. The towers vibrate longitudinaly in the first mode
shape at 0.27, 0.72, 0.92, 1.96 and 2.14 Hz but the phase relationship among
the three towers at these frequencies is different from one another. The
same applies to the higher modes and transverse vibration.

Within the limits of the test in which displacement - restoring force
relationship of the tower remained linear (maximum tower displacement at
the top was 17 cm and 2.2 cm for the first and second mode respectively and
the stress produced in the tower legs was below a quarter of allowable
stress), damping coefficient was rather small and no definite dependency on
the amplitude of vibration was observed. Besides, there is little, if any,
difference in the damping coefficient between the tower alone system and the
tower—conductor coupled system.

Resonant stress produced in the upper part (panel 3) and the lowest
panel of No. 2 tower (panel 15) is shown in Table 4 where stress value is
normalized for the unit displacement. Stress in the upper members becomes
relatively high in the second and third modes. Towers are generally
designed by substituting equivalent static loads for wind loads and cross-—
sections of members are determined based on the first mode stress distribu-
tion. Hence the response calculation would be necessary against earthquakes
which may excite second or third mode of the tower.

Modal properties of the tower can be obtained accurately by space truss
model as is shown in Table 3. Space truss model for the large tower has,
however, too many degrees of freedom to be applied to multi-span line struc-
tures. In order to make their analysis feasible, an equivalent beam model
was developed. This model is made up of the same number of uniform beam
elements as the tower panels whose effective shear area AS or shear coeffi-
cient ag is given in Ref. 5. Fig. 5 shows the comparison of calculated and
experimental mode shapes and it is evident that this simplified model gives
fairly exact dynamic properties of the tower. Shear coefficient @g of each
beam element is greater than that of circular or rectangular beam and shear-
ing deformation cannot be neglected in obtaining the second and higher model
properties. This equivalent beam model, with its reduced degrees of freedom
and less computational time (less than 1/10 of space truss model), facili-
tates the modeling of multi-span tower conductor system. (Ref. 4, 5)

FOUNDATION'S EFFECT ON THE DYNAMIC PROPERTIES OF THE TOWER

Numerical eigen-value study on the foundation-tower system using an
equivalent beam model together with a spring-mass foundation model was
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carried out to show that the foundation-tower system has practically the

same modal properties as the base-fixed tower. Parametric study also shows
(Table 5) that the tower can be considered rigidly fixed at the base for the
wide range of ground rigidities. This is because the tower is very flexible
as compared with the ground and energy dispersion through the foundation is
negligibly small, which is again the cause of low damping coefficient of the
tower. This property makes it possible for us to design tower and foundation
independently provided the ground is not extremely soft. (Ref. 5)

CONDUCTORS' EFFECT ON THE DYNAMIC PROPERTIES OF THE TOWER

As is seen from Fig. 4 and Table 3, conductors influence on the tower
mode shape and eigen-frequency is small in the transverse direction. In
fact, resonant displacements of No. 1 and No.3 towers are below a quater of
that of the directly excited No. 2 tower in every transverse mode, while
they are of the same order of magnitude as that of No. 2 tower in some longi-
tudinal modes. These imply that the transverse spring constant of the con-
ductor is much smaller than the longitudinal one and conductors and adjacent
towers should be appropriately taken into account in calculating the longi-
tudinal dynamic properties of a coupled tower.

Although conductors are essentially geometric nonlinear structures,
nonlinear behavior was scarcely perceived in the test. Taking these into
account, ten—conductor bundle was modeled as an assemblage of many straight
pin-connected bars whose geometric stiffness is linearized by neglecting
its dependency on the fluctuating component of the axial force. In this
model the out—of-plane vibration is decoupled from the in-plane vibration
and coincides with the vibration of the taut string. Eigen-frequency given
in Table 3 was obtained using this model. A calculated resonance curve of
the test line is shown in Fig. 6 where experimental resonant peaks are also
plotted. The curve was given by the pin-connected bar conductor model and
equivalent beam tower models. A good agreement between the calculated and
tested results is obvious.

Eigen-frequency and frequency response calculation have been made
extensively using these numerical models and their accuracy has been con-
firmed. (Ref. 5, 6, 7)

DYNAMIC STABILITY AGAINST EARTHQUAKES

Response calculation of the test line for El Centro NS wave and an
artificially simulated seismic wave shows that it can endure acceleration
of 400 gal at the ground level if the instantaneous maximum stress produced
in the tower members should be below the yielding points of them.(Ref. 6,7)

No definite earthquake loads are specified in Ref. 1 and these towers
are designed so that they can withstand wind load of about 40 m/sec maximum
instantaneous speed. This design wind load is of the lowest rank because
the area where the towers are constructed is classified as such. Towers
constructed in more windy areas are expected to withstand stronger earth-
quakes.

CONCLUSION

Dynamic properties of the Akagi UHV test line were determined through
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a series of forced vibration test and simplified but accurate numerical
models were established for the foundation, tower and tower-conductor
coupled system.

The test results and several numerical studies, including the earth-
quake a?d Wind—response calculation which is only briefly mentioned in this
paper, indicate that UHV transmission towers designed by the current design
standard would be safe against seismic and wind loads.

Numerical models herein reported are general enough and applicable to
transmission line structures in general. Reduction of degrees of freedom,
however, especially of the conductor model without losing its accuracy and
simplicity should be realized so that multi-span (more than 3 or 4 spans)
coupled system can be analysed efficiently. Earthquake and wind-response
records should also be accumulated.

ACKNOWLEDGEMENT

The authors are very grateful to the members of the Special Committee
on UHV Power Transmission, CRIEPI, for their discussion on the dynamic test
plan and the results of the test.

REFERENCE
(1) Japanese electrotechnical committee, "Design Standards on Structures

for Transmissions (JEC-127-1979)

(2) Y. Kitahara and K. Hanada, "Vibration Tests of Prototype UHV Electric
Transmission Tower of Akagi-Geological Survey and Mechanical Properties
of the Ground-" (in Japanese) CRIEPI report 380053, April 1981

(3) K. Hanada et al, "Vibration Tests of Prototype UHV Electric Trans-
mission Tower of Akagi - Foundation Test Results and its Numerical

Model - " (in Japanese) CRIEPI report 381039, Aug. 1982
(4) Y. Maeno and K. Hanada, "Vibration Tests of a Prototype UHV Trans-—
mission Tower - Forced Vibration Test Results - " (in Japanese) CRIEPI

report 382051, Feb. 1983

(5) Y. Maeno and K. Hanada, "Vibration Tests of a Prototype UHV Trans-
mission Tower - Numerical Model and Dynamic Properties of Towers -
(in Japanese) CRIEPI report 382052, Feb. 1983

(6) Special Committee on UHV Power Transmission, CRIEPI, "Interim Report -
Study on UHV AC Transmission - " (in Japanese) Committee report Z82001,
May 1982

(7) Transmission Line Section, Special Committee on UHV Power Transmission,
CRIEPI, "Study on the Dynamic Stability of Transmission Towers'" (in
Japanese) May 1982

n

933



18e3V 28 2375 1521 2y3 03 Spuodsari0d d9s/w /|

= sp

(%) 3uaTrd1yzo00 Surduep uesw sanjea 1amo]
(2H) Aduanbaij-uadro ueom sonjea xaddp .

(% - €5°€L| S9'y 9°¢ (L%
A A . PaTYL
SE€°¢g €€°¢ 8y €2°¢ 62°S €€°¢
£€9°0 - € €8°0 €L°0 €9°0
X . . Ppuodag
YT 8y'¢c [Ax4 €' ST 8¢
e 0 - 850 Sh°0 6€°0 ve'0
X . asatyg
8L°0 8L'0 A 90 Lo 8L°0
onep sseq aya 09 08 001 oL 2poR
1ejuauraadxy e paxty (d9s/w) sp K310019p vAeM 1pOYg punoa;
PuUnOIH SNOTIBA Y UO 13MOL 7°ON JO InyeA-ually ‘G 21qe],

UOTI021TP 9SIdASURLY,

UOT3ID2aTP TRUTPRITBUOT

pax1d i @seq 1amoy
ueds oy Buote sixed Q¢ OIUT PIPIAIQ ! 103INPUO)
19pow weaq JuaTBAINDF i £°ON ¥ }'ON 13m0l
19pow ssn1y adedg : 7'ON a9Mol 2adym InjeA paie(nd(ed = ( )
wm”m p1TY3 10M0
: 10 (£2°€) ¥S'¢€ puodes
1770 - 09°0) (58°2) WL'¢ (S1°€) (€€ | posivey
[A] (€T ) 66°¢ |V ~ 10| (09°2) %5'¢
(66°0) 26" (zo'2) 9* uﬂwmmwwawu“w“wu
0.0 (yL°0) €8° 96°1 |
62°0 70|50 - 970 (6 0 w670 1“2 1030npuod-aanor
[ (Z570y 7197 S0y er”
. s 99°
{0570y 1 (€5°0) 95" apom
[A (6E0) €7 1033npucy
(S£°0) ¥ (0£70)_€€”
I ®17 0y ¢ (DA
(v8'y) 02’y (€€°S) 0SS PaTUd furBuris
€9°0 [T 811 (99°2) 89'¢ puocIas 07 012d
vE'0 (S70) 8L°0 vE0 (9£70) 0870 ELEEF] auote 1MoL
(AN (1) 3 ) (z0) 3 apol wa3sks
]

19mo0), Z*ON JO JuaY013jo0) Butdweq pue Adusnbuay-uaSty ‘g AIqEL

*A1aat3oedsaa

‘uo1lB1qTA 2513ASUB1] puR [RUYpnIT3uO] 03 puodsaiiod onieA 1amol pue aaddn

€01 111 111 6 [x4 sasod m__:v:_
4] [44 €8 v8 15 UTEW | 3samot
R St €801 551 1
0B I
szl ot w61 99 1" N w©
1aued
851 6 . S6 (14} 8 sysod | aaddn
e ] 96¢ oL 6 e
2H 6£°2 ZH 110 ZH SE'S [ ZH Sv'T | ZH 8L°0 | Csuema ooy
ZH (€€ ZH 26°0 ZH 0S°S | zH 89° | zH 080 | t8uor P
apon puz 9Po 15| 9POW pIg | 2POR Pug | apoy Is| apoR
wa3skg paydnoy wﬁ u1 189MOJ, Z°ON BUOTY 19MOY Z'ON waisdg

Jutog PaltOXg 9yl Jo juswadeldstg (wdy) ITun £q (zwo/8%) ssa13g xaquay ‘y 21qeL

wa3sks ssew
-3urids e se payopow

(€£19°0-)T6%°0 -
(v°01) T'2T

(91€°0) 00Z°0
(952°0) 602°0

(2'02) 0'0z
(6°€T) z°CT

puz TEIUOZTION
38T [eIUOZTION

ST UOTILPUNO) DY DIOYM (8¥€°0) 8v€'0 (s°52) ¢'se LRI EETTY
angea pajeInae) = (u) )
CO L oy duproon o L PoK
uofIepUNOy Y3 JO JUITVFFI20) Buyduweq pue Aousnbaaz-uelyy g 21qEL
£ . . (w)
I AR ALY 19j9uWeT(Q A0 BAY
. . (/8%
S'wz STt w/3y (7 58z 62 9ze 10 101) 2ydFoM
. ()
8 st 06 L6 €6 yadag 10 Iy8yay
1puti4) aernBueioay ¥V, 018 pu2 peap | uoTsual pua peap adeys 10 adfL
aTTd qers € "ON Z°ON T 'oN
walf
(Z *ON) uoyjepunog 1039Npuo) aamo],
auyl 3s9) T8edqV AHN JO FUFTINO T ITqer

934



UOTIBPUNOF 9YJ JO SIAIND 20URUOSDY ¢ ‘BI4

Aljpjuoziioy  pajioxe  Ueym  juswsapidsip |poljJeA  (9)

AONINOIHA AON3N03H 4
G2 O Gl 0o § O G 02 _GSI ol S O
M QIALVINOWO ~—
B ,/\\I,/Om‘_.wm‘_.\wf
P 06 1 N~ o
. &
108l
101
voy
A)iojuozyioy  pajioxe usym JUaWAIDIdSIp |pjuoziioH (q)
AON3NO3HS AON3NO3HS
¢ 02 61 O s O G2 02 Gl 0l S O
T i A
T
I
&
Qom m
-
>
®
10081

uo.
Kot
AlIDo1j oA pojioxs UoUm juswadpidsip [DOIjBA (D)
AONINOFHA AON3NOFY
) ~
%2 8 o ¢ 0 Fue0 e 090
R o3wnowo— o
C Q31S3L—
06 B g R L
A" 02z
52

COA_\E ol

30804 LINN/ESIQ TWOILY3A

33HOS LINN/ESI TLNOZIHOH

30504 LINMVLSIA VIILE3A

UOTIBPUNO SIT PUB I9MOJ, ¢ ‘ON JO uUoTsuswfg ¢ °'STd

9UTT 359 T8B}V AHN JO °2an8T4g orjewsyos T *Br1a

1503

=000 81—+
n
D
8
o
3
o
Q
818
W <000 8L A——~ m
8 L
006 1 W
ey m
o008l —
SIS 5
e

000 9>
000 _wm

W QOE—— e WO —————1
€ 2] "

%X

4V, VAT,
inw\muu?

issm

A

W TAVAVAY, S

2USIVWWOIB MO

935



S bt

third mode

s —— stringing —?ﬁﬁénq
—00.92H, o -0254H,
a- -2 96H, 2—ee337H,
—~—214H, T=et3 54H;
F (o] 10 o !0
Fig. 4 (a) Longitudinal mode

PHASE

DISPLACEMENT

before and after stringing

first mode

Fig. 4

third mode

second mode

+ Measured
— Beommodel

~- Space truss

(b)

and after stringing

first mode

o QT7iH;
o 083H:
a  0QSOH;

— befare stringing

— before stringing
o 239
& 274H,

Fig. 5 Longitudinal mode shape

! A
| U UAM
lb" 0 ‘ I.CS“
10
{ e @ fest value
1o
1.072 J\ i kD
PRI S VAN
. Iy T
' |‘o" vb — l[c‘)"

(@) Longitudinal displacement of the topof NO,2 tower

Transverse mode before

w -m%
Pl RALA W T NA
L L Ll A i k. i
107 10 10"
‘e @ fest value
= 1o
é o2 1
2 ¥
5 1073 A;R A
- VAANYAY
1078

)

L
107

I
1.0

(b) transverse displacement of the top of NO.2 tower

[Tl

Fig. 6 Calculated resonance curves of tower-conductor coupled system

936





