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Abstract – In this study, in order to analyze the lifetime for flexible cables used in portable electric 
machines, artificial accelerating aging was carried out for VCT(Vinyl Cab-Tire) cables in 
consideration of thermal, mechanical and electrical multiple-stresses. Accelerated aging factors were 
calculated with aging temperatures based on the Arrhenius relationship. Through Weibull statistical 
analysis in the AC breakdown voltages for aged cables after low-temperature mechanical tests, it was 
analyzed that AC breakdown voltages were proportional to the elongation rates and 19kV of the scale 
parameter in Weibull analysis was suggested as limit value of lifetime. Using this criterion, it was 
deduced that the lifetimes with thermal and mechanical multiple-stresses for 70℃, 50℃ and 40℃ 
continuous operation were calculated to be 3.3 years, 9.9 years and 15.7 years respectively. Based on 
these analysis procedure, it is possible to suggest the lifetime assessment technique with multiple-
stresses for low voltage cables. 
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1. Introduction 
 
For portable electric machines used for the construction 

site, the main cause of electric shock accidents would be 
insulation damages of cables [1], which results from the 
loss of insulation performance and carelessness of 
management supervision. In particular, cables in potable 
facilities such as electric motors, welding machines, 
temporary electric supplies etc. are always faced with 
mechanical damages and degradation in insulation layers 
due to problems in various construction work types and 
methods and harsh working environment. But, research on 
insulation degradation and lifetime assessment for low-
voltage cables has not been established enough compared 
with high voltage cables. [2,3] 

VCT(Vinyl Cab-Tire) cables are widely used in portable 
electric machines in the construction site because of 
flexibility and cheapness of PVC insulation and sheath. In 
comparison with PNCT(EPR insulation Chloroprene 
sheath Cab-Tire) cables and WCT(Rubber insulation 
Rubber sheath Cab-Tire) cables, there would be high 
probability of electric shocks and fire accidents caused by 
damage of insulating layer and sheath in case of VCT 
cables owing to decreased flexibility for long period 
usage or severe mechanical impacts. [4,5] However, the 
life assessment and the replacement cycle according to 
degradation for VCT cables have never been reported. 

Therefore, in this study, the lifetime characteristics of 

VCT cables were focused on. The degradation evaluation 
and the lifetime assessment for the thermally aged cables 
were carried out through mechanical stresses and electrical 
breakdown experiments for the VCT cables.  

 
 

2. Experimental Methods 
 

2.1 Thermal degradation method 
 
In general, thermal degradation for the polymer insulation 

material is known to be followed with Arrhenius relationship 
equation. [6] Thus, before starting the thermal aging 
process in this study, it is possible to estimate lifetime 
roughly and to decide accelerated aging temperatures. In 
the preliminary experiment at 150℃, it was found out that 
PVC insulation was rapidly degraded. Therefore, aging 
temperatures of 110℃, 130℃ and 140℃ were selected in 
considering to ensure proper degradation mechanism. 

Thermal accelerated aging method was adopted in 
reference to KS C IEC 60811-1-2, 8. ‘Method of thermal 
aging’. [7] Specimens were installed vertically inside an 
oven as the state of the products including conductor, 
insulation and sheath. Each specimen was placed each 
other over 20mm in consideration of air circulation. 

 
2.2 Method for mechanical stress application 

 
The mechanical degradation during the use of VCT 

cables is generally considered as trampled, pressed, bent 
and so on. However, it was not possible to simulate the 
mechanical degradation with regard to the lifetime 
quantitatively. Therefore, in this study two methods were 
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adopted for the lifetime evaluation using the biggest 
mechanical stress in the KS C IEC 60502-1 and KS C IEC 
60811-1 standard. 

 
2.2.1 Low-temperature impact test 

 
After cooling the specimen as a finished product during 

more than 16 hours at low-temperature of –15℃, the 
hammer of 500g was dropped from 100mm height. 
Damage by the impact was investigated with bare eyes. 

 
2.2.2 Low-temperature bending test 

 
After cooling the specimen as a state of an insulation 

with conductor or a finished product during more than 16 
hours at low-temperature of –15℃, wind the specimen to a 
cylinder which has a diameter of 4~5 times specimen 
diameter up to maximum 10 times with a speed of 1 cycle 
per second. Damage by the bending was investigated with 
bare eyes. 

 
2.3 Electrical breakdown method 

 
Insulation breakdown voltage was measured with 

submergence test according to KS IEC 60811-1 standard. 
After extracting conductor strands including insulator 
among the VCT cables having thermal degradation and 
mechanical stress, AC voltage was applied to the conductor 
of the specimen immersed with water.  

AC voltage was raised up with the speed of 
approximately 0.1 kV per second until the insulation 
breakdown occurred. After experiment for at least 10 
specimens per each degradation condition, scale parameters 
were obtained by using Weibull statistics. 

 
2.4 Elongation rates measurement 

 
The measurement of elongation rates was carried out 

for tubular insulation specimens removing completely 
conductor and sheath after thermal accelerated aging. A 
specimen with length of 80 mm to the tensile strength 
tester was installed and tested. The elongation rate was 
calculated with the elongated length until the sample had 
broken in gauge of 20mm section. The median value of 
three or more specimens except the maximum and 
minimum value among at least five specific data was 
obtained as representative value. 

After measuring the elongation rate of the aged 
specimens, the minimum limit less than 150% elongation 
rate in the VCT cables according to KS C IEC 60502-1 
standard was adopted as the life assessment guideline. 
Using this limit, expected lifetimes were calculated for 
various temperatures. The elongation rate ∈  is 
defined with the following equation.[8] 

 
 ∈ 	 	 	–	 		  ×100%  (1) 

3. Lifetime Analysis using Elongation Rates for the 
Thermal Degradation 

 
The molecular weight is generally decreased in polymer 

materials during thermal degradation, because chains of 
molecules are broken, which leads to the reduction of 
physical characteristics such as elongation rate and tensile 
strength. It is known that tensile strength in polymeric 
materials decreases exponentially with time at constant 
temperature. [9] 

 
 ∈ 	∈ ∈   (2) 

 
Here, ∈  is the elongation rate in time t. And, ∈  

is the initial elongation rate, ∈  is a coefficient of 
degradation condition and temperature, and it is assumed to 
follow the Arrhenius equation as follows; 

 
 ∈ 	   (3) 

 
Here, 	is activation energy and approximately 92.16 

[kJ/mol] in the case of PVC insulation of cables. [10] 	is 
the temperature [K] of the specimen,  is the gas constant 
(8.314 [J/mol]), and  is the environmental factor [ ] 
which give an effect on the degradation of the specimen 
such as water, oxygen, acid, etc. 

Fig. 1 shows the change of elongation rate with aging 
time for various aging temperatures. Elongation rates are 
reduced exponentially with time and more severely with 
the aging temperature from same initial value. 

The lifetime of the VCT cables can be obtained using 
data of elongation rates as shown in Fig. 1 as follows; 

 
1) Derive trend formula and degradation coefficient 

 with aging temperature 
 
        	 219.9 .   

 219.9 .   (4) 
         219.9 .   
 
2) Calculate Arrhenius relationship coefficient ⁄  

and environmental factor B with aging temperature  

Fig. 1. Elongation rates with the thermal degradation 



T

 

 

ac
15
va
ot
po
de
ca
eq
T
w

co
re
as
op
ac

 

Fig. 2. Tr
 

Table 1. Calcu
lifetim

T 
[ ]  

140 4.53 10
130 8.82 10
110 3.71 10
 70 1.08 10
 50 8.02 10
 40 2.40 10
 
3) Derive tr

shown in
 

   
 
4) Calculate 

of maxim
 

  
 
On the oth

ccording to th
50% should 
alue can be co
ther words, it
oint of less th
egradation in
alculations fo
quivalent ope

Table 1. The li
was calculated 

This result 
onsidered life
eason of this 
ssumption of
peration temp
ctual case, it 

rend formula f

ulations for a
me limits in eq

 

 0.022404 

 0.011087 

 0.001846 

 0.0001155 

 0.0000398 

 0.0000249 

rend formula 
n Fig. 2 1.05 1

B and compl
mum permissib2
her hand, in 
he KS C IEC 
be regarded 
onsidered as th
t is able to co

han the elonga
n use. Using
or accelerated 
erating years 
ifetime in equ
with approxim
is generally 

etime of 20~3
difference is

f continuous
perature of c
is expected to

J

for environme

accelerated ag
quivalent oper

B 
Ac
ag
fac

4.94 10  19

1.26 10   9

4.97 10   1

1.06 10   

4.85 10  0.

1.04 10  0.

for environm

10 ∙ .
ete the lifetim
ble temperatur19.9 .

the case of
60502-1, the 
as disqualific
he criterion o

onsider the lif
ation rate of 15
g this relatio

aging factors
could be m

uivalent operat
mately 9.1 yea
quite low co

30 years for 
s due to the 
s operation 
cables was c
o take longer 

Jeongtae Kim, J

ental factor B

ging factors 
rating years 

ccel. 
ging 
ctors 

Lifetime l
in equival

operating y
93.9  17.1 da

96.0  34.5 da

16.0 207.2 da

1.0  9.1 yea

337  26.9 ye
215  42.1 ye

mental factor B

  

me formula at 7
re in VCT cab

  

f PVC mate
elongation rat
cation. Thus, 
f lifetime limi
fetime limit at
50% by long-
nship eventu
s and lifetime
ade as show
ting years at 7
ars. 
ompared with
VCT cables. 
calculation u
at 70℃. If 

considered as
lifetime than

Ji-Sub Yoon and

 

and 

imit 
lent 
years
ays 

ays 

ays 

ars 

ars 
ars 

B as 

(5) 

70℃ 
bles  

(6) 

erials 
te of 
this 

it. In 
t the 
term 

ually, 
es in 

wn in 
70℃ 

h as-
The 

under 
the 

 the 
n this 

valu
tem
at 5

4.

4.1

F
for 
ben
volt
show
up t
and
app
than
the 
show
the 
for 
the 
19k
con
of t
stre
was
whi
cert

4.2

F

Fig.

d Sang-Won Ch

ue. When con
mperature of ca

0℃ and 42.1

  

Analysis of 
Thermal a

AC breakd
bending tes

Fig. 3 shows 
thermally a

nding test. In c
tages were sli
wed more tha
to 58 days. Bu

d 140℃, dam
ear during the
n 10 days agin
damaged spec
wed 0kV, bec
damaged spe
severe aging 
scale parame

kV. Therefor
nsidered as the
the specimen
sses. In betw

s no significa
ich implies tha
tain level of de

AC breakd
impact test

Fig. 4 shows th

. 3. AC brea
bending te

oi 

nsidering the 
ables, lifetime
 years at 40℃219.9219.9
AC Breakd

and Mechani

down voltag
t 

the result of 
aged specim
case of 110℃ 
ightly decreas
an 5kV and n
ut in the case

maged specim
e low-tempera
ng. In the subm
cimen during 
cause AC vol
ecimen. Due t
conditions, th

eter of Weibul
e, breakdow

e lifetime limi
n with therma
ween 130℃ an
ant difference
at mechanical
egradation.  

down voltag

he result of A

akdown volt
est with aging

http://www

lower contin
es can be obta

℃.  9 .  9 .  

down for Spe
ical Multipl

ge after low

AC breakdow
mens after l

degradation, 
sed with aging
no physical da
e of the degrad
mens in insul

ature bending
mergence AC 
low temperatu

ltage could no
to these dama
he AC breakd
ll statistics sh

wn voltage 
t through AC 

al and mecha
nd 140℃ deg

e in AC break
 damages wer

ge after low

AC breakdown

age after l
g time 

w.jeet.or.kr │ 13

nuous operatio
ained 26.9 yea

(

ecimens with
le-stresses 

w-temperatu

wn experimen
ow-temperatu
AC breakdow

g time, but th
amage occurr
dation of 130
ation began 

g test after mo
breakdown te

ure bending te
ot be applied 
aged specime
down voltage 
howed less th
of 19kV w
breakdown te

anical multipl
gradation, the
kdown voltag
re similar over

w-temperatu

n experiment f

ow-temperatu

379

on 
ars 

(7) 

h 

ure 

nts 
ure 
wn 
hey 
red 
℃ 
to 

ore 
est, 
est 
to 

ens 
as 
an 

was 
est 
le-
ere 
ge, 
r a 

ure 

for 

ure



13

th
te
te
te
st
be
te
co
va

st
im
th

5

vo
ra
br
pr
pr
F
an
of

A
im
vo
im
el
ge
ab
el
w

F

Lifetim

 380 │ J Electr E

hermally aged
est. The resu
emperature be
est, less than
tatistics could
ecause mech
emperature im
ondition show
alue.  
Thus, consi

tress in low-te
mpact test cou
he similar lifet

 
 

5. Lifet
 

.1 Correlatio
elongation

 
Fig. 5 show

oltages after l
ates for the de
reakdown va
roportional, w
roperties lead
ig. 5, the sha
nd elongation
f lifetime limi
Similar with

AC breakdow
mpact test an
oltages after 
mpact test sh
longation rat
enerally show
bove 19kV o
longation rate

which seems to

Fig. 4. AC br
impact t

e Assessment M

Eng Technol.20

d specimens 
ult was almo
ending test. I

n 19kV of th
d be also con
hanical dama

mpact test for 
wing less th

idered with a
emperature be
uld be regarde
time limit obt

time Assessm

on between A
n rates 

ws the correla
low-temperatu
egraded specim
alues were 
which means 
ds to the redu
ded area abov

n rate of 150%
it. 

h Fig. 5, Fig. 6
wn voltage a
nd elongation

the low-temp
howed very c
tes and AC

wn to be prop
of AC break

es in Fig. 6 sho
o be considere

reakdown vo
test with aging

Method using M

016; 11(5): 1377

after low-tem
ost the same 
In the low-tem
he scale param
nsidered as t
ages occurre
the specimen

han 19kV br

above results
ending test and
ed to be simil
ained from tw

ment for VC

AC breakdow

ation between
ure bending te
mens. Elonga
shown to b
that the redu

uction of diele
ve breakdown

% can be cons

6 shows the co
after testing 
n rates. Since
perature bend
close similarit
C breakdown
ortional. Also
kdown voltag
ows the same 
ed as an area o

oltage after 
g time 

Multiple-Stress A

7-1382 

mperature im
as that of 

mperature im
meter in We
the lifetime li
ed in the 
ns with the a
reakdown vol

, the mechan
d low-tempera
ar, which lead

wo experiment

CT Cables 

wn voltages 

n AC breakd
est and elonga
ation rates and
be approxima
uction in phy
ectric strength
n voltage of 1
sidered as an 

orrelation betw
low-tempera

e AC breakd
ding test and
ty to each o

n voltages w
o, the shaded 
ge and 150%
as those in Fi

of lifetime lim

low-tempera

Acceleration Ag

mpact 
low-

mpact 
ibull 
imit, 
low-

aging 
ltage 

nical 
ature 
ds to 
ts. 

and 

down 
ation 
d AC 
ately 
sical 
h. In 
19kV 

area 

ween 
ature 
down 
d the 
other, 
were 
area 

% of 
ig. 5, 

mit. 

Fig

Fig

5.2

A
lifet
tem
age
brea
low
corr
rate
volt
acco
con
and
ratio
wer

A
wel
in T
was
How

ature

ging for Flexible

. 5. Correlatio
breakdow

. 6. Correlatio
breakdow

Lifetime an
operating y

As shown in 
times in eq

mperatures wer
d PVC insu
akdown volta

w-temperature 
relation betwe
e was obtained
tage voltages
ording to th

nsideration of 
d 140℃. In ca
o with elonga
re multiplied.
As shown in F
l fit to the tre

Table 1, the life
s 9.1 years w
wever, the life

e Cable of Port

on between 
wn after low-te

on between 
wn after low-te

nalysis in co
ears 

Table 1, ac
quivalent ope
re analyzed u

ulation of V
ages after low

impact test
een AC break
d. In Fig. 7, t
s and elonga
he 70℃ equ
accelerated ag

ase of AC bre
ation rate as 

Fig. 7, AC br
end line of elo
fetime limit for
with the con

fetime limit fo

table Electric M

elongation r
emperature ben

elongation r
emperature im

onsideration 

celerated agi
erating years 
using elongatio

VCT cables. 
w-temperature 

t were meas
down voltage
the results of 
ation rates w
uivalent oper
ging factors o

eakdown volta
shown in Fig

reakdown vol
ongation rates
r the elongatio
ntinuous oper
or AC breakd

Machines 

rates and A
nding test 

rates and A
mpact test 

of equivale

ing factors an
according 

on rate data f
Moreover, A
bending test 
sured and t

e and elongatio
AC breakdow

were rearrang
ating years 

of 110℃, 130
age voltages t
g. 5 and Fig.

ltage data we
s. As mention
on rates of 150
ration at 70℃
down voltage 

 
AC 

 
AC 

nt 

nd 
to 

for 
AC 

or 
the 
on 
wn 
ed 
in 
℃ 
the 
 6 

ere 
ned 
0% 
℃. 
of 



19
di
di
th
co
as
th
va
w
to

th
m
it 
fo
is
m
te
of

50
ye
m

F

F

 

9kV was cal
ifference betw
ifferent stress
hermal stress 
ontrary, in cas
s bending or i
he thermally a
alue in the li

with the lifetim
o the thermally

Lifetime lim
his is the cas

maximum perm
t means that a 
or 3.3 years, w
s not easy t

machine. The
emperature wa
f the cable. 

If it is assum
0℃, the therm
ears whereas

mechanical stre

Fig. 7. Analysi
rates ba

 

Fig. 8. Analysi
operatin

lculated with 
ween two li
s application
was only app

ses of AC brea
impact at the 
aged specime
ifetime of 19

me limit for 1
y and mechan

mit of 3.3 year
se that the c
missible tempe
a portable elec
which is not a
to consider r
erefore, in t
as assumed to

med that the 
mal lifetime w
s the lifetim
ess would be 

is of AC break
ased on 70℃ 

is of lifetim
ng years 

J

the value o
ifetime limit 
. In case of
plied to the sp
akdown, mech
low temperat

ens. Therefore
9kV AC brea
150% elongati
nically multipl
rs seems to b
cable operates
erature of 70℃
ctric machine 
an actual situa
real operation
this paper, 

o estimate the

cable operate
would be cons
me limit wi
obtained to b

kdown voltag
equivalent op

me limit for 

Jeongtae Kim, J

of 3.3 years. 
stems from 

f elongation 
pecimens. On
hanical stress 
ture was adde
e, about one t
akdown comp
ion rates was
le stresses. 
e very short. 
s continuousl
℃. In other wo
runs continuo
ation. Howeve
n pattern of 
lower opera

 practical life

es continuousl
sidered to be 
ith thermal 
e just 9.9 year

ges and elonga
perating years

50℃ equiva

Ji-Sub Yoon and

The 
the 

rate, 
n the 
such 
ed to 
third 

pared 
 due 

But, 
ly at 
ords, 
ously 
er, it 

f the 
ating 
etime 

ly at 
26.9 
and 

rs as 

show
ope
42.2
mec
The
of p
che
use 

In
port
acce
and
foll

T
to 
acce
tem
Wei
for 
was
prop
para
of li

C
con
corr
whe
stre
with
app
and
mec
15.7

B
lifet

ation

alent

Fig.

d Sang-Won Ch

wn in Fig. 8
ration as show
2 years wher
chanical stres
ese considerat
portable elect
ck damages in
of the machin

n this study, t
table electri
elerated aging

d electrical m
ows. 

The elongation
be decreased
elerated agin

mperatures bas
ibull statistica
aged cables a

s analyzed 
portional to th
ameter in Wei
ifetime. 

Considering 
ntinuous opera
responding to
ereas the life
sses through A
h 3.3 years. 
lication of me

d 40℃ operat
chanical stres
7 years respec

Based on the a
time assessme

. 9. Analysis 
operating 

oi 

8. Similarly, 
wn in Fig. 9, t
reas the lifeti
ss would be 
ions seem to 
tric machines
n the cable in
nes. 

6. Conc

the lifetime o
ic machines
g experiment

multiple-stress

n rate for deg
d exponentia
ng factors w
ed on the Arr
al analysis in 
after low-tem

that AC b
he elongation
ibull analysis 

equivalent 
ation for VCT
o elongation r
etime limit w
AC breakdow

This differe
echanical stres
tion, the lifet
s would be o

ctively.  
above analysis
ent and degrad

of lifetime 
years 

http://www

in the assum
the thermal lif
ime limit wit
obtained to 
be more pract
. But, it is re

nsulation caref

clusion 

of VCT cable 
s was anal
ts with therm
ses and it is

graded specim
ally with ag

were calculat
rhenius relatio
the AC break

mperature mec
breakdown v

n rates and 19
was suggeste

operating y
T cables, the t
rate of 150% 

with thermal a
wn assessment
ence would 
ss. In the assu
time limit wi
obtained to be

s, it is possible
dation for low

limit for 40

w.jeet.or.kr │ 13

mption of 40
fetime would 
th thermal an
be 15.7 year
tical for the u
ecommended 
fully during t

mainly used 
lyzed throug

mal, mechanic
s concluded 

mens was show
ging time an
ed with agin

onship. Throug
kdown voltag

chanical tests,
voltages we
kV of the sca

ed as limit val

ears at 70
thermal lifetim

was 9.1 year
and mechanic
t was calculat
be due to t

umption of 50
ith thermal an
e 9.9 years an

e to perform t
w voltage cabl

0℃ equivale

381

℃ 
be 
nd 
rs. 

use 
to 

the 

in 
gh 
cal 
as 

wn 
nd 
ng 
gh 

ges 
, it 
ere 
ale 
ue 

℃ 
me 
rs, 
cal 
ted 
the 
℃ 
nd 
nd 

he 
les 

ent



Lifetime Assessment Method using Multiple-Stress Acceleration Aging for Flexible Cable of Portable Electric Machines 

 1382 │ J Electr Eng Technol.2016; 11(5): 1377-1382 

using the analysis procedure and experiment with the 
thermal, mechanical and electrical multiple-stresses. 
However, it is most important to check damages in the 
cable insulation carefully during the use of the machines. 
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