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Water trees are not a problem to utilities – cable life is. For 
completeness it is prudent to note that a primary reason 
for system failure is accessory workmanship [1]. Poor 

installation practices and third party damage also contribute to sig-
nificant outages. In these cases, the failure is generally local and can 
be repaired by re-jointing. Of more concern are potential systematic 
problems which could render a large section of underground reticu-
lation unreliable.

In the early 1970s, the exhibited cable life was significantly shorter 
than the expected or desired lifetime of 30 years. The service experi-
ence in North America was significantly worse than that in Europe. The 
poor performance was attributed to electrochemical degradation, more 
commonly known as water treeing. South Africa also experienced a 
problem with first generation XLPE in the early 1980s. Current expe-
rience around the world, and in South Africa, is significantly better. 

Failure rate in service

There are three stages in the life of a cable: Early failures, maturity 
and ageing. Only the actual service result is the ultimate measure of 
cable performance and reliability. Ideally any accelerated ageing test 
should just shorten the time scale and not focus on one portion only, 
if it is to mimic real service experience.

Failures of early generation XLPE cables 
USA experience

The origin of the high failure rate in the early polymeric cables was 
attributed to poor cable construction and inadequate installation 
practices leading to extensive water tree degradation of the insulation. 
The service experience in the USA was found to be unsatisfactory 
compared to that in Europe [3]. Table 1 gives the failure rates and the 
volume of cable on which the statistics were based.

Statistic km Per 100 km 
XLPE

Per 100 km 
PE/HMWPE

Can 25 000 0,9 -

US 113 000 0,9 4,08

Eur 249 000 0,12 1,26

Table 1: 1986 Cable failure rates per year [2].

In 2010, an EPRI survey reported [4] between 1,3 and 7,5 failures/100 
km. A circuit would be replaced if it failed three times in five years.

German experience

To a lesser extent, similar experience was reported in Germany in 
the late 1970s mainly with thermoplastic PE cables with a graphitised 
outer semi-conductive layer. To overcome this phenomenon of 
premature cable failures, major attention has been devoted by the 
industry to improving compound quality, cable processing conditions 
and cable design [3].

From 1993 - 95, apart from some limited usage of TR-XLPE, only 
co-polymers have been used and the failure rate in 2 000 dropped to 
0,2 - 2 failures/ 100 km/year [3].

UK experience

Vail et al [5] illustrate that 1980s cables (tested at 50 Hz) show superior 
retention of breakdown stress when compared to the 1970s cables. 
This finding further demonstrates the improvements in cable manu-
facturing and materials technology. 

Understanding the influence of various factors on life expectancy 
can help mitigate the risks.
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Water tree degradation is claimed to have been a major cause of cable system failures. It is very important to be able to accurately predict 

the influence and behaviour of water trees in order to avoid over designing cables, making them uneconomical to produce. A literature review 
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not suffer from the same early problems. Modern wet and dry designs currently find good service life. Many countries also have accelerated 

ageing tests to raise the confidence of achieving a good service life.
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Abbreviations

Design of cable

Early designs
Campus [3] and Silver [6] noted that early American designs utilised 
a semi conducting tape screen applied helically over the conductor. 
Graphite and taped core screens were also common. These construc-
tions were later superseded by extruded layers of semi-conducting 
material. Further, the absence of an extruded polymeric jacket and 
the often wet laying conditions of the cable were identified as reasons 
for early electrical breakdown.

EuroMVcable

CENELEC reported in 2007 that modern extruded MV cables have 
now given more than 20 years of satisfactory experience as against 
the early products of the 1960s. This opened the door for the EuroM-
Vcable project [7, 8]. Cenelec managed to rationalise the 84 different 
models described in HD620 down to just four models, all passing the 
harmonised ageing test. Large i2t earth fault levels have forced some 
utilities to adopt 3-core armoured cables rather than single cores 
screened with sometimes just 0,2 mm of aluminium foil [8]. The use 
of homo-polymer XLPE against water treeing was successfully inves-
tigated emphasising the significant improvements of materials and 
manufacturing processes during the past 20 years. The EuroMVcables 
are listed in Table 2. The designs included both radial and longitudinal 
water blocking as well as non-water blocked cases. 

Core, Alu

150 mm2

Solid ø-13,2 mm •

Stranded ø-13,9 mm • • •

Insulation XLPE 20 kV 4,3 mm • •

XLPE 30 kV 6,33 mm •

HEPR 20 kV 4,6 mm •

External

Semicon

Bonded 0,5 mm • •

Strippable 0,5 mm • •

Screen Aluminium foil •

Aluminium foil + copper wires •

Copper wires • •

Outer

Sheath

MDPE, 2,5 mm • •

LLDPE, 2,2 mm •

Polyolefin Z1, 3,0 mm •

Table 2: Rationalised EuroMVcable designs [8].

SA designs

Classical South African XLPE designs have some redeeming features. 
The core bedding tape and copper tape around each core limits the 
amount of water reaching the cores. The common use of armoured 
cables provides further barriers to water by virtue of the bedding 
and sheathing. 

Curing method

Steam curing
The early XLPE cables were cured under steam which provided heat 
and pressure. During cable cooling, steam condenses as clusters of 
water. This water exceeds the solubility limit in polyethylene (PE). 
This generates microvoids in the micron range filled with water. Large 
water contents (above 2 000 ppm) have been measured. These are 
in the form of halos [9].

Dry curing

Dry curing reduces voids and water content [10]. Dry cooling is not 
necessary to prevent water pick up, however, the cooling must be 
under pressure to prevent the formation of voids. 

Void formation and water absorption

The early High Molecular Weight Polyethylene (HMWPE) insulated, 
Underground Residential Distribution (URD) cables were not cooled 
under pressure and hence there was a likelihood of void formation 
between the conductor shield and insulation [6]. 

Presence of water

Metallic radial water barriers
Water trees require the ongoing supply of water [2]. The intrinsic water 
in XLPE is insufficient to facilitate the continued growth of water trees. 
The presence of metallic radial water barriers explains the absence 
of water treeing in HV cables. However, there is an alternative to 
metallic radial water barriers. 

MDPE

Water treeing does not seem to take place at relative humidities of 
less than 70 % [12]. An MDPE sheath in combination with a swell-
ing tape under the MDPE sheath can function as a radial moisture 
barrier. The swelling tape under the outer jacket provides not only 
longitudinal water tightness but also absorbs diffusing water. It keeps 
the RH low for a time providing some radial water tightness delaying 
the eventual initiation of water trees. In Table 3 it is clear that PVC 
offers very little by way of a moisture barrier whereas MDPE plus a 
swelling tape appears quite effective. 

Jacket
material

Without
swelling tape

With
swelling tape

PVC 1,2 hours 192 days

MDPE type 1 10,6 days 115 years

MDPE type 2 2,6 days 28 years

Table 3: Time to critical RH (70%) on a sample of cable [12].

Interface quality

Triple extrusion
The inner tape and outer graphite screens have been replaced with 
triple extrusions. True triple extrusion is where three extruders feed 
into a common crosshead applying the three layers simultaneously. 
Tandem extrusion of 1+2 or 2+1 used in the 1980s was prone to 
interlayer contamination and lacked the intimate interface between 
the layers.

CENELEC – European Committee for Electrotechnical Standardisation
EPRI – Electric Power Research Institute
HMWPE – Hiagh Molecule Weight Polyethylene
HV – High Voltage
MDPE – Medium Density Polyethylene
MV Medium Voltage
PE – Polyethylene
PVC – Polyvinyl Choride
RH – Relative Humidity
URD – Underground Residential Distribution
XLPE – Cross Linked Polyethylene
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Material cleanliness

Improvement over years

In the early days insufficient care was taken to avoid contamination 
of the insulation during both the compounding and the extrusion 
processes [3]. Nowadays the whole supply chain is carefully man-
aged: Compounding-packaging-transporting-offloading-hopper 
cleanliness-extrusion sieves. Even friction in feeding pipes has been 
known to generate fines which generate pre-cured particles (scorch). 

Bow-tie trees

Contaminants in cable insulation are sites for bow-tie trees to grow. 
Reduction in scorch is essential to reduce number of bowtie trees. 
The breakdown strength of XLPE insulated cables improved from  
19 kV/mm in 1976 to 35 kV/mm in 1986 [14]. 

Electrical stress

Weibull

The Weibull probability density function of stepped ac breakdown 
(ACBD) failure (63,2% probability of failure) is often used to charac-
terise different materials for comparison purposes.

Life curve

The life curve is sometimes used to predict life expectancy by ex-
trapolating a series of time to failure at higher stresses than normal.

Estimation of n

A value of n=9 has been suggested in the past. A sample cable sur-
viving 30 days at 2 Uo is equivalent to 42 years at Uo if n=9. The 9th 
power law was actually decided by an experiment in which sheet 
samples with very large voids (100 um or more) were used [18]. In 
reality such large voids are not found in modern cables. A revised 
value of n up to 20 was quoted [18]. Srinivas [19] estimated that the 
early XLPE cables in North America had an estimated life exponent 
as low as n = 4. Nagasaki [20] estimated n = 3,9 for wet cables but  
n >22 for dry cables

Stress enhancement

Where there are protrusions on the interface, there is a local stress 
enhancement. Failure from the protrusion should occur at the same 
stress (within statistical limits), however the apparent strength of 
the material will be less for the greater protrusion. High stress and 
short time results may not be suitable for service life extrapolation.

Dc testing of aged XLPE cables

Dc proof test

When a cable fails in service, the failed section is removed and a 
new cable piece is spliced into the remaining old piece. Before the 
system is returned to service, the normal practice has been to dc 
proof test the cable. 

Smoothness

The smoothness of the semi-conducting layers has also improved 
over the years. Rough interfaces provide stress enhancement. 
Mashikan [13] found that protrusions of narrow radii and large depths 
(22% of the insulation thickness) did not act as preferential sites for 
the initiation of water trees, when aged, except in cases where the 
protrusions included impurities. Indentations caused by screens 
sinking into stranded conductors are generally not problematic as 
the stress enhancement is minimal. 

Trees which are less than 10% of the thickness of the insulation 
have no apparent effect on electrical strength [14]. Vented trees from 
the semi conductor/insulation interface are more harmful to XLPE 
cable insulation than the more numerous but shorter bowtie trees [15].

Ionic contamination

The effect of ionic contamination in and pips on the semi-conducting 
layers have a modest impact on ac breakdown (ACBD) strength. An 
ionic contamination of 18 times only produces a doubling of the tree 
length and about four times the density. Fifty times the number of pips 
also produces twice the tree length but only 1,5 times the density) [15].

Insulation material improvements

Common cable polymers include: PVC 1927; PE 1933; XLPE1945; TR 
XLPE 1979.

Triple extrusion

There are three basic XLPE insulation materials available: Homo-
polymer XLPE; Co-polymer XLPE; TR-XLPE. Co-polymer modified 
cross-linkable polyethylene for power cable insulation was introduced 
in the early 1980s to overcome the high failure rate of polyethylene 
insulated cables reported in the late 1970s in the USA [3]. 

Improvement of co-polymer

The improvement from XLPE-H to XLPE-C in terms of the number 
of bowtie trees is strongly influenced by the improvement in mate-
rial cleanliness [3]. In comparing materials over time it is difficult to 
separate what is an intrinsic improvement from an improvement in 
cleanliness, equipment, etc.

 

Disadvantages

Matey et al [16] warns of the downside associated with each XLPE 
option. Polar blends (used in co-polymers) may be restricted to 
bonded insulation shields and have higher dielectric losses. Non-
polar blends can suffer cleanliness and gel problems. Additives 
may suffer from permanence of effect, higher dielectric losses and 
exudation of additive.

Already in 1984, Fischer [17] claimed additive systems need to 
be free from carcinogens, have a tree resistance ten times that of 
standard XLPE and must be non-fugitive, remaining in the polymer 
matrix during extrusion, curing and finally during the service life of 
the cable. Most of this is still true provided one defines standard XLPE. 
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Simulating field conditions

Srinivas [21] conducted extensive trials which simulated these field 
conditions. He used accelerated ageing ac voltage to get ‘old’ cables. 
When these failed they were jointed to new cables. Some were dc 
tested and others not. In every cable, the old cable subjected to dc 
failed sooner than the non dc tested sample of the set. Table 4 sum-
marises the test results.

Original days to 
failure

Days to failure  
(after dc test)

Days to failure  
(after no dc test)

311 69 215

316 36 775

362 95 116

527 308 691

636 129 812

636 0.4 686

1036 103 146

Table 4: Results of dc tested cables.

Reduction in life

The results suggest that dc testing aged cables reduces the remain-
ing life of the aged cables. None of the samples failed during the dc 
proof test, but failed only after continued application of accelerated 
ac voltage stress. It is also apparent that dc does not ‘pick out’ the 
aged (bad) cable immediately, yet reduces the remaining life of the 
aged cable. None of the new cable sections failed under ac ageing 
even after dc testing. Dc testing of a new cable does not necessarily 
reduce the cable life. 

Failure mechanism

The explanation given is that when the cable is subjected to dc volt-
age, a space charge will develop around a water tree. This will shield 
the defect. When ac voltage is applied externally, it could change the 
defect’s polarity with respect to the surrounding space charge. This 
will result in a large potential gradient, thus creating the atmosphere 
for partial discharges and electrical tree growth. Dc essentially con-
verts a ware tree into an electrical tree.

Accelerated ageing

Theories of ageing

There are three major schools of thought concerning the electrical 
ageing of dielectrics [22]:
•	 The	inverse	power	law	relating	time-to-breakdown	to	field	F.	There	

is an empirical match but there is no physical basis for this as-
sumption. Results obtained at shorter times give optimistic cable 
lifetimes.

•	 Modified	exponential	relation	between	t	and	F.	It	describes	well	
the high field results for various extruded cables. This predicts a 
pessimistic evaluation of cable lifetimes.

•		 Charge	injection	and	space	charges	model.	It	describes	molecular	
level physical interactions, however, it does not allow the predic-
tion of cable lifetime from accelerated ageing tests.

Moulded samples vs cables

It is also well known that the different crystallinity between press-
moulded and extruded samples leads to significantly different electri-
cal properties and has far-reaching implications when using laboratory 
results to predict life under service conditions [22].

Tree numbers

Naybour [23] reported that, for wet cables, increasing the electric 
field will merely produce a large number of small water trees, the 
largest trees are produced by ageing at the service voltage. An often 
overlooked feature is the adhesion between the conductor screen 
and the conductor.

Corrosion of conductor

Hvidsten [24] discovered that liquid water can cause corrosion of 
aluminium conductors during laboratory standardised long-term wet 
ageing tests. Porous channels are generated by an electrochemical 
reaction between the aluminium conductor and the semi-conductive 
layer under the influence of mechanical stress. A galvanic cell is 
formed between the conductor as the anode and the carbon black 
of the semi-conductive layer as the cathode. During normal service 
operation this was found to be less probable. The absence of this 
phenomenon, which is not experienced in service, could lead to false 
extrapolations

Loss of characteristics

ACBD is the first property to reduce in wet accelerated ageing. Oxi-
dation resistance is the second with physical properties degrading 
later. In contrast, the oxidation resistance is the first property to 
degrade in dry accelerated ageing. Physical properties change next 
with ACBD strength being the last. That considered, one can expect a 
dry cable to exhibit a service life quite different from the wet ageing 
life prediction [2]. 

Testing at 50 vs 500 Hz

Steennis et al [25,26] showed that the UNIPEDE 50 Hz two years test 
and the 500 Hz test four months test indeed give identical results. 
They further identified the role of various ageing parameters on 
breakdown stress.
•	 Pre-conditioning	is	important	to	evaporate	any	by-products	that	

may otherwise suppress water treeing during accelerated ageing
•	 Ageing	stress	not	a	significant	factor
•	 Higher	frequency	accelerates	ageing	
•	 Water	chemistry	not	a	significant	factor
•	 Temperature	60˚C	versus	30˚C	not	a	significant	factor

Conclusion

•	 There	 is	 no	 test	 regime	 which	 can	 accurately	 predict	 service	
performance, but a wide range of test methods can be used to 
compare deterioration by water treeing. 

•	 Any	early	generation	XLPE	cables	should	be	scheduled	for	replace-
ment rather than repair. 

•	 Modern	XLPE	(>1986)	in	South	Africa	appears	to	be	quite	stable.	
This is largely due to material and process cleanliness. 
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•	 Review	of	current	designs	could	offer	some	marginal	life	improve-
ment.

•	 Rather	perform	no	test	than	a	dc	test	on	aged	XLPE	cables.

Service failures represent a low probability event (<0,1%) which is 
considerably less than the accelerated test results (63% failure). There 
is always the risk that the failure mechanism in service may not be 
the same as the laboratory ageing mechanism. The ultimate test of 
a cable’s capabilities is its service record.
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