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Abstract— It is a fair statement that the strength of ceramics that can be virtually correlated to porcelain insulators’ strength 
is modeled by statistics as; identical components are unlikely to fail at a single reproducible strength. In the present work, an 
attempt has been made to perform a detailed statistical analysis of the strength data using a larger class of probability models 
specifically applying Weibull. The Weibull distribution has a more appropriate form for small strengths and is 
mathematically more relevant and convenient to use for the current problem.  Results based on application of Weibull 
distribution and development of probabilistic models that shows the confidence interval for any particular breaking stress 
value is obtained. Consistent repetition of test values further supported the developed models. These results are significantly 
useful in the design of ceramic insulators.  
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I. INTRODUCTION  
 
High voltage insulators perform dual functions - 
primarily it provides mechanical support and 
secondarily electrical isolation of power carrying 
conductors.  The reliability of power system is greatly 
reliant on the proper functioning of the insulators as 
any insulator failure could be catastrophic resulting in 
direct and indirect losses amounting to billions of 
dollars.  The effectiveness of insulator to perform the 
above functions depends on the type of material, 
proper design, selection of right insulator, and 
changes in environmental factors over a period of 
time.  High voltage insulators currently in use can be 
mainly classified as ceramic insulators (porcelain or 
glass) and composite insulators that are made up of 
Ethylene propylene Diene Monomer (EPDM) and or 
silicone rubber [1-2].       
The focus in this paper is clearly with respect to 
ceramic material. Ceramics which are brittle 
materials have many valuable properties like 
Inertness; inorganic and hence non aging, high 
mechanical resistance that does not deteriorate over 
time,  wear resistance , high hardness, stiffness, high 
strength retention at elevated temperatures, corrosion 
resistance along with chemical inertness , etc [3].  
The advancement in the field of ceramic science in 
the last couple of decades has enabled the application 
to evolve from more conventional applications like 
sanitary wares, pottery etc, to cutting edge 
technologies, that include rocket engine nozzles, 
storage and renewable energy devices, fiber optics for 
high speed communications, heat resistant tiles for 
space shuttle engine parts, implant materials for 
biomedical applications,  nuclear materials, and 
elements for integrated electronics like Micro-
Electro-Mechanical Systems (MEMS) [4]. 
In numerous engineering applications that typically 
require load bearing capability it has been observed 

that an optimum combination of high hardness with 
high toughness ensures high strength of reliability. In-
spite of having superior hardness over conventional 
metallic materials, one of the major limitations of 
ceramics is the poor toughness and low strength 
reliability. The large variability is mainly attributed to 
the variability that exists in shape, distribution of 
crack size, and also orientation with respect to the 
tensile loading axis. It has been observed that the 
existence of scattered variations has specific 
engineering consequences.  Consequently it can be 
observed that the strength of indistinguishable 
ceramic specimens under like loading conditions is 
dissimilar for a given ceramic material.  
With respect to ceramic materials the strength that 
can safely be used in design is clearly less than the 
average measured strength. Secondly the probability 
of failure of a large specimen is greater than that of a 
small specimen under the same stress because larger 
volume will have higher probability for having flaws.  
Finally the measured strength of specimens of the 
same size differs for different measurement 
techniques because different measurement techniques 
subject different volumes of the specimen to tensile 
stress.  In order to describe these effects, 
quantitatively, Weibull developed a theory based on 
the concept of the failure of the weakest link and 
using this, the strength distribution of ceramic 
materials can be described effectively [5-8]. 
 
II. STATISTICAL DISTRIBUTIONS 
 
Probability distributions can be effectively applied in 
model development through material 
characterization.  Statistical distributions can be 
broadly classified as Continuous and Discrete. 
Typical examples of Continuous distributions include 
Normal, exponential, gamma, and Weibull.  Normal 
distribution is one of the most important distributions 
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in the application of statistics. Exponential 
distribution is typically used in reliability engineering 
for modeling the time to failure of a system. Weibull 
distribution applications are extensive in reliability 
engineering as a model of time to failure for 
mechanical (e.g.- bearings), electrical/electronic (e.g.- 
memory) components, structural elements in 
automobiles and aircraft. Discrete distribution 
examples include Poisson, Binomial, Geometric 
distributions.  Binomial distribution is typically used 
in quality engineering specifically for sampling from 
an infinitely large population.  Poisson is used to 
model the number of defects that occurs in a unit of 
product in quality engineering.  Depending on the 
nature of the research problem a Continuous or a 
discrete probability distribution can be used for 
modeling [9].  As an example Gaussian or Normal 
distribution can be used to represent the distribution 
of strength data for values not too far from the mean, 
but for small values of strength it suffers from the fact 
that it gives a finite probability of occurrence of 
negative strengths.   

 
III. WEIBULL DISTRIBUTION 
 
Mathematical definition of the continuous probability 
distribution – Weibull two parameter distribution is 
given below [10].  

 
 

Where λ > 0 is the scale parameter and k > 0 is the 
shape parameter of the distribution.  The mean and 
variance of the Weibull distribution are 

 
 

The Weibull distribution is actually very flexible and 
hence by appropriate selection of the above scale and 
shape parameters the distribution can assume a 
numerous variety of shapes.  It should be noted that if 
k = 1, then the Weibull distribution reduces to the 
exponential distribution with mean 1/ λ.  The 
cumulative Weibull distribution can be given as 

 
The other forms of Weibull distribution include the 
one parameter and three parameter model.  In one 
parameter model the shape parameter k is considered 
to be known in advance from previous experience of 
similar products and takes a constant value “C”.  
Hence the only unknown parameter is the scale 
parameter λ.   The main benefit of this is data sets 
that typically have very few failures can be analyzed.   
To understand the three parameter Weibull 
distribution consider the two parameter distribution 

and replace x by x- µ, where µ, is the location 
parameter. The parameter µ,can take any value from - 
∞ to + ∞. [11] It has been observed based in Akaike 
Information Criterion (AIC) that the two parameter 
Weibull fit is better that the three parameter fit [12]. 

 
IV. SOLID CORE INSULATOR DESIGN AND 
CANTILEVER TESTING 
 
Fig. 1 below shows a few solid core insulators. 
 

 
Fig. 1. Solid Core Insulators. 

 
In a cylindrical post insulator, the parameters body 
stress, applied load, length, core diameter are related 
as  

Stress = 32*W*L/ (Pi* D3) 
 

In the mentioned formula W is the applied load in kg, 
L is the length of the insulator in cm, D is the core 
diameter of the insulator in cm, and hence the stress 
will be in kg/cm2.  It is important for the end 
customer to know the maximum load that an insulator 
is expected to withstand when cantilever loading is 
applied in practice as, accordingly the insulator 
manufacturers can design and supply them with a 
certain factor of safety.   
As ceramic is a brittle material and as explained early 
it is very difficult to consider a given body stress and 
base the design accordingly.  Hence from the 
insulator manufacturers’ point of view to ensure a 
reasonable factor of safety in the design when the 
insulator is being subjected to cantilever load, there is 
a great tendency to under utilize the upper limit of the 
potential body stress.  Accordingly designs could be 
made with higher core diameter and resulting in 
lower efficient design and high costs.  The role of 
Weibull distribution is very critical in this regards as 
it scientifically provides the best possible upper stress 
limit that can be used in the design and accordingly 
the designs made are much superior and efficient, low 
cost with lower diameter core of the insulator. 
The purpose of mechanical failing load tests is to 
determine the strength of the post insulator when 
subjected to bending, tension, compression and 
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torsion type of loads.  Typically bending test is 
considered as the ultimate mechanic failing load test.  
To perform testing the test bed is cleaned thoroughly 
to begin with.  The solid core insulator unit or the 
solid core insulator stack is to be mounted on the test 
bed.  

 
Fig. 2 shows a typical bending test on solid core 
insulator 
 

 
Fig. 2. Testing of solid core insulators 

 
All holes in the bottom flange should be connected to 
the test bed by high tensile bolts.  The test load 
should be applied at the free end of the insulator 
perpendicular to the axis of the insulator.  Various 
tests that are done include routine test, and type test.  
In case of routine test, the load should be typically 50 
% of the type test load.  Test duration is 3 seconds.  
Then the insulator is rotated 900.  Similar load 
application is to be performed.  This is to be repeated 
until all four directions are covered.   In case of a type 
test in the final 4th direction the load when applied at 
100 % is to be maintained for a minute.  After such 
an exertion of the load, the insulator is to be removed 
and checked for any cracks or breakage.  Instead of 
removing the insulator, the other option is to keep on 
increasing the load up to the breaking load for our 
information [13].  This is very useful as the basic 
purpose of using Weibull in this work is to arrive at 
the maximum upper limit of the insulator body stress 
with a certain statistical confidence.  The main idea of 
this work is to attain a very close match between the 
theoretically designed insulator body stress and the 
body stress at the point of actual breakage.   Fig. 3 
shows the typical picture of breakage during solid 
core testing/ in field use. 
 

 

 
Fig. 3. Typical picture showing the breakage of solid core 

insulators. 
 
V. RESULTS AND DISCUSSION 

 
Weibull’s two parameter distribution model has been 
used to analyze the actual failure stress values of 
Solid Core insulators for a period of nearly three 
years. In this, symmetrical cumulative distribution 
function has been used as probability estimator.  Of 
the numerous solid core insulator types in terms of 
ratings available they were grouped on the basis of 
height; for eg 0 to 500 mm may be group 1 (lower 
height) , 501 to 1600 mm may be group 2,  (medium 
height) and above 1600 mm may be as group 3 
(higher height).  The exact details of classification on 
the basis of height are not shared on the basis of 
confidentiality. The idea  here is to show using 
Weibull there is a significant improvement in % of 
the design stress value that is used for future design 
with reference to the values used for design without 
using Weibull.  All the data points of the actual 
breakage data obtained based on the design without 
using Weibull were considered for the statistical 
modeling.  We adopted a common method with a 
certain factor of safety for all groups, to eliminate the 
abnormal data points in order to estimate the Design 
Stress for re-designing.   
The reliability graph was plotted by calculating the 
probability of survival for a wide range of design 
Stress values using the Weibull’s statistical 
parameters obtained for each group.    Illustratively  if 
a design Stress value of 400 kg/cm2 gives a 
probability of survival of 0.90 (reliability level), it 
means that there is a 90% chance for the designed 
products to withstand a stress value of 400 kg/cm2. It 
is to be noted here that the Strength (stress) is 
expressed in terms of statistical value and not as a 
determined value (used to be in conventional 
calculations). This is the most appropriate method, as 
our products ceramics are brittle in nature. For 
confidentiality reasons the actual plot is not shown 
here as it will display the stress value of our ceramic 
body.  Instead as mentioned earlier the % 
improvement will be shown. 
In practice based on experience and with a reasonable 
safety factor a reliability level percentage (80 or 85, 
or 90) can be chosen for observing the improvement 
in design stress under consideration.  Table 1 below 
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summarizes the study made using Weibull 
distribution. 

 
TABLE I.  RESULT SUMMARY 

 
 

From the above Table I of the result summary it can 
be interpreted that there is a significant increase in 
design stress value that can be considered for design 
if Weibull Distribution can be used for modelling the 
data can be implemented.  The significant advantage 
of this would translate in to cost reduction (both in 
porcelain and metal parts), increase in kiln loading 
density due to lesser diameters, better yield due to 
lesser core diameter of products.  Designs were 
subsequently made considering the improved design 
stress.  The load at which samples failed were in line 
with the Weibull statistical modelling based results.   
 
CONCLUSIONS 
 
Use of Weibull statistical distribution for modelling 
of Ceramic material has been exhibited in this work.  
Using Weibull a significant improvement in design 
stress value in the range of 5 % to 21 % that can be 
considered for future design of ceramic insulators 
was scientifically arrived.  When designs were carried 
out based on modified stress value the actual 
breakage values were in close agreement with the 
proposed statistical base value.  The results were very 
promising as it results in a significantly improved and 
a cost effective design for the future use. 
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