
International Journal of Performability Engineering Vol. 7, No. 2, March 2011, pp. 179-185. 

© RAMS Consultants 

Printed in India 

 

________________________________________________ 

*Corresponding author’s email: rizwan@caledonian.edu.om                                      179 

Reliability Analysis of an Identical Two-Unit Parallel CC 
Plant System Operative with Full Installed Capacity 

A. G. MATHEW
1
, S. M. RIZWAN

*2
, M. C. MAJUMDER

3
,  

K. P. RAMACHANDRAN
4
 and G. TANEJA

5
 

1, 4Department of Mechanical and Industrial Engineering, Caledonian College of 

Engineering, Oman 
2Department of Mathematics and Statistics, Caledonian College of Engineering, Oman 
3Department of Mechanical Engineering, National Institute of Technology, Durgapur, 

India 
5Department of Statistics, MD University, Rohtak, India 

(Received on September 13, 2009, revised on September 12, 2010) 

Abstract: The paper presents a reliability analysis of an identical two-unit parallel CC 

plant system. Each unit consists of two identical 150 ton electrically operated overhead 

travelling (EOT) cranes operative at fully installed capacity. Failure in any crane of a unit 

brings the unit to a complete halt, and the inspection is carried out to detect the type of 

failure.  Four years maintenance data from a steel production plant have been used for 

this purpose. Three major failures were noted in the system, viz., repairable, replaceable, 

and reconditioning/reinstallation. The real failure situations as depicted in the data have 

been considered for analysis. Optimized reliability indices of the system effectiveness are 

estimated numerically by using semi-Markov processes and regenerative point techniques.  

Keywords: Continuous casting plant (CC plant), semi-Markov process, regenerative 

process. 

1.   Introduction 

     Modern CC plants are characterized by a high level of automation, deploying 

complex and sophisticated systems. These costly and sophisticated systems need to be 

maintained and serviced during the entire life cycle to maximize the availability, reduce 

the breakdown time, and thereby achieve optimized production and profit. Thus, the 

methodology for system analysis under various failure/repair assumptions has been widely 

presented in the literature such as [1] and [2] including references therein. For general 

reference, a book by Kuo, W. and Zuo, M. J. [3] may be consulted. 

     Moreover, a system of a steel production plant has been considered for the 

reliability analysis and four years of actual system breakdown maintenance data, on EOT 

cranes from a steel production plant, currently operational at Durgapur, India, have been 

collected for this purpose.  Three major failures were noted in the system, viz., repairable, 

replaceable, and reconditioning/reinstallation. The failure, repair, replacement and 

reconditioning/reinstallation rates along with the probabilities of different failures of the 

system in the CC plant have been estimated from the data and used for this analysis. The 

aim of this paper is to present a true case study illustrating the analysis of a system of 

Continuous Casting steel plant in order to achieve various reliability indicators of the 

system effectiveness. The capacity requirement for the system under consideration at the 

CC plant is a two-unit identical parallel system. Each unit consists of two identical 150 ton 

electrically operated overhead travelling (EOT) cranes operative at full installed capacity.
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     Since the cranes of the specific unit are working on a tandem basis, therefore, failure 

in any crane of a unit brings the unit to a complete halt. The failure in the system leads to 

disruption in the production continuum and hence has a direct impact on the total profit of 

the plant. Upon the failure of a crane of any unit, inspection is carried out to detect the 

type of the failure and accordingly, decide the type of the maintenance function to be 

performed. The similar failure situations are ingrained in the model and the analysis is 

carried out by using the actual estimated values of various probabilities and rates. The 

following measures/indices of plant effectiveness by using semi – Markov processes and 

regenerative point techniques are obtained:   

• Mean time to system failure. 

• Plant availability. 

• Expected busy period of the repairman for inspection. 

• Expected busy period of the repairman for repair. 

• Expected busy period of the repairman for replacement. 

• Expected busy period of the repairman for reconditioning/reinstallation.  

• Expected number of visits by the repairman. 

• Expected number of repairs. 

• Expected number of replacements. 

• Expected number of reconditioning/reinstallation. 

• Profit incurred to the system.  

Acronym 

CC Continuous Casting 

EOT Electrically Operated Overhead Travelling Crane 

PLC Programmable Logic Controller 

MTSF Mean Time to System Failure  

Notation 

  Operative state of the CC plant 

  Failed state of the CC plant 

O   Cranes working under full installed capacity 

α  Inspection rate 

λ   Failure rate of either crane of unit I/II 

1p     Probability of repairable failure of unit I/II 

2p   Probability of replaceable failure of unit I/II 

3p    Probability of reconditioning/reinstallation failure of unit I/II 

iF   Failed unit I/II is under inspection 

r1F    Failed unit I/II is under repair 

r2F   Failed unit I/II is under replacement 

r3F    Failed unit I/II is under reconditioning/reinstallation 

R1F   Failed unit I/II under repairable failure continues from previous state 

R2F  Failed unit I/II under replaceable failure continues from previous 

state 
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R3F  Failed unit I/II under reconditioning/reinstallation failure 

continues from previous state 

wiF   Failed unit I/II is waiting for inspection 

h(t),H(t)  p.d.f. (probability density function) and c.d.f. (cumulative 

distribution function) of inspection time of a failed unit 

1 1g (t),G (t)  p.d.f. and c.d.f. of repair time of unit I/II  

2 2g (t),G (t)  p.d.f. and c.d.f. of replacement time of unit                  

I/II 

3 3g (t),G (t)   p.d.f. and c.d.f. of  reconditioning/reinstallation time of unit I/II 

ij ijq , Q (t)  p.d.f. and c.d.f. of first passage time from a regenerative state i to j or to 

a failed state j without visiting any other regenerative state in (0, t] 

ijp   Transition probability from regenerative state i to regenerative state j 

*  Symbol for Laplace transforms 

**  Symbol for Laplace Stieltje’s transforms 

©   Symbol for Laplace convolution 

  Symbol for Stieltje’s convolution 

0C   Revenue per unit up time 

 

1C    Cost  per unit up time for which the repairman is busy for inspection 

2C  Cost  per unit up time for which the repairman is busy for repair 

3C  Cost  per unit up time for which the repairman is busy for 

replacement 

4C  Cost  per unit up time for which the repairman is busy for 

reconditioning/reinstallation  

5C  Cost per visit of the repairman 

6C  Cost per unit repair 

7C  Cost per unit replacement 

8C  Cost per unit reconditioning/reinstallation 

0A  Steady state availability of the system 

0I  Busy period of the repairman for inspection 

0B  Busy period of the repairman for repair 

0BR  Busy period of the repairman for replacement 

0BRR  Busy period of the repairman for reconditioning/reinstallation 

0V  Expected number of visits by the repairman 

0R  Expected number of repairs  

0RP  Expected number of replacements 

0RR  Expected number of reconditioning/reinstallation 

(All costs are in Indian Rupee)  

2.   Data Summary 

The following have been estimated from the data: 
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Probability that the failed unit I/II needs repair (p1) = 0.314. 

Probability that the failed unit I/II needs replacement (p2) = 0.443. 

Probability that the failed unit I/II needs reconditioning/ reinstallation (p3) = 0.243. 

Estimated value of failure rate for unit I/unit II (λ) = 0.0017 per hour. 

Estimated value of repair rate of unit I/II 1(α ) = 0.397 per hour. 

Estimated value of replacement rate of unit I/II 2(α ) = 0.057 per hour. 

Estimated value of reconditioning/reinstallation rate of unit I/II 3(α ) = 0.381 per hour. 

Estimated value of inspection rate for unit I/unit II, i.e., (α) = 0.4 

C0= 2300, C1=300, C2=2505.95, C3=22860.6, C4=5407.6, C5=700, C6=18606, 

C7=286709.33, C8=49490.13  

3.   Model Description and Assumptions 

1. The CC plant has a parallel system of two identical units’ viz., unit I and II always 

operative at full installed capacity. 

2. Each unit consists of two identical 150 ton EOT cranes. 

3. Upon the failure of a unit, a repairman is called to carry out the inspection, repair, 

replacement and reconditioning/reinstallation. 

4.  The system comes to a complete halt upon the failure of both the units.   

5. The failure, inspection, repair, replacement, reconditioning/reinstallation rates of 

Unit I and II are same.  

6. During inspection, the other unit doesn’t fail. 

7. Failure times are assumed to be exponentially distributed, whereas other 

distribution times are taken as arbitrary. 

7. After each repair, the system works as good as new. 

4.    Transition Probabilities And Mean Sojourn Time 

 
Figure 1: Transition states of the system 

     A transition diagram showing the various states of the system in the CC plant is 

shown in Figure 1. The epochs of entry into states S0, S1, S2, S3, and S4 are regenerative 

points and thus are regenerative states. The states S5, S6, and S7 are the failed states. The 

transition probabilities are as under: 
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-4λt
01 1dQ = 4λ e dt

; 12 1dQ = p h(t)dt
; 13 2dQ = p h(t)dt

; 14 3dQ = p h(t)dt
;

-2λt
20 1dQ = e g (t)dt

;
-2λt

125dQ = 2λe G (t)dt
;

(5) -2λt
121dQ = [2λe ©1]g (t)dt

;
-2λt

236dQ = 2λe G (t)dt
;

-2λt
30 2dQ = e g (t)dt

;
(6) -2λt

231dQ = [2λe ©1]g (t)dt
;

-2λt
40 3dQ = e g (t)dt

;
-2λt

347dQ = 2λe G (t)dt
;

(7) -2λt
341dQ = [2λe ©1]g (t)dt

     (1) – (13) 

Therefore, the non-zero elements ijp can be obtained as ij ij
s 0

0

p lim q (t)dt

∞

→
= ∫  

     The mean sojourn time ( iµ ) in the regenerative state ‘i’ is defined as the time of stay 

in that state before transition to any other state. If T denotes the sojourn time in the 

regenerative state i, then: 

iµ = E(T) = Pr[T > t]dt  

0µ = -4λt

0

[e ]dt

∞

∫ ; 1µ = 

0

H(t)dt

∞

∫ ; 2µ = -2λt
1

0

e G dt

∞

∫ ; 3µ = -2λt
2

0

e G dt

∞

∫ ; 4µ = -2λt
3

0

e G dt

∞

∫  

      (14) - (18) 

     The unconditional mean time taken by the system to transit to any of the 

regenerative state j when time is counted from the epoch of entry into state i, is 

mathematically stated as: 

ij ij ij

0

m = tdQ (t) = -q * '(0)

∞

∫                         (19) 

Thus, 

01 0m = µ ; 12 13 14 1m + m + m = µ ; 20 25 2m + m = µ ; (5)
20 221m + m = k (say) ;

30 36 3m + m = µ ;
(6)

30 331m + m = k (say) ; 40 47 4m + m = µ ; 
(7)

40 441m + m = k (say)  

5.   Mathematical Analysis  

5.1  Mean Time to System Failure  

     To determine the mean time to system failure, consider the failed states as 

absorbing. Let i (t)φ be the c.d.f. of the first passage time from regenerative state ‘i’ to a 

failed state ‘j’ [2]. Using the simple probabilistic arguments, the recursive relation is 

obtained as: 

0 01(t) = Q (t)φ
1(t)φ  

Similarly, the recursive relations for 1 2 3 4(t), (t), (t), (t)φ φ φ φ could be defined.  

Now the MTSF when the system started at the beginning of state 0 is given by:   

0

s 0

1 **(s) N
MTSF lim

s D→

− φ
= = , where                                     (20)      

01 1 01 2 01 3 01 12 01 13 01 14 01 1 2 01 2 3 01 3 4N = m p + m p + m p + p m + p m + p m + p p µ + p p µ + p p µ    

and 01 1 20 01 2 30 01 3 40D = 1- p p p + p p p + p p p   

6.   Availability Analysis  

     For repairable systems/plant, a fundamental index of significance is the availability. 

Using the probabilistic arguments of point wise availability of the plant and defining 
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iA (t) as the probability that the plant is in upstate at instant t, given that it enters in the 

regenerative state i at t=0,  the following recursive relations can be obtained: 

0 0 01 1A (t) = M (t) + q (t)©A (t)  

Similarly, the recursive relations for 1 2 3 4A (t), A (t), A (t), A (t) could be defined. 

The steady state availability of the system is given by: 

1
0 0

0 1

N
A = lim sA * (s) =

D→s
              (21) 

where  

(5) (6) (7)
1 01 01 1 01 2 01 321 31 41N = m - m p p - m p p - m p p  and 

(5) (5)
1 0 1 20 2 30 3 40 1 1 20 2 30 3 40 1 20 1 21 21

(6) (6) (7) (7)
2 30 1 3 40 131 31 41 41

D = µ (p p + p p + p p ) +µ (p p + p p + p p ) + p (m +µ p + m )

+p (m +µ p + m ) + p (m +µ p + m )
 

     Proceeding in the same way as sub-sections 6.1 and 6.2, the recursive relations for 

other indices could be obtained and the following results are achieved: 

Expected busy period of the repairman for inspection (I0) = N2/D1       (22) 

Expected busy period of the repairman for repairable failure (B0) = N3/D1      (23)       

Expected busy period of the repairman for replacement (BR0) = N4/D1             (24) 

Expected busy period of the repairman for reconditioning / reinstallation (BRR0) = N5/D1 

             (25) 

Expected number of visits by the repairman (V0) = N6/D1             (26) 

Expected number of repairable failure (R0) = N7/D1        (27) 

Expected number of replaceable failure (RP0) = N8/D1        (28) 

Expected number of reconditioning/reinstallation type of failure (RR0) = N9/D1     (29) 

Where, N2 = 01 1p µ ; N3 = 01 1
1

1
p p

α
; N4 = 01 2

2

1
p p

α
; N5 = 01 3

3

1
p p

α
;  

N6 =
21 31 41

(5) (6) (7)
01 1 2 3p (1 p p p p p p )− − − ; N7 = 01 1p p ; N8 = 01 2p p ; N9 = 01 3p p  

and D1  is already specified. 

7. Profit Analysis 

     One of the main aims of the reliability analysis is to have cost-effective and 

profitable maintenance strategies. In order to reflect this, the overall profit of the system 

could be defined; incorporating the results obtained in section 6 and various costs: 

0 0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0P = C A - C I - C B - C BR - C BRR - C V - C R - C RP - C RR       (30) 

8. Particular Case 

     For the particular case, the rate of repairable failure, replaceable failure and 

reconditioning/reinstallation failure and inspection is assumed to be exponentially 

distributed, i.e.,      

1-α t
1 1g (t) = α e ; 2-α t

2 2g (t) = α e ; 3-α t
3 3g (t) = α e ; t

h(t) e
−α

= α . 

     Using the values, as estimated in sub-section 1.1, of various probabilities and rates 

from the data and equations (20) to (29), the following measures of the plant effectiveness 

are obtained: 

Mean Time to System Failure: 5320.841 hours. 

Plant availability 0A : 0.92062. 
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Expected busy period of the repairman for inspection 0I : 0.016130468. 

Expected busy period of the repairman for repairable failure 0B : 0.005103241. 

Expected busy period of the repairman for replacement 0BR : 0.05014627. 

Expected busy period of the repairman for reconditioning / reinstallation 0BRR : 

0.004115174. 

Expected number of visits by the repairman 0V : 0.00626. 

Expected number of repairable failure 0R : 0.002026. 

Expected number of replaceable failure 0RP : 0.002858. 

Expected number of reconditioning/reinstallation type of failure 0RR : 0.001568. 
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