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Abstract

India is facing radical change in perspective of inadequate water resources which can reduce by using treated water. 
In this direction, sewage treatment plants play a key role. Sewage treatment plant comprises three units namely physi-
cal processing, chemical processing and biological process. The physical process is the most important part and it has 
five component arranged in series configuration. It becomes necessary to perform this process with high efficiency 
and reliability, availability, maintainability, and dependability (RAMD) is the methodology to analyze the performance. 
The failure and repair rates of the subsystems has been considered exponentially distributed. Chapman–Kolmogorov 
differential equations are derived using Markovian birth–death process and several measures like mean time between 
failures, mean time to repair and dependability ratio are derived. The sensitivity analysis of reliability of the plant has also 
been performed. RAMD investigation shows that: availability of system is 0.952177, reliability of the system after 20 days 
is 0.2018 and after 60 days 0.00823, maintainability of the plant is 0.999948, dependability ratio is 0.9541 and raw sew-
age sump is the most sensitive subsystem of the plant with reliability 0.382893. This work is projected to support as an 
informative exertion in steering a RAMD analysis of physical processing unit and vary few work is available in literature 
related to the performance features of physical processing units of the sewage treatment plants. The main findings may 
be very useful for sewage treatment plants designers.
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List of symbols

  System is working with full capacity

  System is working with reduced 

capacity

  System is in failure state

P, Q, R, S and T  Subsystem is working with full capacity
R1  State in which one unit failed
S1  State in which standby unit is working
p, q, r, s and t  Subsystem is failed

�
1
  Failure rate of subsystem P

�
2
  Failure rate of subsystem Q

�
3
  Failure rate of subsystems R and  R1

�
4
  Failure rate of subsystems S

�
5
  Failure rate of subsystems T

�
6
  Failure rate of subsystems  S1

�
1
  Repair rate of subsystems P

�
2
  Repair rate of subsystems Q

�
3
  Repair rate of subsystems R and  R1

�
4
  Repair rate of subsystems S

�
5
  Repair rate of subsystems T

�
6
  Repair rate of subsystems  S1

P
0
  Probability that system is in initial state 

with full capacity
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Pj(t), j = 1, 2, 3  Probability that subsystem is at the jth 
state at time t

P
�

j
(t), j = 1, 2, 3  Represent the derivative of the equa-

tions with respect to time t

1 Introduction

Since the last few decades, humans have been trying to 
identify the effective way for reducing the inadequate 
water problems. Reuse of water after treatment is an 
effective way to sort out this issue. Sewage treatment 
plant (STP) can be used for recycling the used water as 
a fruitful mechanism in this drastic situation. In this sce-
nario, it becomes necessary that STP performs with full 
efficiency that can be achieved only if each and every 
component of the system used in STP work with high 
reliability and proper maintenance strategies are per-
formed. It is a well-known fact that every industry is 
established with a motto either profit making or social 
welfare. And, it can be achieved by increasing the pro-
ductivity of the industry that can be possible only by 
using reliable components and proper maintenance 
policy scheduling. That’s why the maintenance team of 
every industry looks for adequate method for adapting 
operation maintenance strategy. Reliability, availability, 
maintainability and dependability (RAMD) plays a very 
important role in recognition of critical components and 
establishment of maintenance strategies. On the basis 
of maintenance strategies, reliability, availability and 
mean time between failures (MTBF) can be exaggerated. 
By examining reliability, availability and dependability 
the failure rate of all the subsystems can be reduced by 
conducting the maintenance of the system. By using 
RAMD analysis, some measures of subsystems like reli-
ability, dependency ratio, availability, maintainability, 
mean time between failures, mean time to repair can 
be obtained.

In existing literature, researchers have been applied 
various methods to analyze reliability measures. Ebe-
ling [1] proposed some reliability and maintainability 
policies, explained techniques for failure and repair 
rate analysis and testing the reliability of data. Komal 
and Kumar [2] suggested a method for the estimation 
of RAM indices by using traditional lambda-tau meth-
odology. Garg and Sharma [3] developed a two phase 
approach namely particle swarm optimization (PSO) to 
establish the concept of moment method for identify the 
distribution parameters with the help of mean, standard 
deviation, and coefficient of variation for failure data. 
Aggarwal et al. [4] suggested a methodology to measure 
RAMD indices for skim milk powder production system 

in a dairy plant using markov birth–death process and 
calculated RAMD indices for this system. Addabo et al. [5] 
analyzed reliability and availability of multicore control 
system of a UPS modular system. De Sanctis et al. [6] pro-
posed a method to increase the performance of industry 
and suggested engineers some maintenance strategies 
to manage problems of high cost, safety and environ-
ment protection. For this, RAMD analysis has been done 
by considering oil gas sector equipment’s as a case study 
object. Aggarwal et al. [7] presented a methodology for 
identification of complex components in refining system 
of sugar plant and developed Chapman–Kolmogorov 
differential equation using Markov birth–death pro-
cess. The numerical results of MTBF, MTTR and depend-
ency ratio have been derived for the system. Corvaro 
et al. [8] studied the behavior and performance of the 
component, in reciprocating compressors and identi-
fied the critical components to improve reliability of 
the systems. And, calculate reliability, availability and 
maintainability of the system. Tsarouhas [9–14] analyzed 
statistically analyzed reliability, availability and maintain-
ability of many industrial systems like wine packaging 
system, cheese production plant. The distribution of 
best-fit has been identified for failure and repairs and 
maintenance policies are proposed for enhance the effi-
ciency of the plants. Niwas and Garg [15] proposed a 
method to understand the operational behavior of an 
industrial system using the concept of warranty of prod-
uct. Markovian approach is used by assuming constant 
failure and repair rates of the system. Numerical results 
for reliability, MTTF, availability and profit have been 
derived. Choudhary et al. [16] discussed a methodology 
for improving the reliability of a cement plant. MTBF and 
MTTR of system calculated over period of 2 years and 
analyze RAMD indices. Recently, Dahiya et al. [17] and 
Saini and Kumar [18] used fuzzy reliability and RAMD 

approaches to analyze performance of A-Pan crystalliza-
tion system and evaporation system of sugar industry. 
In the existing literature, no work has been incorporated 
to analyze the performance of sewage treatment plants. 
No efforts have been made to improve the performance 
of physical processing unit of sewage treatment plant. 
Hence, in present study an effort has been made to 
analyze the reliability indices of STP. Basic principles of 
probability theory and Markovian birth–death process 
has been used to analyze the system. The needful data 
has been collected from a sewage treatment plant situ-
ated in Jaipur with the help of the maintenance person-
als of the plant. The present study is organized in four 
sections including the present introductory section. In 
Sect. 2, various useful definitions and system description, 
notations are appended. RAMD analysis in performed in 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1507 | https://doi.org/10.1007/s42452-019-1544-7 Research Article

Sect. 3 while Sect. 4 is devoted to conclusion and impli-
cations of the results.

2  Materials and methods

2.1  System description

In this study, all the measures are derived on component 
wise. The failure and repair rates of all the subsystems are 
consider as exponentially distributed. In this section, a 
brief description of physical processing unit of sewage 
treatment plant has been given. Physical processing unit 
consists of five subsystems namely inlet channel, screen 
chamber, raw sewage sump, fine screen and grit cham-
ber. All subsystems are arranged in series configuration 
whereas the components also have some internal redun-
dancy. The pictorial representation of system is shown 
with a flow chart in Fig. 1. The detailed description is as 
follows:

1. Subsystem ‘A’ (inlet channel)

It consist only one unit of inlet channel in series con-
figure with other subsystem screen channel. Complete 
system can fail due to failure of it. In this subsystem, all 
sewerage water collect and then transfer towards screen 
chamber.

2. Subsystem ‘B’ (screen chamber)

It consist only one unit of screen chamber in series con-
figure with other subsystem inlet channel and raw sew-
age sump. Complete system can fail due to failure in this 
subsystem.

3. Subsystem ‘C’ (raw sewage sump)

It consist four unit of raw sewage sump configure as 
3-out-of-3: G system with one standby unit and this 
complete subsystem configure with other subsystem 
screen chamber and fine screen. Failure of more than 
two units can cause a complete failure of system. In this 
subsystem, raw sewage water transfer to the fine screen 
with the help of vacuum pressure.

4. Subsystem ‘D’ (fine screen)

It consist two unit one is manual and one is mechanical 
configure as one is operative and one is standby unit and 
this complete subsystem configure with other subsystem 
fine screen and grit chamber. Failure rate these subsys-
tems are different from each other. Failure in both unit 
can cause in failure of complete system. In this subsystem, 
solid waste removed completely.

5. Subsystem ‘E’ (grit chamber)

It consist two unit of grit chamber configure as 2-out-of -2: 
G system and this complete subsystem configure with sub-
system fine screen. Failure rate of both the components 
in subsystems is same. Failure of both unit can cause in 
a complete system failure. In this subsystem, small waste 
removed which can’t remove by fine screen.

2.2  RAMD analysis

In this section, mathematical models of all the subsys-
tems of physical processing unit is formulated and Chap-
man–Kolmogorov differential equations are derived with 

Fig. 1  System description

Subsystem-1 
(one Unit)

• Inlet Channel

Subsystem-2 
(one unit)

• Screen chamber

Subsystem-3 (3-
out-of-3:G with 
one standby)

• Raw sewage sump

• Raw sewage sump

• Raw sewage sump

• Raw sewage sump

Subsystem-4 
(2 unit: one 
operative and 
one standby) 

• Fine screen

• Fine screen

Subsystem-5 
(2-out-of-2:G)

• Grit chamber

• Grit chamber
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the help of Markov birth–death process. Transition dia-
grams for all the subsection are shown in Fig. 2a–e and 
failure and repair rates of all the subsystems are shown in 
Table 1. The RAMD analysis of subsystems are as follows.

2.2.1  RAMD indices for subsystem  S1

In subsystem inlet channel, there is only one unit consist 
in series configuration with other subsystems and failure 
of it cause the failure of complete system. Differential-
difference equations for the subsystem is derived using 
birth–death processes on the basis of Fig. 2a. The recur-
rence relations are as follows:

(1)P
�

0
(t) = −�

1
P
0
(t) + �

1
P
1
(t)

(2)P
�

1
(t) = −�

1
P
1
(t) + �

1
P
0
(t)

With the help of initial conditions and by taking t → ∞ , 
in Eqs. (1) and (2), we have

By substituting values of P
1
 derived from Eqs. (3) and 

(4) in Eq. (5),
Availability of system is as follows:

Reliability of subsystem  S1 is derived as follows:

Maintainability of subsystem  S1 is derived as follows:

Other performance measures of subsystem  S1 are as 
follows:

MTBF =
1

�1
= 333.333333h;MTTR =

1

�1
= 2h; d =

�1

�1
= 166.666667 

and Dmin(S1) = 1 −

(

1

d−1

)(

e
−

ln d

d−1 − e
−

d ln d

d−1

)

= 0.994183.

2.2.2  RAMD indices for subsystem  S2

In subsystem screen chamber only one unit consist in 
series configuration and failure of it causes the complete 
system failure. Recurrence relations for this subsystem are 
derived with the help of Fig. 2b and appended below:

With the help of initial conditions and by taking t → ∞ , 
in Eqs. (9) and (10)

By substituting values of P
1
 derived from Eqs. (11) and 

(12) in Eq. (13),
Availability of system is derived as follows:

(3)−�
1
P
0
+ �

1
P
1
= 0

(4)−�
1
P
1
+ �

1
P
0
= 0

(5)
Now, using normalization condition

∑

P
i
= 1; i = 0, 1; P0 + P1 = 1

(6)Availability = AV
S1
=

[

1 +
�1

�1

]−1

= 0.994036

(7)R
S1
(t) = e

−�1t = e
−0.003t

(8)M
S1
(t) = 1 − e

−�1t = 1 − e
−0.5t

(9)P
�

0
(t) = − �

2
P
0
(t) + �

2
P
1
(t)

(10)P
�

1
(t) = − �

2
P
1
(t) + �

2
P
0
(t)

(11)−�
2
P
0
+ �

2
P
1
= 0

(12)−�
2
P
1
+ �

2
P
0
= 0

(13)
Now, using normalization condition

∑

P
i
= 1; i = 0, 1; P0 + P1 = 1

1
η

1
δ

(a) 

2
η

2
δ

(b)

3
3η

3
3η

3
δ

3
δ

(c)

4
η

6
η

4
δ

6
δ

(d)

5
η

5
δ

P p

Q q

S0
S1

S0 S1

RR1 rR1 rr1

S sS1 ss1

S0 S1 S2

S1
S0 S2

S sS1

S1S0

(e)

Fig. 2  Transition diagram of a inlet chamber, b screen chamber, c 
raw sewage sump, d fine screen, e grit chamber

Table 1  In STP failure rate and repair rate of all the subsystems

Subsystems Failure rate ( �) Repair rate ( �)

S
1 Inlet sewer 

(

�
1

)

= 0.003 Inlet sewer 
(

�
1

)

= 0.5

S
2 Sluice value 

(

�
2

)

= 0.005 Sluice value 
(

�
2

)

= 0.7

S
3 Grit chamber 

(

�
3

)

= 0.008 Grit chamber 
(

�
3

)

= 0.9

S
4 Fine screen 

(

�
4

)

= 0.007 Fine screen 
(

�
4

)

= 0.9
(

�
6

)

= 0.005
(

�
6

)

= 0.7

S
5

Skimming tank 
(

�
5

)

= 0.006

Skimming tank 
(

�
5

)

= 0.6
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Reliability of subsystem  S2 is obtained as follows:

Maintainability of subsystem  S2 is expressed in the fol-
lowing way:

Other performance measures of subsystem  S2 are 
obtained as follows:

MTBF =
1

�2
= 200h;MTTR =

1

�2
= 1.428571h; d =

�2

�2
= 140 

and Dmin(S2) = 1 −

(

1

d−1

)(

e
−

ln d

d−1 − e
−

d ln d

d−1

)

= 0.993107.

2.2.3  RAMD indices for subsystem  S3

In raw sewage sump subsystem, four unit consist in as 
3-out-of-3: G configuration with one standby unit with 
equal failure and repair rates and failure of two units cause 
subsystem failure and results the system failure. C–K differ-
ential equations for this subsystem are derived using Mark-
ovian approach on the basis of state transition diagram 
appended in Fig. 2c. Recurrence relations are as follows:

With the help of initial conditions and by taking t → ∞ , 
in Eqs. (17–19)

By substituting values of P
1
 and  P2 derived from 

Eqs. (20–22) in Eq. (23),
Availability of system is obtained as follows:

Reliability of subsystem  S3 is obtained as follows:

(14)
Availability = AV

S2
=

[

1 +
�2

�2

]−1

= 0.992908

(15)
R
S2
(t) = e

−�1t = e
−0.005t

(16)
M

S2
(t) = 1 − e

−�1t = 1 − e
−0.7t

(17)
P

�

0
(t) = −3�

3
P
0
(t) + �

3
P
1
(t)

(18)P
�

1
(t) = −(3�

3
+ �

3
)P

1
(t) + �

3
P
2
(t) + 3�

3
P
0
(t)

(19)P
�

2
(t) = −�

3
P
2
(t) + 3�

3
P
1
(t)

(20)−3�
3
P
0
+ �

3
P
1
= 0

(21)−(3�
3
+ �

3
)P

1
+ �

3
P
2
+ 3�

3
P
0
= 0

(22)−�
3
P
2
+ 3�

3
P
1
= 0

(23)
Now, using normalization condition

∑

P
i
= 1; i = 0, 1, 2; P0 + P1 + P2 = 1

(24)

Availability = AV
S3
=

(

1 +
3�3

�3

)

[

1 +
3�3

�3
+

(

3�3

�3

)2
]−1

= 0.999308

(25)R
S3
(t) = e

−3�3t−3�3t = e
−0.048t

Maintainability of subsystem  S3 as follows:

Other performance measures of subsystem  S3 are 
obtained as follows:

MTBF =
1

6�3
= 20.833333h;MTTR =

MTTF(1−A)

A

= 0.014430029h; d =
MTTF

MTTR
= 1443.748542  a n d 

Dmin(S3) = 1 −

(

1

d−1

)(

e
−

ln d

d−1 − e
−

d ln d

d−1

)

= 0.999311.

2.2.4  RAMD indices for subsystem  S4

In fine screen two unit consists in which one is manual and 
other mechanical. Here, initially one unit is operative and 
other kept in cold standby having unequal performance 
capacity and failure rates and failure of both units causes 
the complete system failure. C–K differential equations for 
subsystem are derived on the basis of Fig. 2d. Recurrence 
relations of system model are expressed as follows:

With the help of initial conditions and by taking t → ∞ , 
in Eqs. (27–29)

By substituting values of P
1
 and  P2 derived from 

Eqs. (30–32) in Eq. (33),
Availability of system is expressed as follows:

Reliability of subsystem  S4 is obtained as follows:

Maintainability of subsystem  S4 is obtained as follows:

(26)M
S3
(t) = 1 − e

−�3t−�3t = 1 − e
−1.8t

(27)P
�

0
(t) = − �

4
P
0
(t) + �

4
P
1
(t)

(28)P
�

1
(t) = − (�

6
+ �

4
)P

1
(t) + �

6
P
2
(t) + �

4
P
0
(t)

(29)P
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6
P
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6
P
1
(t)

(30)− �
4
P
0
+ �

4
P
1
= 0

(31)− (�
6
+ �

4
)P

1
+ �

6
P
2
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4
P
0
= 0

(32)− �
6
P
2
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6
P
1
= 0

(33)
Now, using normalization condition

∑

P
i
= 1; i = 0, 1, 2; P0 + P1 + P2 = 1

(34)

Availability = AV
S4
=

(

1 +
�4

�4

)[

1 +
�4

�4
+

�4

�4

�6

�6

]−1

= 0.9845102

(35)R
S4
(t) = e

−�4t−�6t = e
−0.012t

(36)M
S4
(t) = 1 − e

−�4t−�6t = 1 − e
−1.6t
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Other performance measures of subsystem  S4 are 
derived as follows:

MTBF =
1

�4+�6
= 83.333333h;MTTR

=
MTTF(1−A)

A
= 1.311124h; d =

MTTF

MTTR
= 63.558717  a n d 

Dmin(S4) = 1 −

(

1

d−1

)(

e
−

ln d

d−1 − e
−

d ln d

d−1

)

= 0.985277.

2.2.5  RAMD indices for subsystem  S5

The grit chamber consists two units in 2-out-of-2: G config-
uration and failure rate of both units is same. The failure of 
one unit causes subsystem failure that results the complete 
system failure. C–K differential equations for this subsystem 
are derived with the help of Fig. 2e using Markovian birth 
death process. Recurrence relation are as follows:

With the help of initial conditions and by taking t → ∞ , 
in Eqs. (37) and (38)

(37)P
�

0
(t) = −2�

5
P
0
(t) + �

5
P
1
(t)

(38)P
�

1
(t) = −�

5
P
1
(t) + 2�

5
P
0
(t)

(39)−�
5
P
0
+ �

5
P
1
= 0

Maintainability of subsystem  S5 is derived as follows:

Other performance measures of subsystem  S5 are 
obtained as follows:

MTBF =
1

�5
= 83.333333h;MTTR =

1

�5
= 1.666667h; d =

�5

2�5
= 50 

and Dmin(S5) = 1 −

(

1

d−1

)(

e
−

ln d

d−1 − e
−

d ln d

d−1

)

= 0.981535.

3  Reliability measures

3.1  System reliability

Since the five subsystems comprises the system in series 
configuration and failure of any one cause the complete 
failure. The reliability of a series system is equal to the 
product of the reliability of all the component’s reliability. 
Hence, overall system reliability of physical processing unit 
is obtained by using Eqs. 7, 15, 25, 35 and 43:

Variation in reliability of all the subsystems with respect 
to time is analyzed by Eq. (45) and appended in Table 2.

3.2  System availability

Since all the five subsystems are in series configuration 
and failure of complete system can occur due to failure of 
any of these subsystems. The reliability of a series system 
is equal to the product of the availability of all the com-
ponent’s availability. Hence, overall system availability of 

physical processing unit is obtained using Eqs. 6, 14, 24, 
34 and 42:

(43)R
S5
(t) = e

−2�5t = e
−0.012t

(44)M
S5
(t) = 1 − e

−�1t = 1 − e
−0.6t

(45)
RSys(t) = RS1(t) × RS2(t) × RS3(t) × RS4 (t) × RS5(t) = e−(�1+�2+6�3+�4+�6+2�5)t

= e−0.003t × e−0.005t × e−0.048t × e−0.012t × e−0.012t = e−0.08t

Table 2  Variation in reliability 
of all the subsystems with 
respect to time

Time (days) R
S1

R
S2

R
S3

R
S4

R
S5

Rsys

20 0.941765 0.904837 0.382893 0.786628 0.786628 0.201897

25 0.927743 0.882497 0.301194 0.740818 0.740818 0.135335

30 0.913931 0.860708 0.236928 0.697676 0.697676 0.090718

35 0.900325 0.839457 0.186374 0.657047 0.657047 0.06081

40 0.88692 0.818731 0.146607 0.618783 0.618783 0.040762

45 0.873716 0.798516 0.115325 0.582748 0.582748 0.027324

50 0.860708 0.778801 0.090718 0.548812 0.548812 0.018316

55 0.847894 0.759572 0.071361 0.516851 0.516851 0.012277

60 0.83527 0.740818 0.056135 0.486752 0.486752 0.00823

By substituting values of P
1
 derived from Eqs. (39) and 

(40) in Eq. (41),
Availability of system obtained as follows:

Reliability of subsystem  S5 is derived as follows:

(40)−�
5
P
1
+ �

5
P
0
= 0

(41)
Now, using normalization condition

∑

P
i
= 1; i = 0, 1; P0 + P1 = 1

(42)
Availability = AV

S5
=

[

1 +
2�5

�5

]−1

= 0.980392
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3.3  System maintainability

Overall maintainability of physical processing unit can be 
obtained by using Eqs. 8, 16, 26, 36 and 44 in Eq. (47):

Variation in maintainability of all the subsystems with 
respect to time is analyzed by the help of Eq. (47) and rep-
resented in Table 3.

3.4  System dependability

Since all the five subsystems are in series configuration and 
failure of anyone can cause complete system failure. The 

(46)

ASys(t) = AS1
(t) × AS2

(t) × AS3
(t) × AS4

(t) × AS5
(t)

= 0.994036 × 0.993107 × 0.999308

× 0.9845102 × 0.980392 = 0.952177

(47)

MSys(t) = MS1
(t) ×MS2

(t) ×MS3
(t) ×MS4

(t) ×MS5
(t)

= (1 − e−0.5t) × (1 − e−0.7t) × (1 − e−1.8t)

× (1 − e−1.6t) × (1 − e−0.6t) = 1 − e−0.493213t

Table 3  Variation in 
maintainability of all the 
subsystems with respect to 
time

Time (days) M
S1

M
S2

M
S3

M
S4

M
S5

Msys

20 0.999955 0.999999 1.000000 1.000000 0.999994 0.999948

25 0.999996 1.000000 1.000000 1.000000 1.000000 0.999996

30 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

35 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

40 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

45 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

50 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

55 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

60 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

Table 4  RAMD indices for 
physical processing unit

RAMD indices Subsystem ( S
1
) Subsystem ( S

2
) Subsystem ( S

3
) Subsystem ( S

4
) Subsystem ( S

5
)

Reliability e−0.003t e−0.005t e−0.048t e−0.012t e−0.012t

Maintainability 1 − e−0.5t 1 − e−0.7t 1 − e−1.8t 1 − e−1.6t 1 − e−0.6t

Availability 0.994036 0.992908 0.999308 0.9845102 0.980392

Dependability (d) 166.666667 140 1443.748542 63.558717 50

MTTF 333.3333332 200 28.833333 83.333333 83.333333

MTTR 2 1.428571 0.01443003 1.311124 1.666667

Dep. ratio (Dmin) 0.994182 0.993107 0.999311 0.985277 0.981535

dependability of a series system is equal to the product of the 
dependability of all the component’s reliability. Hence, overall 
system dependability of physical processing unit is as follows:

Summary of all the calculated RAMD indices is 
appended in Table 4.

3.5  Sensitivity analysis

It is a technique which is used to identify the impact of inde-
pendent variable on a specific dependent variable on the basis 
of some assign assumptions. It determine the effect of the 
change in parameters and structure of the model. Here, sensi-
tivity analysis for reliability of the subsystems and system with 
respect to failure rates �

1
,�
2
 , �

3
,�
4
 , �

5
 and �

6
 has been performed. 

The following expressions have been derived respectively:

(48)

Dmin(Sys)(t) = Dmin(S1)
(t) × Dmin(S2)

(t) × Dmin(S3)
(t)

× Dmin(S4)
(t) × Dmin(S5)

(t)

= 0.994182 × 0.993107 × 0.999311

× 0.985277 × 0.981535 = 0.954172

(49)

�RSys

��1
= −te−(�1+�2+6�3+�4+�6+2�5)t ;

�RSys

��2
= −te−(�1+�2+6�3+�4+�6+2�5)t ;

�RSys

��3
= −6te−(�1+�2+6�3+�4+�6+2�5)t ;

�RSys

��4
= −te−(�1+�2+6�3+�4+�6+2�5)t ;

�RSys

��5
= −2te−(�1+�2+6�3+�4+�6+2�5)t ;

�RSys

��6
= −te−(�1+�2+6�3+�4+�6+2�5)t
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By putting values of failure rates parameters 
(

�
1

)

= 0.003 , 
(

�
2

)

= 0.005 , 
(

�
3

)

= 0.008 , 
(

�
4

)

= 0.007 , 
(

�
5

)

= 0.006 and 
(

�
6

)

= 0.005 in Eq. (49), graphical pres-
entation of sensitive reliability of system is shown in Fig. 3 
obtained with respect to time t = 0 to t = 90 . In Fig. 3, the 
abbreviations are used as follows:

S1: inlet sewer, S2: sluice value, S3: grit chamber, S4 and 
S6: fine screen and S5: skimming tank.

4  Discussion and conclusion

The reliability analysis of the various subsystems and sys-
tem has been carried out for a particular case by assign-
ing numerical values appended in Table 1. Reliability and 
maintainability behavior of various subsystems have been 
given in Tables 2 and 3. All other RAMD measures are given 
in Table 4. On the bases of numerical results shown in 
Table 2, reliability for 30 days is 0.090718. The reliability 
behavior of various subsystems with respect to time have 
been shown in Tables 5, 6, 7, 8 and 9. The probability for 
system maintenance within 30 days is 0.999996 as shown 
in Table 3. The reliability of subsystem S

3
 is minimum as 

compare to reliability of other subsystems hence it need 
more attention as compare others. From above numerical 
analysis, it is identified that subsystem S

3
 is highly unre-

liability and very sensitive with respect to failure rate. 
Hence subsystem raw sewage sump need high attention 
to increase the performance of the system. It is concluded 
that, by controlling the failure rate of raw sewage sump by 
making proper maintenance strategy the system perfor-
mance may be increased.
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Fig. 3  Sensitivity analysis of system reliability

Table 5  Variation in reliability of system due to changes in failure rate of subsystem-1 (inlet channel)

Time (days) System Subsystem-1

�
1
= 0.002 �

1
= 0.003 �

1
= 0.004 �

1
= 0.005 �

1
= 0.002 �

1
= 0.003 �

1
= 0.004 �

1
= 0.005

20 0.2059751 0.20189652 0.1978987 0.19398004 0.960789 0.941765 0.923116 0.904837

25 0.13876131 0.13533528 0.13199384 0.1287349 0.951229 0.927743 0.904837 0.882497

30 0.09348073 0.09071795 0.08803683 0.08543495 0.941765 0.913931 0.88692 0.860708

35 0.0629761 0.06081006 0.05871853 0.05669893 0.932394 0.900325 0.869358 0.839457

40 0.04242574 0.0407622 0.0391639 0.03762826 0.923116 0.88692 0.852144 0.818731

45 0.02858137 0.02732372 0.02612141 0.024972 0.913931 0.873716 0.83527 0.798516

50 0.0192547 0.01831564 0.01742237 0.01657268 0.904837 0.860708 0.818731 0.778801

55 0.01297151 0.01227734 0.01162032 0.01099846 0.895834 0.847894 0.802519 0.759572

60 0.00873865 0.00822975 0.00775048 0.00729913 0.88692 0.83527 0.786628 0.740818

Table 6  Variation in reliability of system due to changes in failure rate of subsystem-2 (screen chamber)

Time (days) System Subsystem-2

�
2
= 0.004 �

2
= 0.005 �

2
= 0.006 �

2
= 0.007 �

2
= 0.004 �

2
= 0.005 �

2
= 0.006 �

2
= 0.007

20 0.20597533 0.20189675 0.19789893 0.19398026 0.923116 0.904837 0.88692 0.869358

25 0.13876106 0.13533504 0.1319936 0.12873467 0.904837 0.882497 0.860708 0.839457

30 0.09348072 0.09071794 0.08803682 0.08543494 0.88692 0.860708 0.83527 0.810584

35 0.06297618 0.06081014 0.0587186 0.056699 0.869358 0.839457 0.810584 0.782705

40 0.04242568 0.04076214 0.03916384 0.0376282 0.852144 0.818731 0.786628 0.755784

45 0.02858132 0.02732367 0.02612136 0.02497196 0.83527 0.798516 0.763379 0.729789

50 0.01925474 0.01831567 0.01742241 0.01657271 0.818731 0.778801 0.740818 0.704688

55 0.01297145 0.01227728 0.01162026 0.01099841 0.802519 0.759572 0.718924 0.680451

60 0.00873867 0.00822977 0.00775051 0.00729915 0.786628 0.740818 0.697676 0.657047
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4.1  Decision-making inferences

Every organization wants to improve their performance 
and for this they continuously making efforts. For perfor-
mance analysis management needs simple techniques 
which does not involve mathematical formulas and cal-
culations. So, RAMD is the approach that helps system 
managers to analyze the performance effectively:

• It helps in estimation of some measures like mean 
time between failures (MTBF), mean time to repair 
(MTTR) and availability for planning proper mainte-
nance strategy.

• Estimation of effect of change in failure and repair 
rates of the subsystems to increase the performance 
of the system.

Table 7  Variation in reliability of system due to changes in failure rate of subsystem-3 (raw sewage sump)

Time (days) System Subsystem-3

�
3
= 0.047 �

3
= 0.048 �

3
= 0.049 �

3
= 0.05 �

3
= 0.047 �

3
= 0.048 �

3
= 0.049 �

3
= 0.05

20 0.20597518 0.2018966 0.19789878 0.19398012 0.390628 0.382893 0.375311 0.367879

25 0.13876117 0.13533515 0.13199371 0.12873477 0.308819 0.301194 0.293758 0.286505

30 0.09348062 0.09071785 0.08803673 0.08543486 0.244143 0.236928 0.229925 0.22313

35 0.06297617 0.06081013 0.05871859 0.05669899 0.193013 0.186374 0.179964 0.173774

40 0.04242568 0.04076214 0.03916384 0.0376282 0.15259 0.146607 0.140858 0.135335

45 0.02858135 0.02732369 0.02612138 0.02497198 0.120633 0.115325 0.110251 0.105399

50 0.01925473 0.01831567 0.0174224 0.0165727 0.095369 0.090718 0.086294 0.082085

55 0.01297149 0.01227733 0.01162031 0.01099845 0.075396 0.071361 0.067542 0.063928

60 0.00873863 0.00822973 0.00775047 0.00729912 0.059606 0.056135 0.052866 0.049787

Table 8  Variation in reliability of system due to changes in failure rate of subsystem-4 (fine screen)

Time (days) System Subsystem-4

�
4
= 0.011 �

4
= 0.012 �

4
= 0.013 �

4
= 0.014 �

4
= 0.011 �

4
= 0.012 �

4
= 0.013 �

4
= 0.014

20 0.2059752 0.20189662 0.1978988 0.19398014 0.802519 0.786628 0.771052 0.755784

25 0.13876112 0.13533509 0.13199366 0.12873472 0.759572 0.740818 0.722527 0.704688

30 0.09348076 0.09071799 0.08803687 0.08543498 0.718924 0.697676 0.677057 0.657047

35 0.06297616 0.06081012 0.05871858 0.05669898 0.680451 0.657047 0.634448 0.612626

40 0.04242572 0.04076218 0.03916387 0.03762824 0.644036 0.618783 0.594521 0.571209

45 0.02858133 0.02732368 0.02612137 0.02497196 0.609571 0.582748 0.557106 0.532592

50 0.01925473 0.01831567 0.0174224 0.0165727 0.57695 0.548812 0.522046 0.496585

55 0.01297145 0.01227729 0.01162027 0.01099841 0.546074 0.516851 0.489192 0.463013

60 0.00873867 0.00822977 0.00775051 0.00729915 0.516851 0.486752 0.458406 0.431711

Table 9  Variation in reliability of system due to changes in failure rate of subsystem-5 (grit chamber)

Time (days) System Subsystem-5

�
5
= 0.011 �

5
= 0.012 �

5
= 0.013 �

5
= 0.014 �

5
= 0.011 �

5
= 0.012 �

5
= 0.013 �

5
= 0.014

20 0.2059752 0.20189662 0.1978988 0.19398014 0.802519 0.786628 0.771052 0.755784

25 0.13876112 0.13533509 0.13199366 0.12873472 0.759572 0.740818 0.722527 0.704688

30 0.09348076 0.09071799 0.08803687 0.08543498 0.718924 0.697676 0.677057 0.657047

35 0.06297616 0.06081012 0.05871858 0.05669898 0.680451 0.657047 0.634448 0.612626

40 0.04242572 0.04076218 0.03916387 0.03762824 0.644036 0.618783 0.594521 0.571209

45 0.02858133 0.02732368 0.02612137 0.02497196 0.609571 0.582748 0.557106 0.532592

50 0.01925473 0.01831567 0.0174224 0.0165727 0.57695 0.548812 0.522046 0.496585

55 0.01297145 0.01227729 0.01162027 0.01099841 0.546074 0.516851 0.489192 0.463013

60 0.00873867 0.00822977 0.00775051 0.00729915 0.516851 0.486752 0.458406 0.431711
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• In identification of most critical component in the sys-
tem.

• To determine the nature and distribution of the repair 
and failure rates.
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