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Although some reliability importance measures and maintenance policies for mechanical products exist in literature, they are
rarely investigated with reference to weakest component identification in the design stage and preventive maintenance interval
during the life cycle. This paper is mainly study reliability importance measures considering performance and costs (RIM,.) of
maintenance and downtime of the mechanical hydraulic system (MHS) for hydraulic excavators (HE) with energy regeneration
and recovery system (ERRS) and suggests the scheduled maintenance interval for key components and the system itself based
on the reliability R;(¢). In the research, the required failure data for reliability analysis is collected from maintenance crews and
users over three years of a certain type of hydraulic excavators. Minitab is used for probable distribution estimation of the
mechanical hydraulic system failure times, and the model is verified to obey Weibull distribution. RIMp. is calculated by
multiplying the reliability R;(t) and weighting factor W, and then compared with other classical importance measures. The
purpose of this paper is to identify the weakest component for MHS in the design stage and to make appropriate maintenance
strategies which help to maintain a high reliability level for MHS. The proposed method also provides the scientific

maintenance suggestion for improving the MHS reliability of the HE reasonably, which is efficient, profitable, and organized.

1. Introduction

With development of society and the progress of science and
technology, crisis of lack of energy and serious environmen-
tal pollution has become increasingly prominent. As the
second-largest internal combustion engine product in addi-
tion to autoindustry, construction machinery pollutes envi-
ronment more seriously than other industries, since its
large engine capacity, high oil consumption, and high emis-
sions. To achieve energy conservation, pollution reduction,
and sustainable development, various energy-saving tech-
nologies have been applied in construct machinery, such as
hybrid, energy recovery, electronic control, and new ener-
gies. Among these, the favorite for customers and manufac-
turers is energy recovery technology, for its low cost and
high production efficiency. The hydraulic system of con-

struction machines become more complicated when
upgraded with energy recovery unit; hence, quality and reli-
ability analyses for complex hydraulic system become the
most important task in the stages of design, running, and
maintenance. Importance measures are utilized to evaluate
the effect of parts on a system when single or multiple parts
fail or their states change; they are functions of reliability
parameters and system structures. In system design stage,
the weakest part of system could be sought out by importance
analysis, which applied for supporting system promotion from
a design perspective. In system operational stage, the preven-
tive maintenance policies or replacement scheme can be per-
formed in right time by means of important measures
analysis, which could ensure system operated normally.

In this study, importance measure calculation of individ-
ual component which belongs to the subsystem is used to
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measure the effectiveness of the reliability for complex
mechanical hydraulic system with energy recovery system.
Reliability models are established for important measure cal-
culation, and some assumptions are made as follows; a
binary system is formed from two functional states: perfect
functionality and complete failure. For energy regeneration
and recovery system (ERRS) of construction machinery have
the characteristics of multicircuit, nonlinearity, and uncer-
tainty, it is difficult to do reliability analysis and reliability
design optimization in practical production. The RIMy is
proposed for importance measure, and prevention scientific
maintenance is suggested for improving the ERRS reliability
of the HE reasonably. It is significant to do the important
analysis for key subsystems of complex system, for manufac-
turers to put their effort to the analyzed main parts.

The major contributions of this paper include the
following:

(1) Assessment index RIMp. is presented to evaluate
system reliability; it is convenient and practical for
maintenance crew

(2) Develop a new reliability importance measure and
identify the manufacturing bottleneck of energy
regeneration and recovery system assessment of con-
struction machinery in the design stage

(3) Suggest appropriate preventive maintenance interval
of system for maintenance crew to keep high reliabil-
ity for new system

The upcoming sections will cover the following: Section
2 reviews prime importance measures briefly for the binary
and multistate systems. In Section 3, a new reliability impor-
tance measure is proposed, and preventive maintenance
interval is suggested. An energy regeneration and recovery
system of hydraulic excavator is taken as illustration in Sec-
tion 4 to explain how the proposed measure works and then
discovers by new method, and various importance measures
are compared and discussed. The conclusion comes in Sec-
tion 5.

2. Review of Importance Measures for Binary
and Multistate Systems

Numerous importance measures and reliability assessment
methods have been developed in recent years, like Birn-
baum method and the optimization measures, Monte
Carlo simulation, Markov chain, and Fault Tree Analysis,
most of which are utilized in the field of electronics and
aerospace [1, 2].

This section reviews kinds of classic importance mea-
sures in reliability system design. Birnbaum proposed the
classic binary importance measures of components in a
coherent system in the 1960s [3], categorizing importance
measures into three classes, namely, the structure impor-
tance measure, the reliability importance measure, and the
lifetime importance measure. Recent advances and exten-
sions to multistate components on importance measures
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have been successfully developed and applied for various
purposes as shown in the literature [4].

Lambert conducted on fault trees for decision-making in
system analysis and criticality importance measure [5];
Vesely and Fussell implemented Fussell-Vesely importance
measure [6, 7], concerned with component failures contrib-
uting to system failure, which refers to the probability of sys-
tem failure when at least one of the minimum cut sets fails,
and represented the ratio of the minimum cut set of compo-
nent failure to system failure. Armstrong and Hong intro-
duced joint reliability importance of components and k
-out-of-n systems and analyzed the influence of primary
and secondary components on system reliability [8, 9].

Binary decision diagram is a method proposed by Akers
in the 1970s and developed in recent years based on fault
tree analysis [10], for the advantages such as in low compu-
tational complexity and easy implementation, this method-
ology is popularly utilized in practical applications [11-17].

Barlow and Wu defined a system state function for
coherent systems with multistate components and investi-
gated its properties. They supposed that the results for the
theory of binary structures could be applied in multistate
component fault by natural extensions in terms of system
function [18].

Lisnianski et al. defined multistate systems (MSSs) as
they had different performance levels and several failure
modes with various effects on the entire system’s perfor-
mance. He reviewed methods and tools used in the field of
reliability assessment, optimization, and application [19].
The research team also did a lot of work in solving a family
of MSS problems, such as structure optimization, optimal
expansion, maintenance optimization, and optimal multi-
stage modernization. And they also proposed an approach
based on the universal generating function technique for
the evaluation of some commonly used importance mea-
sures. [20, 21] presented a new method of dynamic availabil-
ity and perform ability analysis for a large-scale multistate
system based on robotic sensors [22, 23].

The composite importance measure proposed by
Ramirez-Marquez and Coit about importance measures
was to disclose critical part in a system so that the mainte-
nance crew could rank the components in a system by
means of their impact to performance reduction and pro-
duction loss [24].

Natvig presented a probability model of operations and
maintenance, described various types of MSSs, and searched
on the measures of component importance in nonrepairable
and repairable multistate strongly coherent systems [25,
26].Wu et al. proposed new utility importance of a compo-
nent state in MSS, clarified the difference with importance
measures suggested by William S. Griffith, and overcome
some drawbacks. They also discussed the impact of an indi-
vidual part to the performance utility of an MSS, so as to
optimize it [27].

Zhang developed a heuristic policy for maintaining mul-
tistate systems for allocating maintenance resources to sys-
tems with higher importance [28]. The criticalities of
different parts and the long-term effects of successful main-
tenance activities on the throughput of a production system
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FIGURE 1: Reliability importance measure.

in a certain period to be solved by Ahmed and Liu and two
types of importance measures prioritize the critical parts in
the maintenance schedule to be presented [29]. Dao and
Zuo presented some models based on reliability analysis to
figure out the reliability of a complex system and assigned
the reliabilities of its parts in a range of states varying from
perfect functioning to complete failure [30].

Do and Bérenguer developed a novel time-dependent
importance measure that could be utilized to rank the parts
or groups of parts through their ability and to promote the
system reliability for a given mission according to the condi-
tional reliability evaluation of the system [31]. Borgonovo
introduced the differential importance measure, a new sensi-
tivity measure for probabilistic safety assessment [32, 33],
proposed a new importance measure for time-independent
reliability analysis, and offered a rank comparison with other
time-dependent and time-independent reliability impor-
tance measures [34].

Peng et al. proposed two new importance measures for
systems with S-independent degrading components and
with S-correlated degrading components considering the
continuously changing status of the degrading components
and the correlation between components [35]. Ahmadi
et al. evaluated the reliability, availability, and maintainabil-
ity of the tunneling equipment and analyzed the material
hauling system in an earth pressure balance tunnel boring
machine [36]. Proper importance measures can help to iden-
tify design weakness or operation bottlenecks, conduct opti-
mal modifications for system upgrades and maintenance,
and provide information about the importance of compo-
nents on the system performance, which includes reliability,
availability, productivity, safety, and detectability [37].

3. Proposed Method

In this paper, a new reliability importance measure consider-
ing performance of mechanical hydraulic system (MHS) and
cost of maintenance and downtime of construction machine
caused by MHS’ failures is proposed for the whole machine
whose reliability and performance can be improved effec-
tively if the weakest part is predicted as early as possible.
For complex systems, limited resources are supposed to allo-
cate according to how important the components are to the
system in the design, enhancement, and maintenance stage

efficiently. In this study, an optimal strategy is implemented
economically to identify the improvable part for system per-
formance taking into system reliability, operation perfor-
mance, maintenance cost, and losses in downtime account.
Figure 1 is block diagram of the proposed reliability impor-
tance measure.

3.1. Explanation of the Principle of Reliability Importance
Measures. All components and a system under consideration
have the set of reliability states s={0,1,---,K} and s>1.
The state of component i is ordered as s;(k). 5;(0) denotes
component i as complete failure, s;(k) denotes component
i as perfect function, and states degrade with time t. The
probability matrix P of the components is presented as P;
for all components, k €5, 0 < p, <1, and in each row P adds
up to 1.

Poo " Pox

P=pyl=1 %+ "~ i | (1)
Pro ° Prx

RIMpe = Ri(t, -).

R,(t,-) =[R;(£,0), R,(t, 1) -+, R,(¢, k)] is called the multi-
state reliability function of a component i, R (¢, -) = P, where
R,(t,-) is calculated based on the Weibull model of compo-
nents’ historical failure data. The Weibull distribution is
used to transform the data effectively to Weibull model in
machine reliability analysis, which shows effective ability of
describing the wear-out failures and the product lifetime.
The mathematical expressions of the Weibull distribution
are shown in Appendix A. Reliability analysis based on Wei-
bull approach probably be considered to generate better
solution when system reliability expectation is high
[38-40]. The weighting factor W, in Equation (1) is used
to calculate RIMp- which takes performance and cost of
machine operation into account in after-sales stage. Suppose
the ith component has # kinds of failure modes, where W is
defined as follows:

W= ) 8,;0,D;L,Cy. (2)
=1



TaBLE 1: Suggested ranking system for the occurrence of failure
modes [37].
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TaBLE 2: The ranking of downtime losses caused by the failure
mode.

Rank (0y) Comment Failure frequency  Coefficient
10 Extremely high >0.2 0.1
9 Very high >0.1 0.2
8 Repeated failures >0.05 0.3
7 High >0.03 0.4
6 Moderately high 20.02 0.5
5 Moderate >0.01 0.6
4 Relatively low >0.005 0.7
3 Low >0.003 0.8
2 Remote >0.0005 0.9
1 Nearly impossible >0.0001 1.0

S;;The severity of the failure modes effect to the system

performance, 10 ranks
O;;:Occurrence of the failure modes, 10 ranks

D,;:Detectability of the failure modes, 10 ranks

Lij:Losses of downtime under the failure mode, losses of
downtime of the machine include economic losses of the
systems stop running, 10 ranks

C,j:Costs of the maintenance or replacement when the
failure happens, 10 ranks.

The detailed ranking of S, O, D, L, and C is shown in
Tables 1-5, which are worked out with the database belong-
ing to HE manufacture. It can also be used for other con-
struction machines after being revised.

3.2. New Approach for ERRS Preventive Maintenance
Interval. It is necessary to make proper preventive mainte-
nance strategies in the design stage to reduce machine
downtime, increase operation time, and improve the avail-
ability of the equipment during use. There are three main
types of maintenance in machine life cycle management.
One is routine maintenance; it is easy to implement with less
cost; the second one is restorative maintenance, which
requires low cost and short time; and the third one is
replacement maintenance, which replaces the parts that have
lost their functions and makes the equipment repair as new.
Hydraulic excavators are usually used in harsh environment
with higher failure rates, so that the economic benefits for
users are affected if as the traditional maintenance plan.
According to the calculated reliability of the old excava-
tor hydraulic system, new maintenance method is put for-
ward to guide the maintenance of energy recovery system,
reduce the failure rate, improve the service life, and make
users gain greater economic benefits. Moreover, the study
results can help to improve excavators manufactures’ main-
tenance management, to change users’ one-sided under-
standing of excavator hydraulic system management,
operation, maintenance, and other technical requirements,
and further, to improve the reliability of the whole machine.
According to the standard regulation of the construction
equipment maintenance, the driver performs routine main-
tenance per shift, and maintenance crew implement restor-

Losses Ranking Coefficient
<0.5 1 1.0
0.5-1 2 0.9
1-1.5 3 0.8
1.5-2.0 4 0.7
2.0-2.5 5 0.6
2.5-3.0 6 0.5
3.0-3.5 7 0.4
3.5-4.0 8 0.3
4.0-4.5 9 0.2
4.5-5.0 10 0.1

ative maintenance per 200 hours, replacement maintenance
per 600 hours, and overhaul per 1800 hours. Most of the
manufacturers reccommended maintenance intervals at oper-
ation time of machines are 250 hours, 500 hours, 1000
hours, 2000 hours, 4000 hours, and 5000 hours, respectively.
The predictive maintenance process proposed in this paper
is shown in Figure 2.

Routine maintenance T); is the same as traditional
maintenance per shift, and preventive maintenance T is
defined as per 500 hours. Restorative maintenance Ty T,
...Tg, is determined by the value of R;(t) at the operation
time ¢. If the R,(t) of one component in the system is lower
than the R (¢), which was described in the paper [38], the
first restorative maintenance Tj, should be taken. Since
there is time-delay for R(f) rising, R(¢) will decrease first
and then rise after restorative maintenance but not as high
as initial value.T} is decreasing with increasing usage time
of the machine, so all the values of the T}, are different
and gradually decrease. Replacement maintenance Ty is
implemented at the time when the components’ R(f)
achieves the minimum value as the preset. Overhaul period
Tp is determined as

= ()" o)

T:Denotes the average maintenance time

ty:Denotes the average routine maintenance time

B:Denotes the estimated shape parameter of mainte-
nance parts.

The scheduled maintenance time of ERRS is shown in
Figure 3.

4. Unit Case Study

4.1. Description of Energy Regeneration and Recovery System
for Hydraulic Excavator. The case studied in this paper MHS
with energy regeneration and recovery system (ERRS) which
is newly developed and used in hydraulic excavators. The
ERRS is designed based on the balancing theory; the sche-
matic principle of HE with ERRS is shown in Figure 4 [41,
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TaBLE 3: The ranking of components maintenance or replacement
costs (10> RMB).

Costs Ranking Coefficient
<1.0 1 1.0
1.0~5.0 2 0.9
5.0~10.0 3 0.8
10.0~15.0 4 0.7
15.0~20.0 5 0.6
20.0~25.0 6 0.5
25.0~30.0 7 0.4
31.0~35.0 8 0.3
35.0~40.0 9 0.2
40.0~45.0 10 0.1

42]. Reversing valves 6, 11, and 12 are moving to the left side
when the boom goes down, then the hydraulic 0il(HO) is
pumped into the rod cavity of main boom cylinder
(RCMBC) 10 through reversing valve 6. One branch of
HO is carried into the two rod cavity of balance cylinders
(RCBC) 9 via reversing valve 12; another branch of HO in
the piston cavity of main boom cylinder (PCMBC) 10
returns to the tank by reversing valve 11; and the self-
gravity potential energy generated during the boom down
is accumulated into hydraulic accumulator (HA) as hydrau-
lic energy via valve 7 [39]. The hydraulic accumulator (HA)
is used for storing and releasing energy; accumulator’s pres-
sure acting on the boom always shows itself as a balancing
weight for the load [43].

Reversing valves 6, 11, and 12 are all linked on the right
side when the boom goes up; then, HO is pumped from the
tank into the PCMBC 10 by reversing valve 6, HO accumu-
lated in accumulator is released into RCBC 9, and HO in
RCMBC 10 and RCBC 9 return to the tank through revers-
ing valve 11 and valve 12, respectively [42].

For a complex mechanical hydraulic system, the system
reliability is based on the component reliability. It is critical
to know the importance of each part of MHS; severe failure
of the component may lead to collapse of the whole system if
it had not been discovered in time. Various factors in the
process of maintenance must be considered, such as mainte-
nance cost, difficulty, and time [44, 45].

For example, leakage of hydraulic cylinder will reduce
the work efficiency of MHS; before any obvious fault occurs,
it must be anticipated with preventive measures. Any one
tiny failure of subsystem may cause the failure of the entire
system if there are no backups for these components.

4.2. Schematic Diagram of the Mechanical Hydraulic System.
A schematic diagram of the MHS of ERRS is illustrated in
Figure 5. Some components of the system are unlikely to
fail during the machine lifetime, as known from engineer-
ing experience, like throttle valves and solenoid valves.
Therefore, these kinds of components are not conducted
importance analysis in this work. However, servo valves,
cylinders, pumps, reversing valves, booms, tubes, and
accumulators, which with higher failure rates throughout

the whole energy recovery and release process, are most
likely to be vulnerable components.

In actual operation of excavators with ERRS, all the
hydraulic components do not have backups due to high cost.
How to balance the system reliability improvement and cost
reduction is very important for excavator manufactures.

4.3. Calculation of Reliability Importance Measures. To study
the importance and identify the weakest components of the
MHS, this paper collects the failure data of the 30 Ton HE
for three years from the maintenance database. The number
of working HE in all is 973, recorded by GPS, and the num-
ber of failure data of the mechanical hydraulic system is 197.

In this case, the following assumptions are made for
mechanical hydraulic components and system:

(I) All components have two states: functioning and
failed

(II) Al components are in a perfect state at the
beginning

(IIT) Behaviors of components are mutually statistically
independent

(IV) All the components are repairable to new when
they fail

As a universally adaptive distribution, the Weibull law is
widely used to describe the life distribution of mechanical
products for modeling the failure behavior of components.
Minitab is used to fit all the failure times of MHS and to test
the Anderson-Darling goodness. Anderson-Darling (AD)
test is a kind of square-variance statistics. Although the sta-
tistical process is slightly complicated, it can maintain good
performance when using the small sample size. The fitted
results are shown in Table 6 and Figure 6. As shown in
Table 7, the three-parameters Weibull distribution has the
smallest AD statistics, with the value of 0.493, so it has been
clearly seen that the best goodness of fit is the three-
parameter Weibull distribution for ERRS, and the compo-
nents of this ERRS testified to be fitted as a three-
parameter Weibull distribution well.

This paper uses the mean rank order methods to calcu-
late the empirical cumulative distribution function of each
component of MHS and the reliability at 3000 hours,
because the warranty services of repair are during 3000
hours for machine manufactures.

_J(fn)—03
Ful)= =05 @
j(fm):j(fm—l)+nfm'N(fm)’ (5)

(4 ) i)
1+ (n—nfm - ng,)
J ) (m=1,2,-n)

n:Sample number
n f:Failure number

N(f) = (6)

ng:Unfailed number.
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TaBLE 4: Suggested ranking system for the severity of failure modes [38].

Failure effect

Failure criterion Ranking Coeflicient

Hazardous without warning potential safety, health, or

Inconsistent with the safety legislation or the environmental issue 10 01
regulations Failure will occur with warning potential safety, health, or 9 02
environmental issue ’
The machine runs malfunctioning 8 0.3
Disruption or decline to facility function The machine runs properly but moderate disruption to facility 7 04
function ’
) ) . ) Some portion of secondary function is lost 6 0.5
Disruption or decline to secondary function . . .
Moderate disruption to secondary function 5 0.6
Appearance or noise and other functions is Some portion of process is delayed 4 0.7
poor Most users (>75%) likely to complain 3 0.8
No discernible effect on safety, environment, or More than half (>50%)of the users likely to complain 2 0.9
mission a few users (>25%) likely to complain 1 1.0
TaBLE 5: Detectivity evaluation criteria.
Detectivity Control Ranking Coefficient

No control. Design control will not and/or cannot detect a potential cause/mechanism

Absolute uncertainty and subsequent failure mode 10 Lo
Very remote Very remote chance the design controls wﬂl. detect a potential cause/mechanism and 9 0.9
subsequent failure mode
Remote chance the design controls will detect a potential cause/mechanism and
Remote . 8 0.8
subsequent failure mode
Very low Very low the design controls will detec't a potential cause/mechanism and subsequent 7 0.7
failure mode
Low chance the design controls will detect a potential cause/mechanism and subsequent
Low ) 6 0.6
failure mode
Moderate Moderate chance the design controls will (.1etect a potential cause/mechanism and 5 05
subsequent failure mode
Moderately high Moderately high chance the design controls w.111 detect a potential cause/mechanism 4 0.4
and subsequent failure mode
. High chance the design controls will detect a potential cause/mechanism and subsequent
High . 3 0.3
failure mode
Very high Very high chance the design controls will (.letect a potential cause/mechanism and ) 02
subsequent failure mode
Almost certain Design controls will almost certainly detect a potential cause/mechanism and ] 01

subsequent failure mode

The parameters 3, y, and # of cylinders, pump, boom,
reversing valve, tubes, and hydraulic system are fitted by
Origin. Figure 7(b) shows cylinders’ R;(¢) changes with
operation time, R ;(¢) = 0.9311 when after 3000 hours oper-
ation time. Figure 7(c) shows pumps’ R,;(t) changes with

operation time, R;(t) = 0.9798 when after 3000 hours oper-

ation time. Figure 7(d) shows the reversing valves’ Rpy,(¢)
changes with operation time, Ry, (t) = 0.9826 when after1500
hours operation time, for no more failure data about revers-
ing valves from 1500 to 3000 hours, so here, Ry;(¢) = 0.9826
is reckoned stayed there ever until 3000. Figure 7(e) shows
booms’ Rg;(t) changes with operation time, Rp;(¢) =0.9301
when after 3000 hours operation time. Figure 7(f) shows
the high-pressure tubes’ Ry,(t) changes with operation time,

Rp;(t) = 0.9385 when after 2000 hours operation time, for no
more fajlure data about reversing valves from 2000 to 3000
hours, so here, Ry, (t) = 0.9385 is reckoned stayed there ever
until 3000. Figure 7(a) shows the hydraulic systems’ R(¢)
changes with time, R(#)=0.7636 when after 3000 hours
operation time. And parameters f, y, and # values are
known from Figure 7. Then, R;(t) is calculated by the
parameters, the R;(¢) of the accumulator and servo valve is
calculated by Equation (4) for its few failure numbers (as is
shown in Table 8).

The importance of components (Ip.) is obtained by (1)
and (2); they are listed in Table 9. sy, oy, dy, Iy and
¢y are designated based on Tables 1-5. The cylinder,
pump, and boom have two kinds of failure modes; the
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accumulator, servo valve, reversing valve, and tube only
have one failure mode.

As shown in Table 10, the component boom and accu-
mulator have the largest and smallest importance ranking
order, respectively, in all different importance measures.
This means the boom is the least reliable unit, and the accu-
mulator is the most reliable unit in the MHS. The other
component ranking orders change as importance measures
change, but the components importance ranking order is
completely the same in the method Time Integral Impor-
tance Measures (TIIM) and the Criticality Reliability Impor-
tance of Component for system failure.

Ity is used to estimate components’ importance better
in their lifecycle and seek out the most responsible compo-
nent for subsystem performance loss while ignoring the
effects from the costs of the maintenance and downtime
by the component failure modes. The criticality time-
dependent lifetime importance for system failure at time
t (I) is defined as the probability when a component failure
causes the given system failure; it does consider the perfor-
mance losses and costs in the process of systems or products
operating. The traditional Birnbaum importance measures
do not consider the criticality and the variety of mean life-
time of a system caused by components.

The proposed method in this study considers the sever-
ity of the components failure, occurrence rate of the different
components failure mode, difficulty level to detect the failure
modes, maintenance costs, and breakdown losses when the
components failure modes occur. All these aspects are
expected to be taken into account in the new system design
stage based on the predecessor. The RIMy, can evaluate the
importance of complex mechanical hydraulic system com-
ponents more simply and effective by historical database
compared with other methods. From the definition of
RIMy,, it can be used to conduct the importance evaluations
not only in multistate system but also in binary system.
Therefore, the conclusions derived from binary-state sys-
tems can also be used for multistate ones.

4.4. Suggestion about the Optimization of ERRS Design and
Maintenance. According to the RIMp. value of components
of MHS shown in Table 9 and the ranking order shown in
Table 10, accumulator and servo valve have higher reliability
but lower failure rate. So, they are lower importance compo-
nents in MHS boom, and cylinders have lower reliability but
higher failure rate; they are higher importance components
in MHS. The ranking order of pump, reversing valve, and
tube is 3, 4, and 5, respectively.

Through the analysis of historical failure database, the
main failure modes of the boom are fracture on the root
and welds cracking between the side plates, because fatigue
strength is insufficient and badly soldered. In MHS, a new
structure of boom has been developed since balance cylin-
ders increase, so methods of robust design optimization in
the design stage and enhancement of welding quality in the
manufacturing stage should be taken to the boom reliability
promotion.

The main failure modes of cylinder include crack, leak-
age, abrasion, and creep. Dominant reasons for the failures
are encounter external impact, instantaneous high pressure,
hydraulic oil pollution, and unreasonably kinematic pair
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clearances, respectively. A protective board suggested to be
added on the top of HC which suffers intense impact easily
and reduces the instantaneous high pressure caused by
energy released from accumulator to the system in the
design stage. Promoting assembling accuracy and strength-
ening the final inspection on the assembly line are also good
choice for reliability improvement.

The main failure modes of the tubes are leakage and
burst. The main reason of the failures is that overloaded
transient impacts pressure in high-pressure tubes, which
should be improved in MHS. The abnormal vibration of
the hydraulic piston pump causes the leakage, noise, and
cracking of the pump body; most of them occurred after
2000 hours of operation time. And when the occurrence is
lower at the ranking 0.7, we suggest changing the mainte-
nance interval to enhance pump reliability. The occurrence
of reversing valve leakage can be reduced by optimizing seal
quality; the failures of the accumulator and servo valve have
occurred accidentally, with little effect on the reliability of
the HEs. Further tracing will be performed.
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TaBLE 6: The number of failure for each component.

Component Failure number
Cylinders 44
Accumulator 1
Servo valve 3
Pump 21
Boom 81
Reversing valve 12
Tubes 35
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FIGURE 6: Probability plot of the hydraulic system of HE.

TABLE 7: Failure time distribution AD test for HS of HE.

Distribution AD

Weibull 0.720
3-parameter Weibull 0.493
Normal 3.152
Lognormal 1.817
3-parameter lognormal 0.991
Gamma 0.598
Exponential 3.026
2-parameter exponential 1.554
Small extreme value 15.805
Large extreme value 3.854
Logistic 7.529
Loglogistic 1.525
3-parameter Loglogistic 1.374

4.5. Explanation of Scheduled Maintenance Time for Key
Components of ERRS and System Itself. In this section, the
scheduled maintenance time of boom will be shown, since
it ranks the first in the importance list of MHS.

Routine maintenance Ty is set as the same as traditional
maintenance time 8 hours per shift, and preventive mainte-
nance T is chosen as per 500 hours.

Restorative maintenance Ty, of boom is the time when
the value of R, decreases to 0.9, so Ty, is determined
with parameters’ estimated value of 8, p, and #. It is
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FIGURE 7: Reliability of the hydraulic system and key components.

approximately 3900 working hours. R

min

of boom is set as

increasing 20% as we have 0.5960 in Table 8, so the value

R

min

of boom is 0.7152, and replacement maintenance

time Ty is approximately 7000 working hours. Overhaul
period T, of ERRS is determined as Equation (3). Param-
eters y=101 and $=1.08 are obtained from Figure 7(a),
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TaBLE 8: Components reliability at = 3000 hours.
No. Component (i) B y n Fi(t) R(t)
1 Cylinders 1.2689 -438.33 38267.0 0.0458 0.9542
2 Accumulator / / / 0.0010 0.9990
3 Servo valve / / / 0.0021 0.9979
4 Pump 2.8252 -2374.7 22680 0.0170 0.9830
5 Boom 1.5815 -884.82 4362.3 0.4040 0.5960
6 Reversing valve 1.6789 383.92 13075.2 0.0649 0.9351
7 Tubes 1.4985 37.88 12108.0 0.1143 0.8857
TaBLE 9: Components importance considering performance and costs at £ = 3000 hours.
Components R(1) Sik 0y di Ly Cir RIMp¢
Cylinder 0.9542 0.3 0.5 0.7 0.7 0.8 0.2364
0.5 0.6 0.7 0.9 1.0
Accumulator 0.9990 0.9 0.9 0.7 0.7 0.9 0.3569
Servo valve 0.9979 0.7 0.8 0.6 0.8 1.0 0.2682
Pump 0.9830 0.3 0.6 0.9 0.4 0.4 0.2483
0.4 0.7 0.9 0.9 1.0
Boom 0.5960 0.2 0.4 0.9 0.6 0.2 0.0963
0.7 0.3 0.9 0.9 0.9
Reversing valve 0.9351 0.7 0.6 0.9 0.8 0.9 0.2545
Tube 0.8857 0.4 0.4 0.9 1.0 1.0 0.2551
TaBLE 10: Components Importance for different methods at ¢ = 3000 hours.
Component 1B Ranking ITIIM Ranking Icf Ranking RIMPC Ranking
Cylinder 0.0643 5 169.44 3 0.0131 3 0.2364 2
Accumulator 0.0007 7 193433.7 7 0.000003 7 0.3569 7
Servo valve 0.0339 2 4254.42 6 0.0009 6 0.2682 6
Pump 0.0464 4 1624.55 5 0.0038 4 0.2483 3
Boom 0.0973 1 30.299 1 0.0283 1 0.0963 1
Reversing valve 0.0462 3 990.35 4 0.0034 5 0.2545 4
Tube 0.0777 6 50.698 2 0.0203 2 0.2551 5

so T = 7760 working hours, where T is the average main-
tenance time 100 working hours, and ¢, is the average
routine maintenance time 8 working hours.

5. Conclusion

This paper mainly discusses the RIM, (reliability impor-
tance measures based on performance and costs of mainte-
nance and downtime). Firstly, the definition of RIMp. of
MHS’ components is presented. Secondly, the proposed
method is verified by the type of MHS with ERRS which
belongs to 30 Ton HE. Thirdly, several classical importance
measures are compared with the proposed method, and pros
and cons are analyzed.
The major conclusions are summarized as follows:

(1) Although a components’ deterioration from func-
tion to failure will go through many states, only

functioning and failure are considered in the pro-
cess of machine using, therefore, the multistate sys-
tem has been simplified to a binary system for
reliability importance analysis. RIMp can be used
to estimate the component importance better in
its lifecycle and seek out the most important com-
ponent for system reliability. Then, more attention
can be paid to the most important one to improve
system performance and reliability efficiently

(2) RIMp can be used to estimate the importance of

complex MHS’ components of existing product and
predict the reliability of the new-generation product
based on existing product’s historical failure data. It
is also feasible to guide the designers to obtain some
clues of reliability allocation in the design stage, to
identify what is the root cause for the failure of the
part at different operation stage, and to improve
the robustness performance of the part in time
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(3) And to guide the maintenance crew in assigning
maintenance resources to achieve higher perfor-
mance in a relatively long term for new systems
and new products

(4) Determination of preventive maintenance interval
for key components of MHS and system itself based
on the historical reliability of them in the design
stage can help maintenance crew to keep HE with
ERRS functioning effectively

(5) Since the proposed importance measures are devel-
oped to evaluate components in a fixed construc-
tion machine HE, more research work should be
done to find the effects to structural changes, prod-
uct performance, and reliability improvement in
future studies

Appendix
A. A Detailed Description Is Given

If the failure behavior of component I described by Weibull
stochastic process, its lifetime follows a probability density
function is shown as

f(t) = g (t—T)/> exp’((t’V)/”)ﬁ. (A1)
The probability distribution function is given by:
Y
F(t)=1-exp [— (Ty> ] . (A.2)

The reliability of component can be then evaluated by:

R(E) mexp [_(f-Tyﬂ,

where 7, 3, and y denote the scale, shape, positional param-
eters of the components.

(A.3)

List of Symbols

HA: Hydraulic accumulator

HC: Hydraulic cylinders

ERRS:  Energy regeneration and recovery system

MSSs:  Multistate systems

FMEA: Failure mode and effect analysis

PCMBC: Piston cavity of main boom cylinder

F,(t):  Cumulative failure distribution function

w Weighting factor of component i

St The serious of the failure modes effect to the sys-
tem performance failure modes j for component i

O;;: Occurrence of the failure modes j for component i

Dy;: Detectability of the failure mode j for component
i

Ly Losses of downtime under the failure mode j for

component i

11
Cij: Costs of the maintenance or replacement when
the failure happens
HE: traditional excavators
HO: Hydraulic oil

Reliability of component i at time ¢
’ Reliability states of component i
RCMBC: Rod cavity of main boom cylinder

RCBC:  Rods cavity of balance cylinders
B: Shape parameter of Weibull distribution
n: Scale parameter of Weibull distribution

Location parameter of Weibull distribution
Average number of the failure time

n: Sample number

ng: Failure number

ng: Unfailed number

Ty Routine maintenance

Tp: Restorative maintenance

Tg: Replacement maintenance

Th: Overhaul period

T: Average maintenance time

to: Average routine maintenance time.
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