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ABSTRACT Many systems are usually subjected to the combined effects of degradation and random shocks
at the same time. Their failures are the competitive result of soft failure caused by degradation and hard failure
caused by shocks. For operating machinery, wear failure is the main failure mechanism, and the machine is
also subject to shock during the wear process. This paper proposes a new generalized surface wear model
in combination with dependent competing failure processes; this proposed model is different from the other
wear model with independent wear increments. As a typical mechanical structure, worm gears and worms are
subjected to the combined effect of two failure mechanisms: soft failure caused by performance degradation,
and hard failure caused by shocks. Meanwhile, it is necessary to consider the competitiveness and correlation
of these two failure mechanisms. The interdependent competitive failure model is used to describe the failure
of operating machinery. In this study, the extended Archard model is used to calculate the wear depth of the
tooth surface, and the wear model is established through the wear threshold. The relationship between tooth
surface wear depth and duty cycle, sliding speed, and contact stress is analyzed. An iterative algorithm is used
to derive a nonlinear time-varying wear degradation model considering contact stress and sliding velocity.
Comparing the calculation results with the Monte Carlo simulation method, the model has high accuracy and
describes the mechanism of soft and hard failures, and the mutual dependence of the two failure mechanisms
has an important effect on reliability. Numerical examples are presented to illustrate the developed reliability
models, along with sensitivity analysis.

INDEX TERMS Archard model, dependent competing failure, hard failure threshold, system reliability,

wear degradation.

I. INTRODUCTION

There are many kinds of modeling based on wear mech-
anisms, but there are many variables affecting wear; it is
challenging to build a universal wear model for a particu-
lar mechanical component. The establishment of the wear
model can be traced back to 1946. Holm [1] proposed a
linear wear model that introduced the wear rate k on the
basis of experiments, which made the theory consistent with
the experimental results. Archard [2] perfected the linear
model in 1953. This wear model considers the relationship
between contact stress, slip velocity, and wear amount. This
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model is widely used in the establishment of adhesive wear
models. Taking into acco-nt the nonlinearity in the degrada-
tion process will signifycan-tly improve the accuracy of the
remaining useful life estimation [3]. Sharif et al. [4] predicted
the wear pattern of worm gear teeth under lubrication con-
ditions and determined the amount of wear calculation for
each meshing cycle on the basis of full elastohydrodynamic
lubrication. Ding and Kahraman [5] studied the nonlinear
wear of spur gear transmission and the relationship between
surface wear and dynamic behavior under nonlinear wear
behavior. Based on Archard’s law, Jbily et al. [6] combined
contact pressure and sliding distance to determine the amount
of wear, applying the law locally to calculate the wear depth
of each contact point. Dorini [7] established a stochastic
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model of the wear process using the Archard model based on
the uncertainty of the wear coefficient related to the contact
state. Fontanar et al. [8] studied the abrasion damage mech-
anism of bronze materials as the benchmark of worm gear
power transmission. Through the lubrication rolling sliding
experiment, the wear curve (specific gravity loss and sliding
distance) and surface damage were analyzed using an optical
microscope and scanning electron microscope. It was found
that the severity of different types of wear damage depends
on the applied load. Wang and Morrish [9] proposed a model
for iteratively performing wear steps as needed. This model
mainly considers the load distribution and contact stress of
the worm gear during operation. Liu et al. [10] established
the equation of the main factors influencing the wear of the
tooth profile, such as relative sliding coefficient and contact
compressive stress. In these wear models, the influence of
parameters such as wear rate and contact stress on the degree
of wear is studied, and the randomness of the parameters
involved in the wear model is considered. In fact, in the
normal working phase, the research object will inevitably be
affected by external factors due to external environmental
fluctuations, such as external shocks and unstable operating
temperatures. Therefore, when establishing the wear model,
external forces should also be taken into consideration as a
factor that affects the degree of wear.

In general, many complex systems may gradually deterio-
rate due to wear, fatigue, corrosion, and other reasons. Due
to excessive load, shock, and other pressures, the system may
also suddenly fail. The former is called a soft failure, and the
latter is called a hard failure [11]. For a system with mul-
tiple related competing risks, the total degradation includes
the amount of natural degradation and the sudden increase
in degradation caused by random shocks [12]. In practice,
the relationship between soft failure and hard failure is
interdependent; therefore, these processes are called depen-
dent competitive failure processes (DCFPs) [13]. In recent
years, many researchers have conducted reliability anal-
yses on systems with dependent competitive failure pro-
cesses, Competitive failure modeling methods have been
extensively studied. Gao et al. [14] proposed reliability mod-
els for degradation-shock dependence systems with multi-
ple species of shocks. In this research, he considered the
correlation between soft failure and hard failure based on
two different shock effect patterns (SEPs), namely degra-
dation level and degradation rate, and developed four reli-
ability models for different random processes and SEPs.
Qiu and Cui [15] studied the optimal mission abort pol-
icy based on a two-stage Gamma process. He obtained the
relationship between mission reliability and abort threshold,
and the functional relationship between system survivability
and mission abort threshold. Song et al. [16] developed a
new multi-component system reliability model which extend
component-level degradation modeling concepts to the sys-
tem level. For the first time, Lin et al. [17] considered the
reliability of the system under continuous and multi-state
degradation processes, random shocks and their correlations,

50266

and proposed a reliability model for systems that experi-
enced degradation processes and random shocks. In addition
to reliability modelling, the condition based maintenance
modelling is another research topic related to degradation
modelling. For a series system with two non-identical units,
Wang et al. [18] proposed a joint optimization problem
of condition-based and age-based replacement strategy and
spare parts inventory strategy

Many types of research are devoted to the reliability model-
ing of degraded processes and competitive failures under ran-
dom shocks. Fan et al. [19] considered the shock system that
is subjected to a nonuniform Poisson process. Degradation
will affect the shock effect and increase the shock amplitude.
Fan et al. [20] proposed a new reliability model of depen-
dent competition failure, which considers that the strength of
random shock depends on the degradation process. Rafiee et
al. [21] considered four specific random shock modes that
can increase the degradation rate. The study also pointed out
through calculation examples that the micro-engine is more
prone to wear degradation and accelerates the wear process
when it is in a specific mode of shock or a significant shock.
Gut and Hiisler [22] derived a generalized extreme shock
model, assuming that nonfatal shocks may affect the system’s
resistance to subsequent shocks. Chatwattanasiri et al. [23]
proposed a competitive failure reliability model for a k-out-
of-n system. The model has a linear degradation path with
a normal distribution degradation rate and a random shock
process with a normal distribution shock load size and shock
damage size. The competitive failure models they proposed
all consider the interdependence between external random
shocks and the degradation process and assume that the
hard failure threshold is a constant. However, as the system
continues to degenerate, the ability of the research object
to resist external shocks should also be reduced. Therefore,
the degradation-influenced hard fault threshold should also
be regarded as a dependency in competitive failure modeling.
An et al. [24] developed a reliability model for a complex
system that experiences multiple dependent competing fail-
ure processes with shock loads above a certain level, where
only the shock loads with magnitude above a certain level can
lead to sudden degradation increments. Hao and Yang [25]
proposed a competitive failure reliability model with changes
in degradation rate and hard failure threshold, taking into
account the influence of random shocks on the degrada-
tion process, degradation rate, and hard failure threshold.
Jiang et al. [26] studied the two dependencies of the shock
process and the hard failure threshold level. In the linear
degradation and shock competition failure model of the micro
engine established in [27], shocks can be categorized into
three shock zones according to their magnitudes: safety zone,
damage zone, and fatal zone. Lehmann [28] considered that
failure is a competitive model of degradation and trauma
and established a degradation-threshold-shock model (DTS
model). The DCFP system he established takes into account
the change of threshold, but most of the models are used in
micro-electromechanical systems, and for simple mechanical
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systems, such as gears, bearings, bolts, and other mechanical
components, the study of the DCFP model is established by
considering the changes in their working conditions.

To sum up, in this study, we are committed to introducing
the Archard wear model into the competitive failure model,
treating wear as degradation, rather than treating the degra-
dation process as a Gamma process or a simple linear path,
and the established competitive failure model is applied to
mechanical structures other than MEMS.

The worm gear transmission mechanism is a special type
of gear transmission mechanism that has the characteristics
of a large power transmission ratio, a stable transmission,
and self-locking capability. Therefore, it is widely used in
the reduction mechanism of metallurgy, mining, lifting, and
other mechanical equipment. Since the worm gear is usually
made of a softer material than the worm, the worm wheel
and worm gear transmission mechanism often suffer from the
wear failure of the worm wheel. Excessive wear of the worm
gear material will reduce the transmission accuracy and work
efficiency and will also cause noise and vibration [29], [30].
At the same time, the backlash will increase the vibration
amplitude of the tooth, the meshing force, and the shock
behind the tooth [31]. In short, in the operation of the worm
mechanism, there is sliding friction between the teeth result-
ing in excessive power loss, a reduction in gear efficiency,
and even the failure of the mechanism. In order to optimize
the wear conditions of the worm gear, a simple wear model is
required. The wear prediction model proposed by Flodin and
Andersson [32] takes into account the operating conditions of
the gear tooth surface and uses the Winkler elastic foundation
model to simulate contact between the tooth surfaces and
simulate the tooth profile wear process. Kahraman et al. [33]
proposed a gear wear model that combines a finite-element-
based gear contact mechanics model to predict contact pres-
sures; they also employed a sliding distance computation
algorithm and Archard’s wear formulation to predict wear
of the contacting tooth surfaces. Yuksel and Kahraman [30]
defined a dynamic gear tooth surface wear. The results of gear
surface wear show model for geometric description of the
deformation body of that the surface wear has a greater effect
in the nonresonant speed range, and the decrease in the effect
near the resonance peak is mainly due to the effect of tooth
pitch. At present, there is no perfect method for quantitative
calculation of worm gear wear. The worm gear is subjected to
shock load during work, which causes the surface of the worm
wheel to wear and produces debris, and the debris reacts to
accelerate the wear of the worm wheel [34]. Metal particles
are generated on the surface of the worm gear, and the metal
particles enter the lubricating oil to accelerate the sliding wear
of the worm gear teeth. At the same time, when the shock
load exceeds a certain threshold, the mechanism will fail to
lock itself. Therefore, the worm gear drive mechanism expe-
riences two competing failure processes: worm gear wear and
external shock, the combined action of which causes degrada-
tion of the mechanism. Performance degradation is regarded
as a soft failure process, and failures caused by excessive
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shock loads are regarded as hard failures [35]. Based on
the reliability modeling method combined with worm gear
wear degradation analysis, the reliability modeling problem
of worm gear can be solved.

Due to the uncertainty of the related parameters of worm
gear wear, the current research on worm gears mainly focuses
on wear model and life prediction, rather than reliability
modeling. The reliability of worm gear is usually calculated
by the contact strength of the tooth surface and the bending
strength of the tooth root. Currently, the prognostic process
development and parameter selections tend to focus on empir-
ical results, experience, and maintenance data rather than on
the physical processes that lead to failures [36]. Based on the
Archard model, this paper combines contact stress and sliding
speed to determine the wear of the worm gear tooth surface in
the mine hoisting mechanism that needs a frequent start and
stop capability. Combined with the wear model to analyze
the reliability of the worm gear and worm, in the model
wear is essentially a time-related degradation process, and the
transmission mechanism is subjected to a time-independent
shock process during work.

In summary, for the reliability modeling of worm gears,
quantitative analysis of wear and the coupling relationship
between wear and shock have not been considered. This paper
combines the specific failure process of the worm gear of
the mining machine’s hoisting mechanism, introduces the
dependence relationship into the failure mechanism model,
and regards wear and shock as competing failure processes.
The paper establishes the wear-shock coupling failure model
and introduces the specific failure process of the worm gear
in the lifting device of the mining machine.

The rest of the paper’s structure is as follows: The second
section discusses the dependence between wear degrada-
tion and shock and establishes a competitive failure model.
The third section, based on Archard model, establishes the
iterative time-varying wear calculation formula of running
machinery with sliding wear. In the fourth section, combined
with actual calculation examples, the first-order second-
mom-ent method is used to establish the reliability model of
the worm gear mechanism competition failure in the mine
hoisting mechanism under random shock. In the fifth section,
the Monte Carlo algorithm simulation is performed on the
model under actual working conditions. The results show
that the established model can describe the interdependent
competitive failure behavior and interdependence relation-
ship. And through sensitivity analysis, the influence of each
parameter on the reliability of worm gear wear is discussed.

Il. SYSTEM SPECIFICATION

The system’s failure is the result of the combined effect of
soft and hard failures, as shown in Fig. 1. In this paper, wear
degradation failure is regarded as a soft failure. When the
system’s overall wear degradation performance exceeds the
critical threshold level for the first time, a soft failure will
occur, and random external shocks accelerate the degrada-
tion process. The hard failure threshold is affected by the
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FIGURE 1. Competitive failure model.

total amount of degradation. Soft failure results from the
cumulative damage caused by the combined action of wear
degradation and random shock exceeding the threshold [Z].
Hao and Yang [25] proposed a competitive failure reliability
model with threshold changes. In this model, the threshold
level of the extended limit shock model will be reduced due
to the harmful shock of the system, and every harmful shock
will lead to a sudden increase in degraded performance; the
coupling coefficient is introduced to establish the coupling
relationship of the system. The overall description of the
system and related expressions are as follows.

(1) In this paper, the wear process is regarded as a contin-
uous degradation process, and the wear amount H(#) can be
derived according to the Archard wear model.

(2) The shock is regarded as a homogeneous Poisson pro-
cess with a constant velocity A. The number of shocks arriving
before time ¢ is represented by N (¢).

=D (apy

pWN (@) =n) = ,
n!

., n=0,1,2... (1

Each shock is independent of the other, normal pdf presents
a normal behavior for a lot of random appearances [37], and
the shock size follows the same normal distribution W; ~
N(iw, ow), where .y and oy, are the average value and stan-
dard deviation of the shock size. W is the critical threshold
level. When the shock size exceeds [W], the system will have
a hard failure.

(3) The continuous increase of wear degradation Z(t)
reduces the ability of equipment to resist harmful external
shocks. The shock will be affected by the degradation process
because the degradation process will affect the hard failure
threshold [W]. When the degradation is Z(z) at the system
hard failure threshold level [W], shown in eq. (2).

(W] =Wy +ywZ(t) )

where Wy is the initial hard failure threshold, and yw is the
degradation conversion ratio coefficient.

(4) The degradation process is affected by random
shocks. Each harmful shock leads to a sudden increase in
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wear degradation. The total degradation performance is
affected, and the cumulative degree of harmful shocks
reached is reflected. A coefficient yy, is introduced to correct
the amount of wear degradation.

ZO=H@) +yy W 3)

where yy, is the shock conversion ratio coefficient, Y~ W is the
cumulative shock load.

(5) The threshold level of soft failure [Z] is a constant;
the threshold level can generally be calculated according to
system parameters. If it involves the total degradation perfor-
mance Z(t) of the combined action of H(¢) and W(¢) exceeds
[Z], then the soft failure occurs immediately.

When the total amount of wear degradation is less than
the failure threshold, taking into account the coupling rela-
tionship between wear degradation and the shock process,
the wear degradation reliability Rz(#) within the worm pair
time ¢ can be seen in eq. (4).

According to the extreme shock model and the coupling re-

lationship between wear degradation and instantaneous
shock, when i shocks occur within time ¢, the shock reliability
Rw (¢) of the worm pair can be seen in eq. (5).

Ry(t) = P(Z (1) < [Z]IN (1) = ) P(N (1) = i)

=PHO+wmY W <[ZIIN@) =i
=1
x P (N (t) = i)j “4)
Rw(@) =PW; <[W]IN@®)=DPN @) =1
=PW;<Wo+wZ@®IN@®=DPN@) =1
©)

Then the reliability R of the worm pair in time ¢ is shown
in eq. (8).
o

R(I)=ZP(Z(I) <[Z],W; < [W]IN (@) =10)-
i=1
xP(N (1) =i) (6)

A. SYSTEM SOFT FAILURE RELIABILITY ANALYSIS
According to the derivation of the Archard model, the peri-
odic function degenerate h(t) = h(ki(t), ko(?),...,p1, P2,-..)
has multiple variables, where k is the probability of adhesive
and the variable k; is related to time. p is the contact stress,
the variable p; is a normal random variable, p; ~ N(u;, o;),
and i is a positive integer.

N(2) is used to denote the number of harmful shocks. N(t)
obeys the Poisson process of rate A. Soft failure and hard
failure are affected by the same shock process, and the effects
of different numbers of shocks in the degradation process are
considered. In the case of a fixed number of harmful shocks,
wear reliability is derived in the following two situations.

(1) When the number of shocks N(¢) = i =0, the calcula-
tion of reliability is shown in eq. (7), as shown at the bottom
of the next page.

(2) When the number of shocks N(¢) = i >0, the calcula-
tion of reliability is shown in eq. (8), as shown at the bottom
of the next page.
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B. SYSTEM HARD FAILURE RELIABILITY ANALISIS
Under a fixed number of shocks, the system reliability prob-
ability is as follows:

(1) When the number of shocks N(¢) = i =0, the calcula-
tion of reliability is shown in eq. (9), as shown at the bottom
of the next page.

(2) When the number of shocks N(¢) = i >0, the calcula-
tion of reliability is shown in eq. (10), as shown at the bottom
of the next page.

C. RELIABILITY ANALYSIS OF COMPETITIVE FAILURE
PROCESS

The failure of a system is the result of competition between
soft and hard failures. The conditional reliability functions
of soft and hard failures are combined, and the reliability
function of the overall system can be obtained as:

(1) When the number of shocks N(¢) = i =0, the calcula-
tion of reliability is shown in eq. (11), as shown at the bottom
of the next page.

(2) When the number of shocks N (7) i >0, the cal-
culation of reliability is shown in eq. (12), as shown at the
bottom of the next page. eq. (12) can be applied to calculate
mechanisms prone to sliding wear failure and shock failure.
According to the actual working conditions and the specific
research object, we can determine the relevant parameters and
bring them into eq.(12) to calculate the reliability - time curve
of the research object

Ill. WEAR DEGRADATION
Load, sliding speed, enhanced fracture toughness, contact
surface morphology, and wear surface hardness are the

significant parameters that affect material wear [38]. In the
working process of the operating mechanism, wear always
exists. The wear condition during a start-stop cycle is shown
in Fig. 2.

In a start-stop cycle, the wear curves are mainly divided
into three stages: running phase, normal wear phase, and
the brake wear phase. The running phase is the wear dur-
ing the motor’s initial start. In this stage, the wear rate is
relatively large due to the acceleration of the motor. In nor-
mal use, the mechanism will be subject to shock due to
the influence of unfavorable factors, and a sudden change
in the wear process will occur in the normal wear stage,
resulting in severe wear. In the time ¢, to time #, in Fig. 2,
the wear amount in this stage increases suddenly. When the
wear exceeds the wear threshold, it will cause the research
object to fail. This situation dramatically shortens the service
life of the mechanism. Material wear thickness is affected
by tooth surface stress and relative slip speed. Therefore,
for a mechanism in normal operation, during a start-stop
work cycle the wear amount is the largest in the start-stop
phase.

A. WEAR ANALYSIS
In the Archard model [2], the wear depth of the research
object is related to the sliding distance of the worm gear,
the contact stress, and the yield strength of the material,
as shown in eq. (13).

The left side of the formula is the wear depth /4, and the
right F'/S is the nominal contact stress p. Therefore, the wear
level can be measured by measuring the wear depth.

Rs (tIN(1) = 0)=P{Z(t) < [Z]IN(1) = 0}

=p{/0”

I (ki (0), ka(2), k3 (2) - - ,Pll,Plz,pB“')dT-i-/

4

15}

hy (k1(z), ka(T), ka(t) -+, p21, p2,p3--)dt+---<[Z]}

x P{N(t) = 0}
[Z]— él hl(kl(f), kz(‘[) 7“‘17”«2"')617:_ l? h2 (kl(‘[)’ kz(f) ’/‘Ll’MZ"')dT_"' ()\Z)O Y (7)
e
> m(kit), ka(ty) -+ of, 05 ) +m (ki) kao(t) -+ ,0F, 05 )
i=1
R (tINgt) =) =P{Z@t) < [Z]IN(t) = i} ;
! 2
:P{/O hl(kl(f)» kZ(T), k3(‘[) ,p11,p12,p13...)d1+/ h2 (k](‘[)’kz(f), k3(‘[) , P21, P22,p23-~-)d‘[+-~-
3l
+m Y Wi<I[Zlp PIN@) =i}
j=1
[Z] — (;1 h](k](f), kz(‘[) cee U1, U2 )dl’ —_ tl]2 h2 (kl('[)’ kz('[). s L, U2 - )dl’ e — l‘yh//LW ()\,t)l iy
e
g il
> m(kit), ko(ty) - ol 03 ) +m(ki(t), ko) -+, 02,05 ) + iynod
i=1
(®)
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Since the research object’s sliding speed generally changes is introduced.
with time during the working process, the contact stress
may change. When the research object material is deter- W= kdF (13)
mined, the integral relationship between speed and time 30y
A"
Ry(tIN(t)=0)=P{0 < [W]IN@t)=0}=P{N(t) =0} = Te ©)

Ry tIN(1) = i) = P{W; < [W]IN@) =i}

n
= P{Wi < Wo+ yw [/ hi(ki(7), ka(t), k3(T) - -+, p11, P12, P13 - - - )dT
0

5]
+f hy (ki(7). ka(T), - . pat.paae AT+ Y Wi |t PN =i}
151 .

Wo+yw (fotl hi(ki (), ka(T) -+, p1, 2 ~-)df+ftt12 hy (ky(T), ko(T) -+, s 2 - ) AT +0G—=1) Yaw) - - - — fw

i=1

N-1
\IOK% — Yw ( > m(kit), kao(t) -+ op, 05 ) +m(ki(t), kot) -+ 02,05 - (i — 1) yod ))

X W)le*“ (10)
l!
R(IN@®) =0) =P{Z(1t) < [Z],0 < [W]IN(1) = 0}

1 n
= P{/o hy(ki (1), ka(7), k3(T) - - - ,Pll,Plz,p13~~)dt+/ hy (k1(t), ko(T) - -+, p21, p22--)dt+---<[Z]} P{N(t)=0}
n
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where W is the volume of wear material, d is the sliding
distance and F is the applied load. k is the probability of
adhesive wear; it is related to the low hardness of the research
object’s mating materials. oy is the yield strength of the
material.
kp(t)v(t

h=how0.p0. o = [ T2 aa
305
where v(¢) is the sliding velocity and p() is the contact stress,
which are all time-related variables.

1) CONTACT STRESS CALCULATION

Upon determination of the contact surface material where
sliding wear occurs, the wear depth is only related to the
sliding speed v and the contact stress p. The contact stress
is related to the working load of the worm gear. Under stable
working conditions, when the working load is determined the
contact stress p is also a constant. When the working load is a
normal random variable, the calculated nominal contact stress
pi should also be subject to the normal distribution; the mean
value u; is the rated load

pi~ N (p07) (15)

2) SLIDING SPEED DETERMINATION
The terminal load of the running machinery with sliding wear
occurs in a start-stop cycle. The speed V' is divided into three
stages: acceleration, constant speed, and deceleration [39],
and the given velocity curve is mainly uses the trapezoidal
line chart [40]. The preset worm rotation speed curve in a
working cycle is shown in Fig. 3.

The formula used to calculate the angular velocity of the
motor starting phase is assumed to be:

w = wy (1 —e_”f) (16)
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where o is the average working speed of the motor, 7 is the
motor parameter.

The preset acceleration and deceleration in the motor’s
braking phase are the same as those in the startup phase. Then
the sliding speed v1(¢) and v2(#) of the operating machinery
during the braking phase can be expressed as eq. (17) and eq.
(18).

vi(t) = awir = awor (1 — eft/’) (17)

va(t) = awrr = awor (1 - e_(t_At)/T) (18)

where At is the acceleration and deceleration phase time in
one cycle. a is a constant and is related to the structure of the
object of research.

According to the Archard model, in a complete work cycle,
when the contact stress p is a constant value, the calculation
formulas for wear amount %1, h, and A3 in a starting phase,
constant speed phase and braking phase are eq. (19), eq. (20),
and eq. (21).

k n

hf = —— 1—e ") drt = 19

1 3%00”/0 pwor (1 —e7"'7) mp (19)
k 2

= st [ par = map 20)
3oycos A Jy
k T

hy = —/ poor (1= =20 ) dr =mzp Q1)
3o5cos A Jy,

B. TIME-VARYING WEAR MODEL

According to the Archard model, the wear process of running
machinery is nonlinear in the starting and braking phases.
Therefore, to accurately predict the wear of the worm gear
tooth surface, it is necessary to consider the number of start
and stop cycles experienced by the object of research. For
mechanisms that frequently start and stop, the influence of
contact stress on wear is significant. For different working
methods, the contact stress needs to be updated frequently,
and an iterative calculation process is needed to predict the
object of research wear process. Considering that the wear
of the worm gear is nonlinear, the working time is differ-
ent and the wear process’s calculation method is different.
Therefore, under the condition of a specific working time 7,
the wear model of operating machinery varies under different
conditions.

1) THE CONTACT STRESS P IS A FIXED VALUE

When the working condition of the object of research object
is determined, the contact stress value can be determined
according to the theoretical formula established by Hertz
based on the elastic theory [41]. At this time, the contact stress
can be regarded as a constant amount, and its specific amount
is related to the determined working condition at different
stages in a start-stop cycle. Refer to eq. (19), eq. (20), and
eq. (21) to derive the amount of wear H(¢), as shown at the
bottom of the next page.
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2) THE CONTACT STRESS P IS VARIABLE

When the operating machinery’s actual working conditions
are taken into consideration, the nominal contact stress cal-
culated by the operating machinery may not be a constant
amount value due to various reasons. The contact stress is
affected by the specific mass of the load. The load of the
research object is assumed to follow a normal distribution,
then the nominal contact stress p is also a variable subject to
the normal distribution.

p~N (np.o7) 23)

where ), is the nominal contact stress. The contact stress p;
is considered as a variable that obeys the normal distribution.
For the convenience of expression, a piecewise function m(¢)
is introduced.

Combining the expression formulas of my, my and m3 in
eq. (19), eq. (20), and eq. (21), the specific expression of the
piecewise function m(t) can be obtained. The expression of
m(t) is shown in eq. (25).

kv (1)
H(t) = pi =pim (1) (24)
RIof

The difference between the function m(¢) in eq. (25) and
the h(r) in eq. (22), as shown at the bottom of the page is that
the function m(t¢) considers the contact stress p as a variable,
so the change of p does not need to be considered separately
in eq. (25), as shown at the bottom of the page.

3) ITERATIVE TIME-VARYING WEAR MODEL
When the operating machinery goes through N + 1 cycles,
in addition to the total amount of wear degradation H(z-N'T)
generated during the Nth cycle stage, it is also necessary to
consider the iterative total of the previous N cycles of wear.
According to the Archard model, the wear model for the first
N + 1 cycles is shown in eq. (26).

Among them, each cycle’s wear amount in the first N
cycles is related to the contact stress, and the uncertainty of
the contact stress is considered. The eq. (26) can be further

derived as eq. (27).
N+1
H(t) =Y ha(t)
n=1
N+1
= Y (v, 1), p(n, 1), 05, k)
n=1
N+1

_ Z / kp(n, t)v(n, t)dt 26)
n=1 30’5‘

where N is a natural number.
N—n
H(t) =n(h +hy+h3) + Y (m1 +may +m3) p;j
j=1
+pon+1m(t)  (27)

where n is the number of cycles in which the nominal contact
stress experienced in the previous N cycles is a certain value
p, and N-n is the number of cycles when the nominal contact
stress p; is an uncertain value.

IV. DCFP MODEL OF THE WORM GEAR IN THE HOIST

This paper uses a worm gear in a mine hoisting mechanism
as the numerical case. A major advantage of choosing this
primary research object is that the mine hoisting mechanism
needs to start and stop frequently to achieve the work goal
during work, so it must be considered that the sliding wear
model of the operating mechanism is a nonlinear problem
during the start and stop stage. Moreover, in the process
of mine hoisting, the terminal load hoisting cycle consists
of three stages: acceleration, constant speed, and decelera-
tion [39]. The worm speed Vyorm 1S divided into three stages,
and the wear process needs to consider the influence of slid-
ing speed. Another advantage of choosing this as the primary
research object is that under different working conditions of
the mine hoisting mechanism, the contact stress of the worm
gear mechanism is uncertain due to the uncertainty of the
working load. When the worm gear works normally, the con-
tact stress p;i is a normal random variable and the contact

kK (1
a—/ powor (1 —e ") dt 0<t<n
30'_3- ]0{ ;
wor
H()=h(t) = hy + a0 / ldt n<t<n (22)
3ask 1 /
t—T
h1+h2+a—p0wor/ <l—exp< ))dt h<t<T
30’5 %) T
k [! :
hd wor(l—e_?)dt 0<t<n
' 3O'S Ok /
t akwor
m(t)=/ D gy Loy B0 / Ldt n=st<n (25)
305 Os Jn

akwor
RIof

my +my +
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5]
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(b) wear failure conditions
of worm gear

(a) Idea working conditions
of worm gear

FIGURE 4. Failure mechanism diagram of a worm gear.

stress p; is a constant value during a single lift. When the
hoist is empty, the load of the empty car remains unchanged,
so when the empty car drops the contact stress of the worm
gear is a constant value pg. The contact stress is a normal
random variable p; during the ith increase.

The focus of the degeneration modeling of the worm gear
in the mine hoist is to analyze the sliding speed and contact
stress of the worm gear. We chose the mine hoisting mech-
anism as the model’s specific numerical case based on the
particularity of its working nature.

A. DEPENDENCY ANALYSIS

In this section, we discuss the coupling relationship between
worm gear wear degradation and random external shock,
a topic on which there is a relatively small body of literature.
When the worm mechanism is working, the worm wheel’s
wear will release worm wheel material particles into the gear
oil, and correspondingly the worm will release steel particles.
Worm gears are usually more prone to wear because they are
made of a softer material than worms [42]. The worm gear
wear failure mechanism diagram is shown in Fig. 4.

Under this working condition, the worm needs to overcome
the backlash between the tooth profile of the worm and the
tooth groove of the worm gear, which brings about a shock.
This shock is considered to follow a random Poisson distri-
bution. According to the extreme shock model, the random
shock exceeding the hard failure threshold is regarded as a
hard failure under the influence of random external shock.
Besides, equipment wear degradation will reduce the mech-
anism’s ability to withstand harmful shocks so that the hard
failure threshold based on the extreme shock model decreases
with the wear degradation process. We believe that the worm
pair transmission’s failure mode can be divided into two
situations: (1) Soft failure caused by excessive wear of the
worm gear. (2) When hoisting in a deep coal mine, due to
the vibration of the hoisting system, the vertical rope length
and the change of inertial load [43], [44] and the rolling of
the rope on the rollers, the wire rope will slide back and
forth [35].

For a better illustration, Fig. 5 shows the calculation pro-
cess of the competitive failure reliability model in which wear
degradation and random shock are interdependent. Then,
the worm gear pair’s reliability is obtained by analyzing the
conditional probability of different situations.
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Enter the worm gear
parameter value
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FIGURE 5. Reliability calculation flowchart.

1) THE HOIST IS IN THE FIRST DESCENDING STAGE (t<T)
When the mine hoisting mechanism is in the first descending
stage, the working condition is that the empty car drops,
the contact stress p is a constant, and the size is related to
the quality of the empty car. Refer to eq. (27) to derive the
wear amount H (¢).

(1) When i shocks occur at time ¢, the degradation reliabil-
ity is shown in eq. (28), as shown at the bottom of next page.

(2) When i shocks occurs at time ¢, the shock reliability is
shown in eq. (29), as shown at the bottom of the next page.

Then the total reliability at time ¢ is shown in eq. (30), as
shown at the bottom of the next page.

2) THE HOIST IS IN THE FIRST ASCENDING STAGE (T<t<2T)
At this time, the surface contact stress pj is a random variable
that follows the normal distribution p ~ N (up, UE%). Refer to
eq. (19), eq. (20), and eq. (21), k1, hy and h3 are the amounts
of wear in the starting, constant speed, and braking phases in
a single cycle T. Combined with the eq. (27), the reliability
formula under this working condition can be obtained.

(1) When i shocks occur at time ¢, the degradation reliabil-
ity is shown in eq. (31), as shown at the bottom of the next
page.

(2) When i shocks occurs at time ¢, the shock reliability of
the i shocks is shown in eq. (32), as shown at the bottom of
the next page. Then the total reliability at time ¢ is shown in
eq. (33), as shown at the bottom of the next page.

3) THE HOIST IS IN THE N + 1th DESCENDING STAGE (2NT
<t<(@N+ D7)
Under this working condition, combined with eq. (27), the
effect of the wear degradation process on the hard failure
threshold needs to be considered.
(1) When i shocks occur at time ¢, the degradation reliabil-
ity is shown in eq. (34), as shown at the bottom of page 50275.
(2) When i shocks occur at time ¢, the shock reliability of
the i shocks is shown in eq. (35), as shown at the bottom of
page 50275.
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Then the total reliability at time ¢ is shown in eq. (36), as
shown at the bottom of the next page.

4) THE HOIST IS IN THE N + 1th ASCENDING STAGE

(N+ DT <t<2(N+ 1DT)

When the total amount of wear degradation in the N +
1th ascending phase has been calculated, it is necessary to

consider the previous N + 1 descending wear amount and the
previous N ascending wear amount iterations N + 1th ascend-
ing stage wear amount. The total amount of wear H(¢) in this
working stage is the same as the calculation method of the
wear amount in the N + 1th descent stage, and the influence of
the contact stress Pn41 on the calculation of the wear degra-
dation amount during the N + 1th rise should be considered.

PEZ@) <[Z]IN@O)=DPWN (1) =0i) =P H(t)+)/hZWj< [Z]IN() =i | P(N () =) (28)

J=1

PWi<[W]IIN@) =DPWN (@) =0 =PW; <Wo+nZ@)IN @) =)PN()=1i (29)

R(t)y =) PZ) <I[Z],W; <[WIIN (t) = i) P(N (t) = i)

i=1

i—1

00 i
=Y Py ) Wi <I[Z1=h(t), Wi—vurn D Wj < Wo+ peh (0) IN (1) = i)
i=1 j=1

J=1

x P(N () = i)
_ i‘b 21— h () —iyue | o [ Wotwh () — 11— (= 1) vyl pow
pr Jioy? Jo2 — (= 1) rmion)?
A (1)
X i exp (—A (1)) (30)
P(Z(t) <[Z]IN (t) =) P (N (t) = i)
=Plh@O+mY W <IZIIN@®) =i| PN (1) = i)
j=1
=Plh+h+h +p1m(t—T)+thWj <[Z]IN(@)=)PN (@) =1 3D
j=1
P(W; < [WIIN (1) = ) P(N (1) = i) = P(W; < Wo + yuZ () IN (1) = ) P(N (1) = i)
i—1
= P(W; < Wo+ vl +ha+hs +pim(t = T)+ yu y Wi | IN (@) =) P(N (1) = i) (32)
j=1
R(t) =Y PZt) <[Z], Wi < [WIIN (1) =) P(N (1) =)
i=1
00 i i—1
=Y |PlpmG—T)+wm Y Wi<I[Zl—(n+h+h), Wi— vy ) Wi — npim(t —T)
i=1 j=1 j=1
< Wo+ o (i +ha +h3) IN (1) = i) - P(N (1) = )]
_ i o [ Wot v (i + o +hs) = 11— G = 1) yuynl s + yom (= T) 111
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50274

VOLUME 9, 2021



H. Lyu et al.: Reliability Analysis for the Dependent Competing Failure

IEEE Access

Under this working condition, combined with eq. (27),
considering the coupling relationship between degradation
and shock.

(1) When i shocks occur at time ¢, the degradation reliabil-
ity is shown in eq. (37), as shown at the bottom of the page.

(2) When i shocks occur at time ¢, the shock reliability of
the i shocks is shown in eq. (38), as shown at the bottom of
the page.

Then the total reliability at time ¢ is shown in eq. (39), as
shown at the bottom of page 13.

P(Z (1) <[Z]IN (1) =) P(N (1) = i)

=PHO+y) W <[ZIN@O=i| PN 1) =)
j=1
N

=P|N(u+h+h)+ ) (mi+my+ms)p +ht —NT)+yy Y W <[Z]IN (1) =i | P(N (1) = i) (34)

j=1
P(W; <[W]IN (1) =D PN (1) =)
=PWi<Wo+wZ@®OIN@)=0DPWN@) =10
N

j=1

i—1

=P | Wi<Wotyy|Ni+h+h)+Y (m+my+m)pj+ht—NT)+y Y Wi|INO=i|PWN@ =i

j=1 j=1
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TABLE 1. Parameter values in the reliability Model.

Parameter Value Source
k 5x10°8 Jbily et al. [6]
Z 1.8x10%2 Jbily et al. [6]
T 30 assumption
t 5 assumption
W, 1.5x10° Tanner et al. [49]
A 5x107 Jiang et al. [50]
Vi 0.01Jia assumption
Y -10 assumption
u 1x108 assumption
o 3x107 assumption
L 1.2x10° Rafiee et al. [21]
Ow 0.2x10° Rafiee et al. [21]
Py 2x107 assumption
wy 50 assumption
Vy 5 assumption
r 0.1 assumption
2 10%/3 JTbily et al. [6]
T 2 assumption
1
097 T
0.8T — — — - FOSM T
0.7T — ECS ]
Z06f 1
g 057 T
2 04[] !
03[ i
027 i
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FIGURE 6. Comparison of the calculation results.

V. CASE STUDY
For the case study, we carried out a numerical example of a
worm gear and worm drive mechanism made of tin bronze.
The material parameters involved in the model are shown
in Table 1. We determined the worm gear wear threshold and
the sliding wear rate of the worm gear material according to
theoretical analysis of a wear model for worm gear in [5].
According to the given parameter values, the corresponding
reliability curve is drawn in Fig. 6.

A. MONTE CARLO SIMULATION

In Section IV, in order to solve the time cost problem,
we actually used the second-moment (FOSM) method to
finally derive the reliability formula. In this section, we used
a numerical method based on a Monte Carlo simulation

50276
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FIGURE 7. Reliability under different values of the dependence factor, 1.
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FIGURE 8. Shock reliability under different val
factor, .

(MCS) [46] to verify the accuracy of the algorithm. The MCS
can be widely used in linear and nonlinear problems.

In order to ensure accuracy and consider the calculation
efficiency at the same time, the selected sampling values
are described below. The number of selected contact stress
samples is 10%, and the number of selected shock samples
is 103.The calculated reliability curve with time is shown
in Fig. 6. It can be seen that the reliability of the worm
structure calculated by the FOSM and the MCS is roughly the
same, which effectively verifies the accuracy of the reliability
of the competitive failure model.

B. PARAMETER COMPARISON OF RELIABILITY CURVES
Under the premise of ensuring that other parameters remain
unchanged, we changed the Poisson shock rate A to draw the
degradation reliability, the shock reliability under different
shock conditions, and the total reliability of the coupling of
wear degradation and shock (39), as shown at the bottom of
the next page.

In Fig. 7, it can be seen that in the initial working stage, the
reliability of the worm drive mechanism gradually decreases,
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and as time continues to increase, the worm drive mechanism
completely fails.

The curve comparison chart is drawn in Fig. 7, Fig. 8,
and Fig. 9. It can be seen that the three reliabilities will
decrease with the increase of the Poisson shock rate A. Worm
failure is the result of the interaction of the wear degra-
dation and the random external shock. From the separate
calculations of the wear reliability and the shock reliabil-
ity in Fig. 8 and Fig. 9, it can be seen that the reliabil-
ity of wear is obviously lower than that of shock at the
same time, so the life of the worm transmission mecha-
nism in this case mainly depends on the wear degradation
reliability.

C. SENSITIVITY ANALYSIS OF WEAR DEGRADATION
PARAMETERS

In addition to the reliability analysis of the model with known
parameters, in order to further determine the influence of the
worm mechanism’s working conditions on the wear degra-
dation and soft failure, we calculate the average sensitivity
of the shock and contact stress based on the first and second
moments. In reliability analysis involving variable X, relia-
bility is defined as

R = Pr{G = g(X) = ¢}

where Pr is the probability, G is the response, c is the limit
state, X = (X1, Xo, ..., Xj, ..., X;x) is the vector of random
variables, the random function is called the performance
function, also called the limit state function [47]. Perfor-
mance functions can be used to calculate sensitivity [48]. The
sum variance sensitivity is shown in Fig. 10, Fig. 11, and
Fig. 12. We concluded that the external shock has a more
significant effect on the wear degradation reliability of the
worm drive, and that reducing the shock and the contact stress
and reducing the variance of the two variables will increase
the wear degradation reliability of the worm mechanism.
The calculated sensitivity of reliability to mean impact
is shown in Fig.10. It can be seen that the sensitivity of
reliability to the mean impact is negative. The reliability will
decrease with the increase of the mean impact, and worm gear
sets will tend to be unreliable (or fail). Moreover, the standard
deviation of the impact have no obvious effect on the sensitiv-
ity of the reliability to the impact mean. With the increase of
time, the sensitivity of reliability to mean impact first increase
and then decrease. When the time is about 1.5 x 10 3 s,

R(t) =) PZ ) <I[Z],W; <[WIIN (t) =i) P(N (t) = i)
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N i
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FIGURE 10. Sensitivity of reliability to mean shock under different values
of the standard deviation of shock, o},.
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FIGURE 11. Sensitivity of reliability to standard deviation of shock under
different values of the standard deviation of shock, o},

the value is the smallest, and the influence of the mean impact
on the increase of the reliability is the minimum.

The calculated sensitivity of reliability to standard devia-
tion of impact is shown in Fig.11. It shows that the sensitivity
of reliability to the standard deviation of impact is positive,
and the reliability will increase with the increase of the stan-
dard deviation of impact, and worm gear sets will tend to be
more reliable. With the increase of time, the sensitivity of
reliability to impact standard deviation becomes smaller and
smaller, and the impact of impact standard deviation on the
increase of reliability becomes smaller and smaller.

The calculated sensitivity of reliability to mean contact
stress of impact is shown in Fig.12. It can be seen that
the sensitivity of reliability to the mean contact stress is
negative. When the contact stress increases, the reliability
will decrease, and worm gear sets will tend to be unreliable
(or fail). With the increase of impact standard deviation,
the sensitivity of reliability to the mean value of contact
stress becomes smaller and smaller, and the influence of the
mean value of contact stress on the decrease of reliability
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becomes greater and greater. And it can also be concluded
from Fig.12 that the sensitivity of the reliability to the mean
contact stress doesn’t change monotonically with time. When
the time is about 1.5 x 108 s, the value is the smallest, and
the influence of the mean contact stress on the decrease of the
reliability is the largest.

The calculated sensitivity of reliability to standard devia-
tion of contact stress of impact is shown in Fig.13. It can be
seen that the sensitivity of reliability to the standard deviation
of contact stress is positive, and with the increase of the stan-
dard deviation of contact stress, the reliability will increase
and the worm gear set will tend to be more reliable. And
with the increase of the impact standard deviation, the value
of the sensitivity of reliability to the standard deviation of
contact stress will also become larger and larger, which will
have more and more influence on the increase of reliability.
Moreover, it can be concluded from the figure that the value
of the sensitivity of reliability to the standard deviation of
contact stress doesn’t change monotonically with time. When
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the time is about 1.5 x 108 s, its value reaches the maximum
and its influence on the increase of reliability is the greatest.

The calculation results show that the absolute value of the
sensitivity of the reliability to the mean shock is the largest,
and the shock on the change of the mean shock is the largest.

Therefore, in order to improve the reliability of the worm
gear pair, certain measures can be taken to reduce the mean
shock first.

VI. CONCLUSION

In this paper, we introduce a new reliability model that takes
into account the relationship between wear degradation and
random shock. The degradation conversion ratio coefficient
represents the impact of the degradation process on the hard
failure threshold, and the shock conversion ratio coefficient
represents the impact of each harmful shock on the amount
of wear degradation. Thereby, a competitive failure model
of wear degradation and random shock of running machin-
ery is established. This research realizes the replacement of
the DCFP model with other simple mechanical structures
except for micro-electromechanical systems. This research
represents a new study of mechanical failure mechanisms
and competitive failure processes. We selected the mine
hoist’s worm gear mechanism as a typical research object
and verified the model. The two failure mechanisms of wear
damage and shock failure will eventually lead to the worm
gear reducer’s failure, but these two failure mechanisms are
interdependent. Through the establishment of a competitive
failure model, it is found that the application of random shock
will accelerate the progress of wear, and the reduction of the
hard failure threshold is the result of gradual accumulation
The resulting wear degradation process is a nonlinear model.
Furthermore, comparing the calculation results with Monte
Carlo simulation, it verifies that the calculation reliability
of this method has certain accuracy. We used sensitivity
calculation to discuss the influence of various parameters on
reliability.

For the future investigation of this problem, additional-
terms of dependence can be considered, such as the corre-
lation between worm gear material, wear rate, and shock
load, and the establishment of a degradation-shock coupling
model related to the meshing number. It is also important
to consider that the model’s relevant parameters are known.
In practical application, however, precise parameters may not
be obtained. more correlations between soft failures and hard
failures can be considered. For example, the shock process’s
impact on the increase in degradation can be extended from
linear assumptions to nonlinear assumptions. The hypothesis
that the shock obeys the Poisson distribution in this model
can be extended to the non-Poisson distribution hypothesis,
which will apply to more general situations. Last but not
least, more shock models will be considered, including run
shock models and § shock models, and different definitions of
harmful shocks will be proposed, which can be further studied
in the future.
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