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Îöåíêà äèíàìè÷åñêèõ ìåõàíè÷åñêèõ õàðàêòåðèñòèê âûñîêîïðî÷íîé

êîëüöåâîé öåïè òðàíñïîðòíîãî îáîðóäîâàíèÿ ïðè ðàçëè÷íûõ ðàáî÷èõ
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Ìåõàíèêî-ìàøèíîñòðîèòåëüíûé êîëëåäæ, Òåõíè÷åñêèé óíèâåðñèòåò Ëÿîíèíãà, Ôóêñèí, Êèòàé

Èññëåäîâàíû ìåõàíè÷åñêèå õàðàêòåðèñòèêè âûñîêîïðî÷íîé êîëüöåâîé öåïè òðàíñïîðòíîãî

îáîðóäîâàíèÿ ïðè ðàçëè÷íûõ ðàáî÷èõ ïàðàìåòðàõ è ñâÿçàííîå ñ ýòèì ýíåðãîïîòðåáëåíèå.

Äèíàìè÷åñêàÿ êîíòàêòíàÿ çàäà÷à ìîäåëèðóåòñÿ ñ ïîìîùüþ êîíå÷íîýëåìåíòíîãî ïàêåòà

ABAQUS äëÿ ðàçëè÷íûõ òðàíñïîðòíûõ íàãðóçîê è ñêîðîñòåé äâèæåíèÿ öåïè ñ ïîñëåäóþùåé

ýêñïåðèìåíòàëüíîé âåðèôèêàöèåé ïîëó÷åííûõ ðåçóëüòàòîâ. Óñòàíîâëåíî, ÷òî îïòèìàëüíîå

ôóíêöèîíèðîâàíèå öåïè ñîîòâåòñòâóåò ñêîðîñòè äâèæåíèÿ 5,65 ì/ìèí, ïðè êîòîðîé äåôîð-

ìàöèÿ è íàïðÿæåíèå ÿâëÿþòñÿ ñòàáèëüíûìè. Â ðåæèìå ïåðåãðóçêè íîðìàëüíîå íàïðÿæåíèå

âîçðàñòàåò ìíîãîêðàòíî, ÷òî ïðèâîäèò ê ñóùåñòâåííîìó ïîâðåæäåíèþ öåïè. Ïîêàçàíî, ÷òî

ïðè õîëîñòîì ðåæèìå ðàáîòû öåïè 23,8% ïîòðåáëÿåìîé ýíåðãèè ðàñõîäóåòñÿ íà ïðåîäîëåíèå

ñèë òðåíèÿ. Ïðè óâåëè÷åíèè ðàáî÷åé íàãðóçêè íàáëþäàåòñÿ ëèíåéíûé ðîñò ïîòðåáëÿåìîé

ýíåðãèè. Ïîëó÷åííûå äèíàìè÷åñêèå ìåõàíè÷åñêèå õàðàêòåðèñòèêè öåïè ïîçâîëÿþò óòî÷íèòü

ïðîãíîç åå äîëãîâå÷íîñòè â óñëîâèÿõ ýêñïëóàòàöèè è óñîâåðøåíñòâîâàòü ñõåìó ýíåðãîïèòàíèÿ

ýëåêòðîìîòîðîâ.

Êëþ÷åâûå ñëîâà: âûñîêîïðî÷íàÿ êîëüöåâàÿ öåïü, ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè,

ðàñ÷åò ýíåðãîïîòðåáëåíèÿ, ñêîðîñòü äâèæåíèÿ öåïè, òðàíñïîðòíàÿ íàãðóçêà.

Introduction. High-strength ring chains are widely utilized as the hauling mechanism

in transportation and lifting machineries, and because of the complicated loads generated

by actual working conditions, high-strength ring chains frequently generate fracture failure,

which will affect the normal operation of devices adversely and even cause serious

accidents. Therefore, the scholars worldwide are paying attention to this issue. Zhang et al.

analysed the dynamic characteristics and impact damage of the scraper under various

working conditions and chain speeds, obtaining corresponding mechanical properties [1–3].

He et al. [4] investigated the contact characteristic between ring chains and sprocket wheel

under different sorts of working condition (i.e., the full load launch, normal braking, and

braking caused by the stuck ring chain based on Abaqus, achieving the longitudinal

dynamics model. Mao et al. [5] designed the PID fuzzy controller of the chain tension and

analysed the change laws of the chain tensions under different working conditions. Shi and

Gao [6] established the mechanical model of high-strength ring chains and studied the

effect of the inside width of ring chains on their mechanical properties through altering the

loading frequency. The above investigations can provide certain theoretical guidance for

the prediction and analysis of the operating performance of high-strength ring chains.
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However, the effect of launch parameters on the dynamic characteristics laws of ring chains

is not illustrated clearly. To investigate the above issue systematically, the dynamic

characteristics of ring chains under distinct launch parameters are executed in this study.

1. Establishment of Theoretical Model. The majority of metal materials exhibits

both elastic and plastic deformations during the tensile process. Particularly, low-carbon

steels are the typical representation of plastic materials, which has four obvious stages: the

elastic stage, yield stage, hardening stage, and local necking stage. Generally, this sort of

material is defined as the bilinearity or polyteny models to reflect the true stress-strain

status. In addition, for the materials following Mises rule, the bilinear kinematic hardening

model is utilized to cope with the minor strain and nonlinear problems of isotropic

materials. For the majority of metal materials, the bilinear kinematic hardening model [7–9]

is suitable for them. As discussed above, the bilinear kinematic plastic model is used in this

study, as given by
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where � y is the yield stress, � 0 is the initial yield stress, �� is the strain ratio, C and P

are the parameters of Cowper–Symonds strain ratio, �P
eff

is the effective plastic strain, � is

the hardening parameter, and EP is the plastic hardening modulus. The plastic hardening

modulus is

E
E E

E E
P �

�
tan

tan

, (2)

where E is the elastic modulus, and Etan is the tangent modulus. The tangent modulus

value is 2444 MPa [7].

PRO/E is used to establish the 3D model of ring chains, as shown in Fig. 1. As shown

in Fig. 1, there are three intact ring chains and two semi-rings. For the convenience of

applying loads and boundary conditions in ABAQUS, let the ring chains at the both ends of

the 3D model be semi-rings.

The chemical components of material and the corresponding mechanical properties

are listed in Tables 1 and 2.

2. Launch Characteristics under Different Chain Speeds. To investigate the

dynamic characteristics of ring chains under different chain speeds, three sorts of chain

speed (i.e., 1.85, 5.6, and 7.8 m/min) are selected. In particular, the semi-ring 1 (see Fig. 1)

with the density of 73 10 1. � � kg/mm3 is used to represent the stuff with the mass of 3 ton, in

order to simulate the acceleration process. Through the simulation, the stresses and strains

under different launch speeds are obtained, as shown in Fig. 2.
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Fig. 1. 3D model of ring chains.



As shown in Fig. 2, the stress of element 4314 is the maximum, and the strain of

element 4389 is the maximum. That is, the maximum stress and strain appear in the contact

regions of ring chains. During the launch process, the contact regions bear most of impact,

regardless of the effects from external factors. Particularly, the maximum stress and strain

appear in the contact region of ring chains 3 and 4 (see Fig. 1). As the ring chain 5 is

applied on the velocity load, the ring chain 3 is pulled by the ring chain 4, and the stress

concentration with an extremely high value is generated because of the collision, showing

that the ring chain stretched by others will generate the maximum stress.

The curves of the maximum stress and strain of elements 4314 and 4389 under

different launch speeds are shown in Fig. 3. For the convenience of analyzing the histories

of the stress and strain, the time axis is set as the logarithmic coordinates. Figure 3a shows

that the overall tendencies of the histories of the stress under different launch speeds are

nearly consistent. From 0 to 0.07 s, the stress keeps stable first, and then it increases

dramatically. During this process, curves consist well with each other, showing that

different launch speeds have slight effects on the stress within a short time. After that,

stresses fluctuate swiftly for a period of 0.02 s, and the differences of the amplitudes of

stress oscillations are minor. Finally, fluctuations diminish gradually to constants. The

above process illustrates that ring chains will strike each other repeatedly until a stable state

is reached. When the time is 1 s, ring chains reach a steady state, and the steady stresses

under distinct chain speeds of 1.85, 5.6, and 7.8 m/min are 748.2, 754.5, and 755.6 MPa,

showing that the larger launch speed is, the larger the steady stress will be. In terms of the

full-load condition, the high launch speed will damage ring chains greatly, reducing its

service life to certain extent.

Figure 3b shows that the histories of the strains under different launch speeds overlap

together. Before 0.014 s, the strain increases slightly, and the fluctuation is extremely

minor. During this period, the maximum strain is 0.003. When the time is 0.014 s, the

corresponding stress is 578.4 MPa, so the strain is the elastic strain during this period. After

0.014 s, the strain climbs suddenly to 0.1 mm at 0.022 s, showing that the plastic

deformation is generated. In addition, the stress after 0.014 s exceeds the yield stress,
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T a b l e 1

Chemical Components and Percentages of Material

Component C Mn Si S, P Cr, Ni Cu Fe

Percentage (%) 0.07–0.24 1.40–1.80 0.17–0.37 � 0 025. � 0 30. � 0 25. Balance

(remain)

T a b l e 2

Mechanical Properties of Material

Mechanical properties Brinell

hardness

HB 100
Tensile

stress

�b ,

MPa

Yield

stress

�s ,

MPa

Percentage

elongation

after

fracture

�5 , %

Percentage

reduction

of area

� , %

Impact

energy

Ak , J

Elasticity

modulus

E, MPa

Poisson’s

ratio

�

785 590 Greater

or equal

to 10

40 47 210000 0.28 Less

or equal

to 187



supporting the above point of view. From 0.022 to 0.031 s, the strain rises smoothly, and

during the same period, the increase of the stress is also slight. Afterwards, the strain goes

up to 0.113, and the strain hardening is produced. Since the plastic deformation is

permanent, the strain keeps stable despite of the decrease of the steady stress after 1 s. This

is the reason why the strain curves under distinct launch speeds overlap together.

Based on the above analysis, the launch speed affects the stress slightly from 0 to

0.07 s, whereas it will have effects on the steady stress. With the rise in the launch speed,

the steady stress will increase. Before 0.07 s, the plastic deformation has already been

generated, so the launch speed has slightly effects on the strain after 0.07 s.

Figure 4 shows the trend of 3 kinds of launch speeds are the same. After uniform

motion, the contact force reached 20,025 N at the launch speed of 7.8 m/min, however, the

contact force at the launch speed of 1.85 and 5.6 m/min was almost the same, which are

18,771 and 18,785 N, respectively. Thus, with the rise in launch speed, the normal contact
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Fig. 2. Contours of stress and strain under different launch speeds: 1.85 (a, d), 5.6 (b, e), 7.8 m/min

(c, f) stress contour.
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force increases, and causes the chain having greater contact force, so that the chain wear

increases, and the chain service life reduces; with the decrease in launch speed, the normal

contact force is small, but the running efficiency is not high. Therefore, the starting speed

of 5.6 m/min can take into account both running efficiency and wear resistance.

ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2018, ¹ 2 119

Study on High-Strength Ring Chain Dynamic Characteristics ...

a

b

Fig. 3. The maximum stress (a) and strain (b) under different launch speeds.

Fig. 4. Normal contact force.



3. Launch Characteristics under Transportation Load. In this section, three sorts

of external loads (i.e., 2, 3, and 3.5 ton) are used to simulate the normal, specified, and

overload working conditions. Particularly, the semi-ring 1 (see Fig. 1) with the densities of

4 868 10 1. ,� � 73 10 1. ,� � and 8519 10 1. � � kg/mm3 are used to represent these three external

loads. The running velocity of the scraper conveyer is 5.6 m/min. In addition, the

accelerative time is 1.5 s, and the even running time is 0.3 s. The obtained stresses and

strains under different loads are shown in Fig. 5.

Figure 5a–c show that the maximum stresses under the loads of 2 and 3 ton are at the

position of the middle area of the inside arc of ring chain 2 (see Fig. 1). When the load of

3.5 ton is applied on ring chains, the position of the maximum stress is at the transition
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Fig. 5. Contours of stress (a–c) and strain (d–f) under different loads: 2 (a, d), 3 (b, e), and 3.5 ton (c, f).



region between the inside arc and straight parts of ring chains, and the contact area is

increased significantly. That is, when the weight of the transported stuff exceeds the rated

load, the apparent stress concentration will appear, causing that the minor contact region is

crushed and a larger contact area is produced among ring chains. In addition, because of the

excessive load, the position of the maximum stress is changed from the stretched ring chain

3 to the ring chain 2, which is closer to the ring chain 1 with a mass of 3.5 ton. Figure 5d–f

show that the maximum strain elements under different loads are all the element 4389,

showing that different loads have no effects on the position of the maximum strain.

Figure 6a shows that when the ring chain bears a larger load, the lower steady stress

will be generated. After reaching the steady state, the maximum stresses under the loads of

2, 3, and 3.5 ton are 774.8, 758.1, and 747 MPa, respectively. Figure 6b shows that with the

rise in the load, the steady strain goes up. At 0.016 s, the yield deformation is generated, so

ring chains have already been failure when the maximum strain keeps stable. The larger

strain will contribute to the larger contact area. Compared with loads, the contact area has

significant effects on the stress [10, 11]. This is the reason why with the rise in the load,

there is a decrease in the stress. When the fluctuations under different loads remain stable,

the contact force under the load of 3.5 ton is 59,606 N, higher than that under the loads of 2

and 3 ton. Therefore, the normal contact force under the overload condition increases

dramatically, which will damage chains seriously or fracture chains suddenly [12–15].
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Fig. 6. The maximum stress (a) and strain (b) under different loads.



4. Experimental Detection and Analysis. To detect the dynamic characteristics of

ring chains in real time, the ring chains in the actual scraper conveyer are used. Through the

online test method, the detection of tension is fulfilled. During the detection, the force

conditions of welded rings are observed, and the middle areas of two straight parts of the

welded ring are milled as two plane domains, which can be used to install and protect

welding strainmeters. In addition, some grooves are manufactured in the scraper to cover

electric wires, and the data receiving device and power source are placed in two cavities, as

shown in Fig. 7. The experimental platform used in this study is shown in Fig. 8.

The experiment utilizes the quadratic fitting formula of the stress and load of ring

chains given in Eq. (3) to calculate the tension,

F e ch ch1
5

1
2

116 02657 2267�� � ��. . . , (3)

where ch1 is the measured data (microstrain, ��), and F1 is the corresponding load, kN.

4.1. Energy Consumption of Ring Chains under No-Load Condition. The strain

history within a cycle period under the normal operating condition is shown in Fig. 9. The

strains and tensions of special points shown in Fig. 9 are listed in Table 3. In Table 3,

numbers 1, 4, and 7 represent the maximum values of transient stresses when the scraper

contacts with the sprocket wheel. Number 2 is the detected strain when the sensor is at the

position of the lower point of the handpiece, whose tension is 112.73 kN. Number 3 is the

detected strain when the sensor is at the position of the tail, whose tension is 121.99 kN.

Obviously, the difference value is 9.26 kN when ring chains run between the lower points

of the handpiece and tail. During the operation of the scraper conveyer, the tension of ring

chains is caused by the running resistance, so the resistance of the scraper conveyer can be

obtained in a special stage according to the computation of the tension. Therefore, the

resistance from the lower point of the handpiece to that of the tail is 9.26 kN.

The computational formula of the friction between the scraper and chute is given by

F q Lgf � � �0 cos , (4)

where � is the friction coefficient between the scraper and chute, q0 is the unit mass of

ring chains, L is the working length, g is the acceleration of gravity, � is the inclination

angle,

W q L g Wz h� �� �0
2 cos , (5)

but

W F Lz z� , (6)
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Fig. 7. Installation instruction of instrument. Fig. 8. Experimental platform.



where Wz is total energy consumption caused by the resistance, J, Fz is the total resistance,

N, and Wh is the energy consumption caused by the friction among ring chains, J.

When the scraper conveyer runs under the no-load condition, the resistance

consumption is the main energy consumption. According to the experiment, it is obtained

that the total energy consumption caused by the resistance from the lower point of the

handpiece to that of the tail is 648.2 kJ. Based on Eqs. (4)–(6), the energy consumption

caused by the friction among ring chains is obtained, whose value is 154.28 kJ. The energy

consumption caused by the friction among ring chains is 23.8% of the total energy

consumption. In this study, the unit mass of ring chains is 25.2 kg/m, and the working

length is 70 m; the acceleration of gravity is 10 N/kg.

4.2. Energy Consumption of Ring Chains under Load Condition. When the external

load of 3 t is applied on the scraper, the strains and dynamic tensions of detected ring

chains are listed in Table 3. Through the experiment, the total resistance caused by the ring

chains running from the bottom of the handpiece to the bottom of the tail is obtained. In

particular, the total energy consumption caused by the resistance is 858.2 kJ. With the rise

in external load, the total energy consumption caused by the resistance increases 210 kJ.

The relationship between the total energy consumption caused by the resistance and

load is

W Fh � � � �7 10 6482 103 5. , (7)

where F is the external load, ton.
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T a b l e 3

Strains and Tensions of Special Points

Number Strain (��) Tension (kN)

1 2.497 279.75

2 1. 889 142.73

3 1.977 151.99

4 2.669 292.97

5 1.458 115.10

6 1.487 124.68

7 1.880 210.76

Fig. 9. Strain history within a cycle period.



C o n c l u s i o n s

1. The steady stresses under distinct chain speeds of 1.85, 5.6, and 7.8 m/min are

748.2, 754.5, and 755.6 MPa, determining the optimal chain speed of 5.6 m/min.

2. The steady stresses under different loads of 2, 3, and 3.5 ton are 774.8, 758.1, and

747 MPa, respectively. The normal contact force of ring chains increases swiftly under the

overload launch condition, which will damage ring chains greatly and probably generate

the fracture failure.

3. The online test method for the ring chain tension is proposed, and experimental

analysis is carried out on the experimental platform. The experimental result shows that the

load is proportional to the total resistance consumption.
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Ð å ç þ ì å

Äîñë³äæåíî ìåõàí³÷í³ õàðàêòåðèñòèêè âèñîêîì³öíîãî ê³ëüöåâîãî ëàíöþãà òðàíñïîðò-

íîãî îáëàäíàííÿ çà ð³çíèõ ðîáî÷èõ ïàðàìåòð³â òà çâ’ÿçàíå ç öèì åíåðãîñïîæèâàííÿ.

Äèíàì³÷íà êîíòàêòíà çàäà÷à ìîäåëþºòüñÿ çà äîïîìîãîþ ñê³í÷åííîåëåìåíòíîãî ïàêå-

òà ABAQUS äëÿ ð³çíèõ òðàíñïîðòíèõ íàâàíòàæåíü ³ øâèäêîñòåé ðóõó ëàíöþãà ç

ïîäàëüøîþ åêñïåðèìåíòàëüíîþ âåðèô³êàö³ºþ îòðèìàíèõ ðåçóëüòàò³â. Óñòàíîâëåíî,

ùî îïòèìàëüíå ôóíêö³îíóâàííÿ ëàíöþãà â³äïîâ³äàº øâèäêîñò³ ðóõó 5,65 ì/õâ., çà

ÿêî¿ äåôîðìàö³ÿ ³ íàïðóãà º ñòàá³ëüíèìè. Ó ðåæèì³ ïåðåâàíòàæåííÿ íîðìàëüíà

íàïðóãà çá³ëüøóºòüñÿ áàãàòîðàçîâî, ùî ïðèçâîäèòü äî ñóòòºâîãî ïîøêîäæåííÿ ëàí-

öþãà. Ïîêàçàíî, ùî ïðè õîëîñòîìó ðåæèì³ ðîáîòè ëàíöþãà 23,8% ñïîæèâàíî¿ åíåðã³¿

âèòðà÷àºòüñÿ íà ïîäîëàííÿ ñèë òåðòÿ. ²ç ï³äâèùåííÿì ðîáî÷îãî íàâàíòàæåííÿ â³ä-

ì³÷àºòüñÿ ë³í³éíå çðîñòàííÿ ñïîæèâàíî¿ åíåðã³¿. Îòðèìàí³ äèíàì³÷í³ ìåõàí³÷í³ õàðàê-

òåðèñòèêè ëàíöþãà äîçâîëÿþòü óòî÷íèòè ïðîãíîç éîãî äîâãîâ³÷íîñò³ â óìîâàõ åêñ-

ïëóàòàö³¿ òà óäîñêîíàëèòè ñõåìó åíåðãîñïîæèâàííÿ åëåêòðîìîòîð³â.
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