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Abstract The pre-folded energy absorber is the only energy absorber structure used in rock burst mine at present. It has
excellent energy absorption characteristics, but there are some problems in the buckling deformation process such as large load
fluctuation and spark due to friction. In view of the above situation, a sinusoidal bellows (reduced diameter round pipe) filled
with emulsion was designed to form a solid-liquid coupling body energy absorption component ( composite component). The
effects of three factors, namely wall thickness of the bellows, amplitude of the busbar and diameter of the liquid outlet, on the
energy absorption characteristics of the energy absorption component were studied. The prediction model of average load, load
fluctuation coefficient and specific energy absorption was established. The smoothed partiole hydrodynamics ( SPH) particle
algorithm of Abaqus finite element software was used for fluid-structure coupling analysis of the model. The structural parameters
of energy absorption components were optimized by response surface method and the optimization results were obtained. The
results show that when the wall thickness of corrugated pipe is 3.959 mm, the amplitude of busbar is 3.721 mm, and the
diameter of outlet is 22.161 mm, the energy absorption characteristics of the member are the best. The average load is
438. 684 kN, the load fluctuation coefficient is 1. 178, and the specific energy absorption is 12. 123 kJ/kg. Through comparison
and verification, the results have high reliability, which provides a superior energy absorption component for the energy absorption
link of anti-impact support equipment.
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Fig. 1 Configuration diagram and assembly diagram of energy absorbing

component
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Fig.2  Section view of energy absorption component installation
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Fig. 3 Buckling deformation process of the energy absorbing component
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Tab.1 Parameter level of energy absorbing component
. » K
% wyo w8 o
Element Unit Symbol @ ——
-1 0 1
W B R
ROBER mm : 2 3 4
Corrugated pipe wall thickness
REHR IR
Busbar amplitude mm “ 357
Wi 11 T 4%
i O H A mm d 20 30 40

Outlet diameter

3.2 EFAESTHNEZTERZEMRAR
3.2.1 FHBTERS T E5H

W 3 Fir7s S XoF W BEAS {2 1 28y Pt DN ASE 784 )
ZoRrgE R, R 3 AT B FH R 452.96, 3%
HIZ A AL 2 B, BB Irae sz 8 30 T se ok
0.01% , FEXF B HY (14 e o Pk 53 Hr i AT LLAS 3], R =
0.998 3, Adjusted R> {65 Predicted R* {H %) 2 /N T
0. 2, AT LAAS 3 2510 2 TOAE 510 (8 2 [ 4 A7
TR B S R Cy N 2. 65% , i I 1] IR R4
HFGE B P ; Adeq precision {HA 77. 114 2, it
AR A 700 B BN T, S 25 28 4n7 Tt
BRI (6) FiR
F... =369.275 + 79.975t + 16.9375a - 21.3775d -

11.75ta — 1. 825td — 0. 8375ad + 21. 65 +
2.91254> + 0. 3794 (6)
3.2.2 BT RBERL T E 5

e 4 SN RE A 1 48 1 Bl 2R BSR4 Ty 2%
SIRTEE R, AR 4 AT BRI FECH 3,98, R IIX
B2 B e HE R 2 3 T T RetEN 4. 1%,
X5 A5 Y B o B 1 4 A AT DA B R = 0.836 6,
Adjusted R* {5 Predicted R* fHZE/NT 0.2, AT
DI B 25 10 2 PR 5 3 50 (8 22 (R 90 A I 25 1 G B
P AR SR REL C, M 3. 37% , B I AT IS B 30 A A E 1Y)
I ; Adeq precision {E0 7. 752 3, iy I A] A A5 750
A 75 BB TE I 48m7 I 2l R B A 2 4
K(7) P,

A =0. 822457 + 0. 129641 + 0. 066954 + 0. 0090944 +
0. 024062ta — 0. 001845td — 0.00313ad -

0.0384771* - 0. 0055194 + 0. 000278d" (7)
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Tab.2 Response surface test design and results

B G s I NN TV E S U B S e
Standard Execution R . Outlet diameter/ Mean Load fluctuation .
sequence sequence wall thickness/ amplitude/ mm Joad/kN coefficient absorption
mm mm energy/ (kJ/kg)
10 1 3 7 20 322 1.3235 9. 66
11 2 3 3 40 201 1.434 6 5.79
14 3 3 5 30 196 1.3452 5.15
8 4 4 5 40 256 1.288 8 6.15
13 5 3 5 30 197 1.3249 5.44
2 6 4 3 30 377 1.198 9 9.38
15 7 3 5 30 194 1.3452 5.11
9 8 3 3 20 343 1.2157 11. 81
12 9 3 7 40 113 1.292 3.15
1 10 2 3 30 140 1.363 6 4.45
4 11 4 7 30 270 1.2329 6.31
17 12 3 5 30 190 1.213 2 5.27
3 13 2 7 30 127 1.205 1 3.53
16 14 3 5 30 199 1.3249 5.44
5 15 2 5 20 217 1.274 4 8.35
16 2 5 40 97 1.402 3 2.57
6 17 4 5 20 449 1.2347 12.43
x3 FHHRERBEFTESN
Tab.3 Average load model variance analysis
T3 2RI Rl B 5 FiH P1{H N
Source of variance Sum of squares Degree of freedom Mean square F-value P-value Significance
I\tl%r%l 150 000 9 16 665. 78 452.96 <0. 000 1 Sig‘f?f%ant
t 74 305. 13 1 74 305. 13 2 019.55 <0.000 1
a 6555.13 1 6555.13 178. 16 <0.000 1
d 55112 1 55112 1497.9 <0.000 1
ta 2 209 1 2 209 60. 04 0.000 1
td 1332.25 1 1332.25 36. 21 0. 000 5
ad 1122.25 1 1122.25 30.5 0.000 9
P 1973.57 1 1973.57 53.64 0. 000 2
a* 571.46 1 571.46 15.53 0. 005 6
d? 6 048. 04 1 6 048. 04 164.38 <0.000 1
Rzid%ual 257.55 7 36.79
Disfjiiufg\gm::erm 210.75 3 70.25 6 0. 058 Nonfii%lf;(:ant
AR 2=
P:Zﬁjir 46.8 4 1.7
ifﬂﬂ 150 200 6
3.2.3 WREEBL F E 5 EIET 1, H i 2E/0 T 0.2, H AT DLAS 2] 45

TN 5 Fir 7 S 0 W BE R 17 2467 i 3l 2% 80T A
BRI 22 Ar a5 R, R S AT BB F (E R
503.5, KU R R B E M, HEMaEx 8 0
AIREMEN 0. 01% o A2 RAR Y 1 B M o B B o] DA
F|,R*=0.998 5, Adjusted R> {5 Predicted R* {513

W TUNE 5 S2 56 (0 2 (W] I A7 2 38 i SR Rk 2 57
B Cy N 2.65% , H I AT R AU G A AR E 1Y P B
P ; Adeq precision 5~ 76. 112 6, F 1t AT HIAS A5 74 )
A FTor TN BT L B RE T AR 4 (8)
Ji7R .
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Tab.4 Variance analysis of load fluctuation coefficient model
T5 24 I At £ Degree ¥y F{E PE N
Source of variance Sum of squares of freedom Mean square F-value P-value Significance
A bk 3
Model 0.068 3 9 0.007 6 3.98 0. 041 Significant
; 0.010 5 1 0.010 5 5.52 0.051 1
a 0.003 2 1 0.003 2 1.67 0.2379
d 0.017 1 1 0.017 1 8.96 0.020 2
ta 0.009 3 1 0.009 3 4.86 0.063 2
td 0.001 4 1 0.001 4 0.714 9 0.425 8
ad 0.0157 1 0.015 7 8.23 0. 024
I 0. 006 2 1 0. 006 2 3.27 0.113 4
a® 0.002 1 1 0.002 1 1. 08 0.333 8
d? 0.003 3 1 0.003 3 1.71 0.231 8
5%
Residual 0.013 3 7 0.001 9
P13 ITER
. %U . 0. 001 3 0. 000 3 0.113 1 0.947 9 Z:E%‘
Disfitting term Non-significant
afi 5
o 0.0123 4 0.003 1
Pure error
=Sl
Total 0.081 6 6
x5 LREEERFESW
Tab.5 Variance analysis of specific energy absorption model
e 4 . _ N
- I fri g oy F i P W
. Sum of squares Degree of freedom Mean square F-value P-value Significance
variance
2 ] o
A 132.71 9 14.75 503.5 <0.000 1 . JL#
Model Significant
; 29.53 1 29.53 1 008.3 <0.000 1
a 9. 64 1 9.64 329.03 <0.000 1
d 75.58 1 75.58 2 580. 84 <0.000 1
ta 1. 16 1 1. 16 39. 46 0. 000 4
d 0.062 5 1 0.062 5 2.13 0.187 4
ad 0. 06 1 0. 06 2.05 0.1953
I 0.1752 1 0.175 2 5.98 0.044 4
a’ 0.784 1 0.784 26.77 0.001 3
4 15.02 1 15.02 513.02 <0.000 1
BRI
Residual 0.205 7 0.029 3
el IFER
. %U . 0.107 9 3 0. 036 1.48 0.346 7 Z:E%
Disfitting term Non-significant
afi 5
Slipse= 0.097 1 4 0.024 3
Pure error
=Sl
Total 132.92 6

Eg, =26.94212 + 2. 416t — 0. 6375a — 1.37265d - 0. 26875ta — 0. 0125td -

0.006125ad + 0.2041* + 0. 1078754 + 0. 01889d"
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Fig. 6 Results of average load prediction model
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Fig.7 Prediction model results of load fluctuation coefficient
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Tab. 6 Restriction criteria for parameter optimization

SR/ B

Bz TRR FRR
Parameter/ Tareet L limit U limit
Response arge ower limi pper limi
b A Ry |5 N
AR X Iy
Corrugated pipe Interval 2 4
wall thickness/mm nerva
BELL AR MR N
X
Busbar F t’Eﬂqul 3 7
amplitude/mm fetva
WO EHAR X
X
Outlet DI 20 40
. Interval
diameter/mm
RS20} ISoNtA
Mean load/kN Maximize 87 449
B FH e
Load A 1.199 1.434 6
. .. Minimize
fluctuation coefficient
L% A
Specific B, 5 12.43
absorption Maximize
energy/ (kJ/kg)
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Fig. 8 Results of specific energy absorption prediction model
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Tab.7 Optimization parameter structure and expectation degree ranking
o WL B RE )R BRI IR R 0 AR RS SEE) BT B R AL e g B
75 . i .
Serial b Corrugated pipe Busbar Outlet Mean Load Specific absorption Degree of
el IUmber — vall thickness/mm amplitude/mm diameter/mm load/kN fluctuation coefficient energy/ (kJ/kg) expectation
1 3.959 3.721 22. 161 438 1. 178 12. 123 1. 000
2 3. 642 3.177 20. 228 429 1. 181 13. 049 1. 000
3 3.745 3.041 20. 495 445 1.162 13.309 1. 000
*8 ERESHTHEEGKWERIIE
Tab.8 Comparison of model and test results under optimal parameters
4536 Mean load AT R EL Load fluctuation coefficient LI BE Specific absorption energy
o e FE{H IR o e FEE 72 T {E FEGE B2
Predicted value/kN  Trial value/kN  Error/%  Predicted value Trial value Error/ % Predicted value/ (kJ/kg) Trial value/(kJ/kg)  Error/%
438. 684 448.23 2.13 1.178 1. 196 1.51 12.123 11.856 2.25
N 2 S = > 3
4 i AE & B I n] LA A2 I REAG) 74 A 1 24 280 iy , BE J5E A4 9
=A

ARG IE 52 S8 BT TR B 1 1 1
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