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Abstract .

under actions of adjacent tunnel blasting and upper span tunnel blasting was reconstructed. Chaotic characteristics of

Here, based on the chaos theory, the phase space of the existing tunnel vibration response time series

tunnel blasting vibration response signals were analyzed by calculating core parameters, such as, attractor, Lyapunov
exponent and correlation dimension. The study results showed that the reconstructed phase space of the existing tunnel
vibration response signals under action of adjacent tunnel blasting has strange attractors, its Lyapunov exponents all are
larger than 0, so it can be judged for it to have chaotic characteristics; all Lyapunov exponents of the reconstructed phase
space of the existing tunnel vibration response signals under action of upper span tunnel blasting are also larger than 0, so
this reconstructed phase space also has chaotic characteristics; thus, tunnel blasting vibration signals have chaotic
characteristics; with decrease in blasting center distance between drilling and blasting working face and the existing
tunnel, A value increases, and chaotic characteristics of tunnel blasting vibration response enhance, reasonable
optimization of drilling and blasting parameters and real-time monitoring of blasting vibration should be strengthened to
ensure construction quality and blasting safety.

Key words: tunnel blasting; blasting vibration; chaos; phase space reconstruction
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Fig.1 Schematic diagram of location relationship between

explosion area and protection area
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explosion area and protection area

\ JEREUR(UL20-NTAE

=)

-
. L20-N
\
234G pE L
tes

lgges #r
IR L20-N E 2
Sl (Y I

LAN/WAN,
\ ADSL N
Hgpn

‘e =
L20-N

F3 120 - N R PRAL

Fig.3 120 — N blasting vibration measuring equipment
1.3 REAHR

(1) ALJRRER %245 AL IR AN AT U 76 415 3T g 18 P 30 42
W32 e A o A% It 3 ) 2 SR MR A [ 2 L R 55 4k
WA N2 5 | 2 4 o A6, W00 s B BB AR SR T M6 x 60 %
%&BALIR R 40 mm T FLJ5H IR JGJ 145—2013 (iR EE
- G FE A T R AR AR ) TR AT W A
WE 4 fis .

(2) I A5 TE)HE 20 m, W 00 A5 T A, AN IA] S
FioR
AT
~_

4 SRR AN W T A R R

Fig.4 Layout of blasting vibration monitoring points

R T
R ——
|
N ‘ N I‘ N A
TR b=y ﬂﬂlf—i =y
. < v
+ + +
v v v

BlS KR st A A R A
Fig.5 Vertical section layout of blasting vibration

measuring points



240 & sh 5 o &

2022 4E45 41 %

(3) 1EIRARECE : T DR T & 3 5 Ak
DNHRASE , T2 2 W) o ot B 5 T R AR TP

(4) PMXALHE K298 +180 ~ K299 +400,

(5) KM 2 K,

2 BERGRIESHEZEEN

2.1 HFEEWM

S BIFFE AR I B T AR A T B A B 1 R 3 e )
BRI, 43 B 5K T KRR A i 2 mie) i B[R] 47 ) A 26
PEFFAE , 7R % 30 52 DA 5 19— 4 578 2 1 [] ) 371
SR 2423 8], K AR OB AR A8 A B (R A
[B]) o TR S5 ) 2 G0 i R ALKS 5 30k 5 2 RRE
23 [A] A — PRI , P 3 ok B BBOHC v A o3 1 — it
] 7 2 Kt , b DU A

Takens " HF5¢ F W , B HE R AR R AERCH m, 45 m >
2d(d Fysh 1 RGERLERD , WA 43— Gl 1 A
AEB m AL IR AYEZS (8] TP R S W 5 | -1z sk
2.2 C-CiEEXREFE

W AERAIR BN A P51 { o, 2y, ooy L HEE S
Bt A HAAZE TS (e N) 0

{xl 3 X1 9 X0y 57" }

{xl ’xt+2 9x21+2 ’“'}

{xt’th’xStv”'} (1)
(1) M4 Takens A B, 2 IR I
2

C(m,N,r,t) = m . ZH(I‘ - Hxl —xj”),
r>0 (2)
AP H(r) Jy Heaviside [k ok %4
H(r) = {1, r=0 (3)
0,r<0

o, =, [ 2k b5 TR BE B8 5 NV Sy s i e 371
M g m GEAHAS AN PR AR B M =N = (m = 1) 75
r AR,

(2) & SLRBB g i

s(m,N,r,t) = C(m,N,r,t) - C"(1,N,r,t) (4)

2 N—oo 1], U]

S(m.r.t) = %2 [C.(m,rt) —C"(1,r,0)] (5)

(3) EXZER AS(m,t) , 3R S(m,r,t) KT r iy
Ak,
AS(m,t) = max{S(m,t;,t){ —min{S(m,r;,t)} (6)
(4) X PrA S(m,r;,0) KV 275

AS(1) = 0 S AS(m.1) (7)
[mll

2.3 EMHEZTERIERME
Brock 25" 5@ 53k 22 BT 3 43 A5 7 AR B ) 3 4 A

ZREM R, 2 me[2,5],re[0.56,25 (8
ORI RIF AN 75 22) , S (m, N, r, 1) BERB AR AE KL
PR N AN R ZEAR S TE . S IR B sk 1) 7 57
e HAIRIEPEST, V 38 B 100 ~ 500 RIVAT 5 X2 i ]
P8 AT AR S [A) EAR I, N BSURME 3 000 DAL
HHE R m=2,3,4,5,r=0.55,8, 1.58, 25,0

S(1) :%;;S(m,rﬂt) (8)
AS(1) = %ZZAS(m,t) (9)

AS (1) IR — AW MBS B SE SR B ) 7, 55

T Scor(1) = AS (1) + | S(2) [ B4R/ MEE o FER
BB 7, (R AR, T /M AL m

Tl 1, 1) F U (10)
.

2.4 BAWSIFHOXELE
HERGE 10 1 75 C(r) =+ D Jyhnzs B i
e AR
RIS A m I, S A B
i WK A A SRR, B m
A AR LR 0 IR D,
SRR D = lim e

Inr

m =

(11)

3 MERFERBIERTERARERNESHK

B E 5 B

XF EATER B2 i R, AR — PR dg
K298 +560 K298 +940 K299 + 360 3 /AN [6]f ok % 1
A= 3 )R A0 s B0 2 4 B 0 A 2 TR i A
TS HT o

I 3 A R T 4 2 R IR S, i8] 6
71N, J1 ELA R T ok AR v ke 2 AR AR Bl e Bz AR S 1Y)
HAYRFAE . BT IO 50 B HA AR R
3.1 BMEEWIRINES TR E

K MATLAB V-5, 2 T — 4k i 5045 55 A0 25 1] 8
FBE AN C - C iR IEA B MR (1) ~ 430 (10) 4w
] FH T T R A I s e B A 5 VR DR PR 3 AT 1 e
BT, bR B AR R IR S 5 AR A ZE m IR
2N IREE . 43R s (delt-s  s-cor RIR K TE
FRWR Bh 15 5 H 23 ) E A R P A 80 S (1) LAS (2)
S (1) o XTI 6 H1 3 ANk 3 5 0 B Sl e 7 A 5 2E A 73
MM EASITE SO R R, K T PR,

SPHTELT (a) , delt-s 1 e 19 565 — A /MEL SR B
t =10, s-cor MZ 14 bl /IME ST I ¢ = 10, PR o
5o X BYEEIRE ] ¢ R 10, RESR BT [E]) 2 7, Sk 10, e/l
HALEE m K 110/10] +1 =2,



53 1)

AR BRIEREIR SN 5 A IR AR 7 A

241

ST T (b)), delt-s il 2 09 55— /NMEL SR
1 =12, s-cor MZ M4 bl /IME SR ¢ =21, PRt 2
FT Y IERETE] 7 O 12, FEREF T 7, O 21, e/
BAGEEcm 21712 +1 =2,

ST T (e) , delt-s B 2% 19 55 — AN B /M 5 %
t =13, s-cor (i< -2 /M /IME S XN ¢ =17, K i E
5 Z WRER ]« Ay 13, AERE A 7, 17, /)
AR m H [17/13] +1 =2,

o2 T 2 To0r
é OM : OW e
L S L
\; _2 1 1 1 1 J \> _2 1 1 1 1 J \; _1 1 1 1 1 J
0 0.4 0.8 12 1.6 2.0 0 0.4 0.8 1.2 1.6 2.0 0 0.4 0.8 1.2 1.6 2.0
t/s t/s t/s
(a) 55 X:K298 +560, T[] (b) {55 Y:K298 + 940, T[] () 155 Z:K299 +360, T[]
6 SR R TE R AR Sl N R 2
Fig.6  Time history curve of typical tunnel blasting vibration
30 35r 30
25 30F --e-delt-s 25+ --«--delt-s
+— $-COT ~— $-cor
L 25¢ ol
219 215
i 10+ i
10
£ =
& 8 .
0
-5 0
-5 Il 1 1 1 ) -5

|
—_
=]
o

(a) K298 +560/15 5 X

(b) K298 +940/{= %2 Y

(¢) K299 +360/15 2 7

K7 s ) A S

Fig.7 Reconstruction parameters of phase space

3.2 RERYEEIFHE

Xt 6 i X AR S HIERAE RAL N =4000, i A4EEL
me[2,16], FEREFE] 7 = 10 HATAHZS (B FAY, M5
G-P S5 AT B A5 5 (1 SRR I T 51 In C ~
In r BRI 2, QNP 8 (a) s B R A GEXL m
AR, OBt LR AR B W AR R m =8 ZJa , B L
2 TP 47, SRER4EE0E TH A, SR AR/ — e i
PEAT LA S A B R R SCHR YR D = 1. 09,

X6 Y A5 SR AE AL N =4 000, ik A ZfE
Brome[2,16], MERM[A] 7 =12 JEATHHAS A AL, 152
AT R RBBER A F S In € ~In r B0 £ih 22,
WK 8(b) fiis, alf m =10,D =1. 45,

X6 Z {55 FSRAE ALKV =4 000, i A ZfE
Brome[2,16], FERMA] 7 =13 SHEATARAS A AL, 15 3]
ZAF 51 ZFRRE R BT S In € ~1In r RO E 2K
WME 8(c) i, mjfE m=12,D=1.76,

0r
0.2
-0.4
&}
S /
-0.61,
-0.8
-1.0 L L L L | )
-1.0 =05 0 05 1.0 15
Inr
(b) 55 Y
8 In C~Inr AUGHERIZE
Fig.8 In C —In r double logarithmic curve

3.3 HEPLEETLEFE

HANE R BEARAE PR A S Rk o Xt

6 FRXF R Y 3 A B A K IR B I S S AT A 2 )
Hay , 2 iR 2 T 29105 Pl mT O ¥ AT e AR B o 4% iR 3



242 &3 5 o &

2022 4E45 41 %

SRGPREN SR, K9 AR NAE S
E’J/w/@“ﬁ%l?{ﬁﬂtaiﬁo

AL S | T IE A
FAAZ R AL, HARRAEAE AR 2

I HA TCT5 s A M RLA R A
<[] A BR DX P, R B

IR 9 ATLUA B, 3 N BRE AR BIR S5 S 3 ME S R BUR MR ECIRE
201 15¢ 0.8
1.5 1.0 0.6
1.0 0.5 0.4
T 05 © of © 02
X X X
=0 ® 05t ¥ of
0.5 1.0t —02f
-1.0 1.5} —04f

-15 ! 1 1 )
-1.5-1.0-05 0 05 1.0 1.5 2.0
x()

(a) X {55

-2.0 .
-20-15-10-05 0 05 1.0 LS5
(1) ()

(b) YfF%

_0.6 1 1 ]
-06-04-02 0 02 04 06 0S8

(¢) Z 5%

K9 BREREAR S E 55T

Fig.9  Attractor of vibration signal in tunnel blasting

3.4 Lyapunov $5&431E

TR TIARAE T 2 1 34 2h 7 3R e IR TR 1 0 S8, X
IR A B2 X, 2L Lyapunov $541 7>
AR . Lyapunov F8 80U = i HIEHIR R G
R E NS5,

XG5 A AR Sk fUB O IR 132 Bl ) SE AR R IE 2
—o PIPREAR T B WIE 7 AR B0, RE ] A9 28 £k
Fe IR0 38, W LA Lyapunov 8 80K & & i
X

W PR UGEA A 8 Er B T R ECH A
283 n ARGV IR B A & 9 55 (R) B AE A

gen)\(xo) = \F"(xo + 8) _ F"(xo) ‘ (12>
& o0, nm K (12) 2%
F" _Fll
A(x,) —11m11£.9f1n (% +&) (o) :limLx
n—w g Pl n—e I
dF"(x)
In 7dx - (13)
dF(x)
= lim In 14
A= Jim o § (14)

x=x;

Wolf 21 2ty 7 A B 4935 T K125 [a] P9 A B 2% L F
TH] P ARFR 55 3 A i 42 5K 54T Lyapunov £ 34l 11 19 5
2 BRRIE Wolf v, ZE s [A] P SR G AIF o8 s As 1) 17
RN . IR Wolf J73k4r BITTHHE 6 3 A5
AR 30155 19 Lyapunov 484k, 25 03 1 R,

#F 1 Lyapunov 5t EHER

Tab.1 Calculation results of Lyapunov index

s &% A FFAE
1 X 0.298 4 >0
2 Y 0.094 5 >0
3 z 0.707 4 >0

3.5 REEEST

RIEE B AET 2 R G b, BOAE—F A I
F ZEAUBEML A B S o TR AN B ] 30 e
PRk, IR S0 JC P 450, SE R & — R A P 450, N
WAL R W AR R, SR AR R G — FlOEr 0 A7 AR
|

AT % T R A B A R e AR Bl 5
B FE 9 AT IE 3 S PR IR 2. mT
VB AR5 23R E B0, B & BELM:, A&
i Z KB R BT 5 Z 1 S i 20 PR35 & A o8 4
&2, HX 3 A A B, B BRI AE A BR A A 2 ]
o B, 3 ARG TR AR S T RS 3
SR EA TR ST 1z 3, WK ER 15 2 1Y — 4k B
AT AR A AREAE PT 408 30T kT ARR  1E FH F BE
A % B P sl o ELAT TR TEARAE .

H1—ZE S8 5 1Y Lyapunov $850E L ROR 7k
AIE W, A <O B, BB X UG SR AN RUER A2 (] 2
WA AR AR S R AR I — A AL, B TRE A
SEERIEE B RS M A =0 B WIHRIR Z AR, R
GEAL T FARAS ;24 A >0 B, FR AR S 4 ﬁﬁbﬁ%r"ﬁ&,
AHNE R SR BB AR e IR A . FIE s ) R 2
FEAEIRIEAT N, AT A 235 j(?O}léﬁqujleE“ﬁ o &
PEARZS (R AG , DARIS ST R T R 00 1 B T WE AT B A S
P BEAE (1) Lyapunov F8 8045 % 1 AT LIE
W& 1 MR BB ) 15 5 Y Lyapunov S8 80 KT 0, 3 —20
TEBH BT B 8 S T B B 2 sl 1 £ 5 2
TR TRFIE
4 Lt

ﬁ*ﬁ

TERRERGE TR H K298 + 180 ~ K299 +400 ji5 T B
A4 T IR B B R biE 2 1 1T BRA 12 B SR R E

EREREATERAEREIRSRE



53 1)

AR BRIEREIR SN 5 A IR AR 7 A 243

M EAGEIE . FHBNTIE S 4RSS AR B B 74
A BRI B T K P SR S 106. 7 m, SE S FREE B R AT
LR BRI BE A DR 11 mo A7 B HTIE R Bl vk 0T
12, B U A O DK312 + 616, X iz & B iH ff 47
DXL Sy K299 + 000, AR DX a5 R A7 Bk e b il 4
DR 7 B OC AR, N 10 & 11 Brzn o A2 ReAs A B, A
K12 s, REERBEN 2 Ko

I
Il
P10 1L 5 AT B (0 % P

Fig. 10 Schematic diagram of location relationship between upper

crossing tunnel and existing railway

B ST TUF 24

B SYURS T 2L

HZ1lm
o -
i LIAEE30 m ! i
1 |

FLL B S A BRI B O A% il v 1]

Section diagram of location relationship between upper

Fig. 11

crossing tunnel and existing railway

PR T
u

=1
&

A
BATHEE LB i

K_+X-20

K _+X+20

(b)
K12 A E R e

Fig. 12  Layout of measuring points

Xob b B A i A AR AR e R 7 A ) R R R A
PR N AT BEAT R 38 45 14 A9 Ik Sl i >R Y 120 — N g

T 4 A 32 A7 0 3, rp K298 + 980, K299 + 000,
K299 +020 3 AN 5 4k 43 57 SR A2 21 3 AN R0 UK 1) AR A I
PfET o X I RKSEAR W, Y T A, Z 7
[r1] S 2 L]

KRG AT OB BERAE N BEA REE 3 ) &
SERIR T RRE, XTI SRR O BT EF S (X Y. Z
) o3 EATAE 25 B A, R A C-C it 3Ae 3 27 4
B HEIR IS [A] iR AGEZL m, 7RI ERS | 38T Wolf i1t
SR E AR Lyapunov 8501056 2 fiz

iR 2 A1, 9 20 27 AME 5 AT A S [ A IS
JIrA3 2 ) Lyapunov 15403 K F 0, 3 B I 15 b 16 4l 15
RIHZ R IR T IE 7 11 m BEES Y 4748k
AR I R 1 2T e ot EL AT VR RRAE .

%f KO +00 KO +15 KO +25 3 M & /EH T,
K298 +980 K299 +000 ( T 1) .K299 +020 3 Nl i iy
Lyapunov f8 803545 5 3 2 7 il A 740 Mol & i

(1) HWREBWERT, K298 +980 K299 + 020 F
AN RO FEAR A, BN TS XY Z 1 R BIE 5 1
A MBI LPAHAS ;K299 +000 I s ke O e /N T 2245 P A
W, A B R T2 PRSI A

(2) KO +25 i BEIEBAEH T 9 ME5 A HK
F KO +15 KO +00 fi &M AE T 1 18 M55 A {H,
KO + 15 i B EHAE T 89 9 MES A fH KT KO +00
PEREBAER T 09 M55 A {8, RUIBEE Bk
115 A BB AR BRI /N, A (B R, R T8 2 105 41 3 i
o7 TR TR AR 1 54

(3) AR T 125 A Ty 2a vk i Fa sy = Ha Rl
fL AL S LB LS B KE 2RI 2  JE 2 TR i
$ 0720 G RS AR A5 R R L 5 e AR
P BRI IR A5 1, B 0 5 AR T2 L s bTiE
FriE AR, 2 5 2 A A W RE AT T AT 2 Bk B g
TE AR SR 8 1 R G0 00 F2 ZEH 4R S5 A RN EE 2 52
P2 TR R GE AR JT R i S X U A5 A AR R U A
HAS KW BN T RSG5 A U 5 . A bl 2 4
RIS, T 85 G H IR 2 800 B A R 8 45 B R B0
SEMAINIR o B DR A3 18 22 4, I o 4% O L ik /)N 1 BT o
SR RS RN A BRAR Ab F AR AR 2 S B T B £R B
R 2 B R B e [0 45 T 7E GB 6422—2014 (i %
SRR ) FLE 0 A R E Ve 2 N .

5 & i

(1) XF 4RI s B R A7 REAT BE 454 1Y
YRzl 1oy i R A S HEAT AR 23 TR A, o0l A
BT HER I ] 7 ORI A R F A S|
Lyapunov 8%, BF5E KW, 4B 1T bE 18 MR 05 VE FH T BR A
W Kk e U s oA AR S | 1 s 3, BT SR 21



244 & sh 5 o & 2022 4EEE 41 %
x2 EEBHERERIBEFLTEETE
Tab.2 Calculation of chaotic eigenvalues of blasting vibration in upper span tunnel
P B E BOEE/m ) s Ao JilE PPV/(em-s”') m T A
1 X 0.567 9 2 11 0.146 0
2 106.7 K298 +980 Y 0.459 0 2 11 0.105 5
3 VA 0.538 1 2 11 0.159 7
4 X 0.648 4 3 10 0.158 4
5 KO +00 104.8 K299 +000 Y 0.5150 3 10 0.076 8
6 VA 0.689 1 3 10 0.1882
7 X 0.560 9 3 10 0.127 6
8 106.7 K299 +020 Y 0.417 9 3 10 0.117 1
9 VA 0.526 5 3 10 0.1430
10 X 1.537 0 2 10 0.309 4
11 74.2 K298 +980 Y 1.407 1 2 10 0.2822
12 VA 1.767 2 2 10 0.329 4
13 X 1.654 1 3 10 0.327 2
14 KO +15 72.3 K299 +000 Y 1.287 7 3 10 0.294 2
15 VA 2.0313 3 10 0.369 4
16 X 1.502 7 3 11 0.292 0
17 74.2 K299 +020 Y 1.318 2 3 11 0.2729
18 VA 1.802 3 3 11 0.313 5
19 X 1.932 6 4 10 0.680 9
20 56. 4 K298 +980 Y 1.766 2 4 10 0.657 1
21 VA 2.080 9 4 10 0.734 8
22 X 2.054 1 3 12 0.807 6
23 KO +25 54.3 K299 +000 Y 1. 687 4 3 12 0.717 1
24 A 2.2313 3 12 0.843 0
25 X 1.986 1 3 10 0.673 8
26 56. 4 K299 +020 Y 1.8223 3 10 0.591 7
27 VA 1.971 7 3 10 0.738 0
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