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In-situ stress field inversion via IA-BP intelligent algorithm
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Abstract: Initial in-situ stress field is an important basis for design and construction of underground engineering,

while it is difficult to accurately measure the initial in-situ stress in engineering practice. In order to accurately
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obtain distribution law pattem of initial geostress field, the immune algorithm combined with BP neural network
(IA-BP algorithm) for inversion of initial in-situ stress field is studied. The optimization of BP neural network by
immune algorithm is to encode the connection weights and thresholds of BP neural network as antibodies in the
immune algorithm. The hybrid algorithm can not only take advantage of the characteristics of immune algorithm
as well as the global optimization quick search for the global optimal solution or near optimal solution, and can
also adopt BP algorithm to avoid the near optimal and sub-optimal solutions, oscillation on the local
optimization, realizing the aim of fast converge of the global optimal solution. The plane slope model and three-
dimensional model were constructed by COMSOL respectively to carry out forward analysis and calculation,
and the calculated results were taken as “measured values” to conduct inversion analysis of in-situ stress, but
the inversion results of IA-BP algorithm were compared with those of PSO-BP and multiple linear regression
algorithms. The results show that the inversion error of IA-BP algorithm is smaller under the two-dimensional
(2D) slope model. Under the three-dimensional (3D) model, IA-BP algorithm from the measured values and the
inversion of the absolute value of relative error between 0% and 10.64% (3.39% on average), for PSO-BP, it
is between 1% and 48.39% with average value of 6.93%, for MLR, it is between 0.55% and 121.95% with
average of 21.87%. By comparison, it can be known that the overall inversion results of IA-BP algorithm have
the highest accuracy. In both 2D and 3D models, the error of the inversion results is smaller than those using the
other two. The application of IA-BP intelligent algorithm to the inversion of in-situ stress field can provide
technical support for the construction of underground engineering.

Keywords: in-situ stress field; immune intelligent algorithm; particle swarm intelligence algorithm; multiple
linear regression

IR M ) Gy R TR e N ) R AT R Rk R RESE IR . b 2otk

AT KR AW E R R — 2 T TR
0 AR 45 b, JC AR R OR 28 B BB T8 B, M) T A 40 4
Mo R T e R AT AR R A B TR B S i T
(R SR 5 5 Ak o I K R BORk R 75 o
U A DN R IS ) B T 1 R AR A M A B
MR AR R =K L DR ER VA R 7 D0 A IS =2 S |
ZAE S B i A P A R O 2 B R A )
R (A5 0 A5 A M R H B RO R AR LR
Wl Sy ¥ RN 3 37 AR R s DR IR AT A A £ R A5 )
U6y ML VL T 3 1 43 A R, R MR TR i A e R TR R
o TR B iR AR A A B

T AT ) 4R L ) 37 64 AR, AR
2 23 AN [R) Sy B2 X 400 0 R g 9 AT T WO .
BLH% B 53 i AR A B 37 52 I 57 7% %8 W) 4y Hb 17 1 3
HEAT B, DR H B A T A 9 2 62 L E i R i
= IHZC B 5 RO B KL AR A AL B I B TR
X i R ) AT B A BN T fE A S BR TR
PR ITEA R KA R BRAE, — SO0, X 00 46
JS7 A3 53 (4 BIF 58 A A 2 A2 T 28 JH 2 Z AT, 1 i 45 97
FEIHEO AR N S s i B o A, LA S a3 B
VE R 25 2R A2 0 0 e B E BRI 5 N Ry
A 12 A s 3037 552 00 3t 157 3 %ok 00 0y M 0V g 3 64T
W W R RL ) R o ik A Z2 on ek ml A U5 ik i

U 7 i DR HL R B 0L SO R A TR B L A
SR AR X b N g AT R AR E) N R A
27 15 R L M R 5 2 T 5 e 0 R b g 4%
F A BAE L SC PR Gl 0 w0 46 b 0 ) 5 5
i) A7) 43 3t 157 7 B4 4% TR 26 22 T) B9 96 28 0 LA 28 1k o
BBk M AR B v A9 N TR o 45 R L 4
J i REE T Iz Ak E H1 AR Gtk S BB ) SRR A B
N7 FH 78 40 46 b 187 3 3 19 BT AIF 5 v, An gk A S AR
W A5 30 S S0 b 7 g B L B T AR ) 3 pR U (RBF)
b 225 o) 2% TR B ) YT 0 FL O 5 | K BRI X R AT T M
J R IE AR BT RE TR XA A 4R M ) 5 ek ke
AU F B A A D B R A N T A 48 ) 4% (SLR-
ANN) [ HE 26 15 BB Jr v, 6 #5 8 K H o T ik X3k
(14 Hb 1S 7 3 R AT T T 5 v R ARV T 2 o etk (]
IH 53 B8 T BP 28 9 45 BE AT L, SR FH et R
THER LS BP #2945 A0 45 A (10 05 1, % ) i
N3 AT T R

2 P S Bk 4 R SR BE 1 K BP A
I 2 Jy F P A B AR L 4R — R S B (TA) 5
BP # 28 N 2% A0 25 & 9 51k (TA-BP 53k ) % s
T4k R 1 B 0 SO 5T R, OF  Z on gk 1l A
05 ¥k BORLFBE 5 #2245 A0 45 5 19 5 35 (PSO-BP)
FAEAF R S5 R T 45RO TA-BP



% 2 M ik, F A TIA-BP %

v
LB

EW RS M B ) 3 BROE AT 5 91

VT 2 400 46 8 3 39 B4 B F 5 v RE A e i
KR, 0 o T TR A el S B A — E 8 AR

1 ¥R R 7135 B 2 1 7 i

1.1 IA-BPE%

BP 1 28 [ 45 J& — Fh 5 5 1) Ji A% 1 158 25 1) 5 4%
P& 10 22 2 1 1) A pp 28 ) 45 . BP A28 I 4 A5 R 1)
FhEE R — il 32 4L n, BV A2 B R A
2 AR E 1R .

NS Kas itz
El1l BPHZMERE

Fig.1 BP neural network model
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Fig.2 Two dimensional slope model
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Table 1 The geostress in sample points

FEA R et o,/MPa o.,/MPa o,/MPa
1 (100,200) —9.15 0.84 —2.11
2 (200,120) —5.99 2.26 —5.52
3 (500,320) —3.26 —0.40 —1.81
4 (450,230) —4.45 0.00 —3.75
5 (320,230) —6.24 0. 30 —3.70
6 (550,360) —2.97 —0.13 —1.00

SR IA-BP & v . PSO-BP & LI X £ 0
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Table 2 In-situ stress values of sample points inversed by different algorithms

—_ . K- 1 B R F BT BIRL F
o,/MPa R 22/ % o,,/MPa RS2/ % o,/MPa HIXF R 22/ 6

S —9.15 0.00 0.84 0. 00 —2.11 0.00

Z I mA —9.45 3.28 0.77 8.33 —2.08 1.42

! PSO-BP —9.27 1.31 0.85 1.19 —2.08 1.42
IA-BP —9.15 0.00 0. 84 0.00 —2.10 0.47

S —5.99 0.00 2.26 0. 00 —5.52 0.00

Et=a | —6.05 1.00 2.49 10.18 —5.31 3.80

’ PSO-BP —6.05 1.00 2.30 1.77 —5.50 0.36
IA-BP —5.99 0.00 2.26 0.00 —5.51 0.18

LA —3.26 0.00 —0.40 0.00 —1.81 0.00

et | —3.06 6.13 0.59 47.5 —1.98 9.39

’ PSO-BP —3.29 0.92 —0.41 2.50 —1.80 0.55
IA-BP —3.26 0.00 —0.40 0.00 —1.81 0.00

Sz —4.45 0.00 0.00 0.00 —3.75 0.00

Z e mlA —4.06 8.76 —0.11 —3.88 3.47
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Z ek mlH —2.80 5.72 —0.36 176.92 —1.20 20. 00
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Table 3 Rock mechanical parameters

B9 M/ (kNem™*) BB/ GPa HEL /YA
I 24 8.0 0.27
I\ 22 3.0 0.33
4 19 1.2 0. 40
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Table 4 Coordinates and stress components of actual measurement points

FEA T 3oy o,/MPa o,/MPa ¢./MPa ,,/MPa o,./MPa ¢../MPa
1 (2500,2100,1 300) —7.96 —12.73 —21.11 —0.97 —2.86 —4.31
2 (5600,1 300,1800) —5.79 —14.02 —20. 00 —1.30 1.83 0.62
3 (8 200,2 500,1 500) —4.65 —8.52 —5. 14 —1.72 0.47 —0.41
4 (12 000,1 200,800) —14.54 —11.70 —10.18 —2.08 1.38 0.95
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f H (A B0 R 3 R I S Y, BB L,.(576)
PEATIE SR BT AR AR WL 5.
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Table 5 Orthogonal test table

AR L1 L2 L3 L4 L5 L6
1 0.9 14 8 2 2 1.6
2 0.9 15 9 2.5 2.5 1.8
3 0.9 16 10 3 3 2
4 0.9 17 11 3.5 3.5 2.2
5 0.9 18 12 4 4 2.4
6 1 14 9 3 3.5 2.4
7 1 15 10 3.5 4 1.6
8 1 16 11 4 2 1.8
9 1 17 12 2 2.5 2
10 1 18 8 2.5 3 2.2
11 1.1 14 10 4 2.5 2.2
12 1.1 15 11 2 3 2.4
13 1.1 16 12 2.5 3.5 1.6
14 1.1 17 8 3 4 1.8
15 1.1 18 9 3.5 2 2
16 1.2 14 11 2.5 4 2
17 1.2 15 12 3 2 2.2
18 1.2 16 8 3.5 2.5 2.4
19 1.2 17 9 4 3 1.6
20 1.2 18 10 2 3.5 2
21 1.3 14 12 3.5 3 1.8
22 1.3 15 8 4 3.5 2
23 1.3 16 9 2 4 2.2
24 1.3 17 10 2.5 2 2.4
25 1.3 18 11 3 2.5 1.6

2) IS AT .
RS —H R EAE LR FRA

comsol A FRIC I8, 7157 A
AR Sy o % 244 1 3 {E .

3)BP M2 M 45 2k o K AR 2 P TR A 24
AR FI A8 Ko FEXE R ) 22 B0 Ry U ZRRE AR AT 25
o BBV ot L 24 4 b (AR A .

4) S 4 1S 7 I

¥ B0 37 S 1 b Ry T B R da A AR A B8R 3
YNGR (1 2 ) 4 A9 3 SO S B K 6) o B
T ok 1 2 801 S 1 A S, A comsol #E 4T 3T
B AT A A I S5 A AT B M 1Y T

FEIM A 1.2.3.4196
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Table 6 Result of IA-BP algorithm and PSO-BP algorithm

B3 IA-BP PSO-BP
L, 0.94 1.01
L, 17.02 18.68
L, 11.96 12.26
L, 3.00 3.32
Ls 2.00 2.26
Ly 2. 40 2.32

W A ol BRI R R 58 2 A A X
{EAE ] i 22K B P FI AR ol . & 2 oot nl I3 5%
2 PSO-BP 5k IA-BP 5 ik S 3 45 1 K iR 22 %
TR o

7. 2285,

1) Z ot 2R M [l 9 2 3 45 S 5 52 I =22 () A X
R L X R 0. 55 % ~121. 95% , - 4 4H X} 1% 22
S 21.87% ,PSO-BP 812 [ i 2% 5 52l A = 8] 4
Xof 158 2 B 46 X E R 0% ~48. 39 % , - Xk X% 25
6.93% ,IA-BP Bk [ i 45 R 5 52 DA = [A] AH X 135
25 1y 4 X R 0% ~10.64%, F 2 M X iR 2 N
3.39% ,IA-BPiR 28/,

2) %t F o0, 22 JCER M ] )3 8309 B v 5 S E
22 [i) 1 R R 158 22 1) 4 B R 2. 2096 ~8. 81 %, 11

AH XTI 25 8 5. 40 % , PSO-BP 54 12 2 18 {1 5 52 1 i
22 [E] FR AR R 15 22 B 28 X (E S 1. 7206 ~3. 58 % , F- 1
AHXT IR 2 K 2.69% , IA-BP 29 5z 3 {8 5 Sl i
[E1] 118 A X 152 25 1) 4 %P (B Ry 2. 94 %0 ~5. 50% , F- 34 4H
X iR K 3. 74% , PSO-BP 1% 22 F X4/

3)XFF oy, 22 T0 LR n] A AR 9 J  A 5 S DB
2 [A] B R X 158 22 1Y 48 Xl 2. 3520~23. 120, °F
KM% 22 4 10, 10% , PSO-BP 53 4k 52 7 {8 5 52 0]
{5 22 [71] f 4 X6 35 22 0 4 St R 1. 88 % ~2. 71% , 3%
PIAE R 25 M 2. 32% , TA-BP 55 1 S v i 5 52 I 4
Z 0] B AR X R 25 B 4E T E R 0. 16 %0 ~1.28% , -3
AAXTIR 2 2 0. 52% , TA-BP 15 22 i X #5708 .

DX T 0., Z2 TCL M Rl )3 503 B A 5 5 DU (B
2 () B A X 35 22 1Y 26 XK 0. 550 ~2. 9200, -3
A RHR 2 H 1. 50% , PSO-BP 8 v Fz il 5 52 i
22 [i] f R R 158 2 1) 4 X 2R 0. 8526 ~1. 36 %, -3
AR IR 22 K 1. 18% , TA-BP 5 1k I v {H 5 s Il =2
[ ) R X 158 2 B 46 X (B R 5. 11 % ~6. 30% , F- ¥ 41
SR % K 5. 76 % ,PSO-BP 1% 22 Hi % 5/ .

5)X T 0., 22704 M ] U5 B0k Iz 1 (i 5 S
2Z [8) B R X 158 22 1Y 4 YT R 1. 4400 ~74. 220, °F
BIAR X% 22 8 29. 1% , PSO-BP 5 ¥k J 1 i 5 52 )
(B =2 a) B A X 352 22 0 4 X 0 10. 58 %6 ~22. 68 %,

*7 %EE.JA-BP.PSO-BP 5L #ELE R

Table 7 Comparison of the results among multiple linear regression,JA-BP,PSO-BP and measured data

S . AR X5 ZithaRtd MXHE o,/ AR o/ MR o/ AHXFR
T5 ik o,/MPa o,/MPa o/MPa ’ i i - i

P8 /% ’ /% 2/% MPa 2/% MPa %/% MPa =/%

Sz —7.96 0.00 —12.73 0.00 —21.11 0.00 —0.97 0.00 —2.86 0.00 —4.31 0.00

ZIou&MEmH  —8.34  4.77  —13.77 8.17 —20.91 0.95 —1.69 74.22 —2.90 1.40 —3.74 13.23

! PSO-BP —8.20 3.02 —13.01 2.20 —21.37 1.23 —1.19 22.68 —2.95 3.15 —4.48 3.94

IA-BP —7.68 3.52 —12.75 0.16 —19.78 6.30 —0.97 0.00 —2.75 3.85 —4.24 1.62

S A —5.79  0.00 —14.02 0.00 —20.00 0.00 —1.30 0.00 1.83  0.00 0.62 0.00

LZuU4tEREI  —5.28  8.81 —13.69 2.35 —20.11 0.55 —1.55 19.23 .70 7.10 0.04  93.55

’ PSO-BP —5.93  2.42  —14.40 2.71 —20.17 0.85 —1.46 12.31 1.87  2.19 0.92  48.39

IA-BP —5.62 2.94 —14.20 1.28 —18.80 6.00 —1.30 0.00 1.76  3.83 0.58 6.45

S E —4.65 0.00 —8.52 0.00 —5.14 0.00 —1.72 0.00 0.47  0.00 —0.41 0.00

Zonktemyy —4.38  5.81 —6.55 23.12  —5.29 2.92 —2.09 21.51 0.48 2.13 0.09 121.95

’ PSO-BP —4.73 172 —8.68 1.88 —5.21 1.36 —1.95 13.37 0.43 851 —0.41 0.00

IA-BP —4.51  3.01 —8.48 0.47 —4.85 564 —1.71 0.58 0.42 10.64 —0.38 7.32

S —14.54 0.00 —11.70 0.00 —10.18 0.00 —2.08 0.00 1.38  0.00 0.95 0.00

ZICEMERE  —14.22 2,20 —12.49  6.75 —10.02 1.57 —2.11 1.44 1.83  32.61 0.30  68.42

' PSO-BP —15.06 3.58 —11.99 2.48 —10.31 1.28 —2.30 10.58 1.39  0.72 .10 15.79

IA-BP —13.74 550 —11.72 0.17 —9.66 511 —2.07 0.48 1.29  6.52 0.95 0.00
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S-S5 R R 22 14, 74 %, TA-BP B33k S 38 5 52
IR =2 Ta] A AR X 158 22 Y 48 XHE N 0% ~0. 58% , F
IR iR 220 0. 27 % , IA-BP iR 22 M X &/ o

6) X T o,., 2 J0 2 M [l A 550 3k s vl i 5 S
2 [E] 1 A O 35 22 1Y 48 X5 {H Oy 1. 4020 ~32. 61 %, °F-
BRI iR 2% 4 10. 81% , PSO-BP 5 4 2 v {5 5 523
{8 22 18] 14 A 358 22 (1 46 XHE M 0. 72% ~8. 51% , F
KRR 25 3. 64 % , IA-BP 84 vk 2 A1 5 52 I {5
2 [6) 1 A X 15 22 19 48 X5 Bl 3. 8320 ~10. 64 %, °F-
PIRIXF iR 22 M 6. 21 % ,PSO-BP 1% 22 M X8/ .

X T 0,., 2 J0 M 1A 583k S (E 5 52N E
2Z ) B R X 1 25 1 4 XEE R 13.23%~121.95%,
- H R iR 22 8 118. 86 %, PSO-BP 5 ¥k ) i {5
S AP A 6T 35 2 22 T ) 4 X6 (B R 096 ~48. 39% , °F-
KA TR 25 8 17. 03 % , TA-BP 5 9% J 3 i 5 52 )
{8 22 8] F4 AR X 358 22 9 26 X R 0% ~7. 32% , P 1
AR 22 4 3. 85% , IA-BP i 2 M %t 8/, X HeAf
BT IE R 7, PSO-BP 89k 1% 22 5 /N 5 % F 91
F1,IA-BP SEIL IR 25/ o R4 AN R 1 43 2 11 3 A
w25, IA-BP IR 22/N T PSO-BP 5% .

8 il 5 500 m A Y 8 I R X LU AN W] B Y
AR 3 TR 1= R £ I B S 7 NI = 7 )
N1 = B4y A o INIEL 7 RTRLVE % F 6, PSO-BP

FFHZ: N5k, +4) H/MPa

3.04
-L12
-5.28

-13.6

-17.76
-21.93
-26.09
-30.25
-3441
=375

(a) W6 R T]

L. W1k, ¥4 E/MPa

321
-0.94
-5.1
-9.25
-13.41
-17.56
-21.72
-25.87
-30.02
-34.18
-373

(¢) PSO-BP & 1=

*x8 HAHEFHEITIREI L
Table 8 Comparison of mean relative errors of

stress components

o,/ o,/ c./ 0,/ o,/ o,./
MPa MPa MPa MPa MPa MPa

ik

Lo EmIH  5.40 10.10  1.50  29.1 10.81 118.86
PSO-BP 2.69 2.32 1.18 14.74 3.64 17.03

IA-BP 3.74 0.52 5.76  0.27 6.21 3.85

BEE I 1o A o B TA-BP R 43 AR 7 B S 52 bR
;3 2 P 43 A fe R AR AR AR 5 S Al
VT, B PSO-BP 535 153 1 T8 42 3 52 A ; ML 8 AT
PLE H % TF 6, PSO-BP 88 13 1 40 4 = B F TA-
BP N 3 43 Aii = B 5 52 B I 7 = B 43 A A AL, PSO-
BP 835 N H1 50 A 2 B 5 S BR ol 823, PSO-BP 5.
BT B RN (B 5 S bR B b B3, T TA-BP 3R
AT S SR /N (B f R B30 WL 9 B DL 5 T
0., PSO-BP 5. N 11 43 #ii == B R TA-BP 1 Jg 43 A
= B 5 9CBR R ) 25 B4y A e o AL, PSO-BP 87k
A 5 S PR (B e o 330 o X TS ) B39k I 9 1R
LK ESRT I ER—F . WEEORE , PSO-
BP Sk (RS BEAE E N S 25 R s T
IA-BP 8.3k, TA-BP 5 1k 0y 85 B2 78 U 0 07 8 1Y S 1
gE R FE S T PSO-BPH L.

HHHZ: ke, x4 E/MPa

(b) ZILLrEm I

SHEZR: N I5KE, o4 E/MPa
344

-12.39
-20.31
-24.26
-2822

-32.18
=351

(d) IA-BP & 3
E7 AREZxFEENSHE=E

Fig.7 Stress contours in x axis from different

inverse calculation methods
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-101

(¢) PSO-BP &

I B g 550 4 Jm) SR I BE 1 e BP b8 I 2%
B AL R K IA-BPIR S BB AR S+ T
FE R AT 2 v, 7 3 T TA-BP % RE 31 59 90 B M
N 73 % W) T8 5 Tk o R G b R g 43 SR 22 0t
M H AL (PSO-BP #4248 51 (TA-BP #H £
W 26 B3k AT BT, 6T 6 S g ) 43 i TA-BP B
2 45 5 ICAE 5 R B2 . R T IE R J, PSO-
BP #1545 B L TA-BP &, % F Y10 J1 , TA-BP 5.3k
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=225
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Fig. 8 Stress contours in y axis from different inverse calculation methods
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Fig. 9 Stress contours in z axis from different inverse calculation methods
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