55 51 B4 10 W T o Vol.51 No.10
2022 4E 10 A ACTA PHOTONICA SINICA October 2022

5] H# X : SHAO Zhihua, YIN Huanhuan, WANG Ruohui, et al. Research on Fiber-optic Ultrasonic Imaging of Seismic
Physical Models (Invited)[J]. Acta Photonica Sinica, 2022, 51(10) :1006001
AR AR WO, A5 45 352 ) SR RS 2T 8 7 R H R BT (R ) [T]. %6 7244k, 2022, 51(10) : 1006001

b 5 ) PSS 21l R B AR 5E (s )

BEE AR, EEE T P
(1 PG R2E Wy B2z e, P4 710072)
(2 PeIL R 2% S A PR E 25 I I B AR B v 48 o A TRE 9% Pl , P %2 710072)

W B RAHARF AR BT — AR R R AR SRR M R T e T B S . AL TR G R
KRB RMARE KGR E RS LA ZHIELS ST AR R TSR,
ZERATEG XA T LAHEMN ADEFRGE BEDEERNRBEFRR, ERRGEZEAE Y
HEZRE, ALEZTEZRT AT IR LA LMA S U R ARG Z AR B
Fo K IR, FFA 2T E D AR AR B IR AR TR T F A Bk S AT A RS B R
R BARB LGB ERBRGFAR R, BEATHFTEEOHFERPA L B,

KEIR O EW AR AR FRERE L B RS HAR B R8BI

FESES TN2S XEKFRIRAD : A doi:10.3788/gzxb20225110.1006001

0 5§

b 7% By BEASE TR R 7 AR B AR S T A A i T R 3 Rt S A R — 2 A R FBUAR AL L o A R A Y
TE 52 6 55 PN ) FH P D B IO R P Ik 4 T 1 X A e R B TV R AT IE TR BN A — b s R A vk . b
e ) PR ST O 71z N T I R AR AR RN & v, Qi 5 I A% B 1 SR AR LA R s AR b A 1 b R
M) 7 G Ak B A1 O8I0 3 G A R 7 i, LA R S8 E I AL 1 B RVBCA R O ik AR . A 2 B AR A% i 1 R Dk
175 5 3 RS A, 8 M B R R D e BE AR R R AR M A S R G A T Dy 3O SR R L B
(Piezoelectric Transducers, PZT)#fg#% ', 1 T PZT J& 3 T MU AR (14 X B2 U8 75 0, B B 45 # R AF Bk
ST A AR R o D A TR RE B AL IR F b, PZT 5 5 X LA A 8 L ) 32 B R R B8 1) T4

MR, YGET 4 75 U % IR 38 BE 0% 78 70 BUSkE PZT 7R 7E M 2 80K &, A & B R SE /N1 (<<10 pm™) |
R (52.6 mV/kPa'”) MA 96 (>90 MHz ") 5 Z I (>51E ") R 5 Z m il TAR S5 s o PR, iF
T B LR R AL IR AR B A B R R R B SR B . H T G ER R A IR A 1 R R
PR T R A UE A AR T A R AR o G ET R Ik B A FE AR UL I SO AT
ZIA] B AR AR F SR L AL 4 e A s B AR B R R S A & AR AR b B A A R ROk S R AR Ak
SRR BUR P A5 B, M 08 7 AL 5 A A R R AR ORI R R AR L AR AR T2 A T S
T 2T 8 75 U A R R 14 TR s R ' HL e e L FL A S RO D I A B SR R LA TS S R R R g, Tk —
A P TG BN R 75 U R AE L

TR P 0] R B ity , G T A5 IR A O 2 3 B 0 % O B 5 0 7 D Rl i, SO T R D R B R & TR
B SRS PZT HL IR Sl Oy SR B SO R I R BT AR R ) R RIAS [R) T B 1) 0 R 5 T
KB, B e 2 R R AR AR SRR A SO RN, — RADE DI REA R, N 5t &R

HEEWB WK AR #34 (Nos. 61735014, 61927812, 62005214)
E—1EE AR (1987—) , T, Bl 08z A, EEBEIE 7 1) R OG B FOGER B 7 5 &4 R . Email: zhshao@nwu.edu.cn
BIRAESE e (1955—) , 5 B2 W+, BB T m N e i FHOR SRR 5 5 4R A AR I O il U R A A I 4E
Email: xgqiao@nwu.edu.cn
W is BH#:2022-07-01; 5% A H#:2022-09-16
http: // www. photon.ac.cn

1006001-1


https://dx.doi.org/10.3788/gzxb20225110.1006001
mailto:E-mail:zhshao@nwu.edu.cn
mailto:E-mail:xgqiao@nwu.edu.cn

P/ R 4

QR JFURL 2 BRARAT T A BT A HLAOR IR 2 R R A W AR BURL A B R B m AU
JERAPERE . AR, JLF BT A B GRS D RE SRR 2 O R W R S W R BT AY X SO R AR B IR EEE R
PENFE e H bR SRR AR S, DL R A A AR A o RO D RE R AR 20 U T R iy LR TR SR T, T
BACH B PZT S SR, 52 By iy o 75 3000 , RIVEESRAA L BLAT 5 D B W Wi | s R B 0 0ROt 403
{EL AR RRAS | 5 O T RRVB R SRR P o DRI, D A0k 5 i L b R A A R S W 0K, 7 — AP R R A O
PN REM R SO HOAR

B vei it TR P Ul AR g M R D' £ AR R R FRA A A, S B SRR P A R R S
LR B i 5 0 PSS A 4 S K ol [T 30 AR, PTORS 20 B2 SO 72 g LSS AL PN AL AR R o 20 T 42 90 4R AR
T RS A W 2R A A R IR AL T YL ———— R A B S B R S AR T R A B 11 2
R P AR, RV K b 80 7 A s S A o O AR IR R i AR Sl A (R S o bl T R Y B
R0 & A 2 MR REARKE A W A S 5 O A R RE AR R Ik b O T R T A TR I el DL AR i iR R
F14 8 P 9, L e Wi — B R RO T 854, 1T 0 2 - 95 S W 2 A7 72 A6 5 L BRI T A 2 2, I
I, T S A M A R G b R ) BRI A Sl PR R BOR o 0 T R BRSOk U, DG A RAE AR A 2D
AE 2 FE AL B 7 SRR AT 2 E 27 A R A 32 5 T .

HDCLF BAR YT L A4 (4 K GLT 7 A% RS A A RL A5 L Rt 15 X045 05 T B4 A R i 2™,
Gr GET 7 YA R © 22 R N T Tl ARG i P AR B R A AR . A Takeda A1 H 7 AL AT R
WF5E T —F/N ARG EF Bragg YoMl (Fiber Bragg Grating, FBG) I Fl TRk £F 4 52 A B RE 0 25 ¥ 481 405 Wa I, AR 305
ARSI = BB 30 14 % M L A0 380 28 B 8] £ 53 HE ) I B o e A, b st 3 Ry AT RS mLRE G £ K W 45 B 51
RN 2R G817 T T M = B0, B ¥ R DI JE 2 A () 18 S S SR T, AT SRR W o0 R o R SR R i 2
SEOU A o ASCEELER T OCE T3 RO LT UMY A5 LA SR f) Ol 218 75 15 RS 9 1 TR B e JiE BIAR
Xt H AR T L R AR G A St A RO R A R ) BRSO P S D5 1 A B TR
AT T F A A7 AR A RE 22 B TR PR 3 ok 25 4R T M 7 0 A R 7 904 i AR I 5 119 4 g XL i), 7
2 N ASEAUBOAR BB 0B S HUET AL | LA T3 1 3 o I B 0 B 1 A s R A K-

1 XABRKERSARARE

HI T OGEF A2 B AR AR L T Ge sl A0 I 7 XA SR I A H, 28 TX LE 25 TOLEr 5 PZT Bl A P e fig
R R OGZT BT A% IR R I T B SOOI BB TR 1 ELRTT B G 4T S B R 2R 1 2 RE AL, L BOG 2T 1 IR
e WIF ) 3B 7 35 MR T 2B AN W B IR N AR B RTE T 2 B 1 Dl £ R e SRS B AR O 1 T (N T2 4t
Ko AR R 2 AR A ) o A B BLAY 22 RO 7 7S AR IR TR, R SR T LT R R P AL TR A A T B DA
JEMHE DELF W R o S5 FOLRUN THOR 55 AL AR, D6 2R S R 75 A AR AN T 9 R OE T
PG A v T B A (A2 K T B o 17 5 BEORE R B ST A ) T S B v B R R TR I 3
B G P PO £T R P I A AR S S A T

R1 PLTEXFEFERBRIFERI
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PZT Fiber
Narrow detection bandwidth Broadband response
Large size Small size, light weight, flexibility
Sensitive to electromagnetic disturbance Immunity to electromagnetic interference
Poor stability of signal transmission Stabilized transmission in fiber
Poor multiplexing Good multiplexing, multichannel detection
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(a) Experimental setup based on the DBR fiber laser (b) Beat signal spectra of the DBR fiber

laser as the acoustic transducer
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Fig. 7 Experimental setup for ultrasonic measurement based on DBR fiber laser™"
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(a) Experimental setup of FBG multiplexing (b) Reflection spectrum of the two multiplexed FBGs,
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Fig. 8 Diagram of ultrasonic experimental system for chirped FBG multiplexing measurement'””’
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Fig. 9 Seismic physical model imaging at University of Houston'""”

(b) The design of the physical model and the ultrasonic imaging

(a) The shale physical model and the acquisition system
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Fig. 10  Shale physical model imaging at Beijing Petroleum University'
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Fig. 11 Ultrasonic imaging of seismic physical models using a phase-shifted fiber Bragg grating""”’
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(c) The suspended-core fiber sensor based on FBG-FPI (d) The reflection spectra of the FBG-FPI when grating
spacing is 500 pm
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Fig. 12 Interferometric optical fiber ultrasonic sensors'"' """
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Fig. 13 FBG optical fiber ultrasonic sensors'" "
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Fig. 14 Experimental setup of optical fiber ultrasonic testing system
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Fig. 15 Photograph of the designed 3D seismic physical model corresponding to the structure in southern Sichuan area'"’
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(a) The seismic physical model with fault, (b) Reconstructed 3D image of the seismic physical model
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B 16 M EmEAA F KRG

Fig. 16 Scanning imaging of seismic physical model"""
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Fig. 18 Laser ultrasonic system based on laser interferometer'
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Abstract: The ultrasonic imaging of seismic physical model is an effective seismic simulation method for

on-site seismic exploration. According to a certain simulation similarity ratio, the geological model of the

field geological structure is constructed in the laboratory. The experiment of seismic physical model

imaging has been widely used in oil and gas exploration, such as studying the basic regularity of wave

propagation and the seismic response of typical geological structures, optimizing field observation systems

and exploration methods, and verifying propagation theory and mathematical calculation methods. Because

the ultrasonic signal transmitted in complex models is usually weak, it is necessary to employ a high—

performance ultrasonic transducer to collect the echo signals. The traditional detection method usually

adopts Piezoelectric Transducers (PZTs). The mechanical resonance of PZT determines its narrow—

frequency response characteristics. In addition, in the application of array sensing, PZT has difficulties in

signal demodulation and is also easy to be disturbed by electromagnetic environment.

In comparison, fiber—optic ultrasonic sensor can avoid most of the shortcomings of PZT. Fiber sensors

have the advantages of small size, high sensitivity, wide—{requency response, anti—electromagnetic

interference, etc. Therefore, the research on new fiber-optic ultrasonic sensors has very important

technological significance and application value. At present, the development trend of fiber—optic ultrasonic

sensors mainly focuses on high sensitivity, high spatial resolution, broadband response and other

characteristics. The basic principle of fiber-optic ultrasonic sensors is the interaction between ultrasonic

wave and optical fiber, causing changes in the intensity, phase, wavelength, polarization state of optical

fiber transmission and reflection light. The ultrasonic information is obtained by demodulating the small

changes in the above optical parameters. The demodulation methods include phase demodulation, intensity
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demodulation, and optical frequency demodulation. Meanwhile, preparing new optical fiber ultrasonic
sensing devices in terms of materials and processes, the signal-to—noise ratio of fiber-optic ultrasonic
sensing can be further improved by integrating photoelectric conversion, electrical signal amplification,
signal filtering, and other technologies into the signal demodulation system.

For ultrasonic echo acquisition, fiber-optic sensors have shown obvious advantages. For the excitation
of ultrasonic wave source, laser ultrasound gradually emerges in ultrasonic detection. Compared with the
traditional PZT, laser ultrasonic technology can excite the ultrasonic field on the surface of objects with
different scales and shapes. The excited ultrasonic wave has the characteristics of wide—frequency band,
multi-mode waves, high intensity and non—contact. The nanosecond pulse laser is irradiated on the
photoacoustic functional material with high absorption, and the material absorbs heat to produce periodic
expansion and contraction, thus generating ultrasonic waves. Based on the photoacoustic effect, a series of
photoacoustic functional materials, such as noble metal nanoparticles, carbon nanotubes, graphene, and
organic nanoparticles, have shown efficient photoacoustic properties. However, almost all photoacoustic
functional materials are designed for biomedical applications. These photoacoustic materials need to have
low toxicity, immunogenicity, high target affinity and specificity, and high biocompatibility. Coated on the
surface of seismic physical models, the photoacoustic functional material can replace the conventional PZT
emission source to achieve high—quality ultrasonic excitation. The material is required to have the
characteristics of wide-band absorption, high thermoacoustic conversion efficiency, high laser damage
threshold, low cost, easy extension in a large area, etc. Therefore, in order to meet the needs of ultrasonic
imaging of seismic physical models, it is necessary to further develop efficient photoacoustic functional
materials and laser excitation technology.

The two technologies of high—quality laser ultrasonic excitation and high—performance fiber-optic
ultrasonic sensing can be combined to realize high—intensity excitation and high—fidelity sensing of
broadband ultrasonic waves. All-optical pulse—echo imaging of seismic physical models can accurately
extract the internal structure information of seismic physical models. In 1990, the French Petroleum
Research Institute, a world—famous comprehensive oil, natural gas and chemical research institute, took
the lead in proposing the optical ultrasonic imaging technology for seismic physical models. Pulsed laser
was used to generate ultrasonic waves. Laser interferometer was employed to detect the vibration and
sound signals in the models. Seismic physical models are made of resin, silicone rubber, paraffin, gypsum
and other materials with weak photoacoustic properties. When the pulse laser is directly irradiated on the
model, it is difficult to generate high-intensity ultrasonic waves and the receiving end adopts laser
interferometer. However, laser interferometer have the disadvantages of high price, low sensitivity and
inconvenient use. Therefore, there have been few reports on all-optical ultrasonic imaging technology of
seismic physical models in recent years. For the in—lab detection of seismic physical models, the fiber
characteristics of flexibility and multifunction make all-fiber ultrasonic imaging more and more concerned.

Throughout the development of fiber—optic technology in recent decades, fiber-optic acoustic sensors
have made great breakthroughs in materials, structures and fabrication. Some have been successfully
applied to industrial nondestructive testing, marine seismic exploration, and other fields. This paper mainly
summarizes the sensing mechanism and development status of several typical fiber—optic ultrasonic
sensors, such as fiber interference type and fiber Bragg grating type. The state—of-the—-art of electroacoustic
transducer, fiber—optic ultrasonic sensor and laser ultrasonic technology in ultrasonic imaging of seismic
physical model are comparatively shown, and the existing scientific and technological problems and
challenges are also deeply analyzed. By comprehensively discussing the new development of ultrasonic
imaging research in seismic physical models, this paper reveals the new trends and opportunities of in-lab
simulation technology, so as to improve the exploration ability and informatization level of oil and gas
resources in China.

Key words: Seismic physical model; Fiber-optic ultrasonic sensor; Electro—acoustic transducers; Laser
ultrasound ; Ultrasonic imaging
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