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Abstract

The determination of subsurface deformation is critical to understanding the subsurface
dynamic processes, but most of conventional monitoring methods still have challenges in
remotely obtaining detailed data. Herein, a novel fiber-optic wireless sensor network using
the ultra-weak fiber Bragg gratings technique was proposed. It allows real-time remote cap-
ture of subsurface deformation along the fiber-optic cables. Such a fiber-optic measurement
system was employed in a borehole to a depth of 340 m in Cangzhou, China. Strain profiles
were measured monthly with a spatial resolution of 5 m and strain resolution of 1 pe, and
the development of all strata deformation in the aquifer systems was calculated from Janu-
ary 2019 to December 2019. It turns out that the subsidence rate in this area is approximate
9 mm/a, which agrees well with the result of extensometer measurements. The significant
strata compaction in the second aquifer and the third aquitard rapidly increased from May
2019 to July 2019, which could be attributed to the decline in groundwater. It is concluded
that the fiber-optic wireless sensor network accurately captures subsurface deformation
development and helps to better elucidate the subsurface deformation mechanism and pro-
vide solutions for the prevention and mitigation.
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1 Introduction

Ground deformation is one feature of the geohazards, e.g., earthquake, landslides, and land
subsidence (Amelung et al. 1999; Hu et al. 2020; Parker et al. 2011; Xu et al. 2020). It
may damage the existing geological landscape and artificial infrastructures and threaten
human life and properties. Monitoring the dynamic process of vertical ground deforma-
tion is critical to understanding the disaster mechanisms. The conventional monitoring
methods can be categorized into space-based techniques (including InSAR and airborne
LiDAR) and ground-based techniques (including GNSS, LiDAR, leveling, and extensom-
eters) (Amelung et al. 1999; Galloway and Burbey 2011; Hu et al. 2020; Hung et al. 2017;
Xu et al. 2020). While most of these techniques can only detect the surface motions, groups
of extensometers in boreholes allow the determination of subsurface deformation at sev-
eral depths, but the spatial resolution in measurement can range from tens to hundreds of
meters, e.g., 30-328 m in Yang et al. (2019). Therefore, it remains challenging to map
the detailed distribution of vertical subsurface deformation using conventional monitoring
methods due to the spatially discrete displacements information.

Fiber-optic sensing (FOS) is an advanced investigation method for geological disasters
with the advantages of long-distance, spatially continuous, and robust measurement. In
recent years, FOS technology has been implemented in distributed strain sensing (DSS)
(Kogure and Okuda 2018; Liu et al. 2021), distributed temperature sensing (DTS) (Freif-
eld et al. 2008; Selker et al. 2006), and distributed acoustic sensing (DAS) (Lindsey et al.
2017; Marra et al. 2018) in geoscience, hydraulic and geotechnical engineering. Among
these technologies, DSS technologies are usually based on Brillouin scattering or Ray-
leigh scattering, which enable strain measurements in the meter- or centimeter-scale spa-
tial resolutions, respectively (Barrias et al. 2016). DSS adopts a strain-sensing fiber-optic
cable to determine the strain profile along the entire length, which can be used to quantify
the deformation of strata or infrastructures. The feasibility of DSS for subsurface defor-
mation monitoring in boreholes has been illustrated in previous studies (Gu et al. 2018;
Kokubo et al. 2015; Liu et al. 2019; Liu et al. 2020; Wu et al. 2015; Zhang et al. 2018).
More recently, the utilization of micro-anchored cables significantly improved the quality
of fiber-optic measurements in the near-surface (Zhang et al. 2021a).

However, most of the long-distance DSS techniques are manual measurements accom-
panied by low automation and intelligence features. The fixed and low sampling frequen-
cies limited observation data that are not conducive to exploring the subsurface defor-
mation mechanisms. Some researchers utilized fiber Bragg grating (FBG) sensors to
wirelessly monitor the dynamic strain with a short time interval (Kim et al. 2013; Saouma
et al. 1998; Yao et al. 2015). With the development of ultra-weak fiber Bragg gratings
(UWFBGs) technology, it was used to improve the capacity of Bragg gratings in a fiber-
optic cable (Muanenda et al. 2019; Wang et al. 2015; Wang et al. 2011). Such technology
offers the possibility of remote real-time DSS for subsurface deformation.

In this study, a new type of strain measurement technology using UWFBGs is proposed,
allowing remote monitoring of subsurface deformation. Based on this, the fiber-optic wire-
less sensor network was proposed, and the subsurface strain profiles in Cangzhou, China,
from January 2019 to December 2019 were demonstrated with a spatial resolution of 5 m
and a strain resolution of 1 pe. The fiber-optic measured strata deformation was verified by
the results measured by extensometers. The fiber-optic measurements show potential for
revealing subsurface deformation processes and early warning systems in geoscience.
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2 Methodology
2.1 Fiber Bragg grating technique

As shown in Fig. 1, a fiber Bragg grating (FBG) with a period of A is written in the fiber
core. The FBG will reflect the light of a specific wavelength when the broadband light
is injected into the fiber and passes through the FBG. The Bragg wavelength Ay of the
reflected light is determined by the grating period A and the effective refractive index
neg of grating in the fiber core by (Hill and Meltz 1997):

Ag = 2n4A (1)

The Bragg wavelength will shift when the axial strains Ae and temperature variations
AT are applied to the fiber-optic. Moreover, the Bragg wavelength shifts (Alg) keep a
linear relationship with the strain or temperature changes as follows (Moyo et al. 2005):

% = Ae 2
T =K )

Ady

— = K;AT 3)
Ap

where the K, and K are the wavelength sensitivity coefficients of strain and temperature,

respectively. The two coefficients can be, respectively, calibrated by laboratory experi-
ments at constant temperature or without strain. Generally, the FBGs are more sensitive
to the change of strain, e.g., the K, and Ky of 1550 nm FBGs are ~1.15 pm/ue and ~ 14
pm/°C, respectively (Rao 1997).
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Fig. 1 Principle of fiber Bragg grating measurement
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2.2 UWFBG-based strain measurement

To improve the capacity of Bragg gratings in a fiber-optic cable, the ultra-weak fiber
Bragg gratings (UWFBGs) technique was proposed by decreasing the refractive index
R of the Bragg gratings (Muanenda et al. 2019; Wang et al. 2015; Wang et al. 2011).
Thousands of Bragg gratings with ultra-weak refractive index (i.e., R<0.1%) can be
written in the same fiber core, respectively, and each UWFBG can measure a strain
or temperature result. Based on time-division multiplexing (TDM) technology, all
UWFBGs can be localized when massive UWFBGs are connected in series because
their reflection time of the incident light varies at different positions (Fig. 2). Therefore,
a series of UWFBGs with the same refractive index and wavelength (1; =/A,=eee=1)
can be multiplexed in a fiber core, namely the identical UWFBGs array. Finally, the
reflected time is used to localize the sensors (Eq. (4)) and the wavelength shifts are used
to obtain the strain or temperature changes.

e 2n gd

“
c

where c is the light velocity in the fiber-optic; d is the interval distance of UWFBGs; ¢ is
the time interval between receiving two UWFBGs wavelengths in the fiber.

Compared to the Brillouin scattering- or Rayleigh scattering-based DSS techniques,
the UWFBGs technique can record and remotely transmit the strain results, and the time
interval of data sampling for field monitoring can be as intensive as 1 min. The others
belong to the manual survey techniques, so the in-situ measurement and the data storage
are conducted manually. Usually, the fixed and low sampling frequencies are the appar-
ent features, and the sampling frequencies of the DSS technique may range from 3 to 5
months in the long-term monitoring (Liu et al. 2019; Liu et al. 2020).
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Fig. 2 Distributed strain sensing based on UWFBGs array
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2.3 Strain integration methods

For distributed strain sensing cable (DSS cable, Fig. 3a), the soil strain transfer along the
entire length in cable and soil deformation can be calculated by

[
AL = / e(D)dl 3)

b

where AL is the deformation from /, to /,, and ¢ is the strain along the cable.

For strain sensing cable with UWFBGs (UWFBG cable, Fig. 3b), only the glued point
inside the cable can respond to soil strain because the other segments are not in contact
with the cable sheath. Hence, the deformation of the cable can be calculated by

H,
AH = / e(H)dH = (Hy — H,) - e(H) (6)
H,

where AH is the deformation from H, to H,, and &(H) is a single-point strain of UWFBG
between H, and H,. The fiber-optic is glued at two sides of UWFBG with a constant
interval.

2.4 Fiber-optic wireless sensor network

Fiber-optic wireless sensor network allows fiber-optic sensors to monitor and remotely trans-
mit the target results, mainly including strain or temperature. For example, the network can
host a massive number of UWFBGs strain sensors installed into the boreholes or trenches in
the study area, and then a detailed strain profile can be captured. Figure 4 illustrates the frame-
work of the fiber-optic wireless sensor network. The prior work is surveying the geological
environment based on the Space-Sky-Ground (S-S-G) techniques (Hu et al. 2020; Xu et al.
2020), followed by determining the study area and the hotspot case. Then, the single- or multi-
parameter fiber-optic wireless sensors will be installed in the field (sensing module). The real-
time fiber-optic measurement results are interpreted by the fiber-optic interrogators and then
remotely transmitted to the software in the host via the 4/5G Internet within 10 s (transmission
module). In the cloud module, the software receives the wavelength measured by UWFBGs,
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Fig. 3 Typical tensile strain distribution of fiber-optic cables induced by soil. a DSS cable. b UWFBG cable
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Fig.4 The framework of the fiber-optic wireless sensor network. a Flowchart of early warning system via
fiber-optic wireless sensor network b Three modules of fiber-optic wireless sensor network including the
sensing, transmission, and cloud modules

calculates the target results, analyzes the critical state, and finally decides whether to warn or
not (Fig. 4b).

As shown in Fig. 5a, a borehole-based fiber-optic wireless sensor network is employed
for vertical strain measurement: (i) a strain sensing cable with UWFBGs is installed into the
borehole (Fig. 5b, c¢), which works as the sensing module for soil strain; (i) In transmission
module, the wavelength interpreted by the UWFBG interrogator can be remotely transmitted
to the control center via 4G/5G Internet (Fig. 5d); (iii) The software outputs the strain profile
and the subsurface deformation (Fig. 5e); (iv) Furthermore, the warning algorithm should be
integrated into the cloud module, for example, comparing the vertical subsurface deformation
to the historical data, analyzing the strata deformation state, and publishing the early warning
if a certain threshold is exceeded.
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Fig.5 Schematic view of the wireless-sensing system of subsurface deformation. a The borehole-based
monitoring system of strata deformation using UWFBGs; b Front view of strain sensing cable with
UWFBGs; ¢ Cross-sectional view of borehole; d Data transmission, collection, and interpretation; e Verti-
cal strain measurement results

3 Fiber-optic measurements of vertical subsurface deformation
in Cangzhou

The fiber-optic wireless sensor network was deployed in Cangzhou, North China Plain,
China, which undergoes severe land subsidence (Xue et al. 2005). Figure 6 shows the loca-
tion of the study area and accumulative subsidence of the Beijing—Tianjin—Hebei Plain.
The land subsidence in Cangzhou occurred in the 1970s, and the maximum accumula-
tive subsidence in the urban area reached 2.5 m in 2008, and the average subsidence rate
exceeded 65 mm/a (Xue et al. 2005; Zhu and Guo 2014). Approximately 15 % area under-
goes accumulative subsidence greater than 1 m. The subsidence rate dropped to 10-15
mm/a with the prohibition of groundwater extraction in 2005. Previous studies show that
the land subsidence in Cangzhou is mainly caused by groundwater exploitation in the third
aquifer, which causes the cohesive soil layer (clay and silty clay) to be compacted and dif-
ficult to recover (Guo et al. 2015; Zhu and Guo 2014).

The borehole (38°17'20" N, 116°52'30"” E), namely CZ01, with a depth of 340 m and
a diameter of 129 mm was drilled on 20 September 2018 (Fig. 7). The strata lithology is
dominated by silty clay, clay, silt, and silty sand. The Quaternary deposit is divided into
four aquifer—aquitard layers, and the fourth aquifer is not fully exposed due to the limita-
tion of the CZ01 borehole depth.

The fiber-optic cable with UWFBGs used in the study is the NZS-DDS-C03 cable
(Suzhou Nanzee Sensing, China). From outside to inside, the loose-buffered cable con-
sists of a polyurethane (PE) jacket, steel conduit, buffer, UWFBGs, and silica fiber-optic
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Fig.6 The location of the CZ01 borehole and the accumulative subsidence map of the study area

(Fig. 8). Note that the manufactured UWFBG cable is the identical UWFBG array, and
the interval of UWFBGs is 5 m. Before the field investigation, the UWFBG cable should
be calibrated for the strain sensitivity coefficients. A 3-m-long fiber-optic cable with a
UWEFBG was cut from the same UWFBG cable and then glued with an interval of 2 m,
and finally calibrated in the laboratory. As shown in Fig. 9, the cable is horizontally fixed at
the calibration tester with a length of 2 m, which can be extended by the motor with a cer-
tain velocity. The fiber-optic wavelength interrogator measures the wavelength results after
each displacement increment of 2 mm. The NZS-QDS-Q01 UWFBG interrogator analyzes
the wavelengths, and its technical specifications are summarized in Table 1. Finally, the
strain coefficient can be calculated by Eq. (2), and the strain coefficient calibrated in this
research is 869.56 pe/nm (Fig. 10).

4 Results and validation
4.1 Subsurface strain profile

High-resolution subsurface strain profiles shed light on the subsurface deformation. For
the fiber-optic measurement in the CZ01 borehole, the strain can be transferred from
the wavelength measured using the UWFBG cable; the wavelengths were analyzed and
transmitted remotely by the NZS-QDS-Q01 UWFBG interrogator placed in the observa-
tory near the CZ01 borehole. Figure 11a shows 11-month wavelength results from Janu-
ary 2019 to December 2019, and Fig. 11b depicts vertical strain profiles along the CZ01
borehole. To better-elucidate the subsurface deformation process, a color map showing the
full-depth (340 m) strain changes is shown in Fig. 11c. It can be readily seen that the nega-
tive strain dominates the soil strain, while the positive strain occurs in only three minor
layers. The first stratum with the positive strain is localized at the shallow depth of 5 m,
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which can be attributed to the variations of air and shallow soil temperature (Kogure and
Okuda 2018; Zhang et al. 2018). The second layer undergoing the positive strain (slight,
~50 pe) appears at a depth of 44—54 m. A third positive-strain stratum can be easily found
at a depth of 281-286 m in the third aquifer (Af-III), which means the rebound occurring
in the Af-III. The rebound of aquifers is a normal feature that has been reported in many
regions, e.g., the Yangtze River Delta Plain (Wu et al. 2015) and the North China Plain
(Guo et al. 2015). While the rebound occurs locally, the compaction is the significant pat-
tern of subsurface deformation in the CZ01 borehole.

To summarize, the fiber-optic wireless sensor network was successfully implemented in
the CZ01 borehole, and the detailed strain profiles were captured in depth and time. How-
ever, the reliability of the strain results is still unknown, the next section will introduce the
comparison with results from extensometers.

4.2 Deformation validation

For fiber-optic measurements, the subsurface deformation can be calculated by Eq. (6).
Meanwhile, the strata deformation can also be obtained by monitoring the displacement
between two extensometers, and three borehole-based extensometers were installed near
the CZ01 borehole at a depth of 41 m, 150 m, and 267 m, respectively. The strata deforma-
tion results calculated by UWFBG cable and extensometers are shown in Fig. 12, positive
values mean the rebound, while negative values mean compaction. Only two strata defor-
mation with the thickness of 57 and 127 m are compared, respectively. It is evident that

@ Springer



2567

Natural Hazards (2021) 109:2557-2573

1>

0c>

go<

000C< 91 G9S1—6¢S1

(urwr) owrn Surdweg

(ury) YISuS[ JUSWINSLIAT

(wr) uonnjosai [eneds

(wd) uonnjosoy

[euueyd/SOGIMN NEldifg) (wu) ySusresem uoneradQ

J01ES01IMUT DI JO Suoneoyroads [eoTuyday, | ajqel

pringer

As



2568 Natural Hazards (2021) 109:2557-2573

(a) Wavelength (nm) (b) Strain (e) (c)

-400 -200

Strain (e)
0

200 400
1562 1554 1556 1558 1560 400 -200 0 200 400

0 10 ﬁ
At-l
Af-l |23
27
50
At-1l
100 —
133
150 —
Af-Il
E
= 194
g
& 200
At-ll
250 —
283
Af-lIl
300 — 316
At-IV
340 (m)
350 350 Aquifer system
——01/01/19 ——01/02/19 ——01/03/19 —— 01/04/19 —— 01/05/19 —— 01/06/19 —— 1/07/19 —— 01/08/19
— 01/07/19 —— 01/10/19 —— 01/11/19 —— 01/12/19 Date: dd/mmlyy

Fig. 11 CZ01 borehole: 11 months optically measured subsurface strain profile from 1 January 2019 to 1
December 2019. a Real-time wavelength change results; b Strain profiles; ¢ Color map of subsurface strain
changes. Positive values mean rebound; negative values mean compaction
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Fig. 12 UWFBGs and extensometers measured strata deformation in the CZ01 borehole at a depth of a
41-150 m and b 150-267 m

fiber-optic measurement is in good agreement with extensometers in the trend and mag-
nitude of the subsurface deformation at a depth of 41-150 m and 150-267 m, respectively
(Fig. 12a, b), with cumulative strata compaction of ~2.5 mm. Note that the slight rebound
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in the second aquitard (At-II) was neglected in the compaction behavior of the 109-m-thick
stratum (41-150 m deep). Clearly, the UWFBG measurement accurately maps the detailed
subsurface deformation and avoids the underestimation of strata compaction.

4.3 Sensitivity to groundwater

With the strain profiles along the entire length, the significant deformation of the aquifer
system from approximately 10-340 m depth can be easily obtained. Note that strata defor-
mation below 10 m is subtracted for the effects of air temperature, and the influence of
deeper strata temperature on UWFBGs can be ignored in the field investigation. Figure 13
shows the relationship between groundwater level and strata deformation, including four
aquitards and three aquifers at a depth of 10-23 m (At-I), 27-133 m (At-II), 194-283 m
(At-1IT), 316-340 m (At-1V), 23-27 m (Af-I), 133-194 m (Af-II) and 283-316 m (Af-III),
respectively. Ongoing subsidence was observed in 2019, reaching cumulative subsidence
of 9.0 mm. The deformation rate dropped to the lowest value (—2.5 mm/month) in July
2019 and then increased and tended to be stable (approximate —0.8 mm/month) (Fig. 13a).
Meanwhile, the groundwater level decreased to 95 m due to the peak water consumption
in the summer (Fig. 13b). Therefore, the subsidence rate keeps a correlation with fluctua-
tions in deep groundwater. From Fig. 13c, the compression of the At-IIl increased sig-
nificantly in July 2019, and the monthly subsidence reached ~0.9 mm; after October 2019,
the compression gradually stabilized and reached 2.9 mm. The strata deformation of the
At-TIT coincided with the groundwater fluctuations. As shown in Fig. 13d, both compres-
sion and rebound (<2 mm) were found in aquifers, the adjacent aquifer (Af-II) over the
At-III showed a similar tendency of deformation. Note that the Af-III rebounded when the
groundwater level decreased, indicating that the rebound might be dominated by deeper
groundwater.

Generally, the subsidence in Cangzhou has been controlled, and its rate tends to be sta-
ble, which is within the reasonable subsidence range according to the historical data. This
indicates that the early warning is not necessary.

5 Prospect on fiber-optic wireless sensor network

The traditional subsurface deformation measurements comprise only several layers in the
aquifer system. Recently, the emerging fiber-optic sensing technologies show the potential
in borehole-based distributed strain sensing, which contributes to identifying the hotspots
of subsurface deformation. For example, Liu et al. (2019) and Liu et al. (2020) deployed
the DSS cables into boreholes to capture the strata strain response to the groundwater fluc-
tuations and high buildings at 3—-5 months intervals in Lianyungang and Tianjin, China,
respectively, and investigated the land subsidence mechanisms. Herein, the UWFBGs
technique supplements the DSS technique that allows real-time remote strain measure-
ment. The UWFBG measured results are in good agreement with the extensometer results
in millimeters scale, which indicates that the UWFBG cable maintains a strong cable-soil
interaction in the CZ01 borehole and accurately transfers strata strain. The robustness of
strain-based fiber-optic wireless sensor network and the reliability of measured subsurface
deformation have been demonstrated in this study. Thus the following work can be con-
ducted as follows:
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1. The prediction of subsurface deformation based on machine learning. The fiber-optic
wireless sensors network can output the reliable strain data in 1 min in the cloud mod-
ule. The massive strain data are stored and calculated in the software and would be a
database for the precise prediction of subsurface deformation if the machine learning
method could be integrated into the software. A similar approach has been implemented
in the landslide early warning system, e.g., Xu et al. (2020) and Zhang et al. (2021b).

2. Wireless sensors network of multi-parameter. UWFBG sensors are sensitive to strain
and temperature, which helps obtain the other related environmental parameters using
the specific transfer functions. Therefore, the UWFBG sensor will be manufactured to
measure stress, salinity, moisture, and vibration (Bai et al. 2017; Jiang et al. 2021; Zhu
et al. 2017), enriching the fiber-optic sensing system in the future.

6 Conclusions

In this study, a fiber-optic wireless sensor network with UWFBGs was proposed, and the
fiber-optic measurements for subsurface deformation in Cangzhou, North China Plain,
China, was demonstrated. The findings are drawn as follows:

1. The fiber-optic wireless sensors network using UWFBGs for monitoring subsurface
deformation is firstly reported. Such a novel network can remotely transmit wavelength
results in almost real-time and provide near full-length strain profiles of the subsurface.

2. The proposed fiber-optic network was successfully implemented and efficient in map-
ping the subsurface deformation in Cangzhou, China. The annual land subsidence in
this area was 9.0 mm in 2019, which agreed well with the result of extensometers.

3. The detailed subsurface deformation results help identify the dominant compressed
strata and drivers. The Af-II and At-III in the aquifer system significantly contributed
to the land subsidence. The deformation of these strata varied with groundwater fluc-
tuations: the land subsidence rapidly increased from May 2019 to July 2019 due to the
decline in groundwater.

4. Furthermore, the fiber-optic wireless sensors network possesses the potential for intel-
ligent database and networking. The UWFBGs sensors can be developed toward sensing
strain- or temperature-based parameters in geosciences with high accuracy.
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