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Abstract. Land subsidence is a worldwide geohazard caused by various factors, and its direct impact is loss
of elevation, which is especially severe in coastal areas due to sea level rise. Quantifying contributions of com-
pressed strata is significant for evaluating the subsidence. In this paper, we used distributed fiber optic sens-
ing (DFOS) with Brillouin scattering to monitor the strain distribution along optical cables embedded in a bore-

hole located in Tianjin, China. The novel technique revealed that the land subsidence rate was 21.2mma~

1

from 2017 to 2019. The strata contributed to the subsidence have been identified in the range of 3 to 35 m. The
results showed good agreement with those obtained by a group of extensometers. We demonstrated that DFOS
could be a supplement to land subsidence monitoring technologies in coastal areas.

1 Introduction

Land subsidence refers to the decline of ground surface el-
evation, which can be attributed to anthropogenic and natu-
ral reasons (Xue et al., 2005). In coastal areas, land subsi-
dence has become one of the most serious geological haz-
ards because of multi-layer coastal soft soils, groundwater
pumping, and excessive constructions. The situation is get-
ting worse by the joint-influence of sea level rise. There-
fore, it is significant to adopt robust technologies for land
subsidence monitoring in coastal areas. Methods commonly
adopted to perform surveys and research in land subsidence
monitoring mainly include GPS, InSAR, and leveling and ex-
tensometers (Baldi et al., 2009; Amelung et al., 1999; Erkens
et al., 2015; Galloway et al., 2016). GPS, InSAR, and level-
ing monitor ground motion, so it is difficult to identify the
depth and contributions of compressed strata. Extensometers
need a group of monitoring positions to measure deformation
in specific strata, and the measured deformation is spatially
limited.

The distributed fiber optic sensing (DFOS) technique over-
comes the above shortcomings, and it has advantages of

long-distance and continuous monitoring along a single opti-
cal fiber (OF). Researchers have successfully adopted DFOS
technique in land subsidence monitoring in Suzhou, the
Yangtze River Delta in China (Wu et al., 2015; Gu et al.,
2018; Zhang et al., 2018).

Can DFOS be used in coastal areas? Tianjin is a coastal
city in China, which has been suffering from severe subsi-
dence (Shearer, 1998; Yi et al., 2011; Yang et al., 2019). In
this paper, we implemented DFOS technique to build a full-
section monitoring system in Tianjin from September 2017
to May 2019. The dominant strata compression in Tianjin
were identified, and the results of DFOS were verified by ex-
tensometers.

2 Methodology and in-situ boreholes

2.1 DFOS technology

Most DFOS technologies are based on Brillouin scatting, in-
cluding BOTDA, BOTDR, and BOFDA. The Brillouin fre-
quency shift (BFS) has a linear correlation to the changes in
longitudinal strain and temperature along OF. In this study,
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we used the BOTDR technology, of which the measuring
principle is as follows (Ohno et al., 2001):
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where vp(e, T) is the BFS; T is the temperature; ¢ is the
strain; vg(0, Tp) is the BFS while the temperature is Tp (ini-
tial temperature) and the strain is 0 (no strain); % and
% mean the strain and temperature coefficient of OF, re-
spectively.

2.2 DFOS system (G06)

In order to monitor the strata deformation at different depths,
we drilled a 100 m depth borehole (G06, Fig. 1a and b) and
embedded optical fiber sensors in the borehole in Septem-
ber 2017 (39°03/56” N, 117°37'36” E). The optical fiber sen-
sors are 5 m-fixed-point cable (5-FPC) produced by Suzhou
NanZee Sensing Ltd, China. The BOTDR interrogator used
in this study is AV6419 Optical Fiber Temperature/Strain
Analyzer produced by the 41st Research Institute of China
Electronics Technology Group Corporation, China. Its min-
imum spatial resolution is 1 m, the readout resolution accu-
racy is 10 cm and the strain measurement accuracy is about
£40 pe in the study. Material, mechanical properties of the
cable, and installation steps can be found in our previous re-
search (Wu et al., 2015; Gu et al., 2018). The initial data
of DFOS monitoring system were collected on 30 Septem-
ber 2017, and the monitoring was carried out in the next two
years until 30 May 2019 (Fig. 1¢). The cable strain was mon-
itored by AV6419 while the displacement can be calculated
by Eq. (2):
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where AL is the deformation from /; to />, &(/) is the strain
along the cable.

2.3 Extensometer (G02)

According to the historical data, the elevation of the most
serious area reduced by 3.2-3.4m from 1959 to 2008, and
the evaluations of some regions are lower than the sea level
(Hu et al., 2009). There is a group of extensometers (G02)
with a maximum borehole depth of 1218 m in the study site
(Yang et al., 2019). In the study, DFOS results were verified
by the results of four extensometers at depths of 3 m (F0),
33m (F1), 60m (F2), and 95.5 m (F3), respectively.

3 Results and discussions

DFOS can measure deformation at micro-strain range along
a single OF installed in boreholes. The deformation of any
strata can be calculated based on strain profile along OF.
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Table 1. Deformation of each stratum in GO6.

Layer Depth Lithology Deformation
(m) (mm)

1 2.8  Silty clay NA

2 18.8  Clay silt, Silty fine sand —30.18

3 20.0 Clay silt —0.61

4 23.0  Silty clay —1.34

5 35.0 Silty clay —3.11

6 39.8 Clay silt —0.51

7 56.0  Fine sand —-0.23

8 579 Claysilt —0.11

9 59.6  Silty clay 0.05

10 63.0 Clay silt, Silty clay 0.08
11 64.0  Silty fine sand 0.10
12 69.4  Silty clay, Clay silt —0.02
13 74.0  Silty clay 0.14
14 88.1  Fine sand —-0.70
15 90.7 Clay silt, Silt —0.18
16 97.3  Silty clay —0.46
Total —37.07

Note: Positive values in deformation mean soil rebound while negative values
mean soil compression. NA = not available.

Each layer deformation was calculated by strain along 5-
FPC, then the refined soil deformation in the borehole
was obtained (Table 1, Fig. 2). The DFOS results showed
that the subsidence in the study site reached 37.07 mm on
30 May 2019 and its subsidence rate is 21.2mma~!. The
Layer 2 (L2) cumulative subsidence is 30.18 mm, accounting
for 81.41 % of the GO6 profile, and the rate is 17.25 mm a— L,
The cumulative subsidence of L3-L5 are 0.61, 1.34, and
0.11 mm, respectively, accounting for 1.65 %, 3.61 %, and
8.39 %, respectively. The L2-L5 were always compressing,
which were the dominant contributed strata of land subsi-
dence.

The results of a group of extensometers consist of subsi-
dence of four extensometers (FO-F3), as shown in Fig. 1b.
The soil deformation is calculated by the difference between
two extensometers, and the results presented that the to-
tal compression of soil between FO-F3 is 139.2mm from
July 2011 to July 2017. The compression of three layers
is 131.3, 6.43, and 1.47 mm, respectively. The extensome-
ters results showed that FO—F1 accounts for 94.32 % of the
total 95.5 m-deep profile (FO-F3) while the soil deformation
monitored by DFOS at the same depth accounts for 93.83 %
from 2017 to 2019 (Fig. 2a). The results of two methods are
less than 1 % when monitoring the strata at the same depths.
The continuous deformation is significant for evaluating ev-
ery layer contribution to land subsidence, which is more de-
tailed than one of extensometers.

As shown in Fig. 2b, Tianjin suffered from severe land
subsidence before 1987 and the subsidence rate decreased
to ~20mma~! under government control. The land subsi-
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Figure 1. Location of GO6 borehole and the DFOS system of land subsidence. (a) Location of study area, China. (b) DFOS system and
extensometers system. (¢) Strain measured along 5-FPC.
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Figure 2. Land subsidence in Tianjin. (a) Comparison between optical fiber (OF) and extensometer at different depths. (b) Historical land
subsidence in Tianjin from 1985 to 2019 (R. Hu et al., 2002; B. Hu et al., 2009; Yang et al., 2019).
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dence rate measured by DFOS is 21.2mma~" while the re-
sult of extensometers is 23.2 mm/a, so the results obtained by
two technologies are reasonable. Furtherly, these contribu-
tions of strata compression to subsidence calculated by above
two methods are consistent in Fig. 2a.

In addition to great performance in quantitative assessment
of a 100 m depth borehole, more research should be investi-
gated, such as accuracy of DFOS at deeper depths, OF types
and backfill materials for different areas, wireless monitoring
system development, etc.

4 Conclusions

This paper aims to propose a robust and effective monitoring
technique for land subsidence in coastal areas. In the case
study, the DFOS monitoring system was established into a
borehole in Tianjin, China, and a comparison of results mea-
sured by DFOS and extensometers was presented. The defor-
mation of each soil layer was obtained, and the total subsi-
dence rate is 21.6 mma~"! from October 2017 to May 2019,
while the dominant strata that contributed to land subsidence
was localized at L2-L5. In agreement with extensometers re-
sults, DFOS can finely monitored the development of land
subsidence and precisely localized the compressed strata in
Tianjin.
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