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A distributed soil temperature measur ement system
with high spatial resolution based on BOTDR
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This paper presents a new, recently developed, distributed soil temperature measurement sensor
system, with high spatial resolution, based on Brillouin optical time domain reflectometry
(BOTDR). The process of devel oping the distributed soil temperature sensor isintroduced in detail,
including theprinciple, materials, installation, instrumentation and calibration. The new distributed
soil temperature sensor improves the spatial resolution from 100 cmto 3.3 cm, and has some other
unique advantages, including long distance measurement capability, alonger life cycle, galvanic
isolation, EMI immunity, good stability and ease of integration. Finally, anin situ comparison test
was carried out, where results from the new sensor were compared to data measured using
astandard point-mode system. Thistest proves that the newly developed distributed sensor isboth
accurate and has the capability to measure continuously the distribution of the soil temperature
along thewholeboreholedepth, indicating that this new measure techni que hasawide and powerful
application potential.

Keywords: distributed temperature measurement, Brillouin optical timedomain reflectometry (BOTDR),
high spatial resolution, soil temperature.

1. Introduction

Soil temperatureisone of themain indicators of the soil physical field, and itsvariation
reflects the energy exchange process between the soil and its surrounding environ-
ment [1, 2]. Soil temperature is one of the basic factors that govern soil moisture
evaporation, seepage, soil-water interaction, and ultimately affects the soil strength,
deformation, permeability, water retention and other engineering properties [3-5].
Changesin soil temperature may al so cause foundation damage[6], ground instability,
destruction of oil and gas pipes and other geotechnical engineering problems [7, 8].
Research on variation of soil temperatureisthereforevery important for understanding
soil behavior. Currently, the primary methods of monitoring the variation of soil
temperature are through a variety of temperature sensors that are buried in the soil.
The temperature sensors commonly used include mainly thermocouple, thermistor,
thermal resistance and other types, bel onging to apoint-mode sensor system. Functions
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such as the stability, durability, anti-interference and waterproofing of these systems,
often do not meet the monitoring requirements of modern geotechnical engineering,
which need a long time and distance, and a large area and depth of temperature
monitoring.

Distributed optical fiber temperature sensing technology has rapidly developed as
a new innovative tool over the past few decades. This technology is capable of
monitoring the temperature of measured objects, with a distributed, long distance
(currently up to 80 kilometers) and continuous measurement. As the optical fiber is
made of quartz glass which is a non-metallic material, and the measurement
principle is based on light spectrum changes, it has high stability, good durability,
anti-interference, corrosion resistance and is waterproof. These properties make it
especially suitable for geothermal field testing and monitoring in rigorous circum-
stances [9-11].

In recent years, the distributed optical fiber temperature sensing technology has
been mainly based on Raman optical time domain reflectometry (ROTDR) and fiber
Bragg grating (FBG) technology, which have been used in geotechnical engineering
temperature monitoring [12—14]. The temperature measurement technology based on
ROTDR can work on fully distributed soil temperature measurements, but cannot
measure and monitor soil deformation. In addition, the Raman scattering efficiency is
much lower than the intensity of Raman reflecting light and Brillouin scattering light,
therefore, in practical engineering application, the length of ROTDR measurement is
only 30 km shorter than that of Brillouin optical time domain reflectometry (BOTDR)
technology. Besides, ROTDR spatial resolutionisbetween 1 mand 2 m, whichisoften
insufficient to meet the needs of geoengineering surveying. The FBG-based
temperature measurement technology can accurately measure the soil temperature, but
it belongs to quasi-distributed measurement, and its manufacturing process is very
expensive.

The BOTDR-based measure technology belongs to fully distributed measure
modes, and besides measuring the object’s temperature, can also measure the strain.
However, the current BOTDR products such as AQ8603 and NB8511 all have
therestriction of a1 m spatial resolution, which influences the measuring and locating
accuracy for its temperature measurement. In this study, in order to overcome these
problems, a BOTDR-based temperature measurement technology with a high spatial
resolution was designed and developed, and its capability and accuracy in soil
temperature measurement were verified through comparative in-situ testing.

2. Theprinciple of BOTDR

The measurement principle of BOTDR is that an optical pulse is launched into
an optical fiber, and some backscattered signals come back to the input end for
measurement and interpretation. There are three main types of scattering, including
Brillouin scattering. Brillouin scattered light is caused by non-linear interaction
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between the incident light and photons that are thermally excited within the light
propagation medium[15, 16]. Thisscattered light is shifted in frequency by aBrillouin
shift vg(&, T) and propagates in the opposite direction relative to the incident light. It
has been found that there is a relationship between Brillouin scattered frequency shift
vg(g T) and temperature T or strain &, which can be expressed as:

dvg(€) dvg(T)
c+
e oT

V(& T) = vg(0, Ty + (D)
where vg(g T) is the Brillouin scattered frequency shift with strain at a certain
temperature T, vg(0, Ty) the is Brillouin scattered frequency shift without strain at
temperature Ty, dvg(€)/de and dvg(T)/IT are respectively the strain coefficient and
the temperature coefficient, T, is theinitial temperature.

When the fiber is loosg, that is to say there is no strain variation, thereis a linear
relationship between the Brillouin scattered frequency shift and the temperature:

dvg(T)

vg(T) = VB(T0)+ 3T

(T-Top) 2

The pulsed light is launched at one end of an optical fiber, and BOTDR receives
the Brillouin backscattered light at the same end (see Fig. 1a), through the signal
processing unit. After using time domain analysis, the Brillouin scattered power along
theoptical fiber isobtained (see Fig. 1b).Thedistance Z from the position where pul sed
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Fig. 1. The measurement principle of BOTDR.



610 L.Gaoetal.

light islaunched to the position wherethe scattered light isgenerated can be determined
using the following formula

ct

z oK 3
where ¢ is the velocity of light in a vacuum, k is the refractive index of the optical
fiber; and t is the time interval between launching the pulse light and receiving
the scattered light at the end of the optical fiber.

In order to measure Brillouin frequency shift vg(e, T), repeated measurement is
made by dlightly changing the frequency of the incident light and the Brillouin
spectrum at any position along the optical fiber is obtained by means of heterodyne
detection in the time domain (see Fig. 1c).

Therefore, by using formulas (2) and (3), the temperature distribution along
the fiber sensor can be obtained, based on the analysis of BOTDR scattered light
frequency shift. Using only one sensing optical fiber, the distributed measurement of
temperature can be achieved.

However, the problem of limited spatial resolution needs to be overcome for
application of BOTDR in distributed temperature measurement of soil. The spatial
resolution restriction is that each measurement value along the fiber is based on
Brillouin scattering frequency drift of the start measuring point forward within 1 m.
The temperature measurement at a given point of fiber therefore actually reflects
an integrated fiber-optic temperature within 1 m length. The 1 m spatial resolution
makes it difficult to obtain a fine temperature measurement with BOTDR. To solve
thisproblem, ahigh spatial resol ution BOTDR-based temperature sensor was designed
and developed in this study.

3. Resear ch and development of the BOTDR-based
distributed temperatur e sensor

3.1. Principle

The BOTDR technology has a characteristic that is sensitive to the fiber strain and
temperature. When the sensing optical fiber is in a loose state, it can be used as
a distributed temperature sensor. Due to the 1 m spatial resolution of BOTDR,
measurement deviation occurs in the case where there are dramatic changes of
temperature within 1 m length of the sensing fiber.

To solvethis problem, the following scheme was designed. A sensing optical fiber
is loosely installed in a small polyurethane tube (PU tube) which is coiled evenly
around a rod whose diameter is d and the measure length is L,. The coiled sensing
fiber length L depends on coiling number per meter of the rod (n) and the rod diame-
ter d, and this relationship can be expressed as:

L = nrdlL, 4)
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Table 1. Relationships between 6, n, d and d,.

f=2cm #=5cm 6=10cm

d[cm] n dg [mm] d[cm] n dg [mm] d[cm] n dg [mm]

4 398 25 4 159 6.3 4 80 126

5 318 31 5 127 7.9 5 64 157

6 265 38 6 106 9.4 6 53 1838

7 227 44 7 91 110 7 45 220

8 199 5.0 8 80 126 8 40 251

9 177 57 9 71 141 9 35 283
10 159 6.3 10 64 157 10 32 314

The sensing fiber length is thus greatly increased within the 1 m measure length,
and as aresult, the spatial resolution isimproved. According to formula (4), it can be
deduced that the spatial resolution of the coiled sensing fiber is raised nntd times as
that of the linear measure length L. In formula (4), n and d are design parameters
which are determined by the spatial resolution requirement; the larger the n or/and d,
the higher the spatial resolution. Table 1 lists the relationships between spatial
resolution 6, n, d and d,. Here, d, denotes the interval of the coiled sensing fibers,
which is equal to the diameter of the protection tube. It can be seen from Tab. 1 that
6 of BOTDR can be promoted from 1 m up to centimeter level, and the target value €
can be easily obtained simply by adjusting n and d val ues.

3.2. Installation

The installation process of the distributed temperature sensor with high spatial
resolution is asfollows. Firstly, the sensing fiber is put into a PU tube with the diame-
ter dy. According to the target @ value, n, d and d, can be determined from Tab. 1 or
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Fig. 2. Therod coiled by the PU tube with Fig. 3. A temperature sensor.

the sensing fiber.
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formula (4). The PU tube with diameter d, controls the interval of the coiled sensing
fibers as the PU tube with the sensing fiber is then coiled onto the rod, that can be
wood, plastic or iron (see Fig. 2). A temperature sensor is shown in Fig. 3.

3.3. BOTDR instrument

The BOTDR instrument used in this research is AQ8603 optical fiber temperature/
strain analyzer produced by Ando Company, the basic parameters of which are listed
in Tab. 2. From this, it can be seen that the maximum spatial resolutionis1 m. The ac-
curacy of AQ8603 measurement for temperature nylon sensing optic fiber is 0.2 °C.

3.4. Calibration

After theinstallation of the temperature fiber sensor is completed, calibration between
BOTDR measured Brillouin scattered frequency shift and real temperature is
necessary. Thisis undertaken as follows.

Thetemperaturefiber sensor isput in an adjustable constant temperature laboratory
to obtain the temperature coefficient. The laboratory temperature is set to start at
-5 °C, and then increased at a 5 °C interval up to 50 °C. Each time, the laboratory
temperature stabilizes, the BOTDR measurement isrecorded. Thus, acalibration curve

Tabl e 2. The basic parameters of AQ8603.

Distance range [km] 1, 2,5, 10, 20, 40, 80

Readout resolution [cm] 5

+(2.0x107° x distance measured [m] + 0.2 [m] +
+ 2xsampling resolution [m])

Accuracy of distance measurement [m]

Range of strain measurements from —1.5% to 1.5%

Pulse width [ns] 10 20 50 100 200
Distance resolution [m] 1 2 5 11 22
Accuracy of strain measurements +0.004% +0.004% +0.003% +0.003% +0.003%
Repeatability <0.04%  <0.02%  <0.02%  <0.02%  <0.02%
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Fig. 4. The Brillouin scattered frequency shift of the sensor with temperature.
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can be obtained as in Fig. 4. Here, the temperature coefficient is 3.0 MHz/°C, and
the correlation coefficient between Brill ouin scattered frequency shift and temperature
is0.9985.

4. Comparison test in situ

In order to verify the validity and feasibility of the distributed temperature sensor
(DTS) developed for soil temperature measurement, a comparison test between the
designed DTS and the traditional point-mode digital thermistor sensor (PMS) was
carried outinsitu. Two boreholesweredrilled withahand drill onalawnin the campus
of Nanjing University. The depth of both boreholes was 1 m, the diameter 5 cm, and
the distance between the two 30 cm. As the two boreholes are very close and have
the same depth, the soil temperature distribution inside two boreholes is assumed to
be the same.

A DTS was inserted into one of the boreholes with the following specific
parameters: coiled single-mode optical fiber with nylon sheath—900 um; the diameter
of the polyurethane tube — 4.2 mm,; the rod is polyvinyl tube; Lo =1m, d =4.3 cm,
n =240, L = 32.42 m, freaches 3.3 cm; the temperature coefficient of the fiber sensor
is 3.0 MHz/°C, and the sensor accuracy is 0.2 °C.

The PMS was used as a reference temperature sensor, in the second hole, and
had the following specific parameters: the temperature measure range is from -50 °C
to 70 °C, the measure accuracy is 0.1 °C; a polyvinyl tube of 1 meter in length
whose material and size are the same as those of the DTSrod; five temperature sensors
were fixed on the polyvinyl tube at 15 cm, 30 cm, 45 cm, 60 cm and 75 cm depth,
respectively.

Using formula (4), the length L of the distributed sensor at the rod depths: 15 cm,
30 cm, 45 cm, 60 cm, 75 cm was calculated at 4.86 m, 9.73 m, 14.59 m, 19.45 m and
24.32 m, respectively. The soil temperatures inside the two holes at 15 cm, 30 cm,
45 cm, 60 cm, and 75 cm depth were then measured respectively using AQ8603 and
the PM S data logger, (see Fig. 5).

Ground surface

DTS =>

Fig. 5. A schematic diagram of comparison test.
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The comparison test was carried out on June 25, 2009 and the soil temperature
field data were recorded at 08:00, 10:00, 12:00, 14:00, 16:00 and 18:00 hours.
The time required to perform a measurement was about 10 minutes. The maximum
frequency of the temperature changes that can be monitored was 144 times a day.
Figure 6 showsthe variation curves of soil temperature with depth and time measured
by the two methods.

Temperature [°C]

15
0.0

0.2+

0.4

Depth [m]

0.6+

0.8

1.0

Fig. 6. The soil temperature distribution curves measured by the DTS and the PM S.

From Figure 6 and Table 3, the measurement results obtained using the DTS are
shown to have a good match with those obtained with the use of the PMS, the corre-
lation coefficient between the results being 0.982. This provesthat the DTSis capable
of accurately reflecting the continuous distribution of soil temperature along the whole
borehole depth. The comparison results also indicate that the spatial resolution of
the DTS has been greatly improved from 100 cm to 3.3 cm.

The DTS has the following advantages and application potentials:

— It can continuously measure the distribution of soil temperature at 5 cm sam-
pling intervals with a centimeter-level high spatial resolution. The measure length of
the sensor is up to kilometers.

Tabl e 3. The soil temperature results measured by the DTS and the PMS.

15cm 30cm 45cm 60 cm 75 cm
DTS PMS DTS PMS DTS PMS DTS PMS DTS PMS
Time [°C] [°C] [°Cl  [°C] [ [C] [ [ [°Cl  [°C]
8:00 25.1 25.2 24.0 24.1 23.1 235 22.4 22.3 22.0 21.6
10:00 25.3 255 24.4 245 235 239 22.6 22.7 22.1 21.9
12:00 27.0 27.4 24.8 25.0 237 239 225 22.7 22.1 221
14:00 25.3 25.7 24.0 24.7 23.0 235 225 22.6 21.9 21.8
16:00 26.5 26.6 24.2 24.6 23.3 23.6 22.7 22.8 22.0 21.8
18:00 26.0 26.3 24.3 24.3 23.2 23.2 22.3 22.6 215 21.7




A distributed soil temperature measurement system... 615

— Thesensing optic fiber ismade of silicon oxide, which is non-metal and will not
to rust, giving it alonger product lifespan.

— The DTS is based on BOTDR, which has galvanic isolation, and thus EMI
immunity and has good stability.

— Ithasasmall size and islightweight, and the fiber itself is not only a sensor, but
also adatalink, so it isvery easily integrated in other measure systems

— It can be easily built into various temperature sensors according to the specific
reguirements, make it very flexible and suitable for the temperature monitoring in
the soil, especially under the poor field conditions.

— The DTS can be easily connected in series, forming a large-scale temperature
monitoring network.

5. Conclusions

We have described in this paper the devel opment of anew distributed soil temperature
sensor that improves spatial resolution from 100 cm to 3.3 cm, and which greatly
increases the temperature measuring and locating accuracy of BOTDR.

A comparativein situ test was carried out, which proves that the distributed sensor
developed is feasible and accurate to measure continuously the distribution of soil
temperature along the full borehole depth.

The sensor has some unique advantages, including a long distance measurement
capability, alonger life cycle, galvanic isolation, EMI immunity, good stability, and
ease of integration, all of which indicate that this technique has wide application and
agreat potential market.

Although the system is very expensive now, the cost of this system will be lower
and lower with the development of BOTDR demodulation technology in the future.
Further work is underway to standardize and improve the scientific construction of
the new distributed soil temperature sensor.

Acknowl edgements — Financia supports from the Key Project of Natural Science Foundation of China
(NSFC, Nos. 40730739, 41072211, 41072210) and Mgjor State Basic Research Development Program
of China (973 Program) (No. 2011CB710605) are gratefully acknowledged. The authors would also like
to give special thanks to Dr. Sue Struthers for help in correcting the English writing of this paper.

References

[1] De Bruyn D., THiMus JF., The influence of temperature on mechanical characteristics of
Boom clay: Theresults of aninitial laboratory programme, Engineering Geology 41(1-4), 1996, pp.
117-126.

[2] MA SHi-au, The environmental effect on urban soil bodies, Kunming University of Science and
Technology, 2008, (in Chinese).

[3] Cal Guo-QiNG, ZHAo CHENG-GANG, Temperature effects on seepage and strength-deformation
characteristics of unsaturated soils, Advance in Mechanics 40(2), 2010, pp. 147-156, (in Chinese).



616 L.Gaoetal.

[4] Tu Xin-BIN, DAl Fu-cHu, Analytical solution for one-dimensional heat transfer equation of soil
and evaluation for thermal diffusivity, Chinese Journal of Geotechnical Engineering 30(5), 2008,
pp. 652-657, (in Chinese).

[5] ZHANG YAN-UN, Yu Zi-waNG, Huanc Rul, et al., Measurement of thermal conductivity and
temperature effect of geotechnical materials, Chinese Journal of Geotechnical Engineering 31(2),
2009, pp. 213-217, (in Chinese).

[6] Wu QiNG-BAI, YU Hul, JANG GUAN-LI, €t al., Analysis of temperature features within crushed rock
revetment and cooling mechanism of embankments for the Qinghai Tibet railway, Chinese Journal
of Geotechnical Engineering 30(7), 2008, pp. 1011-1016, (in Chinese).

[7] CHEN WEN-HUA, ZHAO CHENG-GANG, ZENG QIAO-LING, et al., Artificial boundary conditions and
simulation of temperature and moisture of sub soil, Chinese Journal of Geotechnical Engineering
22(5), 2000, pp. 545-548, (in Chinese).

[8] WaNG Tie-HANG, LI NinG, XIE DinG-Y1, Necessity and means in research on soil coupled heat-
-moisture-stress issues, Rock and Soil Mechanics 26(3), 2005, pp. 488493, (in Chinese).

[9] Bao X., Wese D.J., Jackson D.A., Combined distributed temperature and strain sensor based on
Brillouin loss in an optical fiber, Optics Letters 19(2), 1994, pp. 141-143.

[10] NikLEs M., THEVENAZ L., RoBerT P.A., Smple distributed fiber sensor based on Brillouin gain
spectrum analysis, Optics Letters 21(10), 1996, pp. 758—760.

[11] HoricucH T., SHiMmizu K., KURASHIMA T., TATEDA M., KovamADA Y ., Development of a distributed
sensing technique using Brillouin scattering, Journal of Lightwave Technology 13(7), 1995,
pp. 1296-1302.

[12] ZHou L.F., Bao X.Y., AFsHAR S.V., CHEN L., Dependence of the Brillouin frequency shift on strain
and temperature in a photonic crystal fiber, Optics Letters 29(13), 2004, pp. 1485-1487.

[13] ZHANG WEI, SHI BIN, Suo WEN-BIN, et al., Monitoring and application of distributed optical fiber
sensors in transient temperature field of frozen soil, Chinese Journal of Geotechnical Engineering
29(5), 2007, pp. 202-207, (in Chinese).

[14] LiKuo, ZHou ZHEN-AN, L1u Al-cHun, Theapplication of fiber Bragg grating sensor to high precision
temper ature measurement, Progress in Geophysics 23(4), 2008, pp. 1322-1325.

[15] Cul HE-LIANG, SHI BIN, Xu HoNG-zHONG, et al ., BOTDR optic fiber temperaturemonitoring technique
and its application in civil engineering, Journal of Disaster Prevention and Mitigation Engineering
4(3), 2004, pp. 252-256, (in Chinese).

[16] Junqi Gao, BIN SHi, WEI ZHANG, HoNG ZHU, Monitoring the stress of the post-tensioning cable using
fiber optic distributed strain sensor, Measurement 39(5), 2006, pp. 420-428.

Received September 23, 2010
in revised form December 8, 2010



