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Abstract; In this paper, a theoretical model of temperature and velocity of a fiber is derived. A test model simula-

ting seepage indoor is designed. The optical fiber heating temperatures under different compaction degree and seep-

age velocities are measured through applying AC voltage on the optical fiber. The analyzing results show that the

optical fiber heating temperature and seepage velocity are related in quadratic function. The quantitative relations of

optical fiber temperature and seepage velocity under different soil types and compaction degree are fitted. Analysis

on how the compaction degree influences the relation of optical fiber temperature and seepage velocity shows that

with the increase of compaction degree, optical fiber heating temperature will gradually decline. The influence of

soil type on fiber heating temperature is very complex. In practice, according to the characteristics of the soil, de-

termining quantitative relationship and implementing quantitative monitoring of the seepage velocity are needed.
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0 Introduction

Levees have a lot of characteristics such as
long lines, wide distribution and dense population
in the protection segment. So once a levee collap-
ses, it will cause serious disasters. Seepage is one
of the important dam damage forms which are in-
fluenced by the construction quality, embank-
ment material, creature-ablation and water level
changes. According to the statistics of earth dam
destroy crashtl, the percentage of seepage dam-
age is 45% , seriously endangering the dam safe-
ty. Therefore, it is of great significance to moni-
tor dam seepage in real time. Distributed optical
fiber temperature sensing (DTS) has the advanta-
ges of real-time monitoring, low cost, simple
construction, lightning protection, wide monito-

ring range, and resistance to corrosion, high
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pressure, high temperature, and electromagnetic
interference, which shows its broad application
prospects in seepage monitoring .

At present, there are a few studies on the
seepage monitoring based on distributed optical
fiber. Alain et al. ®lstudied quantitative relation-
ship between seepage velocity and optical fiber
temperature of sandy soil utilizing DTS combined
with indoor model test, and concluded that there
is a linear relationship between optical fiber tem-
perature and logarithm of the heating time in
sandy soil. Marc et al. " set up an automatic a-
larm system to monitor Berlin 55 km long under-
ground brine pipeline leakage and determined the
leakage location through the changes of tempera-
ture curve. Andrea et al. ! set up an automatic a-

larm system to monitor Canada’s new Brunswick
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30 km long brine pipeline leakage and summarized
that the factors affecting the temperature changes
of optical fiber were seasonal temperature chan-
ges, pipeline embedment depth, soil or backfill
soil types, soil moisture content, terrain condi-
tions and so on. Zhu et al. ' proposed a seepage
flow simulator and monitoring system based on
DTS. The simulator equipment can monitor vari-
ous embankments with different boundary condi-
tions, such as temperature, distributions of soak-
age line and scales. Xiao et al. " deduced the the-
oretical solution of seepage velocity combining the
theory of porous media heat transfer and DTS
sensing principle. Based on thermal equilibrium
theory and the relationship between the soil tem-
perature changes surrounding the dam body and
the leakage velocity, Dong et al. ®*) established a
mathematical physical model, discussed the de-
termination method of seepage velocity under two
different flow conditions (laminar and turbu-
lent), and verified the correctness of the mathe-
matical physical model combining with basic ex-
periment results of the fiber optic monitoring
from Munich University of Science and Technolo-
gy. Gu et al. ™ established a mathematical tem-
perature field model of earth dam feedback seep-
age field, and verified the model combining with
the distributed fiber temperature measurement
test results of indoor homogeneous earth dam
model. Su et al. " deduced heat transfer theo-
retical model of seepage monitoring and verified
the feasibility of distributed optical fiber monito-
ring seepage through establishing experimental
model to simulate the seepage. At present, the
technologies of distributed optical fiber tempera-
ture sensor used in seepage monitoring are mainly
focused on seepage positioning. The quantitative
seepage monitoring is still under research. There
are no mature results which can be used in prac-
tice. The influence factors of soil infiltration (e.
g. , degree of compaction, etc. ) considered in the

past experimental analysis are not perfect. There-

fore, studying the seepage quantitative monito-
ring based on the DTS has important theoretical

significance and engineering application value.

1 Seepage Monitoring Principle Based
on Distributed Optical Fiber Tem-

perature Sensing

When an optical pulse is launched into an op-
tical fiber, some backscattered signals come back
to the input end. There are three main types of
scattering, and Raman scattering is one of them.
Raman scattering in fiber consists of anti-Stokes
and Stokes signals, and the ratio of the anti-
Stokes and Stokes signals backscattered from
within the fiber is a function of the absolute tem-
perature of the scattering point. Hence, the Ra-
man distributed temperature sensor uses the ratio
of anti-Stokes and Stokes signal intensities to cal-
culate the temperature. The ratio is given by
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where I, is the anti-Stokes intensity; I, the
Stokes intensity; a the temperature-related coeffi-
cient; p Planck’ s constant; ¢ the velocity of
light; w the wavenumber shift for the fiber mate-
rial; £ the Boltzmann constant; T the absolute
temperature of the scattering point in the fiber.
The seepage monitoring technology principle
based on TDS is similar to the convection heat
transfer process with swept round line heat source
in the porous media in the thermodynamics. The
thermal conductivity coefficient of complex por-
ous mediums C(including water and solids) is
taken as a whole unified porous medium in the a-
nalysis process of heat transfer mode. Therefore,
the heat transfer process of porous medium with
optical fiber can be converted to that of a single
material with fiber. This process can be shown as

aT

dx

where Q, is the heat transfered to the surrounding

medium in the process of heat transfer by the op-
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tical fiber; A the coefficient of thermal conductivi-
ty after conversion; A the heat transfer area; T
the temperature and x the distance.

The thermal convection will occur when the
fluid contacts with the optical fiber. Newton cool-
ing formula can be used as the basic formula for
expression

Q. =Ah(T,—Tp 3
where Q, is the convective heat transfer of optical
fiber and water ; A, the convective heat transfer
surface area of optical fiber and water; h the heat
transfer coefficient; T the surface temperature of
optical fiber and T; the temperature of water.

Considering the heat transfer and convection
during the seepage process, the seepage velocity
formula calculation theory based on DTS can be

deduced and expressed ast'?

P=I"R=2xrf [Deu" - M} (4)
Ax

where P is the heating power; I the current flow-
ing through metal armoured the optical fiber; R
the resistance of metal armoured ; » the radius of
armoured optical fiber; / the length of armoured
optical fiber; 6 the temperature changes; e the
porosity of porous media; u the seepage velocity;
A. the thermal conductivity coefficient of solid
particles; n the constant of swept round;and D a
composite constant!®l,

Eq. (4) shows that the optical fiber heating
power is n times polynomial of seepage velocity.
There exist related researches about the value
range of n in the relation between heating power
and seepage velocity, but the scopes are not the
same. The value range of n should be determined
combining with the analysis of test results be-
cause of the soil medium complexity. It's a linear
relationship between the heating power and the
optical fiber temperature. So the optical fiber
heating temperature is n times polynomial of
seepage velocity, namely

AT=k(u+a)" +b (5)
where AT is heating temperature of the optical fi-

ber ; £, a, b are the undetermined constants; u is

the fluid seepage velocity.

2 Seepage Monitoring Test Based on
Distributed Optical Fiber Temper-
ature Sensing

2.1 Test model

The tank for the test is made of 2 cm thick
solid wood. The size of the tank is 1 mX0.5 mX
0.6 m, as shown in Fig. 1. The waterproof cloth
is pasted in the tank and the waterproof coating is
brushed in the tank to prevent the sink from
leaking. The faucet is installed at the bottom of
the tank to control the water yield. The 10 cm
gravel, filter cloth, 10 cm soil, optical fiber and
10 cm gravel are embedded in the tank from down
to up in turn, as shown in Fig. 2. The optical
fiber is decorated as serpentine, as shown in
Fig. 3. The optical fiber arrangement spacing is 6
cm. The research objects in the test are soil medi-
ums including fine sand and the mixture of fine
sand and clay soil. The quality proportions of fine
sand and clay soil are 4 3 1 and 3 : 2, respective-

[13]
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Fig. 1 Test tank

Water

10 cm Soil
10 cm Gravel

Fig. 2 Soil arrangement

2.2 Test method

In the test, the temperature measurement

for seepage detection is performed by Sentinel
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Fig. 3 Optical fiber arrangement

DTS in conjunction with a heatable armoured op-
tical fiber. The Sentinel DTS machine is a prod-
uct of British Sensornet Company. The heatable
armoured optical fiber with the diameter of 3 mm
consists of a multimode sensing optical fiber, ar-
moured wire and an outer sheath'*. The heating
method is adopted to monitor the seepage. A sta-
ble voltage is needed to apply to heat the ar-
moured wire, which is taken as a resistance wire.
The heating system consists of an alternating cur-
rent power source with an adjustable voltage and
the load resistance wire. The voltage regulator a-
dopted in the test is single phase regulator
TDGC2 — 5. The working voltage ranges from
20 V to 250 V. The rated current is 20 A and any
voltage within 250 V can be put out. The resist-
ance of armoured optical fiber is 17.5 Q/m. The
heating power is 19. 62 W/m to ensure that the
average temperature rise of fiber can achieve
15 °C after heating for 16 min. The water level in
the tank is kept at a fixed location during the
whole test process. The water switch should be
calibrated before the test to ensure that the water
yield is close to each other when the opening de-
gree of the switch is the same. The soil is com-
pacted by using static load pressure. With the aid
of irrigation method, the soil compaction degree
can be measured. Six seepage velocities corre-
sponding to different opening degree of the switch
are measured under every compaction degree.
DTS is used to measure the temperature changes
of the optical fiber during the whole heating
process under various seepage velocities, The av-
erage temperature rise after heating 10—15 min is
taken as the reference value of optical fiber heat-
ing temperature level. To ensure that the seepage

flow can supply outlet water yield, each soil must

be penetrated after the change of soil compaction.
The seepage flow is enough to supply water yield
when the water level in the sink is at the fixed lo-
cation, if air bubbles do not emerge and the water

velocity is not reduced over a period of time.

3 Analysis of Test Result

3.1 Relationship between seepage velocity and

optical fiber temperature rise

The average velocity through the soil profile
can be calculated based on the test design princi-
ple. All kinds of soils under different compaction
degree of seepage velocity relation with fiber heat-
ing temperature was obtained according to the
test results, as shown in Fig. 4.

It is easy to find that the optical fiber heating
temperature rise with the seepage velocity is a
quadratic curve relationship from Figs. 4 (a, b).
The relationship between seepage velocity and
temperature rise is represented as AT=av’ +bv+

c. Here A T is the optical fiber heating tempera-
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Fig. 4 Relationship between seepage velocity and opti-
cal fiber temperature rise for different soils and

compaction degree

ture rise and v is the seepage velocity. The fitting
parameters of the curve are shown in Table 1.
The fitting index between seepage velocity and
heating temperature rise is above 0. 9 from the
curve fitting results in Table 1, which means op-
tical fiber heating temperature rise with seepage
velocity is a quadratic curve relationship for the
high fitting degree. With the increase of seepage
velocity, the heating temperature decreased first-
ly and then increased, as shown in Figs. 4(a, b).
For the quality proportion of fine sand and clay is
3 : 2, the seepage flow is small when the compac-
tion degree is more than 85% due to the increase

of clay composition in the soil and the decrease of

Table 1 Fitting index between seepage velocity and heating temperature rise

Soil type Compaction degree/ % Parameter a Parameter b Parameter ¢ Fitting index R*
70.43 0.048 —0.398 2 16. 352 0.968 8
71.96 0.080 4 —0.663 2 16. 757 0.958 4
Fine sand 72.99 0.057 6 —0.449 2 16.927 0.966 7
78.27 0.096 2 —0.801 6 16. 636 0.958 4
79.74 0.059 5 —0.472 4 15.749 0.916 3
69. 28 0.084 4 —0.777 17 16. 459 0.993 8
76.48 0.124 —1.013 4 16. 304 0.909 6
4 : 1 soil 79.74 0.059 6 —0.507 8 15. 482 0.914 8
83.29 0.141 3 —0.877 2 16. 118 0.917 9
85.73 0.650 9 —2.7119 17. 312 0.979 5
78.22 0.560 2 —3.394 1 18. 229 0.958 7
3 2 soil
82.79 1.011 3 —3.756 9 17. 422 0.962 9

permeability. There are only two sets of data, as
shown in Fig.4(c), due to the little velocity
difference between different degree of switch.
With the increase of seepage velocity, the heating
temperature decreased without the rising part, as
shown in Fig. 4(c).

The test mechanism can be analyzed through
fluid outside swept round tube heat transfer prin-

[ When the fluid sweeps outside the round

ciple
tube, the starting point of the flow around de-
tached namely separation point will appear at the

location where the pipe surface velocity gradient

is zero. Vortexes formed in the boundary layer of
reverse flow will destroy the normal boundary
layer flow. The flow condition of wall boundary
layer determines the characteristics of heat trans-
fer. The distribution of round tube wall local sur-
face heat transfer Nu, is shown in Fig. 5. The
curve shows that the decrease of local surface heat
transfer coefficient will lead to the decreases of
pipe average surface heat transfer coefficient be-
cause of the increase of laminar boundary layer

thickness from the tube front stagnation point

0] =0°.
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Fig. 5 Distribution of round tube wall local surface

heat transfer Nu,

The two working conditions of the lowest
fluid Reynolds number Re always maintain lami-
nar flow before the separation point in Fig. 5 and
the lowest value of Nu, appears near the separa-
tion point. Then with the chaotic movement of
vortex in the detached area, the value of Nu, in-
creases. The turbulent flow happens when the
other conditions of high Reynolds number has de-
tached in the wall boundary layer. The two
troughs of Nu, curve are the transition zone from
laminar flow to turbulent flow and the location
where the turbulent boundary layer detaches the
wall, respectively. The value of ¢ depends on the
value of Reynolds number in Fig. 5. The value of
Reynolds number depends on the value of seepage
velocity in the test. Therefore, the greater the
seepage velocity, the greater the value of ¢ will
be.

It is easy to find that the value of Nu, has lit-
tle change in the range of ¢ from Fig. 5, which
has little impact on fiber surface average heat
transfer coefficient. The maximum seepage veloc-
ity corresponding to the compaction degree of fine
sand and 4 : 1 soil is about five times of the initial
seepage velocity. There exists obvious difference
between the maximum and the initial value of

seepage velocity. The values of ¢ corresponding

to different seepage velocities and the values of
Nu, exist obvious change, which will lead to vio-
lently a decrease in the optical fiber average sur-
face heat transfer coefficient. The heat accumula-
tion caused by the decreases of optical fiber aver-
age surface heat transfer coefficient may be grea-
ter than the heat loss caused by the increases of
seepage velocity. Therefore, the fiber heating
temperature rise will be bigger when the seepage
velocity is large. The seepage velocity is small be-
cause of the poor permeability of 3 # 2 soil. The
difference of the values of Nu, corresponding to
the maximum and initial value of seepage velocity
is small because of little difference of the maxi-
mum and initial seepage velocity. The heat accu-
mulation caused by the decreases of optical fiber
average surface heat transfer coefficient may be
less than the heat loss caused by the increases of
seepage velocity. Therefore, the temperature rise
keeps falling. It is reasonable to adopt a quadratic
curve to analyze the relationship between seepage

velocity and heating temperature of 3 : 2 soil.

3.2 Effect of soil compaction degree on optical

fiber temperature

The compaction degree is one of the main
control targets of actual construction quality in
project construction. It determines the internal
granule structure arrangement and the porosity of
soil, which has important influence on the perme-
ability and heat conduction performance of soil.
The compaction degree has different influence on
different soils. The relationships between com-
paction degree and optical fiber temperature rise
of fine sand,4 : 1 soil and 3 ¢ 2 soil are shown in
Fig. 4.

As can be seen from Fig. 4(a), the optical fi-
ber heating temperature rise keeps failing with
the increase of compaction degree of fine sand.
The difference of optical fiber temperature rise is
quite small and uniform because of the quite uni-
form sandy medium and the quite small compac-
tion degree. The compression degree has a quite

obvious influence on the permeability of the soil
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containing clay, as shown in Fig. 4 (b). There-
fore, the distribution of the curve is less uniform
than that of fine sand. The optical fiber heating
temperature rise is on the decline with the in-
crease of the compaction degree, while optical fi-
ber heating temperature rise exists a certain fluc-
tuation because of obvious difference among seep-
age velocities corresponding to different compac-
tion degree. There exist only two curves because
of the quite large clay content of the soil in Fig. 4
(c)when the compaction degree is large. It is easy
to find that optical fiber heating temperature will
drop with the increase of the compaction degree
from the two curves. The increase of compaction
degree changes the proportion of solid particles
and water in the soil, which will increase the con-
tent of solid particles in per unit volume of soil.
The thermal conductivity coefficient of solid par-
ticles is bigger than that of water. Therefore, the
soil thermal conductivity performance enhances
with the increase of compaction degree and the
optical fiber heating temperature rise will gradu-
ally decline. It is easy to find that optical fiber
heating temperature rise embedded in the soil will
gradually decline with the increase of compaction
degree through analyzing all the above situations.
Thus, soil compaction should be considered in ex-
perimental research and engineering application in

the future.

3.3 Effect of soil composition on optical fiber

temperature

The soil is in saturated condition in the test.
The main factors affecting fiber heating tempera-
ture rise are the heat conduction performance, the
porosity and dry density of mineral solids. The
mineral solids containing in the soil are the main
part, whose heat conduction performance deter-
mines the whole heat conduction performance of
soil. The porosity determines the water content
and the distribution of seepage channels of soil
has important influence on the fiber heating tem-
perature rise. The dry density is equivalent to the

compaction degree in the test. The compaction

degree affects both the permeability and the po-
rosity of the soil. It's easy to find that the dry
density has little impact on the permeability, but
it has an important impact on the soil containing
large amount of clay. The greater the clay con-
tains, the greater affects will be. Therefore, the
soil medium has important effects on fiber heating
temperature rise. The seepage monitoring pro-
gramme should be studied according to different

soil types in actual project monitoring.

4 Conclusions

This paper deduces the mathematical model
of seepage monitoring through the test study of
seepage quantitative monitoring based on distrib-
uted optical fiber. The following conclusions can
be drawn through the indoor model test.

(1) The optical fiber heating temperature rise
with seepage velocity shows a quadratic curve re-
lationship while monitoring seepage through heat-
ing method. There are different quantitative rela-
tionships corresponding to different compaction
degree. The reasonable quantitative relationships
between optical fiber heating temperature rise and
seepage velocity need to be selected to monitor
seepage velocity according to actual situations in
practical engineering.

(2) The compaction degree of soil has impor-
tant effects on optical fiber heating temperature
rise. The test results show that optical fiber heat-
ing temperature rise is on the decline with the in-
crease of compaction degree. Therefore, the rela-
tionship between compaction degree and optical
fiber heating temperature rise needs to be consid-
ered in future research and engineering applica-
tion.

(3)Different soils have different physical in-
dicators, which leads to complex effects on opti-
cal fiber heating temperature rise for the soils.
The test plan needs to be made to study quantita-
tive relationships according to different soil condi-
tions of each project in practical engineering.

The seepage monitoring technology based on
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DTS has advantages of low cost, universal cover-
age, accurate positioning and so on. So it has a
broad application prospect in pipeline engineering
and levee engineering leakage monitoring. The
realization of seepage quantitative monitoring
technology exists many problems to be solved at
the same time. Therefore, the seepage monito-
ring research based on DTS has important theo-
retical significance and engineering application

value.
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