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Abstract: Leakage is a common phenomenon in dams, and its early detection is critical for dam safety.
In the present study, a new method based on tracer tests is applied to detect and quantify leakage in
the Wanyao Dam, Jiangshan City, China. The objective is to detect the leakage zone of a dam wall by
combining the natural tracer test and the artificial tracer test. Temperature, electrical well-logging
tests with nature tracers, and the artificial tracer test with salt (NaCl) were conducted using 48 and
5 pre-existing boreholes, respectively. Using natural tracer tests, the 48 boreholes are categorized into
4 leakage classes: (1) Class 1, high connectivity within whole borehole; (2) Class 2 high connectivity
at lower depths; (3) Class 3, weaken connectivity; and (4) Class 4, safe boreholes with no connectivity.
Using the proposed method, specific leakage rates of some boreholes were estimated. The results of
the new method are validated by comparison with those from natural tracer tests, site-investigation,
and historical observation data. Overall, the new tracer test has the following merits: (1) low cost,
(2) environment friendliness, and (3) is simple to apply. Moreover, the proposed method improves
the accuracy of traditional tracer tests for detecting leakage zones.

Keywords: dam leakage; roller compacted concrete dam; single borehole dilution test; tracer test

1. Introduction

Up to March 2011, the Global Reservoir and Dam Database collected information
on 6862 dams and the associated reservoirs with a total storage capacity of 6197 km?3 [1].
Leakage is of paramount importance for the safe operation of dams and reservoirs. In hy-
draulic engineering, leakage is a common phenomenon in dams, which is even considered
in the design stage. However, it is difficult and uneconomical to eliminate all potential
leakage problems in the engineering design of hydraulic structures such as dams. Yet, even
small leakages can develop into erosion and fractures, which may eventually threaten the
structural stability of dams. Hence, the early detection and estimation of leakage are critical
in facilitating the repair of the leakage zone to ensure safe dam operation.

Geophysical methods such as electrical resistivity tomography, seismic tomography,
and ground penetrating radar are commonly used for detecting and locating leakage zones
in dams. For example, Ikard et al. [2] and Minsley et al. [3] used the resistivity method and
self-potential tomography to investigate seepage in earth dams. Demanet and Jongmans [4]
applied seismic tomography to locate the fracture zone while Di Prinzio et al. [5] and
Xu et al., [6] used ground penetrating radar to detect voids in river embankments or dams.
Al-Fares [7] used superficial electromagnetic, electrical sounding, and electrical resistivity
tomography to characterize water leakage in dams. Similarly, Bievre et al. [8] used elec-
trical resistivity tomography (ERT) to characterize leakage. These approaches estimated
the spatial heterogeneity in embankments based on contrasts of physical parameters of
different media. Geophysical methods have the advantages of giving high resolution data
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and are non-destructive. However, these geophysical methods often need expensive equip-
ment, expertise, and complex computation and interpretation algorithms. Moreover, these
methods provide indirect evidence based on physical indices reflecting the permeability
of earth materials or concrete rather than quantifying the seepage or groundwater flow.
Therefore, it is difficult to accurately quantify leakage using geophysical methods.

Compared to geophysical methods, tracer tests have a number of advantages, includ-
ing low-cost, high efficiency, and provide direct data on the seepage or groundwater flow
field. Tracer tests have been used for detecting dam leakages for more than 40 years [9].
Basically, tracers can be classified into natural and artificial tracers. Natural tracers are
based on inherent physical or chemical characteristics of the fluid, such as temperature,
electrical conductivity (EC), total dissolved solids, and stable isotopes. Temperature, EC,
and total dissolved solids are parameters that can be measured easily in situ using a probe
attached to a cable. The convenient and low-cost measurement of natural tracers provides
geoscientists with an easy method to investigate the source of leakage [10-13]. The artificial
tracers include salt, radioactive isotopes, and dyes (e.g., fluorescein) [13-16]. Based on the
injection of an artificial tracer and subsequent analysis of the data, detailed information
on the flow field can be obtained [13-22]. The common applications of tracers include:
(1) calculating flow velocity; (2) confirming the hydraulic connectivity, and (3) estimating
relative hydraulic properties based on the concentration curves.

The single borehole dilution test (SBDT) is a type of tracer test using artificial tracers,
which is widely used in investigating saturated aquifers. The SBDT is attractive in leakage
detection due to its ability to determine seepage velocity. In this regard, SBDT can be
used for the following applications: (1) to observe the transport distance of tracers over
time between source and receptors [23]; (2) to analyze the distance or amplitude of peak
concentration [20,24,25]; and (3) to interpret breakthrough curves based on the convection-
dispersion equation [26—30]. SBDT can be applied either as a point injection or uniform
injection, but the former is preferred to calculate flow velocity.

The leakage problem in the Wanyao dam poses safety problems, including the mal-
functioning of electrical systems. In a previous study using hydrochemical analysis and
tracer tests, Huang et al. [21] confirmed the hydraulic connectivity between leakage in-
side the dam wall and the reservoir and speculated that a leakage path existed inside
the dam. However, the earlier study by Huang et al. [21] did not address the following:
(1) quantifying the seepage in the different sections of the dam wall; and (2) identifying
and characterizing the seepage or fracture zone with the leakage phenomenon. The present
study seeks to address these aspects, and a network of standardized observation boreholes
inside the dam wall makes this possible using natural and artificial tracer tests.

A review of earlier literature shows that few studies have investigated the use of the
SBDT to detect and quantify leakage of hydraulic engineering structures such as dams.
The only available studies are limited to the application of SBDT to aquifers [23,28,29,31].
Therefore, in the current paper, an improved method based on the tracer test is developed
and applied to detect and estimate leakage from a dam wall. The method applies the
concept of squeeze theorem in mathematics [32], and the law of Conservation of Mass in
physics. The objectives of this study are to: (1) detect the leakage zone in the dam wall;
(2) make qualitative and quantitative analysis of leakage rates by applying the natural
tracer test and the new approach based on SBDT; (3) test the limitations and accuracy
of the new approach. This present study is a typical case for locating leakage paths and
calculating the flow rate with the tracer test after the source of leakage is determined.

2. Theoretical Background
2.1. Natural Tracer

The present study uses temperature and EC, which are used as common natural
tracers of seepage patterns in the dam wall. The rationale is that the depth distributions
of water temperature and electric conductivity of weak and slow leakage are more stable
and smoother than that of severe and quick seepage. In other words, severe and quick
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seepage is characterized by rapid or abrupt changes in the depth distribution of water
temperature and EC. In hydraulic engineering, slow seepage is acceptable, because it is
accounted for in the design stage. If water flows slowly inside the dam, it interacts with,
and its hydrochemistry is fully affected by, the surrounding rocks, resulting in a smooth
variation in the temperature field. On the contrary, the severe leakage in the dam wall
maintains its inherent temperature or hydrochemical properties because of the less contact
time and interaction with the surrounding rocks. Hence, the severe leakage often makes
obvious and sharp changes in the original temperature or EC field. This difference in
temperature or hydrochemical behavior is used by engineers and geoscientists to locate
flow paths or zones with high fracture density in hydraulic structures such as dams [10-20].

Thus, similar to temperature, the EC of water is also an index that can represent the
degree of interactions between seepage water and the surrounding rocks. The EC of water
increases with the contact time and interaction with rocks owing to the release of solutes
from rocks, including via acid-based reactions with carbonic acid [33]. Samples with larger
EC often have a longer contact time with rocks [10] while those with a low EC indicate a
short contact time or interaction with surrounding rocks.

2.2. Singe Borehole Dilution Tests

SBDT characterizes the hydraulic properties and flow field within a depth by analyzing
tracer variations during dilution. It is used widely to investigate saturated aquifers due to
easy measurement and low-cost. As early as the late 1960s, Walter et al., [34] used the SBDT
to compare the hydraulic conductivity of aquifer media. Using the measurement probe
and theory discussed earlier, SBDT was utilized to characterize zones with high fracture
density, identify ambient flows, estimate flux or flow velocity, and detect leakages or voids
in aquifers and fractured rocks [23,26,28-30,34,35]. However, limited studies have applied
the SBDT method to determine seepage zones and flow rates in hydraulic structures such
as dams.

Point and uniform injection methods are the two common types of SBDT. Point
injection releases tracer in part of a borehole. By monitoring the movement of the tracer or
peak EC concentration of water, the flow velocity (v) can be calculated using Equation (1):

U:¥ 1)

At
where AL is the distance of tracer migration, and At is the time difference between two
observations.

Point injection can also be used to calculate the horizontal flow velocity by using
radioactive isotopes [36]. Using a packer system, analysis of point dilution can even be
used to estimate hydraulic conductivity and the flux of groundwater [26,30]. However, in
terms of showing flow field, the uniform injection is obviously better than point injection.
This is because the former releases tracer in the whole borehole to achieve a uniform
concentration field to capture leakage effects at different depths in a single test. Hence, it
is common to use a combination of the two, where the uniform injection test reveals flow
field while the point injection is used to calculate velocity [20].

Compared to heterogeneous aquifers, non-leaking concrete dam walls without frac-
tures or leakage paths are often homogeneous and isotropic, owing to the use of standard
construction materials. On the one hand, without the interconnected fractures or leakage
paths, the seepage in a dam wall is drained out via designated drain holes or boreholes
with slow velocity. On the other hand, when a leakage problem occurs in the dam wall, a
mass of water will flow rapidly under high pressure from the upstream reservoir into the
drain hole or borehole. In such a case, leakage flows rapidly from the top of the drain hole
or borehole. Figure 1 depicts the hypothetical concentration curves of uniform dilution
with constant velocity of upper flow. This characteristic shape of curves is also reported in
earlier publications [20]. The lower part of the curve appears at the location of the leakage
path after injecting the tracer. Then, the lower part gets larger when seepage flows up
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to the borehole exit point. In some published papers, the calculation of vertical velocity
needs additional data from the point injection [20,28]. In this study, a novel algorithm is
developed and applied to calculate the range of flow velocities based only on using uniform
injection without the point injection data. Note that this algorithm neglects the loss of salt
under the effect of dispersion to concrete.

t =t e t
T T T T 7 L '
7 (a) 19w 1 ° @ 71 °70@ 1 °1@g 1
10 4 104 4 104 4 104 4 104 i -
£ :
N i
S |20 4 20+ 4 20 4 20 42042 & A
o on
Q i
A & i3
2 ]
30 - 304 4 304 4 304 4348 X A
: ' g s
B [ |
| ] . ]
| ] T ]
[ ] om
- -
40 - 4 404 4 404 4 404 4 404 °® §
T T T T LI T 7 T T
0 1 2 0 1 2 0 1 2 0 1 2 0 i 2

Concentration:mg/L

Figure 1. Theoretical concentration profiles of uniform injection at: (a) initial time to; (b) first
observation time t1; (c) second observation time t,; (d) at third observation time f3. (e) the overlay
chart of (b—d). Note that the time interval between two observation times is equal.

In Figure 2, the dashed area is the integral of concentration curves at different observa-
tion times. The residual mass of tracer m;, is obtained by the following Equation (2):

/xxe C(x, 1)

where C(x, t) is the concentration at observation time ¢, at different depths, x is the depth
at the top of a borehole, x, is the depth at the bottom of a borehole, and A is the cross-
sectional area of a borehole. This suggests that one needs the data on depth and time
intervals at which C was measured in the tracer methods.

The mass of flowing out tracer 1, is equal to the difference of residual mass at different
observation times estimated by the following Equation (3):

dx x A =my, )
tn

Me = My_q — My, 3)

where, m,,_1 and m,, are the residual masses for the previous and the current observation
times, respectively.

Based on the law of conservation of mass, the difference in dissolved salt at different
observation times is equal to the integral of the concentration curve of water that flowed
out. Thus, for a concentration curve at previous observation ¢,_1, the minimum distance of
outflow x,;, is given by Equation (4):

X0+Xmin
/ Clx,b)|  dxx A=me @)
X0

tp—1
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Figure 2. Illustration of the integral of concentration curve versus depth at: (a) first observation time
t1; (b) second observation time f;; (c) third observation time t3; (d) is the overlap of previous curves.

Similarly, based on the concentration curve at the next observation time ¢, the maxi-
mum distance of outflow x,, is calculated approximately by following Equation (5):

X0+ Xmax
/ Clx, 1)
X0

when diffusion occurs in the borehole, the distance x calculated based on the concentration
curve at previous observation time t,,_; is smaller than the real distance. Contrary, the
distance calculated based on the concentration curve at the next observation time ¢, is
larger than the real distance.

Therefore, the range of mean flow velocities can be expressed as Equation (6):

dx x A = m, ®)
tn

Xmi pe
" — < Uean < . (6)
tp —th—1 tn —th—1

2.3. The Effect of Using EC

The EC probe used automatically recorded the EC rather than concentration. Therefore,
the relationship between concentration and EC needs to be clarified herein. Although
the relationship between EC and concentration is complex, for simplicity this can be
approximated using a linear relationship assuming a low salt concentration, under ambient
temperature, and atmospheric pressure [37,38]. Neglecting the effect of temperature and
pressure, the concentration of NaCl can be calculated from EC as in Equation (7)

C:ECX%, ?)

m

where, C is the concentration (g/ dm3) of, M) is molar mass (g/mol), and Ay, is the molar
conductivity (—3/m__) For NaCl, %ﬁ:’l is 0.46 [39].

mol/dm°®
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In light of this background theory and assumptions, the effect of using EC is derived
by following the analysis described below. When the concentration of salt has a linear
relationship with EC, the concentration C at different depths x is written as:

C(x) = f-G(x), ®)

where f is 0.46 as a constant, and G(x) is the value EC at x depth.
The residual mass of salt m,, in a borehole at time observation time t,, can be obtained
by Equation (9):

Xe

iy = f- / G(x, )| dxx A, )
X b

where x is the top of borehole, and x, is the bottom of the borehole.

Similar to using concentration, the range of mean velocity calculated based on EC can
be obtained by Equation (6). When only the EC data exists, the effect of the constant f and
the cross-sectional area of a borehole A are offset. For example, if the EC is used to calculate
minimum distance x,,;,, by Equation (4), both sides of Equation (10) are divided by f and
A and the f, A term disappears:

dx:f-A(/ng(x,t) dx). (10)
tn Xo Fpt1

In other words, the range of flow velocity can be calculated from EC curves directly
without translating the EC data to concentration and measuring the cross-sectional area of
boreholes under conditions of low salt concentration and ambient temperature.

X0+ Xmin
FA / G(x, 1)
X0

Xe
dx—/ G(x,t)
tn xo

3. Materials and Methods
3.1. Dam Engineering and Geological Background

The Wanyao reservoir is located in a U-shaped valley on the Dahe river, about 225 km
southwest of Jiangshan City, Zhejiang province, China. Its main functions are water
supply, hydroelectric power generation, and preventing floods. The roller compacted
concrete dam wall surround the normal concrete core to impound the water. A tunnel
and electric equipment are included inside the dam wall. The reservoir harvests surface
and groundwater from a 2.12 x 102 km? drainage basin. The mean annual rainfall and
runoff are about 1.84 x 10°> mm and 1.10 x 10° mm, respectively. The maximum reservoir
capacity is approximately 2.23 x 10® m3. The reservoir can supply the irrigation water
for 2.23 x 10* ha farmland, which is significant for the local agriculture. The installed
hydro-electric power station behind the dam has a capacity of about 1.26 x 10* kW. The
mean annual hydro-electricity production is 3.07 x 107 kW-h.

The dam is a gravity dam, with 390 m length, constructed with roller compacted
concrete and normal concrete. The bottom and top parts of the dam wall are filled with the
normal concrete, which is used as the impermeable material on the upstream surface. The
roller compacted concrete has the advantages of easy mixing, requiring less construction
time, and low-cost materials compared to normal concrete, which is used to construct
the core of the dam wall. To reduce the water seepage, an impermeable normal concrete
with a thickness of 2 m is placed at the upstream face of the dam wall. The sketch of dam
structure is provided on Figure S1. According to the design information, the elevations
of observation boreholes range from about 130 to 160 m, and most of them are more than
10 m deep. The water level of the reservoir ranges between 149 and 194 m during different
seasons. At the time of conducting the field investigation, the water level was about 190 m.
Note that, dam sections I to IX are in contact with an unconfined aquifer while sections X
and XI are in contact with an unsaturated zone overlying an unconfined aquifer.

A drainage gallery is constructed inside the dam wall like a tunnel (Figure 3). The
boreholes distributed on the gallery are designed to drain away the potential leakage and
reduce the uplift pressure. Site geological investigations showed the following [21]: (1) the
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geological stratum of the dam foundation is mostly pyroclastic rock of Upper Jurassic
period; (2) the bedrock is white-gray rigid tuff-lava, which covers alluvial, diluvial, and
deluvium, for larger than 100 m thickness; (3) the dam foundation is an aquitard with low
permeability; (4) faults in the dam foundation had been grouted during the construction
stage. Detailed geological characterization is available in a previous paper [21].
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Figure 3. Top view of the dam. The black circles represent the boreholes where tracer tests were
conducted. Locations of boreholes where SBDT was conducted are shown by two black circles which
represent P9-7, P9-9, P9-12, and P3-5, P3-8, respectively.

3.2. Field Test Methods
3.2.1. Natural Tracers

To locate the major leakage paths on the dam wall, a field test entailing well-logging
using natural tracers (temperature, EC) and the SBDT was conducted in December 2015.
Boreholes on dam sections III, IV, VIII, and IX, which showed severe leakage symptom:s,
were logged in the present study (Figure 3). In total, 48 boreholes with observed leakage
were subjected to well-logging using natural tracers. The elevation of most dam sections
(IIL, IV, V, VI, VII, VIII, IX) were below 170 m (Figure 3). Note that, the borehole number
represents its location, e.g., P3-9 is the 9th borehole in the dam section III of the dam wall.

An automatic probe provided by Solinst Canada Ltd. was used to record temperature,
EC, and water level at every second with a high precision level of 99.5%. Figure 4a is
an on-site photo depicting the well-logging procedure. The probe connected to a cable
was placed into the bottom of each borehole to log temperature and EC at various depths
(Figure 4b).

(a) ° 1 probe (b)

Leakage water

Concrete

Borehole

Figure 4. Illustration of well-logging with natural tracer: (a) on-site photo; (b) sketch of the logging
process.
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3.2.2. Injection Tracer

In this study, a permeable bag filled with approximately 150 g solid salt was attached
to a rope and lowered into the boreholes. A fine-meshed bag (pore size: 1 mm) was filled
with a common salt to enable the salt to dissolve quickly into the borehole water. After
several up- and downward movements over the whole water column in the borehole, the
salt was dissolved and distributed uniformly within the borehole, thereby increasing the
EC (Figure 5).

§ Permeable bag with Salt

Cracks

Saline water

Concrete

Borehole

Figure 5. Illustration of injections with permeable bag containing salt.

Before the injection, the amount of salt to be applied per borehole needs to be calculated
to achieve a concentration higher than the background value. Once the salt is injected, the
concentration increases above the original value to the expected concentration. Assuming
that the concentration of saline water on borehole is uniform, the lower limit of consumed
salt m,,;,, (mg) is calculated based on Equation (11):

Mpin = AC-A-L, (11)

where AC is the difference between the original concentration and the expected concentra-
tion, and L is the depth of borehole (dm). If the concentration of saline water is non-uniform
in the vertical direction, the concentration of salt is a function of the height of the borehole,
as shown in the integral form (Equation (12)):

Xe
My = A /x AC(x)dx. (12)
0

3.2.3. Single Borehole Dilution Tests

In March 2015, with an average ambient air temperature of 14 °C, the SBDT was
conducted on sections III and IX of the dam, where the severe leakage existed, based on a
previous study [21]. A total of 5 boreholes were used for SBDT: P3-5, P3-8, P9-7, P9-9, and
P9-12 and their locations are shown in Figure 3. After injecting common salt for 5 min, the
auto-recording probe was slowly lowered into the borehole. When the probe reached the
bottom of boreholes, it was slowly pulled out of the water. The recording procedure was
repeated to log the EC and the corresponding depth in the boreholes at different times.
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4. Results
4.1. Natural Tracer

Temperature and EC profiles of all boreholes inside the dam are given in the Sup-
plementary Material. These are illustrated the following figures: (1) Figure S2 for dam
section III, (2) Figure S3 for dam section 1V, (3) Figure 54 for dam section VIII and X, and
(4) Figure S5 for dam section IX. Comparison of temperature and EC profiles show that
temperature profiles have better performance in revealing the flow field in boreholes than
EC. The EC of most of the boreholes are even lower than the detection limit of the test
equipment.

From temperature logging curves, the highest temperature of the reservoir water was
14 °C (Figure S6), and the water on deeper positions had lower temperature than that
in the top positions. This observation means that the temperature of the leakage water
with high velocity in the dam wall should be lower than 14 °C. If the leakage source is
deeper, the temperature would be closer to 12 °C. Based on previous analysis, temperature
profiles shows that the hydraulic behaviors of boreholes can be classified into four clusters:
(1) Class 1, characterized by strong connectivity to water reservoir and rapid seepage rate
(Figure 6a); (2) Class 2, with strong connectivity to the water reservoir but with a slower
seepage rate (Figure 6b); (3) Class 3, having weak connectivity with the shallow part of
the reservoir (Figure 6¢); and (4) Class 4, with almost no obvious connectivity with the
reservoir (Figure 6d). Table 1. shows the result of the classification of boreholes into the
four hydraulic behaviors.

0 - T 0 T
- \.

200 (a) § 1 501 (b) ®eq,

400 E 4 1000 4

600 i. 4 1500 {
g | !. 1 2000 |
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g 00011 1‘2 1’3 14 250012 1‘5 1‘8
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1500 %01

2000 | 12001

2500 1 1 1600

001 P4-3 ‘ 1 oo | P3-1 ’
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Figure 6. Representative temperature profiles of Classes 1, 2, 3, and 4 of the boreholes based on
hydraulic behaviors. (a-d) represent the typical curves of Classes 1, 2, 3, and 4, respectively.
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Table 1. Classification result of boreholes by seepage severity.

Hydraulic Behavior Class Borehole Numbers
Class 1: High Connectivity on Whole Borehole P3-6, P4-5, P9-7
Class 2: high connectivity on specific depths P3-8, P3-12, P3-13, P4-1, P4-2, P9-6, P9-9, P9-10, P9-11, P9-12, P9-13
Class 3: weaken connectivity P4-3, P4-4, P4-6, P4-7, P4-8, P4-9, P4-10, P4-11, P4-12, P8-2

Class 4: safe boreholes with no obvious connectivity

P3-1, P3-2, P3-3, P3-4, P3-5, P3-9, P3-10, P3-11, P8-1, P8-3, ’8-4, P8-5,
P8-6, P9-1, P9-2, P9-3, P9-4, P9-5, P9-§, P10-1, P10-2, P10-3, P10-4

Figure 6 shows the representative profiles of the four classifications of hydraulic be-
haviors. The categorized borehole temperature profiles are provided in the Supplementary
Material (Figures S7-510). Well-logging data is provided in the Supplementary Material. A
summarized description of each class and typical temperature profiles is presented below.

Class 1 has the most obvious seepage behavior (Figure 6a). The shape of the tem-
perature profiles presents a quasi-straight line characteristic. The range of temperature
fluctuations with different depths is below 1 °C. For this class, it is difficult to locate the
depth of leakage path based on the shape of the temperature profile. In Figure 6a, the
curve shows a similar temperature, indicating that the water has little interaction with the
surrounding rock. Hence, the water is mainly from fast leakage with high pressure.

Class 2 has a weaker leakage phenomenon than Class 1. Some parts of the temperature
profile were higher than 14 °C (the maximum temperature of the reservoir water), but
the abrupt or inflection point with obvious fluctuation is evident. The points with low
temperature in Class 2 can be used to locate the leakage zone. In Figure 6b, the low
temperature zone shows leakage water with high-speed flow into the borehole, and the
leakage zone of P3-8 is located at about 250 cm depth. The fast leakage implies that
the upper half water in the borehole has limited interaction with the surrounding rocks.
However, the rest of the water column in borehole strongly interacts with the surrounding
rocks. The leakage zones of Class 2 are summarized in Table S1.

Class 3 has even lower hydraulic connectivity with the reservoir than Classes 1 and
2. Meanwhile, the temperature profile often has a constant slope (Figure 6¢c). Some parts
of the temperature profiles are lower than 14 °C, but the inflection point is not apparent,
indicating that no obvious leakage path can be located. In Figure 6c, the part of the curve
with a constant slope shows that the water on the boreholes has slow velocity, which means
that the water comes from the slow seepage in the dam wall or dam foundation. The strong
interaction with the surrounding rock is evident in Figure 6¢.

The Class 4 has contrasting hydraulic behaviors relative to the previous three classes.
The temperature of Class 4 is higher than 14 °C at every depth, which is the same as that
of the upper limit of the reservoir water temperature. This contrasting behavior indicates
that boreholes of this class have little connectivity with the reservoir, which means that
only limited or no leakage may occur in this class of boreholes (Figure 6d). Water in the
boreholes of Class 4 mainly comes from slow seepage, which has a strong interaction with
the surrounding rocks.

4.2. Single Borehole Dilution Tests

The well-logging with natural tracers not only showed the flow field of the boreholes,
but also provided the background values of temperature and EC. Most of the boreholes
have low EC values, which are suitable to conduct SBDT. Note that, in Figures 7-9, ty
represents the initial time for the background curve, and f;, 5, 3, t4, t5, represent the
subsequent time-steps for the observed curves after injecting tracer at different times in a
sequence. The time intervals of every logging are shown in Table S2.

Figure 7 shows little variations of EC in the P3-5 and P3-8 curves at different times,
but these have different meanings. After injecting the tracer, the breakthrough curves
of the boreholes get obviously larger, which indicates that the salt injection and mixing
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was successful. For P3-5, the slight variation reveals a little change in EC, which means
that the leakage brings little tracer-laden water out. In other words, the leakage in P3-5
is weak. For P3-8, the little variation is similar to that in P3-5, but it has a low EC zone
at the top. The result from the permeable bag was always pulled out of the borehole, as
it is difficult to form a low EC zone on a shallow part. A possible reason was that the
tracer-free water quickly replaced the tracer-laden water, thus the little short-lived changes
were missed during the observations. The movement of vertical flow on a shallow part of
P3-8 should be higher than the length of the low EC zone between the injection time and
the first observation. As mentioned in the methods section, the first observation was made
5 min after the injection. Hence, the vertical mean velocity of the shallow zone of P3-8
should be higher than 1.66 cm/s, which is calculated by the distance of the borehole ratio
observation time interval. This situation is an extreme scenario of Equation (6), because the
upper limit is unknown.
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Figure 7. Overlapped EC profiles of boreholes P3-5, P3-8, P9-7, P9-9, and P9-12 at different times.
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Figure 9. EC profiles of P9-12 at different times.

EC profiles of dam section IX (P9-7, P9-9, P9-12) show more obvious changes in EC,
especially P9-7. The curve of EC for borehole P9-7 decreases to values below the detection
limit at the second observation time f,, which means that the whole water column is
replaced by fresh water. Similar to P3-8, the movement of vertical flow of P9-7 is longer
than the length of the borehole between the first and second observations times. In other
words, the vertical mean velocity of P9-7 is higher than 0.95 cm/s. The calculation is similar
to P3-8, which is the extreme scenario of Equation (6). The EC profiles of boreholes P9-9
and P9-12 appear obvious, with differences that would be beneficial to analyze further.
The EC curve of P9-9 is a typical case of upper vertical flow. For P9-12, the EC curveis a
typical shape with high flow velocity, which can be found in a tracer-related study [20].
Figures 8 and 9 show the breakthrough curves of P9-9 and P9-10 at different times. In these
two boreholes, the time interval and EC curves are used to calculate the distance ranges of
flow by Equation (6). Based on Equation (6), the mean velocity value of P9-9 and P9-12 are
derived (Table 2). A detailed limit of distance for each test is provided in Table S3.

Table 2. The effective vertical velocity of P9-9 and P9-12 calculated using Equation (6).

Lower Limit of = Upper Limit of . Stand Overall Mean
Boreholes Test Velocity: cm/s Velocity: cm/s Mean Velocity: cm/s Deviation: of Tests: cm/s
1 0.20 0.28 0.24 0.04
X 2 0.26 0.28 0.27 0.01
P9-9 0.255
(Class 2) 3 0.21 0.22 0.215 0.005
4 0.27 0.32 0.295 0.025
1 0.17 0.71 0.44 0.27
P9-12 2 0.27 0.82 0.545 0.275
0.505
(Class 2) 3 0.38 0.71 0.545 0.165
4 0.37 0.61 0.49 0.12

For Figure 9, three fluctuation points are evidently found in the curve at the first
observation time ¢; but only two of them still exist in the next observation. Therefore, two

locations around 450 and 600 cm depth are speculated to have a more severe leakage zone
than the location around 1200 cm depth.
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4.3. Validation

The validation results are based on the comparison of results from the natural tracer
test and SBDT. Meanwhile, the site investigation of leakage and historical observation data
are also used. Figure 10 shows the temperature profiles of boreholes used to conduct SBDT.
According to the four hydraulic clusters identified based on the natural tracer test in the
previous section, the five boreholes are classified into: (1) Class 1 with high connectivity on
whole borehole (P9-7); (2) Class 2 with high connectivity at some parts of borehole (P3-8,
P9-9, P9-12); (3) Class 4: safe boreholes with no evident connectivity (P3-5).

In summary, the SBDT shows similar results to those of the natural tracer test. Specifi-
cally, P3-5 has a weak connectivity with the reservoir, which is consistent with the results
for the temperature profiles (Figure 10). P9-7 has a high vertical velocity, which is similar to
the results from natural tracers. P3-8 and P9-9 are located in the leakage zone with clear
infection points, which are similar to the results from the natural tracer test (Table S1).
In borehole P9-12, one leakage point, which is located at 600 cm, was found in both the
temperature profile (Figure 10) and SBDT (Figure 9), while another weaker leakage point
located at 450 cm was only detected by the SBDT (Figure 9). A comparison of the natural
tracer test to SBDT shows that the latter has a more powerful ability to detect potential

leakage zones than the former. In addition, unlike the natural tracer test, SBDT provided
the range of vertical flow velocities in P9-9 and P9-12.
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Figure 10. Temperature profiles of boreholes from the natural tracer test.

Results of on-site investigation showed that P9-7 had obvious leakage phenomenon
with gushing water. In addition, the historical observation shows that sections VII and IX
of the dam wall had large leakage. These field observations further corroborate the results
of the SBDT method. However, field data on leakage rates were not available for the other
individual boreholes where the seepage rates were estimated using the SBDT method.
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5. Discussion

The detection and estimation of seepage is critical in the operation and maintenance
of hydraulic structures such as dams, but existing techniques have a number of limitations.
The low-cost, environmental friendliness, and relative simplicity of natural and artificial
tracer tests render them attractive for detecting and quantifying seepage in hydraulic
structures. Yet, until now, tracer tests have been limited to the detection of seepage flow
paths in groundwater systems, but their application to understanding seepage problems
in dams has received limited attention. Moreover, a single tracer test and corresponding
algorithm that enable the determination of both seepage flow paths and seepage rates
have been lacking. Therefore, the present field-based study addressed these limitations
by developing and applied a new tracer technique for quantifying seepage—the single
borehole dilution test (SBDT). The present study makes three key contributions to the
current knowledge on seepage problems. Firstly, a novel algorithm was developed and
then applied to analyze the SBDT data. Secondly, using the case study of a dam, the
application of the SBDT to determine seepage under field conditions is demonstrated.
Finally, a qualitative validation of the SBDT results against other field data, including
observed seepage, is conducted.

The SBDT, including the novel algorithm was demonstrated to have the unique capac-
ity to serve a dual function: (1) detection of seepage flow paths, and (2) quantifying seepage
flow velocities. In addition, the SDBT had better capacity to detect leakage zones which
were not evident in analysis based on conventional tracer tests. This indicates a key nov-
elty compared to earlier studies based on conventional tracer tests and analysis [10,20,28].
While conventional tracer tests require both uniform and point injection data to estimate
seepage rates, the SBDT estimates the range of seepage flow velocities based only on
uniform injection data. For example, compared to earlier studies using tracer tests on
dam leakage detection [10,25], the SBDT has the ability to calculate the range of mean
seepage velocity. Thus, due to its dual function, the SBDT requires putatively lower data,
equipment, and costs than conventional tracer-based tests based on both uniform and point
injection data.

Note that, in the present study, the SBDT was limited to dam leakage detection,
because of the ease of measurement and the homogeneity of the concrete material. However,
besides dams, a few studies also exist on the application of SBDT for characterization or
quantification on aquifer [27-29,31]. This points to the possibility to extend and adapt the
SBDT to other seepage problems in hydraulic structures. As demonstrated in the present
paper, the SBDT and its algorithm are a tractable technique. This is because, without a
complex derivation, the foundational theory of this SBDT and the analytical algorithm
can be understood easily. The necessary equipment only includes an auto-recording
probe, a permeable bag, ropes/cables, and soluble salt. In the future, the development
on professional equipment would improve this method. Thus, the SBDT provides both
researchers and practitioners another potential tool for the determination of seepage in
hydraulic structures.

In the present study, validation was limited to a qualitative comparison of the SBDT
results to that of natural tracers and historical seepage data. However, a quantitative
validation entailing the use of statistical tests was not feasible due to a number of potential
difficulties. In the case of dam leakage investigated in the present study, these difficulties
include: (1) unlike aquifers, additional boreholes cannot be installed in the pre-existing
concrete dam to validate the results; and (2) the tracer test in the boreholes in the dam wall
includes the solute transport in the subsurface water and surface water, which makes it
difficult to develop a numerical experiment consistent with the reality. To our knowledge,
there is no available code to simulate such a complex solute mixing and flow scenario.

Further research is necessary to validate the new approach on other hydraulic struc-
tures with the seepage phenomenon. Moreover, a comparison of the results of the new
SBDT method to conventional seepage analysis methods is required. In the future, we
intend to conduct further studies of this problem in the laboratory with a synthetic model
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or prototype of a dam with the leakage phenomenon, coupled with 2-D and 3-D numerical
simulations. In such future studies, several seepage scenarios can be investigated, includ-
ing: (1) varying the location or depth of the leakage zone in the dam wall, (2) altering
the water level in the dam, and (3) simulating changes in material hydraulic properties
due to aging and weathering. Moreover, future 3-D modelling may also investigate the
leakage, structural stability, and safety of the whole dam rather than specific dam sections,
as investigated in the present study.

6. Conclusions

The present study investigated the leakage problem on the Wanyao dam based on
tracer tests. The spatial distribution of temperature and EC on 48 boreholes are obtained
based on well-logging technique with natural tracers. A new way of calculating range of
mean vertical velocity on open borehole is proposed, which is based on the Law of Mass.
The proposed approach compares the residual tracers to obtain the losing mass, and solving
the integral Equation of EC to get the range of the mean vertical velocity.

Using well-logging of natural tracers, boreholes are categorized into four classes based
on hydraulic behavior. Classes 1 and 2 had strong connectivity and a severe leakage
problem compared to Classes 3 and 4, which had limited to negligible seepage. The
application of the SBDT to five boreholes revealed the following: (1) P3-5 is confirmed
to have weak evidence of leakage; (2) The vertical velocity of P3-8 and P9-7 is more than
1.66 cm/s and 0.95 cm/s, respectively; (3) In boreholes P9-9 and P9-12, the mean velocities
of the tests are 0.26 and 0.51 cm/s, respectively; and (4) For P9-12, an extra leakage path
is located at a depth of 450 cm, which is easy to miss in the curves of the natural tracers.
Taken together, these findings provide further insights into the seepage problem, which are
not evident when using the conventional tracer method, as described in Huang et al. [21].

Finally, we conclude that:

(1) The natural tracer test is an effective method for detecting the leakage of hydraulic
engineering structures such as dams. In this study, the leakage path of a borehole is
located by the temperature profiles. The EC of boreholes is too low to analyze, but it
also provides background value for SBDT. Hence, it is recommended that the tracer
test coupled well-logging technique can detect or investigate leakage problems;

(2) Based on background value, SBDT has good performance on locating and quantifying
leakage than conventional tracer methods. Specifically, SBDT locates an extra leakage
path in P9-12, which is not apparent in the natural temperature profile. The results of
SBDT were also validated by the natural tracer test, and field observations;

(3) The proposed SBDT method is successful in calculating the range of mean vertical
velocity in open boreholes, which demonstrates its feasibility. Based on the proposed
method, the quantitative comparison of leakage severity between two boreholes is
possible;

(4) Although the present study provides interesting findings, the proposed SBDT method
still requires further improvement. To this end, future directions, including quanti-
tative validation, and 2-D and 3-D modelling were highlighted. In addition, there
is a need to adapt the method to enable it to estimate the specific range of vertical
velocities, and whether or not such velocities are consistent with field observations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w14091448/s1, Figure S1: Dam structure sketch; Figure S2:
Temperature profiles of dam section III; Figure S3: Temperature profiles of dam section IV; Figure S4:
Temperature profiles of dam section VIII and X; Figure S5: Temperature profiles of dam section
IX; Figure S6: Temperature and EC profile of reservoir; Figure S7: Temperature profiles of Class 1;
Figure S8: Temperature profiles of Class 2; Figure S9: Temperature profiles of Class 3; Figure S10:
Temperature profiles of Class 4, Tables S1-S3, well_logging.xIsx.
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