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Abstract

The tracer technique is recommended as an effective tool in surveying ab-
normal seepage through lakes and dams. By injecting a tracer into a known
upstream location and monitoring the appearance of the tracer in the down-
stream leak point, it is possible to determine the direction and the average
water velocity of the preferential flow through the dam. The detailed result
achieved depends on the number of samples and the sampling locations to
analyze tracer concentration over time in the field. This study proposes to use
noninvasive self-potential measurements to determine the location and time
the salt tracer moves through the seepage zone. The connection between the
potential signal according to the propagation of the NaCl salt tracer and the
water velocity was demonstrated through an experiment on a sandbox model.
Experimental results express a good agreement between the time to reach the
maximum value of the potential variation and the salt concentration variation
with the time that water comes to monitoring locations. The result indicates
an ability to determine the pore water velocity of the seepage zone based on
the recording of potential signals produced by a salt tracer movement. The
salt tracer test using NaCl combined with self-potential measurements was
then applied to survey a leaking earth dam in the Dong Nai river basin (Viet-
nam).
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1. Introduction

Leakage due to preferential seepage can gradually develop over time into ero-
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sion, eventually destroying earth dams (Foster et al., 2000; Foster et al., 1998;
Zhang et al., 2016). Once a dam has an abnormal seepage area downstream, the
assessment of the seepage status plays a significant role in ensuring the safe op-
eration of dams and reservoirs.

Hydrological techniques such as the observation of reservoir level and water
leakage flux, stable isotope method, and hydrochemical method are qualitative
methods, often performed in combination when a leakage point has just been
detected (Ba, 2014; Kumar, 2013). Geophysical methods allow for determining
the property distribution of the dam material (Al-Saigh et al., 1994; Di & Wang,
2010). Only the tracer method is an empirical technique that allows the deter-
mination of dynamic parameters such as flow direction, pore water velocity, and
water travel time to describe the process of advection-dispersion of abnormal see-
page flow (Hien & Khoi, 1996; Lee et al., 2007; Noraee-Nejad et al., 2021). Gen-
erally, a such tracer test is performed by introducing artificial tracers such as sa-
line, ethanol, or fluorescent to a known location upstream and monitoring its
concentration over time at target sites such as piezometers and leakage points
downstream. The flow path and water velocity of preferential flow can be deter-
mined using the tracer appearance curves at the monitoring locations. It is easy
to understand that the number of samples and the sampling locations for ana-
lyzing tracer concentration will determine the detail of the experimental results.
For example, there were 26 observation wells with more than 30 water samples
per well for tracer detection in sequential tracer tests conducted by Lee et al.
(2007). Noraee-Nejad et al. (2021) conducted a tracer experiment using NaNO;
salt with a total of 10 sampling points for the investigation of the Shahghasem
dam. Therefore, unavailable sampling locations as well as cost issues due to the
analysis of a large number of water samples are the limitation often faced. Re-
cently, the detection of salt tracer movement through dams using nonpolarized
electrodes on the ground is considered a way to overcome the above limitation.
The principle is the variation in the total source current density generated by the
transport of the salt tracer through preferential flow paths in a dam that can
produce response electrical potential signals on the ground surface. Previous
studies mainly focused on the localization of leakage flow by quantifying the
variation of source current density generated by the movement of ions based on
the inversion algorithm of self-potential data (Boleve et al., 2011; Ikard et al.,
2012; Mao et al., 2015). However, these studies have not elucidated the relation-
ships of the self-potential signal with tracer distribution along the preferential
flow path during the transport process.

This work investigates the relationship between the potential signals accord-
ing to the propagation of the NaCl salt tracer through the experiment on a phys-
ical model. Also, the applicability of the method to determine water velocity and
flow direction with reasonable error is evaluated. A salt tracer test using NaCl
combined with self-potential measurements was then applied to evaluate the di-
rection and the velocity distribution of the preferential flow of an earth dam in

the Dong Nai river basin (Vietnam).
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2. Theoretical Background

In the tracer experiment, tracers are injected into known locations upstream,
and then their occurrence at target sites downstream is monitored over time.
The transport of the tracer in an underground environment is controlled by ad-
vection, hydrodynamic dispersion, and retention. Advection describes the bulk
movement of particles along the mean direction of fluid flow at a rate equal to
the average interstitial fluid velocity. Hydrodynamic dispersion refers to the
spreading of the tracer in media contributed by molecular diffusion and me-
chanical dispersion resulting from variations in local velocities caused by micro-
scopic heterogeneities of media (Sahimi et al., 1982). In this study, NaCl salt is
used as a tracer. The retention process is ignored because chloride ion (Cl7) dis-
sociates in water from NaCl salt is a conservative indicator in the soil environ-
ment (Plata & Araguas, 2002).

Generally, the tracer breakthrough curve is bell-shaped (Figure 1). Previous
studies have mentioned three concepts of time in the tracer curve: £,—the arrival
time, #—the peak time and z—the mean residence time. The mean residence of

the tracer is
t, = [Ctdt /[ Cdt 1)

where Cis the tracer concentration.

The pore water velocity or the mean interstitial velocity of water is defined as
the ratio between the Darcy velocity and the effective porosity. In general, the
pore water velocity can be determined experimentally, as in

V=Lt ()
where L is the distance between injection and observation (m) and ¢ is the time
determined from the tracer breakthrough curve at the observation (s). Which
t-concept in the tracer curve can be used depends on the actual flow conditions.
The maximum velocity is determined from the arrival time and the average ve-
locity is calculated from the peak time (Noraee-Nejad et al.,, 2021). The mean
water velocity, however, is also evaluated from the mean residence time in
groundwater investigations.

When a salt tracer such as NaCl solution is injected into the leakage zone in-
creasing the ion concentration of the pore water, the source current density .
(A-m™?) generates the electrical potential (Revil & Linde, 2006).

11 xeak time (tp)

0.5 -

C/Cmax

1 Arrival time (ta)
0 I7 \ .

Time

Figure 1. Examples of time characteristics of the tracer breakthrough curve: the arrival
time, the peak time, and the mean residence time.
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+ o~ KT
Js = QVV _ﬁ(Zt(Jr) _1)V0f . (3)
V- (cVy)=V-], (4)

where V is the Darcy velocity (m/s); Q, is the excess charge density (C-m™)
which is determined from the equation log,, Q, = -9.2349-0.8219log,, k, k is
the permeability (m?); K, =1.381x10* the Boltzmann constant (J-K™'); 7 is
the absolute temperature (K); F=¢ " is the formation factor, ¢ is the poros-
ity; €=1.6022x107" is the electron charge (C); t,) =0.38 is the microscopic
Hittorf number of the Na* in the pore water; o; =6F is the electrical conduc-
tivity of the pore water (S-m™); o is the electrical conductivity of the porous
media (Sm™); y (V) is the electrical potential. The self-potential signals are
recorded using nonpolarizable electrodes located on the ground. The detection
of tracer transport without sampling is a viable empirical approach, however, the
link between the potential signal according to the propagation of the NaCl salt

tracer and the water velocity needs to be considered.

3. Laboratory Experiment
3.1. Physical Model

The physical model used in this study is a rectangular box with dimensions of
61.6 cm X 30 cm X 30.8 cm made of sheet glass with a thickness of 0.8 cm. The
model is divided into three compartments by two 1 cm thick mica sheets with
holes drilled 1 cm in diameter and a distance between holes of 2 cm. Two 10 cm
long compartments at the ends act as upstream and downstream reservoirs,
while the 38 cm long compartment in the middle is packed with glass beads. Fa-
bric mesh with a mesh diameter of 100 pum is attached to the two shields to pre-
vent glass beads from spilling into the other two compartments. The total height
of the glass bead column is 20 cm. The porosity of the middle compartment is
37%. The flow through the porous media is controlled by the water levels of the
upstream and downstream. Upstream water is supplied by a water tank located 3
m above the ground and a tube with a diameter of 1 cm. The supplying flow rate
is regulated with a valve. The downstream water level is adjusted by changing
the outlet height of the 1 cm diameter overflow discharge tube. The experiment
used tap water as the fluid with an average conductivity of 2.4 x 10 S-m™. We
used laboratory glass beads with a diameter of about 450 - 500 pm. By measuring
the outlet flow rate according to the difference in water level, the permeability is
determined as 1.95 x 107'° m? The experimental system and the sketch of the
physical model are shown in Figure 2(a) and Figure 2(b).

The laboratory Cu/CuSO; electrodes, in combination with a Fluke 87 V volt-
meter (USA), were used to record the electrical potential during the transport of
the NaCl tracer. The in-house electrodes operate with a natural drift of 0.02
mV/min (22°C). The dependence of the potential drift on ambient temperature
is ignored because the temperature fluctuation in the experiment is insignificant

(within 0.1°C). A total of 3 electrode arrays (4 electrodes each array) were inserted
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Figure 2. The experimental system: (a) Photo of experimental system; (b) Sketch of physical model; (c) Illustration of electrode

position (top view).

into the middle compartment (depth 8.5 cm from the top), and the reference
electrode was placed upstream (x; y) = (0 cm; 14.5 cm). The position of the elec-
trodes is considered in the Cartesian coordinate system with the x-axis parallel
to the flow direction, and the y-axis perpendicular to the flow direction. The
electrode arrays have coordinates y = (6.5 cm; 14.5 cm; 22 cm), with the posi-
tions of the measuring electrodes along the x-axis being (6.5 cm; 14.5 cm; 23 cmy;
31.5 cm) as shown in Figure 2(c).

3.2. Experimental Procedure

The upstream level was maintained at 20 cm. The tracer experiment was per-
formed with a flow rate of 0.61 L/min corresponding to a 19 cm downstream
level. The pore water velocity was 2.90 cm/min. The temperature during the ex-
periment was stable in the range of 22°C. We injected the NaCl tracer and mo-
nitored the self-potential signal over time for the first stage. The next stage re-
peats the tracer injection under same conditions and determines the CI~ concen-
tration at the monitoring locations.
» First stage. After setting the downstream and upstream levels, the experi-
mental system was kept in a stable state for several hours. Before the tracer

injection, the potential difference between the 12 measuring electrodes and
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the reference electrode was recorded, which includes the signal generated by
the steady flow in the model and the difference in internal potential between
the electrodes. Simultaneously, the initial conductivity of the water is also
measured to get the background value. 120 mL of the salt tracer solution
(containing 4.42 g of NaCl) was injected into the upstream reservoir. The
water volume of the upstream reservoir was 5.68 L. The potential difference
between the reference electrode and measuring electrodes was recorded over
time using a Fluke 87 V voltmeter (USA). The measuring time for 12 elec-
trodes was 20 s, the measurement frequency was 1 min. The NaCl concentra-
tion over time at the downstream drainage was measured using a conductiv-
ity quantity using a Hanna HI98197 device (Romania). The linear relation-
ship of the concentration of Cl” (C, mg/L) and the conductivity of water (EC,
uS/cm) are shown by the equation C = 0.25EC — 4.49 (R* = 0.998). The initial
electrical potential before tracer injection and the natural drift potential were
removed from the measurement. After about 60 minutes of experimentation,
the electrodes were removed from the model, and continuously running tap
water through the model for several days to wash away any remaining salt.

* Second stage. The tracer injection was repeated under the same condition as
the previous stage, using 1 mL syringes to collect water samples at the elec-
trode locations y = 14.5 cm and x = [6.5 cm; 14.5 cm; 23 cm; 31.5 cm] over
time. The water samples were then analyzed for Cl- concentration at the La-
boratory (VILAS-609) of the Center for Applications of Nuclear technique in
Industry. The concentration of Cl~ in water was quantified according to the
test method TCVN 6494-1:2011 with a detection limit of 0.01 mg/L. The
purpose is to determine the experimental tracer curve at the electrode place-
ment sites. Besides, the upstream water conductivity was also observed over
time to confirm the repeatability of the inlet boundary condition of the see-

page zone.

4., Field-Scale Test

The main aim of the experiment is to determine the velocity distribution of the
preferential flow of an earth dam in the Dong Nai river basin (Vietnam) using
the tracer technique combined with self-potential measurements.

The study dam was built in 1997 in the Dong Nai river basin. The dam is si-
tuated about 200 km northeast of Ho Chi Minh City. The study dam is a homo-
geneous earth dam of 36 m in height and a crest length of 215 m. According to
the company’s report, the leak area appears downstream of the dam when the
reservoir water level reaches a value greater than 604 m. The size of the down-
stream leak zone is about 7 m x 3 m at an elevation of 595 m (Figure 3(a)). In
December 2021, we collaborated with the dam supervisor to create a ditch to
collect seepage water into a hole with dimensions of 40 cm x 40 cm x 15 cm in
order to measure the leak flow rate. The results show that the leakage flow was

0.5 L/min when the lake water level reached 605 m.
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Figure 3. (a) The study dam site; (b) The tracing distance, measuring lines for electrical potential (Line 1 - 5), and reference elec-

trode (Ref) position.

The salt tracer test was conducted to determine the direction and local pore
water velocity of the preferential flow through the dam. Nylon bags containing
the NaCl tracer in crystal form were introduced into the reservoir on December
18, 2021. The tracing distance was 78 m, symmetrical to the leak site (Figure
3(b)). The bags were perforated so that the salt crystal could dissolve into the
reservoir water at a certain rate. Each 5 kg NaCl bag was placed at a depth of 1 m
and spaced 3 m apart. The reservoir water level at the time of tracer injection
was 604.6 m. The electrical conductivity and CI~ concentration of the reservoir
water according to the distance were determined over a time of about 3 hours
from the injection point. The leak point was the only location where we could
sample the downstream. The leak water samples were collected until February 3,
2022, to analyze the conductivity and Cl~ concentration at the Laboratory
(VILAS-609) of the Center for Application of Nuclear techniques in Industry.
Water samples having a volume of 300 mL were filled in sealed plastic bottles to
avoid contact with air. The Cl” concentration of samples was determined ac-
cording to the test method TCVN 6494-1:2011 with a minimum detection limit
of 0.01 mg/L. The electrical conductivity of the samples was measured using a
Hanna HI98197 instrument (Romania) with a resolution of 0.1 uS/cm. Before
the injection, the concentration of Cl~ in the reservoir water was 3.80 mg/L and
in the leak water, it was 2.77 mg/L, corresponding to the conductivity of 66.5
uS/cm and 28.5 uS/cm.

A total of 5 measuring lines for electrical potential (Line 1 - 5) were carried
out at the dam site before tracer injection (December 17, 2021) and after tracer
injection (January 5, 2022, January 18). 2022, January 26, 2022). The measuring
lines were parallel to the toe of the dam downstream and were 10 m apart. The
length of the measuring lines was designed to be reduced to the downstream in

DOI: 10.4236/gep.2023.111002

21 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2023.111002

H.H.T.Thuetal.

order to save survey time. Measurements were performed using a pair of Cu/CuSO,
non-polarized electrodes connected to a measuring device with a maximum im-
pedance of 20 MQ using a 500 m cable (ARES II measurement system, GF In-
struments). In this study, the reference electrode was fixed at the left abutment
of the dam (Figure 3(b)), and the other electrode was moved to each measure-
ment point on the measuring lines. The average distance of the measuring points
was 8 m, however, the locations of the measuring points were adjusted according
to the ground surface conditions at the site. At each location, a small hole was
dug to contact moist soil. The average depth of each hole was about 10 cm. Because
of the sensitivity of the Cu/CuSOj electrodes to temperature changes, the electrodes
were shielded from sunlight during measurement with a pre-measurement waiting
time of 5 min for each measurement point. At each measurement point, 5 mea-
surements were performed with an average relative error of 1.7%. At the begin-
ning and end of each measuring line, the drift potential of the two electrodes was
determined when they were placed in a bath of saturated CuSO, solution. The
potential value of which was about 1 mV. Previous studies have shown that tel-
luric current correction can be neglected with measurements taken over a
short-time period and site scales below 1 km (Revil et al., 2003). The raw elec-
trical potential data were then corrected for the drift potential for each measur-

ing line.

5. Results and Discussion
5.1. Laboratory Experiment

The conductivity of upstream and downstream water over time in both experi-
mental periods is shown in Figure 4. The results show the repeatability of the
boundary condition upstream. The water conductivity upstream declines with
time due to the dilution effect with a water flow rate of 0.61 L/min. The water
conductivity downstream over time is bell-shaped, and a percentage of salt re-
covery of 99.8% is observed.

The Na* and CI” ions dissociated from the NaCl salt move with the injected
water and pass through the monitoring locations of x = 6.5 cm, 14.5 cm, 23 cm,

and 31.5 cm. The transport of ions in water through pore spaces increases the

2000 - -
) : : : ‘ ! !
1600 i i %—.— UpsFream-ZnF stage E
= p ' ' i* — Ups‘zream-lst‘ stage :
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Time since tracer injection (min)

Figure 4. The conductivity of upstream and downstream water over time in both experi-
mental periods.
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conductivity of the water at monitoring locations, and simultaneously, generates
self-potential signals. Immediately after the injection, the self-potential at mea-
suring positions (x = 6.5 cm, 14.5 cm, 23 cm, and 31.5 cm) drops to a negative
value, then suddenly crosses zero and is almost stable during experimental time.

Figure 5 presents the distribution of NaCl concentration and self-potential at
the monitoring site according to normalized time (t.v*/L), v* = 2.90 cm/min, L =
{6.5 cm, 14.5 cm, 23 c¢m, and 31.5 cm}. The results show that the time to reach
the maximum concentration corresponds to the peak time of the potential sig-
nal. The travel time of water (t.v*/L = 1) is earlier than the time to reach the
maximum concentration due to the tracer dispersion effect.

The reasonable between the time to reach the maximum value of the potential
variation and the salt concentration variation with the time that water comes to
monitoring locations is shown in Figure 6. The time to reach the maximum po-
tential variation are 2 min (x = 6.5 cm), 7 min (x = 14.5 cm), 10 min (x = 23 cm),
and 13 min (x = 31.5 cm). The tracer curve is affected by the movement of the
tracer along the mean direction of fluid flow, as well as, the hydrodynamic dis-
persion process. Therefore, it can be seen that the advection related to fluid flow
velocity is the dominant process when the maximum potential variation
achieves. The pore water velocity can be determined based on the time of maxi-
mum potential variation (i.e. potential anomaly). The average error of the calcu-

lated velocity (2.5 cm/min) is about 13% compared with the reference value (2.9

cm/min).

0.012
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< —_ S —_
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- o —_—
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= — [=
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<) z 2
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Figure 5. Experimental tracer concentration (NaCl, mol/L) and potential (mV) over time at monitoring sites.
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Figure 6. The reasonable between the time to reach the maximum potential variation (a)
and salt concentration variation with the time travel of water (b).

5.2. Field-Scale Experiment

The NaCl tracer was introduced into the reservoir water at an elevation of 604.5
m. Measurement results of electrical conductivity and Cl~ concentration in the
reservoir water at 0.8 hours, 1.8 hours, 2.8 hours, and 3.3 hours after injection
are presented in Figure 7(a). The purpose is to locate the inlet of seepage lea-
kage of the dam. The inlet was determined as the point with the highest concen-
tration of tracer after a period of diffusion. The measurement results show that
the conductivity and Cl~ concentration peaked at about 42 m from the zero dis-
tance injection. After 3.3 hours, the conductivity of the reservoir water was once
again close to the background value.

The analysis results of electrical conductivity and CI- concentration in water
at the leak point are shown in Figure 7(b). The response tracer curve is in the
form of a single peak, peaking after 40 days of the injection. The maximum
conductivity value is 118.70 uS/cm corresponding to the maximum CI~ concen-
tration of 28.06 mg/L.

Figure 8 presents the results of electrical potential anomalies at the dam after
18 days, 30 days, and 40 days since the injection. The location of the anomaly
that indicates the direction of tracer movement from upstream to the leak point
has a horizontal V-shape. The travel time of the salt tracer from upstream (posi-
tion 1) to Line 2 (position 2) is 18 days, from Line 2 (position 2) to Line 5 (posi-
tion 3) is 12 days, and from Line 5 (position 3) to the leak point is 10 days. Based
on the distances of movement, the local pore water velocity is presented in Table
1. The value of local pore water velocity ranges from 1.2 x 10 m/s to 7.0 x 10~
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m/s. The calculation results show that the velocity in the 2 - 3 position range is
the greatest. Taking into account the tortuosity of the porous medium, the actual
velocity of the water is proportional to the actual distance travelled La = L7, 7is
the tortuosity. The actual velocity results are presented as Table 1 with 7= 1.4
(Freeze & Cherry, 1979).

Table 1. Local pore water velocity along the preferential flow of the study dam.

. Travel Travel time Pore water Actual pore water
Position . . .
distance (m) (days) velocity (m/s) velocity (m/s)
1-2 77.8 18 5.0 x 107 7.0 x 107
2-3 73 12 7.0 x 107> 9.9 x 107°
3-Leak point 10.4 10 1.2 x10°° 1.7 x 1075
140
2 ‘E 120
2 2
B ——t=08h & 1%
R ——t=18h £ E 80
g5 s3
=2 ——t=28h 35 60
~ %]
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Tracing distance (m) Time since tracer injection (days)

Figure 7. Results of salt
reservoir water at 0.8 h,
point over time.

(a) (b)

tracer test at the study dam: (a) Measurement results of electrical conductivity and Cl~ concentration in
1.8 h, 2.8 h and 3.3 h after injection; (b) Electrical conductivity and Cl~ concentration in water at the leak

After 18 days.

AW/At

After 30 days After 40 days
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.
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Figure 8. Location of electrical potential anomalies (A'W/At) at the study dam after injection: 18 days, 30 days, and 40 days. Posi-

tion 1 is conventionally
tion.

the leakage inlet, determined at the point where the conductivity or Cl~ concentration peaks after injec-
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6. Conclusion

The study focused on evaluating the reasonable between the self-potential ano-
malies and salt concentration distribution, which has not been addressed in pre-
vious studies. The obtained results allow the assessment of water velocity in a
preferential flow path with an error of about 13%. A field-scale salt tracer expe-
riment combined with self-potential measurements was performed at a leaking
earth dam in Vietnam to illustrate the applicability of the method. The tracer
response curve at the leak site shows that the transport time of the seepage water
is approximately 40 days. The electrical potential anomaly after 18 days, 30 days,
and 40 days, since tracer injection, indicates the path of the preferential flow
from upstream to the leak point with the local pore water velocity in the range of
1.7 t0 9.9 x 10 m/s.

The achieved results show that the approach will be very useful for assessing
internal erosion due to seepage inside the earthen dam based on the criterion of
pore water velocity. In addition, this technique presents an outstanding advan-
tage in terms of testing costs as well as overcoming difficulties associated with

sampling for tracer analysis in the field site.
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