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Abstract: Subterranean termite-induced damage to earth embankments in agricultural systems
occurs globally. NaCl-laden soil barriers (NLSBs) are an environmentally sustainable termite control
method, and have exhibited good potential in preventing termite-related tunneling damage in
Zhejiang Province, China. The persistence of the NaCl concentration in NLSBs is a key characteristic
for the long-term prevention of subterranean termite infestations. This study is a scientific attempt to
estimate the field efficacy and barrier longevity of NLSBs in reservoir embankments based on the
Richards equation and the convection—dispersion equation using HYDRUS (2D/3D). The observed
and simulated NaCl concentrations at the end of a 1915-day simulation were compared. The results
indicated that the proposed model performed well and can effectively characterize the water flow and
salt transport in NLSBs. The salt desalination rate of the NLSB in the upstream slope was higher than
that in the downstream slope, both of which were significantly higher than that at the embankment
axis. Regardless of the type of embankment (homogeneous or core-wall), the barrier longevity of
NaCl-laden soil against subterranean termites can reach 50 years with an optimized NaCl/soil ratio
in different parts of the embankment.
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1. Introduction

Numerous irrigation reservoirs have been built in the paddy farming regions of
southern China to accommodate excess rainwater during the rainy season. Most of these
reservoirs have earth embankments with a high clay content, an appropriate soil pH value,
and suitable particle properties that are attractive to termites that build nests and tunnels
inside the reservoir embankment [1-3]. These internal tunnel networks can weaken the
embankment structure, causing leakage, erosion, and collapse, and resulting in significant
economic losses [4-8]. According to one survey, 90% of all of the reservoir embankments
and river dams in the 14 provinces in southern China that were at least 15 years old
exhibited some level of subterranean termite-induced damage [9]. In recent years termite-
induced damage to earth embankments has increased owing to the influence of climate
change [10].

Subterranean termite-induced damage to earth embankments and dams is a global
problem. A total of 64 species of termites from four families (Kalotermitidae, Termopsidae,
Rhinotermitidae and Termitidae) have invaded various dam sites across Vietnam [11,12]. Sim-
ilar termite damage was identified on dikes along the Mississippi River in New Orleans,
USA, which were subsequently destroyed by Hurricane Katrina [13,14]. The presence of
termites in embankments and dams has also been reported in India [15,16], Nigeria [17]
and Thailand [18]. Although many species of termites attack dams and reservoirs, subter-
ranean termites from the the Odontotermes and Macrotermes genera pose the most significant
threat [19,20]. More than 90% of the dams and reservoirs in southern China are damaged
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by Odontotermes formosanus (Shiraki) and Macrotermes barneyi (Light) [21]. Similarly, Odon-
totermes hainanensis (Light) causes the most damage to dams in northern Vietnam [12].
The traditional methods of preventing subterranean termite infestations in China include
digging out termite colonies or using termiticides [4]. The former requires a significant
amount of time and labor, and the latter is harmful to the environment. The bait method
has also been employed recently; however, a small amount of insect toxicants is still re-
quired. Termite control using non-toxic physical barriers is an environmentally friendly
method that uses non-chemical materials to prevent termite entry and tunneling damage
in agricultural systems and commercial buildings [22].

With over 20 years of popularization and application in Zhejiang Province, China,
NaCl-laden soil barriers (NLSBs) have proven to be a promising field technique to control
subterranean termites in earth embankments [2,23,24]. NLSBs are an indigenous approach
that utilizes NaCl as a mixing agent in cohesive soils, with the aim of preventing sub-
terranean termite penetration and damage to earth embankments and dams. Both the
sodium and chloride ions contribute to the inhibition in metabolizing cellulose, which
might be sufficient to starve termites, thereby killing them [25]. Moreover, as a hygro-
scopic material, NaCl has the ability to draw off moisture as it comes into contact with a
moisture-laden body. If termites persist in advancing through the NLSB, they will tend
to die of dehydration [26]. As NaCl is nonvolatile and robust as an inert particle, and is
used only in small amounts (NaCl/soil ratio of 0.8%) [23], NLSBs are considered to be an
environmentally sustainable control method. Adequate NaCl concentration in the NLSB is
a key method for the long-term prevention of subterranean termite infestations. The failure
of NLSB-based treatments is often due to environmental factors, such as repeated water
level cycles, saturated hydraulic conductivity of the soil matrix and rainfall infiltration [24].

Cyclodienes, especially chlordane, are stable and extremely effective in soil and have
been used to protect structures from subterranean termites for decades [27]. Under a
global treaty known as the Stockholm Convention, chlordane and mirex, which were
once widely used as termite control agents, have been banned in most countries around
the world [28]. Currently, most termiticides are more expensive and less persistent than
cyclodienes [29]. The standard measure for acceptable performance in the United States
is that termiticides must prevent termites from penetrating 90% of the barrier for at least
five years [30]. Treatment failures and concerns about increased pesticide use have led to
a renewed interest in developing alternative subterranean termite control methods [31].
NLSBs are an indigenous practice that must be properly evaluated to determine their field
efficacy and longevity.

Owing to the lack of a careful scientific evaluation of the long-term persistence of
NLSBs against subterranean termites in earth embankments, an accurate assessment of
their relative potential is difficult. Some solutes in an NLSB are transported over time by
moving water through advection and dispersion. Variations in soil properties such as hy-
draulic conductivity, clay and organic matter content and water content can also influence
the groundwater and salt transportation characteristics of NLSBs in embankments [24].
Numerous field and laboratory methods have been applied to characterize the transport of
water and solutes in soil and to monitor the soil moisture content. Computer models for
characterizing mass transfer processes in soil have also been developed [32-34]. Numerical
simulations using calibrated models can also evaluate soil water and solute dynamics over
a sufficiently long duration.

The HYDRUS (2D/3D) model [35] has been widely used in the analysis of water, heat
and solute transport in variably saturated porous media in agricultural systems [36—40].
In this study, we developed a simple NLSB treatment for a post-construction earth em-
bankment using casing-wells to backfill NaCl-laden soil, which acts as a barrier against
subterranean termites. The variation in the NaCl concentration in the NLSB was analyzed
through field measurements in the Longxi Reservoir (LR) in Yuhuan, Zhejiang Province,
China. Subsequently, considering homogeneous and core-wall embankments, the barrier
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longevity of the NLSB was estimated based on the extent of salt desalination using the HY-
DRUS (2D/3D) model. Finally, we discuss the future research directions of this approach.

2. Materials and Methods
2.1. Site Specification

The LR is a small reservoir that is primarily used to supply water and is integrated
with irrigation, flood control and drainage systems. It is located in Yuhuan, Zhejiang
Province, China (Figure 1). The reservoir basin is dominated by hills, with a rainwater
collection area of 5.1 km?, a main river course of 2.95 km and an average gradient of 2.6%.
Currently, the normal storage capacity is 2.71 million m3, with a total storage capacity of
3.31 million m3. The local climate is subtropical marine, with an average annual rainfall of
1350 mm, of which approximately 1000 mm is distributed during March-September.
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Figure 1. Study area: (a) Zhejiang province in China and (b) Location of the Longxi Reservoir (LR).

2.2. Field Treatment

The construction process of a NLSB using casing-wells to backfill NaCl-laden soil pri-
marily consists of five steps—drilling arrangement, well making, soil borrowing, soil/NaCl
mixing and backfilling. The specific construction process is shown in Figure 2, and the
primary design considerations are as follows:

NEXT
Project Remove Move
design spoil machine

Drilling »| Machine Well making Well .|  Backfilling
arrangement alignment by casing drilling inspection NaCl-laden soil
Soil-borrowing Soil Soil Soil moisture Soil and salt
site survey borrowing transportation content control mixing

Figure 2. The specific construction process of NLSB field treatment.

Step 1. Drilling arrangement of casing well. Considering the reduction in the phreatic
line, the wells are arranged on the dam axis or the upstream side of the dam crest parallel
to the dam axis. The required thickness of the clay cut-off wall for casing backfilling is
determined based on the seepage gradient. Earth embankments with a height of less than
15 m are designed with a single row of casing wells, whereas two or three rows of casing
wells are used for those with a height of more than 15 m.
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Step 2: Well making by casing drilling. First, two main wells (Nos. 1 and 2 in Figure 3)
are drilled, backfilled and tamped. Subsequently, a casing well (No. 3) is drilled between
the two main wells. This procedure is repeated until all the wells are drilled. The main
wells and casing wells are embedded to a depth of 1-2 m in the underlying soil layer, and
penetrate the impermeable layer if necessary.

||, Upstream slope

Main well

Casing

I Axis
Dam
_axis |

Casing well

Unit : cm

Downstream slope

Figure 3. Typical construction diagram of casing wells.

Step 3: Soil borrowing. The backfill soil is clay loam, with a suitable water content based
on the design requirements. The water content is controlled through tedding or watering.

Step 4: Soil NaCl mixing. The salt content is calculated based on the dry density of the
soil to ensure a NaCl/soil ratio of 0.8% (at least 0.2%) in the NLSB. The soil and NaCl are
mixed evenly.

Step 5: Backfilling and tamping. After the wells are made, they must be immediately and
continuously backfilled and compacted in layers. The thickness of each layered backfill
is approximately 0.3-0.5 m, and care must be taken to ensure that no water is present
at the bottom of the well during backfilling. The construction parameters, including the
optimal paving thickness, falling distance and tamping duration, are determined through
field experiments.

2.3. Soil Characterization

To ensure the safe operation of the reservoir dam in the future, reinforcement and
reconstruction projects were performed in 2009, and the NLSB technique was used to
prevent termite infestations. Laboratory tests were performed on undisturbed soil sam-
ples collected from various locations along the embankment before and after the project
construction. The samples were identified and classified through index property tests to
determine the soil texture and bulk density. The permeability of the soil was evaluated
through a variable head permeability test. The concentration of soluble salt in the soil was
determined by measuring the conductivity of the soil water extract.

2.4. Numerical Model
2.4.1. Governing Equations

Considering the isothermal uniform Darcy flow in variable saturated rigid porous
media and ignoring the influence of the gas phase in the liquid phase flow, the modified
Richards equation can be used to describe soil water movement in the HYDRUS (2D /3D)

model [41].

0
a—f:V-(KVh-i—KVz)—S (1)
where t is the time [T]; /1 is the water pressure head [L]; 6 is the volumetric water content

[L3L73]; K(6) is the unsaturated hydraulic conductivity function [LT~!]; V is a vector
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differential operator [L~!]; z is a Cartesian coordinate [L]; S is the general sink term
[L3L~3T~1], which is not considered herein.

The van Genuchten—-Mualem formula can be used to estimate the water retention
properties and hydraulic conductivity of the soil [42]:

0, + N - = 5 h<O0
o(h) = [Ltla™] ™ 7 2
(1) { o >0 } (2a)
K(6) = K,SL {1—(1—5(}/'")"1}2 (2b)

where 6, and 6, are the saturated and residual water contents [L’L 3], respectively; K; is the
saturated hydraulic conductivity [LT~1]; S. = (6 — 6,)/(8, — 65) is the effective saturation;
« is the inverse of the air-entry suction value [L71]; n is the pore-size distribution index; [
and m are empirical parameters related to the pore-connectivity and pore size distribution,
respectively. Herein, [ =0.5and m =1 — (1/n), (n > 1).

As a conservative solute, NaCl transport is expressed using the advective-dispersive

equation:

00

a—f:—v.(qcfenw)fsc 3)
where c is the solute concentration [ML~2]; q is the volumetric water flux density vector
[L3L2T1]; D is the dispersion tensor [L2T~1]; S is the sink term, which is not considered

herein. The components of D are [43]:

9i9;
lq]

where Dj; is a component of the dispersion tensor [L2T~1]; D; and Dy are the longitudinal
and transversal dispersivity [L], respectively; D, is the molecular diffusion coefficient in
free water [L2T~1]; g (k = i, j) is the k-component of q [L3L~2T~!]; 7 is the tortuosity factor;
djj is the Kronecker delta function.

0D = GDij = DT|q|5i]‘ + (D — Dy) + 9DdT§,']' (4)

2.4.2. Model Domain, Boundary, and Initial Conditions

The main dam of the LR is a core-wall embankment comprising a combination of per-
meable and relatively impermeable materials in the embankment cross-section (Figure 4a).
Table 1 lists the parameter values used in the model, which were obtained from either
laboratory tests or the existing literature. The size of the model domain is equal to the
actual size of the LR embankment. The embankment has a crest width of 5 m, bottom
width of 115 m and height of 25 m.

The initial conditions of the measured soil moisture were used in the model. A time-
variable pressure head boundary condition was defined at the upstream slope of the
embankment (Figure 5). The water levels along the discharge trench at the downstream
slope remained constant at 1 m during the simulation. The seepage face boundary condi-
tions were considered on the surface of the toe drain. No flux boundary conditions were
applied on the remainder of the domain surface. The region was discretized into two-
dimensional triangular elements using the Meshgen tool in the HYDRUS software package.
The resulting finite element method (FEM) mesh contained approximately 9000 nodes
and 18,000 triangular elements. The FEM mesh and boundary conditions of the earth
embankment are shown in Figure 4b.
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Figure 4. (a) Model geometry and (b) FEM mesh and boundary conditions of the LR used in the
HYDRUS (2D/3D) simulations.

Table 1. Selected soil and water characteristic parameters of the main dam of the LR.

Parameter * EF CF FS NLSB TD AF
Residual water content, 8, [m3m—3] 0.034 0.07 0.02 0.07 0.015 0.045
Saturated water content, 65 [m3m 3] 0.46 0.37 0.42 0.37 0.41 0.43
Empirical parameter, « [m1] 1.6 0.5 0.3 0.5 1.5 14.5
Empirical parameter, n 1.37 1.09 1.3 1.09 2.68 2.68

Empirical parameter, / 0.5 0.5 0.5 0.5 0.5 0.5
Saturated hydraulic conductivity, Ks [md '] 0.026 1.08 x 103 54 x1073 1.08 x 1073 108 7.128

* EF: earth-fill, CF: core-fill, FS: foundation soil, NLSB: NaCl-laden soil barrier, TD: toe drain, AF: additional fill.
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Figure 5. Temporal variation in the pressure head boundary condition along the upstream slope
during the simulation.

The concentration of NaCl in the solid phase of the NLSB was 2 g/kg at the start of
the simulation. The total simulation time was 1915 days. Primarily, the change in the salt
concentration in the NLSB was analyzed. To simulate solute transport without considering
the interaction and adsorption of solutes, the hydrodynamic dispersion coefficient was
determined using the molecular diffusion coefficient D, in free water and the longitudinal
and transverse dispersivities, D; and Dr, respectively, of the solutes.

At 25 °C, the diffusion coefficient of the solute was set to Dy = 8.99 x 107> m?/d [44].
According to the empirical rule proposed by Gelhar [45], the longitudinal dispersivity
is related to the research scale or the length of the seepage path. Schulze-Makuch [46]
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established the relationship between the longitudinal dispersivity of the solute and the
characteristic length of the seepage path through numerous statistical analyses as follows:

D; = 0.085L28! (5)

where L; is the characteristic length of the seepage path. Bear [43] proposed that the
transverse dispersivity is one-tenth the longitudinal dispersivity:

Dr=0.1D; (6)

For the LR, the selected solute longitudinal and transverse dispersivities are Dy = 1.03
m and Dt = 0.103 m, respectively.

2.5. Application Scenarios
2.5.1. Application in a Homogeneous Embankment

Reservoir R-01 was built in 1955 with a total storage capacity of 0.3 million m?. It has a
homogeneous earth embankment with a length of 97 m, a height of 9.5 m and a crest width
of 4 m (Figure 6a). A site survey revealed several traces of termites in the embankment
and vicinity of the reservoir, and leakage was observed on the downstream slope, which
partially deformed the embankment. Some leakage was reportedly caused by O. formosanus
(Shiraki).
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Figure 6. (a) Model geometry and (b) FEM mesh and boundary conditions of a homogeneous
embankment (R-01). The positions of the observation points (1-13) are indicated by black dots.

As shown in Figure 6a, the embankment was backfilled by casing wells during the
construction of the reinforcement. The casing wells were arranged in a single row along
the embankment axis and revetments. They had a diameter of 1.1 m, and the compaction
degree of the NLSB after backfilling was more than 0.96. The entire embankment section
was backfilled with casing wells, and the bottom of the backfilling soil was 1.0 m below the
relatively impervious foundation.

The calculation parameters and the initial and boundary conditions are consistent with
those of the LR (Table 1 and Figure 6b). The revetments and concrete base are impervious,
and the parameters of the backfilling soil are the same as those of the NLSB. Considering
the solute transport simulation, the longitudinal dispersivity was determined to be 0.38 m
using Equation (5), and the transverse dispersivity was set to 0.038 m. The normal water
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level of the reservoir was 4.04 m and the design flood level was 4.7 m. Considering the
annual water level fluctuation, the variable head boundary was set as:

2.04m, 0<t<60d, 305d <t <365d
0.033 ¢t 4 0.04m, 60d <t <120d
4.04m, 120d <t < 170d, 195d <t < 245d
h(t) =4 0.066t—7.18m, 170d <t < 180d (7)
4.7m, 180d <t < 185d
—0.066t+ 1691m, 185d <t < 195d
—0.033¢t +122m, 245d <t < 305d

The change in the reservoir water level is primarily affected by rainfall. As shown in
Equation (7), the normal water level operation duration during the rainy season was set to
100 days and the design water flood operation duration was set to 5 days. The calculation
assumes that the variable head cycle occurs 50 times and the total simulation time was
50 years.

2.5.2. Application in a Core-Wall Embankment

Reservoir R-02 was constructed between 1964 and 1979, with a total storage capacity
of 0.31 million m3. The main dam is made up of a core-wall embankment with a length
of 131 m, height of 14.9 m and crest width of 5 m (Figure 7a). The reinforcement and
the NLSB were the same as those applied to reservoir R-01. Furthermore, the calculation
parameters and the boundary conditions used in the simulation were identical to those
used for reservoir R-01 (Figure 7b). The longitudinal dispersivity was determined to be
0.56 m using Equation (5) and the transverse dispersivity was set to 0.056 m. The normal
water level of the reservoir was 9.29 m and the design flood level was 10.25 m. Considering
the annual water level fluctuation, the variable head boundary was set as:

529m, 0<t<60d,305d <t<365d
0.066 +1.29m, 60d < t < 120d
9.29m, 120d < t < 170d, 195d < t < 245d
h(t) = { 0.096t—7.03m, 170d < t < 180d 8)
10.25m, 180d < t < 185d
—0.096¢ + 28.01m, 185d <t < 195d
—0.066¢ +25.62m, 245d <t < 305d
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Figure 7. (a) Model geometry and (b) FEM mesh and boundary conditions for a core-wall embank-
ment (R-02). The positions of the observation points (1-21) are indicated by black dots.

As in the case of reservoir R-01, the variable head cycle was assumed to occur 50 times
and the total simulation time was 50 years.
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3. Results and Discussion
3.1. NLSB Field Performance

Economic concerns. For the main dam of the LR, the direct cost of NLSBs was approxi-
mately 105,000 yuan, which was reduced by 30% to traditional termite control methods
with termiticides. A survey of 20 reservoirs showed that the termite control cost used
NLSBs was reduced by 25-35% compared with the traditional methods.

Environmental concerns. Because NLSB was designed to have low salt content (NaCl/soil
ratio of 0.8%) and was located 1 m below the embankment outline, it has no obviously
environmental impact on vegetation of the turf layer at the downstream slope. Even if a
small amount of edible NaCl is leached, it will not affect the water quality of the reservoir
and ensure the safety of drinking water in the water source. According to the NaCl-laden
soil test, when the NaCl/soil ratio in treated soil is less than 3%, the physical properties of
soil change marginally [47]. To our knowledge, no references have been found that suggest
that NaCl is toxic to insect pests. However, the potential negative impact of NLSBs on the
environment needs to be evaluated in the future.

Persistence and efficacy concerns. NLSBs have been used to control termites in the LR for
12 years, and no termite activity has been found through on-site inspection. The earliest
commercial application of NLSB has been carried out in Zhejiang Province of China for
more than 20 years and still shows resistance to termite attack. The persistence and efficacy
of NLSBs still lack long-term observation and evaluation.

3.2. Simulated NaCl Concentration in the LR

The NaCl concentration in the LR at the end of the 1915-day simulation period is
shown in Figure 8. The overall NaCl migration in the earth embankment was rather
limited, especially above the phreatic line. According to a field survey, O. formosanus
(Shiraki) nests in the earth embankment are generally located 1.5 m below the crest and
above the phreatic line [24]. The phreatic line is an imaginary line separating the saturated
zone and unsaturated zone in an earth embankment. Therefore, the NLSB can improve the
core-fill of the dam above the phreatic line and provide long-term termite control.

————— Phreatic line

0.001 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 0.990

N T T I Concentration c/c,

Figure 8. NaCl concentration isolines in the LR at the end of the 1915-day simulation. ¢ is the
concentration of NaCl in the solid phase of the NLSB at the beginning of the simulation. The
positions of the observation points (1-5) are indicated by crossed circles. The dashed line indicates
the position of the phreatic line at the end of the 1915-day simulation.

Observation points were established at depths of 2.8 m, 6.3 m, 10 m, 13.9 m and
18 m from the embankment crest, along the central axis of the NLSB. The simulated and
field-observed NaCl concentrations at the observation points during the simulation period
are plotted in Figure 9. As shown, the NaCl concentrations above the phreatic line were
clearly higher than those below the phreatic line. Although the number of observations is
small, the simulated NaCl concentrations were close to the observed NaCl concentrations
at the end of simulation period. The flow of the underground water below the phreatic line
led to a rapid decrease in the NaCl concentrations at observation points 4 and 5, reducing
them by 52% and 74%, respectively. In the following analyses of the application scenarios,
the NLSB construction is above the phreatic line.
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Figure 9. Simulated NaCl concentrations during the simulation period at observation points (a) 1-3
and (b) 4 and 5. The positions of the observation points (1-5) are indicated by crossed circles in
Figure 8.

3.3. Barrier Longevity of the NLSB in Reservoir R-01

Figure 10 illustrates the temporal variation in the solute concentration at each ob-
servation point of the homogeneous embankment of reservoir R-01; the positions of the
observation points are shown in Figure 6. As shown, the solute concentration at each
observation point decreased significantly over time. At the end of the simulation period,
the solute concentration at the point closest to the phreatic line decreased the most, from
8 g/kg to 0.45 g/kg, a decrease of 94%. The solute concentration at point 13, which is
located at the backfilling center of the casing well, decreased the least, from 8 g/kg to
2.2 g/kg, a decrease of 73%. The decrease in solute concentration at points 5-12 on the
downstream slope was essentially the same, with an average decrease of 81%.

The temporal variation in the cumulative solute mass in the homogeneous embank-
ment is shown in Figure 11. During the simulation period, the cumulative flux of the solute
(Figure 11a) outside the NLSB gradually increased to 111.2 kg/m, that of the solute in the
NLSB (Figure 11b) and the total cross section (Figure 11c) gradually decreased by 82%
and 6.6%, respectively, and that of solute transport and leaching (Figure 11d) gradually
increased to 9.8 kg/m.

Hu et al. [48] proposed that NaCl-laden soil with a NaCl/soil ratio of 2 g/kg has
resistance to termite attack. The areas with a concentration distribution of 2 g/kg at
different times are shown in Figure 12a. When time = 10, 20, 30, 40 and 50 years, the total
area with an NaCl concentration of 2 g/kg was 21.5, 16.7, 7.6, 4.4 and 2.6 m?, respectively.
The total initial area of the NLSB in the simulation area was 9.4 m2, and the total area with
a concentration of 2 g/kg was 9.5 m? at time = 27 years. Therefore, the protection range of
the NLSB first increases and then decreases; after 27 years, the protection area is roughly
the same as the initial area. When time = 30, 40 and 50 years, the protection range of the
NLSB reduced by 19%, 53% and 72%, respectively.
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Figure 10. Simulated NaCl concentrations during the simulation period at observation points: (a) 1-4,
(b) 5-8, (c) 9-12 and (d) 13 in reservoir R-01. The positions of the observation points 1-13 are indicated
by black dots in Figure 6.
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Figure 11. Temporal variation in cumulative solute mass in the study area: (a) outside the NLSB,
(b) NLSB, (c) total cross section and (d) salt leaching of the homogeneous embankment.

Compared with the area near the slope surface, the salt desalination rate in the casing
well backfilling area near the embankment axis was relatively gentle, and the salt loss
of the upstream slope was faster than that of the downstream slope. Therefore, in the
construction design of the NLSB, the initial salt concentration in different areas should
be treated differently. The initial salt concentration ratios r, and r; of the upstream and
downstream slopes, respectively, are defined as:

Ty = Cu andr; = C—d; 9)

Ca Ca
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where ¢, is the initial salt concentration in the upstream slope area (g/kg); c; is the initial
salt concentration in the downstream slope area (g/kg); ¢, is the initial salt concentration
in the dam axis area (g/kg). In general, r, = 2.0-2.5 and r; = 1.5-2.0.

Keeping all the other parameters unchanged, 7, = 2.0 and r; = 1.5 were selected as an
optimized design scheme. The areas with a calculated concentration distribution of 2 g/kg
at various times are shown in Figure 12b. The results indicate that, with the optimized
design scheme, when time = 10, 20, 30, 40 and 50 years, the area with a concentration
distribution of 2 g/kg is 34.6 m?, 34.3 m?%, 32.5 m?2, 29.1 m? and 24.2 m?, respectively,
exhibiting a gradually decreasing trend. However, at the end of the simulation period,
the area with a concentration distribution of 2 g/kg increased by 157% compared to the
initial total area of 9.4 m? in the simulation area. Therefore, the optimized design scheme
provides a better termite control effect than the original one.

10 years
20 years
27 years
30 years
40 years
50 years

0 2 4 6m
(a) T ﬁy\w ] (:m ‘

10 years
20 years
30 years
40 years
50 years

(b)

Figure 12. Areas with a concentration of 2 g/kg at various times in the homogeneous embankment
with: (a) NaCl/soil ratio of 8 g/kg in the NLSB and (b) an optimized design scheme.

3.4. Barrier Longevity of the NLSB in Reservoir R-02

Figure 13 illustrates the temporal variation in the solute concentration at each observa-
tion point in the core-wall embankment of reservoir R-02; the positions of the observation
points are shown in Figure 7. As shown, the solute concentration at each observation
point decreased over time; however, the reduction was much smaller than that in the
homogeneous dam. At the end of the simulation period, point 1 on the upstream slope
closest to the phreatic line had the highest decrease in solute concentration, from 8 g/kg
to 1.96 g/kg, a decrease of about 76%. The solute concentration at point 21, located at the
backfilling center of the casing well, decreased the least, from 8 to 3.1 g/kg, a decrease of
61%. The decrease in solute concentration at points 5 to 20 on the downstream slope were
essentially the same, with an average decrease of 70%.

The temporal variation in the cumulative solute mass in the study area of the core-wall
embankment is shown in Figure 14. During the simulation period, the cumulative flux of
the solute (Figure 14a) outside the NLSB gradually increased to 157.3 kg/m, that of the
solute in the NLSB (Figure 14b) and the total cross section (Figure 14c) gradually decreased
by 75% and 6.0%, respectively, and that of solute transport and leaching (Figure 14d)
gradually increased to 13.8 kg/m.
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Figure 13. Temporal variation in NaCl concentration during the simulation period at observation
points: (a) 1-4, (b) 5-8, (c) 9-12, (d) 13-16, (e) 17-20 and (f) 21 in reservoir R-02. The positions of the
observation points (1-21) are indicated by black dots in Figure 7.
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The solute concentration distribution in the simulated area at various times is shown
in Figure 15. Initially, the total area of the NLSB in the simulation area was 14.4 m?. When
time = 10, 20, 30, 40 and 50 years, the area with a concentration of 2 g/kg was 39.2 m2,
43.4m?, 45.1 m?,44.9 m? and 42.8 m?, respectively, exhibiting an initial increasing trend
followed by a decreasing trend. However, until the end of the simulation, the control effect
of the NLSB still did not decrease significantly. Compared to the initial total area of the
NLSB, the area with a concentration of 2 g/kg increased by 203% after 50 years. Despite
the reduction in the total amount of solute in the NLSB over time due to advection and
dispersion by moving water, the salt migration distance was relatively short and clustered
around the NLSB, thereby maintaining the termite-preventive effect of the NLSB for more
than 50 years.

10 years
20 years
30 years
40 years
50 years

Figure 15. Areas with a concentration distribution of 2 g/kg at various times for a core-wall
embankment.

4. Conclusions

NLSBs are a novel indigenous approach that uses NaCl-laden soil to build a barrier
against subterranean termites. Although NLSBs are a sustainable alternative, limited
scientific evaluation of their longevity has restricted their widespread adoption. Therefore,
in this study, considering the LR and two types of reservoir dams in Zhejiang Province, we
studied the long-term persistence of NLSBs using the HYDRUS (2D/3D) model, based on
the extent of salt desalination.

The observed results showed that the low-cost NLSBs were environmentally friendly.
No trace of termites has been found in the 12 years after the treatment of the LR. The simu-
lated and observed NaCl concentrations were compared after a 1915-day simulation period,
which revealed that the proposed simulation model performs well, and can effectively
characterize salt migration from the NLSB.

Considering homogeneous dams, the salt desalination rate in the casing well backfill
area near the embankment axis was relatively low, and the salt desalination rate of the
upstream slope was higher than that of the downstream slope. Due to the diffusion of
salt, the protection range of the NLSB first increased and then decreased. Based on the
results, we recommend that, during the construction design of an NLSB, the initial salt
concentrations ratios of the NLSB in the upstream and downstream slopes should be
increased to 2.0 and 1.5, respectively. The protection area of the NLSB after 50 years
increases by 157% compared to the initial area. The temporal decrease in the solute
concentration in the NLSB of the core-wall embankment was significantly lesser than that
of the homogeneous embankment. After 50 years, the termite control effect of the NLSB of
the core-wall embankment did not decrease significantly.

The knowledge obtained through this research can be directly applied to the design
and construction of agricultural embankments with anti-termite measures. In the future, in-
depth studies should be undertaken to: (1) examine the sensitivity of the barrier longevity to
the selected parameters, (2) develop an alternative three-dimensional model to improve the
simulation accuracy, (3) perform long-term field tests for model calibration and (4) evaluate
the potential negative impacts.
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