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ABSTRACT

In Japan, citrus orchards have traditionally been located
favourable growing conditions. However, the unexpected torre
1n 2018 caused numerous slope failures i in these steep slope

cause of their
ain h1t western Japan
grchards. This study aims to

strated that the higher the clay
thereby reducing the slope safety
factor decrease. Therefore, it can be ethod is effective for slope stability.
However, achieving optimal permealjility to stabilf§g the slope and provide the required water
remains a challenge for the it is nd@essary to provide the water needed for citrus
cultivation.
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INTRODU

Therghdg bee wing interest in infrastructure resilience to achieve a sustainable
el eals. For instance, a study on the resilience of road infrastructure argues the
igital engineering for resilient infrastructure outcomes [1]. Another study has

iliehit urban water systems to meet energy generation and new water demands in
ic8 [2]. In addition, a study has proposed methodologies to assess energy resilience
and analyze energy sustainability and risks in megacities [3]. A study has also
proposed a risk assessment method in green construction using resilience engineering
techniques based on functional resonance analysis and analytic hierarchy process
methodologies [4]. Furthermore, defining the resilience capacities as absorptive, adaptive, and
recovery/restorative capacity, a resilience analysis framework and a metric for measuring
resilience have been proposed [5]. In the field of agriculture, a study reviewed the evidence on
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the potential for integrating agricultural systems, which are defined as collections of
agricultural activities, to increase resilience to climate change [6]. A framework to assess the
resilience of farming systems and a methodology to operationalize its framework has also been
proposed [7]. However, there is few studies related to the resilience of agricultural
infrastructure such as farmland, reservoirs, and irrigation/drainage canals. As the ninth goal of
the SDGs is to build resilient infrastructure, it is also essential to enhance the resilience of
agricultural infrastructure.

Japan is susceptible to natural disasters such as earthquakes, tsunamis, typhoons, torrential
rains, and heavy snowfalls due to geographical, topographical, and climatic conditions. These
disasters have become more severe and frequent in recent years due to climate change [8]. The
Japanese government recognises that preparing for large-scale natural disasters i
from ordinary times is crucial to avoid repeating post-disaster measures that can

and reconstruct [9]. This study addresses the development of a method tq
of agricultural land infrastructure as part of the National resilience.

Citrus cultivation in Japan has used steep mountain slopes as
their excellent growmg conditions, such as good sunlight and deg me Prefecture,

located on steep

slopes of more than 15 degrees [10]. However, the unexp | rain that hit western
Japan from June 28" to July 8™, 2018, caused numerous es in such steeply sloping
orchards, and the citrus industry in Ehime Prefecturg

The Japan Meteorological Agency (JMA) na al rain “The heavy rain event
of July 2018” due to the significant damage e torrential rain brought record-

> Prefecture and the Tokai region,
over a long period. The total rainfall mm in some stations of the JMA

Automated Weather Data Acquisitio S) in the Shikoku region and 1,200 mm
in the Tokai region, recording two tdlfour timeSN\ghe average monthly precipitation in July for
ten days. In addition, the larg -hour, and 72-hour precipitations in recorded
history were observed at m ations [11]. It has also been pointed out as a

characteristic of the torreg N ny line-shaped precipitation systems formed in a
back-building manner d by line-shaped precipitation systems experienced
locally concentrated all Or long periods [12]. [zumi ef al. noted from July 5 to 8
precipitation recq ] tations in Ehime Prefecture that in addition to a multimodal
precipitation patt & rn period of peak hourly precipitation was 3 to 25 years, indicating

that a consig
the Soil ) [14], a criterion for meteorological warnings and landslide alerts.
Then,_the \Ch hat many locations exceeded the emergency warning, a highly unusual
urs once every few decades based on a 50-year probability [13].
ented torrential rain caused numerous slope failures in Ehime Prefecture.
an reported 883 new cases [15] in addition to the 413 landslide records already
docu [16]. They also calculated precipitation thresholds for landslide incidence for each
geological belt using the SWI. Their findings revealed that the Shimanto Belt, located in the
southern part of Ehime Prefecture, where citrus cultivation is prevalent, has a lower
precipitation threshold than other geological belts. Kimura et al. investigated the relationship
between vegetation and landslides in the Shimanto Belt [17]. They calculated the landslide
density and area ratio and found these values were exceptionally high in citrus orchard areas.
Ishiguro and Kawase identified 3,410 slope failures from post-disaster aerial photographs
covering approximately 1,200 km? of southern Ehime Prefecture, as published by the
Geospatial Information Authority of Japan [18].
Slope failure caused by heavy rain is generally due to a rapid increase in soil pore water
pressure from rainfall infiltration. To prevent this, it is adequate to quickly drain the infiltrated



rainfall by ensuring appropriate drainage or to control rainfall infiltration from the soil surface.
Citrus orchards on steep slopes have good drainage characteristics, but there has been no
previous effort to reclaim citrus orchards for the purpose of controlling rainfall infiltration.
Therefore, this study focuses on controlling rainfall infiltration from the soil surface by
changing the surface soil permeability. The effectiveness of this method on rainfall infiltration
control and slope stability is investigated through laboratory-scale rainfall infiltration
experiments using soil tanks with different surface soil permeabilities achieved by mixing clay.

RAINFALL INFILTRATION EXPERIMENT

In this study, laboratory-scale rainfall infiltration experiments using soil tanks carried

out to investigate the stability of slopes with changed surface soil permeabilit raanfall.
Below is an overview of the experimental setup, soil improvement material, a ental
conditions.

Experimental setup
Figure 1 shows a schematic diagram of the experimental setup. §

tank was covered with acrylic panels to observe rainfall infilg
installed at the right end of the soil tank to drain rainfall g

degrees in Uwajima City, Ehime Prefecture, where a slope fa ed during the heavy rain

Q S his called “field soil.” The field
soil was filled into the soil tank so that the slo as 30 degrees, thus reproducing the
actual site. The upper 10 cm of the soil tank ‘ ation control layer made by mixing
the field soil and soil improvement m permeability to change surface soil
permeability. Dry soil was prepared f

bedded at a depth of 5 cm below the soil surface
he infiltration control layer. Sensor 2 was embedded
15 cm below the soil surface e volumetric water content under the infiltration control
layer. In addition, a era (MAC200DN, brinno) was used to capture rainfall
infiltration every 2@ cwainfall equipment drips water from nozzles under a constant
water level. Rai

nozzles. Du raln event of July 2018, the maximum hourly rainfall at the rainfall
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Figure 1. Schematic diagram of the experimental §€

dinent materials

Soil particle density [g/cm?]

Porosity [m*/m?] 400 0.465
Saturated hydraulic conductivit 107 427%x1077
pH [-] 5.6-5.8 5.8-6.0
Table 2. Experimen mifing ratio of the soil improvement materials

Mixing ratio [%]
Field soil / Kaolin clay

100/0

Q 80 /20

Case 3 70/30

% Case 4 50 /50
obse s in Uwajima City was recorded at 74.0 to 96.0 mm/h [19]. The maximum hourly

the radar/rain gauge analysed precipitation (RRAP) near the soil sampling site was
recorded at 105mm/h [20]. Therefore, this experiment gave 100 mm/h of rainfall intensity to the
soil tank for two hours.

Soil improvement material and experimental cases

Kaolin clay, whose chemical formula is Al>Si2Os(OH)4, was employed as the soil
improvement material to make it easy to control the permeability of the soil layer. The physical
and chemical properties of the field soil and Kaolin clay are summarised in Table 1. Soil
particle density and porosity are slightly greater in the Kaolin clay than in the field soil. By
three orders, the saturated hydraulic conductivity of the field soil is more significant than that
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of Kaolin clay. In contrast, the pH values of field soil and kaolin clay are similar (slightly
acidic), suggesting that there is little change in the pH of the field soil as a result of mixing the
Kaolin clay. The experiment set four cases by mixing the field soil and Kaolin clay ratio, as
shown in Table 2. Case 1 is the reference case, which means the case without soil improvement.

RESULTS AND DISCUSSION

This section first discusses the temporal changes in volumetric water content due to rainfall
infiltration and then discusses slope safety.

Rainfall infiltration and temporal change of volumetric water content

Figures 2 and 3 show the temporal change of the volumetric water content in S
2, respectively. From Figure 2, it is found that the time at which the volumetri

cases. The volumetric water content of Case 4 ey

infiltration is sugPTcosg rainfall flows downward (to the right-hand side of the soil
tank) as a slope Bow. E{pcjally, in Case 4, no infiltration is observed below the infiltration
control laydt, stigg gBhat changing surface soil permeability may impede the growth of
citrus &
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Figure 2. Time-varying volumetric water content in Sensor 1
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Figure 3. Time-varying volumetric water content i

(a) Case 1 (b) Case 2

(c) Case 3 (d) Case 4
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Figure 4. Rainfall infiltration 7,200 seconds (2 hours) later

Table 3. The start time of increasing in volumetric water content at Sensor 1 and the saturated
hydraulic conductivity in mixing soil layer

Start time of increasing in Saturated hydraulic

volumetric water content [s] conductivity [m/s]
Case 1 210 3.08x1073
Case 2 450 1.60x107°
Case 3 750 6.03x1077

Case 4 2,160 7.14x10 4

Safety of the slope

s. Assuming that

Slope stability is discussed for the results of rainfall infiltr
i at the slip surface

the experimental slope is an infinite-length slope, as show

F, = (M

N

c+y'Zcos® fta
ySQ[ZCOSﬂS.

where c is the cohesion [kN/ Qi angle of shear resistance [degree], y: is the wet unit
weight [KN/m?], ysu is the unit weight [kKN/m’], y’ is the submerged unit weight
[KN/m?], Z is the depth of fa > H is the infiltration depth [m], £ is the slop gradient

borMychange of the infiltration depth in each experimental case.

tamge of the safety factor at Z= 50 cm. From Figure 6, it is found
¢ ratio, the smaller the water depth due to rainfall infiltration. In
at 7,200 seconds later was 0.31 m in Case 1, while it was 0.06 m in
, 1t 1s found that the slope safety factor decreases with increasing clay
e suppression of rainfall infiltration. Case 3 had the lowest safety factor

om the perspective of slope stability, lower permeability results in less rainfall
and a more stable slope. Conversely, from the perspective of citrus cultivation,
lower permeability results in reduced water availability for citrus growth. One day after the
infiltration experiment, the rainfall infiltration below the improved soil layer was observed. It
was confirmed that in Cases 1 to 3, the rainfall infiltrated to the bottom of the soil tank. Since
the maximum root zone of citrus trees is at most 50 cm, it is considered that the required amount
of water could be secured in these cases. Therefore, the results of this experiment suggest that
the optimal clay content ratio for both ensuring slope stability and implementing citrus
cultivation is between 20% and 50%. However, further study is necessary to determine the
appropriate clay mixing ratio to ensure the required amount of water in case of lower rainfall
intensity than in this experiment.
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Figure 7. Temporal change of the safety factor at Z= 50 cm
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CONCLUSIONS

A countermeasure for resilience enhancement that changes permeability by mixing clay
with surface soil was studied due to the slope failures in many citrus orchards with steep slopes
caused by the heavy rain event of July 2018.

As a result, it was confirmed that the higher the clay mixing ratio, the more rainfall
infiltration could be suppressed, thereby reducing the decreasing of the slope safety factor.
Therefore, this method effectively enhances steep slopes' resilience against slope failure caused
by heavy rainfall. On the other hand, as water is required for citrus cultivation, the clay mixing
ratio does not have to be high, suggesting that the optimum clay mixing ratio in this experiment
was between 20% and 50%.

Further detailed studies are needed in terms of water requirements for citrus ¢
the future. The implementation of rainfall infiltration control methodologies a

stability of the entire citrus orchards.
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NOMENCLATURE Q
Symbols
[-

F safety factor
c cohesion [KN/m?]
Z depth of slip surf: [m]
H infiltration dg [m]
Greek letters
® angleg istance [degree]
e wet cTaht [KN/m’]
Vsat 1 lght [kN/ 1’1’13]
y’ submeNagddhit weight [kN/m’]
B op i [degree]
Su superscripts
S afety
t wet
sat saturated
Abbreviations
IMA Japan Meteorological Agency
AMeDAS  Automated Weather Data Acquisition System
SWI Soil Water Index

RRAP Radar/rain gauge analysed precipitation
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