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Abstract: Ants are known as nature’s master builders, constructing a wide range of nests, from simple
nests with a single channel linking several chambers to ‘underground palaces’ that are several metres
wide. However, there is a lack of understanding of the mechanical performance of underground
ant nest structures. In this paper, two underground ant nest structures are obtained and digitally
modelled by means of liquid paraffin wax infusion shaping, manual excavation and industrial CT
scanning, and a finite element model of the underground ant nest structure is established by means of
numerical simulation. By simulating people of different weights standing above the nests, the stress
distribution characteristics of each chamber in the nests under different pressures are obtained, and
the mechanical properties of the underground ant nest structures under static loads are investigated.

Keywords: underground ant nest structures; Camponotus japonicus Mayr; Messor aciculatus; paraffin
wax infusion; industrial CT scanning; numerical simulation; static analysis; stress distribution

1. Introduction

Ants are insects belonging to Insecta, Hymenoptera, Formicidae. They are the dom-
inant group of insects and the most widely distributed and numerous social insects on
earth [1]. They are extremely adaptable to the environment and can be found in all cor-
ners of the world, whether in arid deserts, wet river beaches, high-temperature tropical
regions or cold arctic regions. As excellent architects of nature, they can build all kinds
of nests, including above-ground ant nests, underground ant nests, tree ant nests and
above-ground and underground compound ant nests, for the purposes of living, breeding
and storing food. After hundreds of millions of years of selection by nature, each ant nest
structure has the most reasonable structural form, providing the most comfortable living
environment for the ants [2]. Among them, the underground ant nest is a nest dug out by
the ants in the soil that usually has two basic units: a nest chamber and a channel. The
distribution of underground nests is very extensive, and such nests can be seen in woods,
field paths, along roads and even in deserts. Depending on the number of individuals in
the ant colony and the degree of growth of the ant nest, the size of the underground ant
nest is also different. Small nests have only a few chambers and a channel leading to the
ground, whereas large ant nests can extend several meters underground, and thousands
of chambers are connected to each other to form an ant kingdom. Natural underground
ant nests generally have good air circulation, suitable temperature and relative humidity,
and they are surrounded by trees and natural barriers. At the same time, they also have
good physical structures, compression resistance, water resistance, heat preservation and
moisture resistance [3]. For underground nests built on embankments, the chambers and
channels are usually reinforced with ‘mud-retaining walls’. The mud-retaining walls are
made by mixing the saliva of ants with the soil. After drying, they have higher strength
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and stability than ordinary soil, which can ensure that the ant nest channel and the soil
inside the nest chamber do not collapse [4].

At present, there are only a handful of people who study the structure of underground
ant nests in China. Most of the reports on underground ant nests are from foreign re-
searchers on the structure of underground ant colonies, mostly on the form of the ant nest
structure [5,6] and mainly in terms of the site selection of the ant nest, the size of the nest,
the depth of the nest, the number of chambers, the interaction between the chambers and
the number of entrances. By excavating and casting underground ant nests with liquid
metal, paraffin wax, etc., measuring the size of the casting model, counting the number of
chambers and describing the distribution and respective functions of various chambers,
the channels and detailed structures in the ant nest. Jesovnik et al. studied Mycetagroicus
inflatus and their nests and found that the nest generally consists of only three chambers;
each spherical chamber is connected by a vertical downward channel, and there is no
connection between chambers [7]. Kushwaha et al. found that computerized tomography
and finite element models can be used to study complex anthill structures, and the results
showed a high degree of consistency [8].

Researchers have also found that the nest structure is not exactly the same for the
same type of nest and that the size and depth of nests, the diameter of the channels and
the number of entrances can change depending on the existence time of the ant nest, the
local climatic environment and soil conditions [9], with the number of nest chambers
becoming larger and more numerous as the colony grows and the diameter of the channels
often related to the size of the ants. However, little consideration has been given to the
mechanical analysis of these underground exquisite ant nest structures. The rapid growth of
the construction industry is now leading to the depletion of primary natural resources [10],
and more and more people are turning to the study of underground structures. It is
therefore extremely important to study the mechanical properties of underground ant nest
structures. In 2018, Qu et al. [11] obtained two-dimensional and three-dimensional models
of the underground ant nest structure of Iridomyrmex anceps by a combination of manual
cutting and frozen CNC milling. Static and dynamic analyses were performed on the
models using the finite element analysis software ABAQUS. However, frozen CNC milling
requires transporting large volumes of soil blocks, making lateral cuts at 1 mm intervals,
taking photographs after cutting with the nest entrance as the centre and synthesising
the 3D structure of the nest by computer. In comparison with industrial CT scanning,
which directly obtains accurate 3D structure models without destroying the nest structure,
frozen CNC milling has a large margin of error, complex operation and large preliminary
workload, and it is only suitable for small ant nests. In addition, the underground nest
structures of ants are diverse in form and size, with complex nests often having channels
several metres long and wide, a large number of chambers and different nest shapes for
different nests, which may lead to differences in the nests’ mechanical properties. The nest
structure obtained by Qu et al. was Iridomyrmex anceps, a relatively common ant species
in Shanghai, China, whose nests are relatively simple, small in size and less applicable.

Therefore, this paper further investigates and compares the static performance of two
larger underground ant nests of Camponotus japonicus Mayr and Messor aciculatus from a
structural point of view using industrial CT scanning methods. The main research contents
are as follows.

1. The acquisition and digitisation of structural models of underground ant nests
are developed. Based on the summary of previous methods to obtain the structure of
subterranean ant colony nests, a three-dimensional digital model of the underground ant
nest structure is obtained using Camponotus japonicus Mayr and Messor aciculatus, which
are common in China, as examples, through paraffin wax infusion, manual excavation and
industrial CT scanning.

2. A static analysis of the underground ant nest structure is performed. Based on
the digitisation of the underground ant nest structure, a finite element model of the un-
derground ant nest structure is established, and the stress distribution characteristics of
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each chamber in the nest under different pressures are obtained by simulating a person of
different weight standing above the nest.

2. Materials and Methods
2.1. Selection of Underground Ant Nests

In this paper, Camponotus japonicus Mayr and Messor aciculatus subterranean colony
nest structures are selected for the study. Camponotus japonicus Mayr, 1866 is a formicine
ant species found throughout East Asia [12]. The main food items of Camponotus japonicus
Mayr include Aphidoidea, Niphanda fusca Bremer and Grey larvae, and it has a strong
ability to capture juvenile Dendrolimus punctatus Walker. Most Camponotus japonicus
Mayr nest underground, often in sparse woodland, field paths or vegetated land, with
nests 0.36-1.40 m deep and chambers like inverted funnels, with a cross-sectional area of
606-2117 mm?; each nest has 2-5 nest entrances, which can be rectangular, round and oval
in shape, surrounded by a fan-shaped mound of soil grains around them; the channel runs
vertically downwards and is connected to the various layers of nest chambers. Messor
aciculatus is a species of the harvester ant, mainly found in the Yellow River basin of
China and in Japan, whose main food items are seeds of Setaria viridis (L.) Beauv. and
Cyperaceae [13,14]. The main structure of the Messor aciculatus nest is made up of a
single main channel and a number of chambers of varying shapes, which are connected
to each other by intricate horizontal or inclined channels. Most of the nest chambers are
flattened and divided into many layers from top to bottom. With the increase in depth, the
spacing between the layers gradually increases, and the height of the nest of each layer
also increases. The surface of the ant nest wall is smooth and hard; the nest entrance is
round, with a diameter of 1-5 cm, and is accompanied by nesting soil particles and weeds
to ensure the concealment of the nest entrance.

2.2. Collection of Underground Ant Nests

Because the underground ant nest is below the ground, it is difficult to directly observe
and predict the distribution of the ant nest in the soil, and it is difficult to obtain a real
and complete underground ant nest model. In this paper, the ant nest model was obtained
by a comprehensive method of No. 58 fully refined industrial paraffin wax infusion
stereotypes, manual excavation and industrial CT scanning. Compared with pouring with
gypsum slurry, pouring with paraffin wax is simpler and requires a shorter waiting time
for solidification. However, after the paraffin wax is solidified, due to its high brittleness, it
is easy to cause the ant channel to break in the later excavation, and it needs to be spliced
in the later stage.

After understanding the distribution characteristics of Camponotus japonicus Mayr
and Messor aciculatus, a small park in Xinxiang, Henan Province was selected to collect
underground ant nests. There are trees, small lawns and some low shrubs, which provide
abundant food for the Camponotus japonicus Mayr. Messor aciculatus also finds abundant
grass seeds here. Due to the limitations of the experimental conditions, only two nests
were taken in this study. The specific process is divided into the following four steps:
(1). Position the nest entrance. According to the habit of ants, search for places in which
there may be ants. After finding the ants, follow the ant’s trajectory to find the entrance
of the ant nest. (2). Pour in liquid paraffin wax. Use a syringe to inject the heated and
melted paraffin wax from the entrance of the ant nest into the inside of the ant nest and
inject liquid paraffin wax rapidly and continuously until the entrance of the nest overflows.
(3). Manual excavation. After pouring, wait 20 min to ensure that the paraffin wax in the
nest is completely solidified, and then start digging. First, take the ant nest entrance as
the centre, dig a circle with a depth of more than 50 cm at a radius of about 70 cm, and
then use a small shovel to carefully peel off the soil in the direction of the ant nest entrance
to expose the paraffin wax. Because the channel of the ant nest is very thin, the diameter
of the paraffin-cast ant nest model at the channel is very small, usually only about 1 cm,
and paraffin wax is a brittle material, so the ant nest model broke during the excavation
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process, and the excavated model is divided into several blocks, as shown in Figure 1a.
(4). Model cleaning and recording. Soak the excavated ant nest model blocks in water, and
after the soil outside is loosened, wash off the soil to obtain paraffin model blocks. In order
to obtain a complete ant nest model, we numbered the broken model blocks according to
the original connection sequence of the ant nest, as shown in Figure 1b, which is convenient
for subsequent assembling work.

(b)

Figure 1. (a) Soil blocks containing ant nests; (b) numbering of model blocks of ant nests.

2.3. 3D Modelling of Underground Ant Nests

In order to obtain a more accurate digital model of the nest structure, this paper
used Industrial Computerized Tomography to scan a paraffin-cast nest model, because
industrial CT is nowadays an important application for 3D digital scanning [15]. Industrial
CT is a radiographic detection technology, the basic principle of which is to obtain a
two-dimensional tomographic image of the subject through the attenuation law of the
radioactive rays passing through the subject. After scanning multiple sections repeatedly
to obtain enough tomographic images, a three-dimensional image can be reconstructed
according to a certain algorithm. This scan uses the high-resolution YXLON FF35 CT
equipment developed by YXLON, as shown in Figure 2. In the laboratory, the high-
resolution industrial computed tomography system YXLON FF 35 CT was used for larger
soil samples [16].

Figure 2. YXLON FF35 CT.

The YXLON FF35 CT is a high-precision scanning device with micron-level accu-
racy [17]. The scanning resolution of the underground ant nest structure was set to 60 pm,
which saves the scanning time while ensuring the resolution. The paraffin model of the ant
nest was scanned by CT to obtain the STL file of each ant nest block, as shown in Figure 3a,
and the complete model of the ant nest after splicing is shown in Figure 3b,c. STL is a file
format that describes the shape of a collection of surfaces of three-dimensional objects. The
surfaces of the objects are displayed as unstructured triangular mesh and can only be used
to represent closed two-dimensional or three-dimensional shapes.
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(b) (c)

Figure 3. STL model of (a) an ant nest block, (b) Camponotus japonicus Mayr nest after assembling
and (c) Messor aciculatus nest after assembling.

After high-precision CT scanning, some irregular shapes on the paraffin ant nest
surface caused by grass roots, soil particles, small stones and other debris were truly
reflected, as shown in Figure 3a. Such a structure is difficult to use for finite element
simulation, and the STL file must be idealised to remove impurities on the surface, so
that the structure of the ant nest model will not change much compared with the paraffin
model, and it can be used for finite element simulation. Firstly, the STL file of CT scan was
imported into Rhino software, and the individual ant channels that were broken due to
excavation were stitched together through Boolean operations to form a complete ant nest
structure, then imported to the reverse engineering software Geomagic Studio to simplify
and repair the model. Using Geomagic Studio to first remove the nails on the surface of
the model, we repaired some defects such as bulges, sharp corners, holes, etc. by manual
removal or sewing to obtain a smooth ant nest mesh model. Finally, the idealised ant nest
structure as obtained by inverse modelling with Geomagic Studio, fitting the smooth ant
nest structure to the surface, as shown in Figure 4, and saving it in STP format for easy
import into the finite element software ABAQUS.

(@) (b)

Figure 4. STL model of nest after idealized treatment: (a) Camponotus japonicus Mayr; (b) Mes-

sor aciculatus.

2.4. Numerical Simulation of Underground Ant Nests

The finite element method is a numerical simulation method commonly used in the
engineering field. It can solve various mechanical problems through processes such as
discretization, element analysis and overall analysis and provide solutions that meet the
requirements of engineering accuracy. The basic idea of the finite element method can
be traced back to 1943, when Courant [18] simplified the warping function into a linear
function on a series of triangular elements when solving the St. Venant torsion problem
and obtained the approximate solution of the problem. In 1956, Turner et al. [19] extended
the displacement method in rigid frame analysis to the plane problem of elastic mechanics
when analysing aircraft structure. By discretising the continuous geometric model, the
plane stress problem was successfully solved by the finite element method for the first
time. This is the first successful attempt of the modern finite element method. Since then,
computer technology and the finite element method have become two powerful tools
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for solving complex elastic mechanics problems. In 1960, Clough [20] further solved the
plane elasticity problem and published a paper entitled “The Finite Element in plane stress
analysis”, which first proposed the term Finite Element, which was subsequently accepted
by scholars and widely used. The finite element analysis software ABAQUS has been
widely used in the industry and research fields in many countries due to its excellent
analytical capabilities and reliability in simulating complex systems [11].

In this paper, a 3D model of an underground ant nest was developed using ABAQUS.
The 3D digital model files of the underground nests of Camponotus japonicus Mayr
and Messor aciculatus in STP format were opened in Rhino software, and two nest
models with dimensions of 1000 x 1000 x 400 mm (Camponotus japonicus Mayr) and
800 x 800 x 500 mm (Messor aciculatus) were created, as shown in Figure 5. The pro-
cessed models were then saved as SAT files and imported into ABAQUS for analysis
and calculation.

(a) (b)

Figure 5. (a) Camponotus japonicus Mayr nest model; (b) Messor aciculatus nest model.

After the model was imported into ABAQUS, the tetrahedral element with strong
adaptability waws used for mesh division. The element type was C3D10, and the ten-node
quadratic tetrahedral element used for mesh division and the mesh of the ant nest is shown
in Figure 6. The soil parameters used in this simulation were identified and tested by
the local geological exploration department, and the results are shown in Table 1. Ants
usually build their nests in parkland or next to roads, and the maximum static load that
they generally need to withstand is the pressure on the soil caused by a person standing
above or near the nest. For this reason, this analysis simulates an adult standing above the
nest. The load was applied by applying a uniform load in a square area of 250 x 250 mm
directly above the nest, and the weight of the adult was set to 60 kg, 70 kg, 80 kg, 90 kg
and 100 kg, respectively, considering different loads, corresponding to the loads shown in
Table 2 below.

(a) (b)

Figure 6. Nest meshing: (a) Camponotus japonicus Mayr; (b) Messor aciculatus.
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Table 1. Parameters of the soil.

Gravity Density Elastic Modulus Cohesive Forces Inlt“::nl:lanrl iit(i, (fm
9 (KN/m?) E (MPa) ¢ (KPa) 9 )
19.6 72.57 28.5 10.3

Table 2. Static loads.

Body Weight (kg) Acii‘::;:?;i?g;isz) ]1?;:3 E:l‘iezl)‘ Pressure (kPa)
60 9.8 62,500 9.409
70 9.8 62,500 10.976
80 9.8 62,500 12.544
90 9.8 62,500 14.112
100 9.8 62,500 15.680

In addition, this analysis also considers the stress and deformation of the soil under
the action of gravity and takes the stress state under the action of gravity as the initial stress
state, and the initial stress state after applying gravity is shown in Figure 7.

S, Mises

(Avg: 75%)
+1.894x10°2
+1.737x10°
+1579x10°2
+1.421x1072
+1.263x102
+1.105x 10ii

+1.579x10
+1.238x10"*

+4.004x10°
+2.587x10*

(b)

Figure 7. The stress distribution of the nest under the action of gravity: (a) Camponotus japonicus

Mayr; (b) Messor aciculatus.
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3. Results
Stress Distribution Characteristics

After simulation analysis, the stress distribution in the Camponotus japonicus Mayr nest
structure under weight pressure from adults of different weights is shown in Figure 8 below.

(d) (e)

Figure 8. Stress nephogram of Camponotus japonicus Mayr nest structure under different weights:
(a) 60 kg; (b) 70 kg; (c) 80 kg; (d) 90 kg; (e) 100 kg.

The stress distribution in the underground nest structure of Messor aciculatus under
weight pressure from adults of different weights is shown in Figure 9 below.

5, Mises

(Avg: 75%)
+8.889x102
+8.149x10°2

e +7.641%
+2.229% +1010x10+
+1.489x1072
+7.489x10°%
+8.843x10°5

Figure 9. Cont.
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T vy

S, Mises
(Avg: 75%)

+9.209x102
+8.442x102
+7.676x102
+6.909%102
+6.143x102
+5.376x102
+4.610x102
+3.844x102
+3.077x102
+2.311x102
+1.544x102
+7.778x102
+1.137x10*

+7831x10°
1263%10

(d)

Figure 9. Stress nephogram of Messor aciculatus nest structure under different weights: (a) 60 kg;
(b) 70 kg; (c) 80 kg; (d) 90 kg; (e) 100 kg.

From the stress nephograms of the underground ant nest structure of Camponotus
japonicus Mayr and Messor aciculatus under different pressures, it can be seen that the
stress distribution in the ant nest has the following characteristics:

1. It can be seen from Figures 8 and 9 that for the chambers, the stress distribution of
each chamber can be divided into three layers: the top, the side wall and the bottom, which
show obvious colour differences on the stress nephograms. The stress at the bottom is
small, and the stress on the side walls is large. The stress of the side walls is about 2-3 times
that of the top and bottom. It can be seen that in the ant nest structure, the side walls
mainly bear the pressure from the ground, and the side walls act as load-bearing walls in
human architecture.

2. It can be seen from Figure 10 that for the channel, the stress distribution in the
horizontal and inclined channels is similar to that of the chambers, the stress at the top and
bottom is small, the stress on the side walls on both sides is large, and the stress nephogram
is strip-shaped. Meanwhile, the stress distribution in the vertical channel is different from
the horizontal and inclined channels; it is not in the shape of a strip, but in a small section
of the channel close to the chamber. The stress is large in some areas and small in others,
and there is less stress in a section of the channel far away from the chamber.

(b)

Figure 10. Stress distribution in channels: (a) horizontal channel; (b) vertical channel; (c) inclined channel.

3. As shown in the X-axis section of the nest structure (Figure 11), the stress in the soil
within a certain area around the nest is greater than the stress in the soil near the top and
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bottom of the nest chamber. This is because the area of the nest chamber is relatively small.
In this model, the area of the nest chamber of Camponotus japonicus Mayr does not exceed
3000 mm?, and the area of the nest chamber of Messor aciculatus is relatively large but
does not exceed 9000 mm?, which is relatively small compared to the area of the nest that is
normally subjected to surface pressure. Therefore, the surface pressure is shared between
the nest and the soil within a certain area around the nest. As the stiffness of the nest is less
than the stiffness of the surrounding soil, more pressure is allocated to the surrounding
soil than the nest, so the stress at the top and bottom of the nest chamber is lower, and the
stress in the soil around the nest is higher.

S, Mises

(Avg: 75%)
+7273%102
+6.667x102
+6.061x10°2
+5.455x102
+1.819x10

+1.818: -
+1.212x10
+6.062x10-
+1.963x10¢

(a)

S, Mises

(Avg: 75%)
+9.258x10°2
+8.488x102
+7.717x10°%
+6.947x102
+6.176x10
+5.406x10°*
+4.635x102
+3.865x10°2
+3.094x102
+2.324x10°
+1554x10°2
+7.831x10°
+1.263x10*

(b)

Figure 11. X-axis stress section of the nest: (a) Camponotus japonicus May; (b) Messor aciculatus.

4. From the perspective of the whole model, except for the ‘pillars” where stress
concentration occurs in the nest, the area near the side wall of the ant nest is the area with
the greatest stress, and the maximum stress point of the Camponotus japonicus Mayr nest
also appears in these areas. Therefore, the stress distribution in the model has the following
rules: except for the ‘pillar’, the stress near the side wall is the greatest, the soil stress
within a certain range around the ant nest is second greatest, and the stress near the top
and bottom of the ant nest is the smallest.

5. There are some places in the ant nest in which stress concentration occurs, as shown
in Figure 12. The stress concentration phenomenon in Messor aciculatus nests appeared in
the second, sixth, seventh and eighth layers, and the stress concentration phenomenon in
Camponotus japonicus Mayr nests appeared in the first layer. These chambers with a stress
concentration phenomenon are larger in the horizontal dimension, smaller in stiffness and
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relatively weak. The places in which the stress is concentrated are mostly located in the
areas in which there are “pillars’ in the chambers and the areas in which there are large
corners in the recessed side walls of the chambers. This is because the ‘pillars’ in the middle
of the chamber and the corner recesses in the side walls of the chamber are not surrounded
by other soil bodies to share the pressure, so they bear greater pressure, and therefore, the
nearby stress is greater.

+3.094x10
+2.324x10°2
+1554x102
+7.831x10%
+1.263x10~

Figure 12. Stress concentration in (a) layer 2 of Messor aciculatus; (b) layer 6 of Messor acicula-
tus; (c) layer 7 of Messor aciculatus; (d) layer 8 of Messor aciculatus; (e) layer 1 of Camponotus
japonicus Mayr.

6. The chambers in the nest are stratified in the depth direction. The maximum stress
values of the chambers at each depth of the nest are extracted, and the maximum stress curves
for each layer of the nest under different loads can be obtained, as shown in Figure 13.

—@— Initial state

g
> —e—60kg
w
E 70 kg
n 80 kg
—e—90 kg
—e—100 kg
0.00 & " . . . . . . . ;
0 20 40 60 80 100 120 140 160 180
Depth (mm)
(a)

Figure 13. Cont.
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—eo— Initial state
—e—60 kg
70 kg

Stress (MPa)

80 kg
—e—90 kg

—e—100 kg

Depth (mm)

(b)

Figure 13. Plots of maximum nest chamber stresses at various depths for (a) Camponotus japonicus
Mayr nests and (b) Messor aciculatus nests under different static loads.

As can be seen from Figure 13, in the initial state, there is only the self-weight stress of
the soil in the nest, and at this point, the maximum stress in the nest chambers of each layer
gradually increases with depth. In Camponotus japonicus Mayr nests, stress concentrations
occur in layer 1, resulting in high maximum stress values, but the concentrations are not
severe, and in Messor aciculatus nests, stress concentrations occur in layers 2, 6, 7 and
8, with slightly higher stresses in layer 2 and more pronounced stress concentrations in
layer 6. Stress concentrations in the nest are slightly higher in layer 2 and more pronounced
in layer 6, where stress values are severely overestimated, as well as in layers 7 and 8§,
where stress values are also overestimated, but not as severely as in layer 6. The stress
concentration in the nest becomes more pronounced after the addition of external loads,
with the maximum stress in nest chamber 1 of Camponotus japonicus Mayr’s nest signifi-
cantly exceeding that in nest chambers 2 and 3, and the stress in nest chamber 2 of Messor
aciculatus’s nest significantly increasing compared to its initial state, due to the proximity
of nest chamber 2 to the ground and its sensitivity to ground pressure. This is due to the
fact that nest chamber 2 is close to the surface and is sensitive to ground pressure, whereas
nest chambers 7 and 8 are located deeper in the soil, and the pressure at the surface has a
reduced effect on these chambers due to the dispersion of the soil, so the increase in stress
values is not significant compared to the initial state.

As the load increases, the maximum stress in the chambers of each layer of the
nest increases gradually, but the stress at the point of higher stress is not significantly
increased by the large increase in load. The maximum stress in the nest of Camponotus
japonicus Mayr occurs in the chamber of layer 1, at a depth of about 64 mm, and is due
to a concentration of stress in the side wall corner, as shown in the horizontal section in
Figure 14a. There are two stress crests in the Messor aciculatus nest, one in the second
chamber at a depth of approximately 44 mm and the other in the sixth chamber at a depth of
approximately 150 mm, with the maximum stress being the crest stress in the sixth chamber,
in which the tiny “pillars’ show a concentration of stress, as shown in the horizontal section
in Figure 14b.

In Messor aciculatus nests, the second and sixth nest chambers are the two layers with
the more pronounced stress concentrations. Under external loads, the second nest chamber
is subject to high surface loads due to its large horizontal dimensions and shallow depth
of burial, with peak stresses, and the sixth nest chamber is subject to high external loads,
because it is a large spanning flat circular chamber with only three “pillars” in the middle to
support the top of the chamber, as shown in Figure 14b. The stress in the ‘columns’ is very
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high under external loading. The seventh and eighth layers also have stress concentrations,
but they are far less severe than the sixth layer, as the seventh and eighth layers have a
smaller span and cleverly use the surrounding soil to carry the pressure and avoid large
concentrations of stress in the ‘columns’.

(a) (b)

Figure 14. Horizontal sections of (a) Camponotus japonicus Mayr nests and (b) Messor aciculatus
nests at maximum stress.

7. The maximum stress concentrations in the nest are counted in the Table 3.

Table 3. Maximum stress concentrations in the nest for each load.

Ant Nest Model Load (kg) Maximum Stress (kPa)
60 72.73
Model of Camponotus 70 79.52
japonicus Mayr nest 80 8247
jap y 90 84.05
100 85.04
60 87.72
70 88.89
Moodel1 of Messor 80 90.58
aciculatus nest 90 92.09
100 92.58

A graph of the maximum stress as a function of the load is shown in Figure 15.

86 8504 B r 9209 2"
84 92 |
=82 =
« S 91 +
2380 f =
90
§78 - ¢
P76 | B89 t
74 | 88
72 L L - 1 d 87 L L L L L )
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Load (kg) Load (kg)
(a) (b)

Figure 15. Plots of maximum stress concentrations with load for (a) Camponotus japonicus Mayr
nests and (b) Messor aciculatus nests.
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From Figure 15, it can be seen that as the load increases, the stress gradually increases,
but the slope of the curve gradually decreases, i.e., the amount of stress increase becomes
smaller, which shows that the load is shared by the soil near the maximum stress point,
and the load distributed to the maximum stress point gradually decreases.

4. Conclusions

This paper investigates the mechanical properties of the nest structure of underground
nests of Camponotus japonicus Mayr and Messor aciculatus as examples. Based on the
summary of the previous methods of studying the underground nests of Camponotus
japonicus Mayr and Messor aciculatus, a 3D digital model is obtained by paraffin infusion
and industrial CT scanning. After processing the model, a finite element model of the
nest structure is established; based on ABAQUS finite element software, the nests are
simulated and analysed under different weights of human gravity, revealing the stress
distribution characteristics of the subterranean ant nests of Camponotus japonicus Mayr
and Messor aciculatus under human pressure. The following conclusions can be drawn
from the research in this paper.

1. For the nest chamber, the stress distribution can be divided into three layers: top,
side wall and bottom. The stress in the side wall is significantly greater than that in the top
and bottom, about two to three times the stress value in the bottom and top.

2. For the channels, the stress distribution is related to the degree of inclination.
The stress distribution of horizontal and inclined channels is striped, whereas the stress
distribution of vertical channels shows that there are some areas with greater stress near
the nest chamber and less stress away from the nest chamber.

3. The stress concentrations in the nest model, with the exception of the “pillars’, are
related as follows: stress near the side walls > stress in the soil around the nest within a
certain area > stress near the top and bottom of the nest chamber.

4. There is some stress concentration phenomenon in the ant nest, and it appears in
several layers of chambers with larger horizontal dimensions, which leads to relatively
weak chambers in these layers. The stress concentration points are mainly distributed in the
places in which there are “pillars’ in the nest and in the places with large concave corners
on the side walls of the nest. The stress concentration in the nest of Messor aciculatus is
more serious than that of Camponotus japonicus Mayr.

5. As the weight of the body increases, the maximum stress in the chambers at various
depths increases gradually, but the stress at the higher stress points does not increase
significantly with a large increase in load, due to the redistribution of internal forces
that occurs.
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