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Abstract: Soil thrust is a traction force of an off-road tracked vehicle. Existing soil thrust assessment
methods assume that a continuous shear failure plane exists along the soil-track interface. However,
recent experimental works revealed that the soil beneath the track is divided into soil blocks; each
soil block is sheared independently. This study proposed a new total soil thrust assessment method
based on the block-shaped failure mechanism, and the total soil thrust predicted by the proposed
and the existing methods was compared. The results showed that the existing method showed a
greater maximum soil thrust at a lower slip rate than the proposed method. When the soil exhibited
a hardening behavior, the total soil thrust in the existing method was always greater than that in the
proposed method. However, when the soil exhibited softening behavior or hump behavior, the total
soil thrust in the existing method was greater than that in the proposed method until a specific slip
ratio, after which the latter became greater. Unlike the existing method, the proposed method can
consider the difference in soil thrust with the grouser shape ratio, showing that the total soil thrust
increased as the grouser height increased and the shape ratio decreased.

Keywords: continuous track; soil thrust; grouser; soil shearing; slip

1. Introduction

Continuous tracks have lower drive autonomy (e.g., steerability and manoeuverability)
than wheels; however, they provide a large ground contact area, which reduces the ground
contact pressure and increases traction. Therefore, continuous tracks are preferred for
heavy vehicles that move on unpaved terrains (i.e., off-road) [1,2]. On-road vehicles utilize
the entire engine thrust as their traction, but the traction of an off-road tracked vehicle is
limited by the soil shearing [3]. During operation, the engine thrust is transmitted to the
ground through the continuous track, resulting in a shear displacement and associated
shear force at the soil-track interface. In the field of terramechanics, they are called the
slip displacement and soil thrust, respectively. In most cases, the soil thrust is very small
compared to the engine thrust; thus, the soil thrust determines the traction of an off-road
tracked vehicle [1,3,4].

The shear force of the soil increases as the shear displacement increases until the soil
fails. Therefore, a large slip displacement (i.e., a large shear displacement) is required
to develop a large soil thrust (i.e., a large shear force). However, the slip displacement
prevents the rotation of the continuous track from being converted into the movement of
the vehicle; hence, a large slip displacement reduces the driving efficiency. In other words,
to improve the tractive performance of an off-road tracked vehicle, sufficient soil thrust
must be developed to drive the vehicle with minimum slip displacement.
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Continuous tracks are usually equipped with grousers to increase traction [1]. Grousers
are protruding pads attached to the outer surface of continuous tracks, which increases the
soil thrust by generating additional shear force on the side of the track [1,3,4]. As shown
in Figure 1, in a continuous track with a grouser, the soil thrusts are developed at the
bottom and sides of the soil-track interface (hereafter referred to as bottom thrust and side
thrust, respectively). Based on the assumption that a continuous shear failure plane exists
along the soil-track interface, the total soil thrust in a continuous track was calculated by
differentiating the shear stress developed at the soil-track interface with respect to the area
on the bottom (=wl) and the side (=2 lh) [1-4].

. Bottom thrust
Continuous track

Side thrust

Engine thrust

Grouser

Figure 1. Schematic diagram of soil thrust development at the soil-track interface.

Over the last decade, however, several researchers [5-10] have conducted model track
tests, revealing that the soil beneath the continuous track is divided into separate sections.
While shearing, rectangular soil blocks are formed between adjacent grousers; each soil
block is sheared independently. That is, the shear failure plane at the soil-track interface
is not continuous, but segmented. The magnitude of slip displacement and soil thrust
experienced by each soil block varies with location. As shown in Figure 2, the soil block
located at the front, according to the direction the vehicle moves, experiences little slip
displacement (the state where soil shearing is not advanced); hence, the soil thrust is small.
The shearing at the soil-track interface increases toward the rear end, resulting in a large
slip displacement. Therefore, to obtain the total soil thrust of a continuous track accurately,
the soil thrusts of varying magnitudes developed in each soil block must be calculated and
added separately. However, the existing method for evaluating the total soil thrust of a
continuous track [1-4] does not consider the independent behaviors of the soil blocks. This
results in overestimating the soil thrust, because it calculates the total soil thrust based on
the rear end track where the largest slip displacement and soil thrust are likely to occur.

To address this, as a continuation of the abovementioned studies [5-10], we explored a
new total soil thrust assessment method for a continuous track considering the independent
shearing of soil blocks at the soil-track interface. First, a total soil thrust assessment method
was proposed based on the block-shaped failure mechanism [5-10] and the shear force-shear
displacement relationship [11-14]. Subsequently, the total soil thrust of a continuous track
was evaluated under various soil and vehicular conditions using the method proposed
in this study and the existing evaluation method [4], and the difference was analyzed.
Particular attention was given to the analysis of changes in soil thrust according to grouser
geometries (height and spacing).

The structure of this paper is as follows. Section 2 presents the scope of this study. In
Section 3, the new total soil thrust assessment method is proposed, and in Section 4, the
soil thrust evaluation conditions are presented. In Section 5, the total soil thrusts evaluated
using the proposed and the existing evaluation methods were compared, and the change
in soil thrust according to the geometries of the grouser was analyzed. The summary and
conclusions of this study are presented in Section 6.
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Figure 2. Schematic diagram of slip displacement on the soil-track interface.

2. Scope of the Study

As mentioned above, this study, which reveals independent shearing of soil blocks, is
an extension of previous studies [5-10]. Therefore, the total soil thrust assessment method
proposed in this study follows the scope of previous studies [5-10].

There are two types of stiffness classification for continuous tracks (and grousers):
flexible (e.g., rubber) and rigid (i.e., steel); the stiffness affects the traction mechanism of
continuous tracks [1]. This study considers rigid tracks commonly used in industrial and
agricultural vehicles and assumes the track (and grousers) to be a rigid body [15]. In this
case, the normal pressure on the track is assumed to be uniformly distributed along the
track contact area.

Previous studies [5-10] have revealed the block-shaped failure mechanism through
the model track tests in granular soil or mixed soil (not cohesive soil). According to Baek
et al. [16] and Woo and Baek [17], there are two different failure modes (block-shaped and
wedge-shaped) in the development of soil thrust on cohesive soil; thus, this study considers
granular soil and mixed soil, not cohesive soil.

The continuous track transfers vehicular loads to the ground surface; the vehicle’s
weight is vertically transmitted, while the engine thrust is laterally transmitted, generating
the soil thrust. Figure 3 shows the vehicular load of an individual grouser and the block-
shaped failure plane. Soil thrust is developed on the bottom and side of the soil block.
Referring to previous studies [3-8,16,17], the interface thickness (i.e., shear band thickness)
and volumetric changes of the interface were not considered when evaluating the soil
thrust. This is because the interface thickness is not significant compared to the soil-track
interface area (i.e., shearing area), and the volumetric changes are taken into consideration
when assessing the motion resistance of vehicles [18-20].

The ground is subject to the repetitive vehicular loads of continuous track. In order
to predict the soil thrust more realistically, the response to repetitive vehicular loads of
ground should be considered. However, like the previous terramechanic studies [3-8,16,17],
this study adopted monotonic load conditions when evaluating the soil thrust. As recent
research works [21-24] explore soil and soil-material interface behaviors under repetitive
loads (cyclic or dynamic loads), it is expected that the results of studies can be applied to
the evaluation of the soil thrust in the field of terramechanics.
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Figure 3. Schematic diagram of the vehicular load of an individual grouser and the block-shaped
failure plane.

3. Soil Thrust Assessment Method for Continuous Tracks
3.1. Existing Soil Thrust Assessment Method

When an off-road tracked vehicle travels, an engine thrust is transmitted to the ground
via continuous track, resulting in soil thrust on the bottom and side of the track. As the soil
thrust is the shear force of the soil, it can be calculated from the integration of the shear
stress over the shearing area on the bottom and side of the track system. Based on the
theory of elasticity, Bekker [4] expressed the maximum values of soil thrust, as shown in
Equation (1).

Finax = wl(c+ oy tang) + Ih <2c +0.64cot™! %a{, tan (,b) , 1)

where Fjqy is the maximum soil thrust, ¢ and ¢ are the cohesion and friction angle of the
soil, respectively, ;" is the effective vertical stress acting on the bottom of the continuous
track, w and [ are the width and length of the soil-track interface, respectively, and & is the
height of the grouser.

Figure 4 illustrates the three different behaviors exhibited by soil thrust-slip dis-
placement relationships: hardening, softening, and hump [3]. Hardening and softening
behaviors occur mainly in loose and dense soils, respectively [25], and the hump behavior
is mainly observed in muskeg mat. In this study, the soil thrust-slip displacement rela-
tionships proposed by Janosi and Hanamoto [11] and Wong [12] were used to represent
hardening (Figure 4a) and softening behaviors (Figure 4b), respectively, and are given in
Equations (2) and (3), respectively. The soil thrust-slip displacement relationship proposed
by Wong and Perston-Thomas [13] and Wong [14] was adopted to represent hump behavior
(Figure 4c). It is given in Equation (4).

F = Fnax{1 —exp(—j/K)} @
F = Fuax Ky [1+{1/K,(1 —1/e) — 1} exp(1 — j/Kyp)][1 — exp(—j/Kw)] (3)
F = Fuax(j/Ky) exp(1 —j/Ky,) 4

Here, j is the slip displacement, K, Ky, and K}, are the shear deformation constants (the
shear displacement required to develop the maximum soil thrust), and K; is the ratio of the
maximum soil thrust (Fy,;x) to the residual soil thrust (Fyes) (Fax/ Fres)- Fmax is determined
using Equation (1), and F is the soil thrust when the slip displacement is j.
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Figure 4. Soil thrust and slip displacement relationships exhibiting (a) hardening behavior, (b) soften-
ing behavior, and (c) hump behavior.

Bekker [4] defined the slip ratio i as the ratio of the continuous track displacement x
to the slip displacement j generated when the continuous track moved by x (i =j/x). In
other words, if the slip ratio is 0 (i.e., j = 0), all the displacements of the continuous track are
converted to the displacement of the vehicle, and if the slip ratio is 1 (i.e., j = x), the vehicle
is idling. In literature [2—4], the total slip displacement j generated by the continuous track
is calculated as the product of the total distance covered by the continuous track along
the ground (that is, length of the soil-track interface /) and the slip ratio i (i.e., j = il). The
total soil thrust (F¢) is obtained by substituting the total slip displacement (i.e., j = il) into
Equations (2)—(4). Equations (5)—(7) present the total soil thrust of the continuous track
showing hardening, softening and hump behaviors, respectively, under a slip ratio of i.

F = Fuax{1 —exp(—il/K)} (5)
F = Fuax K [1 + {1/K,(1 —1/¢) — 1} exp(1 — il /Ky)][1 — exp(—il /Ky)] (6)
F = Fyax (il /Ky,) exp(1 — il /Kp) (7)

As described above, the relationship between the total soil thrust and slip ratio of
the off-road tracked vehicle can be expressed using the ground characteristics and the
geometries of the continuous track and grouser. Using Equations (5)—(7), the total soil
thrust according to the slip ratio can be evaluated to predict the driving performance and
driving efficiency of a grouser-attached off-road tracked vehicle.

However, as mentioned previously, (see Figure 2), this method does not consider the
change in soil thrust according to location of the grousers. This results in an overestimation
of total soil thrust. Another limitation of the previous method is that the soil thrust does not
change with the grouser spacing. Although the shape ratio (I;/h), the ratio of the grouser
spacing (I;) to its height (%), has a significant impact on the soil thrust [1,26], total soil thrust
calculated through the previous method is the same regardless of the shape ratio.
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3.2. Proposed Method for Evaluating the Soil Thrust of a Continuous Track

As shown in Figure 3, at the soil-track interface, rectangular soil blocks are formed
between adjacent grousers and each of them is independently sheared [5-9]. This means
that the shear failure plane at the soil-track interface is not continuous but divided into
separate sections (i.e., separate soil blocks). The soil block located at the front in the
traveling direction of the off-road tracked vehicle experiences little slip displacement and
soil thrust without much shearing, and the slip displacement and soil thrust increase as
shearing progresses toward the rear.

As shown in Figure 2, when the off-road tracked vehicle travels with a slip ratio 7, the
slip displacement (j;) occurring in the grouser (i.e., soil block) that is separated by a specific
distance (x;) from the first point of the soil-track interface can be expressed as the product
of the slip ratio and the distance (j,;, = ix;). If the grouser spacing is I;, the total length [ of the
soil-track interface is divided into N = [/I; soil blocks and each block is separately sheared.
The distance between the first block of the soil-track interface and the soil block at the nth
positionis x, =I; (n —1) = I(n — 1)/ N. Therefore, the slip displacement occurring in the
soil block at the nth position from the first block of the soil-track interface can be expressed
as follows.

jn=1ixp =ili(n—1)=il(n—1)/N 8)

Additionally, in Equation (1), if the length [ of the soil-track interface is replaced with
It, the maximum soil thrust F,;, developed on each soil block can be obtained; it is given in
Equation (9).

Fpax(s) = Wl (¢ + o tan ) + Ith(2c + 0.64 cot ! %U{, tan ¢) ©)

By substituting the slip displacement from Equation (8) and maximum soil thrusts
from Equation (9) in Equations (2)—(4), the soil thrust (F,) generated by the soil block
at the nth position from the first block of the soil-track interface can be calculated. F,
under hardening, softening, and hump behaviors under the slip ratio i are given in
Equations (10)—(12), respectively.

Fu = Fpax(s) {1 — exp(—il(n — 1)/NK)} (10)
Fu = Fpax(s) Kr[1+{1/K:(1 —1/e) — 1} exp(1 —il(n — 1)/ NKw)][1 — exp(—il(n — 1)/ NKy)] (11)
Fy = Fyax(s) (il (n — 1) /NK;) exp(1 — il (n — 1)/ NK,) (12)

The total soil thrust of the continuous track can be evaluated as the sum of the soil
thrusts developed in each soil block. Therefore, the total soil thrusts on the off-road vehicle
under hardening, softening, and hump behaviors are as shown in Equations (13)—(15),

respectively.
N
= Fax(s) 3 {1 —exp(—il(n —1)/NK)} (13)
n=1
N
Fi = Fyyx(s) Kr ;[1 +{1/K:(1 —1/e) =1} exp(l —il(n —1)/NKy)][1 — exp(—il(n — 1)/ NKy)] (14)
N
Fi = Fyax(s) 3 (il(n —1)/NKy) exp(1 — il (n — 1)/ NK},) (15)
n=1

The driving force and driving efficiency can be predicted by evaluating the total soil
thrust according to the slip ratio of the off-road tracked vehicle to which the grouser is
attached. Unlike the previous studies, Equations (13)—(15) were derived after incorporating
the differences in soil thrusts according to the grouser spacing (/). In other words, obtaining
the optimal grouser shape ratio is possible by analyzing the change in the total soil thrust
according to the shape ratio (/;/h), which has a significant impact on the soil thrust of an
off-road tracked vehicle.
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4. Analysis Conditions
4.1. Soil Parameters

As can be seen from Equations (5)—(7) and (13)—(15), the soil parameters c, ¢, K, Ky,
K}y, and K, are required to evaluate the total soil thrust of the continuous track. Wong [3]
presented the soil parameters of a variety of mineral terrains distributed in Eastern Ontario,
Canada through the bevameter test. In the field of terramechanics, the bevameter test has
become the most widely used method for evaluating field or ground characteristics since
Bekker [27] developed it. It evaluates the shearing and pressure-sinkage behaviors of the
ground through a shear test with a shear ring and a loading test with a penetration plate,
respectively. In this study, soils exhibiting hardening, softening, and hump behaviors were
selected based on a previous study by Wong [3] (LETE sand, sandy loam, and muskeg mat,
respectively).

Table 1 shows the soil parameters. Among the sand-based soils, hardening behavior
was observed in LETE sand with relatively small shear strength parameters, and softening
behavior was observed in sandy loam with relatively large shear strength parameters.
Themuskeg mat showed hump behavior and the magnitude of slip displacement (i.e., Kj,)
required to obtain the maximum soil thrust was higher compared to other soils.

Table 1. Soil parameters for the evaluation of soil thrust of continuous tracks obtained by Wong [3].

Soil Type Shear Behavior ¢ (kPa) @¢° K (cm) K (cm) Kj, (cm) K;
) 0.96 27.3 1.14 - - -
LETE sand Hardening
1.39 30.6 1.13 - - -
) 3.3 33.7 - 9.3 - 0.835
Sandy loam Softening
2.2 394 - 6.1 - 0.659
5.9 45.3 - - 16.4 -
Muskeg mat Hump
2.3 54.9 - - 14.4 -

4.2. Vehicle Parameters

As can be seen from Equations (5)—(7) and (13)—(15), the geometries of the continuous
track and grouser and the weight of the vehicle are required to evaluate the total soil thrust
of a continuous track. In this study, the soil thrusts on the crawler excavators EC145E
and EC380E manufactured by Volvo Construction Equipment were evaluated. EC140E
weighs 14.1 tons and uses a pair of continuous tracks with 600-mm wide and 3000-mm
long bases to drive. EC380E weighs 38.5 tons and has a pair of continuous tracks with a
base of 600 mm in width and 4200 mm in length. As shown in Figure 5, the continuous
tracks of EC145E and EC380E receive vertical loads of 7.05 tons and 19.25 tons, respectively,
which are half the weight of the vehicles.

W72 =1.05 ton W/2 =19.25 ton

Figure 5. Schematic diagram of the soil-track contact area of Volvo EC145E (left) and Volvo
EC380E (right).

To evaluate the effect of grouser shape ratio on soil thrust, twenty-one types of grousers
were applied to each vehicle (i.e., EC145E and EC380E). Each type had a different height
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and shape ratio (ratio of grouser height to the spacing). The difference in weight of the
grouser was not considered, as it was judged to be insignificant compared to the weight
of the vehicle (14.1 tons and 38.5 tons). The heights (25 mm, 50 mm, 70 mm) and shape
ratios of the grouser applied in the evaluation (1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 7.5) were based on
the height (about 25-70 mm) and shape ratios (about 2.3-3.9) of commercial grousers from
Hyundai steel and ArcelorMittal, the representative grouser manufacturers.

5. Results and Discussion

In this section, the relationship between total soil thrust and slip ratio was presented;
and the maximum soil thrust according to the shape of the grouser was quantitatively
analyzed. Total soil thrust-slip ratio relationship of the continuous track was evaluated
using the proposed method and the existing method proposed by Bekker [4]. By substi-
tuting the aforementioned soil parameters and vehicle parameters into Equations (5)-(7),
(13)—(15), the total soil thrust-slip ratio relationships were derived. In addition, the total
soil thrust-slip ratio relationship when the grouser was not attached to the off-road vehicle
(h = 0) was also calculated and used in the analysis of the effect of grousers. When a grouser
is attached, the soil thrust is determined by the shear force (c and ¢) developed along the
soil block; however, when a grouser is not attached, the soil thrust is determined by the
shear force at the contact-surface between the continuous track and the ground (soil-track
adhesion and friction coefficient). Therefore, after determining the adhesion force and
friction coefficient of the soil-track to be 2/3rd of ¢ and ¢ shown in Table 1, the values were
substituted into Equations (5)—(7) to derive the total soil thrust-slip ratio relationship when
no grousers were attached. In general, the tractive performance of an off-road tracked
vehicle under slip ratios in the range of 0-0.2 is widely used as an evaluation index [3].
Hence, the total soil thrust-slip ratio relationship in this study was determined for slip
ratios in the range of 0-0.2.

5.1. Relationships between Total Soil Thrust and Slip Ratio

Figures 6—11 show the relationship between the total soil thrust and the slip ratio of
the off-road tracked vehicle operating on the soil exhibiting hardening behavior, softening
behavior and hump behaviors, respectively. The weight and size of an off-road tracked
vehicle only affect the magnitude of the soil thrust, and the trend of the soil thrust and slip
ratio relationship (difference between the soil thrusts and slip ratio relationships evaluated
using the proposed method and the existing theory) was not affected. Therefore, in the case
of EC380E, the result of using a grouser with a height of 70 mm is representatively shown.

As can be seen from Figures 6—11, the total soil thrust developed at a specific slip ratio
increases with attached grousers, meaning that the tractive performance of the off-road
vehicle is improved. This is because the grouser converts the shear between the material of
the track and the soil into shear between the soils, increasing the shear force. In addition,
the grouser generates additional soil thrust on the side of the track (i.e., side thrust). In
both methods, the total soil thrust increased as the shear strength parameters of soil (i.e.,
c and ¢) and the grouser height increased, showing good agreement with Kim et al. [28].
EC380E weighed more and had larger continuous tracks than EC145E, so EC380E produced
a greater soil thrust under the same conditions (soil and grouser conditions). This is because
the vertical stress (0,") and the shear area (/ and w) of the soil-track interface increase with
the weight of the vehicle and the size of the continuous track, respectively.

The relationship between total soil thrust and slip ratio differed between the existing
and proposed method. In all three types of soils, the existing method exhibited a greater
maximum soil thrust at a lower slip ratio than the proposed method. After the peak value
(i.e., the maximum soil thrust of the soil exhibiting softening behavior and hump behavior),
the soil thrust decreased dramatically in the existing method, whereas the soil thrust slightly
decreased in the proposed method.
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Figure 9. Soil thrust and slip displacement curves in soils exhibiting softening behavior (c = 2.2 kPa,
¢ =39.4°, Ky = 6.1, K, = 0.659): EC145E with a grouser height of (a) 25 mm (b) 50 mm (c) 70 mm:

(d) EC380E with 70 mm grouser height.
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Figure 10. Soil thrust and slip displacement curves in soils exhibiting a hump behavior (¢ = 5.9 kPa,
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Figure 11. Soil thrust and slip displacement curves in soils exhibiting a hump behavior (¢ = 2.3 kPa,
¢ = 54.9°, K, = 14.4): EC145E with a grouser height of (a) 25 mm (b) 50 mm (c) 70 mm (d) EC380E

with 70 mm grouser height.

When the soil shows a hardening behavior, the total soil thrust in the existing method
is always greater than that in the proposed method (Figures 6 and 7). This is because, in
the case of hardening behavior, the soil thrust increases gradually and converges to the
maximum value. The existing method calculates the total soil thrust based on the rear end
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where the largest slip displacement (and the largest soil thrust) is generated; whereas the
proposed method considers the difference in the slip displacement and soil thrust according
to the location of the soil-track interface. For example, when calculating the total soil thrust,
the existing method considers the first grouser (see Figure 2) from the direction the vehicle
travels. However, since the slip displacement (and the soil thrust) at the first grouser is
zero, the proposed method does not consider the first grouser.

On the other hand, when the soil shows softening behavior or hump behavior, the total
soil thrust predicted by the existing method is greater than that calculated by the proposed
method until a specific slip ratio, after which the latter becomes greater (Figures 8-11). This
is because, in the case of softening or hump behaviors, the soil thrust increases gradually
and then decreases when the maximum soil thrust is exceeded. At a low slip ratio, the slip
displacement along the entire soil-track interface is not likely to exceed the value required
to develop the maximum soil thrust; the total soil thrust in the existing method is greater
than that in the proposed method. However, at a high slip ratio, the slip displacement at
the rear is likely to exceed the value required to develop the maximum soil thrust, but the
slip displacement at the front is not sufficient to develop the maximum soil thrust (Figure 2).
The existing method calculates the total soil thrust based on the rear end where the largest
slip displacement occurs; at a high slip ratio, the total soil thrust decreases dramatically.
In contrast, the proposed method considers the difference in slip displacement (and soil
thrust) according to the location of the soil-track interface, so the reduction in total soil
thrust is relatively small. This phenomenon was more obviously observed when the shear
deformation constants (i.e., Ky, and Kj) were large. As the shear deformation constants
represent the slip displacement required to develop the maximum soil thrust, the large
shear deformation constants delay the reduction of total soil thrust in the proposed method.

In addition, the existing method does not consider the difference in soil thrusts with
shape ratio (that is, change in the grouser spacing) under the same grouser height. In
contrast, the soil thrust calculated using the proposed method differed not only according
to the height of the grouser but also according to the shape ratio. As shown in Figures 6-11,
when the heights of the grousers are the same, the total soil thrust increases as the shape
ratio decreases (i.e., the grouser spacing between adjacent grousers becomes narrower).
This is described in more detail in the next subsection, including quantitative analysis.

5.2. Maximum Soil Thrust According to the Shape of the Grouser

The shape ratio has a significant impact on the tractive performance of an off-road
tracked vehicle [1,26]. In this study, the total soil thrust of continuous track on which the
grousers with different shape ratio (1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and 7.5) were attached was
calculated to evaluate the effect of the grouser shape ratio on the total soil thrust. For
quantitative analysis, the maximum soil thrust of the continuous track with grousers was
normalized with the maximum soil thrust of the continuous track without grousers (i.e.,
the peak values of the soil thrust and slip displacement curves). Since the existing method
did not consider the difference in soil thrust according to the grouser shape ratio, only the
proposed method was used for the analysis. Also, the trend of the normalized maximum
soil thrust and shape ratio was not affected by the shear strength parameters and shear
deformation constants of soil. Therefore, the results of using the peak values of Figure 7,
Figure 9, and Figure 11 are representatively presented.

The normalized maximum soil thrusts according to the grouser shape ratio are shown
in Figures 12 and 13. The soil thrust of the continuous track with grousers was always
greater than that without grousers (approximately 1.44-1.71 times). Under the same
conditions, the highest normalized maximum soil thrust (i.e., the rate of increase of soil
thrust owing to grouser) was observed in the soil with hardening behavior and the smallest
was observed in the soil with softening behavior. In general, hardening and softening
behaviors occur mainly in loose and dense soils, respectively [25]. Hence, it was predicted
that the increase in soil thrust realized by grousers would be more pronounced in loose soil.
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Figure 13. Normalized maximum soil thrust and shape ratio relationships of EC380E: (a) hardening
behavior, (b) softening behavior and (¢) hump behavior.

As mentioned above, in all three soil types, the total soil thrust increased as the shape
ratio decreased under the same height. This is because the sizes of the soil blocks formed
between the grousers decreased as the grouser spacing decreased; hence, even at a low slip
ratio (that is, even if only a small slip displacement occurs), a large soil thrust is developed
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in each soil block. Also, the longer the grouser height, the greater the side thrust, which
increases the total soil thrust. However, when the grouser shape ratio was 7.5, the increase
in the total soil thrust with a longer grouser was smaller. This is because the grouser spacing
increases when both shape ratio and height of the grouser increase. Consequently, the
two opposing effects (an increase in soil thrust due to an increase in grouser height and a
decrease in soil thrust due to an increase in grouser spacing) are offset.

Additionally, the shape ratios of commonly used commercial grousers (approximately
2.3-3.9) are shown in Figures 12 and 13. For commercial grousers, as the grouser height
increases and the shape ratio decreases (that is, the grouser spacing decreases), the total
soil thrust of the off-road tracked vehicle significantly increases.

6. Conclusions

In this study, a new total soil thrust assessment method for a grouser-attached off-road
tracked vehicle was proposed based on the block-shaped failure mechanism [5-10]. The
following conclusions were obtained.

(1) Attaching the grouser increases the total soil thrust at a specific slip ratio and improves
tractive performance of the off-road tracked vehicle. This is because the grouser
converts the shear between the material of the track and the soil into shear between
the soils and generates additional soil thrust on the side of the track (i.e., side thrust).

(2) The total soil thrust-slip ratio relationship of the off-road tracked vehicle differed
between the existing method and the proposed method significantly. The existing
method showed a greater maximum soil thrust at a lower slip rate than the proposed
method. When the soil shows a hardening behavior, the total soil thrust in the existing
method is always greater than that in the proposed method. When the soil shows
softening behavior or hump behavior, the total soil thrust predicted by the existing
method is greater than that calculated by the proposed method until a specific slip
ratio, after which the latter becomes greater.

(3) The existing method does not consider the difference in soil thrusts with shape ratio
(that is, change in the grouser spacing) under the same grouser height. In contrast,
the soil thrust calculated using the proposed method differed not only according to
the height of the grouser but also according to the shape ratio. As the grouser height
increases and the shape ratio decreases (i.e., the grouser spacing decreased), the total
soil thrust of the off-road tracked vehicle increases significantly. However, when the
grouser aspect ratio was 7.5, the increase in the total soil thrust realized by longer
grousers is smaller.

The results of this study are expected to be useful for evaluating the tractive perfor-
mance of a grouser-attached off-road tracked vehicle. With the proposed method, the
soil thrust of a continuous track can be properly predicted considering the independent
shearing of soil blocks at the soil-track interface demonstrated in recent experimental
works [5-10]. However, it should be noted that the total soil thrust assessment method
proposed in this study follows the scope of previous studies [5-10]. Caution should be
exercised when assessing the soil thrust on different types of soil (e.g., cohesive soil or
highly compressible soils) whose shearing characteristics are completely different from
those of granular soil or mixed soil. Also, the soil beneath tracks for high-speed operations
is subject to a dynamic load; the soil thrust may be developed in different ways. Further
experimental work performed under various operating conditions is necessary to validate
the outcomes of this study, including full scale testing.
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