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The interactions between an eco-spiral bolt and crushed rocks in a borehole were evaluated by pull-out testing in a laboratory and
numerical analysis. The porosity of the crushed rock surrounding the bolt depended on the size of the eco-spiral bolt and affected
the eco-spiral bolt’s axial resistance force. The axial resistance force and the porosity of the crushed rocks in the borehole showed
an inverse relationship. The porosity was also related to the size of the eco-spiral bolt. The maximum principal stress between
the bolt and the rock was related to the porosity of the crushed rock and the size difference between the eco-spiral bolt and the
borehole. At low porosity the experimental and numerical analyses show similar relationships between the axial resistance force
and the displacement. However, at high porosity, the numerical results deviated greatly from the experimental observation. The
initial agreement is attributed to the state of residual resistance after the maximum axial resistance force, and the latter divergence
was due to the decreasing axial resistance force owing to slippage.

1. Introduction

Civil and mining engineering employs various devices for
support and reinforcement [1–7]. Examples include ground
anchors, which are mainly used for ground reinforcement,
and rock and cable bolts that reinforce rock [8, 9]. Supports of
various types can restrict the subsequent deformation of the
geostructures due to further excavation [10–13].

Eco-spiral bolts have been developed to stabilize geo-
structures and constructions such as foundation, tunnel, and
slope. They are manufactured by repeatedly twisting a steel
sheet bar [14–16] and are suitable for use in both soft ground
and rock mass due to the high axial resistance force that the
ground applies to the bolt. Eco-spiral bolts can be directly
installed in soft ground using only a twisting force without
drilling. Therefore, the geostructure between the ground and
the bolt is not disturbed and installation is quick. Eco-spiral
bolts can be installed in hard rock mass in the same way as
rock and cable bolts.

This study aims to define the interactions between the
eco-spiral bolt and the crushed rock in a borehole by pull-
out testing using laboratory test and numerical analysis.
For this purpose, the effect of porosity with respect to the
different sizes of the eco-spiral bolt and the crushed rock
was firstly clarified by laboratory pull-out testing. Secondly,
the relationship between the axial resistance force and the
displacement was evaluated depending on the different sizes
of the eco-spiral bolt and the crushed rock in a borehole.
Finally, the maximum principal stress between the eco-spiral
bolt and the crushed rock was also evaluated by numerical
analysis.

2. Experiments and Properties of Materials

2.1. Pull-Out Test. Various eco-spiral bolts exist for a range
of purposes. Figures 1(a) and 1(b) show a steel sheet bar
before twisting and the resulting eco-spiral bolt. The twisting
angle 𝜃 is 45∘ from the central line of the eco-spiral bolt
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Figure 1: Photographs of (a) a steel bar, (b) an eco-spiral bolt, (c) the twisting angle of the bolt, (d) a section view of the bolt, and (e) each
designation of the bolt.
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Figure 2: Schematic diagram of equipment for pull-out testing.

(Figure 1(c)). Figure 1(d) represents the bolt’s section. Each
designation of the bolt with the thickness t, the width d, and
the length l is shown in Figure 1(e). The equipment for pull-
out testing is outlined in Figure 2. The mortar ground model
was a cube with 600mm edge length. A borehole of 65mm
diameter was drilled into the center of the model. Crushed
rock was packed into the empty space around an eco-spiral
bolt installed in the borehole. To examine the optimal size of
the eco-spiral bolt to be used as support for the borehole, the
pull-out tests employed three types of eco-spiral bolt. They
were all 6mm thick and 600mm long, but their widths d
varied: 32mm (SB-1), 38mm (SB-2), and 50mm (SB-3). In

addition, the optimum particle size of the crushed rock filler
for the borehole was assessed by pull-out tests performed
using three different rock size ranges. The displacement and
load were measured using a wire-type displacement meter
with themaximum length of 500mmand ahollow cylindrical
load cell with a capacity of 200 kN. All data were recorded
using a data logger.

2.2. Crushed Rock. Type 2505 crushed rock (density 2.097 g/
cm3), as classified by Japanese Industrial Standards (JIS)
A5005-1988, was packed into the boreholes; this is commonly
used in concrete in Japan (Figure 3). Figure 4(a) shows the
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Figure 3: Cumulative size curve for crushed rock particles (2505 type, JIS A5005-1988, used for concrete in Japan).

(a) (b) CR-1

(c) CR-2 (d) CR-3

Figure 4: Classification of crushed rocks by diameter: (a) mixed sizes of 2–26.5mm, (b) 4.75–9.75mm (CR-1), (c) 9.75–14.9mm (CR-2), and
(d) > 14.9mm (CR-3).
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Figure 5: Relationship between axial resistance force and displacement for various sizes of eco-spiral bolt with widths of (a) 32mm (SB-1),
(b) 38mm (SB-2), and 50mm (SB-3). Each eco-spiral bolt is 9mm thick and 600mm long.

originally mixed particle sizes of diameter 2.0–26.5mm. Fig-
ures 4(b)–4(d) represent the crushed rock sorted by particle
sizes, with diameters of 4.75–9.75mm (CR-1), 9.75–14.90mm
(CR-2), and >14.90mm (CR-3), respectively.The particles are
mainly distributed in the diameter range of 10.0–20.0mm
(Figure 3). The porosity of the crushed rock packed into a
borehole is very important factor because it is closely related
to the axial resistance force generated by pull-out testing. In
general, the porosity depends on several factors: packing den-
sity, particle size distribution, particle shapes, and cementing.
In this study, the measuring procedures of porosity were
conducted based on guidance from the ISRM [17].

3. Results of Pull-Out Test

3.1. Axial Resistance versus Displacement for Different Eco-
Spiral Bolt. Figure 5 presents the relationship between the

axial resistance force and the displacement of the different
eco-spiral bolts in the composite crushed rock with the
mixed particle sizes of diameter 2.0–26.5mmduring pull-out
testing.The average porosity was 50.3% for SB-1 (Figure 5(a)),
59.8% for SB-2 (Figure 5(b)), and 72.4% for SB-3 (Figure 5(c)).
The test was carried out three times under the same condi-
tions. In all cases, the axial resistance force increased to the
maximum at a displacement range of 10–20mm and then
gradually decreased. While the width of SB-1 bolt was 1.2
times and 1.6 times smaller than that of SB-2 and SB-3 bolts,
its average maximum axial resistance force was 23 kN over
1.3 times and 2.6 times that of SB-2 (18 kN) and SB-3 (9 kN).
An interesting feature of the SB-3 profile is that the axial
resistance force due to the displacement of the bolt abruptly
decreased and then increased. This is attributed to the bolt
slipping in the crushed rock, because the rock surrounding
SB-3 was more porous than that around SB-1. As the pull-
out load increased, the displacement increased, and the axial
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Figure 6: Relationship between axial resistance force and displacement for various sizes of crushed rock particles with diameters of (a)
4.75–9.75mm (CR-1), (b) 9.75–14.9mm (CR-2), and (c) >14.9mm (CR-3) using SB-1 bolt (𝑑 = 32mm).

resistance force increased due to the rearranging of the
crushed rock structure.The axial resistance force of SB-2 was
intermediate between those of SB-1 and SB-3, and slippage
occurred, similarly to SB-3. Given the different porosity in
each case, the results indicate that the porosity of the crushed
rock greatly affected the axial resistance force of the bolt and
subsequently its support stability.

3.2. Axial Resistance versusDisplacement forDifferent Crushed
Rock. Figure 6 shows the relationship between the axial resis-
tance force and the displacement of the three different sizes
of the crushed rock, CR-1, CR-2, and CR-3 during pull-
out testing. The average porosity was 42.8% for CR-1 (Fig-
ure 6(a)), 53.1% for CR-2 (Figure 6(b)), and 67.6% for CR-3
(Figure 6(c)). The axial resistance force peaked in each case
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Figure 7: Schematic diagram showing the shear testing of crushed
rock.
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Figure 8: The relationship between shear stress and normal stress
obtained by shear testing (𝜙: internal friction angle).

within the displacement range of 10–20mm; it then decreased
gradually, while the deformation tended to increase. When
the particle size of the crushed rock is increased, its porosity
also increased, which destabilized the slip frequency of the
eco-spiral bolt.

4. Numerical Analysis

4.1. Shear Test. To confirm the internal friction angle of the
crushed rock, a shear test was performed on the unsorted
crushed rock (i.e., Figure 4(a)). Figure 7 outlines the test set-
up.The porosity was adjusted using amixture of crushed rock
and polystyrene foam to fill the space between the eco-spiral
bolt and the borehole. The result of shear tests is shown in
Figure 8. It indicates that the crushed rock had a porosity of

48% being able to correspondwith Figure 6(a) and 70% being
able to correspond with Figure 6(c). The internal friction
angle was 60∘ at a porosity of 48% and 25∘ at a porosity of
70%.

4.2. Numerical Models for FLAC-3D. The conditions under
which the eco-spiral bolt can settle in the borehole were
investigated from numerical modeling using the FLAC-3D
based on the finite different method [18, 19]. Models of
SB-1 and SB-3 for numerical analysis are demonstrated in
Figure 9 and are labeled SBN-1 and SBN-3, respectively.
Each model is represented by the shear strength expressed in
terms of cohesion 𝑐, internal friction angle 𝜙, and the elastic
deformation (in terms of Young’s modulus 𝐸 and Poisson’s
ratio V) according to Mohr-Coulomb theory. When the
elastic deformation exceeds the shear strength, it becomes a
complete plastic body. The eco-spiral bolt is treated as a rigid
body. In addition, it is assumed that there is no slippage
between the eco-spiral bolt and the crushed rock. Both
models employed c = 6MPa and 𝜙 = 56∘ for the ground and
c = 0MPa for the crushed rock; the crushed rock in model
SBN-1 had 𝜙 = 40∘ obtained from SB-1 of porosity 50.3% and
60∘ from porosity 48%, while it had 𝜙 = 15∘ obtained from
SB-3 of porosity 72.4% and 25∘ from porosity 70% in model
SBN-3. The Young’s moduli of the ground and the eco-spiral
bolt were 20GPa and 74GPa, respectively.

4.3. Maximum Principal Stress. Figure 10 shows the change
in the maximum principal stress at the point of 195mm from
the top of the model and the distribution of the maximum
principal stress when the displacements are 0.07mm (initial
loading), 8.20mm (middle loading), and 27.00mm (late load-
ing). A positive value indicates compressive stress.The central
rectangle in the figure represents the eco-spiral bolt, and the
dashed line is the borehole. During the initial loading, no
change in the maximum principal stress was observed in
the SBN-1 and SBN-3 models. However, during the middle
loading in both cases, the eco-spiral bolt compresses the
ground in the radial direction. At this time, the magnitude
of the maximum principal stress is 23.30 kN for SBN-1 and
12.25 kN for SBN-3: the maximum principal stress of SBN-1
is clearly larger and occupies a wider area than in the case
of SBN-3. The maximum principal stress during the late
loading is similar to that during the middle loading and
is concentrated at both edges of the eco-spiral bolt. These
results mean that the maximum principal stress is related to
the porosity of the crushed rock and the difference in size
between the eco-spiral bolt and the borehole.

4.4. Comparison of Experimental and Numerical Results.
Figure 11 compares the experimental and numerical results
for the relationship between the axial resistance force and
displacement.The numerical results for model SBN-1 with an
internal friction angle of 40∘ agree well with the experimental
values up to a displacement of 20mm. On the other hand, the
numerical results with an internal friction angle of 60∘ do not
agree with the experimental results.The axial resistance force
in both the experimental and numerical results peaked in
the displacement of 20–30mm and then gradually decreased.
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Figure 9: (a) Model and (b) sections of SBN-1 and SBN-3 for numerical analysis (c: cohesion, 𝜙: internal friction angle).
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The axial resistance force-displacement behavior matched
well until the force reached its maximum, but not necessarily
after that. The numerical results for SBN-3 with internal
friction angles of either 15∘ or 25∘ do not agree with the
experimental results. The large slippage that occurred with
displacement in the experimental results is an especially
notable porosity difference between the crushed rock and the
eco-spiral bolt andwas an important factor reducing the axial
resistance force. Therefore, for the eco-spiral bolt to be well
settled among the crushed rock particles in a borehole, it is
important that the frictional force between the crushed rock
and the eco-spiral bolt can be effectively maintained.

5. Conclusions

Pull-out testing in a laboratory was carried out to evaluate the
effect of the porosity of the crushed rock surrounding an eco-
spiral bolt in a borehole. Numerical analyses were also run,
and the relationship between the axial resistance force and

the bolt’s displacement was compared with the experimental
results.

The porosity of the crushed rock surrounding the eco-
spiral bolt depended on both their sizes. For a given particle
size, the porosity increased as the size of the eco-spiral bolt
increased, while for a given eco-spiral bolt size the porosity
increased as the size of the crushed rock particles increased.
Therefore, the porosity showed a proportional relationship
with the sizes of both the crushed rock particles and the eco-
spiral bolt.

When the eco-spiral bolt ismuch narrower than the bore-
hole, the crushed rock was packed tightly and the porosity
was low, leading to sufficient axial resistance force to hold
the bolt in place. If the contact between the crushed rock and
the eco-spiral bolt is unstable due to insufficient filling with
the crushed rock, the eco-spiral bolt can slip. Therefore, it is
important to determine the appropriate sizes of the eco-
spiral bolt and the particle sizes of crushed rock to ensure
sufficient axial resistance force, because slipping is a major
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Figure 11: Comparison of the relationship between axial resistance force and displacement as experimentally measured and numerically
calculated for cases (a) SBN-1 and (b) SBN-3 (𝜙: internal friction angle).

factor reducing the axial resistance force. After use, eco-spiral
bolts can be recovered and reused. Because grouting is not
required, they are also advantageous for stabilizing dangerous
site.
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