
Research Article
Experimental Study of an Inflatable Recyclable Anchor

Taoli Xiao and Yunlong He

School of Urban Construction, Yangtze University, Jingzhou, China

Correspondence should be addressed to Yunlong He; hyl19950220@163.com

Received 29 June 2018; Revised 14 August 2018; Accepted 16 August 2018; Published 13 September 2018

Academic Editor: Miguel Angel Torres

Copyright © 2018 Taoli Xiao and Yunlong He.,is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

,is paper describes an investigation into the performance and pullout capacity of a new inflatable anchor system embedded in
deep excavation engineering. ,e proposed inflatable recyclable anchor system consists of a rubber pneumatic bag, movable steel
plate, and force transmission bar, which can all be recycled after use. By conducting a number of field pullout tests, it is found that
the pullout bearing capacity of the proposed anchor is related to the inflation pressure, the length of the rubber pneumatic bag, and
the embedment depth. It is found that, with the exponential increase of inflation pressure or length of the rubber pneumatic bag,
the pullout bearing capacity of the novel inflatable anchor increases exponentially. ,e proposed inflatable recyclable anchor can
meet the bearing requirements of traditional grouted anchors. Moreover, the proposed anchor not only has better supporting
effects than traditional grouted ones, but it also has the advantages of recyclability, repeated use, and rapid formation of anchorage
force. It is a new green and low-carbon anchorage, so it will have good application prospects in temporary foundation pit
slope engineering.

1. Introduction

With the development of society, human beings have in-
creasingly developed and utilized the underground space.
For a long time, deep foundation pit supporting technology
has always been a hot issue in the engineering and academic
community. Due to its advantages in safety, economy, and
effectiveness, bolt anchoring technology has been widely
used in deep excavation engineering [1–3], antifloating
structure engineering [4], slope engineering [5], dam re-
inforcement engineering [6], tunnel engineering [7], and so
on. Foundation pit support is a temporary project. ,e
pullout capacity of the anchor is generated by the friction
between the anchor body and the rock and soil mass. ,e
anchor body is composed of reinforcement rod material and
a grouting agent. Common grouting agents are cement
slurry [8], resin syrup [9], and kaolin slurry [10]. Once the
foundation pit construction is complete, the anchor bars left
behind in the rock and soil will lose their use value, and these
anchorages will cause many adverse effects on the sub-
sequent development and utilization of the underground
space, for example, negative effects such as increasing the

cost of construction, affecting a project, or more seriously,
causing a project to be abandoned and redesigned. ,ere-
fore, research and development of novel anchors that can
replace traditional grouting anchors is very necessary; the
recyclable anchor is one of these alternative replacements.

Since TF Herbst proposed the application of recyclable
anchor rods in underground engineering [11], various types
of recyclable anchors have been rapidly developed. One of
them is the screw recyclable anchor [12, 13]. In their re-
search, the rigid anchor body is made into a spiral type, and
a specific tool or the rod body itself can be used to recycle the
rigid anchor body. ,e second type is the rotary recyclable
anchor proposed by Wang et al. [14], Kramadzhyan et al.
[15], and others. In this type of anchor, the anchor end of the
inflation anchor is made into a U-shaped lock. When
a special rod body is installed and externally forced, the
U-shaped lock is unlocked, and the inflation anchor body is
recycled. ,e third type is an umbrella-shaped anchor
proposed byMei et al. [16], Zhu et al. [17], and others. In this
kind of anchor, the anchor body is designed as an umbrella-
like structure that can be extended and closed. When the
auxiliary rod body is extended, it provides an anchoring
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force. When the anchoring force is released, the rod body is
recycled. Although the above three representative types of
anchors solve the problem of anchor recovery, there are still
many problems in the application of practical deep foun-
dation pit support engineering. For example, the screw
recyclable anchor has a limited pullout bearing capacity and
application range, even though it has good supporting ca-
pacity and recyclability. In the rotary anchor, although the
metal bar can be recovered, grouting stones are still left in
the soil, which can affect subsequent construction. ,e
umbrella-shaped anchor is often difficult to recycle due to
too many pricks in the soil. Based on the above consider-
ations and the research done by Newson et al. [18, 19], Liang
et al. [20, 21], and Cao et al. [22, 23]on inflatable anchors,
this study proposes a novel inflatable recyclable anchor [24].
Compared with the inflatable anchors of the others, the main
differences between the two anchors are as follows. (1) ,e
structure of the anchors is different. ,e anchor studied by
others consists of a cylindrical steel tube around which is
fastened to a rubber membrane. ,e anchor has a simple
structure and a small size. ,e new type of the inflatable
anchor is composed of a special anchoring section and a free
section, which is more in line with the characteristics of the
engineering anchor. (2) ,e bearing performance of the
anchors is different. ,e pullout bearing capacity of the
former inflatable anchor is provided by the friction between
the rubber bladder and the soil. And the pullout bearing
capacity of the new type of the anchor is provided by the
combination of the steel sheet and the soil.

By conducting a number of field pullout tests, the
characteristics of the pullout bearing capacity of the pro-
posed anchor are investigated, and the possibility of its
application in practical engineering is explored.

2. Experimental Studies

2.1.MaterialsandProperties. ,e experiment was conducted
in the open ground of a proposed project located at Yangtze
University. ,e soil profile of the test site is shown in
Figure 1: the surface of the site is a plain filling soil with
a thickness of 0.8m, the second layer of soil is silt clay with
a thickness of 2.6m, the third layer is clay with a thickness of
3.5m, and the fourth layer is silt fine sand with a thickness of
4.6m. Before the experiment, the physical mechanical in-
dexes of the two soil layers are measured according to the
SL237-1999 code [25]. ,e filling soil does not have stable
properties, and its gravity density is c1 � 18.0kN/m3.,e silt
clay was tested by means of a laboratory direct shear test and
was found to have the following properties: gravity density
c2 � 19.1kN/m3, natural water content ω � 30.9%,
IL � 36.7% and IP � 23.2%, cohesive force� 20.5 kPa, and
effective angle of friction� approximately 9°.

Figure 2 shows a field test picture of the proposed in-
flatable recyclable anchor. Before conducting the pullout test
of the anchor, a hole drilling machine was used to form the
hole in advance, and concrete bearings were made on both
sides of the hole. During the test, the anchor bar was placed
vertically into the hole, and the reaction force device, the
inflator, and the loading system were installed in sequence.

,e inflation pressure was provided by an air compressor,
and a microcomputer controlled the inflation rate and the
regulated time. ,e loading method was graded loading.
After applying every 2 kN load and stabilizing the pressure
for 3 minutes, the data of the pullout bearing capacity and
displacement were recorded. When the displacement con-
tinues to increase and the pullout force of the anchor is
stable, the loading was completed. ,e air pressure was
gradually decreased to 0, and the inflation anchor was
recovered.

2.2. An Inflatable Retrievable Anchor. An inflatable re-
cyclable anchor consists of a rubber pneumatic bag,
a movable steel plate, and a dowel bar, as shown in Figure 3.
,e rubber pneumatic bag andmovable steel plate constitute
the anchoring part of the inflatable recyclable anchor. As
shown in Figure 4, the anchoring part of the anchor is
wrapped by a steel plate on the outside of the rubber balloon,
and the steel plate material is a seamless steel tube with an
outer diameter of 114mm and a wall thickness of 5mm.,e
seamless steel pipe is first cut into four equal parts and then
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Figure 1: Soil profile of the test site.

Figure 2: Photograph of the field test.
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combined into an integral body by an upper/bottom bracket.
,e rubber pneumatic bag is a cylindrical bladder made of
high-quality butyl rubber material with an outer diameter of
100mm and a wall thickness of 2mm.,e rubber pneumatic
bag is protected by upper and lower end brackets and 4 steel
plates. When inflated, the airbag inflates and drives the steel
plates into contact with the soil and thus generates an an-
chorage force. ,e dowel bar is the free part of the inflatable
recyclable anchor, and the dowel bar is an HRB400 threaded
steel rod with a diameter of 18mm. For convenience of

recycling, a dowel bar is cut to a length of 1m per section and
is connected through the screw socket. At the top of the
anchor hole, a special changeover screw socket is used to
convert the four dowel bars into one pull rod.

2.3. Test Sequence

(i) Use the anchor drill to make holes with a diameter
of 120mm.

(ii) Assemble the inflation anchorage section. ,e
cylindrical airbag is first surrounded by four steel
plates. ,e upper end bracket is fixed by a metal
cuff. ,e lower end bracket is tightened by
a movable puller wire, and the airbag inflation
pipeline is led out.

(iii) Assemble the free section of the inflation anchor.
Connect the transmission reinforcement bar to the
upper end bracket of the anchoring end, then use
a threaded sleeve to lengthen the rod according to
the hole depth, and then connect the four trans-
mission rod members and one tension re-
inforcement bar through the conversion sleeve.

(iv) Place the assembled inflatable anchor into the
anchorage hole.

(v) Install the metal reaction beam, pullout in-
strument, lifting jack, data acquisition instrument,
and so on.

(vi) Inflate the rubber pneumatic bag according to the
preset pressure value.

(vii) Conduct the pullout test, and collect the data of the
pullout bearing capacity and the displacement of
the anchor.

(viii) Recycle the inflation anchor. First, discharge the
gas in the airbag, then gradually dismantle the data
acquisition system, loading system, and counter-
force system, and then pull out the whole gas-filled
anchor rod from the anchor hole, and pull the
pulling rod and the force transmission rod out in
order.

3. Experimental Results

,rough a series of field tests, the anti-pull bearing perfor-
mance of the inflatable retractable anchor rod was studied and
the possibility of its engineering applicationwas also discussed.
Table 1 shows changes in the relevant parameters of the test.

3.1. Effect of Inflation Pressure (P). Figure 5 shows the effect
of varying the inflation pressure on the pullout resistance of
the inflatable retrievable anchor. For this series of tests, the
embedment depth (H) was 2000mm, the rubber pneumatic
bag length (L) was 1000m, and the inflation pressure (P)
varied from 100 kPa to 400 kPa. It can be seen from Figure 5
that the pullout resistance of the anchor gradually increases
with the inflation pressure, and the load-displacement curve
shows changes from the elastic phase to the plastic phase and

Figure 4: Photograph of the inflatable retrievable anchor.
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then to the ductile phase. When the in�ation anchor reaches
the ultimate pullout bearing capacity, the displacement of
the in�ation anchor continues to increase, but the residual
pullout bearing capacity of the in�ation anchor is basically
stable at 0.85 to 0.95 times the limit value.When the in�ation
pressure increases from 100 kPa to 400 kPa, the ultimate
pullout bearing capacity of the anchor increases from
10.82 kN to 40.98 kN, an increase of approximately 3.8 times.
�e residual pullout capacity increases from 9.32 kN to
36.01 kN, an increase of approximately 3.9 times. When
reaching the ultimate pullout capacity, the corresponding
displacement value increases from 7.187mm to 26.587mm,
an increase of approximately 3.7 times.

Further analysis of the relationship between anchor
pullout bearing capacity and in�ation pressure is conducted.
As shown in Figure 6, both the ultimate pullout capacity and
the residual pullout capacity vary linearly with the in�ation
pressure.

3.2. E�ect of Embedment Depth (H). Figure 7 shows the
relationship curves of the pullout bearing capacity and
displacement of the in�atable recyclable anchor for various
depths. For this series of tests, the in�ation pressure (P) was
300 kPa, the rubber pneumatic bag length (L) was 1000m,
and the embedment depth (H) varied from 1.5m to 3.0m.
As shown in Figure 7, as the embedment depth of the in-
�ation anchor increases, the pullout bearing capacity
gradually increases. When the embedment depth of the
in�ation anchor is 1.5m, the ultimate and residual pullout
bearing capacity of the anchor bar are 20.20 kN and
17.31 kN, respectively. When the embedment depth of the

in�ation anchor increases to 2.0m and to 3.0m, the ultimate
pullout bearing capacities of the anchor bar increase to
29.46 kN and 38.01 kN, corresponding to increases of 46%
and 29%, respectively. However, the residual pullout bearing
capacities of the anchor bar increase to 27.50 kN and
31.52 kN, corresponding to increases of 59% and 15%,
respectively.

It can be seen that, with each incremental increase of the
embedment depth, the relative increase in bearing capacity
of the in�ation anchor is gradually reduced. �is may be
explained given the following two aspects. On the one hand,
it is a consequence of critical burial depth. When the em-
bedment depth of the in�ation anchor is 1.5m, the soil layer
over the anchorage section has a thickness of only 0.3m.
When the soil around the anchor hole expands and is
compressed, shear failure of the soil body occurs easily. On
the other hand, it may be related to the soil property of the
anchorage section.When the depth is 1.5m, the upper soil of
the anchorage section is in the plain �ll layer with a thickness
of 0.5m, and the lower section with a thickness of 0.7m is in
the silty clay layer. While at the depth of 2.0m and 3.0m, the
anchorage sections are all located in the silty clay layer.

3.3. Rubber Pneumatic Bag Length (L). Figure 8 shows the
relationship curves of the pullout bearing capacity and
displacement of the in�atable recyclable anchor for various
lengths. For this series of tests, the embedment depth (H)
was 2000mm, the in�ation pressure (P) was 300 kPa, and the
rubber pneumatic bag length (L) varied from 250mm to

Table 1: Summary of the conducted tests.

Test
number

In�ation
pressure, P (kPa)

Embedment
depth, H (mm)

Rubber length,
L (mm)

1 100 2000 1000
2 200 2000 1000
3 300 2000 1000
4 400 2000 1000
5 300 1500 1000
6 300 3000 1000
7 300 2000 250
8 300 2000 500
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Figure 5: Anchor pullout force versus displacement for various
in�ation pressures.
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1000mm.When the length of airbag is 250mm, the ultimate
and residual pullout bearing capacities of the anchor bar are
8.64 kN and 7.39 kN, respectively. While the length of airbag
increases to 500mm and 1000mm, the ultimate pullout
bearing capacities of the anchor bar increase to 15.34 kN,
and 29.46 kN, respectively; the residual pullout bearing
capacities of the anchor bar increase to 13.88 kN and
27.50 kN. �e displacements corresponding to the ultimate
pullout bearing capacity are 14.438mm, 15.843mm, and
17.011mm, respectively. �erefore, it can be observed that
when the length of airbag increases by 4 times from 250mm
to 1000mm, the ultimate and residual pullout bearing ca-
pacities of the anchor bar increase by approximately 3.4 and
3.7 times, but the corresponding displacement increases by
only 2.5mm.

3.4. Grouted Anchors. Pullout tests of conventional grouted
anchor rods were carried out at the same site. �e grouting
anchor rod is a rebar steel with a diameter of 18mm, and the
preforming hole has a diameter of 120mm and a depth of
2m. �e anchoring end has a length of 1.2m and is located
in a silty clay layer. �e grouting material is selected as
cement mortar with a water-cement ratio of 1 : 0.5, and the
pullout tests are performed after 28 days.�e pullout bearing
capacity-displacement curves of the three grouted anchor
rods are shown in Figure 9. Taking the average of the pullout
resistance of the three grouted anchor rods, the ultimate
pullout bearing capacity is 19.73 kN, and the corresponding
displacement is 20.33mm.

�e bearing performance of the in�ation anchor and
grouted anchor were compared and analysed. When the
lengths of the anchorage end, anchor, the embedment
depths, and drill hole diameters of the two anchors are the
same, the ultimate pullout capacity (F� 19.73 kN) of the
grouted anchor bar is comparable to the ultimate pullout
capacity (F� 19.83 kN) of the in�atable anchor with an
in�ation pressure of 200 kPa, but the displacement
(S� 20.33mm) of the grouted anchor corresponding to the
ultimate pullout capacity is signi�cantly greater than that of
the in�atable anchor (S� 10.6mm). For the residual pullout
capacity, the residual pullout bearing capacity of the in-
�atable anchor rod is 17.45 kN, 88% of the ultimate pullout
bearing capacity. However, the residual pullout bearing

capacity of the grouted anchor sharply reduces after
reaching its ultimate state. �e displacement continues to
increase, and no stable values of residual pullout bearing
capacity were measured.

4. Discussion

4.1. Advantages of Inatable Recyclable Anchors. �e above
tests show that increasing the in�ation pressure, deepening
the anchor embedment depth, or increasing the length of the
airbag can increase the pullout bearing capacity of the in-
�atable recyclable anchor. Among the three major in�u-
encing factors, the most signi�cant in�uencing factors are
the in�ation pressure and the rubber pneumatic bag length.
When the in�ation pressure (P) or the airbag length (L) is
multiplied, the ultimate pullout capacity and the residual
pullout capacity of the anchor also increase with a nearly
equal multiplying factor. However, when the depth of the
anchor increases, the increase of the pullout bearing capacity
is limited.

Compared with the anchors proposed by Newson et al.
[18], Cao et al. [22], and others, the in�atable anchor not
only has good residual pullout bearing capacity but also its
ultimate pullout bearing capacity has been greatly improved.
When the in�ation pressure is 100 kPa, the ultimate pullout
bearing capacity of the anchor proposed by Newson et al.
[18] and Cao et al. [22] is approximately 0.3 kN with
a corresponding displacement of approximately 75mm.
While the in�atable recyclable anchor developed in this
study has an ultimate pullout capacity of 10.82 kN, an in-
crease of approximately 36 times, and a corresponding
displacement of just 7.187mm, a reduction ratio of ap-
proximately 90%. It can be seen that the pullout bearing
performance of the in�atable anchor has been greatly
improved.

Compared with grouted anchors commonly used in
engineering, the in�atable recyclable anchor has a compa-
rable or even higher ultimate pullout bearing capacity and
has a large residual pullout bearing capacity and a small
anchor rod displacement. In addition, the in�atable anchor
has the following obvious advantages. It does not occupy all
the underground resources and can be reused to reduce
costs, and the anchoring force can be formed quickly to
shorten the construction period. �erefore, the in�atable
recyclable anchor is a green, low-carbon, economic, and
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environmental-friendly anchoring technology with good
engineering application potential.

4.2. Field Tests. To further discuss the engineering appli-
cation prospect of the proposed anchor, we use the in-
ternational house built by our university as the engineering
example. �e excavation depth of the building’s un-
derground garage is 5.6m, and it is close to the surrounding
existing buildings. �e engineering geological conditions of
the site are shown in Table 2. �e mechanical properties of
the soil are poor. �erefore, to ensure safety, when the
underground garage is excavated, temporary supports for
the foundation pit slope must be used.

�e foundation pit supporting method adopted by the
design company is detailed as follows. �e upper 1.5m soil
layer is unloaded with a slope ratio of 1 :1, leaving a 2.0m
wide platform, and the lower 4.1m vertical slope is rein-
forced with 3 rows of cement-soil mixing piles with a di-
ameter of 500mm, a spacing of 350mm, and a length of
10m. In the vertical slope, two rows of soil grouting anchors
are placed at 1.0m and 3.0m from the top of the pile. �e
in�ation anchor is chosen as threaded steel with a diameter
of 22mm, and the preforming hole has a diameter of 50mm
and a depth of 9.0m.�e anchor is inclined at an angle of 15°
with the horizontal direction. It is located in a silty clay layer.
�e cement mortar with a water to cement ratio of 1 : 0.5 is
used as the grouting material.

�e test �eld of the in�atable recyclable anchor is chosen
as the north side of the foundation pit, and the north side
support section is divided into east and west sections. �e
east section adopts grouted anchors according to the design
blueprint, and the west section replaces the grouted anchor
with an in�atable recyclable anchor. �e hole for the in-
�atable recyclable anchor is preformed by using a drilling
machine and has an aperture of 120mm and a hole depth of
6.0m. �e rubber pneumatic bag of the anchorage end
has a length of 1000mm and an inclination angle of 15°
(Figure 10). To ensure the safety of the foundation pit, the
supporting e¡ect of the new anchor is examined. �e deep
horizontal displacement monitor of the soil and the ob-
servation points of the building on top of the slope are set in
both the east and west supporting sections.

�e excavation operation lasted 105 days from the
excavation operation to back�ll. As the excavation depth
increases, the gas pressure of the in�ation anchor gradually
increases and �nally stabilizes at 360 kPa. �e horizontal
displacement of the soil and the settlement of the building
monitored in real time in the east and west supporting
sections are shown in Figures 11 and 12. Figure 11 shows
the total horizontal displacement of the soil with varying
depths of the two supporting sections. �e displacement of
the soil below the bottom of the foundation pit is relatively
small, but the horizontal displacement of the soil increases
signi�cantly in the excavation depth of the foundation pit,
and near the top of the pit, the horizontal displacement of
the soil reaches its maximum value. �e maximum dis-
placement of the in�ation anchor section is 25.233mm,
and the grouting anchor section is 34.361mm, both of

which are within the design tolerance of 40mm. �e
settlement monitoring results of the buildings around the
foundation pit are shown in Figure 12. It is found that, with
the excavation of the foundation pit, the settlement of the
buildings gradually increases. After the excavation to the
bottom of foundation, the settlement tends to be stable.
�e settlement values of the grouting anchor supporting
section are generally larger than those of the in�ation
anchor section. �e maximum settlement of the in�ation
anchor section is approximately 21.311mm, and the

Table 2: Summary of the conducted tests.

Material �ickness,
t (m)

Unit
weight, c
(KN/m3)

Bearing
capacity,
fak (kPa)

Interface
strength, f
(kPa)

Filling 2.5 18.0 / 18
Silty clay 5.0 19.1 90 30
Silt 7.5 19.3 120 45
Fine sand 9.8 19.5 160 50

Figure 10: Preholed in�atable retrievable anchor.
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maximum settlement value of the grouting anchor section
is 26.927mm, both of which are less than the design al-
lowable value of 32mm.

Before the foundation pit is back�lled, three anchors are
selected for pullout tests in each of the supporting sections.
�e pullout capacity-displacement curves of the two types of
anchors are shown in Figure 13.

According to the pullout test results for the two types of
anchors, the average ultimate pullout capacity of in�atable
recyclable anchors is 38.733 kN with a displacement of
23.745mm, and the residual pullout bearing capacity is
33.310 kN. �e average ultimate pullout resistance of the
grouted anchors is 39.470 kN with a displacement of
30.335mm. It can be seen from Figure 13 that, before
reaching their ultimate pullout capacities, the displacements
of the two types of the anchor increases with the increasing
pullout bearing capacity. �e displacement-capacity curve
of the in�atable anchor shows a nonlinear relationship,
while that of the grouted anchor resembles an ideal elas-
toplastic deformation stage. �e ultimate pullout capacities
of the two types of anchors are almost the same, but the
corresponding displacement of the in�atable anchor is
clearly smaller than that of the grouted anchor. After the
ultimate pullout capacity is reached, the pullout bearing
capacity of the grouted anchor is drastically reduced and
the displacement is increased, which means that the anchor
basically fails to function. However, the in�ation anchor
stabilizes at a certain value after experiencing a temporary
decrease in the pullout strength. �e residual pullout
bearing capacity is relatively large, approximately 85.91% of
the ultimate pullout capacity.

Before the foundation pit was back�lled, a recovery test
for the in�ation anchor was performed (Figure 14).
According to the recovery design, the in�ation pressure of
the anchor is �rst reduced, and then, a professional recovery
device is used to recover the pulling bars one by one. Finally,
the anchorage end of the expansion anchor is recovered, and
the anchor can be reused after being recycled for cleaning
and maintenance.

From �eld tests of in�atable recyclable anchors, the new
anchors have the same pullout capacity as conventional
grouted anchors, and their supporting performance is su-
perior to traditional grouted anchors. �ey are easy to re-
cycle and can be reused. �ey can be used as a supporting
measure for temporary foundation pit slope engineering.

4.3. Anchoring Force of the Inatable Retrievable Anchor.
According to the failure characteristics of the in�atable
retrievable anchor, its anchoring force is expressed in four
forms, namely, support anchoring force, tension anchoring
force, expansion anchoring force, and tangent anchoring
force, as shown in Figure 15 [26].

�e support anchoring force of the in�atable retrievable
anchor is the normal supporting force imposed on the
surface of the surrounding soil by the pallets. And it can be
calculated by the following equation:

P � π r20 − r
2
1( )
[σ]t2

kr20
, (1)

where P is the support anchoring force, r0 is the outer radius
of the pallet, r1 the inner radius of the pallet, [σ] is the tensile
strength of the pallet, t is the thickness of the pallet, and k is
the coe¦cient.
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Figure 14: Field recycling of the in�atable recyclable anchor.

0

5

10

15

20

25

30

2016-2-1 2016-3-2 2016-4-1 2016-5-1 2016-5-31 2016-6-30

Se
ttl

em
en

t (
m

m
)

Date

Inflatable retrievable
anchor section 

Grouted anchor section

Figure 12: Settlement of surrounding buildings of two sections.

Advances in Materials Science and Engineering 7



,e tangent anchoring force is the restraint force which
limits the soil to slide or open along the weak plane. So when
the bolt passes through a single weak plane, the tangent
anchoring force can be calculated by the following equation:

Tmax � min
[N]

cos α
,

[Q]

sin α
 . (2)

,e expansion anchoring force is the normal stress
applied on inner surface of the hole, when the inflatable
anchor is fully expanded. Its value can be calculated
according to the elastic mechanical model as shown in
Figure 16.,e model assumes that the inflatable anchor is in
infinite body under the plain strain status. ,e ground stress
on the outer surface of the surrounding soil is p. ,e dis-
placement of the inner surface of the surrounding rock is Δr,
as shown in the following equation:

Δr � rm − rk, (3)

where rm is the final radius of the inflatable anchor when it is
fully expanded and rk is the radius of the drill hole.

,is elastic mechanical model is axisymmetric. ,e
normal stress of any point in the surrounding soil can be
calculated as follows:

σρ �
A

ρ2
+ 2C, (4)

where σρ is the normal stress of any point, ρ is the radius of
any point, and A and C are the undetermined constants.

,e corresponding displacement of any point can be
calculated as follows:

μρ �
1
E
−(1 + μ)

A

ρ
+ 2Cρ(1− μ) , (5)

where μρ is the displacement of any point, E is the elastic
modulus of surrounding soil, and μ is the Poisson ratio of
surrounding soil.

According to the boundary conditions of the elastic
mechanical model, which are σρ�∞ � −p and μρ�rk

� −Δr,
the normal stress imposed on the inner surface of the
surrounding soil can be calculated as follows:

σρ�rk
� −

2p

1 + μ
−
ΔrE

(1 + μ)rk
. (6)

,en, the expansion anchoring force can be calculated as
follows:

Z � 2πrmLσρ�rk
, (7)

where Z is the expansion anchoring force of the inflatable
anchor and L is the length of the rubber pneumatic bag.

,e tension anchoring force of the inflatable anchor is
the frictional force between the bolt and the surrounding
soil, whose normal force is the expansion anchoring force.
So the tension anchoring force can be calculated by the
following equation:

F � 2πrmL[τ] � 2πrmLfσρ�rk
, (8)

where [τ] is the shearing strength between the bolt and the
surrounding soil and f is the frictional factor between the
bolt and the surrounding soil.

5. Conclusions

In this paper, through a series of field tests, the pullout
bearing performance of a novel inflatable anchor is studied,
and the proposed anchor is further used in a temporary
foundation pit supporting project to explore its pullout
bearing capacity, supporting effect, and recovery perfor-
mance. ,e main conclusions obtained are as follows:

(i) Inflatable recyclable anchor rods consisting of
a rubber pneumatic bag, movable steel plates, and
dowel bar.

(ii) ,e pullout performance of the inflatable recyclable
anchor is related to the inflation pressure, the length
of the rubber pneumatic bag, and the embedment
depth. Among the three major influencing factors,

Tension
anchoring force

Support
anchoring force Weak plane

Tangent
anchoring force

Expansion
anchoring force

Figure 15: Anchoring force of the inflatable retrievable anchor.

Ground stress

Inflatable
retrievable anchor

Drill hole

P

Figure 16: Mechanical model of the inflatable retrievable anchor.
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the inflation pressure and the length of the rubber
pneumatic bag have a significant influence on the
pullout bearing performance of the proposed
anchor.

(iii) Inflatable recyclable anchors have good pullout
bearing properties. ,eir ultimate pullout bearing
capacity is comparable or even higher than that of
the traditional grouted anchors, and they are su-
perior to grouted anchors with lower displacement
and higher residual pullout performance.

(iv) Inflatable recyclable anchors have good engineering
application potential. When applied to temporary
supporting projects such as slope foundation pits,
they not only have the advantages of rapid for-
mation of anchorage force and the ability to adjust
the size according to needs but also can be recycled
for reuse, making them low-carbon, economical,
and environmental friendly.

(v) Inflatable recyclable anchors are a new type of
anchorage technology.,e related research is still in
its infancy, and there are still many problems to be
solved. Further experimental and theoretical re-
search is needed. For example, the impact of fatigue
of the airbag and steel plates on the pullout bearing
characteristics, the applicability in different rock
and soil conditions, the formation mechanism of
anchorage force, the stability of engineering ap-
plications, and effective monitoring methods are all
future research topics of interest.
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