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+is paper presents an analysis of bamboo bolt-modified slurry interfaces based on 26 in situ axial pull-out tests intended to
highlight the mechanical behavior of interface under a fracture mode. +ree impact factors are analyzed: anchorage length, bolt
diameter, and bolt hole diameter, using the same materials of bamboo and modified slurry. +e result shows that the interface
between the bamboo bolt and anchoring agent is the control interface of an anchorage system, and the local behavior of the
interface involves four stages: elastic, soften, friction, and decoupling. Distribution law and change trend of slippage, stress, and
strain of anchoring interface along with the axial direction of an anchor bolt were analyzed. +e result shows that there is effective
anchoring length limit in this kind of interface, and that the complete decoupling phenomenon should not be neglected. +rough
a comparative analysis of the existing bond-slip model and interface bond-slip curve, and considering the correspondence of the
strain-slip curve and trilinear bond-slip model simultaneously, a modified trilinear bond-slip model has been proposed. +e
friction section of this model is limited, and shearing stress in the complete decoupling section is zero.

1. Introduction

Rammed earth site is a historical building relic with soil as
the main material left by ancient human activities, including
residential sites, walls, and beacon towers, with a high
historical, cultural, and artistic value, as shown in Figure 1.
+e distribution of rammed earth sites is centralized along
the Silk Road in Central and East Asia, but the deterioration
of cracks, sapping, and so forth is highly developed in sites
(Figure 2). +erefore, corresponding reinforcement works
are being carried out to deal with the emergency, with
a purpose to prevent the loss of the historic and cultural
information carried by the relics as a result of the potential
large-scale collapses in the near future. +e distribution of
rammed earth sites of China is highly centralized in the
northwest arid region. Due to less rainfall, occasional strong
winds and sandstorms, powerful tectonic movements, and
frequent seismic activities, there is a great likelihood of
cracks caused by the tension and shear force. +e crack
normally extends throughout the site, so as to result in

collapse, instability, and dislocation to the structure. Under
the protection concept of a cultural relic “repair old as
before,” it is generally subjected to the concealed mechanic
stability control technology of “anchoring” to treat the
stability problems of an earthen site at present.

Different from the traditional soil slope, rammed earth
sites are mostly rammed artificially. +ere are multiple
longitudinal and vertical ramming boundaries in rammed
earth structure; the cracks extend along the ramming
boundaries with an extensive but organized distribution
under the effect of external erosion by rain, earthquake, and
so forth. According to the results of relevant scholars’ studies
on the material physical and mechanical properties of the
rammed earth sites (such as city walls and beacon towers),
the mechanical properties of the soil body of different parts
of the sites show significant differences [1–3]: As a result
of rainfall penetration at cracks of the sites, as well as
the erosion of strong dusty winds, the dissolution-
recrystallization cycle of soluble salt, and the freezing-
thawing cycle of water, the cracks and exposed parts on
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the surface of the sites show serious weathering and salt
efflorescence, leading to the reduction of strength and the
risk of peeling off.+erefore, in order to preserve the cultural
information carried by the surface of the sites, the pre-
stressing technology is limited to use in reinforcement
projects for ancient rammed earth sites. On the other hand,
the density of the earth inside the ruins is higher, and it can
provide good hoop constraints to the anchor bolt. +erefore,
the wholly grouted anchor system is usually used in the
anchorage project of earthen sites.

As growing attention has been paid to the conservation
of worldwide earthen heritage sites (rammed earth walls, fire
beacon tower, etc.), anchorage technology is widely used to
deal with the rammed earth sites’ structural diseases [4–6].
However, the anchoring scheme of metal bolts and cement
mortars commonly used in soil and rock slope reinforce-
ment engineering is not suitable for anchoring of soil sites
because (1) the difference in the material property between
the metal bolt and the soil is so large that it is difficult for the
anchoring force to be exerted, (2) the metal material is easy
to react with the moisture in the soil to cause corrosion, and
(3) the use of prestressed technology is restricted. +e field
survey results show that bamboo and timber materials are
often used as reinforcing materials to improve the integrity
of the rammed earth structure and its compatibility with soil
was verified. +erefore, bamboo-type (or timber-type) full-
length bonded bolt has a good applicability in the soil site
reinforcement.

+e anchorage system is generally used for anchoring
steel bars into the holes of rock and soil mass to restrain the

dangerous structure. +e existing research results show that
the anchorage performance of the anchorage system is not
only connected with bolts but also closely related to the
properties of the internal and external fixing materials (or
devices) and the stages of material slip failure [7]. +is paper
studies the full-length bonded bolt anchorage system. +e
bamboo bolt is bonded with soil mass through modified
slurry, and load transfer mainly depends on the interface
bonding effect. +erefore, the research on the interface
mechanics behavior of the anchorage system is particularly
important.

In recent years, the relevant scholars have made a lot of
researches on the bond-slip relationship between different
materials and proposed a variety of calculation models,
which can be divided into two types: nonlinear model and
multistage linear model. As for the anchorage interface
mechanical behavior, Farmer [8] proposed the first ana-
lytical solution to the behavior of rockbolts under tensile
forces. +is essential work predicted that the axial load and
the shear stress decrease exponentially from the loading
point to the free end of the bolt before decoupling occurs.
Yazici and Kaiser [9] emphasized the effect of dilatancy effect
on the ultimate bond strength of the anchorage interface and
developed the bond strength model (BSM) in 1990s. Short
later, Benmokrane et al. [10] studied the stress distribution
and evolution law of the anchorage interface by field and
laboratory pull-out tests and then proposed a trilinear bond-
slip model for the interfacial mechanism between the bolt
and grout. More recently, Li and Stillborg [11] introduced the
notion of “decoupling front” and presented an analytical
model through pull-out test; the model considered the
decoupling mechanism, and the shear stress is assumed to be
zero when the interface is completely decoupled. Fahimifar
and Soroush [12] analyzed the interface interaction between
grouting bolt and rock mass by using brittle behavior model
and strain-softening behavior model. Wu et al. [13] analyzed
the crack propagation of the anchoring system by using the
double-bilinear shear-lag model, which does not consider
the impact of friction section. Ren et al. [14] presented an
analytical solution for predicting the full-range behavior of
grouted rockbolts in tension. A trilinear bond-slip model
was again considered for the rockbolt-cement grout joint
interface, the model parameters are calibrated by identifying
the different stages of load-displacement curves at the
loading end. Ma et al. [15] and Martin et al. [16] analyzed the
whole process of anchor bolt slippage by using trilinear
bond-slip model, which is suitable for the interface of high
strength materials such as metal and cement mortar.
However, the analytical model used by Li and Stillborg [11],
Ren et al. [14], Ma et al. [15], and Martin et al. [16] only
focused on rockbolts without free end slip and ignored the
slip of the bolt free end. Recently, Biscaia et al. [17] an-
alyzed the mechanism behavior and debonding process of
the FRP-to-concrete interface on shear tests with the FRP
plate submitted to a tensile load in one of its ends,
three linear and one exponential bond-slip models are
employed in the numerical process, and the results are
analyzed and compared. Ma et al. [18] took the residual
shear stress and the complete decoupling mechanisms

Figure 1: Rammed earth site of Gaochang ruin.

Figure 2: Crack propagation in an earthen site.
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into account and presented a nonlinear bond-slip model
for fully encapsulated rockbolts subjected to the tensile
load in pull-out tests.

+ese works are fundamental and have deeply con-
tributed to a better understanding of the behavior of anchor
bolts under tension loads, which has in turn led to a higher
quality design. However, in the anchorage of soil sites,
bamboo-type bolts are usually featured by low elasticity,
high plasticity, and good ductility [19, 20], and the property
of the anchorage agent is different from that of the cement
mortar. However, the interface mechanical behavior be-
tween the two materials conforms to the existing bond-slip
model is not yet clear.

In view of the above, considering the respective effect of
the anchoring length, anchor rod diameter, and anchor hole
diameter on the anchorage performance, this paper con-
ducted in situ axis pull-out test to study the mechanical
behavior of bamboo bolt-modified slurry interface in earth
sites, and the stress distribution law and change trend of
anchor interface are analyzed according to the load-
displacement relationship and strain monitoring data.
+en, the interfacial bond-slip curves obtained from the test
are compared with several existing bond-slip models; on this
basis, considering the corresponding relationship between
the interface strain-slip curve and the bond-slip model at
different stages, an improved trilinear bond-slip model is

proposed for this kind of interface. Finally, the model was
validated with the result of similar studies.

2. Materials and Methods

2.1. Experiment Scheme. +e purpose of this experiment is to
analyze the bond-slip behavior of the interface between the
bamboo bolt and the modified slurry. +e experiment
considers the effect of three factors (bolt length, bolt di-
ameter, and bolt hole diameter) on the anchoring force,
respectively. +e length of the bolt is divided into 5 types:
800mm, 1200mm, 1500mm, 2000mm, and 3000mm; the
diameter of the bolt is divided into 3 types: 25mm, 35mm,
and 50mm; and the drilling hole diameter is divided into 3
types: 75mm, 85mm, and 110mm. Two specimens were set for
each type, and 26 specimens were in total, in which both load-
displacement relationship and bolt surface strain are moni-
tored. +e classification of bolt specimens is shown in Table 1.

2.1.1. Treatment of Bamboo Bolt. Due to the low strength of
bamboo itself, fixture cannot be directly applied to the
bamboo. +erefore, the bamboo joints at the loading end
shall be opened up before experiment. +e steel bars shall be
inserted and firmly bonded with epoxy resin, as shown in
Figure 3.+e fixtures are used for exposed steel bars.+e bolt
specimens are shown in Figure 4.

Table 1: Specimen classification.

Specimen Anchoring
agent

Bolt
diameter
(mm)

Bolt hole
diameter
(mm)

Bolt
length
(mm)

Number
of specimens

Experimental
purpose Remarks

CB-L-
800

Modified slurry (soil,
cement, and fly ash at
a mass ratio of 85 :10 : 5,
and the mass ratio of 5%
silica sol was added)

35 85

800 2

Load-displacement
relationship, strain
distribution, stress
transfer process, and

failure mode

For loading
convenience,

installation angle of
the bolt is 0 degrees

CB-L-
1200 1200 2

CB-L-
1500 1500 2

CB-L-
2000 2000 2

CB-L-
3000 3000 2

CB-d0-
25-15

25

85

1500 2

CB-d0-
25-20 2000 2

CB-d0-
50-15

50
1500 2

CB-d0-
50-20 2000 2

CB-d-75-
15

35

75
1500 2

CB-d-75-
20 2000 2

CB-d-
110-15

110
1500 2

CB-d-
110-20 2000 2

Advances in Civil Engineering 3



2.1.2. Sticking of Strain Gauges. Five strain gauges (sensi-
tivity is 0.206) are placed on the outer surface of the bolt at
equal intervals along the anchorage length, lead and wire are
welded by soldering, and they are numbered from the
loading end to the anchoring end. +e temperature com-
pensating sheet is arranged at the outer surface near the
midpoint of the bolt.

Before the strain gauge is pasted, the bamboo surface
should be grounded with an abrasive paper into the oblique
texture. +e angle between the oblique texture and strain
gauge direction should be 45°. +en, scrub the grounded
part with an absorbent ball containing absolute ethyl al-
cohol in one direction. Paste the strain gauge immediately
after the grounded part is dried naturally. In order to
protect the strain gauge, coat the exposed part with
moisture-proof glue and wrap it with glass fabric. +e
strain signals are recorded by the TDS-303 data acquisition
instrument made in Japan.

2.1.3. Loading Scheme. +e drawing displacement is mea-
sured by an electronic vernier caliper fixed to the tension
meter with an accuracy of 0.01mm, as shown in Figure 5.
+is experiment uses center hole Jack loading, center ap-
erture 30mm, height 250mm, maximum working capacity
of bolt tension is 100 kN, and the tensile stroke is 150mm.
+e loading method is continuous loading, and each load
step is 0.1 kN, until the anchorage system failure. +e data
acquisition device is shown in Figure 6. Considering the
local hot weather, carry out curing for 30 d after grouting

and conduct the pull-out test after the interface bonding
effect is fully achieved.

2.1.4. Bolt Installation. To avoid the influence on wall sta-
bility, the pull-out test is done on the compact part of the
rammed structure. +e vertical and horizontal spacing of
adjacent bolts are more than 2m, and long and short bolts
are staggered to reduce the group anchoring effect.
Twisting and bending should be minimized when bolts
are installed into holes. Due to slurry permeation into
soil and evaporation of water, slurry will shrink after
curing. +erefore, a manual makeup should be done after
grouting.

+is experiment was carried out according to Code for
design and construction of soil anchor (CECS22: 90) [21] and
Technical code for building slope engineering (GB 50330-
2013) [22].

2.2. Material Properties. Prior to the pull-out test, the
physical and mechanical properties of materials used are
determined by means of laboratory test. Main test methods
and results are as follows.

2.2.1. Modified Slurry. In this experiment, the bamboo bolt
and the rammed earth were bonded by modified slurry, and
the modified slurry was prepared by soil, cement, and fly ash
at amass ratio of 85 :10 : 5 (the water-cement ratio is 0.31), and
the mass ratio of 5% silica sol was added. +e geometric

Figure 3: Loading steel bar installation.

Figure 4: Bolt specimens.

Figure 5: Vernier caliper and loading device.

Figure 6: Data acquisition device.
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dimension of the specimen is 7.07mm× 7.07mm× 7.07mm.
+e compressive strength and compressive modulus are
measured 34 days after curing. +e mechanical properties of
the modified slurry are shown in Table 2.

2.2.2. Undisturbed Rammed Earth. +e undisturbed ram-
med soil is from northwest corner of the walls in the ancient
city of Gaochang, Xinjiang, China (core sampling) [4]. +e
soil is made as the cube sample with the geometric di-
mension of 70mm and 7.07mm and tested in accordance
with the Standard for Soil Test Methods (GB/T50123-1999)
[23]. Physical and mechanical properties of undisturbed
rammed earth are shown in Tables 3 and 4.

2.2.3. Bamboo Bolt. +e bamboo bolt sample is a section of
bamboo which is straight without defects, with a relatively
thick wall and relatively small difference in section di-
ameter. +e test sample is prepared according to Testing
methods for physical and mechanical properties of bamboos
(GB/T 15780-1995) [24] and Test method for physical
and mechanical properties of bamboo for construction
(JG/T 199-2007) [25]; the sample moisture content is
about 11%∼12%.

(1) Tensile strength parallel to grain and tensile modulus
of elasticity

+e CSS-88100 electronic universal testing machine
produced by Changchun Research Institute for Testing
Machines is used in the test. +e specimen is destroyed
within 60–90 s by means of uniform single-stage loading. As
the specimen in the gauge section is weak, the parts prone to
cause stress concentration, such as grooves, scratches, and
sharp corners, should be minimized in the fabrication
process. +e test process is shown in Figure 7. +e tensile

strength parallel to the grain and the elasticity modulus of
bamboo are shown in Table 5.

(2) Bending strength

In the bending strength test, the specimen is cut in the grain
direction into 160mm× 10mm× 6mm (length×width×wall
thickness). Grind the fulcrum and loading surface of the
bamboo before the test to avoid slippage in the loading
process. +e test method is similar to loading on the midspan
of the simply supported beam, as shown in Figure 8. +e
fulcrum spacing is 120 mm, and the load is increased
uniformly in one direction on the midspan to destroy the
specimenwithin 60–90 s.+e bending strength of the bamboo
is shown in Table 6.

Table 2: Mechanical properties of the modified slurry.

Number Compressive
strength (MPa)

Mean value of compressive
strength (MPa)

Poisson’s
ratio

Compressive modulus
(N/mm2)

Mean value of compressive
modulus (N/mm2)

1 3.21
2.63 0.21

62.35
61.262 2.25 55.66

3 2.43 65.78

Table 3: Physical and mechanical indexes of undisturbed rammed earth (mean).

Specimen Wet bulk density
(g/cm3)

Dry bulk density
(g/cm3)

Water content
(%)

Liquid limit
(%)

Plastic limit
(%)

Porosity
(%)

Saturation
(%)

Undisturbed rammed
earth 1.90 1.85 2.70 46 24 0.30 21.60

Table 4: Compression modulus and compressive strength of undisturbed rammed earth.

Specimen Number Compressive
strength (MPa)

Mean value of compressive
strength (MPa)

Compressive
modulus (N/mm2)

Mean value of compressive
modulus (N/mm2)

Undisturbed
rammed earth

1 1.94
1.92

30.32
30.482 1.83 28.87

3 1.98 32.25

Figure 7: Tensile strength test.
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3. Results and Discussion

3.1. Applicability of Bamboo/Wood Materials in Earthen Site
Reinforcement. +e ruins of rammed earth structures in
northwest China are in large quantities with centralized
distribution, and some of them contain wooden structures,
such as plant interlayers or log skeletons, as shown in Figure 9.
+e survey result shows that, after the effect of natural force
(such as wind, rain, and earthquake) for thousands of years,
there are many serious structural diseases (such as un-
dercutting and cracks) in rammed earth sites, which have
posed a serious threat to the stability of the sites.+anks to the
tension and stabilizing effects of wooden structures, the sites
with wooden structures are often less damaged than pure

rammed earth. Besides, the wood material in the sites still has
a certain intensity and can be well compatible with the soil
mass. +is has fully reflected the excellent durability and
stability of wood materials in earthen site reinforcement.

Considering the cultural relic attribute of earth sites, the
nonprestressed fully grouted anchor system is often used to
reinforce earthen sites, and the anchoring system achieves
the purpose of stabilizing the endangered site by mechanical
action between three kinds of materials, namely, anchor bolt,
anchor agent, and rammed earth, as shown in Figure 10.

In cultural heritage protection, it is a common practice to
reinforce endangered sites with traditional materials and
technologies. Following this principle, scholars have made
lots of trials on anchor rod materials, mainly including ribbed

Table 5: Tensile strength and elastic modulus of bamboo.

Number
Gauge
length
(mm)

Width
(mm)

+ickness
(mm)

Breaking
load (kN)

Breaking
strain (%)

Mean value of
breaking
strain (%)

Tensile
strength
(MPa)

Mean value of
tensile strength

(MPa)

Elasticity
modulus
(MPa)

Mean value of
elasticity

modulus (MPa)
1

50

4.64 2.02 2.86 2.65

2.68

304.9

306.5

1.15E4

1.16E4
2 5.00 2.06 3.19 2.46 309.7 1.26E4
3 4.44 2.06 2.99 2.44 327.6 1.34E4
4 4.50 1.90 2.61 2.58 305.3 1.18E4
5 4.56 1.96 2.55 3.27 285.2 0.87E4

Figure 8: Bending strength test.

Table 6: Bending strength of bamboo.

Number
Fulcrum
spacing
(mm)

+ickness
(mm)

Width
(mm)

Breaking
load (kN)

Bending
strength∗
(MPa)

Mean value of
bending strength

(MPa)

Fracture
deflection
(mm)

Mean value of fracture
deflection (mm)

1 120 5.6 10.68 0.76 214.17

215.5

7.178

7.102
2 120 5.52 10.62 0.75 216.84 7.285
3 120 5.62 10.06 0.67 212.04 7.022
4 120 5.57 10.38 0.73 218.95 6.923
∗+e bending strength is calculated by σb � 3Pmaxl/2bh2, where Pmax is the failure load, l is the fulcrum spacing, b is the bamboo wall thickness, and h is the
specimen width.
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bar [26], thin-wall steel tube [26], bamboo/wood bolt [27, 28],
bamboo-steel composite bolt [29], and GFRP bolt [30].

+e results show that the stiffness of the traditional
ribbed bar is much larger than that of the weathered earthen
sites, the deformation between metal and soil is difficult to
coordinate, and it is hard to exert the bar strength; moreover,
the metal material is prone to corrosion, so its service life is
very short compared with the earthen sites. +erefore, the
metal anchors are not suitable for the anchorage of earthen
sites.

+e wood bolt anchoring system shows both tension-
and pressure-type anchor features, which has the de-
formation characteristics of low elasticity, high plasticity,
and high elongation; the anchoring effect is similar to the soil
reinforcement, which can improve the integrity and self-
stabilization ability of sites effectively.

With a larger diameter than the white wax bolt, the
bamboo bolt has a sufficient contact area with the an-
choring agent. Moreover, bamboo joints have improved
the mechanical lock effect of the interface, and due to the
dilatancy effect of the variable cross section, the bolt
has the characteristics of the pressure-type anchor.
+erefore, the anchoring performance of the bamboo bolt
system is better.

+e bamboo-steel composite bolt has creatively solved
the problem of metal corrosion. At the same time, the tensile
strength of metal materials can be brought into full play by

the layer-to-layer transfer of interfacial shear stress, but the
high cost has limited its large-scale application.

A GFRP bolt has the best mechanical properties and
stability, but it needs to be bonded with cement mortar,
which differs largely from the soil body in mechanical
properties and showed poor compatibility with soil.
+erefore, new anchor agents are still needed to be de-
veloped to meet the needs of site protection.

+e above analysis shows that soil and wood are themain
materials of ancient rammed earth sites. +e existence of
a great number of ancient rammed earth structures is suf-
ficient to prove the good compatibility and durability of the
two. Using bamboo/wood materials as the body of the
anchor bolt is in line with the protection concept of rein-
forcing the sites with traditional materials. In addition, as
bamboo/wood materials are more compatible with the earth
site, it can provide sufficient anchoring force through a large
bonding area. +erefore, bamboo/wood materials and its
derived materials are more suitable for the reinforcement of
earth sites.

3.2. Failure Mode. +e test mainly includes three failure
modes: (1) bamboo bolt-modified slurry interface slip
failure (Figure 11(a)), (2) modified slurry-soil interface slip
failure (Figure 11(b)), and (3) bamboo splitting at the loading
end (Figure 11(c)). Among them, the first failure mode is the

(a) (b)

Figure 9: Remaining wooden structures in earthen sites in arid regions. (a) Log skeletons. (b) Plant interlayers.

Crack
Anchoring system

Rammed earth site

Crack

Anchoring agent Bamboo bolt

Soil

Soil

Figure 10: Schematic diagram of an anchor bolt-reinforced earthen site.
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most common, especially for specimens with short an-
chorage length. +e second failure mode is common in
specimens with long anchorage length. Such specimens are
generally in full contact with modified slurry, resulting in
small displacement to failure and large anchorage force. In
the third failure mode, failure is mainly caused by in-
sufficient circumferential constraints in the fabrication
process, and the failure of some specimens is accompanied
by soil loosening in the process of load increase, which may
be related to the anchoring location and ramming quality. It
should be noted that the failure modes mentioned above
may coexist during the experiment.

+e loading end of the first test bolt (CB-L-800a) is split
too early under the pull-out load and shear dilation effect, as
the circumferential constraints are not provided. +erefore,
the epoxy resin is pulled out with steel bars, and the valid
data are not obtained. In the follow-up specimen fabrication,
the loading end of the bamboo is tightened with steel wires
or carbon fiber cloth in the circumferential direction, which
effectively inhibits such failure.

Table 7 shows the main failure mode of each specimen in
the test. According to the results, almost all specimens have
the obvious bolt-modified slurry interface slip, and some

crushed slurry is pulled out. If the anchorage length is
enough and the bolts are fully bonded with the modified
slurry, the slip failure of the bolt-modified slurry interface is
generally accompanied by the slip of the modified slurry-soil
interface. However, the slippage of latter is far less than the
former, approximately 1/50 to 1/10.

3.3. Load-Displacement Curve. +e test results show that,
depending on the anchorage length of bolts, the load-
displacement curve of the specimen is basically divided
into two types: similar to linear growth and with an
obvious inflection point. +erefore, in this paper, the
samples are divided into two categories depending on
whether the anchorage length (L) exceeds the effective
anchorage length (Leff): (1) short bolt (L< Leff) and (2) long
bolt (L≥ Leff).

Figures 12 and 13 show the load-displacement curve of
short bolt (L< Leff) and long bolt (L≥ Leff), respectively. +e
CB-L-800a specimen is not presented in Figure 12(a).

According to Figures 12 and 13, the bolt length, bolt
diameter, and drilling hole diameter have great influence on
the anchorage performance.

(a) (b) (c)

Figure 11: Failure mode: (a) bamboo bolt-modified slurry interface slip failure; (b) modified slurry-soil interface slip failure; (c) bamboo
splitting at the loading end.

Table 7: Failure modes of bolt specimens.

Specimens Bolt length (mm) Bolt diameter (mm) Drilling hole diameter (mm) Failure modes

CB-L

800, 1200, 1500,
2000, 3000

35 85

Bolt-modified slurry interface failure + crushing
of modified slurry

2000 Modified slurry-soil interface failure and soil
loosening of ruins around anchor holes

800 Bamboo splitting at the loading end

CB-d0

1500 25

85

Bolt-modified slurry interface failure

1500, 2000 25, 50 Slip failure of two interfaces + crushing of
modified slurry

2000 50 Slipping of two interfaces and bamboo splitting at
the loading end

CB-d
1500, 2000

35
75, 110 Bolt-modified slurry interface failure

2000 75 Slip failure of two interfaces + crushing of
modified slurry
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3.3.1. Bolt Length. According to Figure 12(a), it can be seen
that the curve shape of the specimens with same anchoring
length is similar to each other, but the maximum pull-out
load under different anchorage lengths is quite different.
When the anchoring length is 1.2m, the maximum pull-out
load increases by about 46.3% compared with that of the
anchoring length of 0.8m. When the anchoring length is
1.5m, the maximum pull-out load increases by about 26%
compared with that of the anchoring length of 1.2m. +e
displacement of the loading end increases linearly with the
load increase, and load-displacement curve has no steady

stage. +e results show that the length of the three kinds of
anchorage does not exceed the effective anchorage length.
Figure 12(b) shows the trend of maximum pullout load
versus anchor length when L< Leff is applied.

+e load-displacement curve of the long bolt has an
obvious linear section, a transition section, and a smooth
section (shown as Figure 13(a)). +e shapes and the peak
loads of the curves are similar before reaching the peak
values; the maximum load is about 40.5 kN, indicating that
the anchorage length L≥ 2m has exceeded the effective
anchorage length, while the ultimate anchoring force no
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Figure 12: Load-displacement curve of short bolt specimens (L< Leff). (a) Different bolt lengths. (b) Maximum pull-out load-bolt length
relationship. (c) Different bolt diameters. (d) Different bolt hole diameters.
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longer increases with the length of the anchorage. +e exis-
tence of the stable section shows that the length of the friction
section in the bonded interface is limited and the effect of the
complete decoupling of the interface on the anchoring force
should be considered.

3.3.2. Bolt Diameter. According to Figures 12(c) and 13(b),
nomatter whether the anchorage length exceeds the effective
value, the maximum pull-out load of the bolt increases with

the bolt diameter increasing. +e reason is as follows: when
the bolt diameter increases, the area with contact with the
anchoring agent will increase. As the bond-slip relationship
between these two materials is fixed, the total bonding
strength will increase.

Comparing Figure 12(c) with Figure 13(b), the load-
displacement curve corresponding to L� 2m is significantly
different from that corresponding to L� 1.5m. In Figure 13(b),
the loads on various specimens are finally stabilized within
a certain range, but the maximum load varies from the bolt
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Figure 13: Load-displacement curve of long bolt specimens (L≥ Leff). (a) Different bolt lengths. (b) Different bolt diameters. (c) Different
bolt hole diameters.

10 Advances in Civil Engineering



diameter. +is indicates that the bonding stress in the friction
section is not constant and complete decoupling should not
be ignored.

3.3.3. Drilling Hole Diameter. According to Figures 12(d)
and 13(c), the effect of bolt diameter increase on the an-
choring force is limited. If the bolt diameter is too large, the
anchoring force may decrease. However, if the load is fixed,
the displacement of the specimen in a large drilling hole will
be larger, and if the bolt diameter is less than a certain value,
the anchoring force will decrease greatly. +e reason is as
follows: if the bolt diameter is fixed, the slurry thickness will
be increased with the hole diameter increasing and the
shrinkage of anchoring agent subject to capillary action and
evaporation will increase, thus resulting in incomplete
contact between the bolt and slurry. If slurry is too thin, the
shear failure will be prone to happen under large loads, as
a result of low shear strength of slurry. +is is why the
crushed slurry is pulled out together with the bolt in failure
of the CB-d-75-20b specimen.

Comparing Figure 12(d) with Figure 13(c), the maxi-
mum load will not increase with the slip increasing if the
anchorage length (L) is greater than the effective anchorage
length (Leff).

3.4. Stress, Strain, and Slip Distribution of Interface in Axial
Direction of Bolt

3.4.1. Parameter Calculation. +e stress, strain, and slip
distribution of the bonding interface and change with pull-out
load increasing are crucial to the performance of the an-
chorage system. In order to clarify the stress distribution
and load transfer of the bamboo bolt-modified slurry
interface, the following method is used based on the strain
data, to calculate the bonding stress and slip distribution
along the bolt.

Assuming that the shear stress between two adjacent
strain gauges is equal, the distribution of the interfacial shear
stress τmax can be obtained according to the maximum shear
strain. According to the bolt microsegment equilibrium
condition [31–34], the following equation can be obtained:

τ(x) � Ep · rp ·
dε
dx

, (1)

where Ep and rp are the axial stiffness and radius of the bolt,
respectively, and dε is the strain difference measured by the
adjacent strain gauge with a spacing of dx.

+e above equation can be transformed into

τ(x) � Ep · rp ·
εi+1 − εi

xi+1 − xi

, (2)

where Ep and rp are the axial stiffness and radius of the bolt,
respectively; εi+1 and εi are the strain values measured for the
ith and i+ 1th strain gauges, respectively; xi+1 −xi is the
distance between the adjacent strain gauges; and τ(x) is
the average shear stress between adjacent strain gauges.

Comparing with the stain of the bolt, the strain of
modified slurry is negligible. And the relative slip amount

between the bamboo bolt and modified slurry can be ob-
tained by the following equation [31–34]:

ε �
ds

dx
⇔ s � 

Lb

0
εdx + s0, (3)

where Lb is the anchorage length and s0 is the amount of
slip at the anchoring end. When the anchorage length is
enough, it is believed that the anchoring end is fixed, that
is, s0 � 0. +e relative slip can be solved by the Simpson
rule:

s(x) � s xi+1( −
εi+1 − εi( 

xi+1 − xi( 
·

xi+1 −x( 
2

2
+ εi+1 · xi+1 −xi( .

(4)

3.4.2. Stress, Strain, and Slip Distribution of the Bonding
Interface in Axial Direction of Bolt. In order to compare the
stress states of the bonding interface in different stages of the
trilinear bond-slip model, the bond-slip process is divided
into four points, that is, A, B, C, and D, according to the
loading end slip of the bolt. +e point A represents the
prepeak stage, in which the shear stress of the bonding
interface does not exceed the maximum shear stress (τmax);
the point B represents the maximum bonding stress; and the
points C andD are located in the softening or friction section
of the bond-slip model. +e slips (s) of the points A, B, C,
and D of the short (L< Leff) bolt specimen are, respectively,
1.19mm, 3.75mm, 10.11mm, and 18.97mm; and the slips (s)
of the points A, B, C, and D of the long (L≥ Leff) bolt
specimen are, respectively, 1.97mm, 4.12mm, 15.90mm,
and 22.97mm.

Figure 14 shows the stress, strain, and slip distribution of
the bonding interface in the axial direction of the short bolt
(L< Leff). As the bolt is relatively short, the slip of the point D
is not achieved in the test, and the slip of the interface near
the anchoring end is very small in the early loading period.
When the load is increased, the slip of the interface near the
anchoring end will increase gradually. +is indicates that the
bonding stress is gradually transferred from the loading end
to the anchoring end while the load is increased. As can be
seen from the stress distribution diagram, the bonding
strength of the interface near the anchoring end of the short
bolt is not fully utilized.

Figure 15 shows the stress, strain, and slip distribution
of the bonding interface in the axial direction of the long
bolt (L ≥ Leff). +e slip of the long bolt (L ≥ Leff) specimen is
greater than that of the short bolt (L< Leff) specimen. +e
interface stress and strain distribution corresponding to the
long bolt is also different from that corresponding to the
short bolt. According to the bonding stress diagram, if
a small load is applied, the stress on the interface at the
loading end will reach the peak value. If the load is in-
creased, the stress peak will be transferred to the anchoring
end and the corresponding strain increase will be gradually
stabilized at the maximum shear strain. +is indicates that
the bonding interface is completely decoupled, and the
shear stress is approximated to zero. According to the
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strain distribution of various specimens at the point D, the
stable section of CB-d-110-20b specimen is the longest and
close to the whole anchorage length. +is indicates that the
most of the bonding interface is in the complete decoupling
stage and the anchorage system is close to failure.

3.4.3. Ultimate Anchoring Performance. +e results of pull-
out experiment of the interface between bamboo bolt and
modified slurry are shown in Table 8. It can be seen that if the
anchorage length is increased, the maximum load trans-
ferred to the bolt will increase gradually. +e maximum
strain value of the bonding interface measured in all samples

is about 0.163%∼0.617%, which is much smaller than that of
the fracture strain of bamboo (about 2.68%). +is indicates
that the bond strength of this kind of anchoring interface is
limited with only about 6%∼23% of the strength of bamboo
material being exerted. +e anchoring force can be further
increased by ribbing or reinforcement.

It should also be noted that the maximum load, maxi-
mum shear stress, and slip are significantly affected by the
bolt diameter and drilling hole diameter. If the drilling hole
diameter is 75mm, the anchorage strength of each specimen
will decline greatly, the maximum slip will be approximate to
the ultimate slip, and the slurry will be subjected to local
crushing in the case of failure.
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Figure 14: Stress, strain, and slip distribution of the bonding interface in the axial direction of the short bolt (L< Leff).
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4. Bamboo-Modified Slurry InterfaceBond-Slip
Model

4.1. InterfaceMicrosegmentStrain-SlipRelationship. According
to the load-displacement curve in Figures 14 and 15, it can
be seen that the bond interface reaches the ultimate strength
only when the anchoring length is sufficient (L≥ Leff), then
the interface near the anchoring end is mobilized to resist
the pullout load, and the complete interface bond-slip
model is obtained. +erefore, only the interface strain-slip
distribution data of the long bolt (L ≥ Leff) specimens (CB-
L-2000a, CB-L-2000b, CB-L-3000a, and CB-L-3000b) are
selected.

According to the strain data measured in the test, the slip
amount of each measuring point can be obtained according
to (2) and (3), and the strain-slip curve of the microsection
bond interface of the long anchor sample is shown in
Figure 16.

It can be seen from Figure 16 that the strain-slip dis-
tribution trend of the bolt samples is similar, both showing
a certain nonlinear variation trend. When the relative slip of
the interface is small, the strain-slip data at any position of
the bond interface are linearly distributed. With the increase
of the amount of slip, the shear strain enters the nonlinear
change stage gradually and the interface strain growth rate is
slowed down compared with the initial stage, indicating that

0

5

10

15

20

25

0 500 1000 1500 2000

Sl
ip

 s 
(m

m
)

Bond length (mm)
0 500 1000 1500 2000

0

5

10

15

20

25

Sl
ip

 s 
(m

m
)

0

5

10

15

20

25

0 500 1000 1500 2000

Sl
ip

 s 
(m

m
)

Bond length (mm)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

St
ra

in
 ε 

(%
)

0 500 1000 1500 2000
Bond length (mm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0 500 1000 1500 2000

St
ra

in
 ε 

(%
)

Bond length (mm)

0

0.4

0.8

1.2

1.6

2

0 500 1000 1500 2000

Bo
nd

 s
tr

es
s τ

 (M
Pa

)

Bond length (mm)

CB-L-2000a point A

CB-L-2000a point B

CB-L-2000a point C

CB-L-2000a point D

CB-L-2000b point A

CB-L-2000b point B

CB-L-2000b point C

CB-L-2000b point D

Bond length (mm)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 500 1000 1500 2000

St
ra

in
 ε 

(%
)

Bond length (mm)

0.00

0.40

0.80

1.20

1.60

2.00

0 500 1000 1500 2000

Bo
nd

 s
tr

es
s τ

 (M
Pa

)

Bond length (mm)

CB-d0-50-20b point A

CB-d0-50-20b point B

CB-d0-50-20b point C

CB-d0-50-20b point D

CB-d0-25-20a point A

CB-d0-25-20a point B

CB-d0-25-20a point C

0

0.4

0.8

1.2

1.6

2

0 500 1000 1500 2000

Bo
nd

 s
tr

es
s τ

 (M
Pa

)

Bond length (mm)

CB-d-110-20b point A

CB-d-110-20b point B

CB-d-110-20b point C

CB-d0-25-20a point D CB-d-110-20b point D

Figure 15: Stress, strain, and slip distribution of the bonding interface in the axial direction of the long bolt (L≥ Leff).
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Table 8: +e results of the pull-out experiment of the interface between bamboo bolt and modified slurry.

Specimen Anchoring length
Lb (mm)

Maximum load
Fmax (kN)

Maximum strain
εmax (%)

Maximum stress
τmax (MPa)

Maximum slipa

smax (mm)
Ultimate slipb sult

(mm)
CB-L-
800a 800 3.75 0.384 0.751 — —

CB-L-
800b 800 19.39 0.163 0.648 10.87 26.17

CB-L-
1200a 1200 28.36 0.551 1.231 9.84 29.72

CB-L-
1200b 1200 25.22 0.410 1.659 12.36 24.05

CB-L-
1500a 1500 35.72 0.481 1.694 14.57 27.33

CB-L-
1500b 1500 34.47 0.50 1.203 16.27 23.27

CB-L-
2000a 2000 39.82 0.449 1.737 23.23 53.68

CB-L-
2000b 2000 38.44 0.467 1.892 29.00 59.38

CB-L-
3000a 3000 40.50 0.60 2.31 17.12 55.16

CB-L-
3000b 3000 38.63 0.521 1.652 20.91 60.89

CB-d0-
25-15a 1500 31.08 0.346 1.306 21.97 23.71

CB-d0-
25-15b 1500 31.54 0.393 1.102 17.24 23.27

CB-d0-
25-20a 2000 23.14 0.451 1.829 32.26 39.54

CB-d0-
25-20b 2000 35.08 0.293 0.977 36.57 46.47

CB-d0-
50-15a 1500 41.03 0.386 1.418 12.83 34.78

CB-d0-
50-15b 1500 33.03 0.617 2.011 16.99 23.66

CB-d0-
50-20a 2000 38.13 0.462 1.457 23.08 41.74

CB-d0-
50-20b 2000 39.33 0.485 1.766 24.98 38.35

CB-d-75-
15a 1500 16.14 0.331 0.783 9.92 10.16

CB-d-75-
15b 1500 14.63 0.293 1.114 12.93 14.99

CB-d-75-
20a 2000 19.11 0.49 1.258 25.96 30.21

CB-d-75-
20b 2000 21.09 0.259 0.624 29.81 28.63

CB-d-
110-15a 1500 33.13 0.384 1.494 16.33 41.11

CB-d-
110-15b 1500 35.19 0.462 1.789 25.69 47.68

CB-d-
110-20a 2000 32.81 0.441 1.233 31.99 60.22

CB-d-
110-20b 2000 29.83 0.510 1.627 30.78 53.78

asmax and bsult are the maximum slip and ultimate slip that are the amount of slip corresponding to the maximum load and the failure of the anchor system,
respectively.
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Figure 16: Microsection strain-slip curve of bamboo bolt-modified slurry interface (Lb≥ Leff). (a) CB-L-2000a. (b) CB-L-2000b. (c) CB-L-
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the interface has certain flexibility characteristics, which will
directly affect the final mechanical properties of the in-
terface. Finally, when the relative slip reaches a certain value,
the interface strain reaches the peak and does not change
with the increase of the slip amount until the bond interface
is destroyed. At this time, the interface strain-slip distri-
bution is close to the horizontal, indicating that the bond
interface begins to appear completely decoupling. +e
biggest difference between this type of the interface model
and the trilinear bond-slip model is embedded in the ex-
istence of the fully decoupled section. Ignoring the complete
decoupling phenomenon will overestimate the bearing ca-
pacity of the anchoring system. +e above three-stage be-
havior only can be measured on the interface near the
loading end, and the interface near the anchoring end is
always elastic, indicating that the shear stress of the interface
also has a negative exponential distribution similar to that of
a metal bolt and cement mortar interface.

4.2. Bond-Slip Curves of Bamboo Bolt-Modified Slurry
Interface. +e foregoing results show that the failure of the
anchorage system is mainly caused by the pullout of the
anchor bolt from the modified slurry under pull-out load.
+erefore, the mechanical properties of interface between
bamboo bolt and modified slurry are the key factor to
controlling the ultimate pull-out performance of the an-
choring system. Researchers have proposed several bond-
slip models to simulate the mechanical behavior of the
anchorage interface, which can be roughly divided into
nonlinear model and sectional linear model, but whether the
mechanical behavior of bamboo bolt-modified slurry in-
terface conforms to the existing model is not clear.

Figure 17 is the bond-slip curve of bamboo bolt-modified
slurry interface (τ-s curve). In order to guarantee that more
stages of the curve can be identified, only the test data near
the loading end are listed (distribution of test points can be
referred to Figure 16(e)).

It can be known from the bond-slip curve of test point
intervals that when the slippage is small, the deformation of
bolt and anchoring agent is coordinated, and the pull-out
load is mainly borne by the chemical bonding force and the
mechanical interlocking force of the interface, and the curve
is approximately linear. As the slippage of interface in-
creases, the shear stress reaches its peak value, and then the
softening stage begins. At the softening stage, the shear stress
decreases rapidly with the increase of slippage, the chemical
bonding force disappears, and the pull-out load is mainly
borne by the friction force and the mechanical interlocking
force. As the slippage continues to increase, the interfacial
shear stress decreases to zero near the loading end and the
residual friction effect is very limited at this time.

Comparing the slip curves of different measuring point
interval, it can be known that the slope of the curve is similar
and the initial stiffness of each measuring point interval is
the same when the slippage value is small. +e peak value of
the shear stress of the test point 2-3 is greater than that of the
test point 1-2; this may be due to the loosening of soil near

the loading end, which leads to the hoop constraint strength
of soil to anchor bolt reduction.

Figure 18 shows the fitting results of the bond-slip curve
and several kinds of existing bond-slip models of bamboo
bolt-modified slurry interface. As can be seen from Figures
18(a) and 18(c), the bond-slip curve obtained by pull-out test
fits well with the bond-slip model when the slippage is less
than 20mm. However, when the slippage is large, the in-
terfacial shear stress of the twomodels remains as the residual
friction stress, and the interfacial shear stress is overestimated.
+e nonlinear model in Figure 18(b) fits well with the bond-
slip curve obtained by pull-out test; the model considered that
the interfacial shear stress is zero when the slippage is large,
but if the influence of the friction stage is ignored, the bond
strength of the interface will be underestimated.+e bond-slip
model in Figure 18(d) does not fit well with the test curve
when the slippage value is greater than 7mm.

It can be known from the above analysis that none of the
existing bond-slip model can well simulate the bond-slip
behavior of bamboo bolt-modified slurry interface, but as
long as the friction segment on themodel curve in Figure 18(a)
or Figure 18(c) is modified to give sufficient consideration to
the complete decoupling phenomenon of the interface under
large slippage, these two models can well simulate the bond-
slip behavior of bamboo bolt-modified slurry interface.

4.3. Correspondence between Strain-Slip Curve and Bond-Slip
Model. Considering the convenience of the linear model in
analytic calculation, this section will identify the complete
decoupling phenomenon of anchorage interface according
to the corresponding relationship between the strain-slip
curve and the trilinear bond-slip model. +e corresponding
relationship between the strain-slip curve and the bond-slip
model is shown in Figure 19. Functions (5–10) and (12–14)
are taken from Biscaia et al. [35].

According to the force balance of the bamboo bolt, the
bond-slip model of the interface between the bolt and
the modified slurry can be determined. It is assumed that the
linear segments of the strain-slip curve have the following
relationship:

ε(s) �
ε1
s1

· s, (5)

where ε(s) and s are the interface shear strain and its cor-
responding slip, respectively; ε1 is the maximum strain in the
linear phase of the strain-slip curve; and s1 is the slip amount
corresponding to ε1.

According to the balance conditions of bolt microseg-
ments [36, 37], the following equation is applicable:

τ(x) � Ep · rp ·
dε
ds

·
ds

dx
, (6)

where Ep and rp are the axial stiffness and radius of the bolt,
respectively; dε is the strain difference measured by the
adjacent strain gauge with a spacing of dx; and

ε �
ds

dx
. (7)

16 Advances in Civil Engineering



Taking (5)–(7) into consideration, the elastic segment of
the bond-slip model can be expressed as

τ(s) � Ep · rp · s ·
ε1
s1

 

2

, (8)

where τ(s) is the shear stress corresponding to the slip of s.
As can be seen in Figure 19, when the relative length of

the bolt microslip is between 0 and s1, the bond-slip curve is
linear. +erefore, with reference to the correspondence of
the two curves, in case of s� s1, the maximum value τ1 will be
reached by the interfacial shear stress. According to (5), the
following equation can be obtained:

τ1 s � s1(  � Ep · rp ·
ε21
s1

. (9)

+e linear softening section (Figure 19, s1∼s2 section) of
the bond-slip model can be determined by

τ(s) �
τ2 − τ1
s2 − s1

· s +
τ1 · s2 − τ2 · s1

s2 − s1
, (10)

where s2 is the amount of slip corresponding to the end of
the nonlinear segment (trigonometric function). Substitut-
ing (9) into (10), the linear softening segment of interface
bond-slip model can be expressed as
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Figure 17: Bond-slip curve of bamboo bolt-modified slurry interface (τ-s curve). (a) CB-L-2000a. (b) CB-L-2000b. (c) CB-L-3000a. (d) CB-
L-3000b.
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τ(s) �
τ2 · s1 · 1− s1(  + Ep · rp · ε21 s2 − s( 

s1 · s2 − s1( 
. (11)

As shown in Figure 19(a), the strain-slip curve corre-
sponding to the linear softening section of the bond-slip
model is nonlinear. According to the Biscaia et al.’s research

results [17, 35], the relationship between the bolted
microsegment strain and the relative slip can be expressed by
the trigonometric function:

ε � α · s2 − s1(  · sin arccos
s2 − s1 − s

s2 − s1
  , (12)
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Figure 18: Fitting results of the bond-slip curve and bond-slip model of bamboo bolt-modified slurry interface. (a) Fitting results of the
nonlinear model (D. Y. Gao). (b) Fitting results of the nonlinear model (S. Ma). (c) Fitting results of the trilinear model. (d) Fitting results of
the bilinear model.
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where

α �

��������������
τ1 − τ2

EP · rp · s2 − s1( 



. (13)

+e shear stress of the third stage (Figure 19, s2∼s3
section) of the interface bond-slip model is constant, and the
corresponding strain-slip curve can be expressed by the
square root [17, 35]:

ε �

����������
2τ2 · s− s2( 

Ep · rp



. (14)

Substituting (14) into (6), the shear stress τ(s) can be
obtained; its constant value is equal to τ2.

+e total energy Gf dissipated during the whole pro-
cess of the bond-slip can be determined by the area
formed by the lines of the bond-slip model and the co-
ordinate axis:

Gf � 
s2

0
τ(s)ds + τ2 · s3 − s2( . (15)

Taking (8) and (11) into consideration, (15) can be
transformed into

Gf � 
s2

0
Ep · rp · s ·

ε1
s1

 

2

ds

+ 
s2

s1

τ2 · s1 · 1− s1(  + Ep · rp · ε21 · s2 − s( 

s1 · s2 − s1( 
ds

+ τ2 · s3 − s2( .

(16)

Considering (9) and solving (16), the total energy re-
leased by the whole process of the bond-slip is

Gf �
τ1 · s1

2
+

τ1 + τ2(  s2 − s1( 

2
+ τ2 · s3 − s2( . (17)

When the effective bond length is determined, the
maximum anchorage force that a single bolt can provide can
be quickly obtained; the calculation method will be de-
scribed in detail in subsequent articles.

According to the strain-slip curve, the interface strain
reaches the peak from the slip s3 and will not continue to
increase with the slip increasing. +erefore, if the slip is not
less than s3, there will be no shear stress in the interface,
which means that the interface is completely decoupled
(Figure 19, s > s3 section).

S1 S2 S3 S

ε1

ε2

ε3

ε

Linear

Nonlinear (trigonometric)
Nonlinear (square root)

Constant

0

(a)

S1 S2 S3 S

τ1

τ2,τ3

τ

Elastic
Linear so�ening

Energy dissipation Gf

Friction

Decoupling

0

(b)

Figure 19: +e corresponding relationship between the strain-slip curve and the interfacial bond-slip model. +e strain-slip curve of the
linear segment is corresponding to the interface bond-slip model of the elastic section.+e nonlinear segment (trigonometric function) is
corresponding to the linear softening section. +e nonlinear segment (square root) is corresponding to the friction section, and the
constant segment is corresponding to the fully decoupled section. (a) +e strain-slip curve at loading end. (b) +e interfacial bond-slip
model. +is figure is reproduced with permission from the American Society of Civil Engineers (all rights reserved) [35].

Table 9: +e parameters of bamboo-modified slurry interface bond-slip model (mean).

Interface s1 (mm) s2 (mm) s3 (mm) τ1 (MPa) τ2 (MPa) Gf (N/mm)
Bamboo bolt-modified slurry 3.34 10.73 22.56 1.89 0.44 16.97
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5. Modification of the Trilinear Bond-Slip
Model

Table 9 shows the bond-slip model of the interface between
bamboo andmodified slurry, which is determined according
to the above method. All parameters were calculated on the

basis of the average of the test data of the long bolt (2m and
3m) samples.

Figure 20 shows the comparison of the measured data of
the bamboo bolt-modified slurry interface with the modified
bond-slip model drawn from Table 9. +e data in Figure 20
are collected from the test results of specimens (CB-L-1500b
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Figure 20: +e comparison of the measured data of sheer stress and slip between bamboo-modified slurry interface bond-slip models at
different anchorage depths. (a) Anchorage length L< Leff (CB-L-1500b). (b) Anchorage length L≥ Leff (CB-L-2000a).
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and CB-L-2000a) and presented, respectively, according to
the relationship between the anchorage length (L) and ef-
fective anchorage length (Leff), that is, whether the former
exceeds the latter.

It can be seen from Figure 20 that the shear stress of the
elastic segment of this type of interface increases rapidly with
the slip amount and the area of the linear softening area is
larger than that of the elastic region, which indicates that the
energy dissipation capacity of the softening section is larger
than that of the elastic section, and the energy dissipation
effect of the residual stress section cannot be ignored. When
the slip amount is too large, the interface shear stress is
almost zero. Since the interface shear stress decreases linearly
with the increase of slip amount, the residual stress section can
maintain a certain residual shear stress, such an interface
generally has a long effective bond length, which is determined
by the interface bond-slip model andmaterial properties. Since
the total energy released during the bond-slip process is de-
termined by the bond-slip model (e.g., bamboo-modified
slurry interface Gf� 16.97N/mm), when the anchorage
length exceeds the effective anchorage length (Lb≥ Leff), the
maximum anchoring force is constant and the effect of in-
creasing the anchoring length on the anchoring force is limited.

6. Bond-Slip Model Verification

Figure 21 shows the comparison between the bond-slip
model proposed in this paper and the bond-slip models
obtained by the method of Ren et al. [14] andMa et al. [18]. It
can be seen that the model proposed in this paper fits well
into what obtained by the method of Ma et al., and both of
them fully considered the complete decoupling phenomenon.

However, as the calculation of the nonlinear model is com-
plicated, it is restricted in actual engineering applications.
Using the method of Ren et al., the maximum bonding
strength of the interface will be overestimated, thus resulting in
hidden danger to the anchorage system.

7. Conclusions

+e bond-slip behavior of the bamboo-modified slurry in-
terface is analyzed by the in situ pull-out test, and the slip,
stress, and strain distribution of the interface in the axial
direction of the bolt is obtained. +en, the strain-slip curve
characteristics of the interface are analyzed. Finally, the
improved trilinear bond-slip model of the bamboo bolt-
modified slurry interface is put forward, according to the
relationship between the strain-slip curve and trilinear
bond-slip model. +e following conclusions are reached:

(1) +e main failure mode of the anchorage system is the
bamboo bolt-modified slurry interface slip failure, of
which the slip is about 10–50 times that of themodified
slurry-soil interface. Bamboo-modified slurry interface
bonding strength is relatively low, only about 6%∼23%
of the bamboo strength is motivated.

(2) Bamboo-modified slurry bonding interface still has
the characteristics of trilinear bond-slip model when
the slip amount is small, energy consumption is
mainly done by the softened segment, and it has
certain flexibility characteristics.

(3) When the anchorage length exceeds the effective
anchorage length and slip amount is large, there is
a complete decoupling phenomenon. At this time,
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Figure 21: Comparison between the bond-slip model proposed in this paper and the bond-slip models obtained by the method of Ren et al.
[14] and Ma et al. [18].
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the interface bond stress is almost zero, the effective
bond length has a certain value, and the ultimate
anchoring force cannot grow with the increase of
anchorage length.

(4) +e model proposed in this paper is based on the
trilinear bond-slip model, which takes the interface
complete decoupling phenomenon into account and
corrects the interface shear stress when the slip
exceeds s3. +e model curve is in a closed area with
the coordinate axis. +erefore, the total energy
consumption of the bond-slip process (such as
bamboo-modified slurry interface Gf � 16.97N/mm)
can be determined by the bond-slip model.

(5) +e model proposed in this paper fits well into test
results. Compared with the method of Ren et al., the
peak bonding strength of the interface can be esti-
mated more accurately via this mode. Moreover, the
model proposed in this paper is easier to use than the
model proposed by Ma et al.
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