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Abstract

The bond-slip relationship of fully grouted rockbolts with long encapsulation lengths is critical to the bolt axial performances.
However, how to properly determine its profile still remains a challenge. It is proposed that the pullout tests of short encap-
sulated rockbolts could be used to estimate the bond—slip relationships of long rockbolts under the same conditions. This
method is based on two assumptions: (1) The bond—slip relationship simply calculated from the load—displacement curve
of a short rockbolt could represent its interfacial shear stress characteristics and (2) bolts with different embedment lengths
have the same bond-slip relationship when subjected to the same conditions. Pullout tests were carried out on instrumented
rockbolts with short embedment lengths to verify the first assumption, and pullout tests on rockbolts with various embedment
lengths were numerically modeled to validate the second assumption. It was found that the shear stresses were not uniformly
distributed along the bolt—grout interface; the load—displacement curve of a short rockbolt could still be used to derive the
bond-slip relationship of a bolt. The bond-slip relationships computed from short grouted rockbolts tend to underestimate
the interfacial shear bond stresses of longer bolts.

Keywords Rockbolt - The bond-slip relationship - Pullout tests - Rockbolt elements

Introduction

The performances of fully grouted rockbolts subjected to
tensile loads have been widely studied. Many approaches
involving laboratory tests, analytical and numerical
methods (Benmokrane et al. 1995; Li and Stillborg 1999;
Aziz 2004; Ren et al. 2010; Martin et al. 2011a, b; Ma
et al. 2013, 2014a, b, 2016; Ghadimi et al. 2015; Chen
and Li 2015; Salemi et al. 2017; Li et al. 2017a, b) are
used to study the load transfer mechanism of rockbolts.
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The bond-slip relationship denotes the relationship of the
local shear stress versus the shear slip of the bolt—grout
interface. The bond-slip relationships are used in the
analytical/numerical analysis of rockbolts (Ivanovic and
Neilson 2009; Ren et al. 2010; Martin et al. 2011b; Deb
and Das 2011a, b; Ma et al. 2013, 2016; Nemcik et al.
2014; Meng et al. 2015; Tan 2016; Liu et al. 2017). In
order to analytically or numerically model the axial behav-
iors of rockbolts, the interfacial bond-slip relationship is
required in advance (Martin et al. 2011b). Benmokrane
et al. (1995) pointed out that a trilinear bond—slip model
could be used to describe the bond-slip relationship. In
this study, ‘bond’ refers to the interfacial shear bond stress
and ‘slip’ refers to the relative slip between the bolt and
grout. The interfacial bond stresses are associated with
many factors, such as the steel rebar properties, the host
material properties, as well as the grout properties. Aziz
(2004) found that the bond stress is affected by the bolt
surface profile (rib number and rib space). Zheng et al.
(2016) carried out pullout tests on steel bars with encap-
sulation length of 7-7.5 times the bar diameter. They also
found that the number and spacing of ribs on the surface of
the steel bar can affect the interfacial bond stress between
bar and grout. Li et al. (2017a, b) studied the effects of
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environmental temperature on the bolt’s performance, and
they found that the interfacial shear bond stress would
distribute more uniformly along the encapsulation length
due to the increasing temperature.

Ren et al. (2010) and Martin et al. (2011b), respectively,
presented analytical models for rockbolts in which the trilin-
ear bond slip model was adopted. Ma et al. (2013) presented
an analytical bolt model based on a nonlinear bond-slip rela-
tionship. In addition, numerical studies on the axial behav-
iors of rockbolts are also carried out. Ivanovic and Neilson
(2009) proposed a lumped parameter model taking into
account the bilinear and trilinear bond-slip models. Nemcik
et al. (2014) improved FLAC2D (Fast Lagrangian Analy-
sis of Continua)’s ability of modeling the axial responses
of fully grouted rockbolts by considering the nonlinear
bond—slip model.

The bond—slip relationship is of great importance to the
axial performances of fully grouted rockbolts. A proper
bond-slip relationship which can represent the axial behav-
iors of bolts is required when accurately modeling the rock-
bolt behavior. However, it is difficult to determine the value
of bond—slip relationship. One method is to do pullout out
tests on long strain-gauged bolts (Lu et al. 2018). The inter-
facial shear bond stress can be computed form the measured
strain values, and hence, the local bond—slip relationship
can be obtained. Ren et al. (2010), Martin et al. (2011b),
Ma et al. (2013), and Huang et al. (2014) analytically com-
puted the bond-slip relationship of a long bolt by best fit-
ting analytical methods with load—displacement curves of
bolt pullout tests. The load—displacement curve of the long
grouted bolt was required for this method. The problem with
the above-mentioned two methods lies in that the long bolt
might yield and break during the pullout test as the bolt has
high bond strength and long embedment length.

An alternative way to compute the bond—slip relation-
ship of long bolts is to use the short grouted bolts installed
under the same installation and geological conditions
(Benmokrane et al. 1995; Martin et al. 2011a). Martin et al.
(2011a) pointed out that the bond—slip model is the constitu-
tive law of the bolt—grout interface or grout—rock interface,
which is not dependent on the embedment length. Wu et al.
(2010) presented that the interfacial shear bond stress dis-
tribution tends to become uniform with the decrease of the
bond length. Yang et al. (2014) obtained the local bond—slip
relationship by conducting push-out tests on shortest bond
length of 30 mm. They assumed that the shear bond stresses
distribute uniformly on the bond length by using the 30 mm
bond length.

Once the bond—slip relationship of short grouted rock-
bolts is obtained, the long bolts installed under the identi-
cal conditions are assumed to have the same/similar bond-
ing characteristics. This method is based on two unproven
assumptions: (1) The shear bond stress is uniformly
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distributed along the bolt—grout interface. The mean shear
stress is calculated by:

__ P
T Zd(L—s) (1

where P is the applied load on the bolt; s refers to the bolt
displacement; L is the bolt encapsulation length; and d,
is the bolt diameter. (2) The computed shear stresses are
assumed to be able to represent the interfacial shear stress
characteristics of the short bolt; the bond—slip relationships
of rockbolts installed under the same conditions, such as the
same installing procedure, the same rockbolt and grout used,
and the same geological condition of the site, are independ-
ent of the bolt embedment length. In other words, bolts with
long embedment lengths have the same bond—slip relation-
ship as the short bolts.

Short encapsulation length was defined as less than
four times the bolt diameter by Benmokrane et al. (1995),
as this encapsulation length could result in uniform bond
stress distribution along the bolt-resin interface. Martin
et al. (2011a) stated that the encapsulation length which
could ensure uniform bond stress is categorized as short
encapsulation length.

For the first assumption, in despite of its wide use in
practices, little effort has been made to verify its correct-
ness. For instance, the shear bond stress is assumed to be
uniform along the short bolt in the studies of Wu et al.
(2010) and Yang et al. (2014). The current study is going
to experimentally and numerically evaluate this assump-
tion. Two instrumented short rockbolts were pulled out,
and the strain values were recorded during the tests. The
bond-slip relationships calculated from the strain results
were compared to the ones derived from the load—dis-
placement curves. It was found that shear stresses were
not uniform along the bolt—grout interface. In other words,
the bolt had different interfacial shear stresses at different
location along bolt axis.

For the second assumption, Martin et al. (2011a) and
Kilic et al. (2002) experimentally investigated effects
of the embedment length on the bond strength of bolts
installed under identical conditions. They found that the
bond strength of rockbolts is independent of the embed-
ment length. However, Li et al. (2016)’s tests showed that
the bond strength of rockbolts is related to the embedment
length. In the current study, Martin et al. (2011a) and Li
et al. (2016)’s test results are used to validate the second
assumption. Kilic et al. (2002) did not present the details
of the load—displacement relationships of the pullout tests;
hence, their tests are not included herein. The load—dis-
placement curves of short grouted bolts were converted to
the bond—slip relationships, which were implemented into
numerical rockbolt models to predict the axial behavior



Environmental Earth Sciences (2018) 77:326

Page3of12 326

of long grouted rockbolts. The obtained numerical results
were compared to the experimental results of long grouted
rockbolts.

The following will first briefly introduce the used numer-
ical method and then present the verifications of the first
assumption and the second assumption.

Rockbolt elements in FLAC2D

Rockbolt elements provided in FLAC2D cannot model
(without modification) the nonlinear behavior of inter-
facial shear stress of rockbolts. Nemcik et al. (2014) pre-
sented a way to modify the shear stress along the rockbolt
element as a function of relative shear displacement using

Rockbolt Element Grout Annulus

Rockbolt Nodal Point

Axial Stiffness
of Rockbolt

X
\

Shear Stiffness of
Coupling Spring
(cs_sstiff)

Slider (Cohesive Strength
of Shear Coupling Spring,
¢s_scoh)

Fig.1 FLAC rockbolt element with the shear coupling springs
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cs_scoh
Y >
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FISH subroutine (a programing language embedded within
FLAC). Rockbolt elements transfer the mobilized shear
forces to the FLAC grid via shear coupling springs. Figure 1
schematically shows the conceptual mechanical model of
rockbolt elements with the shear coupling springs.

The interfacial shear forces generated between the rock-
bolt elements and the grid are calculated using the coupling
spring shear stiffness (cs_sstiff shown in Fig. 2):

F

- = Syar(ttp — ttm), @)
where Fg (N) is the shear force developed in the shear cou-
pling spring; cs ;s (N/m/m) is the coupling spring shear
stiffness (in FLAC: cs_sstiff); u, (m) refers to the axial dis-
placement of the rockbolt element; u,, (m) is the axial dis-
placement of the medium (soil or rock); and L (m) is the
length of the contributing rockbolt element.

The maximum shear force of the rockbolt element is
defined by the cohesive strength of the interface and the
friction along the interface:

max
FS

T = Ceean + o, tan (csyg;. ) perimeter, 3)
where cs,;, (N/m) denotes the cohesive strength of the shear
coupling spring (in FLAC: cs_scoh); oy, (N/m?) denotes
the mean effective confining stress normal to the rockbolt
element; csg,. is the friction angle of the shear coupling
spring (in FLAC: cs_sfric); and perimeter (m) is the exposed
perimeter of the element.

The shear force per rockbolt length, defined by cs_scoh,
can be related to the relative shear displacement by a user-
defined table cs_sctable. Hence, the shear bond stress of the
rockbolt element can be defined as a function of the relative

(b) force/length
A
max
Fs™ |
L
cs_sstiff
1
Relative shear
displacement
F!llﬂx
o S
L

Fig.2 Behavior of shear coupling springs of rockbolt element, after Itasca (2006). a Shear strength criterion, b shear force versus displacement
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shear displacement using cs_sftable. This provides a way
to implement a certain bond-slip relationship into a FLAC
model. In this study, cs_sfric was set to zero and the shear
force in Eq. (3) is only dependent on cs_scoh.

In FLAC2D, cs_scoh (with the unit of force/rockbolt
length) is defined as the cohesive strength of shear coupling
spring:

cs_scoh = wdyt (4a)
and the corresponding shear stress = can be computed by:

cs_scoh
T =

xd, (4b)
where d,, is the rockbolt diameter and 7 is the shear stress
along the rockbolt.

The bond—slip relationship can be converted to the rela-
tionship of shear force per length versus displacement by
Eq. (4a).

Pullout tests on instrumented short bolts

Pullout tests were conducted on short encapsulated bolts
with strain gauges measuring the strains developed on the
bolt at three different locations. Bolts 20 mm in diameter
were grouted in 75- and 130-mm-long steel sleeves using a
polyester resin, respectively. Resin of weaker strength was
used in the case of 130-mm-long sleeve to avoid the tensile
failure of rockbolts. These bolts were pulled out, and the
load, displacements, and the strain values were recorded in
a computer.

The elastic modulus of bolts is 180 GPa. To prevent strain
gauges from being damaged during the test, strain gauges
were attached to a small slot which runs along the length of
the bolt. The mean shear stress between two strain gauges
along the bolt was calculated based on the obtained strain
values by the following equation:

Er (€, — &
Tl. — b( i+1 l—])’ (5)
21
where [ is the gauge separation; E is the elastic modulus of
the bolt; and r, is the bolt radius.

130-mm-long bolt encapsulation

Shear stresses were computed from the recorded strain
values. The shear stress versus the displacement curves of
130-mm-long bolt are shown in Fig. 3. The average of these
two shear stresses is also shown in Fig. 3. The pullout loads
applied on the bolt were converted to shear stress by Eq. (1)
and are shown in Fig. 3. As can be seen, the two shear bond
stress—slip curves (labeled as A and B in Fig. 3) calculated
from strain values have different profiles and the average
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Fig.3 Comparisons of bond-slip relationships computed from strain
values and pullout loads for 130-mm-long bolt encapsulation

of these two bond—slip relationships A and B agrees well
with the one calculated from pullout loads. The shear bond
stress—slip curves A and B represent the evolution of the
interfacial shear stress at different bolt locations. The dis-
crepancy in the shear stresses generated along the bolt might
be caused by the different confinement provided by the steel
sleeve. According to the visual observation during the test,
the steel sleeve was more deformed at the loaded end of the
bolt than at the other end.

Notice that the ‘displacement’ in Fig. 3 represents the
displacement of the loaded end of the bolt and the ‘relative
slip’ in the bond—slip relationships A and B is considered to
be equal to the ‘displacement,” as the bolt elastic deforma-
tion is very small and can be ignored for the 130 mm bolt
encapsulation.

A numerical pullout test on a 130-mm-long bolt was car-
ried out using the rockbolt elements in FLAC2D. The two
bond-slip relationships A and B were converted to cs_scoh
versus displacement relationship, which can be readily
implemented into FLAC model. For the reason of simplicity,
half of the bolt encapsulation used the bond—slip relation-
ship A and the other half used the bond—slip relationship B.
The input numerical parameters are listed in Tables 1 and 2.

The modeled pullout load versus the displacement of the
bolt is shown in Fig. 4. Also shown in Fig. 4 is the pullout
load versus displacement curve from the laboratory test.
The numerical results have a reasonable agreement with the
laboratory test.

The bond-slip relationship computed from pullout
loads (the load—displacement curve) was also imple-
mented in the numerical modeled pullout test in which the
whole bolt was assumed to have an identical bond—slip
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Table 1 Simulation model input parameters

Cross-sectional Elastic modulus Perimeter of the cs_sstiff (N/m/m) Tensile yield Number of rock- Number of rock-
area (m?) (Pa) rockbolt (m) strength (N) bolt elements for bolt elements for

75 mm bolt 130 mm bolt
3.14E-04 1.80E+11 0.0628 1.00E+9 200E+3 8 15

Table 2 Input parameters of the concrete in the model

Elastic bulk modulus  Elastic shear modulus Mass density (kg/m?)

(Pa) (Pa)
5.0E+9 3.0E+9 2000
60} Pullout test of 130 mm bolt H
&— Bond-slip relationships A and B
50l —&— Bond-slip relationship from pullout loads | |

o Rl

0 1 1 1 1
0 2 4 6 8 10

Displacement (mm)

Fig.4 Comparisons of load—displacement relationships of numerical
pullout tests and the laboratory test for 130-mm-long bolt encapsula-
tion

relationship. The resulted load versus displacement curve
agrees well with the laboratory results, as well as the
numerical results based on the two bond-slip relation-
ships A and B. It indicates that the bond—slip relationship
simply computed from the pullout loads could represent
the interfacial bond features of rockbolts and is able to
predict the axial behaviors of rockbolts.

The coupling spring shear force and shear displace-
ment were recorded during the numerical pullout tests.
The shear forces were converted to shear bond stresses by
Eq. (4b). The bond-slip relationship curves resulting from
the numerical tests are compared to their corresponding
input relationships as shown in Fig. 5. It can be seen that
the obtained bond—slip relationships agree well with the
input relationships, indicating that the FLAC rockbolt ele-
ments can closely represent the input bond—slip curves.

10 T T T

= [nput bond-slip relationship from pullout loads

—8— Input bond-slip relationship A from strain values

—&— |nput bond-slip relationship B from strain values
* - Obtained bond-slip relationship from pullout loads

—+— Obtained bond-slip relationship A

—&— Obtained bond-slip relationship B

Shear bond stress (MPa)

0 1 1 1 1
0 2 4 6 8 10

Displacement (mm)

Fig.5 Comparisons of bond-slip relationships computed from
numerical models and the input bond—slip relationships

25

= The bond-slip relationship from pullout loads
—+&— The bond-slip relationship A from strain values
—=2— The bond-slip relationship B from strain value
The average of bond-slip relationships of A and B

Shear bond stress (MPa)

Displacement (mm)

Fig.6 Comparison of bond-slip relationships computed from strain
values and pullout loads for 75-mm-long bolt encapsulation

75-mm-long bolt encapsulation

A 75-mm-long bolt encapsulation was pulled out in a way
that the machine would pause and hold the bolt for a few
seconds at pullout loads of 20, 30, 40, 50, and 60 kN, respec-
tively. The bond—slip relationships (labeled as A and B)
computed from strain values are shown in Fig. 6, in com-
parison with the bond—slip relationship from pullout loads.
The average of the bond-slip relationships A and B is shown
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Fig.7 Comparisons of load—displacement relationships of numerical
pullout tests and the laboratory test for 75-mm-long bolt encapsula-
tion

in Fig. 6, and it can be seen that the averaged bond-slip
relationship is close with the one derived from pullout loads.

A numerical pullout test was carried out on the bolt
75 mm in length. The input parameters are the same as in
the numerical model of the 130-mm-long bolt as shown in
Tables 1 and 2, except for the number of rockbolt elements
(eight rockbolt elements for 75-mm-long bolt and 15 rock-
bolt elements for 130-mm-long bolt). The two bond—slip
relationships A and B were implemented in the numerical
model. Figure 7 shows the load versus displacement rela-
tionships of the numerical pullout tests and the laboratory
test. It can be seen that the bond—slip relationships derived
from the strain values produce a reasonable agreement with
the pullout tests.

Another numerical pullout test with the implementation
of the bond-slip relationship calculated from the pullout
tests was also conducted. Its load—displacement matches well
with the laboratory test as shown in Fig. 7. The bond—slip
relationships obtained from numerical models are compared
with the input bond—slip relationships as shown in Fig. 8.
The obtained numerical bond—slip relationships are in good
agreement with their corresponding input bond-slip curves.

Based on the analysis of the results, the findings are:
(a) The measured shear stresses are not the same along the
embedment length for short encapsulated rockbolts, which
might be due to non-uniform confinement provided by the
steel tubes, or due to the fact that the bolt embedment lengths
are not short enough; (b) the bond—slip relationship derived
from the load—displacement curve is in a reasonable agree-
ment with the average of the measured shear stress—shear
slip relationships and can generate good predictions on axial
behaviors of rockbolts. This leads to that the interfacial
shear bonding characteristics of rockbolts could be simply
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Fig.8 Comparisons of bond-slip relationships computed from
numerical models and the input bond—slip relationships

estimated from the load—displacement curves of short encap-
sulated rockbolts; (c) the rockbolt elements in FLAC2D can
successfully represent the input bond-slip relationship and
predict well the pullout behaviors of rockbolts.

The testing results are based upon rockbolts installed in
steel tubes representing the confinement of concrete/rock
mass. The above conclusions need to be further verified by
pullout tests on short instrumented rockbolts installed in
concrete. Besides, rockbolts with shorter embedment lengths
might be considered in the future tests.

Prediction of longer bolts using the bond-
slip relationships from short bolt pullout
tests

The experiments conducted by Martin et al. (2011a) and Li
et al. (2016) are used to demonstrate the potential applica-
tion of the bond—slip relationship derived from short encap-
sulated bolts.

Martin et al. (2011a)’s pullout tests

Martin et al. (2011a) conducted two pullout tests on rock-
bolts with different embedment lengths. They were installed
using the resin grout, under an identical confining pres-
sure of 1.2 MPa. The two embedment lengths were 90 and
130 mm, respectively. The diameter of the bolts is 25 mm,
and Young’s modulus is 160 GPa. The load versus displace-
ment curves of the two bolts are shown in Fig. 9.

The load versus displacement relationship of the 90-mm-
long bolt was converted to shear stress versus displace-
ment by Eq. (1), which is shown in Fig. 10. This computed
bond-slip relationship was implemented into the FLAC
model. Two numerical pullout tests were conducted to
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Fig.9 Load-displacement relationships of two rockbolts, after Mar-
tin et al. (2011a)
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Fig. 10 Bond-slip relationship of 90-mm-long bolt

model the axial behaviors of rockbolts with lengths of 90
and 130 mm, respectively, using the bond—slip relationship
derived from the 90 mm rockbolt. The input parameters in
FLAC simulation are shown in Table 3. The concrete param-
eters are listed in Table 2.

The pullout load versus displacement curves obtained
from the FLAC rockbolt model are shown in Fig. 11, in

Table 3 Simulation model input parameters for Martin et al. (2011a)

comparison with laboratory tests. It can be seen that the
numerical model of the 90-mm-long bolt matches well with
its corresponding experimental pullout test. Moreover, the
numerical model of 130-mm-long bolt shows a good agree-
ment with the pullout test, indicating that the bond—slip
model derived from short encapsulated bolts is able to pre-
dict the pullout behavior of bolts having longer embedment
length. However, as pointed out by Martin et al. (2011a),
this conclusion needs to be further verified by more tests.

Li et al. (2016)’s pullout tests

Liet al. (2016) carried out pullout tests on 20-mm-diameter
bolts, which are widely used in Norway. The bolts started to
yield around 170 kN (Kristjansson 2014). Bolts with vary-
ing embedment lengths were grouted with water-to-cement
ratios of 0.40, 0.46, and 0.50. These bolts were installed in
the concrete with the UCS of approximately 110 MPa. The
grout curing time for all the tests ranges from 7 to 9 days,
and hence, the grout strength in each test should be the same
and have little impact on the bolt pullout behavior. These
pullout tests could be considered under the same installation
and confinement conditions, and the results are suitable to
verify the second assumption. The bond-slip relationships
computed from the load—displacement curves of the 10-cm-
bolt pullout tests were implemented into numerical rockbolt
models with varying embedment lengths. Tables 4 and 5
show the input parameters of the numerical bolt models.

Water-cement ratio 0.40

The pullout load—displacement curves of rockbolts grouted
with a water—cement ratio of 0.40 are shown in Fig. 12. The
load—displacement curve of bolt B212 (embedment length of
10 cm) in Fig. 12a was converted to the bond-slip relation-
ship, which was implemented into the numerical rockbolt
models with embedment lengths of 10, 15, 20, and 30 cm.
The predicted load—displacement curves of numerical bolt
models with various embedment lengths are shown in
Fig. 12.

As can be seen in Fig. 12a, the numerical bolt model of
the bolt with the embedment length of 10 cm agrees well
with the axial behavior of bolt B212. The numerical bolt
model produces a reasonable agreement with bolts having
embedment length of 15 cm, as shown in Fig. 12b. For the

Cross-sectional Elastic modulus Perimeter of the

cs_sstiff (N/m/m) Tensile yield

Number of rock- Number of rock-

area (m?) (Pa) rockbolt (m) strength (N) bolt elements for bolt elements for
90 mm bolt 130 mm bolt
4.9E-04 1.60E+11 0.078 1.00E+9 200E+3 10 15
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Fig. 11 Comparisons of load—displacement relationships of numeri-
cal models and the laboratory test for 90- and 130-mm-long bolts

Table 4 Simulation model input parameters for Li et al. (2016)

Cross-sec-  Elastic Perimeter  cs_sstiff Tensile yield
tional area  modulus of the rock- (N/m/m) strength (N)
(m?) (Pa) bolt (m)

3.14E-04  1.80E+11  0.0628 1.00E+9 170E+3

Table 5 Number of rockbolt elements used in bolt models with differ-
ent embedment lengths, for Li et al. (2016)

Number of Number of Number of Number of Number of
rockbolt rockbolt rockbolt rockbolt rockbolt
elements for elements for elements for elements for elements for
10cmbolt  15cmbolt 20cmbolt 25 cmbolt 30 cm bolt
10 15 20 25 30

embedment length of 20 cm, the bolt in the experimental
pullout test yields at 170 kN, whereas the maximum axial
load of the numerical test is around 160 kN, less than the
yielding strength, as shown in Fig. 12c. It indicates that
the numerical bolt model underpredicts the axial loads
of the bolt with the embedment length of 20 cm. With
the embedment length increasing to 30 cm, the numerical
bolt also yields at 170 kN, showing a good match with the
experimental results, as shown in Fig. 12d. It should be
noted that in Fig. 12d, the bolt material yielding mecha-
nism, rather than the interfacial bonding stress character-
istics, predominantly influences the bolt axial behavior.
Hence, the good match between the numerical model and
experimental tests does not necessarily mean the bond—slip
relationship of B212 could predict well the pullout behav-
ior of the bolt with the embedment length of 30 cm.
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Water-cement ratio 0.46

The pullout load—displacement curves of rockbolts grouted
with a water—cement ratio of 0.46 are shown in Fig. 13. The
load—displacement curve of bolt B312 (embedment length
of 10 cm) in Fig. 13a was converted to the bond—slip rela-
tionship, which was then implemented into the rockbolt
models with bolt lengths of 10, 20, 25, and 30 cm. Also
shown in Fig. 13 are the resultant numerical load—displace-
ment curves for various embedment lengths. It can be seen
from Fig. 13 that the numerical bolt model underpredicts
the pullout loads of rockbolts with embedment lengths of
20, 25, and 30 cm.

The load—displacement curve of bolt B322 (embedment
length of 20 cm) in Fig. 13b was converted to the bond—slip
relationship. The numerical rockbolt models with the B322
bond—slip relationship produce better predictions on bolts
with embedment lengths of 25 and 30 cm, which are shown
in Fig. 13c, d, respectively.

Water-cement ratio 0.50

The load—displacement curves of rockbolts grouted
with a water—cement ratio of 0.50 are shown in Fig. 14.
The load—displacement curves of bolts B512 and B513
in Fig. 14a were used in the numerical bolt models. The
resultant numerical load—displacement curves are shown in
Fig. 14.

It can be seen in Figs. 14b—d that the numerical bolt
models with the implementation of bond-slip relationship
derived from bolt B512 are in reasonable agreements with
the experimental tests of rockbolts with embedment lengths
of 20, 30, 40 cm.

The numerical bolt models with the bolt B513’s
bond-slip relationship underestimate the axial loads of bolts
with embedment lengths of 20 and 30 cm. The numerical
model of the bolt with embedment length of 40 cm yields at
170 kN and agrees well with the experimental pullout test.

In comparison, the bond-slip relationship derived from
the larger load—displacement curve (bolt B512) could lead to
better predictions on the axial behavior of bolts with longer
embedment length.

It can be seen from Figs. 12c, 13c, and 14c that the
numerical bolt models with the bond—slip relationship
derived from short embedment length tend to underestimate
performance of bolts with longer embedment lengths. This
indicates that the bond—slip relationship from short embed-
ment length bolts is smaller than that of bolts with longer
embedment length. The bond-slip relationship is affected by
its embedment length. Although the bolt installation condi-
tions are similar for bolts with different embedment lengths,
their interfacial shear bond stress seems to be dependent
of the embedment length. Figure 15 shows the fractures
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Fig. 12 Load—displacement curves of rockbolts grouted with water—cement ratio of 0.40 in embedment lengths a 10 cm, b 15 cm, ¢ 20 cm, d

30 cm

generated during the pullout tests of rockbolts. The result-
ant pullout loads of rockbolts obliviously include the loads
which induced the concrete fractures. The confining concrete
contributes to the axial performances of rockbolts. However,
the contributions of the concrete to rockbolts with different
embedment lengths might be different, which explains why
the interfacial bond stress is associated with the embedment
length.

The bond-slip relationship obtained from the short
bolts tends to underestimate the tensile behaviors of rock-
bolts having longer embedment lengths. To determine the
bond-slip relationship of rockbolts installed in the same/
similar conditions, pullout tests of rockbolts with different
short embedment lengths should be conducted. For instance,
in case of water—cement ratio of 0.46, the bond-slip rela-
tionship derived from the bolt with embedment length of
10 cm (B312) underpredicts the axial loads of longer bolts,
whereas the bond—slip relationship of the 20-cm-long bolt
(B322) generates closer agreement. Hence, the bond—slip
relationship computed from the bolt with embedment length
of 20 cm should be used in the analysis in order to achieve

more accurate results. In case of water—cement ratio of 0.50,
the bond—slip relationship computed from bolt B512 gener-
ates better predictions on the bolts with longer embedment
lengths than the bond-slip relationship of bolt B513. Hence,
the bond-slip relationship of bolt B512 should be adopted
in the analysis.

To the best of the author’s knowledge, there is no proper
method for determining the bond-slip relationship of bolts
in the literature. The load—displacement curves of short
grouted rockbolts are still a good method to estimate the
bond-slip relationship of bolts. A series of pullout tests on
short grouted bolts need to be carried out in order to evaluate
and select a proper bond-slip relationship which could more
closely represent the true bond—slip relationship of rockbolts
with longer embedment length.

It is generally accepted that the confining stress act-
ing normally to the length of the bolt could influence the
bond-slip relationships. This study does not take into
account the effects of the confining stress on the bond—slip
relationship of bolts. This limitation can be easily overcome
via conducting pullout tests under the particular geological

@ Springer
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Fig. 13 Load—displacement curves of rockbolts grouted with water—cement ratio of 0.46 in embedment lengths a 10 cm, b 20 cm, ¢ 25 cm, d

30 cm

conditions, and the derived bond—slip relationship would
therefore reflect the influences of the confining stress.

Conclusions

It is not easy to determine the bond—slip relationship of fully
grouted rockbolts, especially when bolts are installed in the
field where many factors would influence the shear bonding
behavior of rockbolts. One method to estimate the bond—slip
relationship of long bolts is to use the short bolts installed
under the similar installation and geological conditions. This
method is based on two assumptions: (a) The shear bond
stress versus shear displacement relationship simply com-
puted from the load—displacement curve of a short grouted
bolt is assumed to be able to represent the interfacial bond-
ing characteristics of the short bolt and (b) the bond—slip
relationship of a rockbolt is independent of its embedment
length and the bond—slip relationship derived from the short
bolt is assumed to be able to represent the axial behavior of
long grouted bolts.

@ Springer

To evaluate the first assumption, pullout tests were con-
ducted by the authors on strain-gauged rockbolts installed
in steel tubes. The bond—slip relationships obtained from
the strain measurements and from the load—displacement
curves are implemented into numerical rockbolt models. The
findings are (1) the measured shear stresses are not uniform
along the bolt length for short encapsulated rockbolts; (2)
the bond-slip relationship derived from the load—displace-
ment curve is in a reasonable agreement with the average of
the measured shear stresses and could predict well the axial
behaviors of rockbolts. Hence, the interfacial shear bonding
characteristics of a short rockbolt could be simply estimated
from its load—displacement curve.

Martin et al. (2011a) and Li et al. (2016)’s bolt pullout
tests were used to evaluate the second assumption. The
bond-slip relationships obtained from the pullout tests of
short grouted bolts are implemented into the numerical rock-
bolt models. For Martin et al. (2011a)’s test, the numerical
bolt model could predict well the axial behavior of a bolt
with longer embedment length. For Li et al. (2016)’s tests,
the numerical model generates reasonable predictions on
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Fig. 15 Concrete fracture occurrence in the bolt pullout test

axial behaviors of long grouted bolts in some cases, but the
numerical bolt model underpredicts the axial loads of longer
bolts. The bond strength of rockbolts is dependent upon the
bolt embedment length for Li et al. (2016)’s tests, which
might be caused by the concrete fracture involvement.

In analytical or numerical rockbolt models where the
bond-slip relationship is required, a series of pullout tests

on short encapsulated rockbolts need to be conducted with
the objective to select an appropriate bond—slip relation-
ship which is able to more accurately model the axial
behavior of rockbolts. Further laboratory and field tests
need to be carried out to verify the impacts of the embed-
ment length on bonding characteristics, and further studies

@ Springer
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also need to be performed to determine the bond—slip rela-
tionship of rockbolts.
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