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Anchor joint is conducive to improving the automation level of the shield tunneling method,
whose mechanical behavior is still not fully clear due to the complicated interaction among
various structural components. In this paper, a refined FEM model is established and adopted
to investigate the anchor joints' assembly and tensile performance. The operation principles of
the anchor joint are first introduced for better understanding. Then, a detailed description is
presented for the developed refined FEM, including the material properties, structural
features, and verification. After that, 76 working conditions in total are set, and an in-depth
study is conducted to examine the influence of surface roughness, gap sizes, and strength
grades on the assembly and tensile behavior of anchor joints both quantitatively and
qualitatively. The results show that the surface roughness mainly influences the maximum
assembly load and tensile capacity of anchor joints. The gap size obviously impacts both
quantitative and qualitative assembly characteristics and tensile behavior for anchor joints,
whose effect is more significant than the surface roughness. The strength grade has a different
influence on the distinct mechanical behavior of anchor joints. There is a positive correlation
between anchor joints' assembly and tensile behavior. To satisfy the requirement of enough
tensile capacity and reasonable assembly difficulty, a good solution should be to reach an

appropriate balance between the assembly and tensile behavior of anchor joints.

1. Introduction

The shield tunneling method has gained widespread adoption in
the construction of metro lines (Gharehdash and Barzegar, 2015;
Lai et al., 2021; EDCJHT, 2022), urban highway projects (Talmon
and Bezuijen, 2013), municipal utility tunnels (Kim et al., 2020;
Yang et al., 2020), and water conveyance tunnels (Jin et al.,
2017), due to its significant advantages of high automation,
excellent efficiency, and low environmental disturbance. Using
this method, a large number of precast segmental linings are in
need to construct the tunnel, and extensive longitudinal and
circumferential joints are thus formed. The seismic response of
prefabricated underground structures should be more complicated
than those of the cast-in-place ones (Tao et al., 2020). According to
the existing investigations (Wang et al., 2018a, 2018b; Tan et al.,
2020), the segmental joints are most vulnerable to structural
damage and leakage failure, which has a direct influence on the

reliability and security of the whole tunnel. Therefore, it is of critical
importance to reveal the mechanical and waterproof performance of
the segmental joints. Generally, the segmental joints should be tightly
linked with different types of connectors, among which the bolt has
been the most popular and common selection, e.g., short straight
bolts, long straight bolts, inclined bolts, and bending bolts (Jin et al.,
2018; Wang et al., 2021; Zhang et al., 2021a; Zhang et al., 2022b). It
is well known that the static and dynamic performance of segmental
joints will show obvious distinctions if different connectors are
employed. Hence, it is challenging to reach a universal criterion that
can accurately describe the behavior of all the segmental joints with
additional features.

There have been many achievements made in research on the
weakening effects of joints, including theoretical approaches
(Lee and Ge, 2001; Li et al., 2015a, 2015b; Liu et al., 2022),
experimental observations (Ding et al., 2013; Liu et al., 2017,
Zuvo et al., 2018; Tao et al., 2019, 2022b), and numerical solutions
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(Zhang et al., 2021a; Tao et al., 2021, 2022a). For the theoretical
methods, the joint effect can be considered by adding a reduction to
the bending bearing capacity of the integral tunnel rings (Wood,
1975). Under such conditions, the detailed characteristics of the
segmental joints are actually neglected. To better reproduce the
actual situations, some publications simplified the joints into
springs in various directions (El Naggar and Hinchberger, 2008;
Teachavorasinskun and Chub-uppakarn, 2010), namely the so-
called beam-spring, shell-spring, and solid-spring models. In this
way, the mechanical behavior of the joint can be taken into
account both linearly and nonlinearly in the light of the specific
requirements (Ding et al., 2013; Jin et la., 2018). The experimental
method is another effective approach to examining the mechanical
property of the segmental joints. Liu et al. (2017) carried out a
series of experiments to obtain the bearing capacity of segmental
joints as well as the failure mechanism. Zuo et al. (2018) investigated
the mechanical behavior of the longitudinal joints by analyzing
the relationship between the joint opening and internal force.
Given that the ultimate bearing capacity of the segmental joint
connected by simple bolts cannot meet the safety requirements
under conditions of big cross-section, large buried depth, and
high water table, some novel improvements have been tried on
the structure of joints. Zhou et al. (2019, 2022) tested the stiffness of
a segmental joint with ductile-iron panels and further explored the
detailed damage process of whole lining structures through full-
scale experiments. Ding et al. (2021) focused on the static
performance of a segmental joint under flexural action. It was
found that higher joint stiffhess can be gained with double rows of
bolts. Additionally, the stress concentration phenomenon is mainly
observed around the hand hole areas. Looking at this problem,
Wang et al. (2019) executed several model tests to discuss the
impact of the hand hole on the bearing capacity and damage
features of the joint in shield tunnels. Moreover, the numerical
method is also extensively used to evaluate the safety state of the
joint and validate the experimental results thanks to its cost-
effectiveness and flexibility, especially for the investigations of
three-dimensional stress distribution and progressive failure
characteristics (Jin et al., 2017; Ding et al., 2021; Zhang et al., 2022a).
The above-mentioned reports have made outstanding contributions
to the in-depth understanding of the mechanical characteristics of
segmental joints, while there is also attention paid to waterproof
performance (Zhang et al., 2021b; Zhang et al., 2021c), thermo-
mechanical behavior (Shen et al., 2021), and seismic responses
(Guo etal., 2021; Liu et al., 2021).

Although there exist numerous valuable references for the
comprehensive knowledge of segmental joints, nearly all of the
available findings are concentrated on conventional bolt joints.
From the past research, it is apparent that the bolt joints have
certain limitations despite their reliable strength and extensive
application (Liu et al., 2018; Liu et al., 2019). When using bolt
joints, it is inevitable to set hand holes, which causes degradation
to the overall strength of segments (Chen and Mo, 2009; Wang et
al., 2019). Furthermore, local cracks are mainly found near the
hand holes, which may further lead to water leakage and sand

gushing (Wu et al., 2020). Moreover, the bolt is vulnerable to
rust, as it is directly exposed to the air and humid environment.
Then, the durability and normal operation of the tunnel lining
structures will be adversely affected. Since the bolt joints require
a large amount of manual operation, the use of which also brings
restrictions on construction efficiency and automation level.
Thus, it is necessary to develop and adopt new types of joints for
shield tunnels to gain higher resistance and better performance.

In view of the limitations of the bolt joints, various novel
joints have been created, such as the anchor joint and CT joint
(Nakajima et al., 1998; Shirato et al., 2003), which have the
merits of high strength, excellent precision, quick connection,
and good automation. Compared with the conventional bolt
joints, these newly developed joints can be used without hand
holes, thereby successfully eliminating the corresponding weakening
impact. Besides, the assembly of the new joints can be easily
finished under the jack thrust so that no extra manual operation is
required, producing significant savings. However, the newly
developed joints are characterized by complicated structures
whose mechanical behavior is not very clear. Though the adoption
of the new joints can already be found in some tunnel projects,
there is still a long way to go before fully understanding the essential
design criteria. In addition, the new joints also have more control
factors during the application than the bolt joints. Take the anchor
joint as an example, since its assembly is completed with the jack
thrust, the required force should be less than a certain upper
limitation, whereas no similar requirements exist for bolt joints.
Consequently, more efforts should be made to interpret the
mechanical behavior of the newly developed joints.

This paper aims to conduct investigations on several influence
factors of the assembly process and tensile performance of the
circumferential anchor joint for shield tunnels. The operation
principles of the anchor joint are first introduced as basic
information for better understanding. Then, a refined three-
dimensional finite element model is established and carefully
verified against the experimental results. Using the validated
model, further study is carried out to examine the impact of the
surface roughness, gap size, and strength specification. The
assembly force and tensile bearing capacity are employed as two
judgement indicators during the detailed discussions.

2. Overview of Anchor Joint

The anchor joint is developed for the linkage of circumferential
joints in shield tunnels. Fig. 1 illustrates the automatic assembly
process of the anchor joint under the jack thrust of the shield
machine. It can be seen that the progressive assembly of the
anchor joint can be easily finished without any other operation
except for the jack thrust. Considering the extensive segments
needed during the tunnel construction, the increasing efficiency
caused by the adoption of anchor joints can lead to significant
improvement in automation.

Figure 2 shows an actual scene of the anchor joint in a tunnel
project which has already been in service. Just as its name
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Fig. 1. Automatic Assembly of Anchor Joint under Jack Thrust

implies, the anchor joint consists of several different components,
which can be assembled together accompanied by the common
segment erection. Three components, i.e., rod, lantern ring, and
sleeve, are required to form an anchor joint. When using the
anchor joint in a shield tunnel, the three components mentioned
above should be cast into the lining structures during the
fabrication of the segment. This is quite different from the bolt
joints, which also act as a key factor for contributions to the
savings of construction. Based on Fig. 2, the sleeve of the anchor

(a)

Fig. 2. Real Scene of Anchor Joint: (a) Rod and Lantern Ring, (b) Sleeve

joint is generally placed on one lateral surface of the segment,
while the lantern ring and rod are set on the opposite lateral surface.
With the pressure provided by jack thrust, the circumferential joint
opening between the two adjacent segments will be gradually
decreased. At the same time, the eight sleeve walls will be forced
to deform towards the inside surface of the lantern ring due to the
compression from the rod. Finally, the sleeve will be totally
inserted into the gap between the rod and the lantern ring. In this
way, the anchor joint can be eventually formed as a whole, and
the so-called anchor effect will be generated to resist the tensile
deformation of the circumferential joint.

Given the afore-said characteristics of the anchor joint, it can
be inferred that the local geometric structures and sizes may
greatly influence its mechanical behavior, especially for the gap
between rod and lantern, which directly impacts the final anchor
effect. Therefore, it is essential to conduct investigations on the
assembly and tensile performance of the anchor joint.

3. Three-Dimensional Refined Finite Element
Method

To determine the influence of different factors on the assembly

Fig. 3. Numerical Model of Anchor Joint
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and tensile performance of the anchor joint, a three-dimensional
(3D) refined finite element method (FEM) is adopted in this
paper. In this section, the numerical method will be described in
detail, including the 3D model of the anchor joint, material
properties, contact relationships, boundary conditions, and
calibrations of the numerical model.

3.1 Refined Finite Element Model

A refined finite element model is established for the anchor joint,
whose dimensions and details are totally the same as the real
structures. Fig. 3 displays the 3D numerical model of the anchor
joint from whole structures to individual components. The specific
dimensions of the anchor joint can be found in the reports
published by Nakajima et al. (1998). For simulating the anchor
joint, the solid C3D8 element is utilized in this model, and the
local mesh refinement is also considered to meet the challenges
caused by large deformation.

3.2 Material Properties

During the refined numerical simulation, the elastoplastic double
broken line model is selected to reproduce the mechanical
behavior of the different metal components included in the
anchor joint, as illustrated in Fig. 4. Since the anchor joint is
made of ductile-iron materials, the elastic modulus before
reaching the yield stress (i.e., E,) herein is set to be 1.85 x 10°
MPa, while the elastic modulus after entering the plastic range
(i.e., E,) is one percent of E| (Zhang and Koizumi, 2010). The
yield stress is 640 MPa with the use of an 8.8-grate rod, and the
Poisson's ratio equals to be 0.27.

3.3 Contact Relationships

Considering the structural characteristics and working mechanism
of the anchor joint, it is extremely important to determine reliable
contact relationships to reflect the real interaction between
different components. For this purpose, the surface-to-surface

f A
A ——— :
E
E,=0.01E,
E, i
o & g &

Fig. 4. Elastoplastic Double Broken Line Model for Metal Materials

contact is employed, in which a master surface and a slave
surface should be defined for each contact pair, respectively. In
addition, the surface-to-surface contact contains two directional
attributes, namely the normal and tangential directions. In the
normal direction, the hard contact is selected, which takes into
account the Lagrange Multipliers to strengthen the contact
constraints (Van Nguyen et al., 2017), making the surface-to-
surface discretization allowable. While in the tangential direction,
the finite sliding approach is used with the penalty function,
which can be controlled by a constant friction coefficient. The
specific friction coefficient will be fixed through parameter
inversion during the model calibrations in the following section.

3.4 Model Calibrations

Before conducting the detailed study, careful verifications should
be first finished for the established numerical model to calibrate
its effectiveness and reliability. In order to finish this task, the
detailed assembly and tensile process of the anchor joint calculated
through the refined FEM will be compared with those obtained
in the experiments under identical conditions. Based on the
model calibrations, the friction coefficient can be reasonably
determined.

Nakajima et al. (1998) performed basic tests to gain initial
knowledge of the performance of the anchor joint using a
simplified setup. As shown in Fig. 5, only the single anchor joint
was included in their tests, while the segment was simplified into
the bases of rod and sleeve so that the tests can be completed on a
relatively small scale. Firstly, the three components contained in
an anchor joint were separately placed on the same axis. Then,
the anchor joint was assembled together under the action of a
vertical cylinder. In this process, a load versus joint deformation
relationship curve can be drawn, representing the assembly
behavior of the anchor joint. After that, the assembled anchor
joint was subjected to tensile action. In this case, the sleeve was
gradually separated from the rod and lantern ring, and a new
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Fig. 5. Assembly and Tensile Tests of Anchor Joint
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Fig. 6. Verified Model of Anchor Joint: (a) Mesh Results, (b) Load and Boundary Conditions
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Fig. 7. Comparison between Numerical and Experimental Results: (a) Assembly Process, (b) Tensile Behavior

relationship between the joint opening and necessary load can be
obtained.

As mentioned above, the friction coefficient between different
components of the anchor joint has a critical impact on the final
anchor effect, which plays a vital role in the assembly force and
tensile bearing capacity of the anchor joint. Different values were
designed to determine the reasonable friction coefficient in the
numerical simulation, ranging from 0.3 to 0.7, with an interval of
0.05. Consequently, nine numerical cases were calculated in
total, and the corresponding results were compared with those
recorded in the experiments. According to the tests shown in Fig. 5,
the numerical models of the bases of the rod and sleeve are
added, and the verified model is displayed in Fig. 6(a). The solid
C3D8 element is used to simulate the bases, and the steel
material properties are selected. Hence, the elastic modulus,
Passion’s ratio, and yield stress of the two base models are 210 GPa,
0.3, and 640 MPa, respectively.

The load and boundary conditions of the verified model for
the anchor joint are set as Fig. 6(b) to simulate the experimental
conditions. Specifically, the bottom surface of the base of the rod
is fixed in three directions, while the displacement load is input
on the bottom surface of the base of the sleeve. The assembly
force and tensile bearing capacity of the anchor joint can be
gained from the reaction force generated at the fixed boundary. It
is also worthy of noting that the initial joint opening should be

designed as small as possible so that less computational cost is
needed. Thus, an initial joint opening of 32 mm is determined,
with which the sleeve is just in contact with the rod before the
numerical analysis.

The comparison of load versus displacement relationship
curves between numerical and experimental results is shown in
Fig. 7. It can be seen that the curves of calculation results under
different friction coefficient conditions have similar overall
characteristics. With the increasing friction coefficient, the maximum
assembly force required for the anchor joint assembling continuously
increases, while the corresponding tensile bearing capacity
experiences simultaneous growth. From the comparison, it is
obvious that the numerical results are in good agreement with the
experimental results when the friction coefficient is 0.50. Specifically,
the key parameters (i.e., compression stiffness, tensile stiffness,
peak assembly force, and peak tensile strength) for model
calibrations are listed in Table 1. Under the condition with a
friction coefficient of 0.50, the error between the experimental
and numerical results remains in an acceptable range. Consequently,
the above calculation results show that the anchor joint model
established in this section is valid and reliable, which can be
used to investigate the assembly and tensile performance of
anchor joints under other working conditions, and 0.50 should
be taken as the reasonable value of friction coefficient for further
research.
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Table 1. Key Parameters for Model Calibrations

Compression Peak Tensile Peak
Case stiffness assembly  stiffness tensile

(kKN/mm) force (kN)  (kN/mm) force (kN)
FEM—1~=0.30 26 140.29 152 153.37
FEM—1~=0.35 30 162.39 181 181.15
FEM—1~=0.40 32 183.42 206 208.79
FEM—1~=045 35 204.72 236 237.19
FEM—~0.50 39 225.77 264 266.13
FEM—~0.55 43 247.49 295 294.93
FEM—1~=0.60 46 266.17 323 323.50
FEM—1~0.65 50 286.58 352 353.11
FEM—~=0.70 53 308.08 382 384.28
Experiment 37 231.37 259 -

4. Assembly Behavior of Anchor Joint

In this section, the performance characteristics of the anchor joint
during the assembling process will be investigated to reveal the
impact of three different factors, including the roughness of the
structural surface (i.e., friction coefficient), gap size (Dd = d; —
d,, shown in Fig. 8), and strength grade. With this regard, 1)
different friction coefficients are set, ranging from 0.45 to 0.55
with an interval of 0.01, 2) 7 distinct gap sizes are determined,
ranging from -0.30 to 0.30 with an interval of 0.10, 3) 2 different
groups consisting of structures with various strength grades are
set as illustrated in Fig. 8. That is, 34 working conditions in total
are set to be calculated and discussed.

4.1 Assembly Behavior of Anchor Joint with Different
Surface Roughness

For the anchor joint, the friction force generated from the

interaction between the sleeve, lantern ring, and rod accounts for

a considerable proportion in the assembly performance, which is

determined by the surface roughness. Hence, it is of fundamental
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Fig. 8. Anchor Joints with Different Strength Grades: (a) Grade A,
(b) Grade B

importance to investigate the influence of surface roughness on
the assembly behavior of anchor joints. As described in Section
3.4, the friction coefficient should be 0.5 under the usual
conditions. In this regard, different friction coefficients ranging
from 0.45 to 0.55 with an interval of 0.01 are set to represent
distinct conditions of surface roughness, which may be caused
by the possible manufacturing error.

Figure 9 displays the load versus deformation relationship
curves obtained during the assembly procedure of anchor joints
with strength grade A and B, respectively. From Fig. 9(a), it can
be seen that for the anchor joint with strength grade A, the
assembly load required in such condition is very small at the
beginning of deformation, and this stage continues until the pressing
amount reaches about 12 mm. In this stage, the maximum assembly
load is less than 5 kN, which can be almost negligible. Then, the
required load for the anchor joint assembling increases rapidly,
reaching the maximum value at approximately 18 mm. For the
second stage with rapid increasing load, the contact extrusion
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Fig. 9. Assembly Load versus Deformation Relationship with Different Surface Roughness: (a) Grade A, (b) Grade B
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and friction between the rod and the sleeve become more and
more significant, making the resistance to assembly get greater
and greater. After that, the assembly load remains basically
unchanged until the deformation reaches about 32 mm, and the
anchor joint is totally assembled together. With different surface
roughness, it is obvious that the overall characteristics of the
assembly behavior of the anchor joint remains nearly identical,
except for the maximum value. This may be attributed to that the
variation of surface roughness has little influence on the interaction
mode among the different structural components of the anchor
joint. Specifically, the peak value of the assembly load of the
anchor joint with a friction coefficient of 0.45 is approximately
174 kN, while that with a friction coefficient of 0.55 is approximately
207 kN. That is, per increase of 0.01 in the friction coefficient
corresponds to the growth of about 3 kN in the peak assembly
value. In a word, the friction coefficient has a relatively limited
impact on the assembly behavior of the anchor joint, only if it
does not experience too much change. Accordingly, the surface
roughness should be carefully guaranteed during manufacture so
that the peak load of the assembly of the anchor joint can be
stable.

On the other hand, the assembly performance of the anchor
joint with strength grade B is illustrated in Fig. 9(b). Compared
with Fig. 9(a), the overall characteristics of the load-deformation
curves show different features, which can be divided into four
different stages instead of three stages. In the first stage, the
assembly load is quite small before the deformation reaches
approximately 3 mm. Then, the assembly load rapidly increases
until reaching approximately 8 mm. After that, the assembly load
gradually decreases in the third stage, namely from approximately
8 mm to 20 mm. At last, the load remains stable until finishing
the total assembly procedure. On the whole, the first stage in the
assembly process of anchor joint with strength grade B is shorter
than that with strength grade A, while no obvious descent can be
observed after reaching the peak assembly load in Fig. 9(a). The
difference mentioned above should be caused by the change of
strength grade and the corresponding local structural details,
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which greatly influence the interaction mode among the components
of the anchor joint. It is worth noting that a similar correlation can be
found between the maximum value of assembly load and the friction
coefficient by comparing Figs. 9(a) and 9(b). This phenomenon
indicates that the strength grade should be irrelevant to the impact of
surface roughness on the assembly behavior of the anchor joint.

4.2 Assembly Behavior of Anchor Joint with Different
Gap Sizes

The gap size is another critical parameter determining the assembly
behavior of the anchor joint, which has a crucial impact on the
interaction mode among the sleeve, rod, and lantern ring. Fig. 10
shows the assembly load versus deformation relationship curves
for anchor joints with different gap sizes under conditions of
strength grade A and B, respectively. For the anchor joint with
strength grade A, it is found that the change of assembly load
experiences a similar variation trend. No matter how the gap size
changes, the whole relationship curve can be divided into three
stages, which is identical to that observed in Section 4.1.
Furthermore, the general characteristics of the first and second
stages in Fig. 10(a) are in good agreement with those in Fig. 9(a).
Nevertheless, the third stage exhibits various variation trends in
the light of different gap sizes. That is, when Dd is less than 0,
the assembly load tends to decrease, while it keeps unchanged
when Dd is greater than 0. It seems that Dd= 0 should be the
boundary to distinguish the different performances in the third
stages described above. If Dd is less than 0, the interaction acts
only between the rod and sleeve during the assembly of the
anchor joint, whereas a greater Dd means that the extrusion will
appear among more structures, namely the lantern ring. Thus, it
is evident that the interaction mode changes with different Dd,
resulting in distinct assembly behavior in the third stage.
Additionally, compared with the Dd of 0, the peak assembly load
of the anchor joint with the Dd of 0.1 mm becomes evidently
larger, while that with the Dd of -0.1 mm shows a relatively
small decrease. This difference in the change of maximum value
for assembly load demonstrates that the manufacturing error
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Fig. 10. Assembly Load versus Deformation Relationship with Different Gap Sizes: (a) Grade A, (b) Crade B
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Fig. 11. Assembly Load versus Deformation Relationship with Different Strength Grade: (a) Under Conditions of Different Surface Roughness,

(b) under Conditions of Different Gap Sizes

must be treated cautiously, especially for the conditions in which
the Dd is made greater. As the assembly load will rapidly
increase in such situations, it can lead to more serious difficulties
in overcoming the resistance to installing the anchor joint.

For the anchor joint with strength grade B in Fig. 10(b), it can
be seen that the overall characteristics of the load versus deformation
curves can be divided into two types, taking the Dd= 0 as the
boundary. Four stages can be observed when Ddis no less than 0,
while only three stages can be found in the other conditions.
Moreover, the assembly load reaches the maximum value at
approximately 8mm under the conditions in which Dd is greater
than 0, staying the same as those described in Section 4.1.
However, for those with a Dd less than 0, the peak load appears
until about 12 mm. Consequently, the required deformation to
obtain the maximum value of assembly load increases by about
50% with the decreasing Dd. Noticeably, the variation in the
required deformation found in Fig. 10(b) is not available in
Fig. 10(a). That is, the changing gap size can lead to a different
variation of assembly behavior according to the corresponding
strength grades, which are accompanied by slightly distinct local
structural details. Besides, it can be initially inferred that the gap
size has a greater effect on changing the assembly behavior than
the surface roughness, as no such changes can be found in Fig. 9.
Given that the anchor joint has a rather complicated structural
feature, more efforts are still in need to fully real the impact of
local sizes on its mechanical performance.

4.3 Assembly Behavior of Anchor Joint with Different
Strength Grades

Based on the discussions presented in the above two sections, a
primary conclusion can be drawn that the strength grade has a
particular influence on the assembly behavior of the anchor joint.
Since the impact of strength grade has been analyzed in a
qualitative way, this section aims to obtain a more detailed
correlation between the assembly performances of anchor joints
with different strength grades from the aspect of quantification.

Considering the fact that the peak assembly load required for
installing the anchor joint is the most concerning indicator, it is
selected as the parameter to investigate the quantitative relationship.

Figure 11 shows the comparison of the maximum assembly
load of anchor joints with different strength grades under the
conditions of distinct surface roughness and gap sizes, respectively.
The MAA-to-MAB ratio is defined here to facilitate the
comparison. It can be observed from Fig. 11(a) that the MAA-to-
MAB ratio ranges from 1.005 to 1.015 with the changing surface
roughness, and the mean value of the MAA-to-MAB ratio is
1.01. Likewise, under the conditions of different gap sizes, the
MAA-to-MAB ratio ranges from 1.0 to 1.2, and the average
value of the MAA-to-MAB ratio is 1.1. Combing the correlation
features found in Figs. 11(a) and 11(b), it can be preliminarily
confirmed that there is a certain relationship available for describing
the peak assembly load of anchor joints with different strength
grades. Besides, the MAA-to-MAB ratio seems to fluctuate
greater with the changing gap sizes than with the variation of
surface roughness, which once more provides evidence that the
gap size may have a more obvious impact on the assembly behavior
of anchor joints. In addition, the difference in the MAA-to-MAB
ratio found in Figs. 11(a) and 11(b) implies that the strength
grade should be treated as a composite influencing factor for the
assembly behavior, which is in need of the consideration of other
changing parameters such as the surface roughness and gap
sizes, instead of a single one.

5. Tensile Performance of Anchor Joint

Similar to the research on assembly behavior, 38 working conditions
in total are determined to investigate the tensile performance of
anchor joints.

5.1 Tensile Performance of Anchor Joint with Different
Surface Roughness
Figure 12 illustrates the tensile performance of anchor joints with



KSCE Journal of Civil Engineering 2271

different surface roughness. The criteria for evaluation of the
bearing capacity of anchor joint is the performance characteristics in
the extent of a joint opening of 3 mm, which is set to be the
maximum value of joint opening focused on in this section.
Compared with the assembly process, the load-displacement
curves of the anchor joint with strength grade A in the tensioning
process are obviously different, as shown in Fig. 12(a). It can be
seen that the tensile bearing capacity directly enters the rising
stage from the beginning of joint opening, and reaches the
maximum value at about 1.2 mm. After that, the tensile capacity
provided by the anchor joint develops slowly and keeps in a
stable state. Hence, it can be concluded that the anchor joint has
an excellent fastening effect, which can immediately produce
resistance under the condition of tension load. In addition, under
the same conditions, the fastening force provided by the anchor
joint is greater than the required assembly load. This is because
the main interaction effect in the assembly process of anchor
joints is the mutual extrusion between sleeve and rod, while the
lantern ring participates in the mechanical engagement during
tensioning so that the anchor joints can provide a higher reverse

load. That is, excellent tensile capacity can be obtained for
anchor joints with a relatively lower assembly resistance, which
indicates that a satisfactory fastening effect is available without
too much assembly difficulty.

Figure 12(b) displays the influence of surface roughness on
the tensile performance of anchor joints with strength grade B.
Comparing Figs. 12(b) with 12(a), it is found that the overall
characteristics of the load-displacement curves are nearly
identical, which is different from that observed in Section 4.1.
Hence, the changing strength grades may only have an impact on
the variation trend of the assembly process, but have little
influence on the tensile process. Besides, the initial tensile stiffness
remains unchanged with the increasing friction coefficient in
both Fig. 12(a) and 12(b). This demonstrates that the main effect
of surface roughness should be changing the peak tensile capacity.

5.2 Tensile Performance of Anchor Joint with Different
Gap Sizes

Figure 13 shows the tensile performance of anchor joints with

different gap sizes. The variation trend of the load to joint
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opening curves is similar to that observed in Section 5.1, whereas
some differences can also be found for the conditions with a Dd
less than 0. In such conditions, the tensile load increases rapidly
in the first stage, and keeps gradually rising in the second stage in
both Figs. 13(a) and 13(b), which is different from those with a Dd
greater than 0. This may be caused by the different interaction
modes among the components with different gap sizes. Taking the
corresponding installation procedure as a comparison, it seems that
the increasing process of tensile load in the second stage in Fig. 13 is
just similarly opposite to the decreasing process of assembly force in
the third stage in Fig. 10. Furthermore, the difference between the
maximum tensile load of anchor joints with a Dd greater than 0 is
smaller than that of anchor joints with a Dd less than 0. This is
identical to the difference found in the assembly behavior of anchor
joints. Therefore, it can be drawn that there is a specific correlation
between the assembly and tensile behavior of anchor joints. Based
on the findings in this paper, the tensile capacity of anchor joints will
generally show an increasing trend with the growing peak assembly
load. To gain outstanding tensile performance, it is better to raise the
maximum assembly load to get the corresponding higher bearing
capacity, while significant difficulty may appear with too much
resistance to finish the installation. Consequently, a good solution is
to seek a balance between assembly and tensile performance.

5.3 Tensile Performance of Anchor Joint with Different
Strength Grades

It is obvious that the strength grade has a great influence on the
tensile performance of anchor joints. However, different from the
assembly behavior, the tensile performance of anchor joins with two
strength grades shows almost consistent qualitative characteristics.
Thus, it is of significant necessity to conduct further quantitative
analysis to determine the impact of the strength grade. For this
purpose, the MTA-to-MTB ratio, representing the ratio of the
maximum tensile load with strength grade A to the maximum
tensile load with strength grade B, is defined as the indicator of
quantitative analysis.

Figure 14 shows the comparison of the tensile capacity of

anchor joints with different strength grades under the conditions
of distinct surface roughness and gap sizes, respectively. Based
on Fig. 14(a), it can be seen that the MTA-to-MTB ratio ranges
from 0.675 to 0.705 with the changing surface roughness, and
the mean value is 0.69. Similarly, the MTA-to-MTB ratio ranges
from 0.64 to 0.76 with the variation in gap sizes, and the average
value ratio is 0.71. The mean value of the MTA-to-MTB ratio
obtained from Fig. 14(a) and 14(b) is well agreed with each
other, providing confidence that a specific quantitative correlation
does exist between the strength grade of the anchor joint and the
corresponding tensile performance. Furthermore, the MTA-to-
MTB ratio in Fig. 14(b) shows larger fluctuation than that in
Fig. 14(a), indicating that the gap size can make a greater impact
on the tensile behavior of anchor joints than the surface roughness,
which is consistent with that found for the assembly performance.
Another interesting phenomenon to be noted is that the strength
of grade A and B is 8.8 and 10.9, respectively, whose ratio is also
0.71, nearly the same as the mean MTA-to-MTB ratio gained
from Figs. 14 (a) and 14(b). From this point of view, an exciting
conclusion can be preliminarily drawn that the material properties
have a relatively certain quantitative relationship with the tensile
capacity of the anchor joint, despite its complicated structural
components. For more rigorous conclusions, a further parametric
study is still required with the consideration of other factors and
their impacts on the shear performance of anchor joints.

6. Conclusions

In this paper, the assembly and tensile performance of anchor
joints with complicated structural features have been investigated,
considering the influences of surface roughness, gap sizes, and
strength grades, both quantitatively and qualitatively. The detailed
conclusions are as follows.

1. The surface roughness mainly influences the maximum
assembly load and tensile capacity of anchor joints, while it
has little influence on the overall characteristics of the
corresponding variation trends and tensile stiffness. The
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assembly and tensile load can be increased by raising the
surface roughness.

2. The gap size has an obvious impact on both quantitative
and qualitative characteristics of assembly and tensile
behavior for anchor joints, whose effect is greater than the
surface roughness. The boundary to distinguish the different
mechanical performances of anchor joints caused by the
changing gap size should be Dd = 0, which controls the
interaction mode among the sleeve, rod, and lantern ring.

3. The strength grade has a different influence on the distinct
mechanical behavior of anchor joints. For the assembly
process, the features of load versus deformation curves
display apparent changes, while the peak load is nearly the
same. For the tensile process, the overall characteristics of
variation trends remain in good agreement, whereas the
tensile capacity largely grows with increasing strength.

4. There is a positive correlation between the assembly and
tensile behavior of anchor joints. The tensile properties of
anchor joints will undoubtedly be enhanced when increasing
the assembly force. However, combing the requirement of
sufficient tensile capacity and controlling the installation
difficulty, it is of great importance to seek a reasonable balance
between the assembly and tensile behavior of anchor joints.

This paper preliminarily studied the assembly and tensile

performance of anchor joint considering the effect of surface
roughness and size of the structure. However, there should be
more influencing factors which may have significant impacts on
the mechanical behavior of anchor joint, due to the corresponding
complicated structural features. Additionally, the shear performance
is also a critical key for the application of anchor joint, whereas it
is not included in this study. Thus, further investigations are still
in need for better understanding of the anchor joint’s performance,
and the foresaid contents will be the future work.
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