Hindawi

Advances in Materials Science and Engineering
Volume 2021, Article ID 5599845, 12 pages
https://doi.org/10.1155/2021/5599845

Hindawi

Research Article

Mechanical Behavior of a Multisegmented Tower Anchorage
Structure with an Exposed Steel Anchor Box

Wenru Lu®,>* Min Zhao ©,>* and Lingling Jia

ISchool of Civil Engineering, Henan University of Technology, Zhengzhou 450001, China

’Henan Key Laboratory of Grain and Oil Storage Facility & Safety HAUT, Zhengzhou 450001, China
*Highway School, Chang’an University, Xi’an 710064, China

*School of Civil Engineering, Qingdao Technological University, Qingdao 266000, China

Correspondence should be addressed to Lingling Jia; jl18123@126.com
Received 26 February 2021; Revised 29 June 2021; Accepted 29 November 2021; Published 22 December 2021
Academic Editor: Haohui Xin

Copyright © 2021 Wenru Lu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A tower anchorage structure with an exposed steel anchor box is commonly used for cable-stayed bridges. Many researchers have
conducted studies on this structure by considering a single segment. However, in practical engineering, the stress of multi-
segmented tower anchorage structure is not completely similar to that of single segment, and the forces between segments affect
each other. Hence, in this study, the mechanical behavior of a multisegment anchorage structure with an exposed steel anchor box
was investigated via finite element analysis. Furthermore, the load transfer path and stress distribution characteristics of the
structure were investigated. The results indicate that the horizontal component of the cable force is borne by the side plate of the
steel anchor box, the diaphragm, and the side wall of the concrete tower column, while the vertical component is transmitted by
the steel anchor box and concrete tower column. Under the action of this cable force, the horizontal component of the cable force
borne by the middle segment increases, while the components at the two end segments decrease. The vertical force is greater on the
lower tower segments. The stress levels on the side plate and on the diaphragm of the steel anchor box in the middle section are
high. Under the cable force load, the frame formed by the end plate and side plate of the steel anchor box expands outward. The
end plate is mainly under a tensile load, and the tensile stress level on the lower section exceeds that on the upper section. A high-
stress area for the concrete tower is observed in the steel-concrete joint. The stud group of the anchorage structure is subjected to
horizontal and vertical shear forces, and no “saddle-shaped” distribution of the stud shear is found. An optimal arrangement
method for the stud group was proposed to optimize its mechanical performance.

1. Introduction

A tower anchorage structure with a steel anchor box was first
used for the Ben-Ahin Bridge and Wandre Bridge in Bel-
gium [1]. This type of structure has the advantages of an
accurate anchor box fixed point and convenient construc-
tion, and it is now widely used for long-span cable-stayed
bridges [2-4]. These structures can be classified into two
types based on the position of the steel anchor box in the
concrete tower wall: the built-in type and the exposed type.
Both these types of structures can use an exposed anchorage
structure because of its suitability for small-scale towers and
adaptability to the tension of a prestressed steel bar [5, 6].
This structure has been applied in large-span cable-stayed

bridges, including the Normandy Bridge [7], Rion Anti-
Bridge [8], and Hangzhou Bay Bridge [9]. The anchorage
structure safely transfers the high cable force to the concrete
tower, which is the key structure of the tower in a cable-
stayed bridge. There are many plates in the anchorage
structure, and the structure is complex. Moreover, the cable
holes are weakening factors. Thus, the stress state of the
anchorage structure is not clear [10-12]. Therefore, it is
crucial to analyze the stress of the anchorage structure
appropriately to ensure the safety of the bridge.

Currently, model tests and finite element simulation
analyses are generally conducted to examine the structure
and analyze the stress characteristics, structural load transfer
path, and ultimate bearing capacity of each component,
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considering a single segment. Zeng et al. [13] analyzed the
mechanical performance of a tower anchorage structure
with a steel anchor box under different load conditions,
including the stress, deformation, and safety reserve of each
component, via a 1: 2.5 scale model test. Moreover, in order
to obtain more accurate data, full-scale tests have been
carried out one after another. Zhang et al. [14], Li et al. [15],
and Yu et al. [16] established finite element models based on
full-scale model tests of the single-segment anchorage
structure and analyzed the force transfer path and load
distribution mode. In addition, Xiao et al. [17], Zhang et al.
[18], and Wu et al. [19] have studied the parametric sen-
sitivity analysis of the single-segment anchorage structure.
In previous studies [20, 21], it has been observed that
multiple segments of the anchorage structure are commonly
under stress and that the forces between segments affect each
other. Thus, a single-segment model cannot accurately
replicate the actual stress state of an anchorage structure.
Given the effect of temperature, Nie et al. [22] and Liu et al.
[23] established a multisegmented tower anchorage struc-
ture and analyzed the mechanical mechanism. Wu [24] and
Liang [25] et al. performed finite element analyses of a
multisegment tower anchorage structure, although in-depth
analysis of the steel-concrete joint was not performed, be-
cause of the large calculation workload and low calculation
efficiency. Hence, the mechanical behavior of the multi-
segmented tower anchorage structure is not clear, which is
hard to consider in designs systematically. As far as the
authors’ knowledge, the studies on the multisegmented
tower anchorage structure are still limited.

In this study, the mechanical properties of a multiseg-
ment tower anchorage structure with an exposed steel an-
chor box for a cable-stayed bridge were examined using the
ANSYS finite element software program. The transmission
of the cable force between the plates and segments was
analyzed, along with the load transfer path and loading
resistance ratio for each component of the multisegment
tower anchorage structure. The stress distribution of each
member and the shear distribution of the studs were also
investigated, and a design suggestion was proposed based on
the analysis.

2. Finite Element Numerical Model

This investigation focuses on a semi-floating steel box girder
cable-stayed bridge with double towers. The longest span is
448 m, and the tower has an inverted diamond-shaped
structure. There are 14 steel-concrete composite anchorage
structures. The anchorage structure with an exposed steel
anchor box is adopted for the tower, and each segment
anchors two pairs of stay cables, as shown in Figure 1. The
cable force is applied to the anchor pad and transmits to the
side plate and end plate by the anchor plate and support
plate. The side plate is subjected to the horizontal force of the
cable force and drove the tension deformation of the dia-
phragm. The side plate and end plate transmit the vertical
force downward. The group stud that connects to the side
plate simultaneously transmitted the horizontal and vertical
shear forces to the concrete tower.
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A finite element model is established using ANSYS
(Figure 2). The top five tower segments of the anchorage
structure are subjected to a higher cable force, and they
anchor both the tail cable and common cable. Thus, they are
selected for the analysis to obtain more comprehensive
results. The segments of the anchorage structure are num-
bered from bottom to top, as follows: GMX10-GMX14.

In the finite element model, the Solid65 element is used
to simulate a concrete column and the Beam188 element to
simulate a stud. The Link8 element is adopted to simulate a
tower wall steel bar, the Solid185 element is adopted to
simulate the anchor pad, and Shell 181 is used to simulate the
other steel plates of the anchor box. The name of each
component of the steel anchor box is shown in Figure 1. The
surface-surface contact element Contal74 and target ele-
ment Targel70 are adopted to simulate the interface of the
steel anchor box end plate and concrete tower wall, con-
sidering a friction coeflicient of 0.4 between the contact
surfaces [26].

The materials in the model are defined using the elas-
toplasticity constitutive model. The C50 concrete material
constitutive relationship curve is adopted from the concrete
structural design code GB 50010-2019 [27]. A bilinear
constitutive relationship is adopted for the Q345 steel plate,
HRB335 steel bar, and M15 studs, and their stress-strain
relationship curves are shown in Figure 3.

The cable force is simulated as the node load and applied
to the anchor pad. The cable forces in the bridge under a
dead load state for each cable segment are listed in Table 1.
To reduce the influence of the boundary conditions on the
calculation results, an additional segment of the concrete
tower column is included underneath. In other words, the
finite element model includes the GMX10-GMX14 steel-
concrete composite cable tower segments and the GMX9
concrete tower column segment. All the nodes of the bottom
edge in the GMX9 segment are consolidated in this model.

3. Transmission of the Cable Force among
Members of the Multisegmented
Anchorage Structure

3.1. Transmission of the Horizontal Component of Cable Force
to Each Segment. To describe the calculation results con-
veniently, the cable force is decomposed into horizontal and
vertical component forces. The value of the horizontal force
borne by each component of the cable tower anchorage
structure is shown in Figure 4. Considering the mutual
restraint between the upper and lower segments, the hori-
zontal force is transferred between the adjacent segments.
The horizontal force of each segment does not correspond to
the horizontal component of the cable force, and a segment
with a higher horizontal component is also subjected to a
higher horizontal force. The horizontal force of each tower
segment is shown in Figure 5.

The horizontal component of the cable force is borne by
the side plate of the steel anchor box, the diaphragm, and the
side wall of the concrete tower column. The values for the
horizontal force and ratio (the ratio of the force on each
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FIGURE 2: Finite element model of the anchorage structure. (a) Elevation of the anchorage structure of top 5 segments of the tower column.
(b) Finite element model.
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TaBLE 1: Cable forces of cable tower segments under dead load condition (kN).

Segment number of the cable tower GMX10 GMXI11 GMX12 GMX13 GMX14

Cable force 2492/2339 2730/2718 2714/3026 2963/3244 1652/2392
Horizontal component cable force 1507/1442 1574/1604 1495/1708 1565/1755 839/1246
Vertical component cable force 1984/1842 2231/2194 2265/2499 2516/2727 1423/2042

Note. The number before the “/” is the cable force of a single stay cable at the midspan side, and the number after the “/” is the cable force of a single stay cable

at the side span.
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member to the sum of the horizontal components of the
cable force on five segments) borne by the aforementioned
components are shown in Figures 6-8. The results indicate
that the horizontal component of the cable force borne by
the side plate and diaphragm is high in the middle section
and low at the two ends. The three middle segments
(GMX11-13) are subjected to approximately 65% of the total
balanced horizontal component of the cable force of the five
segments. Although it is possible to transfer the cable force
between the upper and lower segments, segments with
higher horizontal components are also subjected to a higher
cable force. For example, segment GMX13 is subjected to the
highest horizontal force. The top segment (GMX14) of the
tower side wall is constrained by the tower cap, and thus, an

tower side wall. Therefore, the horizontal component of the
cable force is jointly supported by the side plate and dia-
phragm of the steel anchor box and the side wall of the
concrete tower, with the vast majority of the force supported
by the steel anchor box.

3.2. Transmission of the Vertical Component of Cable Force in
Each Segment. The vertical force transmitted by each an-
chorage segment is shown in Figure 9. The results indicate
that a greater amount of the vertical force is transferred to
the lower cable tower sections because of the accumulation
of the vertical force.

The vertical force transmitted by the steel anchor box
and tower wall of each section and the proportion of this
vertical force with respect to the total vertical force trans-
mitted by this segment are shown in Figures 10 and 11,
respectively. Based on the calculation results, the vertical
force transmitted by the concrete tower wall of each section
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exceeds that transmitted by the steel anchor box and
accounted for more than 85% of the total vertical force of
each section. The vertical component of the cable force is
transferred downward segment by segment, and hence, a
higher vertical force is transferred to the lower segments. The
bottom part of the concrete tower column is compressed
under the large vertical force. Because of the collaborative
deformation of the stud group, the ratio of the vertical force
(a/b) is higher for lower steel anchor box segments, and the
ratio of the vertical force transmitted by the lower concrete
tower wall decreases accordingly.

According to the foregoing analysis, the load-transferring
mechanism of the vertical component force for the
multisegment tower anchorage structure with an exposed steel
anchor box is as follows. When the anchorage structure with the
exposed steel anchor box is subjected to the cable force, a
portion of the vertical component of the cable force is directly
transferred downward by the connecting steel anchor box. The
other portion is transferred to the concrete tower wall through
the shear connector studs and then transferred segment by
segment. Hence, the vertical component of the cable force is

transmitted downward by the steel anchor box and the tower
wall.

4. Stress in Components and Shear Force in the
Stud Group of Anchorage Structure

4.1. Stress Distribution of Each Component. The distributions
of the von Mises stresses on the side plate and diaphragm of
the steel anchor box are shown in Figures 12 and 13, re-
spectively. The two aforementioned components are sub-
jected to most of the horizontal component of the cable
force, and their forces are mainly tensile. Regions with
higher tensile stress levels are observed in the GMX12 and
GMXI13 segments, and the horizontal component of the
cable force is higher. The peak stress of the side plate is
135.3 MPa, which is observed at the joint of the GMX13
section and the anchor plate. The peak stress of the dia-
phragm is 56.6 MPa, which is observed at the junction with
the side plate in the GMX12 segment.

The distribution of von Mises stress on the end plate of
the steel anchor box is shown in Figure 14. The end plate is
connected to the side plate to form a frame. The end plate is
also directly connected to the supporting plate. The end plate
is subjected to the cable force from the supporting plate and
exhibited an outward expansion deformation. The von Mises
stress distribution of the end plate mainly corresponds to
tensile stress. The von Mises stress level of the end plate
gradually increases for the lower segments. The total stress
level of the end plate is low. In the dead load state of the
bridge, the peak stress is 100.94 MPa, which is observed in
the lower edge corner of the side span.

The distributions of the principal compressive stress and
principal tensile stress on the concrete tower wall of the
anchored structure are shown in Figures 15 and 16, re-
spectively. The results indicate that the concrete tower is
mainly compressed and that the high-stress area is mainly
distributed in the concrete end wall corresponding to the
lower edge of the bearing plate of the steel anchor box. In the
steel-concrete joint, given the shear deformation of the stud
group, the stress of the concrete connected to the stud group
is significantly disturbed, and stress concentration is
observed.

4.2. Shear Distribution of the Stud Group. The stud group
shear connector of the anchor box anchorage structure is
subjected to horizontal and vertical force components of the
cable force; that is, the connector is under a slant force state.
In order to describe the calculation results conveniently, the
shear force of the studs is decomposed into the vertical
component of the shear force (vertical shear force) and
horizontal component of the shear force (horizontal shear
force).The numbering convention of the stud group is shown
in Figure 17. Under the cable force of the dead load con-
dition, the distribution of the high vertical shear force po-
sition (i.e., the 17 row of the side span in the steel anchor
box) of the stud group along the height direction is shown in
Figure 18. The vertical shear distribution of the stud group in
the GMX13 segment is shown in Figure 19. It is observed
that, under the slant force, the area with the higher shear
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force appeared on both sides of the stud group, and the
distribution of the vertical shear force is “saddle-shaped”
along the height. However, the shape is not evident. This
distribution is different from that of the stud group under
vertical or horizontal force only.

The horizontal shear force distribution of the stud group
is shown in Figure 19. Given the deformation of the side

plate, the horizontal shear direction of the stud group is
inconsistent, and the horizontal shear exists in two direc-
tions: (i) toward the mid span (denoted by “+” values in the
Figure 20) and (ii) toward the side span (denoted by “-”
values in Figure 20). The horizontal shear force of the stud
group does not exhibit a significant “saddle-shaped” dis-

tribution either. The horizontal shear force direction of the
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stud group on the mid-span side is mainly toward the mid  distribution of the stud group is uneven, and the studs on the
span, while the shear force direction of the side-span sideis  two sides of the stud group (1°* and 17" columns), near the
mainly toward the side span. The horizontal shear force  shear plate (8™ and 9™ columns), and at the connection
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between the diaphragm and side plate (6™ and 7™ rows)
sustain high horizontal shear forces.

4.3. Design Suggestions. The stud group shear connector of
the anchor box anchorage structure is in a complex stress
state and is subjected to the slant force. Furthermore, the
shear force distribution in the stud group does not exhibit
evident regularity, which is unfavorable for the design. A
stress analysis of the anchorage structure with the built-in
steel anchor box has been performed. The results indicate
that the stud group is under a vertical force and that its stress
distribution presents a regular pattern with a “saddle-sha-
ped” [20, 21]. Hence, the arrangement of the stud group of
the exposed steel anchor box is investigated considering the
angle of the stay cable, that is, changing the row and column
layout in the direction of the stay cable (Figure 21). In the
optimal arrangement for the structure, the shear force of the
stud group is transmitted along the row direction, which will
clarify the mechanical performance of the stud group.

5. Conclusions

A finite element analysis was performed to examine the force
transmission of a multisegment tower anchorage structure
with an exposed steel anchor box. The stress distribution of
each member and the shear distribution of the stud group
were also analyzed. The main results of the study are as
follows:

(1) The horizontal component of the cable force of the
anchorage structure is borne by the concrete side-
wall, side plate, and transverse diaphragm of the steel
anchor box. The horizontal component of the cable
force borne by the side plate and diaphragm is high
in the middle section and low at the two ends.
Furthermore, among the five segments, the three
middle segments withstand approximately 65% of
the total balanced horizontal component of the cable
force.

(2) A portion of the vertical component of the cable
force is transmitted downward by the connected steel
anchor box, and the other portion is transmitted to
the concrete tower wall segment by the segment
through the stud group shear connector. The vertical
force transmitted by the concrete tower wall of each
segment exceeds that transmitted by the steel anchor
box and accounted for more than 85% of the total
vertical force of each section.

(3) The side plates, diaphragm, and end plates of the steel
anchor box are mainly in a tensile state. The concrete
tower column is mainly compressed, and the high-
stress regions are mainly distributed in the concrete
end wall corresponding to the edge of bearing plate.
Stress concentration is observed at the corre-
sponding positions of the studs.

(4) The stud group of the anchorage structure is under a
slant force, and the shear distribution is uneven. The
vertical and horizontal shear force distributions of
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the stud group do not exhibit a significant “saddle-
shaped” distribution. Finally, an optimal arrange-
ment method for the stud group was proposed to
optimize its mechanical performance.
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