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ABSTRACT

Regarding the whole excavation process of the support system of the Southwest Jiaotong
University Station of Chengdu Metro Line 6 (the deep foundation pit bored pile & steel support and
support system) as the engineering background, this paper studies the deformation rule of the deep
foundation pit bored pile & steel support of the sandy pebble foundation. The deformation rule of this
support system, the settlement rule of the ground surface outside the pit, and the rule of the uplift of
the loose at the bottom of the pit are studied. A key analysis of the positive corner of the foundation
pit is conducted, and the rationality of the optimization of the support scheme is evaluated. This
paper provides effective guidance for the subsequent deep foundation pit construction and provides
a reference for deep foundation pit construction.

KEY WORDS
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INTRODUCTION

With the development of cities, the frequency of deep foundation pits is increasing, and the
requirements on the type of foundation pit support are also increasing. A single type of foundation
pit support has been unable to satisfy people's support needs for the excavation process. Many
foundation pits now use combined structures for support. Many scholars have conducted detailed
scientific studies on foundation pit support in various areas.

In the 1930s, researchers abroad specialized in the study of deep foundation pit engineering.
Terzaghi and Peck [1] began to study the ultimate bearing capacity of the loose under shear failure
and instability. The foundation pit support design calculation method has been widely recognized by
scholars and professionals. Based on this method, the theory has been improved and revised so
that it can be better applied in engineering practice, and it is still used today [2]. In the 1950s, Italian
engineers developed the support technology of piles + underground diaphragm walls, which became
a major construction method for foundation pit engineering. In the 1960s, specifications, technologies
and methods for the design and construction of deep foundation pit support were gradually
established. In the 1970s, Japanese scholars proposed the SWM method (SWM is the abbreviation
of Soil mixing wall). After several improvements, this method became mature and has been widely
used in practical engineering. The earliest successful application of loose nail wall support
technology to a project occurred in France [3], and the widespread application of loose nail wall
support technology has promoted the development of related theoretical and experimental research.
In the late 1980s, Zhou et al. [4] were used to simulate the pit dewatering through the inversion of
permeability parameters based on the field pumping tests. Satty [5] proposed the analytic hierarchy
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process. Based on the summary of Qingdao coastal deep foundation pit engineering. Zhu et al. [6]
discussed the deep deformation of the deep foundation pit supporting structure in more depth by
considering the excavation process. Wei [7] considered the combination of deterministic factors and
uncertain factors, an optimization method for foundation pit support schemes that was based on
reliability analysis was proposed. Liu and Lei [8] regarded the majorization of the deep foundation
pit support of the Guangzhou Metro as the research background, constructed evaluation model for
supporting schemes of subway deep foundation pits. Dai et al. [9] studied the mechanical
characteristics of deep foundation pit excavation and support in detail. Yu [10] proposed a complex
horizontal support form and a supporting structure system for ground walls. Li et al. [11] calculated
and analyzed the horizontal displacement of the pile at various excavation depths with the
background of the deep foundation pit project of Guiyang West Road Station of Guiyang Metro Line
2. Li et al. [12] focused on the numerical simulation of the foundation pit supporting structure and on
the application of analytical theory to improve the results. Zhang et al. [13] used the elastoplastic
numerical simulation method to fully consider the coordination relationship of pile-loose deformation.
Xiao and Peng [14] analyzed the selection of a deep and large foundation pit support in combination
with on-site monitoring data and changes in surrounding environmental conditions. Yu et al. [15]
aimed at overcoming the main limitation of the available method in the analysis of the stability of
narrow and long foundation pits.

In recent years, the amount of research that has been conducted on deep foundation pit
support has gradually increased, but the research on drilling deep foundation pit hole cast-in-place
pile + steel support is less and immature. Therefore, this article studies the deformation rule of deep
foundation pit bored piles + steel support.

BASIC ASSUMPTIONS AND ENGINEERING OVERVIEW
Basic assumptions

It is highly difficult for a numerical simulation to fully match the established model with the
actual project, and it is necessary to impose basic assumptions on the model. The basic assumptions
of this model are as follows:

QD Rock and loose are regarded as homogeneous and isotropic elastoplastic materials, and the
influence of precipitation on the loose characteristic and on the rheological effects of the loose is not
considered;

2) The supporting structure is regarded as an ideal elastomer;

3) The initial crustal stress field is assumed to be the self-gravity stress field.

(4) It is assumed that groundwater is ignored throughout the excavation process. However, in
engineering cases, necessary curtain water-stopping measures are often taken for foundation pits;
hence, the forecast deviation value is often small.

Project overview

Project scale

The standard section of deep foundation pit of Southwest Jiaotong University Station of
Chengdu Metro Line 6, which width is 22.5 m, overall length is 222.1 m, and the excavation depth is
26.64 m. The excavation depth of the foundation pit is an approximately rectangular parallelepiped
structure. Figure 1 is a simplified geometric plan of foundation pit. Figure 2 is a picture of the
construction pictures.
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Fig. 1 — Foundation pit plane simplified diagram

Fig. 2 — Construction pictures
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Material properties
The material properties of the loose and the supporting system are presented in Tables 1~4.
Tab. 1 - loose parameters

Interna .
Underlyi | Natural Cohe | Poisso Deformati Severi
Thickne ng density sion | friction ' on everi
Stratum n's modulus ty
ss/m | structural pl! c angle | ratio v KNJm?
integrity | g/cm3 /kPa blo E,/MPa
i Moist
Artificial | 5 and | 18X 15 5 | 030 | 1000 | 18
filling | 10
oose
Silty Soft 1.9%
filling T | structure | 108 20 1 15 | 030 | 1200 | 19
Fine Loose 1.9%
sand 2 structure 103 / 30 0.28 20.00 19
Slightly
dense 3 Loose ) 2.0* / 322 | 020 | 3064 | 20
structure 103
pebbles
Moderat
ely Loose 2.1%
dense 20 structure 103 / 36 0.20 38.80 21
pebbles
Compa
ct / Loose | 2.2% / 40 | 020 | 5617 | 22
structure 10
pebbles
Tab. 2 - Physical parameters of the envelope structure
Name Diameter Severity Elastic modulus Poisson's Pile lenath /m
/m J(KN/m?) IGPa ratio 9
Steel support @0.609 78.5 200 0.3 /
AB-type pile ®1.2 25 31.5 0.2 31.64 (Pile depth 5)
D6-type pile ®1.0 25 31.5 0.2 31.64
E6-type pile 1.0 25 31.5 0.2 31.64
L6-type pile ®1.0 25 31.5 0.2 8.7 (Pile depth 3)
LZ-type pile ®1.2 25 31.5 0.2 29.74 (Pile depth 8)
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Tab. 3 - Design values of the pre-loaded axial force for steel supports
AB section /kN BC section /kN CD section /kN EF section /kN
Support position
f 1 f 1 f 1 f 1
First support
(Construction | 2, 350 220 110 220 110 220 110
permanent
cover)
First support / / 860 400 860 400 860 400
Second support 1370 400 1360 500 1450 500 1430 500
Third support 2420 450 2450 500 2530 500 2430 500
Fourth support 2130 450 2130 500 2140 500 2130 500

Note: f is the design value of the axial force and f1 is the pre-added axial force value. These sections represent the

range of design values of the pre-loaded axial force for steel supports.

Tab. 4 - Model parameters of the cover plate and the retaining wall

Name Thickness /mm Severity /(kN/m3) Elastic modulus /GPa Poisson's ratio
Cover plate 800 25 315 0.2
Retaining wall 300 25 31.5 0.2

Process of foundation pit excavation

The deep foundation pit excavation adopts half cover excavation method. It is designed as
two phases and divided into ten working conditions. The excavation process is shown in Table 5.

Tab. 5 - The excavation process

Working condition Construction process
I Establish the initial ground stress balance under the weight of soil.
Il Setting of bored piles and temporary piles.
First phase Il | Excavate -1.5 m, and install the first support at -0.5 m.
IV | Excavate to -5.5 m, install permanent cover and concrete retaining wall at -4.5 m.
V | Remove the first support, and L6 temporary pile and backfill the cover plate.
VI | Excavate -4.185 m, and install the first support at -3.185 m.
VIl | Excavation -7.685 m, installation of a second support at -8.685 m.
Second
phase VIIl | Excavate -17.185 m, and install the third support at -16.185 m.
IX | Excavate -22.685 m, and install the fourth support at -21.685 m.
X | Excavation -26.64 m, foundation pit excavation support is completed.
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STRESS AND DEFORMATION OF THE FOUNDATION PIT

The foundation pit model is simulated and analyzed by abaqus finite element software, the
total number of divided foundation pit grid units is 117012. The loose unit is C3D8R; the retaining
pile is simplified as a continuous wall unit; the cover unit is C3D8R; the temporary pile unit is C3D8R;
and the diagonal brace and cover pile are T3D2 pole units.

The C3D8R element is an 8-node hexahedral linear reduced integral element, it has the
following three advantages: (1) Shear self-locking phenomenon is not easy to occur under bending
load; (2) The solution of displacement is more accurate; (3) When the mesh is distorted, the accuracy
of the analysis will not be greatly affected. The continuous wall unit is simulated by the solid unit, the
spring stiffness element is used to simulate the mutual rubbing between the continuous wall and the
soil. The T3D2 pole unit is a three-dimensional beam element defined by two nodes, and it is a
lightweight element type that can simulate large deformation.

The contacts relationship of the components are as follows: the support structure and the
loose body interact with each other by establishing surface-to-surface contact; the cover plate and
the support structure realize a rigid connection between them via common nodes; and the
components of the support structure also pass through the common nodes and release the rotational
degree of freedom to realize articulation between them.

Change rules of the ground settlement and the pit bottom uplift

(1) Ground settlement outside the pit

Select the points on the section that correspond to the maximum settlement for extraction of
the data for analysis, and organize the data into a curve form to better visualize the change trend of
loose settlement. The curves are plotted in Figure 3 (a)-(b).

Surface displacement and settlement / mm

—=—DB4

(a) Surface subsidence time-history curves
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(b) Surface settlement curves from the foundation pit wall
Fig. 3 — Surface subsidence curves

According to Figure 3(a)~(b), the surface settlement curve increases almost linearly. In the
later stage of excavation, the settlement curve of the foundation pit tends to be gentle, and the entire
settlement curve shows a "parabolic" change. The main settlement occurs approximately 5 ~ 10 m
from the foundation pit wall, and the maximum value is approximately 15 mm. After the steel support
is erected, the deformation curve of the foundation pit gradually changed from a "triangle" to a
"groove shape". The settlement trend of the ground surface outside the pit changed as the ground
surface settlement increased rapidly with the distance from the pit wall. When the sedimentation of
the foundation pit reaches the maximum settlement value, the ground sedimentation decreases with
the increase of the distance from the pit wall, finally, stabilizes and approaches zero. According to
the ground settlement map, the width of the impact of the construction of the foundation pit exceeds
twice the depth of the construction of the foundation pit.

(2) Loose uplift at the bottom of the pit

The change curve of the pit bottom uplift can well reflect the change of the loose pressure at
the bottom of the pit during excavation. A change that is too large demonstrates that the earth
pressure on the bottom of the deep foundation pit is too large and, hence, the deformation of the
envelope structure is too large, thus, it can easily cause instability of the structure, and it is necessary
to study the loose at the bottom of the pit. Select the loose in the middle as the research object, and
plot the deformation curve of this loose under each working condition, as shown in Figure 4.

@ DOI 10.14311/CEJ.2023.03.0022 288



Article no. 22

CIVIL
ENGJIglEJE{:\::\“LG THE CIVIL ENGINEERING JOURNAL 3-2023
160 Working condition VI
Working condition VII
140
Working condition IX
120 . 3
Working condition X
100
80
60
40
20 !
0 I L L 1 N N .

-12 -8 -4 0 4 8 12
(Midpoint) Pit width / m

Fig. 4 — Variation of the loose uplift displacement at the bottom of the pit

According to Figure 4, the change in the settlement of the loose bulge is substantially
influenced by the excavation of the first phase. The maximum displacement of the uplift of the
foundation pit loose occurs at the midpoint of the foundation pit. However, when the deep foundation
pit is constructed in the first stage, the loose body has already undergone the uplift phenomenon.
Therefore, during the second phase of the excavation process, the maximum displacement of the
loose uplift under working condition six occurred at the midpoint of the cover plate. With the
continuous excavation of deep foundation pits, this effect is gradually eliminated. The uplift of the
loose occurs in the middle of the bottom of the pit. The maximum rise of the foundation pit is
approximately 140 mm. In addition, according to the figure, the uplift amount of the foundation pit is
constantly increasing over time. Since the deep excavation of the second phase is deeper, the uplift
amount of the foundation pit is relatively large. During the third construction process, the uplift
amount changed the most. This is because the deep foundation pit has a deeper support interval
here, and the pressure on the retaining structure is also the largest, thereby resulting in a sudden
increase in the loose uplift.

DISPLACEMENT CHANGES OF THE SUPPORTING STRUCTURE

Variation of the vertical displacement of the envelope structure

In this numerical simulation, the bored cast in situ pile is simplified as an underground
continuous wall, therefore, this article will study the change rules of the vertical displacement of the
underground continuous wall. Several points at the positive corner are used to analyze the vertical
settlement of the wall top. The curves of the displacement and deformation are plotted in Figure 5.
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Fig. 5 — Curves of the vertical settlement of the envelope structure

According to the settlement curves in Figure 5, the retaining structure moves downward.
Especially prior to the installation of the second steel support, the envelope structure shows a
significant downward trend. This is because the first support only supported one side and the other
side of the envelope structure is connected to the cover plate. Exerting its supporting role has led to
a significant decline in the envelope structure. When the second steel support is installed, the
supporting structure and the steel support form a single unit, which fully utilizes its maximum support
advantages. Hence, the subsequent settlement trend is slow, and, eventually, the settlement level
stabilizes when the loose supports have been finished. The maximum settlement of the retaining
structure is approximately 12 mm, which accords with the value that is specified by the foundation
pit code.

Axial force of the steel support

The prophase excavation support involves only one steel support, and the support depth is
relatively shallow. In addition, it must be removed in the subsequent phase, there is no continuity,
and the change rule cannot be studied. Therefore, this article only extracts the four steel supports of
the second phase of the deep foundation pit and studies the rule of their axial force change. The
oblique rods with relatively high stress and the first crossbar of the standard section are extracted
as research objects, and the stress variation rules are analyzed. The variety of the axial force is
plotted in Figure 6 (a)~(b).
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(b) Inclined steel support of the pit angle
Fig. 6 - Axial force changes of the steel support

In Figure 6, the force change rule of the steel support in the standard section is plotted. With
the installation of the steel support and the excavation of the loose, the axial forces of the first and
second steel supports slowly increase, and they attained their largest values when the third steel
support is installed. The third steel support axial force initially increase and subsequently decrease,
and the fourth steel support axial force is approximately stable. The axial force of the third steel
support is much larger than those of the other three steel supports. This is because the role of the
steel support in the support system is resisting the horizontal deformation of the envelope structure.
According to the change curve of the deep horizontal displacement of the envelope structure, the
maximum point of its horizontal displacement is at the third steel support setting. Hence, the axial
force of this support exceeds those of the other supports. In the later stage of deep foundation pit
excavation, the axial force of the steel support tends to be stable. Hence, the support system that is
composed of the steel support and the surrounding structure is in a safe and reliable state. The
support axial force of the pit angle consists of the axial forces of only three steel supports; this is
because the upper surface of the second support is a cover plate and the first steel support does not
have an inclined support at the pit angle. The axial force deformation of the second steel support
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increased initially and subsequently decreased steadily. The variety of the axial force of the three
supports is approximately consistent with the change of the supporting axial force of the standard
section of the foundation pit. The axial force of the inclined support is lower than that of the standard
section. The horizontal deformation of the pit angle retaining structure is smaller than the horizontal
deformation of the standard envelope section. The place where the maximum horizontal
displacement is attained by the pit angle retaining structure is the same as that of the standard
envelope structure, namely, near the setting of the third support.

Analysis of the Pit Angle Effect of the Retaining Structure

The pit angles in the foundation pit are divided into two types: the internal corner and the
positive corner. The pit angle has a strong spatial effect, and the positive corner is the most unstable
place in the deep foundation pit retaining structure. Therefore, the pit angle should be researched
extensively.

According to Figure 1, the maintenance structure has one positive corner B (the positive
corner is the angle greater than 180 degrees, point B in this paper is 270 degrees) and multiple
internal corners, such as A and C (the internal corners is the angle less than 180 degrees, point A
and C in this paper are 90 degrees). Due to the soil pressure of the positive corner in deep foundation
pit is relatively large, it is the most unstable force area in the deep foundation pit retaining structure.
Therefore, the positive corner should be avoided as much as possible. If the positive corner cannot
be avoided, it should be studied via numerical simulations to analyze the reasons for its instability
and to provide corresponding guidance for subsequent construction. During the excavation of the
first phase, the excavation of the foundation pit is shallow, and the horizontal displacement of the
supporting structure is relatively small; hence, the change rule of its horizontal displacement is
investigated. The data of the deep horizontal displacement of the underground diaphragm wall with
positive corners of 1 m, 4 m, 7 m, 10 m, and 13 m on the AB and BC sections under each working
condition are analyzed, and the deformation rules are summarized, as shown in Figure 7(a)~(e).
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Fig. 7 — Curves of the horizontal displacements of the retaining structure at both ends of the
positive corner under various working conditions

©

DOI 10.14311/CEJ.2023.03.0022

294



Article no. 22
CIVIL

ENGINEERING ]
JOURNAL THE CIVIL ENGINEERING JOURNAL 3-2023

According to Figure 7, under working condition VI, the retaining structures of the positive
corner AB section are in a cantilever state and almost all move horizontally into the foundation pit.
The point with the largest horizontal displacement is not at the positive corner but at approximately
4 m from the positive corner. This is because a horizontal support and multiple inclined supports are
set near the positive corner, which effectively prevent the destruction of the positive corner of the
foundation pit. The enclosure structure of the positive corner BC section is also in a cantilever state,
but the rule of movement to the outside of the pit is farther away from the positive corner of the pit.
This is because this place is near the internal corner C. Due to the inclined support and the effect of
the CD segment on the internal corner, the retaining structure is subjected to internal forces that
exceed the earth pressure outside the deep foundation pit. Therefore, the displacement of the
envelope structure corresponds to negative values.

Under working condition VII, the change rule of the envelope structure in section AB is similar
to the deformation rule under working condition VI. With the continuous construction of the deep
foundation pit, the retaining structure moves horizontally into the pit, and the retaining structure of
section BC undergoes a "bending" change. This is because section BC is an inclined support with a
large axial force, which can bear most of the lateral pressure of the loose outside the pit. The support
structure is no longer in a cantilever state, and the axial force slowly becomes a fixed force at both
ends.

Under working condition VIII, the horizontal displacement change rule of the envelope
structure in section AB is approximately the same as that of the overall envelope structure, and the
envelope structure exhibits a "bulge" phenomenon. However, a different trend is observed near the
positive corner. Here, the envelope structure does not follow the rule “a small change in the middle
and a large change in the middle”. This is because the positive corner of the deep foundation pit is
squeezed by not only the earth pressure but also the pressure that is induced by the horizontal
movement of the support structure of the BC section into the pit after being subjected to the axial
force of the inclined support. Thus, the supporting axial force is much smaller than the pit pressure
on the envelope structure, and the envelope structure is in a cantilever state. With the continuous
construction of the deep foundation pit, the variety rule of the BC section's retaining structure shows
an increasingly strong "bow step" shape; hence, the BC section exhibits a satisfactory embedding
effect. The more complicated force occurs at the place that is connected with the inside corner, and
the envelope structure moves outside the pit.

During the excavation under working condition IX, the envelope structures of the positive
corner AB and positive corner BC sections continued to increase with the excavation of the deep
foundation pit, and the "bulge" phenomenon became increasingly apparent. Hence, the sand pebble
geology has a satisfactory embedding effect on the bottom of the envelope structure. The change
rule of the horizontal displacement under working condition X is almost the same as those under
working conditions VIl and IX. The displacement deformation of the envelope structure attains its
maximum value. The displacement of the envelope structure at the positive corner of segment AB
reaches 6 mm, which satisfies the maximum deformation displacement that is specified by the code.
The maximum point of the envelope structure of the BC section occurs at the third support, and the
maximum displacement is approximately 10 mm, which satisfies the maximum deformation
displacement that is specified by the code.

In summary, the change rule of the retaining structure at the positive corner pit is similar to
the change rule of the overall structure. However, various differences are readily observed: The
horizontal displacement change along the short side at the positive corner B differs substantially
from that of the ordinary support structure, and according to the preliminary analysis, the pre-loaded
axial force of the steel support is too small. However, the negative change in the displacement near
the internal corner C indicates that the envelope structure is moving horizontally outside the pit,
which may be caused by the excessive axial force of the second inclined support. Thus, the forces
at the positive corner and the internal corner of the retaining structure are highly complicated, and
this corner is the most unstable place.
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CONCLUSIONS

1) The curves of the surface settlement results of the 3D numerical simulation are analyzed, and
the ground settlement of the loose body is found to increase continuously with the excavation of the
foundation pit. The maximum point of loose surface settlement is not near the pit wall but at a
distance of approximately 6-10 m from the pit wall. After erection of steel support, the variation law
of the surface settlement curve outside the foundation pit is that the surface settlement increases
rapidly with the increase of the distance from the pit wall. When the settlement of foundation pit
reaches the maximum settlement value, the surface subsidence decreases with the increase of
distance from the pit wall. From Figure 3 (b) we can clearly see this trend.

2) According to the analysis of the envelope structure, the settlement of the envelope structure
increases and eventually becomes flat. With the continuous excavation of the deep foundation pit,
the retaining structure exhibits a "bulge " phenomenon, which also demonstrates that the two ends
of the retaining structure are better restrained and the sand pebble geological retaining structure
exhibits a satisfactory embedding effect.

3) Focusing on the pit angles of the supporting structure, the results demonstrate that the
positive corner of the supporting structure is the most complicated place, (the positive corner is the
angle greater than 180 degrees, point B in this paper is the positive corner). With instability changes,
in the support of the foundation pit, the positive corner of the foundation pit should be avoided as
much as possible. If it is unavoidable, in-depth study of the positive corner should be conducted to
identify the cause of the instability of the positive corner, and the axial force should be adjusted
reasonably to transform the envelope structure of the positive corner into a stable state under stress
to ensure the safety of foundation pit construction.
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ABSTRACT

For the three-span continuous tied arch bridge with unequal span, its sagittal span ratio is
different, which leads to the design internal force and construction is very complicated. The
construction method and installation sequence are closely related to the main beam, arch rib
alignment and the internal force state of the structure. For the arch bridge with special structure, the
stiffness of the arch ring and the stress of the main beam will affect the stability and deformation of
the whole structure. The theoretical and practical deviations of arch bridge construction are
cumulative. If not timely and effective control and adjustment according to the actual data, it will
endanger the safety of the structure in the construction process. In order to ensure the safety of the
bridge construction process, the stress of the main beam, the centring of the arch ring and the
temperature are monitored and recorded during the whole construction process. After the completion
of the bridge construction, static and dynamic load tests were conducted to verify whether the bridge
can meet the design specifications. The construction monitoring results indicated that during the
construction of the arch bridge, the stress of the girders was in good agreement with the theoretical
values, meeting the design standards and specifications. The actual alignment of arch rings was
basically consistent with the theoretical alignment.

KEYWORDS
Tied arch bridge, Through arch bridge, Construction monitoring, Construction verification,
Load tests

INTRODUCTION

Arch bridge is a common bridge type, which has a long history in the world. Compared to the
beam bridge, the arch bridge is not only beautiful in shape, but also has greater spanning capacity.
An arch bridge transmits vertical loads to its arches, which in turn transmits forces to the foundations
on either side. The span of arch bridge is restricted by material properties as a flexural component
[1-3]. With the progress of the times, the traditional masonry arch bridge was gradually replaced by
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reinforced concrete arch bridge. The reinforced concrete (RC) arch bridge has great difficulty in
construction method and construction monitoring because of its large dead weight. Tied arch bridges
have the general characteristics of arch bridges as well as their own unigue characteristics. It is a
bridge type that combines the advantages of arch and beam. It combines the two basic structural
forms of arch and beam to bear load together. This kind of arch bridge is a statically indeterminate
system in the interior and a statically indeterminate system in the exterior. This structural form gives
full play to the structural performance and combination function of beam bending and arch
compression. The horizontal thrust at the arch end is borne by tension rod, so that the support at the
arch end does not generate horizontal thrust [4-5]. Besides, it has two characteristics of large span
capacity and strong adaptability to the foundation [6-7]. When the deck elevation is limited, the tied
arch bridge can ensure a large clearance under the bridge [8].

As a kind of non-thrust combined system, arch rings stiffness and girders stress of the tied arch
bridge will affect the stability and deformation calculation results of the whole bridge structure. The
theoretical and practical deviations of arch bridges in construction are cumulative. If it is not
controlled and adjusted timely and effectively according to the actual data, it will endanger the safety
of the structure during the construction process. Therefore, arch bridge construction monitoring is
especially essential [9-11]. The goal of load test is to measure the stress and deflection of the control
section of the bridge span structure under the action of test load through the static load, and compare
with the theoretical calculation value, to check whether the stress value and deflection value of the
control section of the structure are consistent with the design requirements, and to evaluate the
current bearing capacity of the bridge span structure. Through the dynamic load test, the overall
dynamic performance of the structure and the dynamic performance under the vehicle are evaluated,
which provides the original data for the bridge maintenance, management, reinforcement and repair
or reconstruction in the future [12-14].

To ensure the safety construction, in the construction monitoring, the arch rings line and stress,
the temperature changes before and after the girders pouring were monitored. At the same time,
bridges were also experimented with static and dynamic load tests to verify whether the bridge could
achieve the designed requirements. This work can offer significant reference for the construction
and design of similar tied arch bridges.

BACKGROUND

Wolong River Bridge is located in Dalian City, across the Wolong River, the central axis of the
bridge and the river oblique. Wolong River Bridge is a three-span continuous girder arch composite
bridge. The vertical section of the completed bridge is shown in Figure 1. It has a total length of 130
m with three spans. The length of each span is 48 m, 43 m and 38.5 m respectively. The width of
the bridge deck is 6.0 m (sidewalk) +11.5 m (motor vehicle lane) +4.0 m (cables area) +11.5 m
(motor vehicle lane) +6.0 m (sidewalk) = 39 m. The design base period of the bridge structure is 100
years. The design of the bridge's automobile load is highway level one according to Chinese
regulations. The upper column of the bridge tower adopts rectangular section, the lower column
adopts cylindrical section, and the foundation adopts pile group.
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Fig. 1 — Vertical section of Wolong River Bridge

The load-bearing structure consists of five rooms RC box-girders. The box-girder height at the
fulcrum is increased to 3.0 m. The edge fulcrum is raised in a straight line, and the girder height in
the middle fulcrum is changed in a circular arc. The top edge of the main girder within the 4 m cables
area at both ends of the arch feet is increased by 0.4 m C50 concrete is used. Bridge’s elevation is
shown in Figure 2. The box-girder is 39 m of top width and 26.85 m of bottom width. The bi-directional
1.5% transverse slope of the deck is adjusted by the height change of the main girder web. The
hanger rods are arranged within the range of the middle box, and the main girder is set with
transverse diaphragms at each anchorage point of the hanger rods, the width of which is 0.35~0.65
m. Prestressed steel beams are arranged in the longitudinal and transverse beam, end beam and
middle beam of the main beam. The arch axis equation is a parabolic equation, and the ratio of
vector to span is F /L = 1/1.9, 1/2.7 and 1/3.9, respectively. The height of the vector is about 25 m,
16 m and 10 m respectively. The section width of the arch rings is 3 m, and the height of the three
spansis 1.5 m, 1.35 m and 1.2 m, respectively. The arch rings are made of C50 concrete with cast-
in-place supports. PES7-55 and PES7-73 normal suspenders are used for the suspenders. The
distance between the suspenders is 3.5 m, the safety factor of the suspenders is 2.5, and the tension
of the single suspenders is 900 kN~1500 kN. The pile foundation is made of bored pile with a
diameter of 150 cm, and the whole bridge has a total of 32 piles.
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Fig. 2 — Elevation of the arch bridge (unit: m)

25.0

The construction process is mainly in group of six steps: (1) Substructure and foundation
construction; (2) Set up the main girder support and cast the main girder; (3) Set up arch rings
support and pour arch rings; (4) Install the suspender, tension the suspender for the first time, and
remove the arch rings support; (5) Remove the main beam bracket and tension the suspender for
the second time; (6) Bridge deck construction, boom force adjustment. The specific construction
steps are shown in Figure 3.
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Fig. 3 — The specific construction steps
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Fig. 3 — The specific construction steps: (a) Step 1: Substructure and foundation construction; (b)
Step 2: Set up the girders brackets and cast the main girder; (c) Step 3: Set up arch rings support
and pour arch rings; (d) Step 4: Install the hangers, tension the hangers for the first time, and
remove the arch rings support; (e) Step 5: Remove the brackets and tension the hangers for the
second time; (f) Step 6: Bridge deck construction, hangers force adjustment

CONSTRUCTION MONITORING AND LOAD TEST

Continuous beam arch composite bridge presents excellent and stable economic indicators and
beautiful appearance which is more suitable for soft soil foundation because of its light structure and
no horizontal thrust outside [15-16]. The main arch bears the vertical load and the vertical cable force
of the bridge span. This is mainly because the design parameters used in the design, such as the
elastic modulus of materials, the dead weight of components and the temporary load of construction,
are not completely consistent with the parameters in the actual project. The construction of complex
bridge is a systematic project. In the system design is the ideal target, and from start to completion
of the whole to achieve goals, the design must go through the process, will be a lot of determination
and the influence of the uncertainty, including design calculation, material properties and
construction precision, load, atmospheric temperature, and many other aspects of the differences
between ideal state and actual state. How to find out the relative true value from various parameters
distorted by errors in construction and carry out real-time identification (monitoring), adjustment
(correction) and prediction of the construction state is crucial to the realization of the design goal [17-
18].

Finite element model (FEM)

As a software widely used in civil engineering, Midas/Civil is adopted to build the FEM of the
arch bridge. In order to facilitate the calculation, some elements in the model are simplified on the
basis of fully considering the construction sequence and the structure stress. Box-girders and arch
rings are girder elements, and the suspender is tensile structural elements. Figure 4 shows the FEM
of the tied arch bridge.

Fig. 4 — FEM of the tied arch bridge
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The definition of mechanical properties of different sections of pedestrian arch bridge in the FEM
is shown in Table 1. The box girders and arch rings are casted with C50 concrete. The cap and
abutment are made of C40 concrete, the pier and foundation are made of C30 concrete, and the
elastic modulus E = 3x10* MPa. The sling is composed of 61 high-strength steel wires with a tensile
strength of 1670 MPa. The standard yield strength of ordinary steel bar is 335 MPa.

Tab. 1 - Mechanical Properties Defined in the FEM

Compressive Tensile Strenath Modulus of
Structural Parts Material Strength (MPa) 9 Elasticity
(MPa) (MPa)
Box Girders, Arch | 54 concrete 22.4 1.83 3.45%10°
Rings
Bridge Abutments | C40 Concrete 18.4 1.65 3.25x10%
Bridge Piers, C30 Concrete 138 1.39 3.00x10*
Foundation

Suspenders OVM.PES7-61 - 1670 2.05%x10°

Prestressed ®15.2 Steel i 1860 )
Reinforcement Strand
Steel Bars HRB335 - 420 2.10x10°

Construction monitoring scheme
Position of measuring points

As shown in Figure 5, six test sections are arranged in the arch bridge. Concrete temperature
measurement is to test and monitor the temperature distribution of the whole pouring block, to
provide guidance for construction.

Measuring point arrangement of arch rings elevation is shown in Figure 6. Elevation observation
should be carried out in 33 sections where the arch rings, arch foot and suspender are located.
Therefore, there are 66 measuring points in the whole elevation. Permanent observation points are
set up at the top and foot of the arch. The data of these observation points are one of the most
important data in construction monitoring.

‘ “‘IW

@ Positions of Thermometers WV Positions of Elevation Observation Points
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Fig. 5 — Positions of measuring points  Fig. 6 — Measuring points for elevation of arch rings

Static load tests
Test contents

Based on the stress characteristics of the tied arch bridge, test sections are determined as the
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1/2, 1/4, 1/8, 3/4, and 7/8 span section. The test content and measuring points are shown in Table
2. Static load tests include vertical deflection, longitudinal displacement and strains of the girders. In
addition, the hangers force is also tested in the experiments. The placement of measuring points in

this static load test is shown in Figure 7.
Tab. 2 - Test Contents of Static Load Tests

Measuring Points Test Contents
N1-N6 Deflection of Girder
M1-M6 Lateral Strain of Girder

M7-M12 Vertical Strain of Girder
D1-D3 Hangers Force

Arrangement of test vehicles and measuring points

The layout of measuring points in static load test is shown in Figure 7. If the actual load of the
vehicle is inconsistent with the calculation and analysis, it will be adjusted in the later stage. The test
vehicles are planned to be 6 trucks each weighing 450kN, and the specific parameters are shown in

Table 3.

] Cable Area . “able Area
| Sideway Roadway . . Roadway Sideway l Sideway Roadway L_‘hIL ,«‘\r’u Roadway Sideway
MiZ=_
e o [ ] [ ] e o M7 = — — —
NI N2 N3 N4 N5 N6 MI M2 M3 M4 M5 Me6
@ Positions of Deflectometer — Positions of Strain Gauges
(@) (b)

H NN
D1 D2 D3

M Positions of Cable Dynamometer

(©)
Fig. 7 — The layout of measuring points in static load test :(a) Deflection measurement points;(b)
Strain measuring points; (c) Hangers force measuring points

Tab. 3 - Detailed Data of The Loading Vehicle

P1 P2 P3 A B C D
Front Rea_Lr Reqr 2 Wheelbase | Wheelbase | Wheelbase | Wheelbase
Axle 1AXxis AXxis
(kN) (kN) (kN) (cm) (cm) (cm) (cm)

40~80 | 90~130 | 90~130 | 130~145 330~430 300~500 180

The static test load loading method is to use the three-axle truck as the equivalent load.
Meanwhile, the equivalent load can generate the stress in the test process. Therefore, for a specific

©
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test section, the number of vehicles required to be loaded will be equivalent converted by the
designed load and according to the principal standard.

Test conditions

The static load tests of the tied arch bridge are divided into four working conditions by changing
the longitudinal position of the test vehicle on the bridge deck to ensure the load efficiency within the
specified range. Four test conditions are shown in Figure 8:

48.5 48.5
20 | 22.0
T
Sideway Sideway
e - e
S - e v— ) - adway
2% $ - Roadway o :.f Roadway
S —— | o N -
t Cable Area - L - Cable Area |
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[N W P b S
I e -
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Fig. 8 — Four loading conditions of static load test: (a) Test condition 1. Maximum positive bending
moment of the first span under symmetric loading; (b) Test condition 2: Maximum positive bending
moment of the first span under eccentric loading; (c) Test condition 3: Maximum positive bending
moment of the second span under symmetric loading; (d) Test condition 4: Maximum positive
bending moment of the second span under eccentric loading.

Dynamic load test

Dynamic load tests are to understand the dynamic characteristics of the tied arch bridge from
many measured data and signals, and comprehensively evaluate the dynamic characteristics of the
bridge. The internal laws of bridge structure vibration are revealed to judge the actual working state.
Meanwhile, original data are also accumulated for the structural evaluation in the service phase. In
addition, the time history curves of various vibration parameters can be obtained. Due to the vibration
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of the real bridge structures are often complex, are generally not random, directly according to the
signal or data to analyze and judge the regularity of structural vibration is difficult, usually need to
analyze the vibration waveform and processing, in order to do further analysis for structure dynamic
performance, can draw such as amplitude, parameters such as damping ratio, coefficient of vibration
mode, impact [19-23]. Frequency domain analysis is to reveal the frequency of the signal
components and transfer characteristics of vibration system. Then the distribution of vibration energy
can be found by frequency, so as to determine the frequency and frequency distribution
characteristics of the bridge. It is concluded that the vibration quantity after, can be in accordance
with the relevant index comprehensive evaluation of the dynamic properties of bridge structure. The
layout of dynamic load test points is shown in Figure 9. Bridge dynamic load test adopts the bridge
dynamic data acquisition system produced by Donghua Test Technology Co., LTD. The acquisition
system model is DH5937.

Handrail

Roadway
o o [
Pier 2# Pier 3#
@ Position

Fig. 9 — Layout of dynamic load test points

CONSTRUCTION MONITORING RESULTS

Temperature monitoring results

The test results of temperature monitoring are shown in Figure 10. The observed maximum
temperature of the main girder can reach 34.4 °C and the lowest temperature is 0.2 °C; the observed
maximum temperature of the roof can reach 38.1 °C and the lowest temperature is -3.8 °C. The
temperature change trend is very regular after the girders concrete poured. After the arch rings
concrete poured, the temperature of the tied arch bridge varied within a reasonable range. The
temperature changes of the whole bridge are in accordance with the natural conditions, and the
structure of the whole bridge is safe and stable.
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Fig. 10 — Temperature monitoring test results

Arch rings linear monitoring results

Monitoring results of arch rings elevation are shown in Figure 11. The figure shows the elevation
data of the arch rings before and after the disassembly of the arch rings support. The largest
elevation difference of the arch rings is at the 1-3# suspender section, the 1-2# suspender section
and the 2-3# suspender section in turn, of which the difference of the 1-2# suspender is 1.4cm at
most, followed by the 1-3# with 1.3 cm and the 2-3# with 1.2cm respectively. Generally speaking,
the elevation of the arch rings changes little before and after the disassembly of the support, which
meets the requirements of design and construction safety.

[—=— with the Support
35 4 - 0 —without the Support

Elevation of the Arch Ring
5] > s
<‘\

F 1-11 1

osition of Measure Point

Fig. 11 — Monitoring results of arch rings elevation

Monitoring results of hangers’ force

Comparison of measured hangers force and target force under bridge completion is shown in
Figure 12. The hangers force line of the suspender is similar to the elevation curve of the arch rings,
and it can be clearly seen that the column chart presents three arcs. The hanger force of D6 is the
largest, reaching 824.8 kN, slightly less than the target force of 828.6 kN. The hanger force of the
D29 is the smallest, only 325.1 kN, which is also smaller than the target cable force of 325.9 kN. In
the second span, the measured force is slightly larger than the target force. But in general, there is
minor division between the measured force and the designed force in the completed bridge.
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Fig. 12 — Monitoring results of hangers’ force

LOAD TEST RESULTS

Static load test results
Girder deflection test results

Test results of main girder deflection are shown in Figure 13. From the direction of the deflection
measurement points, the measured value reaches the maximum at N3 under working condition 1,
which is 2.9 mm, lower than the theoretical value of 3.06 mm. The deflection curves under working
conditions 2 and 4 decrease in turn in the direction of the transverse bridge under the test load, and
reach the minimum deflection of 2.54 mm and 1.54 mm at N6, and the maximum deflection of 3.77
mm and 2.69 mm at N1, respectively. Under working condition 3, the measured deflection at N3 has
a maximum value of 2.2 mm. The measured deflection values of the mid-span section of the main
girder of the test holes are all less than the theoretical calculated values, and the deflection check
coefficient is between 0.53 and 0.89, which indicates that the bearing capacity of the structure meets
the design requirements. Besides, the residual deflection is less than 20%.
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Fig. 13 — Comparison of measured and theoretical values of main girder deflection

Strain test results of girder
As shown in Figure 14, four curves represent the variation rule of main girder strain under four
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working conditions. Under the load of test conditions 1 and 3, the transverse strain of the main girder
presents a trapezoidal distribution. Under test condition 1, the measured values of M3 and M4 are
the largest, which are 55 and 60 respectively, less than the theoretical value 86. Under working
condition 3, the transverse strain of measuring points M3 and M4 is also larger than that of other
measuring points upward of the main girder transverse bridge. However, the measured value is still
less than the theoretical value. Under the four working conditions, the measured values of the
transverse strain of the main girder are all less than the theoretical values. As a result, all tested
girders are in the state of tension, which meets the designed requirements.
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Fig. 14 — Comparison between measured and theoretical values of transverse strain of main girder

Test results of vertical strain of main girder are shown in Figure 15. The measured and
theoretical values of M7~M12 are decreasing under the four working conditions. The maximum
measured vertical strain of measuring point M7 under four working conditions is 30, 65, 35, 65, 65
respectively. Under working condition 1, the minimum vertical strain of the main girder is -60 of the
measuring point M12, indicating that the measuring point is under pressure at this time. The strains
the vertical measuring point is between -60 and 65 under the test condition 2. The measured
minimum value of the measuring point M12 is -20, and the maximum value is 35 of the measuring
point M7 in the test condition 3. Under the test condition 4, the measured minimum strain of M12 is
-60, and the maximum strain is 65. Under the four test conditions, the measured transverse strains
are less than the theoretical strains. Besides, the decline rate of test conditions 2 and 4 is greater
than that of conditions 1 and 3.
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Fig. 15 — Comparison of measured and theoretical vertical strain values of main girder
Test results of hangers’ force

Test results of hangers’ force are shown in Table 4. Under test condition 2, the difference
between the measured and theoretical values of D2 is the largest. Compared with the theoretical
value of 93 kN, the measured value of D2 suspender is only 66 kN, and its difference is 27 kN.
Meanwhile, the check coefficient of hangers’ force increment is 0.71. The second is the hanger force
at position D2 under test conditions 1 and 3 respectively. In these two test conditions, the check
coefficient at positions D1 and D2 is 0.73. Then the difference between the theoretical force and the
measured force is 26 kN and 21 kN, respectively. In the whole static load test, the difference between
the theoretical value and the measured value of the hanger force is obvious, but the increment check
coefficient of the cable force at several measuring points is between 0.71 and 0.83, which achieves
the designed standards.

Tab. 4 -Test Results of Suspender Force

Work_i_ng Position Theoretical Measured Testipg
Condition Value (KN) Value (KN) Coefficients
D1 92 72 0.78
Condition 1 D2 95 69 0.73
D3 94 77 0.82
D1 90 75 0.83
Condition 2 D2 93 66 0.71
D3 92 74 0.8
D1 80 60 0.75
Condition 3 D2 78 57 0.73
D3 80 65 0.81
D1 77 58 0.75
Condition 4 D2 81 60 0.74
D3 80 66 0.83

Dynamic load test results

The test results of dynamic load test including pulsation test, 5 km/h, 10 km/h and 20 km/h are
shown in Figure 16. The pulsation curve and frequency waveform are measured by velocity sensor
on the deck of tied arch bridge. The third span natural vibration frequency was in 12.55 Hz~17.10
Hz. The measured frequency is all larger than the theoretical frequency of 10.93 Hz, which proves
that the tied arch bridge has a adequate stiffness actually.
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Fig. 16 — The test results of dynamic load tests:(a) Natural frequency spectrum of the second span
of the west bridge in the pulsation test; (b) Natural spectrum diagram of bridge in the 5 km/h
running test (F =14.63 Hz); (c) Natural spectrum diagram of bridge in the 5 km/h running test (F =
16.31Hz); (d) Natural spectrum diagram of bridge in the 5 km/h running test (F = 17.10 Hz)

CONCLUSION

(1) The largest elevation difference of the arch rings is at the 1-3# suspender section, the 1-2#
suspender section and the 2-3# suspender section in turn, of which the difference of the 1-2#
suspender is 1.4cm at most, followed by the 1-3# with 1.3 cm and the 2-3# with 1.2cm respectively.
The arch ring elevation changes little before and after the removal of the support, indicating that the
weight of the main beam is borne by the derrick and the main beam.

(2) The hangers force line of the suspender is similar to the elevation curve of the arch rings,
and it can be clearly seen that the column chart presents three arcs. The hanger force of D6 is the
largest, reaching 824.8 kN, slightly less than the target force of 828.6 kN. The hanger force of the
D29 is the smallest, only 325.1 kN, which is also smaller than the target cable force of 325.9 kN. In
the second span, the measured force is slightly larger than the target force. There is minor division
between the measured force and the designed force in the completed bridge.

3 Measured strain of the bridge under the test conditions is basically linear in the direction of
the beam height, indicating that the structure basically conforms to the assumption of the plane
section when working. The measured deflection of the mid-span girder is always less than the
calculation values, and the deflection is between 1.54~3.40 mm, indicated that the stiffness of the
box-girders meets the designed standards. Natural vibration frequency of the tied arch bridge was
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measured between 12.55 Hz and 19.55 Hz by the pulsation test. At the same time, the measured
data are all greater than the theoretical value of 10.93 Hz. The dynamic load test shows that the
stiffness meets the requirements. The load tests have achieved an expected purpose.
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ABSTRACT

Geospatial monitoring of historic buildings has a valuable meaning for their restoration
and preservation measures. The preparation and accomplishment of such monitoring have their
features and cannot be standardized. Therefore, in each particular case, monitoring is carried out
for specific requirements and conditions. The paper presents the results of geospatial monitoring
for a part of the UNESCO object Kyiv-Pechersk Lavra. The primary subject of geospatial
monitoring is a retaining wall known as the Debosquette Wall. The wall was built in the XVIII
century and underwent restoration in 2014. A geospatial monitoring system has been established
to prevent undesirable damage and displacements. Assigning the necessary observation
accuracy for such a complex object is difficult. In the paper, the modern approach to observation
accuracy calculation has been suggested and studied. The approach is based on the application
of structural mechanics principles. The structural analysis of the Debosquette Wall has been
accomplished. The output of the analysis was applied to calculate the required observation
accuracy. The geospatial network and monitoring scheme were developed based on the
calculated accuracy. The monitoring proceeded for half a year in 2012-2013, was interrupted for
one year, and kept on in 2015. The primary stress was made on the horizontal displacements in
that these displacements are the primary threats to the wall stability. The in-depth analysis of the
monitoring results has been accomplished. It was found that the displacements have stayed within
the allowable values. The developed monitoring approach is recommended for similar projects.

KEYWORDS

Retaining wall, Geospatial monitoring, Observation accuracy, Horizontal displacement,
Displacement direction
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INTRODUCTION

Geospatial monitoring has become an essential part of most engineering projects. The
role and goal of geospatial monitoring depend on the studied structure. Particular attention should
be paid to monitoring tasks for historic buildings, especially at the restoration stage. Numerous
studies have investigated various monitoring methods depending on the displacements to be
measured (vertical, horizontal, or spatial). These methods include different types of leveling,
traverses, GNSS, laser scanning, photogrammetry, INSAR, sensors, and their combinations [1-
13]. The application of these methods has its pros and cons. However, a number of recent studies
have shown that any of these methods can be successfully applied to monitor historic buildings
[14-25]. In general, geospatial monitoring of engineering structures contains well-known stages,
namely design, target setup, geodetic network creation, observations, data processing, and
analysis. This list of stages is well-described in a bunch of papers, reports, and textbooks, e.g.,
[26,27]. In the case of historic building monitoring, the first stage requires special attention. The
design stage supposes the development of recommendations for observation accuracy, network
geometry, and observation scheme. Historic buildings stand out in their complex geometry,
different and even unknown construction materials, and adverse construction conditions (poorly
understood geology, unaccounted loads, etc.). Such conditions lead to an issue of correct
accuracy assignment for observations. The traditional approach for accuracy assignment was
worked out for typical structures with preliminary known geometry, construction scheme,
materials, and loads. Obviously, this case is not applicable to historic buildings. The conditions
get complicated in the case of monitoring such complex structures as retaining walls. Retaining
walls are used to protect the surrounding structures from possible hill collapse and serve to
support the structures placed on the hill. Mostly, retaining walls are considered a kind of anti-
landslide structure. Typically, the same methods and approaches are applied for monitoring
retaining walls as in a general case. Different studies of monitoring methods for retaining walls
have been considered in [28-36]. In our case, the main challenge is monitoring the historic
retaining wall. The main theoretical issue that has to be solved is the correct observation accuracy
assignment. This task has not been addressed yet in the considered publications. The correct
accuracy also serves for the analysis of monitoring results, being that by comparing the allowable
accuracy with measured displacements, we may infer the significance of the displacements.
Therefore, the paper aimed at the theoretical study of accuracy assignment for monitoring
historical retaining walls and practical implementation of the obtained accuracy for monitoring
results analysis. The rest of the paper contains a description of the study object, theoretical
background for the suggested accuracy assignment approach, a description of monitoring
workflow, results of accuracy calculation by the suggested approach, and, finally, the analysis of
monitoring results.

MATERIAL AND METHODS

Monitoring object

Kyiv-Pechersk Lavra is one of the astonishing structures of Kyiv city and a world-renowned
center of Orthodox Christianity. The Lavra is a complex of various historical structures, including
churches, towers, caves, overpasses, and retaining walls. In total, more than fifty structures
(Figure 1).
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Fig. 1 — General view of the Kyiv-Pechersk Lavra with the Debosquette Wall in front [37]

The history of the Lavra commenced in 1051 when the first complex of cave monasteries
was built. The complex developed over many centuries until XIX C. In 1990, the Lavra complex
was listed by UNESCO. The main buildings of the Lavra ensemble are the Dormition Cathedral,
the Trinity Gate Church, the Great Bell Tower, the Church of All Saints, the Refectory Church, the
monastery fortified walls with towers, the cave complexes of St. Anthony (Near) and St. Theodosy
(Far) with surface churches, the Exaltation of the Cross and the Nativity of the Virgin and the
Church of the Saviour on Berestove [38]. Among the fortified walls, the Debosquette Wall is of
great interest [39] (Figure 2).
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Fig. 2 — General view of the Debosquette Wall [39]

The wall was built in XVIII C. The total length of the wall exceeds 100 m (Figure 3). Initially,
the wall was intended to reinforce the southeast hill of the Near Caves territories. In 1816, two
made of bricks rotundas were built at the top of the Debosquette Wall [40].
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Fig. 3 — Horizontal sketch of the Debosquette Wall

Since its construction as a fortified structure, the primary purpose of the wall has changed.
Today, the primary role of the Debosquette Wall is the anti-landslide structure. Therefore, by its
functionality, the Debosquette Wall can be treated as a retaining wall that bears the load from a
hill, structures emplaced on the hill and prevents them from collapsing. In 2011, the Ukrainian
government decided to reconstruct and restore the Debosquette Wall. According to the
reconstruction project, complex geospatial monitoring of the wall was envisaged. The goal of the
monitoring was to establish the possible displacements of the wall during and right after the
restoration works with appropriate accuracy.

Method for monitoring accuracy assignment

Insofar as the monitoring must be accomplished with necessary accuracy, the correct
assignment of the accuracy is of great importance. On the other hand, any historical structure is
unique, and there is no general approach to monitoring accuracy determination. This is why,
before geospatial monitoring works, the appropriate method for accuracy determination has to be
developed. It is worth mentioning that the primary attention has to be paid to horizontal
displacements for retaining walls. Vertical displacements are typically insignificant. Thus, the
method considered below is intended for the accuracy of horizontal displacement determination.

Let us consider the suggested approach for accuracy determination. The right way is the
application of structural mechanics principles and approaches. The method presented below
further develops the concept suggested in [41,42]. We may consider the wall a vertical cantilever
beam clamped at one side and free on another. Under this premise, the deflection will have a
maximum value at the top of the wall. Different loads affect the retaining wall. One may find a
detailed description of the loads and their relationships in [43]. For our case, we may use the
simple model where the main forces are given in Figure 4.
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Fig. 4 — Forces acting on a retaining wall

A cantilever retaining wall in Figure 4 must resist both overturning and sliding. In structural
mechanics, the normative loads are multiplied by the reliability coefficient. On average, the value
of the reliability coefficient can be accepted equals 1.2. In other words, it means that standard
loads can exceed the normative loads by 20%. The loads' effect can be presented throughout the
overturning moment M,, which tends to overturn the wall, and sliding force Fs, which tends to
move the wall. In terms of the moment, force, and reliability coefficient, we may write down the
conditions for allowable deviations in the overturning moment and sliding force. In general, the
inequalities

M,y < Mg, Fs < Fg, (1)

establish the stability conditions, where My, Fr are resisting moment and resisting force. On the
other hand, by applying the reliability coefficient, we get

AMI* < 0.2M, AF™®* < 0.2F; )

Therefore, the values AMj*** and AF{"** can be treated as additional unpredictable loads
that lead to the structure displacement. If we convert the additional loads to displacements &, we
may calculate the necessary accuracy m by using the expression

m < 0.26. 3)

The value m in (3) ensures the observation accuracy for which we can reliably determine
the displacements invoked by the additional loads. Thus, the determined displacements will not
be distorted by observation accuracy. To calculate the displacement &, the expressions for the
cantilever beam can be used with sufficient accuracy. For the case of distributed force q, given
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Young’s modulus E and the moment of inertia of the wall’s cross-section I, we have [43,44] for
the maximum displacement:

_at
~ 8El

(4)
for the displacement at any point:

1?2(6L2—4Ll+1?
s = % (5)

for a slope at any point:

ql(3L2-3L1+1?)

o(1) = — L) (6)

For the case of moment, we have a maximum displacement:

§ =120 W)
for the displacement at any point:
5 = i< ®)
-2 (1-2).1>
for a slope at any point:
o= |75 ©
Ma >a,

EI '’
where a is a lever arm distance for the moment.

The figures obtained by the expressions (2), (3), (4), (6), (7), and (9) will be provided in
the next section.

Accuracy calculation

In the previous section, the method for monitoring accuracy assignment has been
suggested. The method allows assigning the accuracy for horizontal displacement determination.
Using the necessary initial parameters, one is able to calculate the overturning moment and
sliding force for the particular wall. Based on these values, we may calculate the allowable
displacement. Let us find out how the suggested method works for the Debosquette Wall. The
main initial parameters for calculation are outlined in Table 1. The backfill soil type is stiff clay.

Tab. 1 - Initial data for analysis

Parameter Value Parameter Value
Moment of inertia 1125 m* Soil unit weight 13 kN/m®
Young's modulus 50 MPa Soil friction angle 30 deg

wall height 15m Wall material 20 MPa

strength

@ DOI 10.14311/CEJ.2023.03.0024 319



Article no. 24

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 3-2023

JOURNAL

Using these data, the overturning moment and sliding force and their allowable deviations
were calculated:

kN
Mo = 3130 kN -m, Fs = 655—,

kN
AMZ = 626 kN -m, AR = 131—.

Now, it is possible to use the expressions (4), (6), (7), and (9) to calculate the
displacements due to the overturning moment and sliding force. The displacement and slope
graphs for the overturning moment and sliding force are presented in Figure 5 and Figure 6, as
well as the moment diagrams for both cases.
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Fig. 5 — Overturning moment effect
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Fig. 6 — Sliding force effect

We may apply the superposition method to calculate the final displacement, which gives
a preliminary result for a displacement of 15.44 mm. For monitoring accuracy calculation, this
approximation provides reasonable output. Therefore, the observation accuracy will

m=0.2-15.44 = 3.1 mm.

This value was used as reference accuracy for developing the observation scheme and
measurement equipment choice. The chosen equipment for measurements is capable of ensuring
the determined accuracy. The estimated value of the total displacement § was applied for
measurement result analysis.
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Monitoring scheme

Geospatial monitoring has been accomplished separately for vertical and horizontal
displacements. To these aims, two different monitoring networks were created. For the horizontal
monitoring network, the Kyiv city coordinate system was adopted. GNSS observations referenced
the point of beginning for the horizontal network to the city coordinate system. In what follows, the
initial coordinates were accepted unchanged. All points of the horizontal monitoring network were
permanently mounted by tube pillars with screw holes for precise centering of total stations and
targets. The scheme of the harizontal network is given in Figure 7. The distances and angles were
measured by Leica TCR 1201+ R400 total station, which has an angle measurement error +1
sec, and distance measurement error +£1 mm + 1.5 ppm. The distances and angles were
measured with six repetitions. The network was checked with control measurements for each
observation epoch to control network point displacements. Deformation targets were mounted
onto the wall along three levels (see Figures 8 and 9). The bottom-level targets (Rpl — Rp23)
were used both for vertical and horizontal displacement determination. In total, sixty-three targets
were mounted.

Fig. 8 — Scheme of the deformation targets (southern facade)
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Fig. 9 — Scheme of the deformation targets (southeastern facade)

The vertical monitoring network was referenced to the benchmarks of the city height
system using standard leveling procedures. The scheme of the vertical monitoring network is
given in Figure 10.

Fig. 10 — Scheme of the vertical monitoring network

Points of beginning for the vertical network were placed outside the region of possible
deformations. Levelling lines were run in forward and inverse directions. The precise level DL-
101C (levelling error for one kilometer of a double run is + 0.4 mm) and coded invar level rods
were used. Lines of sight were in a range of 25 m.

The results of monitoring will be presented in the next section. But one remark has to be
provided. It was determined that vertical displacements were insignificant during the monitoring
period. The maximum value was detected for target Rp 23 and equals -3 mm. That is why only
horizontal displacements will be considered and analyzed in what follows.
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RESULTS

Monitoring results

The monitoring was carried out according to the schemes considered in the previous
section. The observation accuracy corresponded to the value calculated before. The dataset for
monitoring the Debosquette Wall spans the period from 05.11.2012 until 13.05.2015p. During that
time interval, twenty observations were accomplished. As it was mentioned, the main concern
was horizontal displacements. Below, the horizontal displacements for different deformation
targets are presented.

1
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Fig. 11 — Horizontal displacements for deformation targets Rpl — Rp25
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Fig. 12 — Main characteristics of the deformation process for targets Rpl — Rp25
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In Figure 11, the mean displacement for each observation epoch is given aside from the
horizontal displacements. Figure 12 shows each deformation target's mean, maximum, and final
displacement. The same content is given in Figure 13 — Figure 16 but for different deformation
targets.
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Fig. 13 — Horizontal displacements for deformation targets 1 — 115
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Fig. 14 — Main characteristics of the deformation process for targets 1 — 115
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Fig. 16 — Main characteristics of the deformation process for targets M1 — M28

The results presented in Figure 11 — Figure 16 yielded some interesting findings. Firstly,
the largest displacements have reached the targets in the bottom of the Debosquette Wall, namely
7 mm for the targets Rpl1, Rp4, Rp10, Rpl5, Rpl16; 8 mm for the targets Rp8, Rpl17, and 9 mm
for the targets Rp7, Rp12. Just a few targets in the middle and at the top of the retaining wall had
significant horizontal displacements, specifically 7 mm for the targets N2, N7, M1, M6, M10, M18,
and 8 mm for the targets M4, M11. Secondly, none of the displacements reached the critical value
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of 15 mm. Thirdly, the last observation epochs have shown that the displacements tend to
increase after the reconstruction. That is especially clear in Figure 11 and Figure 13. The latter
inference makes indispensable further monitoring both for vertical and horizontal displacements.

CONCLUSION

Current research appears to validate the view that the geospatial monitoring of historic
structures is a unique process. Performing geospatial monitoring needs a neat approach and
correct estimation of the task and solutions. The paper considered the particular case of the
geospatial monitoring of historic retaining walls before and after their reconstruction. The crucial
point of such monitoring is a correct observation accuracy assignment. It was suggested to assign
the proper accuracy using principles of structural mechanics. The aim of this approach is twofold:
to determine the necessary observation accuracy and to obtain the correct criterion for monitoring
data analysis. The appropriate monitoring workflow was suggested and implemented based on
the calculated accuracy. Thanks to the correct choice of monitoring accuracy, the high reliability
of the measurements was ensured. The results of monitoring have confirmed the relative stability
of the studied historic structure. However, the displacements tend to increase, which requires
monitoring to keep on. Future studies will have to further the fusion of structural mechanics and
applied geodesy for monitoring tasks.
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ABSTRACT

To calculate the compressive strength (CS) of concrete, it is necessary to investigate Ultra-
High-Performance Concrete (UHPC) in terms of its components and their quantities. Empirical
analysis of relationships between constituents can be more time- and money-consuming. The CS
can now be evaluated based on the composition of the ingredients thanks to intelligent systems.
Additionally, it is advisable to promote the use of eco-friendly materials in concrete, one of the most
commonly used materials in the world. The CS of UHPC was attempted to model in this study. The
CS of concrete has been simulated using Support Vector Regression (SVR), a Machine Learning
(ML) technique that is compatible with Particle Swarm Optimisation (PSO) and Henry's Gas
Solubility Optimisation (HGSO0), based on various materials used in the construction present article.
The CS values were determined through the testing of eight components. The modeling process was
evaluated using a variety of metrics. In this regard, the test phase modeling's root-mean-square error
(RMSE) for SVR — HGSO was 8.45, while it was 9.23 for SVR — PSO. SVR — HGSO's RMSE rate for
the training phase was calculated at 10.15, which is 3.3 percent higher than SVR — PSO's RMSE of
10.49.

KEYWORDS

Compressive strength, Support vector regression, Ultra-High-Performance Concrete,
Particle swarm optimization, Henry’s Gas Solubility Optimization

INTRODUCTION

Superior mechanisms and persistence capabilities, like self-compactness, in constructions,
compressive strength (CS) of more than 150 Mpa, and exceptional durability in any challenging
environments, use Ultra-High-Performance Concrete (UHPC) as a suitable material [1]-[4].
Reducing the cement and micro-silica content significantly lowers costs and C0O2 emissions, even
despite the high initial cost and negative environmental impact, the practical qualities and extended
service life compared to conventional or high-strength concrete are justifiable. Cement reduction,
which is crucial in this regard, can boost the construction industry's sustainability by resulting in more
environmentally friendly structures [5]. Numerous studies have recently examined UHPC usage and
behaviour [6], where UHPC typically displays CS that range from 150 MPa to 810 MPa [7]-[9].
Researchers are interested in using materials like micro-silica, fly ash, metakaolin, and nano-silica
in the design of concrete mixtures. Furthermore, since the assets are used to address various
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aspects of the concrete and the design of the concretes is primarily based on €S, comparing their
effects on the mechanical features of concrete has the greatest interest [10], [11].

The Portland cement-like fly ash helps produce concrete with less water by having a shape
and size similar to Portland cement. Fly ash and superplasticizers are best blended to enhance the
mechanical properties of concrete, particularly its CS. The cost, durability, workability, and water
permeability of concrete, on the other hand, are all significantly impacted by the addition of fly ash.
Fly ash is frequently used to replace sticky substances in construction projects. While highlighting
the environmental advantages, using fly ash in concrete mixtures lowers the risk of contamination
[12]-[14]. Fly ash can replace 20- 50% of the total adhesion of concrete and can even be increased
to 60% if the initial strength of the concrete is a crucial factor [15], [16].

Concrete with a similar shape to pozzolan is mixed with a different amount of cement,
changing how practical concrete behaves [17]-[20]. Because of the silica fumes' small particle size,
it can serve as both a filler and a pozzolan in the concrete mixture [21]. The concrete's short-term
(28 — day) CS would be improved despite the increasing proportion of silica fume inside the concrete
that reduces the concrete's ability to be worked [22]. It is not always possible to determine with
absolute certainty which silica fume will achieve the best CS. To increase the CS of concrete,
researchers substitute various percentages of silica fume [23], [24]. Since the particles are smaller
than those of cement, the silica vapour reaction improves the properties of concrete similarly to
pozzolan [25]-[30]. Micro-silica with superplasticizers improves CS in the context of fly ash by
lowering porosity [31].

The use of Machine Learning (ML) techniques in civil engineering is very widespread. Such
solutions have the researchers’ view for appraising concrete properties [32]-[35]. The UHPC
presence entails more progress in modeling with Artificial Intelligence (AI) for knowing the behavior
of concrete overloading. Many methods to model the performance of UHPC have been successfully
introduced by experts in several studies [36]-[38]. These techniques depend on a dataset to create
a trustworthy model, and the accuracy of their results depends on the species discovered through
experimentation or the dataset drawn from the literature. One study included sugarcane bagasse
ash and used a gene expression program to estimate the CS of concrete [39]. By contrasting the
model's output with empirical strength measurements, the accuracy of the model was determined.
In other research, a framework for evaluating the compressive strength of cement made of nano-
and micro-silica was developed using genetic programming [40]. One study proposed a silica fume-
based model for predicting the CS of concrete [41]. To lessen the expense and complexity of the
developed model, they used Artificial Neural Networks (ANN) and had the grey wolf optimisation
algorithm (GW0) algorithm optimise their model.

In the current study, a ML method based on the Support Vector Regression (SVR) method is
investigated. This method makes use of the algorithms to predict the CS of concrete. In this regard,
Particle Swarm Optimisation (PS0O) and Henry's Gas Solubility Optimisation (HGS0), two novel
optimization algorithms, are used to more accurately model the CS of UHPC. R?, VAF, OBJ, and MAE
are four indices that are used to assess the modeling process; they are thoroughly introduced in
Table 3.

From a paper on UHPC, CS studies, an experimental research dataset with numerous
parameters is gathered [42]-[44]. Ingredients needed to produce high UHPC is 1) fine powders (silica
fume crushed, nano-silica, and quartzite), 2) lower water/binder ratio (below 0.2), 3) cement (more
than 800 kg/m3); 4) high range water-reducing admixture, and 5) steel fibers as well as polyethylene
fibers [45].

Therefore, coupled frameworks of SVR — PSO and SVR — HGSO attempt to feed on data of
ingredients of concrete and target values of CS and then generate the UHPC persistence rates with
various ingredients. The specific information needed for modeling is displayed in the following
section.
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MATERIALS AND METHODOLOGY

The clear methods provided in this sector are required for the probe of models that attempt
to the results of ingredient compositions should be estimated in terms of CS for UHPC. Two potent
optimization algorithms work in tandem with the capable SVR to avoid estimating the necessary
parameters while locating the best modeling framework. To improve the accuracy of simulating the
CS of various sample compositions, the SVR — PSO and SVR — HGSO have been developed. For
samples, the data published in [42]-[44] are available. Table 1 provides a brief overview of the
information gathered from 110 experimental samples in this regard. The various CSs of each sample
are produced by combining the aforementioned ingredients in different amounts.

Simulating their resistance is modeled with the mathematical solutions elaborated on in this
section. Also, Fig. 1 exhibits the CS derived from the various mixtures of items presented in Table 1,
in which each colorful string represents one sample out of 110 samples.

Tab.1 - Input and target data for predictive models

Ingredient Unit Symbol Statistical measurements
Min Max Mean Median St.dev
Cement (kg/m?®) CE 383 1600 879.7 786 329.8
Silica fume (kg/m3) S 30 367.95 192 196 94.6
Fly ash (kg/m?®) FA 120 448 33 120 72.7
Sand (kg/m?) SA 292 1898 980 1107 513.8
Steel fiber (kg/m?®) SF 2 470 39 8 74.8
Quartz powder (kg/m®) QP 203.3 750 36.9 211 125.9
Water (kg/m3) WA 109 3345 197.1 185.3 54.3
Admixture (kg/m3) AD 4 185 31.9 30.1 28.2
Compressive strength (MPa) CcS 95 240 152.2 147.9 31.5

240, 335 368 448 1898 470 750 185, CS (MPa)
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Fig. 1 — The compressive strength of various mixtures of ingredients

Henry’s gas solubility optimization algorithm, HGSO

Henry's Law of Physics is used to construct the HGSO [46]. The aforementioned regulation
was developed by the maximum amount of dissolved solute envisioned at a specific pressure and
temperature level [47]. Applying the aforementioned rule makes it possible to demonstrate the
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solubility of low-soluble gases in the unique solvent. The ability of solubility has been largely
influenced by temperature and pressure; for gases, the pressure parameter is reduced by increasing
the temperature variable, and the relationship is appropriate for solids. Pressure's incremental trend
contributes to an increase in solubility [48]. The gas and the pertinent solubility were used in the
study by Hashemian et al. to develop the Henry law [46]. The following lists the steps needed for
HGSO:

1- Establishing the precise location and quantity of gases (creating the initial population).

2- Creating population classes based on gas type characteristics.

3- figuring out the cost of the classes, selecting them, and selecting the ones with the best

results to assign appropriate conditions.
4- Updating the coefficients of Henry's law.

e 1=y L) 8

T(¢) = e(er) )

In which the H; shows the Henry law coefficient for class j .C; and T? Alternatively, exhibit a

random and constant number of [0 to 1]. Also, the variables of iter and t represent, respectively,
the number of iterations in the queue and temperature.
5- Update of the factor of solubility using Eq. (3).

Si,j(t) =KXH](t+1) XPi‘j(t) (3)

where K displays a constant value; P; ;(t) and S; ; represent the solubility and pressure of gas i

in the class of j, alternatively.
6-  Next, the location of the primitive population is updated using Eq.s (4,5).

Xij(t+1) = X, () + F x 7 Xy % (X pest (6) = Xy (1))

(4)
+ F x5 ax (Pyj(t) X Xpest (8) = X (1))
_Fpest(t)te
y — B X e( Fi,j(t)‘l'g > +¢ (5)

In which X;; describes where the gas of i in the class of j. Variables of F;; and Fj.;
demonstrates the population in cluster j and the best cost of petrol i. Parameters of X; posr and Xpes¢
indicate, instead, the preferred gas in the class of j and the population. Additionally, the r parameter
displays a random number between [0 and 1]. @« and £ , as a fixed number, are determined 1 as well
as ¢, which is 0.05. y additionally displays the probable interaction between the gases.

7- To satisfy the regional minimum trapping standards, the worst petrol number is assigned.

N, = N X (rand(C, — C,) + C;) (6)

In which, ¢; and C, are fixed, as 0.1 and 0.2, alternatively, and the N shows the population.
8- The worst gas location can be calculated with Eq. (7).

Gij = Guing,jy + 7 % (Guax(i,jy = Guingij)) (7)

In which Gy, and Gy, are, respectively, the lower and upper boundaries. The variable of G; ;
denotes the gas i location in the class of j.
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Particle swarm optimization algorithm, PSO

Known as a population-based solution, the PSO algorithm. PSO was created with an eye
toward the feedback of animal group interactions. Essentially, this approach was proposed in a study
that Kennedy et al. [49], who elaborated it extensively [S50]-[53]. This makes the location and the
velocity parameter essential components of population control. The first of two scoring schemes is
taken into consideration, and the best global position is the one that best fits the placement of the
particles. To reach the maximum number of iterations, particle location, and velocity are determined
iteratively. Updates to the locations and velocities are made by the equations below.

P.vl" = WP. vfj””ent + Cy7ry(P.p. best]*” — 8
P-picjyrrent )+C2,r.2 (Global. bestl(:]urrent _ P. piC]‘.U,TTent) ( )

P p,n,ew =p pgyrrent 4 p.ylew (9)
.Dij . Di Uy
where W stands for the inertia factor. P.,, and P, display the position and speed of the particles. The
accidental number of (0to 1) is represented by the variables r, and r,. C; and C, are used to
calculate the acceleration factors for local and global learning, respectively. The best solutions from
all swarms are represented by the Global best variable.

Support Vector Regression, SVR

SVR, was introduced to classify regression problems [54]. Support vector machine (SVM)
regression refers to a SVR machine that uses a tolerance region (&) to determine a regression. In
the SVR approach, regression class classification is utilized to design a hyperplane optimized. To
find answers to questions about regression and to create the following features, SVR was combined
with supervised learning techniques [55]:

; 1 m . 10
mingy =5 WI? + €Y " (660 4o

yi— Wlx; +b) <e+§;
sit. SWlx;+b)—y; <e+§&
§uéi =0
The specifications of w, C, b, &, and ¢, alternately represent the bias, amount of boundary

exceeding, coefficient weight, queue regularisation factor, and rate of deviation from the hyper-plane.
Two concepts are included in the function of fithess:

1 11
> Iw? -

L (12)
). G+

Equation (11) was used to maintain the distance between the sample and the hyperplane
while modifying Equation (12) to widen the gap between the sample and the hyperplane. When
creating a function with a hyperplane target, appropriate values of b and w were gathered. To
achieve the desired outcome for this study, a quadratic objective function was used [56]. The main
responsibility of the SVR has been to determine the defining parameters in the optimal levels (e,
sigma, and C) that are indicated in Table 2.
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Tab. 2 — The determining variables’ magnitudes of each optimizer
SVR - HGSO SVR — PSO
C 3.050 0.05
Training phase EPSILON 139.302 1298.62
GAMA 0.066 0.05
C 0.301 3.781
Testing Phase EPSILON 28.094 2981
GAMA 0.070 2

SVR was combined with a variety of optimizers, including HGSO and PSO, to estimate
parameters at the best level to locate pertinent parameters.
Criteria for evaluation of developed SVR — HGSO and SVR — PSO

The various evaluators for measuring the CS of concrete samples using predictive
frameworks are defined in Table 3.

Tab. 3 — The metrics used to evaluate models

Indexes Codes Relations Status
i var(t, —
Variance VAF (1 - M) * 100 A high value means desirable
account factor var(t,)
Mean absolute MAE A low value means desirable.
error
Root mean RMSE A low value means desirable.
squared error
Pearson’s SN 1 (tn =D @n—P) 2
correlation R? \/[ZN T a—— A high value means desirable
coefficient n=1{n—D n=10n—P
Statistical <ntrain - ntest) RMSEtrain + MAEtest
arameters, ,
iacluding the 0BJ ntminz:; Niest RMggmm +1\1/IAE A low value rgians desirable
various error +( fram__y tez“ test [571
indices Ntrain T Neest Ries: +1

In mentioned relations, py exhibits the magnitude of predicted CS; ¢, is the nt" target value
(as measured); t is the measured data as calculated averagely; p represent the averaged target
values of €S and the variables for the phases of training and testing, respectively, the n;,.4;, and
ntese Which are the collected number of CS relevant steps of train or testing.

RESULTS AND DISCUSSIONS

The results of modeling UHPC in 110 compound samples were produced using both
frameworks. In addition, to better understand the capabilities of each proposed model, the
performance evaluation indices evaluated the SVR — HGSO and SVR — PSO modeling processes. In
the initial step, the simulated results of each sample's CS are shown in front of the actual numbers.
In this regard, Fig. 2 displays the CSs that SVR — HGSO modeled.
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The aforementioned optimization algorithms and the SVR model are created independently
in the Matlab software before being combined to create the hybrid framework. The optimization
algorithm is viewed as the primary function in the modeling process, and the SVR model is taken to
be the cost function. The optimization algorithm defines the input variables, target variables, and the
hey parameter of SVR in each step, and the SVR model provides predictions corresponding to these
variables. The maximum iteration serves as the stopping criterion, and the RMSE value is used to
determine which model is best developed. Additionally, Appendix A now includes a brief program of
the SVR — PSO model development.

Tab. 4 - Comparison of present study results with recently published articles with similar

datasets.
Work ID Model R?
Wu [1] FDA — RBF 0.916
R.Abuodeh et al.[2] BPFNN 0.8
Alabduljabbar et al [3] Gene expression 0.969
Present Work SVR —HGSO 0.964

A comparison of the present study with published articles that studied similar fields is presented
in Table 4. This table is presented as an identifier of the developed hybrid model performance and
workability compared to recent studies. The results obtained from the SVR — HGSO show its higher
capability in predicting the CS of UHPC.

a) 235 | L b),ss
A SVR-HGSO o ® SVR-PSO p
215 [ —---Linear (SVR-HGSO) ,‘"‘ e 215 “"tf“““' Ei‘ ;l’ S0) o
F AT T incar (Y= ¥ .
foomees Li Y=X s .
E o | incar ( ) "‘/" A T 10s g:":" it
: 46""/ s ¥
A A AL g
Y2175 A “2 75 b2
2 d % ;
L; “" 4 =1 é"’x [ ]
=)
% 155 A"r A 5 155 . a¢ o
E [ ﬂ . —E-é * ° ° ¢
S b 4 ‘y 4 y=0.7935x+31.513 | & 135 = 0.8461% + 23.461
£ 3 R=0.92 .
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95 95 .
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Measured CS (MPa) Measured CS (MPa)

Fig. 2 — Estimated CS by: a) SVR — HGSO and b) SVR — PSO

As seen in Figure 2, the results of each model are at an acceptable rate. SVR — HGSO was
able to model the CS variables 2.31 percent better than SVR — PSO due to its higher R? at the level
0.92. Similar to this, the other model performed this task better, with a 4.69 percent lower RMSE
index, and was able to model the compounds' CS factor with a 10.13 MPa error. The slope of the
trendline for the PSO-owned model, however, could be found to be better with a value of 0.84, this is
6.33 percent higher than SVR-HGSO, indicating that certain points between the samples with
numbers 195 to 210 that are outside the best-fit line may have been the source of this event.
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Fig. 3 —Estimated and Target values CS appraised by: a) SVR — HGSO and b) SVR — PS0O

Surveying Figure 3, the training stages are approximately identical to each other except for
some parts, such as samples with the numbers 32 and 33, which are modeled more accurately by
the SVR — PSO with errors of 1.31% and 1.32%, respectively, while by the SVR — HGSO the errors
are 7% and 4.7%. With an error of 1.28 percent in SVR — PSO versus 3.96 percent in HGSO, the
sample of 75 also produced better modeling results. In the testing phase, PSO’s grey lines could be
used to demonstrate that, when compared to SVR — HGSO, SVR — PSO's grey lines are more closely
aligned with the target red dashed lines. SVR — HGSO, on the other hand, better models the sample
size of 100 with an error of 8.70%, whereas SVR — PSO models this sample with an underestimation
error of 24.61%. In order to better comprehend the disagreement in modelling CS values, Figure
4 makes an attempt to illustrate the variations in CS magnitudes between the two proposed models.
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Fig. 4 — Difference between estimated CSs and developed frameworks.
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It is noteworthy that Figure 4 was produced in the first stage by dividing the CS values
modeled from SVR — PSO by SVR — HGSO. Overall, the majority of the samples (samples 1 to 77)
are modeled similarly, with a difference of 5% in the training phase. However, some examples in the
testing phase, like 17, 32, and 56 samples, could be simulated with more than a five percent
difference. On the other hand, samples 88,91, 95, 100, and 109 were modeled with different rates for
the testing phase.

Figure 5 attempts to indicate the errors involved in modeling the CS of samples at the next
stage. Any deviations from the measured CS’s target value lead to a gap from the zero line. Based
on Figure 5 (a), the capability of SVR — HGSO to model In contrast to SVR — PSO, the compressive
resistance of samples is modeled with high-rate fluctuations. In place of SVR — HGSO, the smoother
error line can be seen in the Training section. Every single point in the highlighted area is incorrect
that are between —15% and +23% lower than SVR — PSO, despite the third sample of SVR — HGSO
having more errors of 27% during the training phase.

Additionally, the SVR — HGSO 0-line does not have as many points as the SVR — PSO 0-line
that are touched by the evaluation indices. The SVR — HGSO model includes a large number of
samples for the testing phase. In contrast to SVR — PS0, which gave the Testing section a
smoother line around the 0 error line, they are far from the 0 error line. The SVR — HGSO in the
sample of 91 exhibits the highest error rate in Figure 4, with a 29.28 percent error. The outcomes
of the model's performance should be examined, as was already mentioned. Four assessment
criteria that were used in the current study to evaluate models are shown in Figure 5.
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Fig. 5 — Error rates of CS modeling by a) SVR — HGSO and b) SVR — PSO

@ DOI 10.14311/CEJ.2023.03.0025 337



Article no. 25
CIVIL

ENGINEERING

JOURNAL THE CIVIL ENGINEERING JOURNAL 3-2023

SVR — HGSO has demonstrated improved performance for the three statuses of training,
testing, and total in the index R? for models. With a value of 0.96, the testing phase has a higher R?
value, which is 3.84% higher than SVR — PSO. SVR — PSO in the Training section could achieve the
worst circumstance for the RMSE error index with a value of 10.492 MPa, which is 3.33 percent
higher than the rest. However, during the Testing section, SVR — HGSO could only obtain 8.451 MPa
while SVR — PSO obtained 9.23 MPa; this represents a 9.25% difference between the two models'
simulations of the CS values under better conditions contrast to the RMSE indicator, the SVR —
HGSO's performance from the MAE viewpoint from the SVR — PSO's according to Fig. 6,
performance for three conditions is ranked higher from an MAE perspective. SVR — HGSO's testing
phase had a CS calculation error of 5.644 MPa, which is 20% more than SVR — PSO's. The VAF
criterion also demonstrated how closely the outcomes of the two models matched one another. With
a difference of 2.22% for both the training and testing phases, the SVR — HGSO could outperform the
SVR — PSO when the entire data set is taken into account. With rates of 92.21 and 96.33, the
differences are roughly two percent in favour of SVR — HGSO. Except for the VAF index, SVR —
HGSO, and SVR — PSO, the OB]J indicator that encompasses all of the criteria mentioned in both
phases obtained magnitudes of 7.575 and 6.747, indicating the SVR — HGSO's superior performance
with a 12.27% advantage over other models.
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Fig. 6 — Evaluation indices’ results for the performance of the proposed model

In the next stage, the distribution of errors for both models has been shown through Figure 7
that for SVR — HGSO , the errors are non-regularly spread over the horizontal axis with low
concentrations around the 0 point of error. However, for SVR — PS0, this condition seems better with
a suitable distribution of errors around 0 error. The bell-shaped normal distribution curves of error
also show the thinner SVR — PSO in front of the flatter SYR — HGSO curve.
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Fig. 7 — Error distribution of CS modeled via developed SVR — HGSO and SVR — PSO

CONCLUSION

Ultra-high-performance concrete (UHPC) is a widely used substance that produces buildings
with exceptional performance, capabilities, and remarkable durability in any challenging
environment. Reducing the cement and micro-silica content significantly lowers costs and €02
emissions, even though the useful qualities and extended service life in comparison to regular or
high-strength concrete compensate the pricey initial investment and negative environmental effects.
Numerous studies have looked at the behavior of UHPC, which typically exhibits a CS of between
150 MPa and 810 MPa. In some recent studies, various models were used to predict the CS of UHPC
concrete. Regarding these studies, it made sense that there wasn't a hybrid automated framework
of predictive models. Consequently, a novel hybrid framework was created in the current study, and
the presented models made a significant contribution is defined as follows:

e The SVR method, which employed the algorithms to predict concrete CS, was examined as a ML
technique.

e SVR — HGSO and SVR — PSO, two novel optimization algorithms, are used to more accurately
model the CS of UHPC.

e With a difference of 2.31 percent, the SVR — HGSO framework was able to model the CSs more
accurately than SVR — PSO thanks to its higher R? at the level of 0.92. SVR — PSO was able to
model the compounds' CS factor using the 10.13 MPa error for the RMSE index. While the other
model performed this task more effectively than SVR — HGSO, with an RMSE of 4.69 percent
lower.

e Both models accurately predicted the CS values in the testing phase compared to the training
phase. The RMSE for SVR — HGSO was 8.451 MPa, while the RMSE for SVR — PSO was 9.23
MPa, a difference of 9.25%.

e The VAF criterion also demonstrated how closely the outcomes of the two models matched one
another. With a difference of 2.22% for VAF in both the training and testing phases, the SVR —
HGSO could outperform the SVR — PSO. The rates were 92.21 and 96.33, with differences of about
2% in favour of SVR — HGSO. The VAF index, the SVR — HGSO, and all of the other parameters
specified in both phases were not included in the OBJ indication and the SVR — PSO, respectively,
obtained values of 7.575 and 6.747, indicating that the SVR — HGSO performed 12.27% better
than the SVR — PSO.
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¢ On the other hand, it is obvious that the search process of the HGSO model in the exploration and
exploitation outperformed compared to the PSO model, and delaying in local minimal for HGSO is
less than the PSO model.

To sum up, the SVR — HGSO managed the error rates better than the SVR — PSO visible in Figure

6 despite the accepted level of accuracy in modeling for both developed frameworks.
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APPENDIX A:
% PSO-SVR for UHPC Compressive Strength Prediction

% Step 1: Load and preprocess the data

data = load('uhpc_data.mat");

X = data.features; % Input features

y = data.labels; % Compressive strength labels

% Step 2: Split the data into training and testing sets
ratio = 0.8; % Training-testing data ratio

splitldx = round(ratio * size(X, 1));

X_train = X(L:splitldx, :);

y_train = y(1:splitldx);

X_test = X(splitldx+1:end, 3);

y_test = y(splitldx+1:end);

% Step 3: Define the objective function for SVR
objective = @(X)svrObjective(x, X_train, y_train);

% Step 4: Define the PSO parameters

nParticles = 50; % Number of particles

nVariables = size(X_train, 2); % Number of variables (dimensionality)
maxlterations = 100; % Maximum number of iterations

% Step 5: Initialize the PSO parameters

particlePositions = rand(nParticles, nVariables); % Initialize positions randomly
particleVelocities = zeros(nParticles, nVariables); % Initialize velocities to zero
personalBestPositions = particlePositions; % Initialize personal best positions
personalBestValues = inf(nParticles, 1); % Initialize personal best values
globalBestPosition = zeros(1, nVariables); % Initialize global best position
globalBestValue = inf; % Initialize global best value

% Step 6: Perform PSO iterations
for iteration = 1:maxlterations
% Evaluate current positions
particleValues = objective(particlePositions);

% Update personal best positions and values

updatelndices = particleValues < personalBestValues;
personalBestPositions(updatelndices, :) = particlePositions(updatelndices, :);
personalBestValues(updatelndices) = particleVValues(updatelndices);

% Update global best position and value

[minValue, minindex] = min(personalBestValues);

if minValue < globalBestValue
globalBestPosition = personalBestPositions(minindex, :);
globalBestValue = minValue;

end

% Update particle velocities and positions
inertiaWeight = 0.9; % Inertia weight
cognitiveWeight = 2; % Cognitive weight
socialWeight = 2; % Social weight
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rl = rand(nParticles, nVariables);
r2 = rand(nParticles, nVariables);
particleVelocities = inertiaWeight * particleVelocities ...
+ cognitiveWeight * rl1 .* (personalBestPositions - particlePositions) ...
+ socialWeight * r2 .* (globalBestPosition - particlePositions);
particlePositions = particlePositions + particleVelocities;

% Perform boundary handling (if necessary)

% e.g., particlePositions = max(min(particlePositions, upperBounds), lowerBounds);

end

% Step 7: Predict the compressive strength using the trained SVR model
predictedValues = svrPredict(X_test, globalBestPosition);

% Step 8: Evaluate the prediction performance

mse = mean((predictedValues - y_test).”2); % Mean Squared Error
rmse = sqrt(mse); % Root Mean Squared Error

mae = mean(abs)
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ABSTRACT

The influence of the construction period of the bridge project across the reservoir on the
adjacent power station includes not only the direct impact on the hydropower hub but also the
impacts on the reservoir area, flood discharge, power station head, water diversion and sediment
prevention, power generation operation, and other factors. In this paper, from the aspects of the
power station operation, an evaluation index for the influence of the construction period of a bridge
across a reservoir on the adjacent power station is developed, and an evaluation system is
constructed. Based on the constructed evaluation system, the influence of the bridge construction
period on the adjacent power stations is analyzed. This evaluation system provides a reference for
the impact assessment of cross-reservoir bridge engineering on adjacent hydropower stations.

KEYWORDS

Bridge engineering, Construction stage, Environment, Influence, Reservoir

INTRODUCTION

The smooth road is inseparable from the connection of the bridge, and the bridge has become
a common and special part of the road building. It is common because crossing rivers and valleys
cannot be separated from bridges, every river on the way is crossed by bridges. It is special because
the bridge is actually the road in the air. If the road is in the air, the structure and material of the road
will become complex and special, and need special scientific support and process production [1][2].
Today, with the rapid development of science and technology, there are talents and universities
specializing in the study and study of bridge construction, With the support of advanced technology
and a variety of powerful machines, the construction of Bridges under various conditions has become
convenient, and ultra-long and ultra-high bridges have become easier and easier [2][3].

Bridges are one type of historically representative engineering structure in the process of
human history. The San Francisco Golden Gate Bridge in the United States, the Sydney Harbour
Bridge in Australia, London Bridge in the United Kingdom, the Stone Strait Bridge in Japan, the
Yangpu Bridge in Shanghai, and the Hangzhou Bay Cross-sea Bridge, the Nanjing Yangtze River
Bridge, the Hong Kong Qingma Bridge, and the Hong Kong-Zhuhai-Macao Bridge in China are all
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valuable works of art and have become regional landmarks and landscape highlights [4][5]. Due to
the need for highway construction in various terrains and landforms, including construction in
mountainous areas and of reservoir bridges, the construction of some highways has encountered
more complex terrain and geological conditions. The main manifestations are as follows: the ground
height difference in mountainous areas varies greatly, each span is large, the height of the bridge
pier is generally required to be large, and the terrain is steep [6].

For railways that encounter a large number of reservoir dams, the interaction between their
construction and the reservoir dams distributed along the line cannot be avoided. It is extremely
urgent to find ways to evaluate the impact of the railway bridge construction period on adjacent
power stations and to solve the dispute between railway constructors and the owners of hydropower
projects along the line. Currently, few studies have been conducted on the impact assessment of
cross-reservoir bridge projects on power stations. The Southern Sichuan Railway Company has
evaluated the impact of the Fushun Tuojiang River Bridge on the Huangnitan Hydropower Station
from the aspects of the power station structure safety, flood discharge, power generation operation,
and bank slope [7]. In addition, Huang [8] and Zhang [9] conducted relevant research on the impact
of bridge vibration on the surrounding environment and achieved certain results. However, research
in this field is still in the supplementary improvement stage, and impact assessments of bridges on
reservoir power stations are also very scarce.

Therefore, in this study, a super-large bridge on a railway across a reservoir is taken as an
example, and the impacts of bridge construction on all of the aspects of the adjacent power station
are determined. Furthermore, the potential impact indicators of the bridge on the power station are
determined as much as possible, and an evaluation system is developed to provide a reference for
the impact assessment of bridges across reservoirs on adjacent power station projects.

PROJECT PROFILE

The railway is located in Shiyang Town, Tianquan County, Ya'an City, Sichuan Province. It
crosses the Xinzhong Hydropower Station via the Xinzhong Power Station Bridge. The bridge
obliquely crosses the reservoir area of the Xinzhong Power Station approximately 50 m to the south
of the dam, and the bridge axis is 47° obliquely crossing the dam (Figure 1). The bridge is a double-
track curved railway. The bridge scheme is a 5-unit 2 x 68 m T-shaped continuous girder bridge.
The total length of the bridge is 796.62 m, and the maximum height of the bridge is approximately
33.5 m. The nearest distance between the bridge and the power station is approximately 50 m. Piers
4-12 of the bridge are wading piers. The wading pier 4 is located closest to the power station and is
175 m upstream of the power station water intake.
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Fig. 1 — Schematic showing the relationship between the location of the Xinzhong railway bridge
line and the power station

The Xinzhong Hydropower Station is located on the main stream of the Tianquan River in
Tianquan County Town, approximately 11 km from Tianquan County Town (Figure 2). The Xinzhong
Hydropower Station is a riverbed power station, and the project consists of a retaining dam, power
plant, and tailrace. The installed capacity of the power station is 21 MW (3 x 7 MW), and the designed
water head is 13 m. The normal water level of the reservoir is 656.50 m, and the adjustable reservoir
capacity is 680,000 m3. The designed flood standard of the power station is a 50-year flood (flow
rate of 3560 m /s), and the check flood standard is a 300-year flood (flow rate of 4620 m3/s). The
reservoir operation mode is as follows: during the flood season (June to October), when the inflow
is less than 500 m?/s, the reservoir is maintained within the normal water level; when the storage
flow is greater than 500 m3/s, the gate is opened and flushing is stopped [10].

The construction and operation of the power station are as follows: the construction of the
Xinzhong Hydropower Station began in October 2005 and was completed in December 2010.
Through operation, inspection, and rectification over the years, it has been determined that the
Xinzhong Hydropower Station hub project is in good health and running normally.

Fig. 2 — Site photos of Xinzhong Hydropower Station
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CONSTRUCTION OF IMPACT ASSESSMENT SYSTEM

The impacts of similar cross-reservoir bridges such as the Xinzhong Railway Bridge on the
power station are not limited to the impact on the hub project itself. Under the long-term operation of
the reservoir, the impact also includes many problems such as erosion and deposition in the
reservoir area, flood discharge, power station head, water diversion and sediment prevention, and
power generation operation [11]. In this study, a total of nine impact assessment indices were
selected from the three aspects of the reservoir impact, the power station hub impact, and the power
generation operation impact in the impact assessment of the Xinzhong Railway Bridge on the
adjacent Xinzhong Hydropower Station to construct an assessment system for the impact
assessment of the power station. The construction of the impact assessment system is illustrated in
Figure 3.

—>[ Influence of reservoir scouring and silting law ]
—> Inﬂuf.:nce ol v —-—>[ Impact of reservoir flood safety ]
station reservoir
—>[ Influence of reservoir slope stability ]
Evaluation system of —>[ Dam structure safety impact ]

influence of construction
. 5 Influence of power - - —
period of bridge across —2 staficn hb i [ Influence of water diversion and sand prevention in hub ]
reservoir on adjacent
power station —>[ Influence of dam flood discharge capacity ]
—> [ Influence of power generation head on power station ]
Impact of power - - -
—> | generation operation ——>[ Influence of reservoir regulation capacity ]

—>[ Influence of reservoir operation mode ]

Fig. 3 — The impact assessment system of the construction period of the cross-reservoir
bridge on the adjacent power station

RESULTS: IMPACT ASSESSMENT OF XINZHONG POWER STATION

Status evaluation of Xinzhong Power Station

The Xinzhong Power Station was commissioned in 2010. During the first 10 years of reservoir
operation, all of the hydraulic structures were in normal operation without major reconstruction or
expansion. According to the analysis presented in the External Deformation Monitoring Report of the
Xinzhong Power Station, the reservoir and dam of the Xinzhong Power Station have good safety
conditions without obvious external deformation.

Reservoir impact

The influence of the bridge construction on the reservoir area of the power station was mainly
caused by the construction of the wading bridge pier, including the change in the flow field in the
reservoir area caused by the cofferdam of the wading bridge pier, the rise of the water level, and the
disturbance of the riverbed by construction. In this study, the influence of the Xinzhong Railway
Bridge on the Xinzhong Power Station reservoir area was evaluated. Using the Mike21lFM two-
dimensional hydraulic calculation software, the hydraulic calculations were performed for the
cofferdam of the wading pier during the construction period, and the influence of the bridge on the
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reservoir area during the construction period was evaluated based on the changes in the flow field,
water level, and sediment deposition [12].

Change in the reservoir flow field

There are nine wading piers on the Xinzhong Railway Bridge. The flow field analysis was
performed as follows: the flow velocity in the main flow area of the bridge section was between 2.00
and 3.20 m/s, and the main flow in the river section was located on the right side of the center of the
riverbed under natural conditions. Due to the large size of the steel cofferdam during the construction
period (maximum size of 11.1 x 14.9 m), the influence of the bridge pier cofferdam on the flow field
in the river section during the construction period was obvious. Under the action of the bridge pier
cofferdam, the water flow was pushed to the central part of the area. The main stream of the river
was completely located in the middle of the riverbed, and the flow velocity in the middle of the
riverbed area was significantly increased compared with the current situation.
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Fig. 4 — Comparison of the flow fields in the reservoir area during and after bridge construction
(designed flood flow conditions)
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(c) Operating flow field

Fig. 4 — Comparison of the flow fields in the reservoir area during and after bridge construction
(designed flood flow conditions)

Effect of reservoir erosion

The river section of the bridge is a typical river bend section. The sediment transport forms a
bent circulation phenomenon. The right concave bank is dominated by erosion, and the left convex
bank is dominated by deposition. During the bridge construction period, when the inflow was less
than the boundary flow of 500 m3/s, due to the operation of the water level in front of the power
station dam at a higher normal storage level, the flow velocity in the reservoir area was small, and
the sediment carrying capacity of the water flow was weak. Under these conditions, the change in
the flow velocity caused by the construction of the pier was also very small. Therefore, when the
inflow was small, the pier construction had little effect on the riverbed siltation. When the inflow was
greater than the demarcation flow of 500 m3/s, the water level of the power station was a lower open
water level, and the flow velocity of the river section increased and returned to the natural river state.
Under the action of the bridge pier steel cofferdam, the sediment, which was originally moving with
the main stream of the river on the right side, was pulled to the riverbed area on the left by the flow,
resulting in the change in the local riverbed deposition pattern. However, because the construction
period was only 32 months, the influence of the change in the riverbed sedimentation on the long-
term operation of the power station was controllable.

Impact of reservoir flood safety

The steel cofferdam of the bridge pier is located in the main stream area of the river,
occupying the flood area of the river, and it has a certain water-blocking effect, resulting in a certain
rise in the water level of the reservoir area. The results of the hydraulic calculation revealed that
under the condition of a 50-year flood flow in the design standard, the maximum water level of the
river section would rise by 0.64 m. However, there would be no important flood control object or flood
control sensitive point in the Xinzhong reservoir area, and the rise in the water level would have little
effect on the flood control in the reservoir area.
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Effect of bank slope stability

The reservoir area of the Xinzhong Power Station mainly exposes the Oligocene Lushan
Formation (E3I), which is composed of silty mudstone interbedded with thin argillaceous siltstone
and a small amount of sandstone. The bank slopes on both sides are composed of bedrock, and
there is no unfavorable fracture combination. Although a small amount of collapse occurs under the
action of dynamic water processes, it has little effect on the whole bank, and the bank slopes on
both sides are stable.

The pier is located near the right bank slope. During the foundation excavation stage of the
construction, the excavation was controlled, the support was well done, blasting was strictly
prohibited to prevent instability of the bank slope, and slope observation and early warning were also
well done. If the bank slope collapses or loses stability, it should be repaired before the flood season.

The river section of the bridge is a typical curved river section. During the flood season, the
main stream of the river is located on the right side of the river. The right bank of the river section
belongs to the top scour part of the river. Under the action of the steel cofferdam of the bridge pier,
the main stream area was shifted from the right side of the river to the center of the riverbed.
Therefore, the pier steel cofferdam of the bridge construction reduced the risk of water erosion of
the right bank.

Influence of power station hub

The influence of the construction of this new railway bridge in China on the power station hub
was a direct dominant influence, which was mainly manifested as direct damage to the power station
dam by the bridge construction and a negative effect on the safety of the engineering structure. The
bridge construction resulted in water diversion and sediment problems caused by the power station
shutdown, and the influence of the bridge construction on the dam discharge capacity caused dam
flood control safety problems.

Influence of dam structure

The retaining dam, flood discharge sluice, power plant, and other buildings are the most
important facilities of the dam. The bridge needs to be carefully evaluated before construction, and
protection should be strengthened during construction. The construction of the Xinzhong Railway
Bridge included trestle construction, bored pile construction, cofferdam construction, bridge structure
construction, and other procedures. There were no violent construction activities such as blasting in
these construction procedures, and there were small vibrations during the bored pile steel casing
and pier cofferdam insertion processes. However, the riverbed overburden medium between the
bridge and the power station had an obvious buffering effect on the construction vibrations. Under
the condition of a reasonable construction scheme and other control measures, the influence of the
vibrations on the dam could be effectively controlled. Therefore, during the bridge construction
period, the direct safety threat to the structure of the retaining dam, flood discharge sluice, power
plant, and other buildings of the Xinzhong Power Station was low.

Influence of water diversion and sand prevention in hub

The Xinzhong Power Plant is located on the right side of the riverbed. The bridge construction
period had little effect on the change in the flow field near the sand trap of the plant, and the effect
of the sand trap in front of the plant was not significantly changed by the bridge construction.

The foundation construction directly disturbed the sediment of the riverbed cover, which
caused an increase in the suspended sediment content of the water flow for a short period,
increasing the sediment amount passing the power station and threatening the operation safety of
the generator set. To ensure the safe operation of the power station unit, when the bridge
construction had a great influence on the riverbed disturbance, the power station needed to be shut
down in time to avoid the sand peak.
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Influence of dam flood discharge capacity

The flood discharge capacity of the hydropower station is mainly controlled by the orifice size
of the flood discharge facility and the downstream water level flow relationship. The Xinzhong
Railway Bridge is located upstream of the Xinzhong Hydropower Station. The bridge does not affect
the orifice size of the flood discharge facilities or the relationship between the downstream water
level and flow. Therefore, the construction period of the Xinzhong Railway Bridge did not affect the
flood discharge capacity of the Xinzhong Hydropower Station and did not affect the flood control
safety of the hub.

Influence of power station operation

Compared with the direct impact of the bridge on the power station hub, the impact of the
bridge on the power generation operation of the power station was more indirect and implicit. For
example, the backwater caused by the bridge construction led to a decrease in the water head or a
decrease in the regulating reservoir capacity and forced the management to change the reservoir
operation mode, resulting in the hidden loss of power generation by the hydropower station.

Impact of power generation head

The power generation head of the power station is mainly controlled by the tailwater level
flow relationship of the power station when the water level in front of the dam is constant. The bridge
project was generally located downstream of the power station and could raise the tailwater level
and reduce the power generation loss of the power station. In this case study, the Xinzhong Power
Station Bridge is located upstream of the Xinzhong Power Station. The bridge does not affect the
downstream water level flow relationship and does not affect the power generation head of the
Xinzhong Power Station.

Adjusting the storage impact

The normal reservoir level of the Xinzhong Hydropower Station is 656.50 m, the regulating
reservoir capacity is 680,000 m?, and the total reservoir capacity is 1.47 million m3. The total steel
cofferdam volume during the construction period of the wading bridge was approximately 75,000 m?3,
accounting for approximately 0.5% of the total reservoir capacity of the reservoir, so it had little effect
on the regulating reservoir capacity of the reservoir.

Influence of reservoir operation mode

The reservoir operation mode is mainly related to the reservoir scouring, silting rule,
regulating storage capacity, tail water level, and flow. If the above indices change significantly, the
operation mode of the reservoir needs to be adjusted. According to the analysis, the construction
period of the Xinzhong Railway Bridge did not cause significant changes in these indicators and did
not cause adjustment of the operation mode of the power station reservaoir.

Construction of evaluation system of Xinzhong power station

According to various influencing factors, the evaluation index system includes 3 first-level
indicators and 10 second-level indicators. According to the characteristics of Xinzhong Power Station,
the weight of each index is set. For different environmental characteristics, the choice of index weight
can also be different. The evaluation index system is shown in Table 1.
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Fig. 1 - Xinzhong power station evaluating indicator system table
First-level indicators First-level indicators
Name of indicator Weight Name of indicator Weight
Change in the reservoir flow field 0.25
Reservoir impact 04 Effect of reservoir erosion 0.25
' Impact of reservoir flood safety 0.25
Effect of bank slope stability 0.25
Influence of dam structure 0.30
Influence of power 0.3 Influence of water diversion and sand prevention in hub |  0.30
station hub '
Influence of dam flood discharge capacity 0.40
Impact of power generation head 0.30
Influence of power 03 Adjusting the storage impact 0.30
station operation
Influence of reservoir operation mode 0.40

The calculation formula of the influence index of the power station is as follows:
RHI = ¥ (ZBp,, X ZBp,) (1)

In Formula (1): RHI is the comprehensive score; ZBn is the weight of the nth index in the
index layer; ZBy, is the score of the nth index of the index layer.

The power station impact assessment level is divided into three levels according to the
evaluation index score from high to low, namely level | (safe), level 1l (relatively safe), and level IlI
(unsafe). The scoring range and evaluation grade of the impact index of the power station are shown
in Table 2.

Tab. 2 - Power station impact index classification standard table

Assignment range Evaluation grade
[85.00, 100] Grade |
[60.00, 85.00) Grade Il

[0, 60.00) Grade Il

Loss evaluation

The loss estimation of the impact of railway bridges on power stations mainly includes the
inundation loss of the reservoir area, the structural loss of the power station hub, and the power loss.
The inundation loss of the reservoir area is the compensation cost of the new inundated object
caused by the bridge construction. The structural loss of the power station hub is that when the
bridge construction causes structural damage to the power station hub, it is necessary to evaluate
the degree of structural damage and to calculate the compensation cost according to the amount of
reconstruction or repair work. The electric quantity loss is calculated according to the electric quantity
loss caused by the decrease in the water head of the power station, the shutdown of the station to
avoid the sand peak during the construction period, and the change in the reservoir operation mode.

According to the above analysis, the Xinzhong Railway Bridge had no compensation for new
submerged objects in the reservoir area, no compensation for structural losses to the power station
hubs, and no compensation for power losses caused by a decrease in the power station head and
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changes in the reservoir operation mode. However, there was compensation for power losses
caused by the disturbance of the riverbed during bridge construction, which required shutting down
the power station to avoid the sand peak. However, the influence of the sediment on the operation
of the unit was more complex. Whether it was necessary to stop the machine to avoid sediment
depended on the sediment content, grain type, the effect of the unit itself on the sediment
adaptability, the bridge construction period, and other factors. Therefore, it is necessary to
strengthen the sediment monitoring of the intake of the power station during the bridge construction
period, to dynamically adjust the operation period of the unit according to the situation, and to carry
out statistical analysis of the power generation loss according to the actual power station shutdown
days after the construction is completed.

Problems that may be encountered during construction

There are relatively few regulations for mountainous areas and reservoir areas, and the
corresponding schemes should be adopted in combination with different landforms. Many research
aspects need to be refined and improved.

(1) The transportation of bridge materials in mountainous areas has always been a difficult
problem in the construction process. Due to the poor linear shape of the access channel, it is difficult
for large vehicles to enter and exit, and thus, the transportation of beams and plates or large
materials becomes a technical problem.

2) There are many factors affecting the type of bridge constructed in mountainous areas and
reservoirs, so it is necessary to monitor the mid- and long-term stress and deformation of the bridge
in the later operation process to study the wind load, temperature, concrete shrinkage and creep,
and the influence of materials on the durability of the structure.

CONCLUSIONS

In this paper, the impact assessment system of the railway bridge across the reservoir on the
adjacent power station is constructed, the impact assessment factors are constructed, and the
analytical weight value of each factor is determined. Taking the construction of railway bridge for
Xinzhong Hydropower Station as an example, the impact of the bridge on the construction period
and the whole life of the bridge is evaluated systematically. According to the calculation, the
evaluation value of the railway bridge to the power station is 86, and the evaluation impact is small.

The construction of the evaluation system can provide a powerful negotiation basis for
resolving the disputes between the railway construction side and the hydropower project owners
along the line, and help to quickly resolve the differences between the parties and promote the
project process.
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ABSTRACT

The accuracy of artificial intelligence techniques in estimating air quality is contingent upon a
multitude of influencing factors. Unlike our previous study that examined PM2.5 over whole Europe
using unbalanced spatial-temporal data, the focus of this study was on estimating PM2.5 specifically
over the Czech Republic using more balanced dataset to train and evaluate the model. Moreover,
the spatial autocorrelation between PM2.5 measurements was taken into consideration while
building the model. The feature importance while developing the Extra Trees model revealed that
spatial autocorrelation had greater significance in comparison to commonly used inputs such as
elevation and NDVI. We found that R2 of the 10-CV for the new model was 16% higher than the
previous one. Where R2 reached 0.85 with RMSE=5.42 yg/m3, MAE=3.41 yg/m3, and bias=-0.03
pMg/m3. The developed spatiotemporal model was employed to generate comprehensive daily maps
covering the entire study area throughout the period 2018-2020. The temporal analysis showed that
the levels of PM2.5 exceeded recommended limits during the year 2018 in many regions. The
eastern part of the country suffered from the highest concentrations especially over Zlin and
Moravian-Silesian Regions. Air quality improved during the next two years in all regions reaching
promising levels in 2020. The generated dataset will be available for other future air quality studies.

KEY WORDS

Air quality, PM2.5, Artificial intelligence, Spatial autocorrelation, Czech Republic

INTRODUCTION

Atmospheric Particulate Matter (PM) with a diameter smaller than or equal to 2.5 microns
(PM2.5) is small enough to be inhaled deeply in the lungs and are able to reach the bloodstream
and reduce the immune system's capacities [1]. The exposure of high PM2.5 levels could cause
serious health problems especially in densely populated areas that produce enormous amounts of
pollution into the atmosphere due to increased combustion sources and human activities [2]. PM has
an effect on mortality even at concentrations that are in compliance with the European annual
regulation [3]. In Europe, around 300,000 premature deaths are caused by PM annually and more
than 330 billion Euros of economic cost, that encouraged the Directive 2008/50/EC to limit the yearly
average of PM2.5 to 20 ug/m3 since the first of January 2020 [4].

In this study, we focused on the Czech Republic (CZ). Based on previous studies, CZ suffered
from low air quality in some regions throughout last decades. The estimated additional social costs
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resulting from the poor air quality in Ostrava city for children aged 0-15 amounted to approximately
20 million Euros per year [5]. In 2012 winter, the mean value of PM2.5 over Ostrava was 159
Mg/which caused a smog episode [6]. When studying causes of air pollution in Teplice within the
framework of the Teplice Program, initiated around 1970, researchers found that around 70% of
PM2.5 fine particles came from the local heating sources that used brown coal with a high SO2
content [7]. As a result of this discovery, the Czech government supported a transition from coal to
natural gas for local heating in mining districts in 1994 [7]. The north-eastern part of CZ that shares
borders with Poland, which is highly polluted due to its long history of coal mining, heavy industry,
traffic infrastructure and the dense population [8]. In 2018, around 1.2% of the CZ's total area, which
is home to roughly 6.1% of the population, exceeded 25 ug/m3 [9]. Approximately 20% of households
in CZ use individual heating systems that burn solid fuels [10]. During 2013 winter in the residential
district of Mlada Boleslav, wood burning was found to be the primary source of PM10 mass, with
coal combustion following as the second most significant source [11]. Coal remains a key energy
source in CZ, accounting for one-third of the country's total energy supply in 2019 [12]. Coal also
accounted for 46% of the country's electricity generation and more than 25% of residential heating
[12]. The Czech government is currently exploring strategies for removing coal from its energy mix,
including potential timelines for this transition. To support this effort, the government established a
Coal Commission in 2019, which presented its recommendations in December 2020. The
Commission advised that coal should be phased out no later than 2038 [12]. The data from April
2018 to March 2019 collected in the Moravian-Silesian Region has verified that during the winter
season, the inflow of PM cross-border pollution from Poland is a key factor contributing to air pollution
levels [13].

In recent decades, numerous studies have utilized the capabilities of artificial intelligence (Al)
in estimating PM2.5 concentrations. These studies have focused on developing various types of
models to increase the limited spatial coverage that is provided by PM2.5 ground monitors. Covering
more auxiliary data as inputs helped to improve the performance of the models when compared to
the typical interpolation methods which rely solely on the observations from the monitors [14]. The
auxiliary inputs for the models usually include a combination of satellite data, meteorological
modeled data, topography, and land cover data. Satellite-based Aerosol Optical Depth (AOD) is a
valuable indicator of aerosol levels in the Earth's atmosphere and since PM2.5 is a type of aerosol,
there is generally a positive correlation that made AOD a crucial factor in predicting PM2.5 levels
[15,16]. Meteorological data such as the planetary boundary layer height (PBLH) that is the vertical
extent of the lowest part of the Earth’s atmosphere, Relative Humidity (RH) which represents the
total amount of water vapor that exists in the atmosphere relative to the maximum amount water
vapor that air can hold at particular temperature, the Total Column Water Vapor (TCWV) that is the
measurement of the total amount of water vapor present in the vertical column of the Earth’s
atmosphere, Wind Speed (WS), Temperature (T), Total Precipitation (TP), and Evaporation (E) have
shown that significance varies depending on the region when PM2.5 is estimated [14,17,18].
Moreover, a few studies considered the Spatial Autocorrelation (SA) of PM2.5 when developing
predictive models. Inspired by the first law of geography which proposes that all features present on
a geographic surface have a connection with each other, and that geographic entities have a
stronger association with nearby entities as compared to those that are located far away [19]. In a
study spanning from 1999 to 2016, the yearly average PM2.5 levels in Chinese cities exhibited a
typical autocorrelation [20]. In another study, including SA improved the performance of the Random
Forest (RF) model and decreased the Root Mean Square Error (RMSE) by ~18% when estimating
PM2.5 over Sichuan Basin in 2019 [21]. Adding the spatial lag variable (SLV) as a virtual input in the
neural network model for estimating the yearly PM2.5 concentrations increased the coefficient of
determination (R2) by ~9% [22].

In this study, we aimed to estimate the concentrations of PM2.5 over the CZ during the years
2018, 2019, and 2020. CZ is a landlocked country that covers an area of 78870 square kilometres
located in central Europe bordering Germany, Poland, Slovakia, and Austria.
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MATERIALS AND METHODS
Dependent variable and primary independent variables

Daily PM2.5 concentrations for 2018, 2019, and 2020 were collected from the Czech
Hydrometeorological Institute (CHMI). The total number of stations and observations after
removing the outlier values were 54 and 54,495 respectively. The number of observations per year
is 18330 in 2018, 18022 in 2019, and 18144 in 2020.
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Fig. 1 - Study area with ground stations. The red dots represent the stations that were used to test
the model and the green dots represent the stations that were used to train the model

We explored the following data as primary inputs in our study, AOD data over CZ was
collected from the Geo-Harmonized Atmospheric Dataset for Aerosols (GHADA) which is a full
coverage dataset over Europe with 1 km spatial resolution that was built based on the MCD19A2
MODIS product [23] and modelled AOD from Copernicus Atmosphere Monitoring Service (CAMS)
[24]. This dataset showed good results when validated with NASA’s Aerosol Robotic Network
(AERONET) observations [25]. Meteorological data like PBLH, WS calculated based on the u and
v wind components, temperature at 2m (T2m), TP, E, TCWYV, and RH were collected from the
European Centre for Medium-Range Weather Forecasts ERA5 climate reanalysis [26], and then
reprojected to the grid using the bilinear interpolation; monthly NDVI from the MODIS MOD13A3
product [27]; the percentage of artificial surfaces and air pollution resources for each 1km2 cell
were calculated from the CORINE Land Cover (CLC) of 2018 which was built based on ortho-
rectified satellite images with a spatial resolution ranging from 5-60 m, and were aggregated to 100
m; Open Street Map (OSM) data was processed to calculate the total road lengths (RL) within
each cell of the grid; elevation (H) was extracted from the Japan Aerospace Exploration Agency
(JAXA) digital surface model [28], and population data was estimated from the monthly Visible
Infrared Imaging Radiometer Suite (VIIRS) nighttime lights of 2019 [29]. The linear analysis
between the primary inputs and PM2.5 showed that PBLH and T2m were the most negatively
correlated variables to PM2.5 with Pearson correlation of -0.25 and -0.22 respectively. NDVI,
TCWV, WS, RH, H, and TP also had negative correlations with PM2.5. Whereas, E, AOD, NL, and
RL had positive correlations with PM2.5. The following table shows the primary data that was used
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in our study. All primary data was reprojected to the European Terrestrial Reference System 1989
(EPSG:3035) with a grid of 1 km2 that covers the study area using bilinear interpolation for
meteorological data and the cubic convolution for the elevation model.

Tab. 1 - The primary inputs that were explored in this study

Name Variable Unit Spatla:ﬂ Source
resolution
Aerosol optical depth AOD - 1 km GHADA
Planetary b(?undary PBLEL m
layer height
Wind speed WS m/s
Temperature at 2m T2m K
0.1°x0.1° ERA5-Land
Meteorological | Total precipitation TP mm
Evaporation E mm
Total column water TCWV Kg/m?
vapor
Relative humidity RH % 0.25"x0.25° ERA5
Normalized
Difference NDVI - 1 km MODIS MOD13A3
Vegetation Index
Land cover
CORINE Land CLC - 100 m Corine LC 2018
Cover
Road length RL m ~10m Open street maps
Topography H m ~30m JAXA
Population NL nW/cm?/sr 500 m VIIRS

Model development

A machine learning algorithm was used with feature engineering techniques that were
applied to train the PM2.5 predictive model.

We used the Extra Trees (ET) algorithm which is an ensemble learning method that
combines the predictions of several decision trees to make the final prediction [30]. It is an
extension of the widely used RF algorithm where in both, the final prediction is the majority of
predictions in classification problems and the arithmetic average in regression problems. ET
reduces overfitting by introducing additional randomness during the construction of the trees and it
uses the entire dataset while training without performing any pruning which decreases the required
time for training compared to the RF that applies pruning techniques. A deeper explanation of this
algorithm was provided in our previous work [25,31].

Feature engineering and model training

The temporal inputs were represented by the radian day and the year. The radian day will
help the model understand the cyclic nature of time and enables it to capture the seasonal patterns
in the data. Whereas, adding the year will capture long-term trends that occur over the years of the
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study period. The spatial inputs were represented by longitude, latitude, and elevation. Adding the
spatial inputs will allow the model to capture the inherent spatial heterogeneity in the data. In
addition to the mentioned inputs, SA of the dependent variable was calculated based on the
training set. We used the Local Moran Index (LMI) that was based on the foundation of the Moran’s
| statistic [32]. LMI is a spatial autocorrelation statistic used in geography and other disciplines to
identify local clusters or spatial patterns of similar or dissimilar values in a dataset [33]. Positive
values for LMI indicate that the observation at the station is a part of a cluster of similar
observations from surrounding stations and vice versa, the magnitude of the LMI value represents
the strength of SA [34]. For each day of the study period, LMI was calculated for each station
considering the closest three neighboring stations using the K-nearest neighbors (KNN) weight
matrix with k=3.

Zi—2Z —

;._z ;l=1,i¢j[wij(zj - Z)] (1)
Where, Zi is the value of the observation at the location i; z is the average value of z with the
sample number of n; zj is the value of the observation at all other stations where i7#j; 02 is the
variance of the observation z; and wij is the weight matrix for the locations i and .

The whole dataset was split into a training set (80% of the dataset) and a test set (20% of
the dataset), Figure 1 represents the distribution of the stations. LMI was calculated based on the
training set only to assure that the test set remains unseen for the model. The feature importance
for each input was calculated and based on that some features were removed to generalize the
model and to reduce complexity. CLC, OSM, and population had low importance because these
inputs are not real time data. Figure 2 shows feature importance of the primary inputs in the
training set.

LMI; =
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Fig. 2 - Feature importance calculated based on the training data.

The widely used grid search technique with 10-fold Cross Validation (10-CV) was used for
hyperparameters tuning. In this process, the training data was split into 10 equal-sized folds, where
each fold was used as a validation set while training the model on the remaining 9 folds. We
employed R?, the RMSE, and the Mean Squared Error (MAE) as evaluation matrices. R?> measures
the proportion of variance in PMz s that can be explained by the model. RMSE quantifies the average
difference between the predicted and observed PM: s values. MAE measures the average absolute
difference between the predicted and observed PM; s values. Utilizing these three metrices together
is commonly used in regression problems to provide a comprehensive evaluation of the model. The
maximum depth of the trees, the minimum number of samples required to split an internal node and
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the minimum number of samples required at a leaf node were the main parameters to fine-tune the
model. While applying the 10-CV on the training data, we tested how the performance will drop when
excluding some inputs. We found that NDVI did not noticeably affect the performance of the model
and it was excluded as well.

Model validation

This section was dedicated to the validation process to assess the reliability and accuracy of
our findings.

Validation on the test set

We tested the model on the test set that was taken from the stations in unseen locations for
the model. This validation showed the model ability to predict values in new locations that were not
used to generate the LMI. The model showed good results when estimating PM;5 in the new
locations with R? = 0.86, RMSE=5.61 ug/m?, and MAE=3.37 pug/m?.

Validation on all data

It is a common approach in PM_s studies to apply 10-CV of the whole dataset [35-37]. In
order to do this validation, we generated LMI based on the data from all stations, then we applied a
sample based 10-CV. The model showed similar results compared to the validation on the test set
with R?=0.85, RMSE=5.42 ug/m3, MAE=3.41 pg/m? and, bias=-0.03 pg/m?3. Figure 3 shows the
results of the sample based 10-CV.

A negative bias indicates that, on average, the model tends to underpredict PM25 values.
However, a value of -0.03 appears to align reasonably well with the characteristics of the data where
the values range between 2 and 200 with an average of 17 ug/m3.

R? values indicate that the model explains around 86% and 85% of the variance in PMzs
values, which suggests that the model is performing well and generalizing reasonably to unseen
data.

Sample based 10-CV
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Fig 3 - Density scatter plot for the 10-CV applied on all data.
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Results
Model deployment

We utilized the model to generate daily full coverage PM.s maps over CZ. To validate the
deployment of the model we extracted values of the estimated PM;s at station locations and
compared their temporal profiles with observed values. Figure 4 represents the temporal profile for
three stations with high, normal, and low PM;s levels.

PM:.s Temporal Profile of Kamenny Ujezd station
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PM2.s Temporal Profile of Ostrava-Zabreh station
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Fig. 4 - PM2stemporal profile over three stations: Kamenny Ujezd station, Praha 2-Legerova
station, and Ostrava-Zabreh station.

The results in all stations show nearly perfect overlap, which confirms not only high general
accuracy of the model but also temporal clarity of the predictions. They also show slight bias of the
model in the peaks’ predictions, small underestimation in high values and slight underestimation in
down-peaks. It can be noticed that PM. s values are higher during winter compared to other seasons
in the three chosen stations.

Temporal and regional analysis

We calculated the average PMas levels for each year during the study period. In Figure 5 we
show the yearly average levels. PM; s decreased gradually throughout the study period. The eastern
part of CZ had the highest PM; 5 levels. The Moravia-Silesian Region was the most polluted region
with an average PM;s level of 25.2 ug/m3in 2018, 18 ug/m?in 2019 and 15.8 ug/m?2 in 2020. Karlovy
Vary Region had the lowest PM,s values with 16.4 ug/m3in 2018, 11.1 pyg/m® in 2019, and 10.2
pg/m3in 2020. Besides, the Moravia-Silesian Region, PM.s values exceeded 20 pug/m? in Zlin and
Olomouc Regions with average values of 22.7 ug/m® and 22.2 ug/m? respectively during 2018. Good
PM. 5 levels <= 12 ug/m®were found in six regions in 2020, these regions are Plzen, Karlovy Vary,
Southern Bohemia, Vysocina, Central Bohemia, and Liberec.

@ DOI 10.14311/CEJ.2023.03.0027 363



CIVIL
ENGINEERING
JOURNAL

Article no. 27

THE CIVIL ENGINEERING JOURNAL 3-2023

»\l( ,HI
%\ o 4
Legend

The Year 2018

PMa2.5 (ug/m?)
0

5
10
15 R

20

s 0 75 150 km
L —
30

Legend

The Year 2019

PM2.s (ug/m?)
)

5
10
15

20

25
30

Legend

The Year 2020

PMa.5 (pg/m?)

B
5
10

15

= 0 75 150 km
30

Fig. 5 - The average PM_ s levels over the Czech Republic in the years 2018, 2019, and 2020.

DOI 10.14311/CEJ.2023.03.0027

364



Article no. 27

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 3-2023
JOURNAL

Seasonal analysis

In this analysis, we delved into the seasonal patterns of PM2s concentrations of 2018-2020.
By examining the fluctuations across different seasons and analyzing the variations in PMz5 levels
over time, we aimed to gain valuable insights into the underlying factors influencing pollution levels
during specific seasons of the study period. Winter was represented by January, February, and
December; summer encompasses June, July, and August; spring spans from March through May;
and autumn extends from September to November. We calculated the average PM. s levels for each
region in CZ in the different seasons. Figure 6 shows the results we conducted.

The average PM; s levels in summer are relatively consistent for each year across the entire
country. PMzs concentrations exhibit significant variations during winter seasons. In winter, the
average PM2 s was the highest in all regions except two in 2018 where Prague had the highest values
during autumn and Karlovy Vary had the highest levels during spring. The eastern part of CZ was
highly polluted during 2018 winter with average values of 30 ug/m® over Olomouc Region, 31 ug/m?3
over Zlin Region, and 35 ug/m? over the Moravian-Silesian Region. Pardubice, Karlovy Vary, and
South Moravian Regions also had average concentrations higher than 25 ug/m? during this season.
In 2019, only the eastern part of CZ had an average concentration higher than 25 ug/m3. Air quality
improved throughout the study period; the Moravian-Silesian Region recorded the highest average
value of 20 yg/m? in 2020 winter.

Seasonal PMa.s Levels in 2018 Seasonal PMz.s Levels in 2019 Seasonal PMa.» Levels in 2020
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Fig. 6 - PM. s seasonal analysis over the Czech Republic in 2018, 2019, and 2020.

DISCUSSION

In this study, we used a tree-based machine learning algorithm called the Extra Trees to
estimate PM2.5 over CZ with a high spatial resolution of 1 km during 2018—2020. In contrast to our
prior study, which concentrated on the entire Europe [31], we discovered that incorporating more
balanced data in terms of spatial and temporal distribution enhances the overall accuracy of the
model and simplifies the modeling approach. The R2 obtained from the 10-fold cross-validation of
the model developed specifically for CZ was 0.85, whereas the corresponding R2 for the model
developed for the entire European region was 0.69 [31]. Dividing the data according to stations,
ensured that the model can accurately forecast the absent PM2.5 values in new locations,
achieving a high R2 of 0.86 and a low RMSE of 5.61 ug/m3.

The spatial autocorrelation we calculated based on the Local Moran Index had higher
feature importance than other spatial independent variables like elevation. Calculating the Local
Moran Index can give different results due to factors like the K value and the data's distribution,
which are important to consider when using it in machine learning models. It should be noted that
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the spatial autocorrelation must be generated from the training data only without including the test
data, so the test set remains totally unseen to the model to evaluate its performance in an
unbiased way.

Confirming the findings from our earlier study, the independent variables which exhibit a
high degree of invariance over the duration of the study, like land cover data or the length of the
roads in every 1 km of the grid, will have a lower importance on the model. Unlike other studies
that included all input features regardless to their importance in generating the model [38], we
showed that excluding these inputs will better generalize the model leading to improved
estimations. We believe that the inclusion of temporally varying data will enhance the training
process of the model, resulting in increased accuracy. For instance, including road traffic intensity
yields more refined estimations compared to relying solely on static factors such as the length of
roads. For each year during the study period, the yearly averages were computed by taking a
simple average of all the available values per pixel.

The results showed that PM2.5 levels were above the recommended limits in many regions
of CZ in 2018. The eastern part suffered from the highest values especially during the winter
season where the concentrations reached unhealthy levels with values higher than 30 ug/m3. The
part located on the Czech-Polish border is characterized as a significant industrial zone with
abundant coal deposits and a long-standing presence of factories involved in power generation
and manufacturing of coal specifically used for steel-making purposes. PM2.5 levels found to
exceed the limits over Polish cities in winter seasons [39], airborne transport facilitate the inflow of
particulate matter from Poland across borders, making it a crucial factor in contributing to elevated
air pollution levels in the eastern part of CZ. The average concentrations of PM2.5 during summer
season were almost consistent for all regions each year and lower than average concentrations
during winter, which indicates high effects of heating on PM2.5 levels of especially over the regions
that count on burning coal as the main heating source. The measures that were taken by the
government to reduce the usage of coal played an important role in improving air quality in recent
years. Moreover, the COVID-19 lockdown had a positive effect on PM2.5 levels in the year 2020
due to decreased industrial activities and reduced transportation emissions [31]. The
concentrations of PM2.5 in 2020 were less than 20 ug/m3 in all regions except the Moravian-
Silesian Region during winter months. The yearly average PM2.5 concentrations calculated over
CZ during 2018-2020 in this study align well with our previous findings [31], this serves as
validation for the reliability of the dataset we generated using open PM2.5 data for conducting air
quality studies throughout Europe. Even though the western part of the country had low
concentrations of PM2.5, we recommend augmenting the number of ground monitors in this part to
establish a more extensive network that can be utilized for subsequent analysis. We strongly
encourage the ongoing reduction of coal usage for local heating, acknowledging the progress that
has already been made in this regard. Besides using green energy especially in the eastern part of
the country where the highest concentrations were found.

CONCLUSION

In this study, we estimated daily PM2.5 concentration over the Czech Republic with a high
spatial resolution of 1 km throughout 2018-2020. A comprehensive data analysis was applied to
tune and generalize the spatiotemporal PM2.5 predictive model. The model achieved high
accuracy in estimating missing PM2.5 values with R2 of 0.85, RMSE of 5.42 ug/m3, MAE of 3.41
Mg/m3, and bias of -0.03 ug/m3. Leveraging machine learning techniques and incorporating
auxiliary data in model construction can enhance our comprehension of both the temporal and
spatial fluctuations in PM2.5 concentrations. Based on our findings, the eastern part of the country
suffered from the highest concentrations especially over Zlin and Moravian-Silesian Regions where
the values for 2018 winter, reached risky average concentrations of 30 ug/m3 and 35 ug/m3
respectively. In contrast to 2018, PM2.5 levels dropped over the whole Czech Republic during the
next two years reaching acceptable levels that are less than 20 ug/m3 in almost all regions during
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the year 2020. The COVID-19 lockdown played a role in improving air quality due to reduced
human activities. The generated dataset can be used to obtain a better understanding of the
regional and seasonal PM2.5 concentrations throughout the study period.
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ABSTRACT

A 6.9 magnitude earthquake at a depth of 10 km struck Menyuan County, Haibei Prefecture,
Qinghai Province, China, on January 8, 2022. This earthquake damaged some railway bridges on
the Lanzhou-Xinjiang Passenger Dedicated Line. This study combines relevant historical earthquake
damage experience, considers the effects of earthquake intensity, site soil classification,
superstructure type, foundation failure factor, number of spans, and total bridge length, and develops
empirical formulas for seismic damage prediction of railway bridges using ordinal logistic regression
model in SPSS software. Since the accuracy of both predictions for seismic damage is practically
the same, using this regression to predict seismic damage to railway bridges is considered valid.
The predicated seismic damage matrix, as were the anticipated multi-intensity mean damage index
and the empirical vulnerability curve based on the two-parameter lognormal distribution function,
were generated on this basis. We get a risk assessment of future seismic damage for regional
bridges when they experience different intensities or peak ground acceleration. According to the
conclusions, although the suggested particular equations and vulnerability curves do not apply to
the remainder of the region owing to geographical uniqueness, the technical approach is valid. It
may be used as a reference for seismic damage prediction and vulnerability evaluation in other
regions. The earthquake damage prediction matrix derived from the regression analysis can provide
reasonable and fast forecasts before the next earthquake.

KEYWORDS

Railway bridges, Empirical vulnerability, Seismic damage prediction, Ordinal logistic
regression

INTRODUCTION

As a lifeline project, it is necessary to strengthen and improve the seismic capacity of bridges
before earthquakes and to enable them to meet the needs of traffic and emergency resource
deployment after earthquakes during their service phase. The seismic damage prediction and
vulnerability study of railway bridges in the region is an effective and realistic technique to achieve
these criteria. The predicted damage and vulnerability curves allow for a general estimation of which
bridges in the region require targeted strengthening to improve seismic capacity. Bridge damage
prediction methods are classified into four types: Empirical Statistical Methods, Code Calibration
Methods, Pushover, and Integrated Qualitative and Quantitative Evaluation Approaches for big-span
bridges. The empirical-statistical method is a seismic safety evaluation method that selects the main
factors affecting bridge damage based on historical seismic experience, bridge seismic knowledge,
and information provided by bridge samples and then performs statistical regression of the influence
mode and weights of each influencing factor based on a large number of samples to establish an
empirical bridge damage prediction formula [1].
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In 1956, Keisaburo Kubo [2] defined the vulnerability index and counted thirty highway
bridges based on ten influencing parameters, such as seismic intensity, site characteristics, and
liquefaction. In 1986, Japan [1] proposed an updated method for vulnerability analysis of highway
bridges by analyzing 124 earthquake-damaged bridges, considering 15 influencing factors such as
design codes, superstructure type, and bridge axis slope, and using an empirical formula obtained
by statistical methods. In 1994, Zhu Meizhen [3] developed an empirical formula for predicting
nonlinear seismic damage to highway bridges based on the seismic damage of more than 100
bridges in China's Tangshan, Haicheng, and Tonghai earthquakes using statistical methods. In
1994, Wang Tianwei [4] published an empirical method for forecasting earthquake damage to railway
bridges using linear regression analysis and the principle of least squares to construct a prediction
formula. In 2003, Longjun Xu [5] provided a straightforward approach to forecast earthquake damage
for railway bridges and illustrated the cumulative damage probability curves of railway bridges under
various earthquake intensities. In 2013, Yang Fan [6] proposed a hierarchical weighted synthesis
method based on the hierarchical analysis method applicable to assessing earthquake damage to
railway bridges. In 2021, Y.J. Xu et al. [7] proposed a real-time regional seismic damage assessment
framework based on Long Short-Term Memory neural network architecture. In 2022, Li WS et al. [8]
established a probabilistic seismic demand model for a typical regular continuous-girder bridge and
provided suggestions for seismic damage prediction and seismic insurance risk evaluation. Although
railway and highway bridges' seismic damage phenomena differ, the forecast methodologies are
identical. These approaches give a theoretical foundation for employing regression analysis to
anticipate earthquakes. Still, they are no longer relevant to today's railway bridges due to changes
in building technology and seismic design.

Currently, there are three broad groups of systems for quick seismic damage assessment
assumptions based on historical earthquake damage data, information from earthquake intensity
records, and fundamental structural features of bridges. The first one is the system formed by the
seismic damage presumption process for highway bridges proposed by Kuan Kobayashi et al. [9],
which has been widely used in Japan [10] and modified after the Kumamoto earthquake [11]. The
second one is Murano Gallon et al. [12] proposed a software system [13] for forming a presumptive
design chart for seismic damage with the ratio of the predominant period of ground motion to the
intrinsic period of the structure as the horizontal coordinate and the ratio of the maximum
acceleration of ground motion to the yield seismicity of the structure as the vertical coordinate, which
has been used in the Japanese railway sector. The third one is the vulnerability curve approach,
represented by the HAZUS earthquake damage assessment system in the United States [14]. These
approaches, however, need a large and diverse sample of seismic data, and are computationally
demanding. Among these three methods, the design codes of Chinese and Japanese bridges differ,
so the seismic factors differ, and their evaluation systems cannot be used. In the Menyuan
earthquake, the lack of specific ground motion data at the bridge site made it challenging to get the
predominant period quickly. The HAZUS evaluation system used in the United States collects
seismic hazard data of bridges in the United States, and the geological conditions and construction
methods at the bridge site are so different that it does not apply to China.

This work aims to apply ordinal logistic regression to forecast seismic damage on the
northeast edge of Qinghai, derive empirical vulnerability curves, and validate the method's broad
applicability.

THEORETICAL FOUNDATION

The analysis data of vulnerability that can be obtained is of utmost importance, and the
methods used are subject to specific restrictions depending on the data information. The prediction
of bridge damage has seismic uncertainty, structural insecurity, and regional character. Bridge
vulnerability is the probability distribution of all limit states, and the degree of seismic damage to
bridge structures is defined in terms of a number of limit states using probability distribution theory.
This assessment is frequently based on ground shaking parameters or macroscopic fuzzy physical
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guantities, takes structural strength stochasticity into account, and uses arbitrary resistance or limit
state strength assessment of bridge structures [15].

While the seismic vulnerability of bridge structures is an important component of the
probabilistic theory of seismic hazard analysis, which can effectively quantify a reasonable estimate
of the seismic capacity of bridge structures, the northeastern edge of the Qinghai-Tibet Plateau is
seismically prone. It has significant railways and infrastructure passing through it. As a result, it is
important to study the risk assessment of railway bridges in this region. The seismic hazard matrix
for the area can be obtained using the empirical equation for earthquake hazard prediction, and the
vulnerability curve can be fitted using the seismic hazard matrix. Though Menyuan has experienced
numerous earthquakes throughout its history, only the 6.9 in 2022 caused serious seismic damage
to the railway system. The seismic vulnerability analysis of a few railway bridges on the Lanzhou-
Xinjiang Passenger Dedicated Line for the magnitude 6.9 Menyuan earthquake in 2022 is significant
for the future seismic risk assessment of the railway system in the northeastern margin of the
Qinghai-Tibet Plateau due to the regional nature of seismic vulnerability assessment. Meanwhile,
while high-speed railway bridge bearings were damaged by the Luzhou earthquake in 2021, the
seismic damage of the Lanzhou-Xinjiang Passenger Dedicated Line bridge caused by the Menyuan
earthquake was the first time that a high-speed railway bridge on China's mainland was subjected
to areal earthquake assessment. The analysis of its seismic damage pattern characteristics is critical
for the seismic design of future high-speed railway bridges.

This paper considers the effects of seismic intensity, site soil classification, superstructure type,
foundation failure coefficient, number of spans, and total bridge length on bridge damage. The
ordinal logistic regression model is used. The specific technical route is first establishing the
empirical formula for predicting the earthquake damage to railway bridges, getting the damage
matrix, and drawing the empirical vulnerability curve to achieve the empirical vulnerability analysis
of the earthquake damage to railway bridges in the Menyuan earthquake. The technical flowchart is
shown in Figure 1.

Earthquake damage sample
collection

¢ J
Classification of the degree of Analysis of factors influencing the
bridge damage degree of bridge seismic damage
| I
¥
Extraction of evaluation indicators
Quantification of indicators
Ordinal logistic regression
i
Empirical vulnerability curves
Achieve prediction of the degree of bridge
damage

Fig.1 — Technical flowchart

RAILWAY BRIDGE SEISMIC DAMAGE

On January 8, 2022, a 6.9 magnitude earthquake occurred in Menyuan County, Haibei
Prefecture, Qinghai Province, China, with a depth of 10 km. The left-slip type earthquake occurred
in the Lenglongling fault zone with a maximum intensity of IX degrees. In the IX degree zone, the
girders were significantly displaced and slanted, the tracks were severely twisted and partially
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broken, fractures formed on the road surface in several places, fissures and misalignments in the
bedrock were evident, and the mountain fell. The severe earthquake damage to the bridges was
mostly exhibited as lateral sliding of the major girders, damage to the bearings and retaining blocks,
track system distortion, and tilting of the electric poles. Other bridges on the Lanzhou-Xin Passenger
have earthquake damage, including pier fractures, bearing anchorages sliding off, and rail sleeper
concrete cracking. The Liu Huanggou Bridge, for example, was the first true bridge of seismic
damage in China's high-speed railway [16]. Figure 2 depicts typical railway bridge seismic damage.

(d Girer Irge horizontal displacment

Fig.2 —Typical railway bridge seismic damage

Extraction and quantification of evaluation indicators

The seismic damage of railway bridges was divided into five degrees [3, 4] based on the
collected seismic samples and associated experiences, as indicated in Table 1.

Tab. 1 - The defines of the degree of earthquake damage

degree of seismic damage destruction phenomenon
Collapsed (D) The bridge cannot be used.
The main load-bearing structure is severely
Severely Damaged (C) damaged and needs significant repair or
reconstruction.

The main load-bearing structures suffer damage
or local damage.
Slightly Damaged (A) Non-load-bearing structures suffer damage.
No Damaged (A0) No seismic damage.

Moderately Damaged (B)

The railway bridge damage sample was drawn from 135 railway bridges in the Menyuan
earthquake area, which included 111 simply supported girder bridges, 23 continuous girder bridges
and continuous rigid frame bridges, and one girder-arch combination bridge. According to the
earthquake damage assessmentin Table 1, there were no collapsed bridges, one severely damaged
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bridge, seven moderately damaged bridges, four slightly damaged bridges, and 123 generally
undamaged bridges, as indicated in Figure 3.

120

I Simply supported beam
100 | 100 [ Continuous beam and continuous rigid structure |
[ Combined beam and arch bridge

Number of bridges

A0 A B C
Degree of seismic damage

Fig. 3 — Earthquake damage statistics of railway bridges in Menyuan earthquake

Meizhen Zhu [3] believed that the coefficient values of each element are derived from
mathematical statistics and offered the recommended coefficient values of the main influencing
factors for highway bridges. Tianwei Wang [4] presented different coefficients for qualitative and
guantitative factors for seismic damage prediction of railway bridges, and the connection between
the coefficients is consistent with the general principles of seismic engineering. Based on the
collected bridge seismic data and the relevant historical seismic experience, the following six factors
are listed as the main factors affecting bridge seismic damage, as shown in Table 2.

Tab. 2 - Statistical value of impact coefficient of earthquake damage

Main influencing . Statistical
No. f Categories -
actors coefficient
VI 1.0
VI 1.1
1 Intensit VI 1.2
ntensity X 13
X 1.4
Xi 1.5
girder-arch combination bridge 1.0
5 Superstructure conti.nuous glirc_ier bridges_ and 11
continuous rigid frame bridge
simply supported girder bridge 1.4
1 1.0
3 Site soil 2 1.1
classification 3 1.2
4 1.3
. none 1.0
4 Fo;‘ari‘l‘i";‘go” slight 1.2
heavy 1.6
Number of hole = 1.0
5 spans 1-6 1.1
6< 1.2
6 Total length of <200m 1.0
bridge >200m 1.2
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We discovered that the region's bridges have enormous spans during the statistical process.
The overall length of bridges may approach 5200m, with varied superstructure shapes and site
types, and the real seismic damage is dispersed in various intensity zones. These are connected to
the bridges' location on the Qinghai-Tibet Plateau, which has a high concentration of permafrost,
varied seismic protection for bridges, and various bridge spans owing to topography and
geomorphological variations. As a result, this seismic damage index's division is irrelevant to the
remainder of the plain area. It should be changed based on regional topography and bridge structural
features.

THE ORDINAL LOGISTIC REGRESSION MODEL

In order to represent the connection between the degree of bridge damage and its numerous
influencing factors, this study on bridge damage prediction seeks a model of functional relationship
class, describing this relationship either qualitatively or quantitatively. Regression analysis is a
mathematical technique used to determine the law of interrelationship between dependent and
independent variables from a large amount of data, as well as to perform factor analysis and
determine the degree of prediction and influence by one or more variables on the value of the
dependent variable. To analyze the factors influencing the degree of bridge damage and understand
the law of bridge damage, an ordinal logistic regression model is established in this paper using each
factor affecting bridge damage as the independent variable and the degree of individual bridge
damage as the dependent variable. The projected outcomes are also contrasted with the actual harm
to confirm that the regression model is accurate.

The logistic model belongs to nonlinear regression analysis, and its study is mainly aimed at
a multiple regression method between the results of dichotomous or multi-categorical variables of
the dependent variable and certain influencing factors. This study employs ordinal logistic regression
since the different seismic levels are the dependent variable.

Let there be k classifications of the dependent variable and the probabilities of each
classification denoted as P1, P2... Pk, the following k-1 logistic regression equations can be fitted to
the n independent variables [17]:

— exp(ag+P1X1+B2Xo+ - +PnXn) (1)
1+exp(as+Pf1X1+B2Xz++BnXn)

1

_ _exp(azt+BiX1tfrXot - +PnXn) —p.. )
1+exp(az+B1X1+B2Xp++BnXn) 1

2

__exp(ak—1+B1X1+B2Xo++BnXn) _ _ )
- 1+exp(ag—q1+B1X1+P2Xo++BnXn) Pl PZ Pk—z 5 (3)

Py

The kth class is used as the reference class. Where: a1, a2... a k-1 are the constant terms of
the regression equation; Xi (i=1, 2... n) is the influence factor; Bi represents the regression coefficient.

Model building and results

This study employed the parameters affecting seismic intensity, site soil classification,
superstructure type, foundation failure factor, number of spans, and overall bridge length as
independent variables. The dependent variable was the seismic damage index of railway bridges.
The data were imported into the statistical analysis program SPSS [18], and multiple logistic
regression analysis was carried out with the help of the equation above to produce the regression
model and coefficients for predicting the degree of bridge seismic damage, which are displayed in
Table 3. As shown in Table 3, only these three components pass the significance test because their
p-values for the intensity coefficient, site coefficient, and foundation failure coefficient are all less
than 0.05.
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Tab. 3 - Regression coefficients of each variable in Logistic regression
Model Coefficient Std. Error | Wald x2 S'%mflcance

-value

[A0] 181.820 89.872 4.093 0.043

Threshold [A] 189.465 93.545 4.102 0.043

[C] 190.480 93.694 4.133 0.042

1(Intensity) 89.939 42.416 4.496 0.034

2(Superstructure) 28.250 23.263 1.475 0.225

Independent 3(Site) -108.005 47.073 5.264 0.022
variables 4(Foundation failure) 113.793 55.937 4.138 0.042
5(Span) 88.912 58.658 2.298 0.130

6(Bridge length) -56.794 46.791 1.473 0.225

Model Testing

The goodness-of-fit test shows that the significance p-values for both Pearson and Deviation
tests are greater than 0.1, as shown in Table 4, and the model is considered to fit relatively well.

Tab. 4 - goodness-of-fit of Logistic regression

Model Chi-Square Degree of freedom Slgm\f/l;le:lce P-
Pearson 4.717 69 1.000
Deviation 5.239 69 1.000

The parallelism hypothesis test determines if the effect of each independent variable value
level on the dependent variable is the same in each regression equation. Because the parallelism
test's initial premise is that the model fulfils parallelism, if the P-value is larger than 0.05, the model
accepts the original hypothesis, i.e., it passes the parallelism test. In contrast, if the P-value is less
than 0.05, the model rejects the initial hypothesis and fails the parallelism test. As shown in Table 5,
the findings reveal that P=1.0>0.1, which is compatible with proportionate dominance, i.e., the
individual regression equations of the models are parallel.

Tab. 5 - Logistic regression parallel line test

Model -2*Log Likelihood Chi-Square Degree of Significance
freedom P-value
Original
hypothesis 0.000 i ) i
Conventional 0.000 0.000 12 1.000

The model fit information test determines if the partial regression coefficients of all
independent variables in the model are valid, as given in Table 6, with P<0.05 in the findings
indicating that the model is valid.

Tab. 6 - Fitting information of Logistic regression mode

Model -2*Log Likelihood Chi-Square Degree of Significance
freedom P-value
Intercept
Only 99.075 - - -
Final 0.000 99.075 6 0.000

The anticipated values were compared to the actual statistical values, and the results are
displayed in Table 7. The predicted earthquake damage rates are identical to the actual earthquake
damage rates. The ordered logistic regression model has high discriminative performance and can
forecast the bridge damage level more accurately.
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Tab. 7 - Comparison of Logistic regression predicted earthquake damage rate and actual
earthquake damage rate

Seismic AQ A B C
damage
Actual/% 91.11 2.96 5.19 0.74
Prediction/% 91.11 2.22 6.67 0
Error/% 0 25 27 100

Example

Since the accuracy of both predictions for seismic damage is practically the same, using this
regression to predict seismic damage to railway bridges is considered valid. Ordinal logistic
regression can predict each bridge damage stage at a given intensity, and some of the findings are
displayed in Table 8.

For example, the probability of AO for bridge No. 69 is 0, the probability of A is 0.09, the
probability of B is 0.79, and the probability of C is 0.12. As a result, the anticipated category is "B,"
indicating the greatest likelihood of injury.

Although the ordered logistic regression effectively predicts bridge seismic damage, some
errors exist, such as bridge No. 67 in Table 8. The predicted object often cannot be entirely consistent
with the background information of the bridge at the time of statistics, and sometimes even significant
differences, which will affect the prediction accuracy to a certain extent [3]. In addition, some
secondary factors will lead to a specific error in predicting seismic damage to bridges. However, this
error will not make the seismic damage level show a significant difference, which can only be a
difference of one neighbouring level.

Tab. 8 - Schematic table of ordered logistic regression calculation (part)

Bridge Influence factor coefficient
N Real AO A B C Prediction
0. 1 2 3 4 5 6
L
67 1.2 (14|10 |10 | 1.2 | 1.2 A 0.00 | 0.09 | 0.79 | 0.12 B
68 1.2 (14|12 |12 |12 | 1.2 B 0.00 | 0.03 | 0.92 | 0.05 B
69 1.2 (14|10 |10 | 1.2 | 1.2 B 0.00 | 0.09 | 0.79 | 0.12 B
L
73 1.2 14|10 |10| 10| 1.0 A 0.03 | 0.96 | 0.01 | 0.01 A
74 1.2 14|10 |10| 11| 1.0 B 0.00 | 0.01 | 0.98 | 0.01 B
75 1.2 14|10 |10| 11| 1.0 B 0.00 | 0.01 | 0.98 | 0.01 B
L

BRIDGE SEISMIC EMPIRICAL VULNERABILITY

Railway bridge seismic vulnerability can be expressed by vulnerability curves that reflect the
conditional likelihood of the structural reaction surpassing the structural load-bearing capacity
defined by the damage phase under varying intensities of seismic action. Empirical and analytical
approaches can be used to calculate bridge vulnerability curves. The vulnerability curves obtained
through empirical methods are generally based on damage reports from previous earthquakes [19].

The damage probability matrices of various types of bridges were calculated through
statistical regression after collecting damage data from regions where earthquakes have occurred.
These matrices are then used as the foundation for the empirical vulnerability curve. Yamazaki et al.
proposed an empirical vulnerability model and used the least squares regression method to obtain
the log-normal distribution parameters; Tanaka used a two-parameter normally distributed
vulnerability function [20].
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Bridges in different intensity zones will present different degrees of damage, and it is difficult
to judge their vulnerability to earthquake damage in the region by only analyzing their damage at a
particular intensity. This paper presents the prediction statistics of bridge structures in different
intensity zones and establishes a damage prediction matrix based on multiple intensity zones, as
shown in Table 9. The actual seismic damage in this Menyuan earthquake is shown in parentheses.

Tab. 9 - Seismic predicated matrix of railway bridges %

ensity VI VI VI X X X
Dama
AO 100(100) | 82.22(100) 0(8.34) 0(0) 0(0) 0(0)
A 0(0) 17.78(0) | 91.85(33.33) | 3.70(0) 0(0) 0(0)
B 0(0) 0(0) 8.15(58.33) | 88.15(0) | 3.70(0) 0(0)
C 0(0) 0(0) 0(0) 8.15(100) | 96.30(0) | 91.85(0)
D 0(0) 0(0) 0(0) 0(0) 0(0) 8.15(0)

The outcomes of the forecast demonstrate that the bridge damage's severity increases with
the earthquake's magnitude. In the earthquake intensity zone of magnitude VI, all railway bridges
exhibited basic intactness; in the earthquake intensity zone of magnitude VII, 17.78% of the bridges
suffered minor damage; in the earthquake intensity zone of magnitude VI, virtually no bridges were
intact and showed minor and moderate damage; in the earthquake intensity zone of magnitude 1X,
88.15% fewer bridges were slightly damaged; 80% more moderate damage; and 8.15% more
severely damaged bridges; in the earthquake intensity zone of magnitude X, bridges essentially
occurred Bridges in the X degree zone sustained 96.30% major damage, but there was no
destruction; in the XI degree zone, 8.15% of bridges were destroyed.

Average seismic damage model for multi-intensity areas

The damage to the bridge at each seismic level was calculated as shown in Table 9, with the
corresponding damage indices within the different levels, as shown in Table 10, to analyze the
overall damage of the bridge at different intensities. A weighted average was then performed to
obtain the parameter known as the mean damage index (MSDI) % [21], as shown in equation (4):

[MSDI] =¥?_,d; 8; (4
Where:[MSDI] represents the average damage index of railway bridges in the region; d;
represents the normalization of the damage index to obtain a continuous value between 0 and 1,

representing the damage degree of the structure from intact to destroyed; §&; damage level is the
damage ratio of the bridge structure for i(i=1,2,3,4,5).

Tab. 10 - Earthquake damage index of different grades

Damage AO A B

Value
highest value (h) 0 1.6 2.4 3 4
mean value (m) 0.8 2 2.7 35 4.5
lowest value (1) 1.6 2.4 3 4 5

Equation (4) is matrixed with the existing seismic vulnerability matrix in order to obtain the
damage of bridge structures in various intensity zones. Equations (5) through (7) then build a
vulnerability matrix model based on the average seismic damage index.

[MSDI]a = [d;]"[6:] (5)
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[MSDI]a 2l (6) [MSDHa=|[ ,° @)
MSDI;

Where §;; denotes the damage ratio (number of damage ratio) of the structure subjected to
the ith seismic damage level in the j (j=6, 7, 8, 9, 10, 11) intensity zone, [MSDI]a indicates the
average seismic damage index limit, « indicates h. m. I.

The average seismic damage index matrix of the bridges in the region is obtained as shown in
equations (8) - (10):

0 [16 OO] 32.00

5.69 20.27 34.84

_133.30 _|41.14 48.98
[MSDI]S;= 48,39 (8) [MSDI]S,, =|54.79 (9) [MSDI]S= 61, 19 (10)

59.56 69.41 79.26

61.63J [71.63J l81.63J

Figure 4 depicts the vulnerability curve of the average seismic damage of bridges for multi-
intensity areas. When the region suffered an earthquake of magnitude VII, the probability of bridge
damage was 33% at the highest value, 19% at the mean value, and 4% at the lowest value. The
predicted vulnerability curve of bridges under MSDI parameters can predict the minimum to
maximum level of bridge seismic damage at different intensities. This is a very conservative
approach.

90 +
80 - o
70 |- -

60 _7_/,,-—-/'/

50 "

40 —
F——
20
10 - 7 I

U-.,,,..--" m
h

MSDI%

6 7 8 9 10 11
Intensity

Fig. 4 —Predicted vulnerability curve of bridges under MSDI parameters

Vulnerability curves based on two-parameter log-normal distribution functions

Each seismic damage class was assigned its own vulnerability curve. To guarantee precise
prediction, C and D were classed as the same class in this earthquake due to the lack of damage in
the destroyed condition.

Assuming a two-parameter log-normal distribution for the vulnerability curve:

In(a/6;)
F(a,q.4)) = &[22 CED

where Fj(a, 0;, {;)denotes the probability that the bridge reaches or exceeds the jth damage state;
@(-)is the standard normal distribution function; a is the PGA value; 6; and ¢; are the median and
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logarithmic standard deviation of the damage state corresponding to the vulnerability curve (j=1, 2,
and 3 denote "A", "B", "C. D", respectively).
From the China Intensity Table [22], the relationship between intensity and PGA is shown in
Table 11.
Tab. 11 - Correlation between intensity and PGA

Intensity VI VI VI X X Xl
PGA(m/s2) 0.63 1.25 2.50 5.00 10.00 20.00
PGA(g) 0.064 0.128 0.255 0.510 1.020 2.041

With the seismic damage ratio matrix in Table 9, the corresponding transcendence
probabilities can be obtained from equation (12) as shown in Table 12.

Fi(l) = Shoy P (1) (12)

Where, P,(I;) indicates the probability of being in the jth damage state under intensity i, that
is, the damage ratio of being in the jth damage state under intensity i.

Tab. 12 - Exceedance probability F of bridges with different earthquake damage grades

Damage
A0 A B C. D
PGA(g)
0.064 1 0 0 0
0.128 1 0.1778 0 0
0.255 1 1 0.0815 0
0.510 1 1 0.963 0.0815
1.020 1 1 1 0.963
2.041 1 1 1 1

The vulnerability curves corresponding to the damage states "A", "B", "C. D" obtained by
using the cumulative function of the lognormal distribution is shown in Figure 5. When the PGA in
the region is 0.5g, bridges are largely destroyed, more than 95% of the bridges are slightly damaged
and 70% suffer moderate and severe damage. In addition, from this curve, we can know the possible
magnitude of PGA in the region when 20% of the bridges exceed some damage state.

Exceedance probability F

PGA(g)
Fig.5 —Predicted vulnerability curve based on a two-parameter log-normal distribution function

CONCLUSION

This study presents a seismic damage prediction formula based on ordinal logistic regression
in SPSS. The method can predict the damage index of a single bridge and its likelihood of occurring
in different damage states. On the base, the predicated empirical vulnerability curve may be used to
quickly analyze the total damage of bridges in the region at various intensities and damage states.
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The predicted vulnerability curve of bridges under MSDI parameters is a very conservative approach
that can know the minimum to the maximum level of bridge seismic damage at different intensities.
The predicted vulnerability curve based on a two-parameter log-normal distribution function can
visualize the probability of damage for various seismic damage states of the bridge when the PGA
is what and the possible PGA in the region when the bridge is damaged to a certain extent. Moreover,
this method can serve as a reference for analyzing the risk assessment of railway bridges in the
region and give some foundation for later prediction of bridge damage in the region with some
reliability to make realistic forecasts before the next earthquake. It is important to note that the
regression equation proposed in this paper does not apply to other regions because the defined
damage index is based on a summary of the damaged bridges in the 2022 Menyuan earthquake,
and the topography and climate of bridges in different regions vary greatly, as do their site
classification and traditional structure types. The Lanzhou-Xinjiang Passenger Dedicated Line is
located in the Qinghai-Tibet Plateau, with permafrost zones, a cold temperature, and more
mountains, so there are some differences in the seismic design of bridges. As a result, when an
earthquake happens, the seismic damage displayed is inconsistent. However, this work's technical
line of study gives some pointers for other places to use when assessing vulnerability and risk. The
findings of this study have substantial significance for the seismic risk assessment of bridges on
Qinghai's northeastern border.
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ABSTRACT

Rotating bridge structures encounter numerous challenges during the rotation process, and
the pre-rotation weighing experiment is the key to addressing these difficulties. Therefore, in order
to resolve the obstacles and provide reference for future bridge rotation construction in the context
of dependent projects, this study focuses on a prestressed concrete cable-stayed bridge with twin
towers and twin cable planes. It proposes a multi-point braced rotation weighing experiment, where
both the arm-brace and the spherical hinge are subjected to simultaneous loading. Firstly, theoretical
formulas for the weighing experiments under various conditions were derived. The field test results
were then utilized to calculate the jacking force at the limit state during the jacking process.
Subsequently, these values were substituted into the corresponding formulas to determine the
relevant parameters of the weighing experiment. Finally, the counterweight was adjusted based on
the weighing results to facilitate the structural rotation. Throughout the swiveling process, the angular
velocity remained stable, resulting in the successful rotation of the structure. The successful
implementation of a multi-point braced swivel weighing experiment, considering the joint force of the
arm-brace and the spherical hinge, can serve as a valuable reference for the design and construction
of similar bridges.

KEYWORDS

Cable-stayed bridge, Swivel construction, Multi-point braced, Spherical hinge rotation
method, Weighing experiment

INTRODUCTION

Bridge construction in China is currently undergoing rapid development. In addition to
spanning ravines, valleys, rivers, and seas, many new bridges must cross over busy transportation
lines. Fortunately, the swivel construction method offers an effective solution, offering several
advantages such as simplified construction procedures, accelerated construction speed, reduced
material usage, and minimal disruption to existing infrastructure. These advantages yield significant
economic and social benefits [1]~[4].

The swivel construction method can be classified into three categories based on the swivel
direction: horizontal swivel, vertical swivel, and a combination of horizontal and vertical swivel
methods [5]~[9]. The horizontal swivel method is widely used in road and railway engineering
projects [9]. However, when the bridge constructed by the horizontal swivel method is faced with a
swivel across existing lines, a specific obstacle in the process of swivelling, or a slight elevation
difference between the bottom of the beam and the obstacles, the traditional single point braced
swivel method no longer meets the complex construction conditions, which makes more and more
horizontal swivel constructions constantly innovate. Based on this, this article proposes a multi-point
braced swivel weighing experiment, which is based on the single-point braced swivel and involves
the joint force of the arm-brace and the spherical hinge.
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BRIDGE OVERVIEW AND FINITE ELEMENT MODEL

The project-based bridge is on a north-south urban trunk road in Harbin, Heilongjiang
Province. It features a twin-tower, double-cable prestressed concrete swivel cable-stayed bridge with
a combined span length of (118 + 198 + 118) meters and a semi-floating structural support system.
Tower nine rotated 79.31 degrees counter clockwise, while Tower ten rotated 96.12 degrees
clockwise; the swivel weight of both towers is approximately 28,000 tonnes. Due to the bridge's
location, the bridge spans 48 existing railways at an intersection angle of 80.4°. Furthermore, the
main beams of Tower ten's side span must cross the railway catenary during the swivel process.
The distance between the bottom of the beams and the railway catenary at its closest position is
only 151 mm. In order to increase the distance between the main beams of Tower ten's side span
and the railway catenary while maintaining the safety of the swivel process, the multi-point braced
swivel method was used for Tower ten. In contrast, the traditional single-point braced swivel method
was still used for Tower nine.

Through the finite element method to solve the problem, is the use of mathematical
approximation method to simulate the actual physical system (geometry and load conditions). It
approximates the real system of infinite unknowns with a finite number of unknowns using simple
and interacting components (i.e. cells). Finite element analysis is inextricably linked to the solution
of nonlinear issues. Based on actual construction stages and parameters, a static rod system model
for the twin-tower, double-cable swivel cable-stayed bridge was developed using Midas Civil to
provide theoretical data for the overall structure and precise substitute moments for simplifying the
upper structure of the local model. Midas Civil, a general structural analysis and design system for
bridges within the Midas suite of software components, incorporating current Chinese design
standards, is frequently used by engineering firms for project design and academic structural
calculations.

Midas Civil was used to constructing the Danyang Road overpass and the Lekai Street swivel
cable-stayed bridge in Heze, China [10]. In his study of the mechanical behaviour of an inter-railway
overpass in Zoucheng City subject to the coupled action of multiple elements, Guo [11] also used
Midas Civil to create the static rod system model of the swivel cable-stayed bridge.

1. Nodes and units’ creation

The nodes and units are created under the bridge's size and location. The overall model has
416 nodes and 393 units, with beam units for the main tower, main girder, and bearing platform; and
truss units for the stay cable.

2. Material selection

According to the field experiment, material-related parameters refer to the corresponding
material parameters in the Chinese specification database [12] and are given to the corresponding
unit.

3. Boundary setting

Because the rod system model is not required to provide seismic and other dynamic data for
this paper, the "pile-soil" effect is not considered, and the bottom of the lower foundation slab is fully
restrained by general support; the anchoring effect of the anchor on the stay cable and the bridge
tower and main beam is simplified and replaced by a rigid connection. The tower beam before the
swivel is temporarily consolidated by prestress, which is also replaced by a rigid connection. The
tower beam and pier bearings are simulated by elastic supporting.

4. Construction stage

The construction phases of the model are divided into 47 stages, based on the engineering
design documents and adjusted in real time according to the actual construction conditions on site.

The overall rod system model omits the detailed structures such as spherical hinges and arm-
brace. The bridge layout is shown in Figure 1, and the Midas Civil model is shown in Figure 2.
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Fig.1 - Bridge layout diagram (unit: m)

Fig.2 - Midas model diagram.

THEORY RELATED TO MULTI-POINT BRACED SWIVEL WEIGHING EXPERIMENTS

Test method of unbalanced moment of swivel

It is impossible to achieve complete symmetry on both sides of the swivel’s spherical hinge
during the construction process of a now-poured beam, so an unbalanced moment may occur, which
is not conducive to the safe construction of a swivel. To ensure construction safety, it is essential to
conduct an unbalanced moment test before swiveling, followed by a counterweight design based on
the tested unbalance moment [13]. The test methods of unbalanced moment are as follows: (i) the
method based on the stress difference at the root of the main beam; (ii) the method utilizing deflection
estimation; and (iii) the spherical hinge rotation test method.

1. The method based on the stress difference at the root of the main beam

The method based on the stress difference at the root of the main beam uses the principle that when
pure bending occurs in the main beam, the bending normal stress varies linearly along the height of
the beam. The unbalanced moment of the swivel structure is calculated using the stress difference
at the root of the main beam.

2. The method utilizing deflection estimation

The fundamental principle of deflection estimation is that after constructing a bridge using the
horizontal swivel method, before and after the demolition of the brackets, the beam bodies on both
cantilevers ends only produce elastic rotation around the spherical hinge and no other rotation
parameters; thus, it is assumed that the difference in deflection between the two cantilever ends is
due to the difference in the self-weight of the concrete.

3. The spherical hinge rotation test method

Currently, the bridges constructed by the horizontal swivel method generally use the spherical hinge
rotation test method to predict the unbalanced moment and the friction moment of the spherical hinge
[14]~[16]. The fundamental principle is the theory of rigid body displacement mutation. This approach

@ DOI 10.14311/CEJ.2023.03.0029 385



Article no. 29

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 3-2023

JOURNAL

solely considers the rigid body’s displacement mutation, ignoring the effect of other factors, and has
a high degree of precision, which satisfies the swivel's requirements.

Liu Jian [17] compared all three methods and concluded that the spherical hinge rotation test method
is the most accurate. Combined with the construction situation, this project uses the spherical hinge
rotation test method for weighing experiments.

Derivation of weighing experiment formula based on spherical hinge rotation method

The spherical hinge rotation method is widely used as a test method for weighing
experiments. The specific derivation process of its equation is as follows:

After demolishing the temporary consolidation of the upper swivel structure, which was
generated by the boost counterforce seat, the following circumstances will be faced:

1. Calculation of the moment when the spherical hinge frictional moment Mz > the rotational
unbalance moment Mg:

As shown in Figure 3, an example of a single point braced swivel weighing.

Side span Mid Span
ém Iié

Fig.3 - Schematic diagram of single point braced swivel weighing

In Figure 3 L1 is the distance from the jack to the spherical hinge centre in mid—span; L2 is
the distance from the jack to the spherical hinge centre in the side—span; Jack is used to apply
jacking force; The jack’s loading point is situated in the upper foundation slab part on the outside of
the arm-brace.

It is assumed that the centre of rotation is biased towards the mid-span direction, and the
jacking force P1 is applied to the foundation slab in the mid-span direction. When the jacking force
P1 is progressively increased to the moment when the spherical hinge experiences a slight rotation,
that is, Mz and Mg in different direction, it will be obtained according to the principle of moment
balance that:

P1L1+My=M, (1)
It is assumed that the centre of rotation is biased towards the side-span direction, and the
jacking force P2 is applied to the foundation slab in the side-span direction. When the jacking force
P2 is progressively increased to the moment when the spherical hinge experiences a slight rotation,

that is, Mz and Mg in the same direction, it will be obtained according to the principle of moment
balance:

PoL =M +M, @)

Combining the (1) and (2) equations, we can obtain:
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2. Calculation of the moment when the spherical hinge frictional moment Mz < the rotational
unbalance moment Mg:

The counterweights of the single-point and multi-point braced swivel are not the same. Before
the weighing experiment, the multi-point braced swivel needs a larger counterweight to raise one
end of the main beam.

Because of the giant counterweight of the multi-point braced swivel, only one instance exists,
the spherical hinge frictional moment Mz < the rotational unbalance moment Mg. As a result, it is
challenging to balance the structure with the spherical hinge frictional moment Mz alone. However,
the structure will be re-balanced when the two arm-braces on the mid-span counterweight side
contact with the lower foundation slab's slideway to provide the support moment for the structure.
Therefore, the arrangement of the jacks is different from the single point braced swivel, which only
needs to be arranged on one side, as shown in Figure 4.

Mid span , Side span

| i

Fig.4 - Schematic diagram of multi-point braced swivel weighing

In Figure 4 L is the distance from the jack to the spherical hinge centre in mid—span.
The theoretical derivation is as follows:

(1) When the jack is loaded on the mid-span side to cause the mid-span side to rise to a slight
rotation, that is, Mz and Mg in the same direction, according to the principle of moment balance, it
will be obtained:

PL=My+M, (5)

In the formula: P is the critical force when the jack is loaded to the point of slight rotation, kN.

(2) When the jack is unloaded on the mid-span side to cause the mid-span side to drop down to
a slight rotation, that is, Mz and Mg in the different directions, according to the principle of moment
balance, it will be obtained:

P3sL=My-M, (6)

In the formula: P3 is the critical force when the jack is unloaded to the point of slight rotation, kN.
Combining the (5) and (6) equations, we can obtain:

AL (7)
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There were partial minor vertical rotations because the Tower ten of the bridge needed
counterweights before the weighing experiment. The model of spherical hinge frictional moment [18]
is shown in Figure 5.

As shown on the right-hand side of Figure 5., the spherical surface of the spherical hinge is
differentiated into tiny circles, and the moments of several circles to the centre O of the upper
spherical hinge are summed, yielding the moment equation:

dM,=Rcos6dF (9)
Integrating Formula (9), we can obtain:

2(1-cos®a) GR (10)

92u,GR | )
M,= fo Sin’a sinBcos edezwpo

In the formula: y, is the maximum static friction coefficient of the spherical hinge; a is half of
the central angle of the spherical hinge, °; R is the radius of the spherical hinge, m.

Cr T 7T 7+ ¥ 7T T 1 § 1} o

Fig.5 - Model for the frictional moment of a spherical hinge

The eccentricity of the rotating system is calculated as follows:

M
=9 11
e=5 (11)

In the formula: e is the eccentricity of the rotating system, m; G is the weight of the swivel, kN.
After counterweighting, the moment provided by the counterweight is added to the unbalanced
moment, and the eccentricity of the rotating system is calculated as follows:

_ G1/+Mg
T G+G,

In the formula: e’ is the eccentricity of the rotating system after the weighing experiment, m; G1 is
the weight of the counterweight of the weighting experiment, kN.

e

(12)

@ DOI 10.14311/CEJ.2023.03.0029 388



Article no. 29

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 3-2023

JOURNAL

MULTI-POINT BRACED SWIVEL UNBALANCED WEIGHING EXPERIMENT

Preparation before weighing experiment

Based on the actual conditions of this bridge, the distance between the main beams of Tower
ten's side span and the metal catenaries of the high-speed rail below it at their closest point is only
151 mm, posing a collision risk during rotation; thus, the distance between the main beams and the
metal catenaries must be increased. As a result, it is calculated that 1,603 tons of concrete heavy
blocks must be placed on the main beam of Tower ten's midspan side before the weighing
experiment. Because spherical hinges and arm-braces were not simulated in Midas Civil, a
comparison of the values in the overall rod system model before and after balancing the
counterweights, taking only the rigidity of the main beams into account, revealed that the height of
the main beams of the side span of Tower ten and the metal catenaries of high speed rail at their
closest point increased by 57mm. Assuming that the integral rigidity is infinite, according to the
similar triangle principle, when the arm-braces dropped 20mm to contact the slideway, the closest
point of the metal catenaries of the high speed rail and the main beams of Tower ten would rise
20/6500%90630~279mm (by measuring, the distance from the nearest point of the metal catenaries
and the main beams to the centre line of Tower ten of the bridge is 90.63m, the radius of the slideway
centre is 6.5m). In conclusion, the closest point of the metal catenaries of the high-speed rail and
the main beams of the side-span was lifted by a total of 336 mm by placing 1,603 tons of concrete
heavy blocks on the main beams of the mid-span side of Tower ten before the weighing experiment
and considering the factors of the contact between the drop of the arm-braces and the slideway and
the stiffness of the main beam. The photographs of the counterweight on site in Tower ten are shown
in Figure 6.

- L SRS Rt i5 § A%
Fig. 6 - Photographs of the counterweight on site in Tower ten

After Tower ten's counterweight was completed, the temporary loads were taken from the
beam body, the steel tube brackets were removed, and the closure facilities were installed. Following
the principle of symmetry, the temporary consolidation of the spherical hinge was eliminated,
including the brackets of the spherical hinge, the brackets of the arm-braces, the sand bucket, etc.,
to ensure the free fall of the swivel structure in the vertical direction and avoid the artificial eccentricity
and the beam body in the inclined state. During the process of removing the temporary consolidation,
the status of the swivel structure was determined by monitoring the displacement of the beam end
and the change in the space between arm-braces in real-time. After the removal was complete,
monitoring data were used to assess whether the beam body was in equilibrium; the weighing
experiment could be performed only when it was in equilibrium [19].

Test loading and measuring point arrangement

Considering a series of factors such as site conditions, before the weighing experiments,
eight sets of 5000 kN jacks were symmetrically placed on both sides of the swivel of Tower nine,
with the centerline of the bridge as the axis of symmetry. Four sets of 5000 kN jacks were
symmetrically placed on the mid-span side of the swivel of Tower ten, with the centerline of the
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bridge as the axis of symmetry, which were used to jack up the swivel and to test the values of the
reaction force of the temporary fulcrum during the weighing experiments. The layout of the weighing

experiment test devices for Tower nine and Tower ten are shown in Figure 7 and Figure 8
respectively.

. . 31 °
Counterclockwise rotation 79.3

Jack No.5
- Jack No.6

Jack No.7

Jack No.8

e

Continuous action jack

Fig.7 - The layout of the weighing experiment test instruments for Tower nine

on 96.12 ¢ Continuous action jack

Clockwise rotati

Jack No.!
Jack No.2 |

Jack No.3|

Jack No.4 \,

Continygyg action jack ‘
Fig.8 - The layout of the weighing experiment test instruments for Tower ten

Four displacement sensors were placed on both sides of the arm-braces to measure the
vertical displacement at each loading stage to ensure the accuracy of the experiment results. Four
horizontal displacement sensors were placed on adjacent positions to record the corresponding
horizontal displacement at each loading stage, which was used to comprehensively judge the critical
state of spherical hinge rotation and reasonably determine the value of critical force. The
displacement sensors adopted wireless displacement sensors (range: 0-50 mm, resolution:

0.01/0.005, measuring force: < 2.2 N). The layout of displacement sensors is shown in Figure 9 and
Figure 10.
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Fig.9 - The layout of displacement sensor

Magnetic stand

Steel sand leveling

Fig.10 - Side view of displacement sensor arrangement

Experimental procedure

All displacement sensors were reset to zero after the device was set up. After the initial
readings were taken, the jacking equipment was synchronously jacked up and held load when
loaded to 100 kN. At that point, the values of the horizontal and vertical displacement sensors were
read, and the corresponding jacking forces were recorded simultaneously. Following the preceding
method, the displacement and load values were read every 100 kN until there was a sudden change
in the vertical and horizontal displacement sensor readings. At that point, the critical load (the value
of P1) and displacement were recorded, followed by continued loading and counting at 100 kN per
level and unloading after three-level loading. If the swivel was to be carried out in the conventional
way, the remaining four jacking equipment would need to be positioned in jacking positions 5 to 8,
loaded and counted according to the preceding method, and the critical force (the value of P2) and
displacement would be recorded. The multi-point swivel, on the other hand, needed only that the
jack be placed in positions 1 to 4, and the critical force (the values of P and P3) could be determined
by loading and unloading the jack. The jack positions are shown in Figure 7 and Figure 8 The flow
chart of the weighing experiment is shown in Figure 11.
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Fig.11 - Flow chart of weighing experiment

RESULTS ANALYSIS

Weighing experiment data are analyzed to determine the rotational unbalance moment Mg,
the spherical hinge frictional moment Mz, and the friction coefficient of the spherical hinges u.

Experimentation results

The jacking force at the limit state is determined using the weighing experiment’s jacking
force-vertical displacement curve. When performing a comprehensive evaluation, it is necessary to
use the jacking force-horizontal displacement curve and the jacking force-vertical displacement
curve to minimize errors in determining the jacking force when the experimental data is more
complicated. Occasionally, during the weighing experiments, it is necessary to combine the
disturbance of the beam body and the stability of the sustained load of the jacks [19].

This study focuses on the analysis of the multi-point braced swivel weighing experiment
based on the traditional single-point braced swivel weighing experiment.

1. Results of the weighing experiment at Tower nine

The weighing results of Tower nine under a single-point braced swivel were documented
based on the on-site weighing situation. According to the records, the mutation value P2 during the
jacking-up process in the mid-span side of Tower nine is 4200 kN, and the mutation value P1 during
the jacking-up process in the side-span side of Tower nine is 1700 kN.

Tower nine used the single-point braced swivel weighing method, and the relevant
parameters of the weighing experiment are shown in Table 1.

Tab. 1 - Parameters for weighing experiment on Tower nine

Parameters Units Remarks
L, 8.00 m Distance from j_ack_to spherical hinge center
in side - span
L 8.00 m Distance from jgck tp spherical hinge center
in mid - span
P, 4200 KN Crltlcallforce vyhen the pckl is !oaded to the
point of slight rotation in side-span
P, 1700 KN Crltlcaliforce V\(hen the J.aCk. is Iqaded to the
point of slight rotation in mid-span
G 280000 kN Total weight of the swivel
R 9 m Spherical radius of the spherical hinge
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Parameters Units Remarks
o 13.59 o Half of the central gngle of the spherical
hinge

By substituting the values from Table 1. into equations (3), (4), (10) and (11).
The results of the weighing experiment calculations are collated in Table 2.
Tab. 2 - Data analysis from weighing results of Tower nine

Parameters Units Remarks
Mg 10000.0 kN-m
Mz 23600.0 kN-m
e 0.036 m Bias towards the mid-span side
u 0.0095

2. Results of the weighing experiment at Tower ten

Unlike the traditional single-point braced swivel weighing experiment, the multi-point braced

swivel weighing experiment only required jacks to be placed on one side for loading and unloading.
The weighing results of Tower ten under a multi-point braced swivel were documented based on the
on-site weighing situation. During the loading procedure, the jacking force and the values of
displacement meters S and H on both sides were recorded in real-time. Four displacement meters,
two by two on each side, are accordingly divided into four groups, numbered loading groups 1 to 4,
and their jacking force and displacement changes are plotted as shown in Figure 12 and Figure 13.

Displacement(mm)

15 4

- m— S1 S2
—w— S3-1- 84|
>
lr
!/
»
‘v

2= =g ¥

T T
2000 2500

T
3000 3500

Jacking force(kN)

(a) horizontal displacement

Displacement(mm)
n

T T T T
2000 2500 3000 3500 4000

Jacking force(kN)

(b) vertical displacement

Fig.12 - Jacking force-displacement diagram for the mid-span side of Tower ten after jacks loading
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Fig.13 - Jacking force-displacement diagram for the mid-span side of Tower ten after jacks unloading

From the above loading displacement diagrams, it can be seen that the mutation value P in
the process of the jacking-up in the mid-span side of tower ten is 3400 kN, and the mutation value
P3 in the process of the jacking-up in the side-span side of tower ten is 150 kN.

Tower ten used the multi-point point braced swivel weighing method, and the relevant
parameters of the weighing experiment are shown in Table 3.

Tab. 3 - Parameters for weighing experiment on Tower ten

Parameters Units Remarks

L 8.00 m Distance from jack to spherical hinge center

= 3400 KN Critical force \_Nhen the jack is loaded to the
point of slight rotation

P, 150 KN Critical force W_hen theT jack is gnloaded to the
point of slight rotation

G 280000 kN Total weight of the swivel

R 9 m Spherical radius of the spherical hinge

a 13.59 o Half of the central _angle of the spherical

hinge

By substituting the values from Table 3 into equations (7), (8), (10) and (11).

The results of the weighing experiment calculations are collated in Table 4.

Tab. 4 - Data analysis from weighing results of Tower ten

Parameters Units Remarks
Mg 14200.0 kN-m
Mz 13000.0 kN-m
e 0.051 m Bias towards the mid-span side
u 0.0052

Setting of the eccentricity of the center of gravity and adjustment of the counterweight

According to the results of the unbalanced weighing and the actual situation on site, Tower
nine adopted a balanced counterweight scheme for the beam, with the eccentric distance generally
controlled at 0~5 cm, the calculated eccentric distance based on the findings of the weighing
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experiment is approximately 0.036 m (bias towards the mid-span side), which satisfies code
requirements [20]. Hence no counterweight is carried out.

The beam of Tower ten adopted a longitudinal tilt counterweight arrangement, with eccentric
distances generally controlled at 5~15 cm. It is calculated that the bridge is counterweighted by 20
tons at 80 m from the centreline of the bridge at mid-span. After counterweighting, the system can
be recalculated using Equation (12) to produce a new eccentricity of approximately 0.108 m (bias
towards the mid-span side), which satisfies code requirements [20].

CONSLUSION

A twin-tower and double-cable prestressed concrete swivel cable-stayed bridge with a span
combination of (118 + 198 + 118)m was used for the project. A combination of single-point braced,
and multi-point braced swivelling weighing experiments was used to determine the spherical hinge
frictional moment Mz, the rotational unbalance moment Mg, the eccentricity of the rotating system e,
and the maximum static friction coefficient of the spherical hinge u, and the structural counterweight
was adjusted based on the experiment results. Finally , Tower nine successfully rotated
counterclockwise 79.31°, with a rotational angular velocity ranging from 0.015 rad/min to 0.023
rad/min. Tower ten successfully rotated clockwise 96.12°, with a rotational angular velocity ranging
from 0.015 rad/min to 0.024 rad/min. Both towers demonstrated stable rotational angular velocities
throughout the swiveling process, guaranteeing the successful completion of the structural swivel
and uninterrupted operation of the existing line. Therefore, the multi-point braced swivel weighing
experiment, involving the combined forces of the arm-braces and spherical hinges, can be effectively
applied in scenarios where a horizontally swiveled bridge encounters rotation across existing lines,
specific obstacles, or slight elevation differences between the bottom of the beam and the obstacles.
Accordingly, this method also provides an important reference value for the construction of similar
bridges in the future.
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ABSTRACT

In order to meet the traffic and commercial needs, it is sometimes necessary to open the side
wall of the metro station, while the current research on the mechanical properties and safety of the
arch caused by the opening of the side wall of the station by pile-beam-arch (PBA) method is rarely
involved. In this paper, based on the Tianhe East Station project of Guangzhou Metro Line 11 located
in soft-hard uneven stratum using PBA method, the settlement law and mechanical characteristics
of the arch under different side wall opening conditions are analyzed, and the influence of opening
construction and opening span on the safety of arch is also further studied. The results show that
the settlement caused by the opening of the side wall is mainly concentrated in the upper part of the
opening area, and gradually expands around the opening area with the increase of opening span,
and the maximum settlement occurs in the middle part of the arch. Opening leads to the differential
settlement at both ends of the arch. With the increase in opening span, the settlement growth trend
of the right side of the arch is greater than that of the left side. The opening of the side wall leads to
the increase of the safety factor of the arch body and the decrease of the safety factor of the right
arch foot, while the change of the safety factor of the left arch foot is not obvious, and the safety
factor meets the specification requirements.

KEYWORDS

PBA method, Side wall openings, Differential settlement, Safety factor; Numerical calculation

INTRODUCTION

In recent years, the pressure on urban public transport is increasing with the acceleration of
urbanization and economic development [1-2]. As a relatively environmentally friendly and low-
carbon public transport with a large volume of traffic, metro travel has attracted much attention [3-4].
At present, researches on the PBA method mainly focus on the variation law of ground settlement
and stratum deformation at each stage of construction [5-10]. After the completion of the metro
station, due to the new line transfer or the installation of the attached structure, the demolition
construction of the side wall of the station is often required. While the demolition construction will
inevitably affect the mechanical system and security of the station structure, it is necessary to
analyze the deformation as well as internal force change law of the side wall and the arch in the
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opening process of the side wall. It is worth mentioning that the mechanical properties and
deformation laws of underground structures have always been the focus of scholars [11-13].

Based on this, scholars have conducted some research on the mechanical behavior of the
station with side wall openings [14]. Zhang [15] took the transfer station of a subway station in Beijing
as an example and found that the removal of walls by sections and the erection of temporary linings
at the same time had a better control effect on the deformation and internal force about the existing
structure. Du and Guo [16] found that the demolition stage of the side wall was the most sensitive
construction step to the internal force and settlement changes of the existing side wall, and put
forward corresponding control measures. Xu [17] analyzed the deformation and stress
characteristics of the existing subway structures using the covered excavation method and pointed
out that reinforcement measures should be taken before the opening of the side wall. Yuan [18]
found that the opening of the side wall can cause the local deformation of the existing station
structure but has little impact on the maximum deformation about the whole structure. Wang [19]
pointed out that the opening of the side wall would lead to the redistribution of internal forces in the
existing station structure, and it was necessary to control the opening size and the clear distance
between adjacent openings to reduce the adverse effects brought by the side wall opening. Hu et al.
[20] analyzed the influence of side wall opening on the force and deformation of station structure and
found that the deformation increment met the requirements while the stress increment was higher
than the control requirements and suggested that the limit opening span of side wall should be 5.75m
when there was no reinforcement. On the other hand, scholars have also studied the influence of
reconstruction and expansion construction of existing stations on the force of the original structure
and put forward corresponding construction suggestions [21-25]. Although some studies have
analyzed the deformation and internal force distribution characteristics of the side wall caused by
the opening of the side wall, few studies focused on the change characteristics of the mechanical
behavior of the arch caused by the opening of the side wall using PBA method.

Therefore, in this paper, based on the Tianhe East Station project of Guangzhou Metro Line
11, a study on the evolution law of the mechanics and deformation of station arch with the PBA
method caused by side wall opening is carried out, and the safety of arch under different opening
conditions is also analyzed. The research results of this paper can provide some important
references for similar metro construction of side wall openings.

PROJECT OVERVIEW

Tianhe East Station is the seventh station of the Guangzhou Metro Line 11 project,
connecting the South China Normal University Station in the east and Guangzhou East Station in
the west. The station is located on the east side of the intersection of Tianhe North Road and
Longkou West Road. The line is arranged along the east-west direction and construction is carried
out by the PBA method, as shown in Figure 1.

The Tianhe East Station is a two-story underground station with a standard section width of
21.3m and an excavation depth of 26.05m. The cross-section of the station is shown in Figure 2.
The diameters of the side pile and steel pipe column are 1.2m and 1.8m, respectively; and the
thickness of the preliminary lining and secondary lining are 0.3m and 0.9m, respectively. The
calculation parameters about the lining structure are displayed in Table 1.
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Fig. 1 - Plane view and position about the Tianhe East Station

Tab. 1 - Calculation parameters about the lining structure

Name Elastic modulus E /MPa Poisson’s ratio y Density p /Akg/m?)
Preliminary lining 25000 0.2 2500
Secondary lining 32500 0.2 2700

Crown beam 32500 0.2 2700
Steel pipe column 33500 0.2 2700
Side pile 20000 0.2 2300
Middle plate 32500 0.2 2700
Bottom plate 32500 0.2 2700

Considering that the main body of the station locating in a busy commercial area, to
effectively improve the transfer passenger flow capacity of Tianhe East Station, openings are
required to be constructed on the side wall of the main structure of the station to realize the
connection with the external station hall. The location of the opening is selected in the red box of
Figure 2. The buried depth of the station is 10.2m, and the overlying soil layer from the top to bottom
is composed of mixed fill, silty clay, strongly weathered conglomerate, medium weathered
argillaceous siltstone, and breezy argillaceous siltstone. The main body of the station is located at
the medium-weathered argillaceous siltstone. The calculation parameters about the surrounding
rock are displayed in Table 2. Note: both of the parameters in Table 1 and Table 2 are taken from

the engineering design data of Tianhe East Station of Guangzhou Metro Line 11.
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Tab. 2 - Calculation parameters of the surrounding rock
Name Thickness | Elastic modulus | Density p | Poisson’s | Cohesion | Internalfriction
/m E IMPa /(kg/m3) ratio y c /kPa angle ¢ /°
Misceflaneous 6.0 10 1800 0.3 8 20
Silty clay 12.0 75.5 1900 0.38 5 30
Strongly
weathered 2.0 120 1950 0.33 2 25
conglomerate
Medium-
weathered 16.0 300 2200 0.25 180 33
argillaceous
siltstone
Breezy
argillaceous 42.0 500 2200 0.25 200 35
siltstone

NUMERICAL CALCULATION INSTRUCTION

The finite element software FLAC3D is adopted to build the three-dimensional finite element model
of the station, and the calculation model is shown in Figure 3. To reduce the impact about the
boundary effect, the model size is set as 100mx100mx90m (length x width x height). The whole
model contains 1330107 nodes and 1327313 units. Normal constraints are applied to the lateral side
of the model, fixed constraints are adopted at the bottom, and the upper surface is set to free. Only
gravity is considered to carry out the initial ground stress balance. The surrounding rock and lining
structure are simulated by solid element, in which the surrounding rock obeys the Mohr-Coulomb
strength criterion and the lining structure obeys the elastic criterion. The calculation parameters
about the surrounding rock and lining structure are the same as in Tables 1~2.

The construction process of PBA method is realized by numerical simulation. The main
construction procedures are: excavate the pilot tunnels — install the side piles — install the middle
column and crown beam — install the middle longitudinal beam and buckle arch of both sides of pilot
tunnel and concrete backfill — install the buckle arch of preliminary lining at the arch— install the
buckle arch of secondary lining at arch — excavate the soil of station and install the lining structure.

@ DOI 10.14311/CEJ.2023.03.0030 400



Article no. 30

CIVIL
ENGINEERING
JOURNAL

THE CIVIL ENGINEERING JOURNAL 3-2023

Since the focus of this paper is the influence of the opening of the side wall on the arch structure,
the displacement of the station structure is cleared after the completion of the main structure of the
station, then the sidewall opening is carried out.

Opening span

(a) Overall model (b) Metro station model
Fig. — 3 Calculation model

The finite element model of the opening area of the side wall is shown in Figure 3b by the
actual on-site construction situation. To consider the mechanical response difference of the structure
under different opening spans, the calculation conditions of opening spans of 4m, 6m, and 8m are
set respectively, and the opening height is set to 3m.

ANALYSIS OF THE CALCULATION RESULTS

Influence of side wall opening on the deformation law of the side wall

The vertical displacement nephograms of side walls of different opening schemes are
extracted after construction, as shown in Figure 4. In Figure 4, the settlement contour lines are
symmetrically distributed and centered on the mid-span section. The settlement of the side wall is
mainly concentrated above the opening area and spreads from the middle span to the perimeter of
the opening. With the increase of opening spans, the settlement influencing area gradually wraps
around the opening and expands to the opening periphery.

Zone Z Displacement
Cut Plane: on
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(&) The opening span is 4m

Fig. — 4 Settlement nephogram of the side wall under different opening spans of the side wall /m
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Fig. — 4 Settlement nephogram of the side wall under different opening spans of the side wall /m

To analyze the structural deformation law under different opening spans, the settlement curve
above the opening circumference of the opening area is extracted by taking the mid-span section as
the origin of coordinates, as displayed in Figure 5.
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Fig. — 5 Settlement variation laws of the entrance and surrounding locations under different

opening spans

In Figure 5, the settlement of the side wall increases with the opening span, and the maximum
settlement occurs in the mid-span position. When the opening span is 4m, 6m, and 8m, the maximum
settlementis 1.15mm, 1.81mm, and 2.51mm, respectively. The ratio of settlement increment to span
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variation under adjacent opening conditions is taken as the gradient, and the two settlement growth
gradients are 0.33 and 0.35, respectively, and the gradient increases slightly with the increase of
opening span, namely, the growth rate of the maximum settlement value increases slightly with the
opening span. Taking 1mm as the reference line of settlement (as shown in the red line in Fig. 6),
when the opening span is 4m, the settlement is only slightly larger than 1mm within the opening
span. When the opening span is 6m and 8m, the settlement within 6m and 11m from the middle
span is greater than 1mm. From the shape of the settling trough, when the distance from the middle
span is 1D (D is the opening span), the changing trend of settlement becomes slow. Based on this
index, it can be considered that the influence range of the opening span is nearly 1D.

Influence of side wall opening on the deformation law of the whole metro structure

It can be seen from the above analysis that the mid-span part of the opening area is the most
unfavorable section about the structure. The vertical displacement diagram of the overall structure
of the station under different opening spans of this section is taken, as shown in Figure 6. The
settlement curve of the right arch with different opening spans is extracted, as shown in Figure 7.
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(a) The opening span is 4m

---- Arch axis before opening
— Arch axis after opening

Zone Z Displacement

Cut Plane: on
0.0000E+00
-2.5000E-04
-5.0000E-04
-7.5000E-04
-1.0000E-03

| -1.2500E-03
-1.5000E-03
-1.7500E-03
-2.0000E-03

S -2.2500E-03
-2.5000E-03
-2.5100E-03

(c) The opening span is 8m

Fig. — 6 Settlement nephogram of the whole metro structure under different opening spans
of the side wall /m

In Figure 6, due to the opening of the right side wall, the lining structure above the opening loses
original support and then redistribution of the internal force occurs, resulting in significant downward
settlement of the structure until the structure reaches equilibrium state, with a maximum value of 2.29mm
(for opening span = 8m). The left side wall has not been opened, so its settlement is very small, i.e.,
forming the asymmetric phenomenon of displacement distribution of the left and right side walls. With the
increase of the opening span of the side wall, the overall settlement of the station structure gradually
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increases, but the settlement distribution law remains unchanged. From the distribution law of
structure settlement, the structure settlement value decreases gradually as it leaves the opening
area, and the right arch structure is in the most unfavorable state, and this law is basically consistent
with the literature [22].

24 F .
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Fig. — 7 Change law of the settlement of the arch end under different opening spans of the side
wall

In Figure 7, when the opening span is 4m, 6m, and 8m, the maximum settlement of the left
end of the right arch reaches 0.44mm, 0.67mm, and 0.91mm respectively. The ratio of settlement
increment to span variation is taken as a gradient, and the two sedimentation gradients are 0.115
and 0.12, respectively, and the gradient increases slightly with the increase of span. The maximum
settlement value of the right end of the right arch under different opening spans is 0.97mm, 1.62mm,
and 2.29mm, respectively, and the gradient is 0.325 and 0.335, respectively. Obviously, the gradient
increases slightly with the increase of the opening span, and the settlement gradient at the right end
is greater than that at the left end. With the increase of the opening span, the increased rate of
settlement at the right end of the right arch is greater than that at the left end of the right arch. When
the opening span is 4m, 6m, and 8m, the differential settlement at both ends of the right arch even
reaches 0.53mm, 0.95mm, and 1.38mm, respectively, and the variation gradient is 0.21 and 0.215
respectively. Namely, the gradient of differential settlement increases slightly with the opening spans.

Influence of side wall opening on the mechanics of the arch

It can be seen from the above analysis that the right arch deformation is the largest after the
opening of the side wall, which is the most unfavorable structural part. This is because the opening
of the side wall will cause the missing part of the lining structure on the right side of the arch, resulting
in a large differential settlement on the left and right side of the right arch, thus affecting the safety
of the structure. Therefore, this part mainly analyzes the mechanical evolution laws about the right
side of the arch under different side wall openings. The secondary lining structure on the right side
of the arch is taken as the research object, as shown in Figure 8. The bending moment as well as
axial force values about the secondary lining structures of the arch before and after the opening of
the side wall are extracted to study the influence of the opening span of the side wall on the
mechanical properties of the arch. The internal forces distribution about the secondary lining of the
right arch is shown in Figure 9.
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Fig. — 8 Secondary lining diagram of the arch
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Fig. — 9 Internal force distribution of the right arch under different opening spans of the side wall

According to Figures 8~9, before the opening of the side wall, the distribution of bending
moment is manifested as tension on the left side of the arch and compression on the outside. The
right side of the arch is strained externally and compressed inwards. After the opening of the side
wall, the position of the arch foot on the right side of the arch is changed from the outside tension to
the inside tension. The tensile and compressive state of the arch has no obvious difference before
and after the opening of the side wall, and the axial force value decreases from the arch to the foot
of both sides.

In terms of bending moment, the bending moment value of the right arch foot before the
opening of the side wall is 68.0kN-m, which is manifested as inner compression and outer tension.
The bending moment of this position corresponding to the opening span of 4m, 6m, and 8m is
115.0kN-m, 216.0kN-m, and 338kN-m, respectively, increasing by 69.11%, 217.65%, and 397.06%
compared with that before the side wall opening respectively. The stress state is all manifested as
inner tension and outer compression, so the tension state of the left side of the arch changed little
before and after the opening. For the axial force, the influence caused by the opening is also mainly
concentrated on the right side of the arch, that is, near the opening area. Before the opening of the
side wall, the axial force value is 584kN, while the axial force value corresponding to the opening
span of 4m, 6m, and 8m is 425kN, 364kN, and 294kN respectively, which decreases by 27.23%,
37.64%, and 49.66% compared with that of before the side wall opening. That is, the increasement
of axial forces is less than that of the bending moment. Therefore, the opening construction greatly
influences the bending moment at the arch foot of the arch structure above the opening area.
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The influence of side wall opening on the arch safety

From the above analysis, it can be concluded that the side wall opening greatly influences
the force as well as the deformation of the right arch foot. The bending moments as well as axial
forces about the secondary lining structure are obtained to check the safety factor, and the safety of
the secondary lining of right arch before and after the opening is analyzed. The distribution law of
safety factor of the arch body is shown in Figures 10.

42.6

10.2

—— Opening span 8m

. 36
***** Opening span 6m

Opening span 4m

- - - Before opening
Fig. — 10 Distribution law of the arch safety factor under different opening spans of the side wall

In Figure 10, the influence of side wall opening construction on arch safety factors mainly
focuses on the arch body and right arch foot. With the increasement about the excavation span, the
safety factor about the arch continues to increase, but that of the right arch foot continues to
decrease. Before the opening of the side wall, the safety factor of the right arch foot is 36.0. When
the opening span of the side wall is 4m, 6m and 8m, the safety factor of this position is 34.9, 14.6
and 7.5, which is 3.06%, 59.44% and 79.17% lower than that before the opening of the side wall,
respectively. When the excavation span increases from 4m to 6m, the safety factor of the position
drops sharply. The safety factor of the left side of the arch changes little with the increase of the
opening span. From the overall safety factor distribution, when the opening span is less than 6m,
the most dangerous position is located at the left arch foot. When the opening span is 8m, the most
dangerous position shifts to the right arch foot.

CONCLUSION

Based on the Tianhe East Station Project of Guangzhou Metro Line 11, this paper studies
the change law deformation and mechanics of the arch structure of the metro caused by the opening
of the side wall with the PBA method. The important findings are listed below.

Q) The settlement caused by the opening of the side wall is mainly concentrated in the upper
part of the opening area and gradually expands around the opening area with the increase of the
opening span. The affected area is mainly concentrated in the range of 1 time the opening span.
The maximum settlement occurs in the middle and upper span, and the growth rate increases with
the opening spans.

(2) The arch near the opening area is greatly affected by the opening of the side wall. With the
increase of the opening span, the settlement growth trend of the right side of the arch is significantly
larger than that of the left side of the arch, and the difference in settlement on both sides is up to
1.38mm.

3) The construction of the side wall opening causes the arch foot of the opening position to be
strained from the outside to the inside. When the excavation span is 4m, 6m, and 8m, the bending
moment increases by 69.11%, 217.65%, and 397.06%, and the maximum axial force decreases by
27.23%, 37.64%, and 49.66%, respectively, compared with that before the construction of the side
wall.
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(4) The influence of side wall opening construction on arch safety factors mainly focuses on the
arch body and right arch foot. With the increasement in the excavation span, the safety factor about
the arch body continues to increase, while that of the right arch foot continues to decrease, and the
safety factor of the left arch foot change little. When the excavation span increases from 4m to 6m,
the safety factor at the right arch foot drops by 59.44%.

(5) From the overall safety factor distribution, when the opening span is less than 6m, the most
dangerous position is located at the left arch foot. However, when the opening span is 8m, the most
dangerous position shifts to the right arch foot.

It should also be noted that the influence of the conditions about symmetrical/asymmetrical
opening of left and right side walls as well as the opening shapes on the arch structure of station
with PBA method is not considered yet in this paper, more future work can be conducted on it.
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ABSTRACT

The main objective is to clarify the rock-fragmentation mechanism of a conical-shaped Tunnel
Boring Machine (TBM) cutterhead that has rarely been investigated before. The main method is a
numerical simulation which is verified by laboratory rock-fragmentation tests. The research process
is as follows: Firstly, the numerical model is designed based on cutting mode analysis; Then, the
rock sample is synthesized using a Grain-based Discrete Element Method (GDEM) that is verified
via scaled rock-fragmentation tests; Finally, a series of numerical simulations are conducted to study
the influence of cutterhead cone angle, cutter spacing, and cutter installation angle on the rock-
fragmentation performance. The main findings are as follows: First, the rock fragmentation
mechanism of conical-shaped TBM cutterhead is free-face-assisted rock breaking; Second, the rock-
fragmentation efficiency can be improved by appropriately increasing the conical angle, reducing the
cutter spacing, and increasing the cutter installation angle; Third, for the studied granite, the optimal
conical angle is 25°, the tilt cutter spacing is suggested to be no more than 70 mm, and the cutter tilt
angle is suggested to be no more than 3°. This study reveals the rock fragmentation mechanism of
conical-shaped TBM cutterhead and provides suggestions for cutterhead design.

KEYWORDS

Full-face tunnel boring machine, Conical-shaped cutterhead, Disc cutter, PFC, rock-
fragmentation mechanism

ABBREVIATIONS

TBM Tunnel boring machine

GDEM Grain-based discrete element method
D&B Drilling and blasting

UCS Uniaxial compressive strength

BTS Brazilian Tensile Strength

LCM Linear cutting machine

CCSs Constant cross-section

PSE Penetration specific energy

FIM Flat-jointed method
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LIST OF SYMBOLS

The height of each stage in mm
The distance from the cutter penetration point to the stage edge in mm
Cutter spacing in mm
The cutterhead conical angle
The cutter tilted angle
NP The peak penetration force;
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INTRODUCTION

Full-face Rock Tunnel Boring Machine (TBM) cutterheads can have a cone, dome, or flat
shape [1]. The flat-profile cutterhead has been widely used owing to its advantages in geological
adaptability, manufacturing, and thrust utilization. Although the other cutterheads are less applied in
engineering projects, they have their advantages such as higher structural strength and rigidity [2],
higher rock-breaking efficiency [3-4], and lower cutter side slipping level [5]. Zhang et al. [6-7] found
that the thrust of a conical-shaped cutterhead can be reduced by properly designing the conical
angle. Liu et al. [8] analyzed the adaptability of conical-shaped cutterhead under different ground
conditions, and found that the conical-shaped cutterhead is suitable for hard grounds due to its
stability during tunneling. Zhang et al. [9] analyzed the vibration characteristics of the conical-shaped
cutterhead applied in Dahuofang hydraulic tunnel in China and deduced that the abnormal vibration
is caused by the radial alternate rock-breaking load. According to the above review, the study on the
structural characteristics and tunneling performance of the conical-shaped cutterhead is very
insufficient. Moreover, the relative research mostly stays at the level of theoretical analysis.
Furthermore, almost no studies have been conducted and reported for the rock-fragmentation
mechanism of conical-shaped cutterhead, resulting in a very limited basis for the cutterhead structure
and cutter layout design.

We think that the critical rock-fragmentation mechanism of conical-shaped TBM cutterhead
is free-face-assisted rock breaking. This is because the tunnel face is excavated as a multi-step cone
by the tilt-installed disc cutters, as shown in Figure 1a. The front steps provide free faces to assist
the rock fragmentation of cutters in the back. Thus, the rock fragmentation efficiency may be
significantly improved especially in extremely hard rock ground. There are many rock-fragmentation
studies based on the free-face-assisted rock-breaking theory, which can provide references for this
study. Innaurato et al. [10] conducted indentation tests on hard limestone and extremely hard granite
and found that the rock-breaking efficiency can be significantly improved under side-free-face
conditions. Ramezanzadeh et al. [11] reported a multi-arm type and a reaming type undercutting
roadheader that disc cutters break rock under free-face conditions. Based on these machines, Jiang
et al. [12] simulated the rock-breaking process of a disc cutter under side free face and pre-slotting
conditions. The results proved that the free-face-assisted methods provide a potential approach for
efficiently breaking hard and extremely hard rock. Geng et al. [13-14] proposed the structural scheme
of a multi-stage TBM cutterhead and systematically discussed the dynamic evolution mechanism of
the side free faces. On this basis, Xia et al. [15] and Zhang et al. [16] carried out full-scale linear
cutting tests and simulations on hard granite to study the influence of free-face spacing on the rock-
breaking performance. Xu et al. [17] carried out full-scale rotary cutting tests on hard granite to study
the critical threshold of free-face spacing. Wang et al. [18] simulated the rock indentation process
induced by TBM cutters under different free-face conditions using a grain-based DEM approach, and
discovered that there exist two critical thresholds for the free-face height and spacing respectively.
Shang et al. [19] simulated the rock fragmentation process caused by TBM disc cutters under free-
face-assisted conditions using a peridynamics model. The results can guide the cutter layout design.
Bilgin et al. [20] thought that waterjet-assisted cutting may be the most promising method when used
in combination with mechanical cutting tools. The essence of a high-pressure hydraulic coupling rock
breaking is to use high-pressure abrasive water jet to prepare kerfs in the surrounding rock to form
free faces, to improve the rock-breaking efficiency of cutters. Based on this, Zhang et al. [21] carried
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out full-scale linear cutting tests induced by a disc cutter on hard rock that narrow kerfs had been
prepared by waterjet. Results show that the cutter's normal force was decreased by 40% and the
rock-breaking efficiency was significantly improved. Geng et al. [22] built rock indentation numerical
models of disc cutters under different kerf conditions using a Grain-based Discrete Element Method
(GDEM). The influence of the precut-kerf structure on the rock-fragmentation mechanism was
investigated and some suggestions for high-efficiency rock breaking were given. Cheng et al. [23]
carried out an experimental and numerical study on the indentation behavior of TBM disc cutter on
hard-rock precutting kerfs by high-pressure abrasive waterjet. The results show that the average
peak force decreases significantly with the increase of the kerf depth. Li et al. [24-25] conducted full-
face linear cutting tests and numerical simulations on pre-grooved rock to study the influence of
cutting modes, pre-groove depth, and pre-groove spacing on assisted rock breaking performance.
The results can inspire the design of waterjet-coupling TBMs. Zhou et al. [26] conducted static
penetration tests on a rock with pre-cutting grooves to study the influence of groove depth on the
rock-breaking mechanism.
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(@ conical cutterhead
(2)gage cutters

() tilted cutters

(1) face and center cutters
(® tunnel face in the cone area I
(® flat tunnel face in the center|
(@ tunnel surrounding |

Fig. — 1 (a)Schematic diagram of rock excavation by a conical TBM cutterhead; (b) tunnel face in
the extremely hard rock; (c) severe cutter wear.

The above study shows that the free face is an effective method to improve the rock-breaking
efficiency of disc cutters. Exploration and research have been carried out based on various TBM
equipment and cutterhead. However, there are few reports on the mechanism of free-face-assisted
rock breaking of conical-shaped cutterhead, although it is much easier for practical implementation
than the other designs such as the undercutting TBM, multi-stage cutterhead, and waterjet-assisted
TBM. As a result, aiming at the problem encountered in the Zijing tunnel that the rock-breaking
efficiency is low and cutter consumption is high, a conical-shaped cutterhead is assumed to be
applied in the extremely hard rock ground and the rock-fragmentation mechanism is investigated.
Firstly, a GDEM numerical model for the rock-fragmentation process of a conical-shaped cutterhead
was built. Then, factors of cutterhead cone angle, cutter spacing, and cutter installation angle were
studied in detail to explore their influence on the rock-fragmentation performance. This study can fill
in gaps in the rock-fragmentation mechanism of the conical-shaped TBM cutterhead and can provide
some suggestions for the cutterhead design.
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PROJECT OVERVIEW

As shown in Figure 2, the Zijing Tunnel is between Yingxiu Town and Gengda Town in
Sichuan Province, China. The tunnel has an entrance mileage of DK35+667 and an exit mileage of
DK46+084, with a total length of 10413 m. The drilling and blasting (D&B) method is applied for 414
m excavation, a TBM is applied for 5199 m excavation, and the drilling and splitting (D&S) method
is applied for 4800 m excavation. It is a single tunnel with double tracks and a maximum buried depth
of about 709m. An open-type TBM was developed for the 5199 m-length tunnel excavation. The total
length of the TBM is 222 m, the length of the main machine is 25 m, the total weight of the TBM is
about 2500 t, the total installed power is 7613.2 kW, and the maximum thrust is 27586 kN. The
cutterhead is a flat-face type and is 10.23 m in diameter. A total of 4 double-ring center cutters (432
mm in diameter) and 58 single-ring face and gage cutters (483 mm in diameter) are installed on the
cutterhead. As shown in Fig. 1(b), when the TBM excavates in the mileage from DK 37+000 to DK
37+419, extremely hard diorite with uniaxial compressive strength (UCS) of approximately 250 MPa
and Brazilian Tensile Strength (BTS) of approximately 20 MPa was frequently encountered; when
the TBM excavates in the mileage from DK 37+509 to DK 39+150, hard granite whose UCS was
approximately 180 MPa was frequently encountered. When the TBM excavates in these grounds,
the rock is mainly ground into powder or small chips, resulting in a very low advancing rate and
severe cutter wear, as shown in Fig. 1(c). For example, the advance distance per day and the TBM
thrust is given in Fig. 3 when the TBM excavates in the mileage from DK 37+000 to DK 37+400 in
hard diorite-dominated ground. The TBM was stopped due to the maintenance of the main belt from
December 28, 2022, to February 17, 2023. Thus, there are no data for this period. The average
thrust is approximately 24870 kN, which is 90% of the maximum thrust. However, the average
advance distance per day is 8.2 m per day, which is quite low. There are some days that the advance
distance is lower than 4 m, indicating that the advance rate and rock-breaking efficiency are very
low.

Map of People's Republic
of China
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Mounl"nn Vvolon_ ® Town
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Fig. 2 - General view of the location of the studied Zijing Tunnel Project

@ DOI 10.14311/CEJ.2023.03.0031 412



Article no. 31
CIVIL

ENCINECHING THE CIVIL ENGINEERING JOURNAL 3-2023

JOURNAL
o 18 35000
s, 12 4 30000
S 1 25000 =
8 10 20000
Q8 15000 2
s ° 10000
% 2 5000
[¢B)

Q
7
o

Fig. 3 - The advance distance per day and the TBM thrust in the mileage from DK 37+000 to DK
37+400

CALCULATION INSTRUCTIONS OF THE NUMERICAL SIMULATION

Calculation model

PFC2D software is used in this paper. According to the schematic diagram of rock excavation
by a conical TBM cutterhead shown in Fig. 1(a), the typical calculation model is built as illustrated in
Figure 4. Three normal cutters numbered #4 to #6 and three tilted cutters numbered #1 to #3 are
considered. As several studies (e.g. [10, 27, 28]) have verified the appropriateness of the two-
dimensional equivalent model, disc cutter indentation is considered a plane problem. Six cutters are
included in the numerical model considering the simulation cost. The rock-breaking of the six cutters
can represent the general performances of the normal and tilted cutters.

Fig. 4 - Numerical calculation model

Because the essence of the rock-fragmentation of conical-shaped cutterhead is free-face-
assisted rock breaking, the height (H) of each stage and the distance (D) from the cutter penetration
point to the stage edge are the critical structural factors affecting the rock fragmentation
performance. Thus, three factors that determine the H and D are considered in the calculation model,
which is the cutter spacing (S), the cutterhead conical angle (a), and the cutter tilted angle (B). It is
assumed that the spacing of the normal cutters and the spacing of the tilted cutters are equal, both
are S, and the spacings in the transition area are S; = S, = S/2. The cutterhead conical angle (a)
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represents the angle between the enveloped surface of the ring tips of the tilted cutters and the flat
surface in the front. The cutter tilted angle (B) represents the angle between the center surface of
the cutter ring and the vertical line of the cone surface. The disc cutters are modeled by rigid wall
elements in the PFC2D software. The maximum penetration displacement of the cutters is 3 mm.
Referring to existing research [22], the penetration speed is set as 0.02 m/s, and the time step is
5.5x108 s to ensure the quasi-static penetration state.

Rock can be regarded as a granular discrete medium. Thus, the rock sample was
synthesized using a GDEM approach. This approach is an optimization of the regular Parallel-
Bonding (PB) method to solve its shortage of large errors for the UCS/BTS ratio [29]. The interlocking
friction along irregular rock grain boundaries can be simulated by using the GDEM approach, and
the fractures that follow the grain boundaries and traverse the grain body can be both simulated.
This approach is becoming popular and has been applied by several researchers, proving its
reasonability and effectiveness [17, 28, 30-31]. The GDEM modeling process is shown in Fig. 4.
Firstly, the Tyson polygon algorithm is used to divide the rock into different polygons. Secondly, the
rock area is filled with spherical particles, and the particles are grouped according to the polygons to
characterize different rock grains. The color of rock grains in the same group is the same. Thirdly,
the contact bonds with different meso mechanical parameters are added between the particles and
the walls. The contacts between the particles are divided into intragranular contact (blue short line)
and intergranular contact (green short line). The intragranular contact and intergranular contact
parameters are calibrated and assigned. The contacts between the particles and the walls are not
illustrated.

Proper selection of the particle packing and contact parameters are a critical problem that
determines the accuracy of the DEM model. However, for a particle aggregating system, the
relationships between the particles' mesoscopic parameters and the sample's macroscopic physical
properties are very complex and cannot correspond one-to-one. As a result, scholars usually use a
trial-and-error method to obtain the mesoscopic parameters of particles based on UCS and BTS
tests and simulations, which is also called parameter calibration. UCS and BTS tests were carried
out to obtain the macroscopic physical parameters of rock samples. UCS tests are performed on
trimmed core samples, which have a diameter of 50 mm and a length-to-diameter ratio of 2. BTS
tests are conducted on core samples having diameter of 50 mm and a length-to-diameter ratio of 1.
Groups of UCS and BTS tests were simulated for the rock synthesized using the GDEM approach
described in the preceding paragraph. To reduce the number of independent parameters during
calibration, several assumptions were made according to previous publications [28-29, 32-33]: (i)
the density of the particles was determined by the realistic density of the rock material, (ii) the particle
radius was smaller than 0.9 mm and the porosity was approximately 0.1 for two-dimensional models,
(i) Young's modulus was determined by the effective modulus 'emod' and the Poisson's ratio was
determined by the stiffness ratio 'kratio' and 'pb_kratio’, (iv) the 'emod' of the particles and bonds
was set the same and so was the stiffness ratio. During the UCS and BTS simulations, the loading
speed was set to 0.02 m/s with a time step of 5.5 x 108 s to ensure that the simulation is quasi-static
penetration. The obtained meso mechanical parameters of granite are shown in Table 1, and the
obtained macro mechanical parameters of rock are shown in Table 2. The micromechanical
parameters of Set 1 are used for model calculation, and the micromechanical parameters of Set 2
are used for model verification. The errors between the elastic modulus, Poisson's ratio, UCS, and
BTS of the rock model and the actual rock are within 5%, which indicates that the numerical model
is reliable. To further prove the GDEM accuracy and discuss the sensitivities of particle parameters
on the results, another UCS and BTS simulations were conducted using the PB method. The
obtained parameters and properties are listed in Set 1-1. Compared with Set 1, the only difference
in the mesoscopic parameter setting is ignoring the grain representation. Results listed in Tab. 2
show that the E and u of Set 1 and Set 1-1 are almost the same since they are determined by the
‘emod’, 'kratio' and 'pb_kratio' as assumed before. The UCS and BTS of Set 1-1 are obviously
increased and decreased respectively compared with those of Set 1, confirming the effectiveness of
GDEM in improving the model accuracy. Comparing Set 2 with Set 1, the particle packing
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parameters including the ball radius, porosity, and grain size are different. Thus, the contact
parameters are also varied to obtain the target values of E, u, UCS, and BTS. The above analyses
indicate that the simulation results are sensitive to the particle packing and contact parameters.
That's why great efforts have been spared by scholars to develop modeling and calibration
approaches. Following the above assumptions during calibration, a unique set of contacting

parameters can be obtained for a set of given packing parameters. This can ensure the stability of
the simulation results.

Tab. 1 - The mesoscopic parameters of the rock sample (note: Set 1 and Set 2 use GDEM and Set
1-1 uses PB method)

Parameters Setl Set 1-1 Set 2
Ball density (kg/m3) 2610 2610 2610
Porosity 0.1 0.1 0.075
Ball radius (mm) 0.50.1 0.5+0.1 0.02510.05
emod /GPa 20 20 19
kratio 1.2 1.2 14
Intragranular friction coefficient 0.52 0.52
Intergranular friction coefficient 0.44 052 0.44
pb_emod (GPa) 20 20 19
pb_kratio 1.2 1.2 1.2
Intragranular pb_ten (MPa) 9019 200£20
Intergranular pb_ten (MPa) 7017 909 50+5
Intragranular pb_coh (MPa) 90+9 9049 200+20
Intergranular pb_coh (MPa) 9019 505
Average grain size /mm2 3.2 / 1.6

Tab. 2 - The mechanical properties of the actual rock and the rock sample (note: Set 1 and Set 2 use

Properties Test Setl Set 1-1 Set 2
Sample Error/% Sample Error/% Sample Error/%
Modulus, 38.6 40.1 3.9 40.1 3.9 39.6 25
E/GPa
Poisson’s 0.17 0.1697 0.2 0.1642 0.3 0.168 1.1
ratio,u 0
UCS/MPa  177. 176.8 0.6 191.6 7.7 185.3 3.9
9
BTS/MPa 12.6 12.0 2.4 11.8 6.3 12.64 0.3

GDEM and Set 1-1 uses PB method)
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Introduction to the test platform

As shown in Figure 5, a small-scale linear cutting machine (LCM) was used in this study to
verify the numerical model. The rationality of using small-scale LCM to investigate the rock-breaking
mechanism of disc cutters should be stated first. According to several similar studies [34-36], the
rock-breaking theory of small disc cutters is almost identical to that of full-scale disc cutters,
considering the critical problems of dense core and side crack evolution. In addition, the stiffness of
the small-scale LCM can be ensured by using a thick steel frame, high-strength bearing, and strong
cutter ring. As a result, small-scale tests are becoming more and more popular in investigating the
rock-breaking process of TBM disc cutters. The applied small-scale LCM can perform linear rock-
breaking tests under different confining pressure conditions. The working principle of this platform is
similar to that of a full-scale LCM [15, 25, 37-39]. It has the advantages of a similar rock-breaking
mechanism to the actual TBM cutter, a high utilization rate of rock samples, convenient confining
pressure loading, and convenient rock-breaking load acquisition. A disc cutter and a three-directional
force sensor are installed on the vertical lifting plate. The cutter is adjusted to the set cutting position
via a screw and is then fixed. The rock is placed into the inner layer of the double-layer specimen
box. The confining pressure sensor and lateral hydraulic cylinder are installed between the inner and
outer layers of the specimen box for rock clamping and confining pressure loading (maximum to 40
MPa). The specimen box is integrally installed on two horizontal slide rails and moves along the
horizontal direction through the drive system composed of a stepping motor, reducer, and lead
screw. Based on this, the relative linear rolling cutting motion between the cutter and the rock can
be realized, which is consistent with a full-scale LCM. The test platform can accommodate the largest
cuboid rock sample of 500 x 200 x 100 mm. Using the three-directional force sensor, the cutter's
normal force, rolling force, and side force can be collected and recorded. The data sampling
frequency is 5 Hz and the sampling accuracy is 1 N. For rock-breaking by full-scale disc cutters, the
linear cutting speed is approximately 1.5 m/s and the data sampling frequency is higher than 20 Hz
[40]. It means that the rock-breaking forces are sampled at the maximum cutting distance interval of
75 mm. For the small-scale tests, although the data sampling frequency is only 5 Hz, the linear
cutting speed can be very low (1.2 mm/s in this study), resulting in a sampling interval of 0.24 mm,
which can ensure the integrity of the sampled data. The normal force in the small-scale test is usually
several kilonewtons, meaning that the relative sampling accuracy is higher than 0.1%.

Control and data
acquisition system

Fig. 5 - Small-scale linear cutting machine (LCM)
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Verification of the numerical model

The numerical model is tested and verified to prove the reliability of the numerical model. As
discussed above, the essence of the rock fragmentation of conical cutterhead is free-face-assisted
rock breaking. As a result, a small-scale linear cutting test under a side-free-face condition and a
small-scale cutter penetration simulation under a side-free-face condition were performed and
compared.

The rock-breaking test result is shown in Figure 6(a). The rock sample in the test is
320x100x100 mm. The sample surface was first trimmed and polished, and then placed into the
specimen box and fixed. Two steel blocks with a thickness of 30 mm were placed on the bottom side
of the rock so that a side-free face with a height of 40 mm was prepared. The spacing between the
cutting line and the side-free face was 15 mm. The applied cutter was a small-scale constant cross-
section (CCS) cutter with a diameter of 43.2 mm and a ring tip width of 1.2 mm. During the test, the
cutter remained stationary, and the specimen box was moved linearly along the rails at a speed of
1.2 mm/s driven by the stepping motor. The peak normal force of the test was recorded as 6.7 kN,
and several triangular rock debris was formed on the right free face.

The rock-breaking simulation result is shown in Figure 6(b). The rock sample is 100x60 mm
and the height of the side free face is 40 mm. The spacing between the cutter penetration point and
the side free face is 15 mm. The sizes of the cutter are identical to those of the cutter applied in the
test. The rock sample was synthesized using the Set 2 microscopic parameters given in Table 1 and
the mechanical properties of the rock sample are shown in Table 2. The cutter penetrated the rock
with a speed of 0.02 m/s until the rock in the free-face side was split into a triangular chip. Using the
equation proposed by Xu et al. [17], the two-dimensional penetration force obtained from the
simulation was converted into an equivalent value of a three-dimensional situation as 7.3 kN, with
an error of 11% compared with the test. The shape of the rock debris was like a triangle, which was
very similar to the test result. Parameters in Set 2 rather than Set 1 were used to build the scaled
indentation model considering the coordination of particle size and cutter tip width. The similarity of
the rock-breaking results for the scaled test and simulation can verify the reliability of the GDEM
numerical model. Thus, full-scale simulations considering large particles of Set 1 are justified.

Fig. 6 - Comparison of the rock-breaking test and simulation

SIMULATION RESULTS AND DISCUSSION

Influence of cutterhead conical angle on rock breaking

To explore the influence of cutterhead conical angle a on rock breaking, 10 groups of
simulations were performed. The independent variable a was set as 5°, 8°, 10°, 13°, 15°, 18°, 20°,
23°, 25° and 28°, respectively. The dependent variables were the penetration force of each cutter
and the rock debris area. The constant variables through the simulations were cutter spacing (S, 80
mm) and cutter tilted angle (8, 0°).

The rock-breaking performance under different a is shown in Figure 7. With the increase of
a, the rock-crushing performance induced by face cutters #4 to #6 does not change obviously. The

@ DOI 10.14311/CEJ.2023.03.0031 417



Article no. 31

CIVIL
ENGINEERING
JOURNAL

THE CIVIL ENGINEERING JOURNAL 3-2023

main damage pattern is shear-type crushing beneath the cutter tip. Some radial cracks initiate and
propagate along the penetration direction, while few lateral cracks develop. This results in only a
little small rock debris between neighbouring cutters but much powder beneath the cutters. This is
possible because the S of 80 mm is too large for the studied hard rock to achieve high-efficiency
rock-breaking by the normal cutters.

With the increase of a, the rock-crushing performance induced by tilt cutters #1 to #3 changed
significantly. When a is smaller than 15°, even if some macro cracks are generated beneath the tilt
cutters, there is little large rock debris. When a is greater than 18°, the macro cracks beneath the tilt
cutters extend toward the side free faces, generating triangular rock debris. When a is greater than
25°, large rock debris forms between the three tilt cutters. This is because the height of the free face
(H=S-sina) increases and the distance (D=S-cosa) between the penetration point and the side free
face decreases, both improving the promoting effect of side free face on crack propagation and thus
improving the rock-breaking efficiency of the tilt cutters. This is because the rock-breaking difficulty
is in positive and negative correlation with D and H, respectively, according to Geng et al. [14]. The
rock-breaking of conigal-ghaped guterhea

Fig. 7 - Rock-breaking performance under different cutterhead conical angles, a

As shown in Figure 8, the average values of the peak penetration force (Fne) of the tilt cutters
#1 to #3 are lower than those of the normal cutters #4 to #6. This is because the side-free face can
effectively reduce the cutter penetration force which has been proved by some previous studies [10,
13, 14]. Furthermore, the average Fne Of Nnormal cutters does not change with the increase of a,
while the average Fnp Of tilt cutters is obviously affected by a. These results indicate that conical
angle a can help reduce the cutter penetration force and hence improve the rock-breaking efficiency.
When a increases from 10° to 15°, there is a significant drop in Fyp; after that, the Fnp is generally
stable as a increases. This means that for the studied models there exists a critical angle of 15° that
the promoting effect for reducing the cutter penetration force by the free faces induced by the conical
angel a is fully exploited. The peak penetration force of the tilt cutters is estimated to be reduced by
approximately 50% compared with that of the normal cutters when a is larger than 15°.

The overall penetration specific energy (PSE) of the six cutters #1 to #6 is calculated as the
energy required to produce unit volume (area for two-dimensional situation) of rock debris, which is
used to evaluate the rock-breaking efficiency. For three-dimensional conditions, the rock-breaking
specific energy is mainly affected by cutter rolling force and rock chip area [38]. However, in two-
dimensional conditions, the cutter rolling force is ignored and thus the cutter penetration force is
used to calculate PSE. This indicator is reasonable and has been widely applied in two-dimensional
simulations and tests [17, 22]. As shown in Figure 8, as aincreases from 5° to 10°, the PSE increases
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to a peak value; as a increases from 10° to 25°, the PSE decreases to the lowest value. This is
because the PSE is determined by both the penetration force and the rock debris area. Even though
the Fnp Will not decrease significantly after the a is larger than 15°, more debris will be produced after
the a is larger than 25°. Based on the above analysis, it is suggested that the critical value of the
cutterhead conical angle a is 25°, to achieve low cutter penetration force and high rock-breaking
efficiency.
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Fig. 8 - Rock-breaking normal force and specific energy under different cutterhead conical angles,
a

Influence of cutter spacing on rock breaking

To explore the influence of cutter spacing S on rock breaking, 8 groups of simulations were
performed. The independent variable S was set as 60, 65, 70, 75, 80, 85, 90, and 95, respectively.
This parameter setting is based on the common rule that the TBM cutter spacing for hard rock
conditions is usually in the range of 60-90 mm [24-25]. The dependent variables were the penetration
force of each cutter and the rock debris area. The constant variables through the simulations were
cutterhead conical angle cutter spacing (a, 15°) and cutter tilt angle (8, 0°).

The rock-breaking performance at different S is shown in Figure 9. The macro cracks beneath
the face cutters #4 to #6 are difficult to connect, and thus there is no large rock debris produced
between the neighbouring face cutter. This is because the rock is too hard and the confining stress
that may promote rock breaking is not considered in this study [39]. When S is smaller than 70 mm,
the macro cracks beneath the tilt cutters #1 to #3 can connect, and thus large triangular rock debris
can be produced. When S is larger than 70 mm, it is difficult to produce large rock debris between
neighbouring tilt cutters. The reasons are as follows: firstly, it has been proved that the increase of
the free-face height (H=S-sina) and the decrease of the distance (D=S-cosa) between the
penetration point and the side free face can promote the rock-breaking performance, and vice versa
[15]; Secondly, although H increases with the increase of S and the auxiliary rock-breaking of the
free face can be promoted, D also increases with the increase of S and the promotion effect of free
face on rock breaking is weakened and further suppresses the positive effect of H. Therefore, the
rock-breaking performance of the tilt cutter in the conical area decreases with the increase of the
cutter spacing.
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Fig. 9 - Rock-breaking performance under different cutter spacing, S

As shown in Fig. 10, the average values of the peak penetration force (Fnp) of the tilt cutters
#1 to #3 are lower than those of the normal cutters #4 to #6. Furthermore, the average Fyp of normal
and tilt cutters does not change obviously with the increase S. This is because the rock is too hard
and it is difficult for the cracks initiating from neighbouring cutters to propagate and intersect with
each other. There exists a critical value of 70 mm for S considering the PSE. When S is lower than
70 mm, the PSE is lower than those of the models when S is larger than 80 mm. This is because
when S is lower than 70 mm, large rock debris can be formed between neighbouring tilt cutters. It is
acknowledged that too small cutter spacing will increase the number of cutters and increase the
difficulty of cutter installation. Thus, based on the studied models, it is suggested that the optimal
cutter spacing for the tilt cutters is smaller than 70 mm, and the cutter spacing for the normal cutters
should be smaller than that of tilt cutters.
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|
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Fig. 10 - Rock-breaking normal force and specific energy under different cutter spacing, S

Influence of cutter tilt angle on rock breaking

To explore the influence of cutter tilt angle 8 on rock breaking, 9 groups of simulations were
performed. The independent variable S was setas 0°, 1°, 3°,5°, 7°,9°, 11°, 13° and 15°, respectively.
The dependent variables were the penetration force of each cutter and the rock debris area. The
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constant variables through the simulations were cutterhead conical angle cutter spacing (a, 15°) and
cutter spacing (S, 80 mm).

The rock-breaking performance at different 8 is shown in Figure 11. The rock-breaking
performance in the rock area of the normal cutter has no obvious change trend. The crack beneath
the # 6 normal cutter is the deepest, because it is located at the bottom, and it is less affected by the
rock breaking of neighbouring cutters. When B is larger than 9°, there is only small rock debris
generated beside the #3 tilt cutter in the conical area. When 8 is lower than 7°, side cracks initiate
from the bottom of the tilt cutters and begin to extend to the side-free face, and thus large rock debris
begins to be produced beneath the tilt cutters. The weight of rock debris decreases with the increase

of B.

R
p=o°

Fig. 11 - Rock-breaking performance under different cutter tilt angles, 8

As shown in Figure 12, the average values of the peak penetration force (Fnp) of the tilt cutters
#1 to #3 are lower than those of the normal cutters #4 to #6. The Fne of the normal cutters #4 to #6
does not change with 8 because the arrangement of the normal cutters is not affected by 8. When 3
is lower than 5°, the Fnp of the tilt cutters increases with the increase of the 8. When B is between 7°
to 13°, the Fnp of the tilt cutters decreases with the increase of the B. It means that there exists a
critical value of 5° for 8 at which the rock-breaking performance is the worst, and this is in accordance
with the results shown in Figure 10. If the model that 8 equals 7° is not considered, the PSE increases
to the peak value when B is 9° and then decreases. The PSE of the model that 8 equals 7° is abruptly
low because the rock-breaking process is somehow randomized and a large rock debris is produced
between tilt cutter #1 and #2. The PSE of the models that B is larger than 13° is relatively low because
the cutter is tilted and the ring tip penetrates the rock like a wedge, resulting in low penetration force.
Even so, it is suggested that 8 should be close to 0° or no more than 3° considering both the rock-
breaking performance and the penetration force.
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Fig.12 - Rock-breaking normal force and specific energy under different cutter tilt angles, 8

Discussions considering previous studies

We reviewed previous studies on the rock-breaking mechanism of conical-shaped cutterhead
but found no valuable information. However, many rock-breaking studies under different side-free-
face conditions can provide inspiration. Some representative studies are shown in Figure 13. The
UCS of the studied rocks varies from 64 MPa to 234 MPa, covering medium strength, hard, and
extremely hard rock. The laboratory test methods include static penetration based on simplified
indenters and rotary or linear cutting based on full-scale disc cutters. As discussed before, the
working principle of the applied small-scale LCM in this study is identical to that of a full-scale LCM.
The numerical simulation methods in previous studies include finite element method (FEM) (Figure
13e), GDEM (Figure 13f), PB (Figure 13g), and flat-jointed method (FJM) (Figure 13h). The
successful application of these methods confirms the rationality of the numerical simulation in this
study.

According to previous studies, the typical rock-fragmentation mode under side-free-face
conditions is 'oblique splitting’. The phenomenon is that a macro crack initiates from the cutter
penetration point and then propagates to the bottom of the side free face, generating a triangular
cross-section chip. This phenomenon is also observed in this study for rock fragmentation by conical-
shaped cutterhead. As shown in Figure 7, 9, and 11, the rock beneath several tilt cutters is broken
in the 'oblique splitting’ mode, exploiting the side-free face to improve the rock-breaking performance.
The critical parameters considered in previous studies are D and H. Previous studies find that there
is usually a critical threshold for the ratio of (D/H). When D/H is smaller than the critical threshold,
the side-free face can help improve the rock-breaking efficiency. The critical thresholds of D/H for
the studies by Innaurato et al.[10], Xu et al.[17], Xia et al.[15], Geng et al.[14], and Jiang et al.[12]
are 2.5, 1.0, 0.5, 1.2, and 0.5, respectively. This value is affected by the rock type and cutter
geometry. In this study, the influences of a, S, and B on cutter penetration force and specific energy
are analyzed considering their relationship with D and H. It is deduced that D/H denotes ctg(a) and
the critical threshold is approximately 2.1 when a is 25°. Besides, the parameter S and ( also affects
the rock-breaking performance.
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UCS: 234 MPa
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crack |

Fig. 13 - Representative studies of rock-breaking under different side-free-face conditions

(a) static penetration test on a diorite, D =75 mm, H =30 mm(*%;(b) rotary cutting test on a granite,
D =40~180 mm, H =140 mml7l;(c) linear cutting test on a granite, D =20~120 mm, H =200 mm[*3;
(d) static penetration test on a sandstone, D =60 mm, H =0~50 mm!2%]; (e) linear cutting simulation
on a granite, D =20~120 mm, H =300 mm([*%; (f) static penetration simulation on a granite, D
=75~200 mm, H =100~350 mm[4; (g) static penetration simulation on a rock sample, D =5~30
mm, H =50 mml*2l; (h) static penetration simulation on a sandstone, D =30~45 mm, H =10 mm[23],

CONCLUSION

In this study, to investigate the rock-breaking mechanism and then optimize the structure of
the transition zone of the conical cutterhead, a rock-penetration numerical model is built using a
grain-based discrete element method (GDEM) to synthesize rock. After the numerical model is
verified, a group of simulations are conducted considering the influence of cutterhead conical angle,
cutter spacing, and cutter tilt angle on the rock-breaking performance. The mainly analyzed
indicators are the rock chipping, cutter penetration force, and penetration-specific energy. The rock-
breaking mechanism of the cutters in the conical area of the conical-shaped cutterhead is free-face-
assisted rock breaking. The rock-breaking force and efficiency of the tilt cutters are lower and higher
than those of the normal cutters, respectively. Two key factors considering free face structure that
affect rock-breaking performance are the free face height and the distance between the penetration
point and the side free face. The two factors are then affected by cutter spacing and cutterhead
conical angle. The rock-breaking efficiency increases with the increase of cutterhead conical angle
but decreases with the increasing of cutter spacing and cutter tilt angle. For hard rock with a UCS of
approximately 180 MPa, from the perspective of efficient rock breaking, it is preliminarily suggested
that the tilt-cutters' spacing of the conical cutterhead should be less than 70 mm, cutterhead conical
angle should be approximately 25°, and the cutter tilt angle should be no more than 3°. The
conclusions drawn can provide a theoretical basis for the design of the conical TBM cutterhead.
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ABSTRACT

Due to the rapid development of the transportation industry and economy, an increasing
number of bridges have been unable to meet the demands of traffic. Demolishing and rebuilding
bridges can lengthen the construction period, waste a lot of resources, and increase construction
costs. Based on the lifting renovation project of the old Harbin Dongsan Ring Expressway viaduct, this
paper combines finite element analysis and on-site testing to analyze the construction process. The
bridge alignment, elevation, and deviations were monitored during the construction process, and a
correction system was developed to address such issues. Structural analysis was conducted to
evaluate the internal forces when uneven jacking occurred. The construction process described in this
paper can effectively solve the jacking problems of urban continuous bridges with large tonnage, high
slopes, and heights. The successful implementation of the jacking retrofitting project has verified the
reliability of the measures taken.

KEYWORDS

Bridges, Structural analysis, Finite element methods

INTRODUCTION

The construction of bridges around the world has a history spanning thousands of years. In
the past century, the construction technology of concrete bridges has undergone multiple
transformations and advancements. With the rapid development of China's economy and construction
industry, urban transportation is transitioning from traditional ground transportation to three-
dimensional transportation. Creating more transportation resources within limited space has become
an important goal of urban planning today; therefore, urban expressway bridges have been widely
constructed and applied as a type of spatial architecture. However, this transformation of urban
transportation structures has also brought some challenges. The issue of rebuilding existing bridges
is becoming increasingly prominent, leading to a serious waste of social and economic resources. To
avoid unnecessary construction, lifting and renovating existing bridges has become an effective
solution. This method can maximize the utilization of existing bridge structures and save socio-
economic resources. Lifting renovation technology improves the deck of existing bridges to adapt to
new traffic needs without the need for complete demolition and reconstruction. This method has
significant advantages, one of which is that it reduces engineering costs. Compared to comprehensive
reconstruction, lifting renovation can significantly reduce investment and save construction time.
Secondly, the lifting renovation can maximize the preservation of the original bridge structure and
historical value while reducing the impact on the environment. This method has been widely applied
in the renovation of urban expressway bridges, providing sustainable solutions for urban development.
The top lifting renovation technology for bridges was first used domestically in the 1950s and was
mainly used for the construction, displacement, and setting of railway bridges. With the development
of hydraulic technology, in September 2003, computer-controlled hydraulic synchronous jacking
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technology was first applied to the integral jacking of bridges[1l]. As a newly developed bridge
renovation technology, jacking has the characteristics of high economic efficiency, efficiency, and
environmental friendliness, and has been widely applied in the renovation projects of urban
expressway bridges, with good application prospects [2]~[6]. The common jacking methods used now
include: sleeper-filled support method, bridge deck steel rail method, end integral jacking method,
saddle bracket method, steel girder method, steel butterfly beam method, steel casing method, and
hydraulic jacking method. The abbreviation of programmable logic controller is PLC, which is a kind
of digital operation electronic system specially designed for application in industrial environment. It
uses a programmable memory to store instructions for performing logical operations, sequential
control, timing, counting, and arithmetic operations within it, and controls various types of mechanical
equipment or production processes through digital or analogue input and output. This project adopts
a PLC multi-point synchronous displacement jacking system, integrates digital monitoring
transmission, hydraulic transmission control, and computer digital signal processing technology. It
combines mechanical equipment systems with traditional bridge structure analysis technology, and
uses multiple sets of jacks to achieve balanced, safe, and efficient bridge jacking [7]. The lifting system
used is shown in Figure 1.

¢ ' A, UFmERERRRARG ARAE

? =2 k TR EEIUE R R IR L

Fig. 1 - PLC multi-pump group multi-point displacement synchronization system

Figure 1 shows a PLC-controlled multi-point synchronous displacement control system for
pump groups, which utilizes a closed-loop control system with variable frequency speed regulation.
The flow rate of the oil pump is continuously adjusted by changing the frequency of the power supply
to alter the speed of the hydraulic motor. With advanced electronic control equipment and
displacement and pressure detection systems, precise control of the jack during synchronous lifting is
achieved.

Bridge jacking, as a key technology in bridge renovation and maintenance, has achieved some
successful practices in the displacement and jacking of building structures both domestically and
internationally. Wu proposed the overall process principles of "divided lifting, synchronous control, and
partial rotation angle displacement lifting", and elaborated on the key technologies such as
synchronous lifting parameters, partial rotation angle displacement lifting, and construction
monitoring[8]. The Golden Gate Bridge in the United States underwent repair and strengthening work
using jacking technology in 2002, greatly improving its seismic resistance and load-bearing capacity
[9]. A range of techniques based on jacking precast units have been developed in the UK since 1967.
Thomson introduced the development and application of the tunnel jacking method, which can avoid
traffic interruption. "Zhao, Y analyzed the contact behavior and stress distribution characteristics
between the main beam and the supporting beam, and monitored and analyzed the induced stresses
of the upper structure and support structure[10]. This article investigates the mechanical
characteristics of a high-slope continuous beam during cantilever jacking through a combination of
jacking tests and finite element analysis using the extended finite element method. Construction
monitoring of bridge alignment, elevation, and lateral displacement is performed, and a correction
system for lateral displacement is developed. The article also analyzes the internal forces of the
structure in cases of uneven jacking caused by mechanical or human factors.
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CANTILEVER JACKING PROJECT TEST

Project profile

The Harbin Dong San Huan Expressway lifting renovation project adopted the jack-up
renovation construction of the old bridge on Huagong Road. The upper structure adopts a simple
supporting continuous small box beam, and the bridge pier adopts a cap beam column pier. The
bridge deck is arranged in two spans, with both the left and right spans arranged in the following span
configuration: 4x30m+3x40m+3x30m+3x30m. The starting pile number of the bridge is K40+392.5,
and the ending pile number is K40+812.5. The total length of the bridge is 420m. The section between
K40+512.5 and K40+632.5 spans the railway, with a length of 120m. The load level of the bridge is
urban A level, and seismic measures are designed according to a seismic fortification intensity of 7
degrees. It was completed in 2012. This paper takes the left span 3x30m continuous small box girder
as the research object, and the bridge layout is shown in Figure 2. The main beam of the upper
structure is 1.6m high, and the width of a single span bridge deck is 23m. The specific geographical
location of this project is shown in Figure 3.

. 3000 . 3000 . 3000 .
1 1 1 1

Span 1 Span 2 Span 3

Pier| (301 Pier| 302 Pier| 303 Pier| (304

Fig. 2 - Bridge layout (Units: cm)
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Fig. 3 - Geographical Location Map of the Project

Due to the construction needs of Harbin East Third Ring Expressway, the bridge needs to
complete the transformation from the approach bridge to the viaduct through the leveling and jacking
stage, upgrade to the new design elevation, and connect with the new viaduct. According to the design
requirements and the actual situation of the bridge, the project has the following characteristics: [
Large lifting weight, with a single span lifting weight of 4400 tons, requiring a large number of lifting
equipment, limiting devices, and monitoring equipment; [ Large lifting area, requiring high precision
control of multi-point synchronous lifting equipment within a single area of 2000m?; [ Large lifting
height, with a maximum lifting height of 6.897m, requiring multiple temporary shims placement and
lifting cycles; [ Design involves rotational lifting, and the bridge undergoes length changes in the
projection direction, which results in secondary internal forces. According to the analysis of the overall
drawing of the East Third Ring Road, the heights of each support point of the bridge need to be
adjusted as shown in Table 1.

Tab. 1 - North approach bridge lifting height (Units: m)

Pier fulcrum lifting height Pier fulcrum lifting height
301# 4.197 302# 5.097
303# 5.997 304# 6.897

Finite element model

According to the design drawings of the original bridge, a finite element three-dimensional spatial
calculation model of the original bridge was established using the finite element analysis software
Midas Civil to conduct structural simulation analysis. The 3x30m prestressed concrete continuous box
girder was divided into 598 nodes and 921 elements for the entire bridge, and the model is shown in
Figure 4.
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Fig..4 - Diagram of finite element model

The material and structural parameters used in the finite element software simulation of the original
bridge state are all based on the data provided when the bridge was completed. At the same time, the
impact of the overall weight of the structure, permanent load in the second phase, shrinkage and
creep, non-uniform settlement, and temperature load on the theoretical model were considered. The
node forced displacement was used to simulate the on-site jacking construction process, and the
jacking simulation of the model structure was completed during the construction phase. The material
parameters are shown in Table 2.

Tab. 2 - Main material parameter table

volumetric weight (

materials KN/m3)

elastic modulus (MPa) poisson ratio

C50 26.0 3.5x104 0.2

Cantilever lifting test

For the sake of economic and construction difficulty considerations, the column-breaking jacking
method was used for jacking construction, while retaining the upper structure, cover beams, and some
pier columns of the original bridge. The bridge was first rotated at the same angle and then jacked up
to the target height at the same displacement. At the higher part of the pier, cast-in-place corbel beams
were used for jacking, while cover beams were used for jacking at the lower part of the pier. Steel
distribution beams were used for cantilever jacking at the original bridge abutment. The jacking
arrangement is shown in Figure 5, and the jacking process is shown in Figure 6.
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Fig. 5 - Lifting device layout ( Units : cm)

Design and calculation, preparation

Remove bridge constraints

Foundation reinforcement, column beam construction

Install the hydraulic lifting system Install limit device
Lifting system equipment debugging TR e er

Set the specified displacement
Lifting jack lifting jack according to the
instructions, follow the jack with the action

To reach the specified displacement, jack lock stop :
Install transverse connection

Lifting jack return oil, follow-up jack holding force

Lay cushion block under lifting jack

Lift jack holding force, follow the jack reset

The cushion block is arranged under the follow-up jack

Fig. 6 - Lifting construction flow chart

From Figures 5 to 6, it can be seen that the jacking process adopts the combination of jacking
jacks and follower jacks, using small displacements and multiple cycles as the jacking method. By
increasing the number of steel support pipes, the purpose of lifting the bridge is achieved.

The bridge lifting process adopts a PLC multi-pump group multi-point displacement
synchronous system, which integrates technologies such as displacement sensors, digital
transmission, hydraulic control, and computer signal processing[11]. It can realize dual-loop control of
force and displacement to ensure the safety of the structure. During the cantilever rotation and lifting
of the bridge, the concentrated force on the lifting point exceeds 1500kN, and internal force analysis
of the lifting bridge is required[12]. In order to prevent the deviation of the lifting system caused by
vibrations during the lifting construction process due to construction equipment, passing trains, and
natural factors, multiple limiting systems are used in this project. When the height of the original pier
is low, a lateral limiting bracket is used in combination with a skew bridge for limiting; when the height
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of the original pier is high, a column-beam and limiting bracket are used for limiting, as shown in Figure
7.

e

a) cantilevered end ) bent cap

¢) embracing column beam
Fig. 7 - Lifting and limiting device installation diagram

As shown in Figure 7, the jacking process utilizes a combination of transverse Beray beam,
anti-torsion limiting frame, cover beam limiting frame, and concrete column-beam limiting system.
Beray beam and various types of limiting frames are connected by circular steel column flanges. The
stability, safety, and reliability of the limiting system are ensured by presetting the connection between
the foundation and the structural foundation.

This study considers the three stages of cantilever rotation and lifting, namely, condition 1,
where the boundary system of the original bridge is transformed from the 304 bridge abutment to the
steel distribution beam; condition 2, where the bridge is rotated and lifted at the same angle; and
condition 3, where the bridge is lifted vertically with the same displacement. The experimental
conditions are shown in Table 3.

Tab. 3 - condition (Units: m)

ier

condition 301 302 303 Steel beam
1 0 0 0 0
2 0 0.0357 0.0714 0.1
3 0.1 0.1 0.1 0.1

The internal force diagrams for each condition were obtained by analyzing each stage of the bridge
lifting construction using the Midas Civil finite element analysis software, as shown in Figure 8.
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Fig. 8 - Main girder jacking internal force diagram of each stage

From Figure 8, it can be seen that during the jacking phase of the bridge, due to the
transformation of the structural system, the main beam at the steel distribution beam produces a
maximum negative bending moment of -1305kN-m. The main beam is under tension and exhibits
tension on the upper surface of the structure. Since the tensile strength of concrete is much lower
than its compressive strength, to prevent cracking of the upper part of the main beam under tension,
carbon fiber plates are used to reinforce the cantilever jacking position of the main beam to bear some
of the surface tensile stress. The reinforcement design of the main beam is shown in Figure 9
[13]~[15].

Fig. 9 - Carbon fiberboard active reinforcement diagram
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The maximum internal forces and their locations of the main beam under different working
conditions were recorded based on Figure 8, as shown in Table 4.

Tab. 4 - Internal force of main beam

internal maximum positive moment maximum negative moment
force N bending "y bending
. position (m) moment position (m) moment (kN/m)
condition (kN/m)
1 No.1 spans 12m 2448.65 302 pier top -3191.18
2 No.1 spans 12m 2661.91 302 pier top -4354.30
3 No.1 spans 12m 2742.40 302 pier top -4196.18

According to Table 4, the maximum negative bending moment and positive bending moment
during the synchronous rotation lifting and synchronous displacement lifting processes occur at span
1, 12m and pier 302, respectively. Furthermore, the lifting process has a relatively small impact on the
positive bending moment of the structure, but a significant impact on the negative bending moment of
the pier top. In order to study and evaluate the mechanical behavior of the bridge structure during the
lifting process, the top section of pier 302 was selected as the testing section, and HY-65B digital
strain gauges were used to measure the stress of the bridge structure. The layout of the strain
measurement points is shown in Figure 10.

N1 N2 N3 N4
Fig. 10 - Measurement point layout

Test result analysis

Stress and strain are key data that reflect the structural loading conditions. Monitoring the lifted
bridge, the stress conditions of the structure during the lifting process can be reflected by the
theoretical values and measured strain values at each measurement point. According to the
superposition principle, the stress data of the main beam caused by the lifting can be obtained from
the difference of stress values at each stage of the theoretical model, as well as the measured strain
data, as shown in Figure 11.
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Fig. 11- Measured and theoretical strain value

Based on Figure 11, it can be seen that the stress of the cross section at the top of pier 302 is
proportional to the lifting stroke during the two lifting stages, and the data at each measuring point is
balanced, indicating that the structural integrity is relatively good. The experimental verification
coefficient ranges from 0.58 to 0.80, and the sectional stress shows linear changes. The measured
values of each section are smaller than the theoretical calculated values, and the maximum verification
coefficient is 0.80, indicating that the structure is in a reasonable control state during the lifting process.
The maximum stress change of the cross section at the top of pier 302 during the synchronous rotation
lifting process is -17; the maximum stress change during the synchronous displacement lifting process
is -10.2, indicating that the synchronous rotation lifting process has a greater effect on the internal
force of the main beam than the synchronous displacement lifting stage. The linear relationship
between the theoretical calculation values and the measured values is good, indicating that the finite
element model can well reflect the stress status of the structure during the lifting process.
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JACKING CONSTRUCTION MONITORING AND ANALYSIS

The lifting process was monitored by using a total station for point layout. In order to address
the issue of top lifting deviation caused by construction factors, mechanical vibration, external loads,
etc., this study analyzed the influence of top lifting deviation on the structure during the construction
process using a finite element model.

Lifting construction monitoring

To accurately understand the stress situation of the jacking beam and ensure the smooth
progress of the jacking project, in the cantilevered rotating jacking process, the linearity and deviation
of the beam are monitored. Measurement points are set up at the top of the pier, on the side of the
beam, and at the cantilever jacking end, and monitoring measurements are carried out using a total
station based on the second-class engineering level standard.

(1) Linear monitoring

Based on the characteristics of continuous beam structures, a linear monitoring plan was
developed, and total station points were arranged as shown in Figure 12.

i

Ho E 3 i ’
| | Hoop beam | | Limit frame | | Steal beam

: i !

! l Bent cap I | Bent cap ' |

e & e ¢

Fig. 12 - Bridge deck elevation measuring point layout

By establishing stations, transferring stations, and setting up intermediate stations using a
permanent benchmark and total station, the observation points in Figure 12 were monitored regularly
to capture the bridge posture during the jacking construction process. The elevation data of the bridge
control points collected during the construction process are shown in Table 5.

Tab 5 - Elevation measurement data (unit: m)

poitne 9.29 10.04 10.05 10.07 10.08 10.09 10.10 10.19 10.21
1 126.819 | 128.064 | 128.153 | 128.504 | 128.709 | 129.093 | 129.429 | 130.639 | 126.819
2 127.115 | 128.359 | 128.449 | 128.796 129 129.385 | 129.694 | 130.888 | 127.115
3 126.737 | 127.996 | 128.088 | 128.398 | 128.603 | 128.913 | 129.271 | 130.435 | 126.737
4 127.011 | 128.269 | 128.36 | 128.719 | 128.911 | 129.283 | 129.527 | 130.737 | 127.011
5 126.541 | 127.792 | 127.883 | 128.139 | 128.436 | 128.813 | 129.043 | 130.216 | 126.541
6 126.863 | 128.117 | 128.204 | 128.424 | 128.756 | 129.135 | 129.344 | 130.533 | 126.863
7 126.491 | 127.721 | 127.81 | 128.074 | 128.385 | 128.78 | 128.954 | 130.21 | 126.491
8 126.813 | 128.056 | 128.138 | 128.394 | 128.695 | 129.089 | 129.269 | 130.498 | 126.813

Due to the existence of transverse slope in the bridge, the average of the symmetric monitoring

points is used to represent the elevation of the bridge section center. The elevation profile of the bridge
during the jacking process is shown in Figure 13.
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Fig. 13 - Bridge lifting elevation line chart

As shown in Figure 13, all control sections were uniformly and synchronously lifted during the
jacking process, and no jacking differences occurred. The ramp adjustment and jacking were
completed according to the predetermined height, achieving the control elevation. After that, the
elevation was fine-tuned through bridge deck paving and other methods to achieve the target
alignment.

(2) Bias monitoring

Continuous beam cantilever rotating lifting, the length in the bridge projection direction
increases, and there is frictional force between the beam and the cover beam, which causes the
support system such as the cover beam to shift, further causing the beam to shift. Due to factors such
as construction errors, frictional forces, and construction machinery vibrations, there may be
displacement errors during the bridge lifting process. Through laser measurement, total station point
measurement, and bridge static measurement equipment, the bridge lifting posture is determined, and
the bridge lifting system has cover beam rotation deviation and main beam longitudinal deviation as
shown in Figure 14.

(a) Cover beam overturning offset (b) Main girder deflection
Fig. 14 - Deflection diagram of jacking system

Based on the characteristics of the project, a correction method was developed. The structural
system used column dismantling jacking, and the main components for correction were the cover
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beam and main beam, with the main deviations being the overturning and offset of the cover beam
and the lateral displacement of the main beam as shown in Figure 14. Different correction methods
were adopted for different deviations, including pier foundation reaction correction, limit frame reaction
correction, and main beam reaction correction as shown in Figure 15.

~

(c) Main beam reaction correction
Fig. 15 - Lifting correction system

During the top-down lifting process of the structure, the lifting system, monitoring system, and
correction system work together to achieve structural system transformation, cyclic lifting, and system
correction, and thus achieve the lifting goal. The lifted bridge is shown in Figure 16.

Fig. 16 - Comparison diagram of left and right bridge jacking construction

Analysis of jacking deviation

During the synchronous lifting of the multi-span continuous beam, longitudinal deviations may
occur due to the unsynchronized hydraulic devices of the bridge pier, distribution beam, and brace
beam, as well as the uneven temporary support structure. Midas Civil was used to analyze the
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possible longitudinal deviations during the lifting process, including scenario 1: lifting of pier No. 301
alone; scenario 2: lifting of pier No. 302 alone; scenario 3: lifting of pier No. 303 alone; and scenario
4: lifting of the cantilever end of pier No. 304 alone. The internal force diagrams of the main beam
under various longitudinal deviation scenarios are shown in Figure 17.
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Fig. 17 - Internal force diagram of each deviation condition

Based on the comparative analysis of Figures 8 and 17, it can be concluded that when uneven
lifting occurs at the edge support, the positive bending moment of the adjacent span increases, and
the negative bending moment of the non-edge support on the symmetrical side increases. When
uneven lifting occurs at the non-edge support, the negative bending moment at the top of the pier at
that support point increases, and the positive bending moment of the adjacent span on the
symmetrical side increases. Stress analyses were conducted on the maximum changing cross-
sections of each working condition, and the stress changes for each working condition are shown in
Figure 18.
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Fig. 18 - Longitudinal deviation stress variation diagram ( unit : cm)

Comparing Figure 6 and Figure 15, it can be seen that when there is uneven lifting at the edge
support, the positive bending moment of the adjacent span increases, and the negative bending
moment of the non-edge support side increases; when there is uneven lifting at the non-edge support,
the negative bending moment of the pier top at this support increases, and the positive bending
moment of the edge span on the symmetrical side increases. Stress analysis was carried out for the
sections with the greatest changes in each working condition, and the stress changes for each working
condition are shown in Figure 16.

From Figure 16, it can be seen that when there is uneven lifting at the edge support, the
stresses at the section of the pier support and adjacent span on the symmetrical side increase, but
the changes are small; when there is uneven lifting at the non-edge support, the stresses at the pier
top section and the section of the edge span on the symmetrical side increase significantly, and the
stress changes caused by uneven lifting increase linearly with the lifting height. The changes in the
internal forces of the main beam caused by uneven lifting at non-edge supports have a greater impact
than those caused by uneven lifting at edge supports. Therefore, in the lifting construction process, it
is necessary to strictly control the synchronization and uniformity of lifting at each pier to prevent the
occurrence of uneven lifting, which may lead to excessively large negative bending moment at the
main beam support and positive bending moment at the midspan.

RESULTS

This article takes the lifting project of the East Third Ring Expressway in Harbin as the research
object, using cantilever rotation lifting and synchronous displacement lifting to lift the old bridge to the
design elevation and connect it to the newly built elevated bridge. The construction monitoring of
cantilever rotation lifting is carried out, and the structural internal force during the lifting process is
analyzed through lifting tests and Midas Civil finite element analysis software, and the possible
deviations are studied and analyzed. The following conclusions are drawn:

(1) The main beam internal force changes significantly more during the synchronous rotation lifting
process than during the synchronous displacement lifting stage. The synchronous rotation lifting and
synchronous displacement lifting processes have a relatively small impact on the structure's positive
bending moment, but a significant impact on the negative bending moment at the top of the pier.
Carbon fiber reinforced plates can be used to strengthen the main beam to prevent cracking due to
negative bending moment at the steel distribution beam.

2) The bridge alignment and deviation during the lifting construction are monitored to verify the
correctness of the lifting method. Correction methods for deviations such as foundation reaction
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correction, limit frame reaction correction, and main beam reaction correction after replacement of the
bearing are proposed.

3) Using the finite element extension method, this study investigates the distribution of internal
forces in the main beam of a bridge during vertical lifting when longitudinal uneven lifting deviation
occurs. When there is uneven lifting at the edge support points, the stress in the section of the
symmetrical abutment support points and adjacent spans increases but changes only slightly.
However, when there is uneven lifting at non-edge support points, the stress at the top section of the
pier and the symmetrical adjacent spans increases significantly, and the sectional stress caused by
uneven lifting increases linearly with the lifting height. The effect of uneven lifting at non-edge support
points on the change of internal forces in the main beam is greater than that of uneven lifting at edge
support points. Therefore, during the lifting construction process, it is necessary to strictly control the
synchronized and uniform lifting of each pier to prevent the occurrence of uneven lifting conditions,
which can lead to excessive negative bending moments at the main beam support points and
excessive positive bending moments at the midspan.

4) The lifting method used in this project is well-suited for urban bridge renovation to meet the
needs of modern transportation development. This method has a high lifting speed, high safety, and
high accuracy, and the proposed correction method has been proven to be efficient and accurate
through simulation and construction verification.
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