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Preface to “Resilience and Sustainability of Civil
Infrastructures under Extreme Loads”

Resilience and Sustainability of Civil Infrastructures under Extreme Loads contains papers that focus
on cutting-edge approaches to enhancing the resilience and sustainability of structures under extreme
loading events such as theoretical investigation, numerical simulation, and experimental study.
Earthquakes, which are detrimental to the safety of civil structures, have been occurring more
frequently in many regions and nations in recent years, and these seismic excitations can generate
severe and unexpected damages to civil infrastructures. For example, seismic excitations usually
contain multiple frequency components. The plastic deformation of the structure caused by them
would continuously accumulate in a certain direction, resulting in a large nonlinear displacement.
Moreover, earthquakes can cause liquefaction, which in turn can cause seismic settlement and tilting
of structures. Even worse, the progressive collapse of buildings is more likely to happen if structural
redundancy suddenly decreases because of unexpected abnormal loads. In light of that, there is an
urgent need to explore innovative methods that can improve the resilience and sustainability of civil

infrastructures under extreme loading events.

The contents of this book cover a wide variety of topics divided into these three categories:
The theoretical study of structural resilience and sustainability under specific loading events
(academic fundamental phase); new simulation tools for evaluating structural damages under
extreme loading events and new experimental methods for seismic analysis of civil infrastructures
(current cutting-edge research); and finally, new energy dissipative devices and resilient structural
forms (industrial application phase). To broaden the scope of structural resilience and sustainability,
this book also addresses the concept of resilient communities, specifically with the idea that
communities in devastated areas can develop resilience that will enable them to autonomously and
efficiently recover from natural disasters through the help of corporations. Additionally, this book
also introduces research related to post-earthquake restoration simulation models for water supply
networks. These models help formulate prompt system recovery plans and restoration priorities in

the case of an actual seismic hazard that may occur in water supply networks.

This book contains 20 very high quality papers. The author groups represent currently
active researchers in the field of resilient and sustainable structures. The topics not only provide
current and cutting-edge research but are also of great academic (fundamental phase) and industrial
(applied phase) interest. Readers will observe that current technology utilized to enhance structural
resilience and sustainability mainly concentrates on theoretical investigation, numerical simulation,
and experimental study. Hence, rich ground for further development is freely available in the applied

phase field of resilient and sustainable structures.

Zheng Lu, Ying Zhou, Tony Yang, Angeliki Papalou
Special Issue Editors
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Abstract: The special issue entitled “Resilience and Sustainability of Civil Infrastructures under
Extreme Loads” updates the state of the art and perspectives focused on cutting-edge approaches to
enhance structures’ resilience and sustainability under extreme loading events, including theoretical
investigation, numerical simulation, and experimental study, keeping an eye on the seismic
performance of civil structures. Notably, some innovative energy dissipative devices and resilient
structural forms, which are encompassed in this special issue, would provide valuable references for
the engineering application of resilient and sustainable civil infrastructures in the near future.

Keywords: resilience; sustainability; civil infrastructures; extreme loads; natural hazards; earthquakes;
seismic performance; energy dissipative devices

1. Rationale

Natural hazards, such as earthquakes, that are detrimental to the safety of civil structures, have
appeared more frequently in many regions and nations in recent years. Seismic excitations generate
many unexpected damages to civil infrastructures. For example, seismic excitations usually contain
multiple frequency components, and therefore the plastic deformation of the structure continuously
accumulates in a certain direction, resulting in a large nonlinear displacement [1,2]. Moreover,
liquefaction may occur after earthquakes, as it is worth mentioning that liquefaction can cause seismic
settlement and tilting of structures [3,4]. Even worse, the progressive collapse of buildings is more likely
to happen if structural redundancy suddenly decreases because of unexpected abnormal loads [5,6].
In light of that, there is an urgent need to exploring innovative methods to improve the resilience and
sustainability of civil infrastructures under extreme loading events.

The Special Issue on Resilience and Sustainability of Civil Infrastructures under Extreme Loads
contains papers that focus on the cutting-edge approaches to enhance structures’ resilience and
sustainability under extreme loading events, including theoretical investigation, numerical simulation,
and experimental study. The contents of this special issue cover a wide variety of topics, which can
be mainly divided into three categories, namely, (i) academic fundamental phase—the theoretical
study of structural resilience and sustainability under specific loading events (contributions 6, 7, 9,
15); (ii) current cutting-edge research—new simulation tools for evaluating structural damage under
extreme loading events (contributions 3, 5, 8, 11, 14, 18), and new experimental methods for seismic
analysis of civil infrastructures (contributions 1, 4, 10, 13, 16, 17); and (iii) industrial application
phase—new energy dissipative devices and resilient structural forms (contributions 2, 19). It is worth
mentioning that to broaden the scope of structural resilience and sustainability, the concept of resilient

Sustainability 2019, 11, 3292; doi:10.3390/su11123292 1 www.mdpi.com/journal/sustainability
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communities is also encompassed in this book. To be specific, through corporations, communities
in devastated areas can be resilient in order to autonomously and efficiently recover from natural
disasters (contribution 20). Additionally, this special issue also introduces the research related to
the post-earthquake restoration simulation modal for water supply networks, which is conducive to
determining prompt system recovery plans and restoration priorities in the case of an actual seismic
hazard that may occur in water supply networks (contribution 12).

2. List of Contributions

The Special Issue contains 20 very high-quality papers. The author groups represent currently
active researchers in the field of resilient and sustainable structures. The topics are not only current
(cutting-edge research) but also of great academic (fundamental phase) and industrial (applied phase)
interest. The readers will observe that the current technology utilized to enhance structural resilience
and sustainability are mainly concentrated in the theoretical investigation, numerical simulation,
and experimental study. Hence, further effort should be made on the applied phase of resilient and
sustainable structures. It is worthy of mention that the development of efficient energy dissipative
devices plays an important part in the actual implementation of resilient and sustainable structures.
In fact, apart from innovative viscous damper filled with oil and silt, as introduced in the Special
Issue, nonlinear energy dissipative devices (e.g., particle impact dampers) could also contribute a lot to
improving structural resilience and sustainability [7]. The contributions of this Special Issue are as
listed below:

1. Hybrid Simulation of Soil Station System Response to Two-Dimensional Earthquake Excitation,
by Yang et al.

2. Study on Column-Top Seismic Isolation of Single-Layer Latticed Domes, by Zhai et al.

3.  Long-Term Ground Settlements over Mined-Out Region Induced by Railway Construction and
Operation, by Jiang and Wang.

4. Experimental Study and Numerical Simulation on Hybrid Coupled Shear Wall with Replaceable
Coupling Beams, by Chen et al.

5. Flow Analysis and Damage Assessment for Concrete Box Girder Based on Flow Characteristics,
by Ye etal.

6.  Time-Frequency Energy Distribution of Ground Motion and Its Effect on the Dynamic Response
of Nonlinear Structures, by Tao et al.

7. Shear Performance of Optimized-Section Precast Slab with Tapered Cross Section, by Ju et al.

8. A New Equation to Evaluate Liquefaction Triggering Using the Response Surface Method and
Parametric Sensitivity Analysis, by Pirhadi et al.

9. A Multi-Objective Ground Motion Selection Approach Matching the Acceleration and
Displacement Response Spectra, by Chen et al.

10. Experimental Study on Mitigations of Seismic Settlement and Tilting of Structures by Adopting
Improved Soil Slab and Soil Mixing Walls, by Zhang and Chen.

11.  Evaluation of Progressive Collapse Resistance of Steel Moment Frames Designed with Different
Connection Details Using Energy-Based Approximate Analysis, by Lee et al.

12.  Post-Earthquake Restoration Simulation Model for Water Supply Networks, by Choi et al.

13.  Simplified Analytical Model and Shaking Table Test Validation for Seismic Analysis of Mid-Rise
Cold-Formed Steel Composite Shear Wall Building, by Ye and Jiang.

14. Probabilistic Generalization of a Comprehensive Model for the Deterioration Prediction of RC
Structure under Extreme Corrosion Environments, by Zhu et al.

15.  Brazier Effect of Thin Angle-Section Beams under Bending, by Zhou et al.

16. Nonlinear Error Propagation Analysis of a New Family of Model-Based Integration Algorithm
for Pseudodynamic Tests, by Fu et al.
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17.

18.

19.

20.

Substructure Hybrid Simulation Boundary Technique Based on Beam/Column Inflection Points,
by Chen et al.

Numerical Simulation and In-Situ Measurement of Ground-Borne Vibration Due to Subway
System, by Yang et al.

Studies on Energy Dissipation Mechanism of an Innovative Viscous Damper Filled with Oil and
Silt, by Lu et al.

Characteristics of Corporate Contributions to the Recovery of Regional Society from the Great
East Japan Earthquake Disaster, by Fukumoto et al.

Author Contributions: All authors have conceived the special volume and the Preface, and have worked on that.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Soil station system seismic issues have been highly valued in recent years. In order to
investigate the dynamic seismic behaviors of the intermediate column in soil station systems, a hybrid
test of a soil station system was conducted. The soil station model was performed with OpenSees.
Virtual hybrid simulation was fulfilled with adapter elements. A hybrid model, composed of the
steel column specimen and the remainder numerical model, was assembled using the OpenFresco
framework. An intermediate column was treated as the physical substructure, while the rest of the
soil station system was treated as the numerical substructure in a hybrid simulation. The hybrid
test results are compared with the analytical results. The data obtained from such tests show that
the system can accurately reflect the mechanical properties of intermediate columns in soil station
systems. A hybrid simulation would be a proper way to assess the seismic performance of a soil
station system.

Keywords: hybrid simulation; intermediate column; subway station; OpenFresco; OpenSees

1. Introduction

The uninterrupted service of transportation infrastructure after an earthquake is of great
importance for the immediate recovery and long-term economic sustainability of the impacted region.
Subway stations and railway systems, essential components of the transportation infrastructure, are
designed to provide continued function after both frequent and rare seismic events [1]. It is generally
believed that the seismic performance of underground structures is superior to superstructure since
underground structures are surrounded and restrained by soil and rock. However, several catastrophic
earthquake events have happened in recent years such as the Kobe earthquake, Chi-Chi earthquake,
and Wenchuan earthquake, and thus the seismic performance of an underground structure is of concern
to many researchers [2-6]. Especially in 1995, the Daikai subway station suffered serious damage under
the Hyogoken-Nanbu earthquake, including shear failure of the intermediate column, which had never
been observed in the past. The failure positions of the intermediate column are mostly located at the
base and top part of the intermediate column [7]. Moreover, a large number of cracks have caused
serious damage to underground engineering facilities. Insufficient horizontal shear resistance of the
intermediate column is the main reason why the Daikai station failed during the seismic event [8].
Most research has conducted dynamic analyses to study the failure mechanism of the subway station,
few studies have adopted seismic testing methods. Seismic testing methods based on intermediate
columns are necessary and significant ways to evaluate the seismic performance of a soil station system.

There are several seismic testing methods, including the pseudo-static test (PST), shaking table
test (STT) and pseudo-dynamic (PSD) test. The PST method is to apply prescribed cyclic displacement

Sustainability 2019, 11, 2582; doi:10.3390/su11092582 4 www.mdpi.com/journal/sustainability
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or cyclic force history on a structure component with actuators at a low speed. The shortcoming of
PST method is that the predefined load and displacement cannot reflect real seismic responses of
structures [9]. In the STT method, structure specimens are fixed on a shaking table. The shaking
table provides acceleration boundary conditions at the bottom of structure specimens. When it comes
to performing the shaking table test on underground structures, such as tunnel or subway station
specimens, there exist two main issues that are often improperly considered. The first one is that the
size and payload of the tested structure is greatly limited to the size and payload of the table used.
The second one is the gravity distortion effect.

The hybrid simulation (HS) testing method, initially named the pseudo-dynamic testing method,
was proposed in 1969 [10]. This method combines the physical test of the nonlinear components
of a structure and the numerical simulation of the remainder [11]. Without the size and payload
limitation, hybrid simulation can easily enlarge the size of the specimen so that test results would
not be impacted by scale factors. Hybrid simulation development trends are composed of two
aspects. One aspect involves developing next-generation hybrid simulation methods that will provide
more realistic structural responses, including robust numerical integration techniques [12-15] and
the loading control method [16-19]. The other aspect involves providing validated general hybrid
simulation procedure suitable to various projects and testing facilities to promote its awareness and
broader applications, including the geographically distributed hybrid simulation, and developing a
benchmark hybrid simulation [20-22]. Based on the experience of hybrid projects in the George E.
Brown, Jr. Network for Earthquake Engineering Simulation (NEES), hybrid simulation, and especially
displacement-based PSD simulation, is a viable approach to generate reliable structural seismic
responses [23]. For instance, Tessari utilizes both shaking tables and dynamic actuators as an ideal
experimental method to investigate soil structure interaction issues, where a massive test specimen of
soil can be accommodated by the shaking table and the interactions between the soil and structure can
be simulated by the actuators [24]. Hybrid simulation is a unique way to experimentally judge the
seismic performance of underground structures. With the hybrid simulation test method, a reasonable
full-scale model of the intermediate column in a subway station could be studied when an earthquake
excitation proceeds.

A study of the dynamic responses of the intermediate column in underground structures by
applying the hybrid simulation method is presented in this paper. Both virtual hybrid simulation and
physical hybrid simulation are performed in this paper. A virtual hybrid simulation is conducted
before the implementation of an actual hybrid test, which works as a preparatory simulation in order
to check all the setting/adjustments, make sure the numerical calculator is working fine and there
is no data exchange problem between numerical and physical subparts of the structure. A novel
steel specimen is designed for the physical hybrid simulation. According to different study needs,
the stiffness of the steel specimen could be easily changed by a simple calculation and replacement of
some screws before the test. Hybrid simulation with such steel specimens allow for repetitive tests with
low costs. Thus, hybrid simulation emerges as a best way to experimentally assess the performance of
underground structures under earthquake excitation.

2. Theory of Hybrid Simulation

In traditional PSD testing, the dynamic equation is solved to get displacement response during
test process. In Equation (1), M is the mass matrix, C is the damping matrix, R(;) is the resisting force,
(1, 115, u;) is the acceleration vector, velocity vector and displacement vector of numerical model, and
ag i is the input motion.

Mii; + Cu; + R(u;) = —Mag ; 1)

Mpyiuin + Cnun + RN(MN) + RE(uE) = —Mag,,- 2)

In Equation (2), M is the mass matrix of whole structure, My is the mass matrix of numerical
substructure, Cy is the damping matrix of numerical substructure, Ry is the resisting force of numerical
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substructure, R is the resisting force of experimental substructure, (iiy, iy, uy) is the acceleration
vector, velocity vector and displacement vector of numerical substructure, 1 is the displacement vector
of experimental substructure, and agis the input motion [25]. As shown in Figure 1, PSD substructure
testing theory is adopted as analysis method for realizing hybrid simulation of underground structures
in this paper. The implementation procedures are as follows: treat structure response (ii;, il;, ;) as
initial conditions at time #;, measure the resisting force of experimental substructure Rg;;), obtain the
solution of structure response (i1, 11, 4j+1) at time t;1; treat structure response (i1, i1, Ui4+1) as
initial conditions at time f;1, measure the resisting force of experimental substructure Rg;, 1), obtain
the solution of structure response (ii;;7, i1, Uit2) at time t;5. Such a calculation cycle should be
repeated until the hybrid simulation process is over.
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Figure 1. Key components of a hybrid simulation model.

3. Numerical Substructure

3.1. Input Motions

The Shanghai artificial wave, El Centro wave and Kobe wave are adopted as the input earthquake
motions. Figure 2 shows the seismic acceleration time histories and spectra. It should be noted that
the Shanghai artificial wave is a kind of synthetic earthquake motion developed to predict bedrock
movements under the specific construction site [26]. The frequency content of the Shanghai artificial
motion is mainly below 10 Hz and the dominate frequency ranges from to 1.7 to 3.6 Hz based on the
results of a Fourier transform [27]. The peak base acceleration (PBA) of such three motions are scaled
to 0.12 g in this paper.

It is assumed that the bedrock is rigid, the bottom of the model is fixed in such a way that no
movement is allowed on the vertical and horizontal direction. Moreover, the lateral boundary is set as
the equal displacement and impermeable boundary [28]. In this way, vertically polarized shear waves
(SV seismic waves) can be properly considered in the seismic issue of the soil station system.
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3.2. Soil Modeling
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Figure 2. Input earthquake motions.

The analysis is carried out under plane strain assumptions [29]. Note that the seismic response
of the soil-station system is a 3D issue, a 2D analysis model is carried out by assuming plane strain
condition. Linear elastic material is adopted in the model for simulating the soil layer. In addition,
the soil layer is simulated with total stress analysis. Moreover, the soil layer in finite element analysis
(FEA) model is homogeneous, and the properties of soil are constant along the depth in a vertical
direction. The dimension of the soil domain is 200 m long and 70 m deep (bedrock level). The soil
parameters applied in the FEA model are listed in Table 1. Quad elements are employed to model the
soil layer. Four-noded quad elements can be used to perform drained analysis, total stress analysis,

and undrained analysis.

Table 1. Properties of soil.

Variables Parameters
Density 1.48 ton/m?
Elastic Modulus 86.7 MPa
Poisson ratio 0.3
Shear velocity 150 m/s
Shear Modulus 33.4 MPa
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3.3. Structure Modeling

A typical rectangular subway station is adopted as the computational model. Figures 3 and 4
show the FEA model in detail. The FEA model is taken sufficiently long so that lateral boundaries
would not influence the seismic response of soil layer. The dimensions of the soil domain are 200 m
long and 70 m deep. The rectangular subway station section is 17 m x 7.2 m, the station is embedded
4.8m deep below ground surface. It should be emphasized that the bedrock is 70 m away from the
ground surface. The soil elements are 3.5 m in thickness based on the column spacing. In addition,
the top slab is 0.8 m thick, the bottom slab is 0.85 m thick and the side wall is 0.7 m thick. Further,
the intermediate column section is 0.3m X 0.3m.

70

| 200 |

Figure 3. Cross section of soil station model (unit: m).
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Figure 4. Cross section of station (unit: mm).

In the FEA model, the concrete compressive strength is 39.8 MPa, and the concrete strain at
maximum strength is 0.002. The concrete crushing strength is 20 MPa, and the concrete strain at
crushing strength is 0.004. Nonlinear beam column elements are adopted to simulate the slabs,
walls and intermediate columns. Concrete 01 material is selected in OpenSees. Such material is
used for constructing a uniaxial Kent-Scott-Park concrete material object with a degraded linear
unloading/reloading stiffness. No tensile strength is considered in Concrete 01 material [30].

The soil and structure are directly bonded together using the equal DOF command. This is a
simplified algorithm and the slippage of soil near the structure could not be considered. In the refined
analysis model, the above factors need to be considered, and the contact element can be adopted for the
simulation. A one-dimensional nonlinear spring and a tangentially nonlinear spring could simulate
the behaviour of the slippage of soil near the structure [31]. A section of 2 X 2 m soil elements are
adopted for the reason that the soil element length should be less than approximately one-tenth to
one-eighth of the wavelength associated with the maximum frequency fmax component of the input
seismic motion. For the case of a 70 m deposit excited by the Shanhai artificial wave, a target damping
ratio of 5% is calculated by calibrating parameters in Equations (3)-(5). The first mode of the site and
five times this frequency for f,;, and f, are selected as parameter for the target damping ratio [32].

C=aM+ K ©)
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4. Hybrid Simulation Procedure

4.1. Virtual Hybrid Simulation Procedure

A virtual hybrid simulation is performed based on the FEA model mentioned before. In physical
hybrid simulation case, middleware platform OpenFresco provides a bridge between a standard
finite element analysis program and laboratory control data-acquisition systems. In virtual hybrid
simulation, one OpenSees process stands for numerical substructure, the other OpenSees process stands
for experimental substructure. Adapter elements are utilized to manage communication between two
OpenSees processes with OpenFresco [33,34]. This approach provides an important advantage that
all of the connected codes run continuously without need to shut down and restart, hence reducing
analysis time consumptions significantly. In this way, virtual hybrid simulation can be realized with
two OpenSees processes connected by adapter elements on OpenFresco platform.

When coupling two or more finite element programs, the structure is generally divided into two
parts: master and slave. The master is the main part which solves the equation of motion of the
whole structure, while the slave represents different substructures and is responsible for the modelling
and analysis of them [35]. As shown in Figure 5, the half intermediate column was analyzed in the
slave program, the rest of the structure’s components and soil were analyzed in the master program.
The adapter element, which connected the slave program and master program on the interface node,
ensured that the two OpenSees shared same displacement order during virtual hybrid test process.
In the slave program, the base of the column is restrained at all three degrees of freedom. The initial
stiffness matrix of the column element needs to be specified. Such a matrix can be determined from
geometric condition.

adapter

70

nonlinear

beamColumn

| 200 I

master program slave program

Figure 5. Master program and slave program in soil station model (unit: m).

In the slave program, the substructure conforms to Equation (6):

MU(t) + Po(U(t), U(t)) = P(t) = Po(t) (6)

where M represents the global mass matrix; P, represents the global resisting force vector; P represents
seismic load vector; Py represents the global element load vector.

Poadpt = — adptuimp(t) @)
Padpt = Pr,adpt + P0,adpt = kudptuadpf(t) - kudptuimp(t)

In Equation (7), po 44yt represents externally applied load vector due to the imposed displacements,
Kadpt represents the stiffness of the adapter element, 1y, (t) represents imposed displacements, Padpt
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represents nodal force vector of the adapter element, p; 44, represents load vector due to deformations,
Uagpt (t) represents the adapter element deformations. According to Equation (7), the element force of
the adapter element is composed of two parts, one part is from the nodal force caused by the imposed
displacement from the master program, and the other part is from the nodal force caused by the
deformation of the adapter element itself. When a calculation step begins, the displacement order is
transmitted to the slave program from the master program. When a calculation step finishes in the
slave program, unbalanced force feedback is transmitted to the main program. The flow chart of data
interaction between master program and slave program is shown in Figure 6. When the first analysis
step begins, target displacement is calculated by the master program. It then sends these displacements
using a TCP/IP socket to the OpenFresco simulation application server.

Master FE-Software (OpenSees) OpenFresco Slave FE-Software
1 ] ] u,
Super Y @ Adapter ' ‘
ExpElement 3 e Element
2 o ]
o (=% "
Usiiper Usuper Ué [ g [ | ;_ou Yimp A/ |
Psuper w [ “Padp =
Psuper . s 1E H.EJ - Pacpr = Kagor(Uager = Yimp)
o [} £
- % o0
w
Pe/ [ I I B Pei ‘

Figure 6. Sequence of operations and data exchange [34].

On OpenFresco platform, the experimental site module and the experimental setup module
are responsible for storing, transmitting and converting displacement signals and force signals.
The displacement order is transformed on OpenFresco platform by setting related parameters of
experimental site module and experimental setup module. The experiment beam column element is
presented in this case. Degrees of freedom (DOF) transformation for the experiment beam column
element is shown in Figure 7. The adapter element then combines the received displacements 14;y (t)
with its own element displacements 4, (t). Once the equilibrium solution process of the slave
program has converged, the negative of the element force vector pq is returned to the SimFEAdapter
experimental control object across the TCP/IP socket. Finally, the element force pj; is transmitted to
the master program, which is then capable to determine the new trial displacements and proceed to

the next time step.

Global DOF Simply-Supported Cantilever
UsPs Basic DOF Basic DOF

Up3q3 b33
Uppqs Uppq:
— UsPs — I ub}‘q>

UgPy

) ) &
usﬂf i o
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OpenSees CrdTransf Nonlinear Transformation

Figure 7. Transformation in beam column experiment element [34].
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It should be emphasized that the integration methods of the finite element calculation should be
adapted to each other in the master program and the slave program. In this case, the static integrator
is applied in the slave program for the reason that the influence of inertial force and damping is not
considered in the slave program. The Hilber-Hughes-Taylor integration method is applied in the
master program. In order that the command displacement at the interface point is consistent with
the top point displacement of column in slave program, it should be ensured that the stiffness of the
adapter element is much larger than the lateral stiffness of the center column in slave program. In this
case, the stiffness of the adapter element is selected as 2500 kN/mm.

In order to verify the accuracy of the virtual hybrid test, a numerical model with the same material
parameters and geometric parameters is established on OpenSees platform. The drift responses of the
intermediate column in the soil station system are selected as a calibration index to verify the accuracy
of the virtual hybrid test. As shown in Figures 8-10, The drift responses of the virtual hybrid test
(labeled as “Coupled”) and the complete numerical model (labeled as “Complete”) match well during
the whole seismic process, which illustrates that the adapter elements work well during virtual hybrid
simulation process.

6 T T T

Complete

- - --Coupled

Displacement  (mm)
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Figure 8. Drift response for Shanghai wave case.
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Figure 9. Drift response for El Centro wave case.
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Figure 10. Drift response for Kobe wave case.
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As shown in Figure 8, peak drift in complete numerical model is —4.14 mm and peak drift in
virtual hybrid simulation is —4.40 mm when the Shanghai wave is applied as input motion. A complete
numerical response could be regarded as standard solution, the test error of virtual hybrid simulation
is 6.4%. As shown in Figure 9, peak drift in complete numerical model is =5.30 mm and peak drift in
virtual hybrid simulation is —5.69 mm when El Centro wave is applied as input motion. The test error
is 7.3%. As shown in Figure 10, peak drift in complete numerical model is —5.94 mm and peak drift in
virtual hybrid simulation is —-6.40 mm when Kobe wave is applied as input motion. The test error is
7.8%.

In short, the virtual hybrid test process is a feasible hybrid simulation method. Two OpenSees
programs run simultaneously with the adapter elements. The virtual hybrid test provides a theoretical
basis for the physical hybrid test and verifies the feasibility of the FEA model.

4.2. Physical Hybrid Simulation Procedure

An intermediate column in the subway station is adopted as an experimental physical model,
while the remainder of the subway station and geotechnical medium is classified as an analytical
numerical model. In the experimental physical model, horizontal force is applied on the top of
intermediate column by actuator in order to consider the horizontal degree of freedom. The bottom of
the intermediate column is fixed to a strong floor to satisfy the boundary conditions in the analytical
model. Experimental element, experimental site, experimental setup and experimental control should
be defined to connect the experimental physical model and the analytical model through Openfresco.
The purpose of OpenFresco middleware is to mediate the transactions between the computational
driver and the physical transfer system. With a computational driver, the physical transfer system and
middleware hybrid simulation framework, the hybrid simulation system is established.

The MTS-CSI control method is adopted as an experimental control method with the MTS loading
system. MTS-CSI defines a control point that manages the displacement command of the test interface
node at a specified degree of freedom. Moreover, this point can feed back the displacement and load
responses of the interface node from experiment substructure. In such a hybrid test, the control point is
selected as the inflection point of the intermediate column element. A horizontal actuator is connected
with steel specimen during the loading process. In this case, the specimen was loaded with one actuator
in horizontal direction. The signal of experiment substructure is converted by defining experimental
setup setting in OpenFresco. The numerical substructure and the experimental substructure are both
in the same laboratory. The communication is carried out in the local area network. The type of hybrid
test is a local hybrid test. In OpenSees FEA model, nonlinear beam column elements are selected to
simulate the seismic behaviors of intermediate column, side wall, station roof and station floor. On the
OpenFresco platform, an experiment beam column element with initial stiffness matrix is adopted to
represent the steel specimen in hybrid test. Since the numerical model is a 2D analytical model, the
experiment element is also a 2D experimental beam column element. The experimental beam column
element has two end nodes, each of which has three degrees of freedom in the axial, tangential, and
rotational directions. As shown in Equation (8), the initial stiffness matrix of the experiment element
can be obtained by theoretical calculation. According to the geometric information and material
properties of the hybrid test specimen, the initial parameters of the experiment element are calculated.
In this way, the experiment beam column element is defined in OpenFresco.

EA
N 120 I SEI
Kexp = 0 B -z ®)
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5. Experimental Setup and Test Program

The hybrid simulation system is composed of the FEA platform OpenSees, middleware platform
OpenFresco and the MTS loading system. The physical hybrid simulation was carried out in the

12



Sustainability 2019, 11, 2582

multi-functional shaking tables lab of Tongji University. OpenFresco built a bridge between the
numerical substructure and experiment substructure. Data communication and control coordination
were performed on the OpenFresco platform. In addition, in order to investigate the experimental error
of the hybrid simulation process, the corresponding FEA model of the soil station system was carried
out by OpenSees software for each working condition. The solution of the numerical model could be
regarded as a target solution for the corresponding hybrid simulation process. In the physical hybrid
test, the actuator is fixed at the top of the column specimen to simulate the horizontal displacement
under earthquake excitation. The top point of column specimen is the interface between numerical
substructure and physical substructure. As shown in Figure 11, the top of the column and the bottom
of the column are hinged. A special design is adopted for the bottom part of the column specimen.
Four screws are installed to connect steel column specimen and bottom base. The bending stiffness
of steel column specimen could be changed by replacing the screws at the column foot. In this way,
the bending stiffness could be specified according to the test needs. Since the bending stiffness of
the column itself is much larger than that of the screws, the failure mode of such tests would be the
bucking failure of screws. Such an experiment could be easily repeated by replacing screws so that
theupper column specimen would not be damaged during test process. In the seismic event of soil
station system, numerical results demonstrated that the collapse of the structure was caused by the
poor ductility of the intermediate columns. The intermediate column is the key component of seismic
design in underground structures. Therefore, a cantilevered steel column is designed for hybrid
simulation. Furthermore, the cantilever steel column represents the lower half of the intermediate
column of the station. The lateral stiffness of steel column specimen can be obtained from Equation (9).
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where ¢ is flexibility coefficient; /1 is column height; E; is column elastic modulus; I; is moment of
inertia; k;, is rotation stiffness; b; is outer surface width; h; is outer surface height; b is inner surface
width; h is inner surface height; d is screw diameter; a is screw space; E; is screw elastic modulus; I is
screw length.
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Figure 11. Design drawing of steel column specimen.

The cantilever steel column specimen is the physical substructure of the soil station system
hybrid test system, and the remaining parts of the FEA model are treated as numerical substructure.
After each integration step, the numerical substructure in the soil station system calculates the
displacement response at the control point, horizontal load is applied to physical substructure by
loading system according to displacement order. After the displacement command is applied to
the physical substructure, the restoring force signal of steel column specimen is measured by the
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actuator and transmitted back to the data interaction system. On the OpenFresco platform, restoring
force response order and displacement response order would be exchanged at each integration step.
Such orders would be converted according to geometric transformations by setting experiment site,
experiment element, experiment control and experiment actuator. After the numerical substructure
obtains a restoring force signal from the physical substructure, such a signal would be transmitted back
to dynamic equations to complete the calculation of the next time step in the numerical substructure.
The displacement command for next time step would be calculated on basis of restoring force signal
accepted. Such a cycle would be repeated until the test is over. Based on the results of the virtual
hybrid test procedure and the analytical model, the physical substructure specimens were designed
according to the principle of equivalent lateral stiffness. The lateral stiffness of the test substructure
was adjusted by changing the screws which were installed at the bottom of steel column. In this
case, four vertical screws with a diameter of 15 mm were placed at the bottom of the column, and
the lateral stiffness of the physical substructure was 2.10 kN/mm measured by loading system. The
lateral stiffness of the intermediate column element is extracted in OpenSees, which is 2.06 kN/mm
correspondingly. During the hybrid simulation process, a stiffness matrix of the physical substructure
is updated according to the feedback force signal.

6. Overview of Experimental Observation

6.1. Phase 1: Pseudo-Static Tests

In order to investigate the plastic behaviors and energy dissipation capacity of a steel specimen
during a real seismic event, a pseudo-static test of the steel specimen was conducted before a hybrid
simulation test. The bottom of the column was fixed on the strong floor and the column end was
connected to a hydraulic actuator which permitted free horizontal degree of freedom of the column.
Each test specimen was subjected to a pseudo-static reversed cyclic simulated earthquake loading as
shown in Figure 12. In order to investigate the plastic behaviors and energy dissipation capacity of steel
specimen during a real seismic event, the loading sequence adopted in this testing program followed
the typical pseudo-static test sequence. In the current study, it is believed that the probable seismic
resistance of a sub-component evaluated following the simple testing sequence is able to provide a
satisfactory behavior during a real seismic event [34]. The horizontal cyclic loading applied to the
specimens throughout the test was displacement controlled. The horizontal loading was applied to
the top of the column using a 500kN capacity hydraulic actuator. No axial load was applied to the
test specimens.

Displacement (mm)

0 5 Ib 1‘5 iO 2‘5 30
Loading Cycle

Figure 12. Loading scheme.

As shown in Figure 13, shear force versus horizontal displacement relationship illustrates loading
capacity and mechanical behaviors of test specimen. Steel column specimen reached the yield load
(26.5 kN) when horizontal displacement reached 13.2 mm. Steel column specimen reached the ultimate
load (32.3 kN) when horizontal displacement reached 17.4 mm. The hysteretic response was mainly

14
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characterized by the stiffness degradation and the strength degradation. As shown in Figure 14, the
most important type of failure mode in the bolt rod area was mainly screw yielding failure.
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Figure 13. Hysteresis curve of steel specimen.

Figure 14. Bolt failure pattern.

6.2. Phase 2: Hybrid Simulation Tests

With the previously mentioned method, a series of hybrid simulation tests were carried out on
the test model under the following base accelerations: Shanghai artificial wave, El Centro wave and
Kobe wave. The peak acceleration of three waves is 0.12g. Figure 15 shows lateral displacement and
shear force time histories of control point in Shanghai artificial wave case. Figure 16 shows the lateral
displacement and shear force time histories of control point in the El Centro wave case. Figure 17
shows lateral displacement and shear force time histories of control point in Kobe wave case. It should
be emphasized that the shear force test results in the three working conditions were larger than the
analytical results for the reason that the actual stiffness of the intermediate column specimen was
greater than the theoretical stiffness in the analytical model. Based on the pseudo-static test results
above, it should be noted that the specimen stayed in elastic stage during the three working conditions.
Overall, such a specimen applied in hybrid simulation tests was reasonable in this case.
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Figure 15. Displacement and force response for Shanhai case.
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Figure 16. Displacement and force response for El Centro case.
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Figure 17. Displacement and force response for Kobe case.

In order to calibrate the accuracy of the hybrid test, shear force and horizontal displacement
response of the numerical model were plotted in the same figure. It can be seen that the numerical
simulation results matched well with the hybrid simulation test results under earthquake excitation.
Thus, the feasibility and accuracy of the physical hybrid simulation test could be verified. The good
correspondence between the hybrid simulation and analytically obtained response data validated the
analytical model of soil station system. The comparison suggested a good agreement, which indicated
the proposed hybrid simulation composed by OpenSees, OpenFresco and MTS performed well in the
soil station system hybrid simulation.

7. Conclusions

A study of the two-dimensional seismic response of a soil station system by applying hybrid
simulation is reported in this paper. Firstly, the soil station system FEA model is developed for the
subsequent hybrid simulation process. The virtual hybrid simulation method is implemented on bases
of OpenSees and OpenFresco with an adapter element. The adapter element is then used to connect
two FEA programs to implement a virtual hybrid test process. The virtual hybrid simulation provides
a theoretical basis for the following physical hybrid test. Moreover, the virtual hybrid simulation also
helps to verify the feasibility of a developed numerical substructure in the hybrid test. According to
the principle of equivalent lateral stiffness, a novel steel specimen is designed to physically model the
intermediate column in this paper. The hybrid test results are compared with the analytical results,
to validate the effectiveness and accuracy of the proposed hybrid simulation method. The following
conclusions can be drawn:

1.  Theimplementation of a virtual hybrid simulation with two OpenSees processes based on adapter
elements is a good way to verify the effectiveness and robustness of the hybrid simulation system.
The results of the virtual hybrid simulation are in agreement with the numerical simulation
results, which verify the correctness of the established hybrid test system.

2. The variable stiffness steel column specimens applied in the hybrid test were designed according
to the corresponding stiffness in the numerical substructure. The lateral stiffness of the steel
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specimen is changed by replacing the screws. The stiffness could be obtained from design
parameters before testing.

3. The mechanical behavior of the intermediate column under earthquake excitation could be
reproduced by the proposed hybrid simulation system composed of OpenSees, OpenFresco,
MTS-CSI and loading system.
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Abstract: In this paper, a single-layer lamella reticulated dome with reinforced concrete bearings was
studied, and a method of column-top isolation was proposed to improve the seismic performance of
the whole structure, thereby avoiding too large support stiffness in engineering practice. A nonlinear
time-history analysis showed that lead rubber bearings (LRB) can reduce the support reaction to a
certain extent and make it distribute uniformly, reducing the support design requirements under
frequent earthquakes. During rare earthquakes, the LRB was basically in the plastic state and the
support reaction remained near the yield force, which was reduced greatly compared with that
of the original structure. The bearing hysteresis curve was full, while the plasticity development
degree of the upper reticulated dome was greatly reduced and the elasticity was basically maintained,
thus achieving a good damping effect.

Keywords: column-top isolation; single-layer reticulated dome; nonlinear time-history analysis;
damping effect

1. Introduction

A single-layer reticulated dome is an important form of space structure in China that combines the
characteristics of skeletal structures and thin-shell structures with beautiful shapes, reasonable forces
and simple structures that are widely used in various large and medium span buildings [1]. However,
China is among the world’s most earthquake-prone countries, and some spatial structures in the
Wenchuan earthquake demonstrated various degrees of earthquake disaster phenomena [2,3]. Common
failure forms include lower support failure, bearing connection damage, excessive plastic deformation
of the upper steel roof and overall collapse of the structure [4]. Therefore, it is very important to study
the seismic behavior of reticulated domes and seismic isolation techniques. Isolation technology can
effectively block seismic action and reduce the seismic response of a structure. It reduces the earthquake
effect by prolonging the structure period and dissipating energy through additional damping, so that
the structure displacement is controlled within the allowable range [5-7]. Early isolation technology
has been primarily applied to support multi-story building foundations and bridge structures. With
the development of structural vibration control technology and the increasing demand for seismic
performance in large-scale engineering projects, this method has also gradually been applied to large
span spatial structures. The roof of the Shanghai International Speedway News Center adopts a high
isolation bearing—a new composite isolation bearing consisting of one basin bearing and four common
rubber bearings—which effectively releases temperature stress and significantly reduces the seismic
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response of the structure [7]. The pyramid-shaped roof of the Ataturk Airport terminal in Turkey uses
a column-top friction-pendulum isolation scheme [8].

To simplify the calculation, the roof structure is analyzed separately by the simply supported
boundary, disregarding the dynamic interaction between the roof and the lower supporting structure
in the engineering design. In fact, the existence and stiffness of the lower supporting structure will
have an important influence on the seismic performance of the integral structure, especially when
the stiffness of the supporting structure is much stronger than that of the upper roof. In this case,
the seismic amplification effect of the structure is very significant, and the failure limit load of the
superstructure can be greatly reduced. To meet the requirements of the construction in engineering
practice when the supporting structure introduces more space frames, slabs, or shear walls, its support
stiffness is generally large. To improve the seismic performance of this kind of “strong support”
structure, this paper takes a single-layer spherical reticulated dome with a concrete bearing under the
surface as its research subject. The common spherical steel bearing at the top of the column is replaced
by an isolation lead rubber bearing in this study, and the seismic behavior of the structure before and
after the isolation is compared and analyzed.

2. Integral Model of Dome and Support Structure

The roof structure analyzed in this paper is a single-layer spherical reticulated dome (Figure 1)
with a span of 40 m, a vector span ratio of 1/5, a round steel pipe as the reticulated dome rod, a
material of q235b steel, a circular members section of ¢132 x 4, and radial and oblique rod sections of
@116 x 4. The lower support structure adopts the cylindrical-ring beam system. The column height
is 10 m. To simulate the “strong support rigidity” condition, the column section diameter is set to
1.5 m, and the ring beam covers a 0.6 m x 0.6 m rectangular section. The whole structure contains
24 pillars, and the concrete strength grade of the beam and column is C30. Through refinement of
finite element analysis in Abaqus, it is shown that when the diameter of the column cross section is
1.5 m, the damage factor of the lower supporting structure concrete is very small. The reticulated
shell, the beam and column adopt B31 beam units based on the fiber bundle model. Steel adopts an
ideal elastoplastic model. In order to achieve a certain calculation accuracy, all beam elements are
controlled to a length of about 1 m during meshing. Material nonlinearity and geometric nonlinearity
are considered simultaneously. A welded ball joint is used to connect the members of the upper
reticulated dome rigidly, and a common spherical steel bearing or an isolation bearing is used to
connect the ring beam between the reticulated shell and the lower support structure at the top of each
column. The integral structural model is shown in Figure 1b.

(@) (b)
Figure 1. Layout of dome (a) single lamella spherical dome model; (b) model of integral structure.
3. Selection of a Seismic Isolation Device

In this paper, a lead rubber bearing is chosen as the isolation device. Lead has good mechanical
properties, as its yield shear stress is relatively low at only approximately 10 MPa, the initial shear
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stiffness is higher, the shear modulus is approximately 130 MPa, and it is also the ideal elastoplastic
body. Lead has good fatigue resistance for the plastic cycling load, and high-purity Pb (99.99%) is
easy to obtain, which makes its mechanical properties more reliable. This article selects the Fuyo
lead rubber bearing series product LRB600, produced by the Wuxi construction new material Limited
Company [9]. Its mechanical performance parameters are shown in Table 1.

Table 1. Mechanical performance parameters of the bearing.

Base . Horizontal Performance of 100% Deformation
Level Long-Term Vertical

Type P Load Stiffness Initial Post-Yield  Yield Equivalent Equivalent
:KZ;';? (kN) (kN/mm) Stiffness Stiffness Force Stiffness Damping

(kKN/mm)  (kN/mm) (kN) (kN/mm) (%)
LRB600 6 1178 1513 6.27 0.483 51 0.878 23.9

Therefore, this paper discusses two structural models: The original structure, whose column top
adopts the common steel bearing, namely, the hinged connection, and the isolation structure whose
column top is connected by the LRB.

The analytical model of the LRB adopts the rubber isolator unit in SAP2000 [10], as shown in
Figure 2, which consists of six internal "springs" representing the components of axial, shearing,
bending, and torsion. For each degree of freedom of the deformation, linear or nonlinear behavior can
be specified independently, and the plasticity properties are based on the hysteresis behavior proposed
by Wen (1976) [11] and Park, Wen, and Ang (1986) [12].

Figure 2. Mechanical model of a lead rubber bearing.
4. Results

First, the natural frequency of the structure before and after isolation was compared. Since the
LRB is a nonlinear element, its stiffness is a function of the bearing deformation, and modal analysis
is a linear perturbation analysis. To objectively evaluate the impact of the isolation device on the
structural dynamic characteristics, the parameters of the LRB, including the equivalent stiffness and the
equivalent damping ratio in the modal analysis, are shown in Table 1. As shown in Table 2, the natural
frequency of the isolated structure was significantly lower than that of the original structure.
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Table 2. The comparison of natural frequency for original and seismically-isolated structures.

Natural Frequency (Hz)
Mode Number Percentage Scatter
Original Structure Seismic Isolation Structure
1 3.80 1.6207 57%
2 3.80 1.6208 57%
3 4.22 2.3588 44%
4 4.22 3.2405 23%
5 4.50 3.8370 15%
6 4.5091 3.8371 15%
7 4.6865 4.0540 13%
8 4.6867 4.0544 13%
9 4.6920 4.1578 11%
10 4.6921 4.1580 11%
11 4.6976 4.3140 8%
12 4.7029 4.3140 8%
13 4.7032 4.4963 4%
14 4.8545 4.4974 7%
15 4.8545 4.6357 5%

5. Analysis of Frequent Earthquake Response

The acceleration peaks of the El Centro wave and Taft wave adjusted to 70 gal under frequent
earthquakes were input into the structure in three directions, and the nonlinear time-history response
was analyzed. The distribution curve of the reaction force envelope value of all 24 bearings at the top of
the original structure and the isolated structure column are given in Figure 3. It was apparent that the
distribution of the maximum bearing reaction force was very uneven for the original structure because
of the uncertain direction of the action of the earthquake. The actual design was based on taking the
most unfavorable bearing force, so the design requirements of the bearing were often relatively high
and could easily act as a weak link during an earthquake. The bearing force distribution was relatively
flat for the isolated structure, and the value of the force was lower than that of the original structure,
which was beneficial to the design of the bearing and reduced the seismic effect of the transmission
to the upper reticulated dome. A typical bearing in the sixth support position (Figure 3) is taken as
an example.

99 23 24 1 9

4 ‘ .
zo 1

;

19 ’ ‘_“:‘w/»,g"
<1k 6
w K]
17 ‘I;
16 y‘

Figure 3. Support position.

As shown in Figures 4 and 5, under the El Centro and Taft waves, the maximum bearing reaction
force of the original structure in the X direction was 32.11 kN and 29.01 kN, respectively, and the
maximum bearing force of the isolation structure in the X direction was reduced to 18.45 kN and
18.59 kN, a decrease of 42.5% and 35.9%, respectively. The comparison for the time-history curve
of the bearing No.6 between the original structure and the isolation structure is given in Figure 6;
the structural reaction apparently decreased with the isolation bearing.
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Figure 4. Comparison of maximum inverse force distribution direction between original structure and
seismic isolation structure under the El Centro wave in frequent earthquakes, (a) in the X direction,

(b) in the Y direction.
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Figure 5. Comparison of maximum inverse force distribution between original structure and seismic
isolation structure under the Taft wave in frequent earthquakes, (a) in the X direction, (b) in the
Y direction.
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Figure 6. Comparison of time-history curve of the reaction force of bearing No. 6 in the X direction
between original structure and seismic isolation structure in frequent earthquakes, (a) under the El
Centro wave, (b) under the Taft wave.

Under frequent earthquakes, all LRB supports did not reach their yield force, so the bearings were
still in the initial elastic state. The typical hysteresis curve of the No. 6 bearing is given in Figure 7,
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which shows that the LRB did not dissipate any energy under frequent earthquakes and that the
isolation effect was realized by prolonging the structure period.

25 25
20 20
15 F 15 F
~ 10 F ~ 10 ~
g 5t g 5t
~ 0 f o0 -
8 5 | 8 5
g -10 | £ -10 |
-5k -5+
20 -20
25 . . \ . . . . 25 . . . . L . .
4 3 2 -1 0 1 2 3 4 4 3 2 - 0 1 2 3 4
Bearing deformation Ux (mm) Bearing deformation Ux (mm)
(@) (b)

Figure 7. Hysteretic curve in the X direction in frequent earthquakes, (a) under the El Centro wave, (b)
under the Taft wave.

The maximum displacement envelope value of all supports under the El Centro wave and Taft
wave was 3.07 mm and 3.26 mm, respectively, which is within the elastic deformation range and can
guarantee the normal use of the structure under earthquake or wind load.

6. Analysis of Rare Earthquake Response

The acceleration peak of the seismic wave was adjusted to the value of rare earthquakes stipulated
in the specification, 400 gal, and then input into the structure basement in three directions in order
to analyze the nonlinear time-history reaction. Compared with frequent earthquakes, the response
of structures under rare earthquakes was very similar, but because of the plastic energy dissipation
caused by most of the bearing in the yield state, the seismic isolation structure under rare earthquakes
showed a better damping effect. Figures 8 and 9 give the distribution curve of the reaction force
envelope value of all 24 bearings at the top of the original structure and the isolated structure column.
Note that the bearing reaction of the original structure under rare earthquakes is quite large, and
the distribution is very uneven. Taking bearing No. 6 as an example, the resultant force of the
two horizontal forces under the El Centro wave acted up to 188 kN, making the integral structure
prone to fail early under the strong earthquake due to the support force. The bearing force of the
isolated structure was basically located near the yield force, which greatly reduced the seismic action
transmitted to the upper reticulated dome. The comparison of the time-history curve of bearing No. 6
in the X direction between the original structure and the isolation structure is given in Figure 10,
showing that the structural reaction apparently decreased with the isolation bearing.

The typical hysteresis curve of the No. 6 bearing in the X direction is given in Figure 11, which
shows that the hysteretic curve of the LRB under rare earthquakes was full, and the energy dissipation
effect was significant. The maximum displacement of the bearing in the X direction under the El Centro
wave and the Taft wave was 20.5 mm and 18.0 mm, respectively, which is less than the maximum
allowable deformation of the bearing (according to the product specification gauge deformation
of 400%).
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Figure 9. Comparison of maximum inverse force distribution between original structure and seismic
isolation structure under the Taft wave in rare earthquakes, (a) in the X direction, (b) in the Y direction.

200

200

150 . 150

i

g 10 - z
s ¥ o §
g it g
g o ;\fd&w”«.m‘w U
2 -5 i 2
& 100 &

_150 -150 '

-200 ‘ -200

o 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Time (s) Time (s)

Original structure

(a)

Seismic isolation Structure

- Original structure Seismic isolation Structure

(b)

Figure 10. Comparison of time-history curve of the reaction force of bearing No. 6 between original
structure and seismic isolation structure in rare earthquakes, (a) under the El Centro wave, (b) under
the Taft wave.

A comparison of the plastic development of the upper reticulated dome before and after the
isolation is given in Figures 12 and 13, which indicates more plastic development of the original
structure under rare earthquakes, while the isolation structure was basically in an elastic state.
The plastic deformation only occurs at the outer part of the lateral beam under the Taft wave.
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Figure 11. Hysteretic curve in the X direction under rare earthquakes, (a) under the El Centro wave,
(b) under the Taft wave.

Figure 12. Comparison of plastic distribution of the original upper structure under the El Centro wave,
(a) original structure, (b) seismic isolation structure.

(b)

Figure 13. Comparison of plastic distribution of the seismic upper structure under the Taft wave,
(a) original structure, (b) seismic isolation structure.

7. Conclusions

The modal analysis of the structure before and after the isolation showed that the LRB can prolong
the natural period of the structure effectively [13-15], thus avoiding the excellent period of earthquake
motion and reducing the seismic action of the superstructure. Time-history analysis showed that the
LRB can reduce the bearing reaction force to a certain extent under frequent earthquakes, the maximum
reduction of which under the El Centro wave and Taft wave was up to 42.5% and 35.9%, respectively.
The distribution of the bearing force tended to be uniform, which reduced the requirement of the
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bearing design. Under rare earthquakes, the LRB bearing was basically in a plastic state, and the
bearing reaction force was maintained near the yield force, which decreased greatly compared with
that of the original structure. The bearing hysteresis curve was full, the energy dissipation effect was
significant, and the plasticity development degree of the upper reticulated shell was greatly reduced
so that it was basically elastic.

Overall, for the strong support structure, the column-top seismic isolation method used in
this paper is a new idea that effectively improves the seismic performance of the whole structure,
from “resisting” to “eliminating”.
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Abstract: With the rapid development of railway construction and the massive exploitation of mineral
resources, many railway projects have had to cross mining areas and their caverns. However, the
settlement of the ground surface may cause severe damage to human-built structures and lead to the
loss of human lives. The research on ground deformation monitoring over caverns is undoubtedly
important and has a guiding role in railway design. Settlement observation points were set up around
the mine, establishing a ground subsidence monitoring level network that has been in operation
for 11 years. The ground settlement and lateral displacement along the designed railway were
studied. A finite element model was established to predict the long-term ground settlements over
the mined-out region induced by designed railway embankment construction and train operation.
The results show that the predicted ground settlement induced by railway embankment construction
is smaller than the ground settlement induced by the mined-out cavity. One train pass-by has an
insignificant impact on the safety of train operation. However, when the number of train pass-bys
increases to 10,000,000 times and 20,000,000 times, the cumulative deformations of the ground at
different depths are quite large, which may affect the safety of the railway operation. Thus, it is
necessary to deal with settlement issues when designing railway construction.

Keywords: settlement; mined-out region; railway construction; dynamic model

1. Introduction

In China, railway is an important national infrastructure and a popular means of transportation,
which plays a key role in China’s comprehensive transportation system. China has a vast territory, a
large population, and an uneven distribution of resources. Therefore, economical and fast railways
generally have greater advantages and become a widely used mode of transportation. The same thing
is happening around the world. The reliable, efficient, safe, and environmentally sound inter-urban
long distance rail freight is needed to support economic growth and maintain the quality of life [1].

However, there are many problems in major countries related to railways crossing mineral caves.
In China, the line selection principle of railway engineering above the mined-out region is mainly to
avoid. Even though the railway needs to cross the mining areas, it should also retain a certain width
of safe pillars to ensure the safety of railway operation. In recent years, with the rapid development
of railway construction and the massive exploitation of mineral resources, many railway projects
have to cross the mining area and its cavern. The original survey design specifications and related
manuals cannot meet the requirements of the design standards for the evaluation and treatment of
the cavern. The settlement of the ground surface, especially when it occurs in a rapid and differential
manner, may cause severe damage to human-built structures and the loss of human lives [2]. Therefore,
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the research on long-term ground settlements over mined-out regions has undoubtedly played an
important guiding role in railway designs.

Salt mine subsidence is more likely to be manifested as ground collapse, cracking, squirting,
and surface subsidence, which makes predictions very difficult [3,4]. In order to mine salt mines
more effectively and reduce the damage and loss caused by ground settlement, many scholars have
done relevant research regarding the establishment of a salt mine subsidence evaluation system in
recent decades [5-7]. Most of these studies focus on salt mine water-soluble mining, a summarization
of accident causes, determination of reasonable roof span evaluation methods, the establishment
of relevant mechanical models based on the stratigraphic characteristics of salt mines, modification
and improvement of probabilistic integration methods in salt mine water-soluble mining, and the
prediction of water-soluble mining surface failure and subsidence caused by various mathematical
systems and computer methods [8-12].

Salt mine mining subsidence prediction is a project that is closely related to practical experience.
There are many influencing factors, and each influencing factor needs to accumulate a large amount of
field experiences [13,14]. There have been many research results in the summary of the scene accidents
of surface subsidence in salt mining areas. For example, Cai and Li [15] obtained the rock stratum and
surface movement after actual observation and theoretical analysis according to the surface collapse of
the Yingcheng salt mine; the general law presented in time and space. Yu et al. [16] carried out the
roadway deformation measurement to observe and analyze the ground trend of change after mining
in the Qiaohou Salt Mine in Yunnan. Wang et al. [17] used the engineering geological evaluation
method to predict and evaluate the surface subsidence in view of the geological conditions and mining
characteristics of the Jintan Salt Mine in Jiangsu Province of China.

The evaluation of the ground and building foundation deformation and stability is a very
complicated problem. It is difficult to fully reflect the various factors affecting the deformation
and stability by using on-site monitoring, statistical analysis, and other theoretical methods. Numerical
analysis can take all the influencing factors into consideration, which saves time and effort, as well
as money. Therefore, using numerical analysis to analyze the ground and building foundation
deformation and stability over mined-out regions becomes an effective and applicable method. In
the late 1990s, Yao [18] successively used the boundary element method and the finite element
method to study the stability of the foundation over the mined-out regions, and then, the numerical
method was widely used in the evaluation of the stability. A two-dimensional numerical model
was used to simulate the effects on surface subsidence due to the discontinuity of overly hard rock
formations of longwall mining. Diaz-Fernandez used the influence function to automatically predict
the surface subsidence [19]. Alexander [20] proposed that geological structures (such as fault location
and joint orientation) play an extremely important role in affecting the surface subsidence over the
mined-out regions.

Fan and Li [21] simulated the water-soluble mining subsidence of a salt rock mine by finite
element analysis software, and revealed the law of water-soil mining subsidence, and analyzed the
ground deformation under the action of a multi-solution cavity. The simulation results showed that the
internal water pressure played a controlling role for the stability of the cavity. Increasing the internal
water pressure can support the roof of the cavity. Liu et al. [22] used the ADINA nonlinear finite
element program to simulate the stability of the thin-layer salt rock water-soluble cavity. The effects of
the cavity span, height, salt angle, and cavity geometry on the stability of the cavity were analyzed.
Li [23] calculated the influence degree of cavity stability on surface subsidence through engineering
examples, and summarized the degree of surface subsidence caused by the instability or even collapse
of the cavity. The boundary element method is used to simulate and analyze the stability of the cavity
in the Yipinglang salt mine in Yunnan by Yu et al. [24]. According to the difference in the lateral
pressure coefficient, different cavity modes should be selected. Ren et al. [25] used the cusp catastrophe
theory to study the critical conditions of the instability of the pillars in the Yanyan well group, and
analyzed the release mechanism of the column’s collapse instability.
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The prediction of surface settlement over the mined-out regions can also be predicted by fuzzy
mathematics. Li et al. [26] used the fuzzy mathematics to analyze the comprehensive influence matrix
of various factors of salt mining. However, a large amount of actual observation data is required in the
prediction process. As for the mining depth of minerals, due to the restriction of production conditions
and technical factors at that time, the mining depth is generally not more than 500 m, and few minerals
can reach 1000 m, as shown in Table 1. Moreover, the study of railway crossing mine is rare.

Table 1. Statistics of mining depth.

Name Depth/m Name Depth/m

Catalina mine 280 Nantong mine 281
Poblek mine 441 Panzhihua mine 56-102

Sverdlov mine 360 Denghe mine 305-325
Southlowitz mine 250 Zibo mine 173
Yorkshire ore 90 Ganshan mine 100
North England mine 550 Weishan mine 213
Hucknall mine 176 Shengli mine 506
Lancashire mine 640 Linyi mine 112

Recently, a railway was designed inevitably to cross a mine area. The construction of this railway
plays an important role in improving the regional railway network structure, improving the radiation
capacity of the railway network, improving the inter-city transport capacity of the Pearl River Delta,
and optimizing the transport organization. It also develops the railway system as a ring junction pattern
with goods outside and passengers inside, and realizes the separate operation of passenger and cargo
lines. It has the advantage of greatly improving the line capacity, and solving the cross-interference
problem between passenger and cargo trains. In order to obtain sufficient monitoring data to ensure the
safety of railway embankment construction, the settlement observation was set up on the ground over
the nitrate mine, and the ground subsidence monitoring level network was established for 11 years to
study the ground settlement and lateral displacement along the designed railway. A finite element
model was established to predict the long-term ground settlements over the mined-out region induced
by railway embankment construction and train operation. The safety of the railway construction was
comprehensively evaluated to explore the feasibility of railway construction over the mined-out region.

2. Statement of the Problem

The Guangzhou Railway Northeast Line Project is located in the Pearl River Delta region, within
the Huadu District, Baiyun District, Luogang District. Some part of the designed railway with the
distance of 2400 m is inevitable to cross a mine area, which is shown in Figure 1. The Nitrate Mine is
located in the northern part of Guangzhou city with an area of 46.86 km?, which was mined since 1994
and stopped in 2017. The products of the mine are raw material brine with the depth of 500-600 m
underground. The ground surface of the mining area has a river, and the terrain is relatively flat and
open, and there also built some residential buildings, fish ponds, and farmlands.
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Figure 1. Plan view of railway and mined-out cave.

As shown in Figure 1, the mining area is divided into three regions, including region A, region B,
and region C, which correspond to different mining times. The mined-out cave of three regions are
represented by different colors. Region A (red) consisted of 21 wells, which went into operation in
1994. Region B (blue) opened in 1998 and consisted of 22 wells, and region C (green) had 31 wells
and use began in 2013. The wells can be seen in Figure 1, which was represented by small circle of
number. By the end of 2017, the mining area had consumed more than 40 million tons of stone salt
ore. The mining area has formed an underground mined area of 1.066 km?, of which several cavities
were distributed under and near the proposed railway. Most of the upper salt layers in this mining
area are calcareous argillaceous rocks, which are easy to be softened. Under the disturbance of the
water-soluble mining method, the natural balance is easy to be destroyed, which may cause ground
fractures and ground subsidence as well as seriously threaten the safety of the designed railway
construction and operation [27]. For the mechanized excavation of the mine, a long-term settlement
observation system was established to monitor the ground deformation.

3. Ground Deformation Monitoring

The mine has set up observation points around all the wells, and established a ground deformation
monitoring level network, as shown in Figure 2. The observation points are named as CJ with numbers
in the figure, and a total of 89 observation points were set. However, due to the destruction of some
observation points in the construction of residential buildings, factory buildings, and agricultural
production, the settlement observations could not be continuously tracked and measured, and some
observation points even lost their usefulness. Through statistics on effective deformation data for
11 years from 2007 to 2017, the ground and building surface cracking, ground settlement, and lateral
displacement were analyzed.
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Figure 2. Ground deformation monitoring level network.

3.1. Ground Surface Cracking

Through field investigation, in some regions of the mining area, there have been unfavorable
phenomena such as ground and building surface cracking. More serious is that large ground settlement
has been observed the roads in the eastern part of region A. In addition, the slate joints laid in front of
a six-story residential building in the south of region A were burst and sounded strongly, and some
villagers felt shaking. The two adjacent residential buildings showed cracks of up to about one cm.
The ground cracking pictures taken at the mine area were shown in Figure 3. Most of the cracks are
one to four meters in length, with a maximum length of eight meters, and 0.5-30-mm wide.

Figure 3. Ground crack.

According to the investigation, ground deformation monitoring and other relevant data, combined
with the comprehensive factors such as the mining horizon, mining process, and influence range of
Nitrate Mine, it is believed that the main reason for the cracking of some building surface in this area
was due to the different ground settlement rates induced by the top part settlement of the cavern.
However, the superposition of the natural compaction of the Quaternary soil layer is not ruled out.
The range of settlement is relatively large, and the settlement rate is relatively uniform, and the
influence on the ground structures is slow.
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3.2. Ground Settlement

If the ground settlement analysis of the monitoring points only focuses on a single point, the
actual settlement of the mining area cannot be explained. Therefore, the accumulated settlement of the
monitoring points should be calculated, and the monitoring data of the regions A, B, and C will be
effectively superimposed. Figure 4 shows a contour map of the ground settlement over the mines from
January 2007, and the period of monitoring is 11 years. In order to avoid misunderstanding, all the
time uses months to the present, in which January 2007 is the first month.
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Figure 4. Settlement contour map of mine area after (a) 12 months; (b) 36 months; (c) 60 months;
(d) 84 months; (e) 108 months; and (f) 132 months.

The settlement of region A was small for 12 months from the beginning of monitoring, and
then accelerated subsidence began to occur, and the maximum cumulative settlement at 36 months
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reached 323 mm. With the mining progress of region B and region C, the settlement of region A did
not stop, and the settlement continued at a large rate. The region A formed a settlement area with a
length of about 600 m and a width of about 400 m with the distributed of the northeastward ellipse.
The subsidence area is about 0.32 km?. The cumulative maximum settlement is more than 750 mm.
The average annual settlement rate in 132 months was 37.3 mm, of which the central settlement rate of
62.7 mm per year in region A was the largest.

Region B was started at 48 months in Figure 4. In 108 months, the settlement rate of region B
increased, and forming a settlement area with a length of about 1500 m and a width of about 700 m.
The settlement area is about 1.0 km?. In 132 months, the average annual settlement rate of region B
was 63.91 mm. Compared with the region A, the settlement rate of region B was significantly larger,
and the settlement area gradually increased.

Mining began at region C at 108 months. At present, the settlement in region C is also being
developed. It can be seen from the contour map that the settlement range is expanding, and the
settlement value is increasing. The settlement of region A has always been a center of settlement,
which is showed as a funnel-shaped feature. The data of the comprehensive three region settlement
observation shows that the settlement rate has a significant increase after a period of mining. At present,
the ground settlement rate is increasing from west to east, and the settlement area is still expanding at
a relatively rapid rate. The settlement range is gradually expanding to the north and east.

After surveying the four km? area of the mining area and surrounding areas, 36 ground settlement
locations were found, mainly including ground and pavement cracking, wall cracks, etc. The ground
settlement area was about 1.3 km?, which was similar to the mineral burial area. The village buildings
and factories in the mining area is relatively dense. Due to the regional differences of settlement in the
mining area, the building structure of the small area has not yet been significantly impacted.

Generally, the salt caverns formed by salt mining generally have the changes related to stress,
the roof deformation of the cavern, roof collapse, and ground subsidence. Especially after the
mined-out area is formed, the salt mine will still dissolve and soften further, and the roof may collapse.
The collapsed mudstone will soften in water and it is unable to support the upper rock. The dome
formed by collapse gradually rises, the bedrock surface flexes and sinks, and land subsidence occurs.

The ground subsidence caused by salt mining can be divided into three stages: the stable
subsidence stage, the accelerated subsidence stage, and the collapse stage. If no large-scale
underground mined-out area communication is formed after mining, the stability of the mine will
be maintained for a long time after the end of mining, and the subsidence will gradually disappear.
Most salt mines in the world maintain in the stable settlement stage. In the 19th century, the Winsford
Meadowbank salt mines in England adopted the chamber and pillar method to extract 152 m to 213 m
underground of salt with a recovery rate of 65% to 75%, and no surface subsidence appeared. In the
1930s, controlled salt extraction was adopted near Holford, Scotland, and no subsidence occurred.
In China, the control measures such as brine filling and drilling sealing were adopted at the mining
area of Xiangheng salt mine. After 15 years of mining, no surface subsidence has occurred. Due to
the deep mining location of the salt mine in Shalongda, China, the water-soluble depth is below
2000 m underground. In addition, with good water-isolating strata and good water source pressure
supply around, the ground subsidence is extremely small. This shows that the possibility of surface
subsidence can be reduced or even avoided by setting a reasonable mining plan according to the
geological conditions of the salt mine itself. From the monitoring data of ground subsidence in mining
areas region A and region B, it can be found that the subsidence has accelerated, and there is no sign of
convergence, indicating that the region A and region B mining areas are still in the phase of accelerated
subsidence. By the end of 2017, the maximum settlement along the designed railway appeared near
the center of the region B mining area, with the settlement of about 140 mm.
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3.3. Ground Lateral Displacement

The cumulative horizontal displacement vector obtained in 132 months is shown in Figure 5.
The horizontal displacement is relatively small, and the maximum horizontal displacement is less
than 20 mm. It is mainly due to the horizontal movement caused by uneven settlement.

Figure 5. Lateral displacement vector.

4. Ground Settlements over Mined-Out Region Induced by Railway Construction

In order to ensure the safety of railway embankment construction and operation, it is necessary
to predict long-term ground settlement after construction. The numerical simulation method has
unique advantages. It can simulate the influence of complex surface and special geological structures,
study the surface deformation law, and save time and effort in analysis. This section uses the finite
element method to construct a three-dimensional geological model to study the impact of mechanized
excavation on ground and building settlements.

According to the actual mining situation, the model length is 2500 m, the width is 2000 m, and the
depth is 600 m, as shown in Figure 6. The soil layers are divided into five types from top to bottom,
including a quaternary soil layer, silty mudstone, mudstone, halite, and interlayer, as listed in Table 2.
The physical and mechanical parameters are based on an engineering geological survey report, which
is shown in Table 3.

Table 2. Soil layer distribution.

Depth (m) Soil Layer

25.5 Quaternary soil layer
3245 Silty mudstone
412.5 Mudstone
481.52 Mudstone
491.49 Halite
494.72 Interlayer
497.88 Halite
505.13 Interlayer
509.91 Halite
512.79 Interlayer
516.22 Halite

600 Mudstone
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Figure 6. Finite element model.

Table 3. Physical and mechanical properties of soil layers.

Soil Layer Density Elasticity Poisson’s Cohesion Inner Friction
(kg/m?) Modulus (GPa) Ratio (MPa) Angle (°)

Quaternary soil layer 1800 0.01 0.3 / /
Silty mudstone 2200 0.9 0.27 0.5 35
Mudstone 2400 0.9 0.27 0.5 35
Halite 2200 12 0.3 0.5 30
Interlayer 2200 0.4 0.2 0.5 30
Railway embankment 2000 0.015 0.27 / /

The bottom of the model is fixed with constraints, and the four sides are hinged to the hinge. Soil is
assumed as ideal elastoplastic model, which compliance with the Mohr—Coulomb failure criterion.

The new railway embankment is built on the ground according to the design location in Figure 1.
A triangular arch is set on the railway embankment surface, and a 4% drainage slope is provided
on both sides from the center of the railway line. On the embankment section, a concrete shoulder
with a top width of 0.4 m is built. The drawing of the railway embankment is shown in Figure 7.
The height of the embankment is eight meters, which uses stratified paving and the height of each
layer is based on the designed guideline. A settlement observation section is set at different depths
below the embankment, including one meter, 4 m, 10 m, 16 m, and 24 m below the ground surface.
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Figure 7. Railway embankment.
For the convenience of the research, this model has the following assumptions:

(a) Due to the complexity of the rock mass and its structure, it is impossible to take all the factors into
consideration when performing large-scale calculations. Therefore, the same stratum is treated
according to the isotropic medium.
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(b) The formation of the soil and rock layer is affected by many factors in the formation process;
its shape cannot be regular, and the inclination and thickness of the rock layer are constantly
changing. In order to facilitate the establishment of models and calculations, the interface of the
rock layer is usually not considered.

(c) The tectonic stress is ignored; the self-heavy stress is regarded as the ground stress.

(d) Due to the complexity of the problem and the unpredictability of the size of the cavity, it is only

possible to model the entire mining zone and simplify the cavity. The similar cavities are spliced
into a large mined-out cavity. Therefore, the cavities are finally reduced to five areas; the finite
element model is shown in Figure 8. The order of salt mine excavation is in accordance with the
actual project.

Figure 8. Finite element model of mined-out cavities.

In this model simulation, firstly, the validity of the model is verified by the monitoring settlement
data. Then, settlement at different depths from the ground was calculated, and the long-term ground
surface settlement was predicted.

4.1. Model Validation

In order to verify the accuracy of the model, five monitoring points—CJ53, CJ54, CJ55, CJ56, and
CJ58—along the railway are selected to compare the predicted settlement and measured settlement.
The comparison is shown in Figure 9.
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Figure 9. Comparison of predicted settlement and measured settlement.
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As shown in Figure 4, the selected monitoring points along the railway show obvious settlement
after 60 months. Therefore, the comparison of predicted settlement and measured settlement is from
60 months to 132 months. In Figure 8, a good match can be seen between the measured settlement and
the predicted settlement. It can be considered that the finite element model can effectively predict the
ground settlement.

4.2. Soil Settlement below Railway Embankment

In order to obtain the soil settlement at different depths below the railway embankment, a section
near monitoring point CJ56 is selected due to the settlement around CJ56 being the largest along the
railway. However, the total settlement consists of a consolidation settlement induced by the mined-out
cavity and an additional load induced by embankment soil. Therefore, the consolidation settlement
induced by the mined-out cavity should be removed to only consider the settlement induced by
additional embankment load. Figure 10 shows the settlement of zero meters, 4 m, 10 m, 16 m, and
24 m below the railway embankment change with the different embankment heights.
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Figure 10. Soil settlement at different depths below the railway embankment change with different
embankment heights.

As shown in Figure 10, the settlement of soil layers at different depths has a significant increasing
trend with the increase of embankment height. When the embankment height is small, the settlement
of the soil layer at different depths is also small. With the increase of the embankment height, the
settlement of the soil layer at different depths also increases accordingly.

During the embankment filling period, the settlement of the soil layer at different depths increases
rapidly, which is reflected in the curve as the slope becomes larger. During the intermittent period of
filling, the settlement of the soil layer at different depths will fluctuate up or down. This is also in line
with the general rule, because in the intermittent period of filling, the base soil layer is filled with load
pressure from the top, which leads to the compression deformation of the soil.

The settlement of the soil layer at different depths is also different. The depth of the soil layer is
inversely proportional to the settlement. The deeper the soil layer, the smaller the settlement. On the
contrary, the shallower the soil layer, the larger the settlement. It means the settlement of the deep soil
layer is less than the settlement of the shallow soil layer.

4.3. Long-Term Ground Surface Settlement

Long-term settlement is a matter of great concern. It is related to whether the train can operate
safely, smoothly, and comfortably. The Figure 11 shows the different periods of settlement along the
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railway surface of the embankment from the left side to the right side of the mining area with the
distance of 2400 m.
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Figure 11. Predicted long-term settlement along the railway.

It can be seen from the figure that ground settlement along the railway is basically the same at
different times. The settlement along the railway surface of the embankment can be divided into two
stages. The first stage is the linearization of settlement, and the settlement increased quickly, which
is from about 1.2 m at the end of the construction to about 2.0 m after five years. The second stage
is that the settlement value tends to be stable from five years to 15 years. The location of maximum
settlement is close to region B. Compared to the settlement induced by the railway embankment
construction, the total settlement is much larger. It indicates that the main cause of settlement is not
railway embankment construction, but rather a mined-out cavity. In addition, the creep properties of
the salt rock are not considered. After the end of mining, the salt rock around the mined-out cavity is
in a state of partial stress, and the salt rock will continuously shrink to the mined-out cavity, which
will continue to cause ground settlement.

Due to the settlement becoming stable after five years, the predicted settlement for the whole
mining area is shown for five years, as shown in Figure 12. The maximum settlements of three regions
are between two and three meters. For the residential buildings in the south of region A, the settlements
are between one and 1.5 m, which will increase the damage of the buildings. It needs to reinforce the
mined-out area urgently to avoid bigger losses.
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Figure 12. Predicted settlement contour map of the mine area after five years of railway construction.

5. Ground Settlements over Mined-Out Region Induced by Train Operation

In order to analyze the dynamic deformation mechanism caused by moving train loads, this
section establishes the train track coupling dynamic model, fully considering the influence of track
irregularity, and calculating the wheel-rail interaction when the train runs on the track structure in
the time domain. On this basis, the finite element model of the track structure and ground is built
based on the finite element model of Section 4 and excitation by moving train loads, and the dynamic
response characteristics of the ground under moving load are obtained.

5.1. Dynamics Model of Train

A vertical dynamics model with 10 degrees of freedom (DOFs) is built for the train based on the
theory of the multi-body system dynamics. Figure 13 illustrates the schematic drawing of the vertical
dynamics model of a train. In this mode, the car body, two bogies, and four wheelsets are represented
using mass blocks. All of these mass blocks can move up and down along the vertical direction. Also,
the car body and two bogies can rotate in the vertical plane. The spring-dampers are used to connect
each mass block to simulate the primary and secondary suspensions in the train.

According to Newton’s second law, the dynamics equations for the train model can be
expressed as:

Mx +Cx+Kx =F (1)

where x means the vector of the 10 DOFs in the vehicle; and M, C, and K represents the mass, damping,
and stiffness matrix of the multi-body system. The symbol F is the load vector applied to the vehicle,
which is actually the contribution of the dynamic interaction forces between the wheelsets and the rail.
The wheel/rail forces can be calculated according to the nonlinear Hertz contact theory, in which the
effect of the rail irregularity is also taken into account. The dynamics parameters of train are listed in
Table 4.
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Table 4. Dynamics parameters of the train.

Distance between two bogies 12.6 m Wheelset mass 1800 kg

Distance between two axles of bogie 2.0m Wheel rolling radius 0.42 m
Car mass 50,320 kg Primary suspension stiffness 2.45 x 10° kN/m
Car body inertia 1.513 x 10° kg-m?  Secondary suspension stiffness 1.04 x 10° kN/m
Bogie mass 3000 kg Primary suspension damping 8 x 10* kN's/m
Bogie inertia 2100 kg-m? Secondary suspension damping 6 x 10* kN-s/m

Vv
—_—
Car body

Secondary suspension

Wheelset

‘ Wheel/rail force s Rail

Figure 13. Schematic drawing of the dynamics model of a train.

5.2. Dynamics Model of Track Structure

A finite element model is established for the track structure. Figure 14 shows the schematic
drawing of the finite element model of the track structure. In this model, the rails and sleepers with
real geometry sizes are all modeled using hexahedral solid elements. The rail pads under the rail
are modeled using the spring-dampers. The mechanical parameters of each component in the finite
element model such as the density, the Young’s modulus, and damping are chosen according to the
material properties of the field track structures, as shown in Table 5. The track adopts 60 kg/m, U75V
hot-rolled steel rail, and the distance between two rails is 1.435 m.

Figure 14. Schematic drawing of the dynamics model of track structure.
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Table 5. Track structure parameters.

Rail elastic modulus N/m? 2.06 x 1011 Rail mass kg/m 60.64
Rail cross-sectional area m?2 7.745 x 1073 Rail section moment of inertia m? 3217 x 1075
Rail density kg/m? 7830 Rail elastic pad damping N-s/m 5 x 10*
Rail elastic pad stiffness MN/m 100 Sleeper mass kg 251
Sleeper spacing m 0.6 Ballast elastic modulus Pa 0.8 x 108
Sleeper elastic modulus MPa 30,000 Ballast elastic modulus MPa 300
Ballast mass kg 630 Embankment elastic modulus Pa/m 1.3 x 108
Ballast damping N-s/m 1.6 x 10° Embankment damping N-s/m 6.32 x 10*

Track irregularity is the main reason of dynamic response caused by train operation, and it is the
excitation source of the wheel-rail system. Considering that the established train track dynamic model
only considers the vertical dynamic response, the track irregularity is based on the spectrum used by
Lombaert [28]. The simulation is as follows:

kl —w
S(k1) = S(k10) (3—) 2
1,0
where k19 = 1rad/s, S(k1p) =1 x 1078 m?, w = 3.5.

For the train load, this paper simulates moving train loads by applying wheel-rail contact force,
which was obtained from the train track dynamic model to the rail surface. The train speed is 160 km/h
for the boundary condition, which was obtained by coupling the finite element and the infinite element
to simulate infinite ground [29]. It has wide applicability in the problem of simulating the infinite
domain without losing the accuracy of the calculation.

5.3. Train-Induced Ground Settlement

This section mainly studies the settlement of train dynamic load on the ground above the
mined-out cavity. Figure 15 shows the process of simulating the train passing through the mined-out
cavity. At this time, the train is running in the center of the mined-out cavity.
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Figure 15. Ground settlement along the railway during the train runs in the central area of the
mined-out cavity.

The settlement induced by the dynamic load of the train has time-shift characteristics; the
settlement changed with different time of the train operation. It can be seen from Figure 15 that
the maximum settlement induced by the train operation is about 2.5 mm. When the train runs to
the non-mining area, the ground settlement is less than the settlement induced by train runs inside
the mining area. The settlement is obvious when the train runs at the center of the mining area.
Beyond the area of the mined-out cavity, the dynamic load has less impact on the ground settlement.
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At the end of the train operation, the maximum residual settlement of 1.4 mm occurred on the ground
surface. For the evaluation of the stability of the railway embankment, it can analyze the residual
deformation of the ground surface caused by the additional dynamic load. Therefore, the maximum
residual settlement of 1.4 mm caused by train operation has less impact on the safety of train operation.

Figure 16 shows the soil settlement at different depths below the ground surface. The impact
depth of about 16 m induced by train operation can be found, which indicates that the influence of one
pass-by train is small.
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Figure 16. Soil settlement at different depths below the ground surface.

In order to predict the cumulative deformation of the ground under the moving train dynamic
load, the empirical formula that was proposed by Chai and Miura [30] was used. The formula was
established by the soil cumulative plastic strain results based on the indoor dynamic triaxial test, which

is defined as: . .
ep=al 1) [14%) Nt 3)
qr qr

where ¢, is the cumulative plastic strain, N is the number of cyclic loadings, g, is the dynamic
deviatoric stress, g; is the initial static deviatoric stress, and g i is the static strength of the soil. When
the soil is undrained, g F= 2Cy, Cy can be obtained by the shear test.

The specific analysis process is:

(a) Dynamic analysis of the three-dimensional track ground finite element model. The dynamic
moving load is the wheel-rail contact force obtained by the train track dynamic model.

(b) The dynamic analysis is carried out to obtain the dynamic response of the soil after one single
train pass-by. The maximum dynamic deviator stress g, of the soil can be obtained.

(c) The static analysis of the model can obtain the initial static deviator stress g5 of the soil.

(d) Use the empirical formula Equation (3) to calculate the plastic cumulative strain of the ground
under any vehicle load times, and calculate the cumulative deformation of the ground.

The integral deformation of the soil can be obtained by integrating the plastic strain in the depth
direction. It can be seen from Figure 17 that the cumulative deformation of the ground increases with
the increase of the number of times of loading. The deformation rate is the largest in the early stage of
loading, and as the number of loads increases, the growth rate of cumulative deformation gradually
decreases, and 500,000 times is the inflection point of the curve. Before 500,000 train operations,
the cumulative deformations of the soil at the ground surface, one meter under the ground surface,
and three meters under the ground surface are close to each other. However, when the number
of loading increases to 10,000,000 times and 20,000,000 times, the cumulative deformations of the
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ground at different depths are quite different. This may affect the safety of the railway operation; thus,
foundation reinforcement measures ought to be considered during construction.
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Figure 17. Cumulative soil settlement changed with different train pass-by numbers.

According to the above analysis, the ground settlement is caused by mining, rather than
embankment construction and train operation. The mined-out region is too large and difficult to
manage. The salt mine should stop mining immediately to avoid the mined-out region expanding
further and thus increasing processing difficulty. For abandoned wells in the mining area, it is necessary
to carry out grouting sealing in the hole and to reinforce the weak broken zone by grouting. On the
one hand, it can block the loss path of quaternary sand and soil particles, thus preventing further loss
and the tunneling of quaternary strata. On the other hand, this method can seal the brine in the cave
and make use of the good tightness of salt rock and cover mudstone, so that the brine pressure will
increase with the shrinkage of the cave and increase the brine pressure’s supporting force on the roof,
and further inhibit the subsidence of the overlying strata and ground subsidence.

6. Conclusions

In this paper, the settlement observation points were set up around the salt mine, and the ground
settlement monitoring level network was established. The ground settlement and lateral displacement
along the railway were studied last for 11 years. A finite element model was established to predicted
long-term ground settlements over the mined-out region induced by designed railway construction
and train operation. The conclusions are as follows:

1.  The finite element model can effectively predict the ground settlement induced by mechanical
excavation of the salt mine and railway embankment construction as well as train operation.
The cause of settlement is mainly due to the impact of the mined-out cavity, rather than railway
construction and operation. For the design of the railway crossing the mining area, it is necessary
to avoid crossing the settlement center area as much as possible, and establish a long-term
settlement observation system.

2. The mechanical excavations of the salt mine mainly lead to large ground settlement, and the
horizontal displacement is relatively small.

3. One train pass-by has less impact on the ground settlement. However, when the number of train
pass-by increases to 10,000,000 times and 20,000,000 times, the cumulative deformations of the
ground at different depth are quite large, which may affect the safety of the railway operation.
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Abstract: The coupled shear wall with replaceable coupling beams is a current research hotspot,
while still lacking comprehensive studies that combine both experimental and numerical approaches
to describe the global performance of the structural system. In this paper, hybrid coupled shear
walls (HSWs) with replaceable coupling beams (RCBs) are studied. The middle part of the coupling
beam is replaced with a replaceable “fuse”. Four %—scale coupled shear wall specimens including
a conventional reinforced concrete shear wall (CSW) and three HSWs (FISW /F2SW /F3SW) with
different kinds of replaceable “fuses” (Fuse 1/Fuse 2/Fuse 3) are tested through cyclic loading.
Fuse 1 is an I-shape steel with a rhombic opening at the web; Fuse 2 is a double-web I-shape steel with
lead filled in the gap between the two webs; Fuse 3 consists of two parallel steel tubes filled by lead.
The comparison of seismic properties of the four shear walls in terms of failure mechanism, hysteretic
response, strength degradation, stiffness degradation, energy consumption, and strain response
is presented. The nonlinear finite element analysis of four shear walls is conducted by ABAQUS
software. The deformation process, yielding sequence of components, skeleton curves, and damage
distribution of the walls are simulated and agree well with the experimental results. The primary
benefit of HSWs is that the damage of the coupling beam is concentrated at the replaceable “fuse”,
while other parts remain intact. Besides, because the “fuse” can dissipate much energy, the damage of
the wall-piers is also alleviated. In addition, among the three HSWs, F1ISW possesses the best ductility
and load retention capacity while F2SW possesses the best energy dissipation capacity. Based on this
comprehensive study, some suggestions for the conceptual design of HSWs are further proposed.

Keywords: replaceable coupling beam; beam; shear wall; cyclic reversal test; seismic behavior

1. Introduction

Based on the working mechanism of structures under seismic loads and previous earthquake
damage surveys, it is found that in many cases, structures fail only because of some specific components’
failure, not all of them [1-3]. The repair work of damaged components can be very costly and even
impractical, especially for cast-in-place reinforced concrete structure. Coupled shear wall system is
an efficient structural system to resist lateral forces, which is widely used in high-rise buildings [4,5].
Under large lateral forces, plastic hinges are designed to appear at the beam ends to dissipate energy [6],
and then lead to failure. To improve the reliability of the coupling beam, many scholars are committed
to reduce the damage of the beam mainly in two ways. Traditional designers propose special

reinforcement layouts or constructional measures to enhance the energy dissipation capacity and
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ductility of coupling beams [7-10]. However, those methods do not change the failure mechanism of
the coupled wall that the beam ends are most vulnerable to damage, and repairing the coupling beam
is very difficult.

In recent years, the design of replaceable components has been proposed [11]. By consciously
making the risky parts of the structure into a replaceable form, the replaceable parts can dissipate
energy by plastic deformation to protect the other components from damage. The replaceable
components can be called “fuses” [12,13]. As for the coupling beams in coupled shear walls, Fortney et
al. first put forward the concept of replaceable coupling beams (RCBs) [14]. They divide the coupling
beam into 3 parts. The middle part which is named the “fuse” is intentionally weakened to dissipate
energy by shear yielding. A design methodology is presented in great detail, which will ensure that
the outer sections remain elastic through the inelastic range of the fuse section. Cyclic reversal test of a
steel coupling beam with a replaceable “fuse” shows that the damage of the beam is concentrated at
the middle part, which is easy to be replaced. Li et al. develop a replaceable coupling beam which
is designed as a steel truss with a replaceable buckling restrained steel web. The buckling restrained
web can dissipate energy by shear deformation and is confined by two precast reinforced concrete
panels to avoid out-of-plane buckling. Cyclic tests show that the “fuse” has desirable deformation and
energy absorption capacities and inelastic deformation is concentrated at steel webs. Besides, they
also developed a modified strip model to predict the bearing capacity of the beam [15]. Recently, Ji
et al. [16] developed a type of replaceable steel coupling beam which consists of a central “fuse”
shear link connecting to steel beam segments at its two ends. Large-scale specimens of the beams are
tested, showing that all specimens have fully developed the shear strength and shown large inelastic
rotation capacities of no less than 0.06 rad. Besides, different types of the connection between the
fuse and the beam segments were compared in the test, showing that the end plate connection is
most convenient for the post-damage repair whereas the bolted web connection can bear the largest
residual deformation. These experimental studies demonstrate the advantages of RCBs compared to
conventional coupling beams. However, previous experimental studies have focused on component
performance without a comprehensive discussion of global performance of the structural system.

On the other hand, much research uses numerical methods to study the global seismic
performance of new shear walls. Wang et al. develops a type of RCB in which the middle part
of the coupling beam is replaced by a shape memory alloy (SMA) damper [17]. Two groups of
SMA wires which can dissipate energy by inelastic tensional deformation are assembled on the
damper. The relative flexural deformation of the wall limbs is transferred to the ends of coupling
beams and then to the SMA dampers. After earthquakes, the deformation of the damper can recover
automatically because of the pseudo elasticity of austenite SMA material. Besides, an elastic-plastic time
history analysis of a 12-story frame-shear wall structure with SMA damper is carried out to illustrate
the performance of the proposed coupling beam. Kurama proposes to connect the steel coupling
beam and the wall-piers with prestressed steel strand and install steel angles at the joints [18,19].
Nonlinear behavior of the proposed coupled wall is studied through numerical simulation, proving
that when there is relative deformation between the wall-piers and the beam, the steel angles which can
be replaced after the earthquake, will suffer severe plastic deformation to dissipate energy. In addition,
a nonlinear numerical analysis of a hybrid coupled wall system (HCW) with replaceable steel coupling
beams versus traditional RC coupling beams under seismic excitations is carried out by Ji et al. [20],
showing that HCW can adequately meet code defined objectives in terms of global and component
behavior under service level earthquakes. Under extreme events, the interstory drifts and beam
rotations of HCW are much lower than the conventional coupled walls. Recently, Shahrooz et al. [21]
have conducted nonlinear static and dynamic analyses of a 20-story prototype building with RCBs.
The results show that: (1) the mid-span fuses are the primary energy-dissipating components and
yield first; (2) the wall-piers experience little or no damage under design ground motions; (3) residual
deformations are small which facilitates the replacement of the fuses. These numerical studies illustrate
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the benefits of the coupled shear wall with RCBs over the conventional coupled wall system, but lack
the support of experimental data.

Although previous studies have done a lot of work on RCBs, there are few experimental studies
of the structural system to validate the global performance of HSW. In this paper, the cyclic reversal
tests and elaborate finite element simulation of three types of HSWs (F1ISW/F2SW /F3SW) and a
conventional coupled shear wall (CSW) are conducted. The global seismic behaviors of HSWs and
CSW are compared. The authors must mention that in a former article, Lu et al. [22] have presented
the study of FISW. The practical design method of RCB and the hysteretic performance of Fuse 1 are
first investigated. Then, the cyclic reversal test of FISW and the numerical simulation by OpenSEES
software are presented to show the global performance of the wall. In addition, the comparative study
of FISW and CSW are also briefly presented in review articles [8,23]. However, this paper presents the
experimental and numerical study of other two types of HSWs (F2SW/F3SW), which have different
RCBs, to illustrate the performance of HSWs more comprehensively. Furthermore, the concrete damage
is taken into account in the finite element simulation conducted by ABAQUS software, to reveal the
damage of HSWs. This paper also compares the similarities and differences between the three HSWs
in seismic performance. The issues on how different configurations of “fuses” influence the global
structural system’s performance are discussed and suggestions for conceptual design are put forward.

2. Experimental Setup and Instrumentation

2.1. Experimental Specimens

Specimens include a conventional reinforced concrete coupled shear wall (CSW) and three hybrid
coupled shear walls (HSWs) with different RCBs (F1SW /F2SW /F3SW), which are designed based on
Chinese design codes [24]. The scale of the specimens is 1/2. The dimensions and reinforcement layouts
of the four specimens are the same except the coupling beams (shown in Figure 1). The concrete grade
of the shear wall is C25; the longitudinal reinforcements of the concealed column adopt HRB335 grade
steel bars; the longitudinal reinforcements of the coupling beams, the stirrups of the beams and
concealed columns, and the distributing bars of the shear wall adopt HPB235 grade steel bars. The steel
and concrete grades are regulated by Chinese code [25].
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Figure 1. Dimensions of the specimens.

The RCB consists of two non-yield sections embedded in the wall-piers and a replaceable “fuse”.
To make the “fuse” replaceable, the “fuse” is connected to the embedded steel by end plates and bolts,
shown in Figure 2b. The design method of the RCB is discussed in former study [22]. The bearing
capacities of the beams are presented in Table 1 [22]. Fuse 1 is an I-shape steel with a rhombic opening
at the web. The opening can enlarge the yield range of the web to enhance the energy dissipation
capacity. Fuse 2 is a double-web I-shape steel with lead filled in the gap between the two webs.
Fuse 3 consists of two parallel steel tubes filled by lead. After being installed at the mid-span of the
coupling beam, Fuse 1 and Fuse 2 are designed to suffer shear failure while Fuse 3 are designed to
suffer bending failure. The lead in Fuse 2 and Fuse 3 can dissipate energy and prevent the steel plates
or tubes from buckling. The details of the coupling beams are presented in Figure 2.

Table 1. Design bearing capacity of the specimens.

Design Shear Force Design Bending Moment
Conventional coupling beam 16.053 kN 4816 kN -m
Replaceable coupling beam 16.053 kN 1.926 kN - m
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Figure 2. Details of the beams: (a) conventional coupling beam; (b) replaceable coupling beam;
(c) embedded steel; (d) pictures of three types of fuses.

2.2. Experimental Setup

The experimental setup is shown in Figure 3. The bottom of the shear wall is fixed on the
foundation while the top is free. The vertical force is preloaded by prestresses pull rods and the lateral
force is loaded by the actuator. The prestressed pull rod is anchored by bolts and steel plates at the base,
so the prestressed rods can be rotated slightly during the repeated loading process. The preloaded
vertical load is 1200 kN. The loading process of the lateral force is controlled by load before yielding.
The initial loading value is 25% of the estimated yield load. When reaching 75% of the estimated
yield load, the gap between each load level is reduced. Please note that each level of load cycles
once. After yielding, the process is controlled by displacement. The displacement increases step by
step, and the step length is equal to the final displacement of the load control period. Each level of
displacement cycles 3 times until the horizontal bearing capacity drops to 85% of the maximum value
or the specimen cannot withstand the predetermined axial pressure. The specific loading history is
shown in Figure 3b.
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Figure 3. Experimental setup: (a) loading device; (b) loading history; (c) test configuration.

3. Experimental Results and Discussion

3.1. Experimental Observations

The failure modes of the coupling beams and the wall-piers under cyclic reversal forces were
introduced as below.

3.1.1. Failure Mode of Coupling Beams

As for CSW, when the lateral force achieved the calculated yield force, vertical bending cracks
formed at the beam ends of the first and second floor at the same time. The cracks continued to
extend, and then connected. Furthermore, the concrete of the beam ends was crushed on the first
floor. Ultimately, except the beam ends, the coupling beam had almost no damage. The failure
mode was typical bending failure with plastic hinges, shown in Figure 4a. As for RCBs, the coupling
beams of F1ISW, F2SW, and F3SW had quite similar failure modes. Some micro cracks firstly appeared
at the non-yield sections and beam ends. However, those cracks did not extend visibly any more.
The ultimate failure was caused by the destruction of the “fuses”. Taking FISW as an example,
the final cracking status is shown in Figure 4b. In general, coupled walls with RCBs achieved the
design intention. The non-yield sections and beam ends were generally not-damaged, with very small
residual deformations. The plastic deformation was concentrated at the “fuse”, which was easy to be
removed after loading, as shown in Figure 4c.

Probably due to eccentrically loading caused by installation and manufacturing error, F3SW
appeared out-of-plane buckling during the loading process. To avoid further buckling, after that
F3SW was loaded in one direction, which means the specimen was repeatedly loaded to the maximum
displacement and then unloaded until it failed. While the other specimens were repeatedly loaded to
the maximum displacement, then unloaded, and then reversely loaded to the maximum displacement.
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(d)

Figure 4. Failure mode of coupling beams: (a) initial cracking of CSW; (b) ultimate state of CSW;
(c) initial cracking of F1ISW; (d) ultimate state of FISW; (e) remove the “fuse”.

Although the failure modes of the three RCBs were similar, the yielding mechanisms of the three
“fuses” were different, shown in Figure 5. The cracks of the fuses almost occurred at the place where the
stress was concentrated, such as the corner of the opening and the weld seam. As for Fuse 1, when the
top displacement reached 60mm, cracks formed at the web around the rhombic opening. The cracks
first appeared at the corners of the opening due to stress concentration. Then, the cracks continued to
extend to the flanges until the web was torn. As for Fuse 2, when the top displacement reached 80mm,
cracks first formed at the intersections of the stiffeners and the web probably because of the stress
concentration induced by welding. With the increase in displacement, the web near the stiffeners was
finally torn. As for Fuse 3, cracks appeared at the tube ends and led to the failure. The difference is
that Fuse 3 suffered typical bending failure while Fuse 1 and Fuse 2 suffered shear failure.

Figure 5. Cont.
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Figure 5. Failure mode of “fuses”: (a) Fuse 1; (b) Fuse 2; (c) Fuse 3.

3.1.2. Failure Mode of Wall-Piers

The failure modes of the wall-piers are basically the same, hence the following description is commonly
applicable for all specimens. The damages of four specimens are shown in Figure 6. To better describe the
experimental phenomena, the wall is divided into the outer side and the inner side as shown in Figure 6a.

At the beginning, small horizontal cracks appeared at the bottom of the outer side, and then those
cracks extended obliquely downward. With the increase in loading displacement, some parallel horizontal
cracks gradually formed at the outer side. After the coupling beams yielded, horizontal cracks also started
to form at the inner side. Those cracks extended obliquely downward as well, and then intersected with
the cracks from the outer side. As for CSW, eventually, a concealed column was crushed. Two longitudinal
bars of the concealed column were broken while the other two were completely buckled. In addition,
the four longitudinal distributing bars near the concealed column were also completely buckled and the
concrete was severely crushed. The horizontal length of the crushed part was about 1/2 of the wall-pier’s
width. Compared to the outer side, concrete at the inner side was crushed very slightly and the steel bars
were not exposed. As for HSWs, the wall-piers had quite similar phenomena to that of CSW, with a ductile
failure mode. However, compared to CSW, the damages of HSWs were much lighter.
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Figure 6. Failure mode of wall-piers: (a) two sides of the wall-pier; (b) CSW’s failure mode; (c) initial
cracking of FISW; (d) initial cracking of F2SW; (e) initial cracking of F3SW; (f) FISW'’s failure mode;
(g) F2SW'’s failure mode; (h) F3SW's failure mode.

3.2. Hysteretic Curve and Skeleton Curve

The lateral force and the displacement of the loading point are measured. The hysteretic curves
and skeleton curves of the four specimens are drawn in Figures 7 and 8. Because the experiment of
CSW is first carried out and the anti-slip measures on the base are not taken in this loading process,
the hysteretic curve and skeleton curve of CSW are not symmetrical. After that, anti-slip measures
are adopted for the other remaining tests. As for F3SW, Figure 7d depicts the curve before the
out-of-plane buckling.
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Figure 7. Hysteretic curves: (a) CSW; (b) FISW; (c) F2SW; (d) F3SW.
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Figure 8. Skeleton curves: (a) CSW; (b) FISW; (c) F2SW; (d) F3SW.

57



Sustainability 2019, 11, 867

To make a comprehensive comparison of four specimens in terms of bearing capacity, yield
displacement, ultimate displacement, etc., Table 2 summarizes the relevant experimental results.
The yield displacement is determined by the method put forward by Park [26]. The ultimate bearing
capacity equals the damage load or the load when the maximum bearing capacity decreases by 15%.
The ductility ratio is the ratio of ultimate deformation to initial yield deformation.

Table 2. Experimental data.

Specimen CSW F1SW F2SW F3SW
Loading direction
(+: Positive; + - + - + — + -
—: Negative)
Yield displacement (mm) 34.07 —24.73 26.36 —20.97  28.57 —22.41 20.30 —23.70
Yield load (kN) 351.69  —376.30 37416 35865 39371 37888 31712 —362.70
Peak displacement (mm) 73.75 —55.10 55.75 —48.06 55.84 —51.63 — —54.27
Peak load (kN) 43146  —463.82 455.06 —44427 484.04 —468.54 — —453.03
Ultimate displacement (mm) 81.80 —77.43 67.29 —66.46 63.27 —62.80 — —81.73
Ultimate load (kN) 426.74  —388.99 386.80 —393.71 419.32  —453.03 — —429.44
Ductility ratio 2.38 3.13 2.55 3.17 221 2.80 — 3.45

All specimens have similar strength. The yield loads of FISW, F2SW, and F3SW differ from that
of CSW by 0.66%, 6.13% and —6.59%, respectively. At the same time, the peak loads of FISW, F25W,
and F3SW differ from that of CSW by 0.45%, 6.4% and 1.2%, respectively. In general, the bearing
capacities of HSWs are similar to that of CSW.

The ductility ratios of four specimens are also calculated, shown in Table 2. Considering the
average ratios of positive and negative directions, the ductility ratio of CSW is 2.75 while those of
F1SW, F2SW, and F3SW are 2.86, 2.51 and 3.45. The ratios of F1SW, F2SW, and F3SW differ from that
of CSW by 4.00%, —8.73% and 25.45%, respectively. In general, HSW also has desirable ductility,
which is very important for earthquake resilience. Among the three HSWs, F3SW possesses the best
ductility. However, because F3SW is only loaded in the negative direction after the out-of-plane
buckling, the experimental results of F3SW are not sufficiently comparable to that of other specimens.
In addition to F3SW, the ductility of FISW is also satisfactory. The reason is that the rhombic opening
at the web of Fuse 1 can enhance the deformability of the fuse by enlarging the yield range of the web.

3.3. Strength Degradation and Stiffness Degradation

In the experiment, the actuator cycles 3 times at each displacement level. To fully evaluate the
load retention capacity of the HSWs, the strength degradation ratio is calculated. The degradation
ratio is equal to the ratio of the peak load of the third cycle to that of the first cycle. The secant stiffness
is used to calculate the stiffness degradation ratio. The degradation curves of the four specimens are

shown in Figures 9 and 10.
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Figure 10. Stiffness degradation: (a) positive direction; (b) negative direction.

In the comparison of strength degradation in positive direction, F3SW is not considered because
it is only tested in the negative direction after out-of-plane buckling. From Figure 9a, in the early stage,
the strength degradation of FISW and F2SW are lower than that of CSW. After that, the degradation of
F1SW and F2SW are accelerated and exceed CSW temporarily. At last, the strength of CSW degrades
rapidly and the degradation ratio eventually reaches 12% while those of FISW and F2SW are 8.9%
and 8%, respectively. When loading in the negative direction, the four curves are very close before the
ductility ratio (displacement/yield displacement) reaches 2.14, with the degradation ratios less than
5%. However, CSW’s strength degradation becomes severer after that, and ultimately reaches 21%.
Compared to CSW, the degradation curves of HSWs are gentler and the ultimate degradation ratio are
less than 10%. In general, the strength retention capacities of HSWs are close or even better than that of
CSW. Among the three HSW, it can be seen that the strength retention capacity of FISW is relatively
better. As for stiffness degradation, the degradation trends of the four specimens are generally the
same. However, due to the foundation slip, CSW has some differences in initial stiffness.

3.4. Energy Dissipation Capacity

Equivalent viscous damping coefficient is adopted to evaluate the energy dissipation of the
specimens. The calculation of the coefficient is shown in Figure 11a and Equation (1). The viscous
damping coefficients of the four specimens are shown in Figure 11b. It can be seen that the equivalent
viscous damping coefficients of the specimens are generally very close. Because the lead core in Fuse
2 can dissipate much energy and prevent the webs from buckling, the energy dissipation capacity of
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F2SW is better. As for F3SW, the coefficient curve is incomplete because of the out-of-plane buckling.
In general, HSWs have desirable energy dissipation capacities.
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where S 4pc + Scpa represents the area of the oval; Sopr and Sopr represent the area of the triangle
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Figure 11. Energy dissipation capacity: (a) graphics for Equation (1); (b) equivalent viscous
damping coefficient.

3.5. Strain Analysis

According to the design purpose of the RCB, the non-yield section of the beam should remain
intact during the deformation process of the shear wall. The strain analysis can reveal the damage of
the coupling shear walls. Hence, strain gauges are embedded in the concrete to examine the strains at
critical locations. By analyzing the strain of the embedded steel and reinforcements, it is shown that
the non-yield section does not yield although there are some micro cracks in the test. The strains of the
longitudinal bars, the stirrups, and the embedded steel (flange and web) are quite small. The absolute
values of the strains for F1SW, F2SW, and F3SW are less than 500 x 106, 1200 x 10~ and 300 x 10—¢
respectively, which are much lower than the yield strains.

In addition, the strains of the longitudinal reinforcements of the concealed columns are also measured.
All specimens have plastic hinges at the wall foots. As for CSW, the plastic area extends to the second floor.
However, as for HSWs, the plastic area is only within the first floor and the longitudinal reinforcements on
the second floor do not yield. Because the “fuses” can dissipate much energy, the wall foots of HSWs do
not dissipate as much energy as CSW does. The strain analysis shows that the damage area of wall-piers
for HSWs is smaller than that of CSW, which is consistent with the experimental phenomena.

3.6. Discussions and Suggestions

The following discussions are based on the experimental phenomena and test data. In addition,
some preliminary suggestions for the conceptual design of HSWs with RCBs are proposed. In general,
this experiment proves that although the three fuses are different in working mechanism, the three
HSWs exhibit similar global performance in terms of failure mode, hysteretic behavior, etc.
However, the three HSWS still have some differences in specific properties.

As for FISW, Fuse 1 is an I-shape steel with a thombic opening at the web. Compared to CSW,
although the equivalent viscous damping coefficient of FISW is slightly smaller, the coupling beams
of FISW are still considered to be good at dissipating energy considering that the wall-piers of FISW
dissipate much less energy. In addition, the ductility and load retention capacity of FISW are also desirable.
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Considering the simple construction of Fuse 1, this type of RCBs can be widely used in engineering.
Besides, if the opening at the web is more rounded to reduce the stress concentration, the anti-cracking
ability of Fuse 1 will be enhanced.

As for F2SW, Fuse 2 is a double-web I-shape steel and the gap between the two webs is filled
by lead to dissipate more energy. Compared to CSW, the stress of the longitudinal reinforcement of
the concealed column is smaller and the plastic area is also smaller, which indicates that the energy
dissipated by the wall-piers of F2SW is less. However, the equivalent viscous damping coefficient of
F2SW is even larger, which proves that the RCBs of F2SW can dissipate much energy. This proves
that installing components with high energy dissipation capacity at mid-span of the coupling beam
is practical to improve the energy dissipation capacity of the coupled wall system. In addition,
because the cracks of Fuse 2 almost formed at the intersections of the stiffeners and web due to stress
concentration, improving the welding quality of the stiffeners might enhance the ductility of F2SW.

As for F3SW, due to the out-of-plane buckling, the experimental data is incomplete in positive
direction. Although the remaining data is not sufficiently comparable to that of other specimens,
it still reflects the performance of F3SW. The failure mode is similar to that of FISW and F2SW,
and the ductility and load retention ability in the negative direction are satisfactory. In addition,
F3SW possesses the best energy dissipation capacity before the out-of-plane buckling. The experiment
indicates F3SW still has a good researching prospect. In the further research, improvements such as
adding longitudinal stiffeners at the fuse should be taken to prevent out-of-plane buckling.

4. Finite Element Implementation

To further study the seismic behavior of HSWs with RCBs, finite element models are established
by ABAQUS software. The same loading conditions as the experiment are applied. The deformations
and damage distribution are properly simulated. The skeleton curves of the four specimens are also
obtained, which are compared to the experimental results.

4.1. Modeling Method

The wall-piers and coupling beams are modeled by 8-node reduced integrated solid element
C3D8R [27]. C3D8R has one less integration point in each direction compared to the fully integrated
element. Hence, even if torsional deformation appears, the accuracy of the analysis will not be greatly
affected. In addition, this element is not prone to shear locking under bending moment. The three
“fuses” and the embedded steel are also modeled by C3D8R. The slip between the lead core and steel
plate in Fuse 2 and Fuse 3 is neglected. Furthermore, the reinforcements are modeled by the truss
element T3D2. The reinforcements and embedded steel members are embedded into the concrete
elements using the command *Embedded Element, neglecting the slip between steel and concrete.

In the simulation, the strengths of the steel and concrete are consistent with the measured values in
the experiment, shown in Table 3. The constitutive model of the steel is isotropic hardening model [28]
while that of the concrete is plastic-damage model [29]. In ABAQUS software, Concrete Damaged
Plasticity model is chosen. Command *Concrete Damaged Plasticity defines some critical parameters
of the concrete model shown in Table 4.

Table 3. Strengths of the steel and concrete.

Steel Grade Diameter (mm) Yield Strength (MPa)  Ultimate Strength (Mpa)
HPB235 6 330 405
HPB235 8 340 400
HRB335 12 400 530
HRB335 20 355 500
Concrete Grade Cubic Compressive Strength f, (Mpa) Elastic Modulus E (Mpa)
C25 21.16 21375

Note: The steel and concrete grades are regulated by Chinese code [25].
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Table 4. Parameters of the concrete model

P(©) S wf K. "
32 0.1 1.16 0.6667 0.003

Notes: ¢: dilatancy angle; €: plastic potential eccentricity; p: viscosity coefficient; a: the ratio of biaxial compressive
strength to uniaxial compressive strength; K: the ratio of the second stress invariant on tensile meridian plane to
that on compressive meridian plane;

The uniaxial compressive stress-strain relationship of the concrete is defined by Hognestad
model [30]. Furthermore, the tensile stress-strain relationship of the concrete is assumed to be linear
elastic before the peak stress. After that, post-peak tensile model given by Reinhardt and Cornelissen

is applied [31]:
4
o4 € S
= 14¢( — e e 2
7 1 <8tu> ] @

where f; represents the tensile strength; 4, represents the ultimate tensile strain; c; = 9 and ¢, = 5.
According to previous research [32], the compressive and tensile damage factors are obtained by
equations as follows:
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where ¢, and ¢; represent the compressive and tensile strain while 0. and 0} represent the corresponding
! 1 . . . . i i
stress; ¢b and e/’ represent the compressive and tensile plastic strain; & and /' represent the
compressive and tensile inelastic strain (considering concrete damage, e’ # ¢ ); Eg represents the
initial elastic modulus; d. and d; represent the compressive and tensile damage factors, respectively.

4.2. Simulated Deformation

The simulated deformations of the four specimens are obtained. The coupling beams of CSW
suffer typical bending deformation, which is identical to the experimental phenomenon that plastic
hinges form at the ends of the coupling beam. As for FISW, F2SW, and F3SW, the deformations of the
coupling beams are concentrated at the “fuses”. The non-yield sections have almost no deformation
and remain vertical to the wall-piers. The deformations are shown in Figure 12. For more obvious
demonstration, the deformations are magnified three times in this figure.
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Figure 12. Simulated deformations for: (a) CSW; (b) F1ISW; (c) F2SW; (d) E3SW; (e) the coupling beam
of CSW; (f) the “fuse” of FISW; (g) the “fuse” of F2SW; (h) the “fuse” of F3SW.

4.3. Yield Sequence

By observing the equivalent plastic strains of the reinforcements and fuses at different loading
steps, the yield sequence of different parts of the shear wall is determined. As for F1ISW, the loading
process includes 307 steps. At step 7, the “fuses” of the first and second floor first yield while the
longitudinal reinforcements at wall foots remain elastic. At step 20, the longitudinal reinforcements
at the wall foots start to yield. As for F2SW and F3SW, the yield sequences of different parts are the
same as FISW in that the “fuses” yield first and then the longitudinal reinforcements inside the wall
yield. The ideal yield sequence is achieved. The final equivalent plastic strain diagrams of the RCBs
are shown in Figure 13. The plastic strains of the “fuses” are much larger than those of the longitudinal
reinforcement, stirrups and embedded steels, which are consistent with the experimental phenomena.

(@) (b)

Figure 13. Cont.
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(9
Figure 13. Final equivalent plastic strain: (a) FISW; (b) F2SW; (c) E3SW.
4.4. Concrete Damage Analysis

By extracting the tensile damage factor d;, the cracking of the concrete can be visually reflected,
shown in Figure 14.
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Figure 14. Damage condition of: (a) CSW; (b) F1ISW; (c) F2SW; (d) F3SW.
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From Figure 14a, it can be seen that the tensile parts of the wall-piers and coupling beams are
suffering severe damages. The damage area has extended to the second floor and the top of the wall
also has severe damages due to stress concentration. The damage condition is consistent with the
experimental phenomenon. Compared to CSW, HSWs are much less damaged at the coupling beams.
Although the tensile parts of the wall-piers also have visible damages, the damage areas of the three
HSWs are smaller and do not extend to the second floor. In general, the damage distribution of the
finite element simulation agrees well with the experimental results discussed in Section 3.5.

4.5. Skeleton Curve

The simulated and experimental skeleton curves of the four specimens are shown in Figure 15.
It can be seen that the simulated peak bearing capacities of the four specimens all agree well with the
experimental results, with the maximum deviation less than 5%. In addition, the simulated curves
and the experimental curves are very consistent in terms of initial stiffness as well. However, some
differences between the simulated and experimental yield bearing capacities are still noticed. As for
CSW, the simulated yield bearing capacity is visibly larger than the experimental result especially
in the positive direction, which is probably due to the base slip in the experiment. As for FISW and
F2SW, the simulated yield bearing capacities are also slightly larger than experimental results, but the
deviations are acceptable. As for F3SW, the skeleton curve of is incomplete in positive direction due to
out-of-plane buckling but the simulated curve is close to the experimental curve in negative direction.

In conclusion, the skeleton curves of HSWs can be well simulated by ABAQUS software.
However, the descending stage of the curve is hard to simulate. It is very difficult to simulate the
hysteretic response of reinforced concrete low shear wall with ABAQUS. Firstly, it is difficult to converge,
and secondly, the pinching effect of hysteretic curve is hard to simulate. Hence, in Ref [22], the authors
apply OpenSEES software to simulate the hysteretic curves, which are in good agreement with the
experimental curves.
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Figure 15. Simulated and experimental skeleton curves. (a) CSW; (b) F1ISW; (c) F2SW; (d) F3SW.
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5. Conclusions

This paper compares the seismic performance of HSWs with RCBs and a concrete shear wall

(CSW) in terms of bearing capacity, deformability, energy consumption, and damage distribution,
etc. Based on the results of cyclic reversal test and finite element analysis, the following conclusions
are drawn.

@

@

®G)

@)

®)

Although the three fuses are different in working mechanism, the three HSWs exhibit similar
global seismic performance. Under cyclic lateral forces, the plastic deformations of conventional
coupling beams are concentrated at the beam ends, which are also the most vulnerable to damage.
As for the three HSWs, the deformations of the beams are concentrated at the “fuses”, which can
be easily replaced. The wall foots of CSW are severely crushed while those of HSWs are not.

It is proved that HSWs meet the design requirements as CSW, with many desirable properties.
The strength, ductility, energy dissipation capacity, and stiffness degradation rules of HSWs are
similar to those of CSW. At the same time, the load retention capacity of HSWs are also close or
even better than that of CSW.

Strain analysis shows that the plastic area of the wall-piers of CSW extends to the second floor,
causing widespread damage. As for HSW, the plastic area is only within the first floor. At the
same time, the embedded steel, and longitudinal steel bars of the non-yield sections are far
from yielding.

The deformation, yield sequence, hysteretic behavior, and damage distribution of HSWs
can be well simulated in ABAQUS software. In addition, nonlinear finite element analysis
proves that HSWs have ideal yield sequence that the “fuses” yield earlier than the wall foots.
More importantly, numerical simulation verifies that the damage of the RCBs is concentrated at
the “fuses” and the concrete damage of HSWs is visibly alleviated.

Among the three HSWs, FISW is better in ductility and load retention ability, while F2SW is better
in energy consumption. In general, both FISW and F2SW have good application prospects, with
desirable seismic properties. The cracks of Fuse 1 and 2 first appear at the place where the stress
is concentrated. If the stress concentration can be alleviated by optimizing the opening angle
and improving the welding quality, the anti-cracking capacity of Fuse 1 and 2 may be improved.
As for F3SW, despite the out-of-plane buckling, it still has ideal failure mode and good seismic
performance. In the further research, improvements such as adding longitudinal stiffeners at
the fuse should be taken to prevent out-of-plane buckling. In the authors’ opinion, FISW is the
easiest one to be designed and fabricated in engineering applications because the configuration
of Fuse 1 is relatively simpler, hence engineers can easily simulate its mechanical behavior and
further obtain the practical design methods. Compared to Fuse 1, the configurations of Fuse
2 and 3 are more complicated. The interaction mechanism between lead core and steel plate is
complicated, which will need more works to solve it.
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Abstract: For a system such as the concrete structure, flow can be the dynamic field to describe the
motion, interactions, or both in dynamic or static (Eulerian description) states. Further, various kinds
of flow propagate through it from the very start to the end of its lifecycle (Lagrangian description)
accompanied by rains, winds, earthquakes, and so forth. Meanwhile, damage may occur inside the
structure synchronously, developing from micro- to macro-scale damage, and eventually destroy
the structure. This study was conducted to clarify the content of flow which has been implicitly
used in the damage detection, and to propose a flow analysis framework based on the combination
data space and the theory of dissipative structure theory specifically for nondestructive examination
in structural damage detection, which can theoretically standardize the mechanism by which flow
characteristics vary, the motion of the structure, or the swarm behavior of substructures in engineering.
In this paper, a destructive experiment (static loading experiment) and a following nondestructive
experiment (impact hammer experiment) were conducted. According to the experimental data
analysis, the changing of flow characteristics shows high sensitivity and efficient precision to
distinguish the damage exacerbations in a structure. According to different levels of interaction
(intensity) with the structure, the information flow can be divided into two categories: Destructive
flow and nondestructive flow. The method used in this research is named as a method of “flow
analysis based on flow characteristics”, i.e., “FC-based flow analysis”.

Keywords: flow; analysis; concrete; girder; damage; NDE

1. Introduction

From some damage surveys [1-3] in Japan and the United States of America, bridges
are deteriorated or damaged by material aging, overload, fatigue, temperature, corrosion, rust,
and disasters such as earthquakes, hurricanes, and so forth. In addition to the natural factors, various
kinds of damage may occur for the following reasons: (a) Nonconservative design, (b) severe service
environment, and (c) improper construction or operation management maintenance. No matter
whether the damage is caused by nonhuman factors or human factors, the damage usually initiates at
a microscopic level, grows and extends to a macroscopic level, and eventually causes the collapse of
a structure when the damage is not detected in time. The detection and evaluation of the potential
damage and minimization of the probability of structural failures are keen issues for many countries
in the world.

There are many damage detection methods. They can be majorly categorized into the destructive
examination and nondestructive examination (NDE) [4]. NDE is a group of damage detection methods
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that do not affect or harm the test material, component, or system, such as ultrasonic testing (UT),
radiographic testing (RT), infrared thermography (IT), and acoustic emission (AE), among others.
In the laboratory experiment, the NDE is often conducted to test the damage after some static loading
experiment (one kind of destructive experiments, which would cause damage to the structure). If we
view the above methods from a general point, many of the NDE methods share a common concept to
show the change of structural status: “dynamic field [5]” or otherwise named as “flow”. The dynamic
field (flow) is a term defining a field with smooth uninterrupted movement or progress in physics,
very commonly used in fluid mechanics nowadays, and also implicitly used in NDE methods; for
example, the electromagnetic field in RT and the sound field in AE. Simultaneously, in the static loading
experiment, there is a stress field [6] and crack-tip stress field [7] in the static stress—strain response.

According to Newton’s third law, in the research of damage detection, a global system consists
of three parts: The target structure, the environment (referring to everything outside the target
structure with a limit domain), and interactions (often described as one kind of flow). In the
common sense, an equilibrium state is the state in which the system state variables remain unchanged,
as originated from thermodynamics and applied in various departments. The equilibrium state is also
commonly studied in dissipative structure theory [8] (one special kind of system theory for but not only
restricted to nonequilibrium thermodynamics describing the system “far from equilibrium state”) and
general system theory (the general system theory often concerns the system near “equilibrium state”),
and exists in the water flow on dams and bridges, wind on buildings, rain on steel plants, and radiation
in nuclear reactors, and so on; even for vibration in an ordinary concrete beam-like structure. For these
systems, which can realize their new balance in self-organization [9] (a system can continuously
reduce its entropy and improve its order by exchanging substance, energy, and information with the
outside world), if the structures are nonlinear and nonstationary, there may be many equilibrium
shifts (the process from one equilibrium to another, i.e., “the process from an equilibrium state to a
nonequilibrium state, and then to another equilibrium state”, or “from an equilibrium state to another
equilibrium state directly in a short time”). In the global systems, the state variables describing the
flow characteristics in multiple equilibrium shifts may dynamically fluctuate. For the reason that it is
almost impossible to describe the evolutions of equilibrium and nonequilibrium states chemically and
physically for these highly complex structures [10], it is difficult to obtain an analytical solution for
the problems within the dynamic field (for example, turbulent flow). Then, to understand the flow in
terms of structural damage detection, the black-box methods involving only inputs and outputs or
grey-box methods involving inputs, outputs, and certain structural features could be used. Moreover,
in solid mechanics, the flow can be described as vibration by the Eulerian description, which concerns
the change of the whole dynamic field and can be modeled as a function of time; also, the flow can
be described as a wave by the Lagrangian description, which concerns the difference between one
place and another when the wave is propagating and can be modeled as a function of space. Though
time is concerned in the Lagrangian description, the main issue we are concerned with is more about
the space.

In recent years, to identify the potential damage in civil structures, the information model
of the structure [11] for health monitoring concerns many kinds of structural characteristics as
damage indicators, including flexibility and stiffness [12], frequency [13], damping ratio change [14],
and mode shape [15], among others, in a variety of works through modal analysis, hazard analysis [16],
and so forth. However, for comprehensively understanding the structural system in decision-making,
more attention should be paid to the global system’s characteristics rather than solely to the structure
characteristics, in acknowledging that all structures are more or less interacting with their environment.
Therefore, the characteristics of the structural environment [17,18], as well as kinds of characteristics to
describe the flow (flow characteristics), should be considered.

In this research, two kinds of flow are defined and classified in this research: Physical flow and
information flow. Concerning the information flow, it has four classes of basic characteristics describing
the spread of flow, the channel for flow, the flow amount in the channel, and the expansion of flow in
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the system. When the structure has damage, the equilibrium of swarm behavior [19] of the flow may
immediately be broken and its characteristics changed at the same time. By analyzing these changing
but distinguishable characteristics (such as via AE [20] and local wavenumber technique [21]), it is
possible to evaluate whether the structure is damaged or not. Further, measuring data used in flow
analysis can be directly inherited from general static and dynamic damage detection experiments.
In this paper, an offline case of global damage evaluation for a structure (girder with artificial damage) is
discussed in flow analysis by conducting a static experiment (static loading experiment and tendon-cut)
and dynamic experiment (impact hammer experiment) to simulate the accelerated destruction and
nondestructive examination for flow analysis to evaluate and diagnose the existing structures.

The paper is organized as follows: Following this introduction, the basic concept of the present
FC-based method is given in Section 2. A laboratory experiment is conducted on two nearly full-scaled
box girders to test the present method and its details are given in Section 3. In Section 4, experiment
results are presented and discussed, including quantitative study, qualitative study, comparative
analysis, error analysis, and possible applications. Finally, several concluding remarks and future
works are summarized.

2. Basic Concepts of Flow Analysis

2.1. Definition and Classification of Flow

Flow is often referred to via simulating the phenomena which are similar to the motion of fluid [22]
with a continuous tendency of points in time or space. From the perspective of mathematics, flow can
be described as the dynamic field as a set of changes over time or space [23], i.e., flow is described
as a group action of the real number on a set; for instance, a vector flow is determined by a vector
field. A flow can be modeled as the function of time or space (t) as a group action of the additive real
numbers R on X [24]. More explicitly, a flow is a mapping of ¢ [25] in time or space ¢ using the iterated
function [26]:

p(t): X xR—=X (1)

The mathematical definition of flow is used widely in computational fluid mechanics and may be
mainly used in the experimental data processing later.

In engineering, according to the observation of flow, a flow system can be divided into two
categories: Incoming flow and outgoing flow. Since the flow is described as the function of the time
or space, the flow in the previous space (s;) or previous time (f,) is the incoming flow (or referred to
the input of flow and denoted as flowi,), and the flow in the later space (s, = s, + As) or later time
(tp = to + At) is the outgoing flow (or referred to the output of flow and denoted as flow,yt). Sometimes
a third category is considered: The cycling flow between incoming and outgoing flow within As or
during At.

In our classification, there are two kinds of flow in mechanical engineering. The first kind is
the flow whose carrier or intermedium moves along with it, such as the water flow in the river
(hydromechanics); the second kind is the flow whose carrier or intermedium does not move along
with it, only using the dynamic field of some information (such as “force, energy, momentum”, etc.)
to describe the integral motion of some kind of space (with the function of time) in the Eulerian
description, or the information field describing the motion passing through the space in the Lagrangian
description (in mechanics, it means the transferring of interaction between structure and environment,
or among substructures, from one point to another, represented as the function of space). In this
paper, we name the first kind of flow as the physical flow and the second kind as the information flow
(the flow describing the physical information of the system or the structure). In the following chapters,
the information flow will be mainly discussed, and both the Eulerian description and Lagrangian
description will be used when conducting the experimental analysis. Further, there are some other
methods to classify the information flow, such as destructive flow or nondestructive flow, according to
the influence on the structure; the information flow can be of either scalar, vector, or tensor nature.
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Furthermore, for a measurement of a system, there are three kinds of views: microscopic,
mesoscopic, and macroscopic [27]; so, in deeply understanding these, the research of flow can have
three corresponding views:

e  In the microscopic view, it mainly focuses on the phonon (a phonon is a quantum mechanical
description of an elementary vibrational motion in which a lattice of atoms or molecules uniformly
oscillates at a single frequency) and the formation mechanism of flow (here, wave and flow have
the same meaning).

e  Inthe mesoscopic view, it mainly concentrates on the evolution mechanism of basic flow, and how
the basic flow (wave) joins to a swarm (here, the flow is treated as the swarm behavior of simple
harmonic waves).

e In the macroscopic view, the research is mainly for statistical mechanism and pattern recognition
for the flow (usually, the flow is of turbulence, which is hard to describe using the analytical wave
functions).

In this paper, the research aspects for the evaluation of a global system can be about structure,
environment, and flow. For a specific environment in the measurement, suppose the data in any
survey (recorded as time series, etc.) contain the information (i.e., some characteristics; according to
the definition proposed by Wiener [28], information is a set of marks of a thing’s attributes) of the
structure, environment, and flow simultaneously, more or less. This paper is trying to propose a new
kind of damage analysis within a unified concept of flow.

In some sense, the interaction between environment and structure can be treated as the interactions
between structure and flow, as well as between flow and the environment; the interactions among
substructures can be converted as the interaction between substructures and flow. Analogous to the
wave-particle duality [29] in physics, where the wave and particle are coexisting integrally, structure
and flow are coexisting too, despite the description that particles show the system’s framework
updating and the description that waves may reveal the system dynamically changing as well. Further,
in some cases of statistical mechanics, it is more probable to know the behavior of the swarm rather
than that of any individual; the statistical grouping parameters [30] of the motion of the waves can
also be described as flow to show the trend of motion shown as the Lattice Boltzmann method (LBM)
simulation in Figure A1 (Appendix A). To study the flow in the structure, in dynamics, flow analysis is
to investigate the swarm behavior of the waves or vibrations (here, flow is equivalent to the swarm of
waves in the structure from the view of space. Further, flow is equivalent to the swarm of vibrations in
the structure from the view of time. Using different measuring equipment, the recorded data may be a
time series of displacement, acceleration, velocity, etc.). In statics, flow analysis is used to investigate
the field of force (here, flow is equivalent to a varying force field) or field of displacement (here,
flow is equivalent to a varying displacement field), etc. However, in traditional structural mechanics
for engineering, the structure itself (the particle perspective) is more likely to be concerned, such as
for some structural characteristics in modal analysis, and the perspective of flow is often selectively
ignored, and it is obviously insufficient. Moreover, if we consider the problem in damage analysis in
the view of system, the structure and its environment are interacting (described by a dynamic field,
i.e., flow) with each other continuously.

2.2. Flow Characteristics-Based (FC-based) Method

We often define the system @ as a black box in many cases of damage detection. In the Eulerian
description, for a field © existing in ® and bounded by ®, its status is denoted as ¢(t, @y,): A status
of field depending on the time () and the initial condition ® = @y, [31]. If ¢(t,0,) is a loop
function (or its differential equals 0), the field may have a dynamic equilibrium corresponding to
time. The interaction can described by field x, where x € {y, i, mp,mi, 1/ Zmyz}, in which p is
the displacement and m is the mass, and its status is ¢(t, ©y,); this description of flow can be named
as x-flow. Usually, the function of ¢(f, x;,) is dependent on the nature of ®. Further, the flow can be
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described in the Lagrangian description as the propagation in the system ®; its change can originate
from the Reynolds transport theorem as (s, ©s,) [32], which gives the flow’s propagation at point
s and initial condition of @ = ©s,. If ¢ (s, Oy,) is near a constant in @, the medium of flow P is
approximately homogeneous. In hydraulics, laminar flow is one such example. For a characteristic x
to describe the field, its status is (s, xs,).

Combining two description methods, the input of the flow is defined as the initial condition ®;,,
and output as the state of the flow ®s,, where s; is the point s in space at the point ¢ in time.

In summary, the output of flow in time and space is influenced by the input (®;, or ;) and
intermedia (®). In the mechanical structure, the very simple but important example is the wave and
vibration. The wave is the motion transmission in space from one point to another, and the vibration is
a field varying in time from one moment to another. In Section 2.1, the flow in a vibrating structure is
defined as the swarm of waves, as from the view of the Lagrangian description. In order to be closer to
the concept of water flow in hydraulics, we will mainly continue using the Lagrangian description,
but with some changes to meet our need to have a simple understanding of the vibration test data.
Here are two assumptions:

1. Suppose for a system @, 0P is the surface of this system. The system can store or release the same
flow as the flow of input, and the flow stored or released by @ is flow.

ﬂOWin = *ﬂOW(bJrﬂOWout (2)

2. h(t) and h(t,®) represent the input and output, respectively, and we record the input and output
in the same period ¢, the effective input period [ta, t, ], and output period [ta,,t, |:

t, t,

h(t) = /<ﬂ|hd aq>)>dt h(t, ®) /(ﬂ lj,|d(0) )dt 3)

tag

in which j; and j, are the flux at the differential surface d(d®) of the input and output, respectively,
which is the function of time and system, j = g(t,0®). For the same flow, the input lasts for
(tbl,tal) and the output lasts for (t;, t4,). Then, to calculate the flowg, here is its function, f (P):

f(®) = h(t, @) —h(t) )

Another comprehensive theoretical research work can be found on energy conservation law [33].
The change of the flow shows responses in the change of the system (intermedium) in turn.
An infrastructure or any other open system [34] will have interaction with its environment in that
the flow between the system and its environment is always changing but is often stable in statics by
surveying data of times of measurement; the same relationships are seen among the interactions of
different subsystems. However, in engineering applications, the process of flow propagation from the
location of input to the location of output may often be impossible to investigate in practice, especially
the sum of outputs in a structure with a complex shape of surface.

Then, the flow characteristics are suggested to approximately indicate the change of flow. For a
specific system, if the flow can stably go through the system, these characteristics may not change
as well. Furthermore, for the damage detection and identification, the FC-based method pays close
attention to the damage spreading (e.g., the growth of cracks), structural integrity (e.g., structural
disintegration process), signal propagation in the system (e.g., the change of frequency), migration of
equilibrium between load effects, and resistance, etc. Kinds of structural parameters are also used to
describe the change of flow in confined time or space [35], such as the changing of energy propagation
or force distribution in a system. Sometimes in dynamics, flow can also be treated as the integration
of waves. However, usually, in order to distinguish itself from other methods, the FC-based method
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mainly concerns the change of flow characteristics to evaluate the health of flow itself or indirectly
diagnose the health condition of the system. According to the description of a general system, some
basic concepts such as the development of interactions between a system and its environment, or
among subsystems, frameworks, components or elements, boundaries, etc., will be considered [36,37].
Four classes of basic flow characteristics are proposed correspondingly to these four concepts of a
general system:

Class 1: Spread of flow: The characteristics to describe the spread of flow in the system, such as
acceleration, speed, travel or propagation time, displacement, etc.

Class2: Channel for flow: The characteristics to describe the channel that the flow goes through. It is
about the distribution of flow in the system and the route of flow in the system, such as its
topology, hierarchy, fractal dimension, cross-sectional area, etc.

Class 3: Flow amount in the channel of flow: The characteristics to describe the amount of flow, such
as mass, quantity, intensity, strength, etc.

Class4: Expansion of flow in the flow system: The characteristics to describe the expansion of flow in a
specific system or systems with or without clear boundaries, such as lifetime and propagation
region (depth, width, or boundary).

Every flow has these four classes of characteristics, and according to some characteristics, flow can
be classified conversely.

Of all criteria of differentiating kinds of flows, the intensity of flow is one simple standard. In a
thought experiment, suppose there is an instrument with a certain accuracy which can be used to
measure the response of the structure in any situation and there is a man who will observe the response
of the structure with his naked eye. As the Figure 1 shows, when the flow’s intensity increases,
the structural response, which directly influences the observability and measurability, may be more
easily observed and measured such that the efficiency of observation and measurement will increase,
and the damage detection will also transition from a nondestructive experiment (which is similar
to the nondestructive examination) to a destructive experiment (which is usually different from the
destructive examination, such as the chemical analysis of a core sample).

When the intensity grows from small to large, the response of the structure can be divided into
EPM (extremely poorly measurable), PM (poorly measurable), M (measurable), DO (destructive and
observable), and SDO (severely destructive and observable). Moreover, flow is not only the cause of
structural damage which interacts with the structure and influences the state of structure, but also is
influenced by the structural damage. As a result, once the state of the structure changes, the flow may
change immediately.

In the general understanding of Figure 1, for the DO and SDO, the response of the structure to
the flow can be linear and even at an exponential level; in such cases, the efficiency of measurement
and observation can be much higher and even near 1, such that people can directly notice the state
change of the structure with minimal error in observation. While for the M and the PM, the response of
structure is nonlinear, even index or logarithmic, which cannot be observed by the naked eye directly,
and how to define the exact value or the value of boundary efficiency a4, b depends on the specific
measurement or different standard.

For the EPM, the efficiency often equals 0, and the general tools of measurement are useless.
In fact, the increased accuracy, recognition, and sensitivity of the experimental equipment could further
expand the range of the observable and measurable. Further, for the cases of the DO and the SDO,
the change of the response can be directly measured. Moreover, of all kinds, for the case of the PM,
the corresponding flow is much more important in that it can help to detect more changes of the
structure. So, in the design of the experiment, there are two aspects to be specially considered.

On the one hand, for the reason of the interaction between some flows and structures, the structural
damage should be clearly observed along with the intensity of flow increasing. On the other hand,
some flows can be used to detect the change or the damage of the structure independently. In the
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following chapters, for the static loading experiment (of the DO and the SDO, which bring great
damage to the structure), the response of the structure is displacement, and for the impact hammer
experiment, or named as the vibration experiment or impact tests (of the PM, which does not bring
new damage or only brings small damage to the structure), the response of the structure is acceleration.

DE: Destructive Experiment
NDE: Non-Destructive Experiment

y: the intensity of the flow

- :
5 : x : the response of structure
5 : 1

1= [}

z 1 i

< i

g i i

= | | EPM: Extremely Poorly Measurable

2 | PM: Poorly Measurable
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S i

© i

b ;
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g a i

.9 i
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Figure 1. The relationship of a possible diagrammatic sketch between flow intensity and the structural
response which directly influences the observability and measurability, or in other words, the efficiency.

3. Experiment and Analysis of Artificial Damage

3.1. Introduction to the Experimental Design and Process

Since the experiment in this research is to check the structural healthy condition (with artificial
damage), the structural artificial damage should continue to increase while the residual capacity of
resistance should continue to decrease. In general, static research, the stress—strain curve shows the
response of the structure to the flow, in that the change of the displacement field illustrates the intrinsic
variation of the structural resistance. Further, in the modal analysis for dynamics, with high probability,
one lower-order natural frequency of the structure will approximately decrease within a limited
magnitude [38], while the damping ratio of this frequency will usually approximately increase [39]
if there are some continuous damages. The structural characteristics for comparison in these studies
include displacement, frequency, damping ratio, and so on. The whole experiment contains two
subexperiments: The static loading experiment and the impact hammer experiment. The following
is a brief introduction to the experimental preparation, experimental progress, and experimental
numerical representation.

First, the preparation for the experiment is discussed. The survey paid attention to the common
and same data used in other research, such as the loading (kN) and displacement (mm) in the static
loading experiment, and acceleration (m/s?) in time series in the impact hammer experiment. Further,
it was an indoor experiment so that the temperature and humidity would be in a controllable range
that did not influence the process of the experiment.
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Second, the experiment tested 3 nearly full-scale prestressed reinforced concrete open-section
box girders (in short, box girder), named box girder 1, box girder 2, and box girder 3, by adding
artificial damage. In this paper, only box girder 2 and box girder 3 (of the same design) were concerned
especially for flow analysis. Both girders were in the same design, as shown by Figure 2 and Table 1:
8500 mm long, 2300 mm wide, and 1000 mm high. Further, there were 4 SDP-200 displacement meters,
8 SDP-100 displacement meters, and 10 ONOSOKKI-NP-2120 acceleration sensors set in different
locations as shown in Figure 2, and the type of impact hammer used was the Briiel and Kjeer type 8208.

Top view
Section i 18+
1750 1250 1250 1250 1250 1750 Displacement meter 4+8+4
| sDP-200 4
| SDP-100 8
o
= AB, HB AT H7 A8 HB A9 H9 A10,H10 ] | SDP-25 4
o . . « e
7 o ¢ Acceleration Sensor 10
g
= IR
2 A1 AZH2 A3H A HA A5 HE Hit point 10
0] . « L [
| o . .
2 <  Loading location
1750 1250 1250 1250 1250 1750 4 Supporting point
Side view Section view
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Figure 2. (a) The top view, side view, and section view of the experimental girder; also, the layout
of displacement meters and acceleration sensors. (b) The real structure corresponding to (a) and the
tendons marked by the red curve; (c) the reinforced bars and tendons, with C1, C2, C3, C4, C5, and C6
corresponding to the tendons marked by the red curve in (b). (d) The real operation of tendon cut.

Table 1. The description of the sensors.

Type (Max

Sensor Number Purpose Direction and Location
Value)
SDP-200 . . .
Displacement (200 mm) 4 For deflection Vertical Under the girder
meter SDP-100 8 For deflection Vertical ~ DOth under and up the
(100 mm) girder
SDP-25 (25mm) 4 Subsidence at the Vertical Fulcrum of the girder
fulcrum
Acceleration 10 Vibration at the Vertical Under the girder
sensor fulcrum
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The concentrated force was loaded at the middle of the structure. The impact hammer experiment
was conducted in 9 stages (Table 2, Figure 3). Meanwhile, in every stage, the impact hammer
experiment was after every experiment of static loading or tendon cut. A stage here means a series of
tests of static loading experiment (or one time of tendon cut), impact hammer experiment, or both of
them, and there is a series of increasing loading from 0 to the greatest loading in this stage, which then
decreases to 0 with a series of loading steps, or one whole process of tendon cut. A step means a step
change in force (maintained for a period of time). Every step of loading or tendon cut takes less than
15 min or 1 min, respectively.

Table 2. Static loading and impact hammer experiment (stages 1-9) on box girder 2 and 3.

Object Loading Stage  Pretest Initial Load Intermediate Load Damage Load
Box Stage 1 2 3 4 5 6 7 8 9 10 11
Girder2  Loading (kN) - 816.1 - - 8401 - - 8384 9739 10334 14273
Box Stage 1 2 3 4 5 6 7 8 9 10 11
Girder3  Loading (kN) - 8040 - - 7765 - - 816.3 980.4 1051.00 1351.7

/ 7’\ 7" stage gt stage

| Start | (1) Recovery after tendon cut (1) Static loading

I (2)Impact hammer experiment (2)Impact hammer experiment

Initial stage (1% stage)
Impact hammer experiment

9t stage
(1) Static loading
(2)Impact hammer experiment

6™ stage
(1) Tendon cut (Tendon C4—6)

(2)Impact hammer experiment

. l - 10% stage
2" stage 5" stage Static loading
(1) Static loading (1) Static loading
(2)Impact hammer experiment (2)Impact hammer experiment 110 stage
Static loading
3 stage 4" stage
(1) Tendon cut (Tendon C1—3) —* (1) Recovery after tendon cut End
(2)Impact hammer experiment (2)Impact hammer experiment &n
Tendon Cut TC 1427 kN
Recovery After Tendon Cut RATC
Static Loading Experiment SLE
Impact Hammer Experiment IHE 1033 kN
974 kN

AP, K TN S S SIDY <IN - IR RN - JPNARPNS TR P BN
IS TS

Stage in the experiment process

Figure 3. The experimental process corresponding to Table 1 for box girder 2.
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The tendon cuts (in Figure 2) were conducted at stage 3 and stage 6, and the recovery after tendon
cuts was at stage 4 and stage 7 for both box girder 2 and 3; for the tendon cuts of box girder 2, only
6 tendons were cut in total in the same side (the first time C1, C2, and C3; the second time C4, C5,
and C6), while for the tendon cut of box girder 3, 12 tendons of both sides were cut; in the first time,
they were C1, C2, and C3 in one side and C1, C2, and C3 in the other side; the second time they were
C4, C5, and C6 in one side and C4, C5, and Cé6 in the other side.

Corresponding to the experiment, there are two kinds of damage: The damage caused by
static loading and the damage caused by tendon cut. The crack development (Figure 4, the crack
development in box girder 2) can be used to picture the damage development in the static loading.
Since the damage happens inside the structure, we can only know that there is damage caused by the
tendon cut but cannot observe it directly with the naked eye. However, we know that the damage is
developing in the structure from stage 1 to 11 (or from steps 1 to 995 for box girder 2, and from steps 1
to 1150 for box girder 3).

Suppose the initial state of the structure is the healthy state (whose damage is 0), which means
there is no damage, and the last state of the structure is a total failure (whose damage is 1), which
means the system cannot satisfy its designed function. There is no need for us to know how much the
damage is, and we just need to illustrate the increasing damage (from 0 to 1). If an indicator of damage
can clearly indicate the damage development, it is qualified to be analyzed for the damage.

In this experiment, the acceleration sensors were located beneath the structure, while the same
number of the hit points were designed further up the structure, directly above the corresponding
sensors shown in Figure 5 (A1-A10).

Third, experimental numerical representation is discussed. There are 4 kinds of flow characteristics
in data analysis.

(1) Intensity of distribution (IoD) in displacement flow (Figure 6): It means the displacement
distribution in different locations for one step; in the analysis of the actual practical use, the reference
step can be the step where the IoD corresponds to the load of 1/50-1/10 the design load.

Figure 7a shows the acceleration responses recorded by 10 acceleration sensors (corresponding
to A1-A10). In the impact hammer experiment, there are another 3 kinds of characteristics for the
acceleration flow shown in Figure 7b.

(2) Max-peak-time is from the first class of flow characteristics, i.e., spread of flow. In the
acceleration time series, max-peak-time means the arrival time of “flood” (the max absolute value of
amplitude in time series), starting from the time from the moment of the hit (contact between hammer
and structure) to the moment of “flood”.

(3) Max-peak belongs to the third class of flow characteristics, i.e., flow amount in the channel of
flow. The max value is the max peak of the amplitude (the max absolute value of amplitude) of the
time series. It means the intensity of “flood”.

(4) Lifetime is classified in the fourth class of flow characteristics, i.e., expansion of flow in the
flow system. The lifetime can be defined as the time from the moment of a hit to the moment of flow
disappearance (the time from the moment when it is the end of the white noise to the moment when
the flow vanishes and the new white noise begins again).

To investigate the whole system, we would take these data into a combined data space [40].

There, at every hit point, the impact hammer experiment would be repeated for many times. After
many hits, a time distribution is found for those characteristics. Then, it is necessary to organize the
data structure appropriately. In the following introduction, there are two kinds of matrices selected:
The difference matrix for displacement flow and the combination matrix for acceleration flow.
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Figure 4. The subfigures show the evolution of the cracks, according to the real measurement of the
cracks in the process of the experiment with box girder 2 in Table 1 at stage 2 (1), stage 5 (2), stage 8
(3), stage 9 (4), stage 10 (5), and stage 11 (6-8). Note for the control of loading, there are two methods:
The first, in the notation x-a kN for stages 2, 5, 8, and 9, x denotes the ID of stage and a denotes the
loading magnitude at this stage. For example, 2-760 kN in (1). The second, in the notation x-b mm for
stage 11, x denotes the ID of stage and b mm denotes the average displacement by meters at this stage:
D3_F, D3_B, D4_F, D4_B (D: Displacement, F: Front, B: Back). For example, 10-7 mm in (5).
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Figure 5. Diagrammatic sketch of the 3-dimensional layout of 10 hit points and 10 sensors, referring to
Figure 2. The lines indicate the flow paths.
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Figure 6. An example of the intensity of distribution (IoD) in displacement flow in (a) the initial
reference stage, s, and (b) the test stage, s’, and the change of the IoD is As.
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Figure 7. (a) An example of time series measured by the 10 sensors; (b) the diagrammatic sketch of
max-peak, max-peak-time, and lifetime for one response time series, where amplitude A is greater than B.

On the one side, in the displacement flow, the static loading location is fixed at the right middle of
the girder. There are 8 displacement meters of SDP-100, i.e., D2_UF, D2_UB, D2_LF, D2_LB, D5_UF,
D5_UB, D5_LF, and D5_LB, located in different places. The record for meters is s = [s1, s, 53, ... , sg].
Then, a difference matrix is used to show the difference of displacement between every two meters.
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If the health condition of the structure is the same, the difference of displacement in the same situation
(loading) may be the same, at least in a statistical sense. Then, the difference matrix is designed as:

S1,1 S12 S13 - Sij o S18
S21 S22 523 vt S vt 528
$31 832 S33 v S3; - 838
Si1  Si2  Si3 ot Sij ot Sig

L Sg1 S82 S83 - S ' 588

where Sij = Sji Mmeans the absolute value of difference between displacements detected by the i-th and
j-th meter (si/j: Isi—sj 1);ij=123,...,8. When sij=0,i=].

On the other side, to evaluate the change of acceleration flow in different health conditions of
the structure, the reasonable combination matrices for the flow characteristics should circumspectly
involve the information of the locations of hit points and locations of sensors to logically show the
change of the flow at the surface of the structure. (1) For the same health condition of the structure
with a specific location of input (hit point), the record of sensors in different locations should be
statistically the same; (2) for the same health condition of the structure with different locations of
input (hit point), the record of sensor in the same location should be statistically the same as well.
Then, the characteristic’s combination matrix contains both situations together, showing whether the
structure is in the stabilization of the health condition or not. In our research, every expectation of
max peak, max peak time, or lifetime (single value x;;) are used to build every combination matrix.
The impact hammer would strike on the structure from hit point 1 to 10, and for every hit, there are
10 sensors (j=1,2,3, ... ,10) recording the data, and after 10 hits (I =1,2,3, ... ,10) there are two time
matrices: The max peak time (t) or lifetime (T) in the form of combination matrices.

ST T S S ¥ SR & W AR S 1) Ty Ty Tz -+ Ty - T
thy  tp ot o b o o Ly Ty Tz -+ T - Thp
f31 t3p 3z - t3p - f310 Tsn Tsp Tsz -+ T3; -+ T30
b= - &T = ..
AU 7 B T S 7 B A 1 Ty T Tz -+ Ty - T
| fio1 foz2 fios o0t 0 fiogo | | Two1 Tz Tws -+ Tw; - T |

where t;; and T;; are the mean max-peak-time and lifetime of the i-th hit and j-th sensor, respectively.
Meanwhile, the max-peak combination matrix is:

myy My my3 e My s M0
M1 Mpp  Mp3 o Mpi s 20
mgy  mgp mz3z - M3 ccc M3Q
m = .
miy o Mip o Mz e MG e M0
L M1 Miypo2 Mig3 - Mig; - MMip10

where m; ; means the max peak of the i-th hit and j-th sensor.

Further, there are two kinds of data to indicate the change of the matrix in the acceleration matrix,
value (such as the ¢, T, and m), and order. Each row of every matrix [x;1, X; 1, X;3, ... , X 10] means
that in the i-th hit, all 10 sensors’ detection values get the ID of the sensor with the value from the
maximum to the minimum or from the minimum to the maximum (this case will be used in this paper),
or according to the specific requirement of the data processing. Here is an example:
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may o M2 mg3 o o Ny st N0
Myy  M22 M3 o M2 st 200
n3y  n32 N33 - N3 -t N30
iy Mip Mz e N Mg

L "101 M102 M103 - M1 o M1010

where 1;; means the order of max peak time of the i-th hit and j-th sensor. The example above shows
the combination matrix of the order of max peak time, which means the sensors detect the signal one
by one from the minimum value to maximum value.

3.2. Experimental Data Analysis

There are matrices of characteristic values or orders, such as s, t, T, m, and n in the research, for a
general matrix M:

X110 X120 X130 X1 0 Xig
Y21 X2 X3 v Xpp o Xog
X31 X3p X3z oo Xgjoccc X3 i=1,23,...,4
! i=123,...,b
Xil o Xip o Xigo e Xjjooccc Xig
L x;,/l xb,2 xb/3 e xb,j N xb,a |

where X;j means the value at location (i, j); in our case, a = b.

To evaluate the data obtained in the experiment, there are six variables chosen to describe
every matrix.

Note: The initial stage or reference is often selected as the first stage. Any two matrices
describing the initial state (reference) and the state considered (test) are named Miytia1 and M onsidered:
respectively.

1.  Determinant of the status matrix (if it is a square matrix) Determinant can be treated as the scaling
factor of the transformation from a status matrix. For a column (1), row (1) matrix, its determinant
can be defined by the Leibniz formula or the Laplace formula. Here in this paper, we use the
Leibniz formula [41]:

det(M) = ) | sgn(0)] [ ais, )
i=1

dES,

Here, all permutations ¢ are calculated as a summation of the set {1,2,3, ... ,n}.
2. Norm of the status matrix; the matrix norm extends the notion from vector norm to the matrix.
For a matrix, when it meets these conditions, it can have the matrix norm:

|[M| > 0; every matrix belongs to (R"*") vector space
[M| =0; ifand only if M = 0
|aM| = |a||M[;every a is in (R**1) vector space
M1 + M| < [My| + [Mz;

(6)

The calculation of status matrix norm is thus M| = sup{|Mx|, x € (R"*1), |x| = 1}. In this
research, we use the 2-order norm (Euclidean norm): |[M|, = \/Amax(M*M) ; where M’ is the
conjugate transpose of M.

3. Max eigen or spectral radius of the status matrix, spectral radius: SR(M) = max(|A; ).
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2D correlation coefficient (2D-CC) between every considered status matrix and initial
status matrix. The 2D-CC is usually used to distinguish the status matrix change between
the initial state (reference) and the state considered (test) in this research. The definition of this
technology is as follows:

T Vil iV i
L (Minitml - Minitial) (Mcansidered - Mcansidered)

C= ™
T T )2 = 2
r <Minitiul - Minitiul) Z(Mcnnsidered - Mconsidered)

where Minitial = meanz(Minitial) and Mconsiclered = meanz(Mconsidered); mean2 means the
expectation of all data in this matrix (data at every row and column).

Distance between every considered status matrix and initial status matrix There are many
methods to get the distance between two status matrices; here is an example:

.. .. 2 .. .. 2
4
D= \/( =1 MY iitiar — i=1 MZ']considered) ( i=1 M iitiar — =1 MZ']considered) ®)

where M/ means the data in the matrix of row i and column j.
Procrustes analysis between every considered status matrix and initial status matrix

The Procrustes analysis [42] shows some change from the considered shape matrix M opsidered t0

its initial shape matrix Mjp;tial-

In the 6 variables chosen to analyze the characteristic matrix changes, the variables from 1 to 3 are

called as the intrinsic variables of the matrix, while variables from 4 to 6 are named the comparison
variables (compared with the initial stage) of the matrix for convenience.

1)
2)
3)

4

5)

6)

The data analysis processing of the experiment is shown in Figure 8.

Start of the data analysis.

Choose the flows to analyze (in this paper, we choose the displacement flow to represent the flow
of high intensity and the acceleration flow to represent the flow of low intensity, respectively).
Choose the flow characteristics (max-peak-time from class 1, max-peak from class 3, and lifetime
from class 4 are chosen for acceleration flow, and IoD from class 3 is chosen for displacement
flow).

Choose the variables to represent the flow’s characteristic matrices (6 kinds of variables will be
used in the analysis, in which “determinant, norm, max eigen, 2D correlation coefficient, distance,
Procrustes” are for acceleration flow and “2D correlation coefficient” is for displacement flow).
Data analysis.

5.1) Do the qualitative analysis for the acceleration flow. There are 9 stages (maximum amount
=9) in this data processing. Calculate the expectation of characteristics from the times
recorded by different acceleration sensors. Construct the combination matrices. Calculate
the variables to evaluate the characteristics. Conduct the qualitative analysis.

5.2) Do the quantitative analysis for the displacement flow. There are 11 stages (maximum
amount = 11), or more than 1000 steps in this data processing. Collect the data recorded by
different acceleration sensors at the same moment as arrays (loading ID, step). Construct
the difference matrices. Calculate the variable (2D-CC) to evaluate the characteristics.
Conduct the quantitative analysis.

Conduct correlation analysis and comparative analysis with modal analysis.

6.1) Calculate the correlation coefficient and conduct the correlation analysis for kinds of
flow characteristics.
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6.2) Compare the (acceleration) flow characteristics with the structural characteristics in
modal analysis. These characteristics of both flow and structure all are using the same
original data.

7)  End of the data analysis.

O (acceleration flow) and high intensity (displacement flow)

2) Decide which kinds of flow to represent the low intensity
interactions with structure separately

Start

) Choose the flow characteristics to do analysis (max-peak-
time, max-peak, lifetime for acceleration flow and loD for the
displacement flow)
5.1)

4) Choose the variables to
o 5.2)
analyze the characteristics
Qualitative analysis Quantitative analysis
@%
No

No
. v
Calculate the mean value of these alculate the variable (2D-CC) of the
characteristics (max-peak-time, max-peak, characteristic (loD) and construct the
ifetime) to construct combination matrice: difference matrices
Yes
Calculate the variables (6 Store the
kinds) of the characteristics data v
es
Store the
data
i Show the whole process of the flow
change in static loading and finish the
/Conduct the qualitative analysis to\ quantitative analysis.
( evaluate the efficiency of the j—

\\ indicators /

@) Correlation analysis; comparative analysis f%
\@rameters in flow analysis and modal analysiy

7
End

Figure 8. Flowchart of data analysis, in which “max” means the maximum stages for acceleration flow
or maximum steps for displacement flow. 2D-CC: 2D correlation coefficient.

4. Results and Discussions

4.1. Calculation Method of Variables for Characteristics Matrices

In the experimental data processing, some variables used to describe the characteristic matrices
may change from the former stage to the latter stage in the structural artificial lifetime:

X11 X12 cc X1 0 Xig X101 X12 -0 Xy 0 X1
X1 X2 tct Xpj ot X2 X201 X2 +c Xpj cc Xog
Mo = | 0 e e
Xi1 Xip ccc Xij oo Xig Xil Xig ot Xij o Xig
Xp1 Xp2 v Xpj ot Xpa Xp1 Xpo 0 Xpj oo Xpg
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Here is an example: A change of numerical value matrix:

N =
g W Ul
W o O

and its numerical order change: . The results for both the order matrix

@D N -
N = N

1
=>| 3
3

5N =N
B3 = w w
w)

AN w

and value matrix of determinant, -CC, distance, and Procrustes are shown in

Tables 3 and 4.

=}

or ax eigen, 2

7

Table 3. Evaluation of the characteristic matrix of order using kinds of variables (to 3 decimal places).

Stage Determinant Norm Max Eigen  2D-CC Distance Procrustes
Initial Stage 12.000 6.059 6.000 1.000 0.000 0.000
Considered Stage 12.000 6.059 6.000 0.833 1414 0.1875

Table 4. Evaluation of the characteristic matrix of value using kinds of variables (to 3 decimal places).

Stage Determinant Norm Max Eigen  2D-CC Distance Procrustes
Initial Stage 279.000 16.946 16.690 1.000 0.000 0.000
Considered Stage 124.325 16.910 16.595 0.948 4.179 0.060

Just as the example above indicates, the value of each variable has changed from the initial stage
to the second stage (named the considered stage) in both value and order according to the categories in
Section 3.2. Even though the initial order matrix can be directly derived from the ideal state, it is still
hard to guarantee the same effectiveness in practice. It is found in this example that the value matrix
has a higher sensitivity than the order matrix, and the comparison variables have higher sensitivity
than the intrinsic variables. However, since the sensitivity is too high in some cases, the data tend not
to show the signs of change.

4.2. Quantitative Study of the Displacement Flow

In this section, 2D-CC is used to show the similarity [43] between the reference matrix (in the
initial health stage) and some considered matrix (in the considered stage), describing the change of the
IoD in displacement flow within a very clear range of [—1,1].

Comparing Figures 9 and 10 with Figures 11 and 12, Figures 9a and 11a show the original data of
the “displacement VS step” of box girder 2 and box girder 3, respectively; Figures 10 and 12 show the
analysis results using 2D-CC for the difference matrices of IoD of displacements detected by meters
(D2_UF, D2_UB, D2_LF, D2_LB, D5_UF, D5_UB, D5_LF, D5_LB) corresponding to the Figures 9a
and 11a, respectively.

Comparing Figure 9a with Figures 10 and 11a with Figure 12, the variable of 2D-CC calculated
according to Equation (7) is more sensitive than the displacement itself. In these figures, the reference
matrix (initial) is set as some difference matrices at approximately 2-5% design load. From Figures 9a
and 11a, the relationship between the loads and the structure response (displacement) is very clear in
that in the experiment, when the loads on the structure increased, the displacement of the structure
increased as well. However, for more detailed information in the whole experimental process, it is a
little harder. Comparing Figure 9b with Figures 10 and 11b with Figure 12, it is known from the basic
knowledge of structural mechanics that under a static load, if the basic shape is assumed to have not
changed, the force applied to each part of the structure will be proportional to the force exerted by the
loading device. Therefore, in Figures 9b and 11b, the elastic coefficient is calculated by k = F/s, where F is
the force of static loading and s is displacement, and it is not necessary to calculate the forces at different
positions. The main change in this study is the plasticity change, so the elastic coefficient is always
changing in the static loading experiment. After taking the absolute value, the elastic coefficient of the
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structure itself undergoes a series of changes without loading after tendon cut, which is consistent with
the results obtained by flow analysis. This process is a rebalancing process of the structure, which is the
restabilization of the structure itself under gravity after the tendon cut. Moreover, even the asymmetric
temperature can also influence the redistribution of structural internal force [44].
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Figure 9. (a) The measured displacement and (b) elastic coefficient at displacement meters (loading
device: D2_UF, D2_UB, D2_LF, D2_LB, D5_UF, D5_UB, D5_LF, and D5_LB) in every loading step of
box girder 2. The green vertical line indicates tendon cut, and the red vertical line indicates the start to
the end of static loadings.
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Figure 10. Max value of 2D-CC of the IoD matrix of box girder 2 between every considered step to
every initial step at approximately 2-5% design load: 51 kN, 74 kN, 97 kN, and 118 kN (steps 4-7,
respectively). The green vertical line indicates tendon cut, and the red vertical line indicates the start to
the end of the static loading experiment.

In detail, in Figures 10 and 12, for stages 2, 5, and 8-11 of static loading, the difference matrix of
displacement detected by different meters in different locations of the structure may slowly change,
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since the loading increases on the structure and the 2D-CC decreases; since the damages have occurred
differently, the 2D-CC can still be maintained at a stable level after the static loading experiment. Once
the loading disappears, there is a sudden but great change. For the 3rd and 6th stages of tendon cut,
the 2D-CC changes suddenly, signifying the severe redistribution of internal force in the structure.
Since the damage increases from the 3rd stage to the 6th stage, the reaction of the 6th stage will be more
severe. From the 2D-CC of the intensity distribution, every time after the tendon cut, there is a short
time in which the structure can migrate to a new balance (a new development of the artificial damage
and a new resistance condition), and the flow in the system will change with high uncertainty. For the
4th and 7th stages of the recovery period (almost 3 days) after the tendon cut, from comparing Figure 10
with Figure 12, it is very clear that different kinds of tendon cut will have different results. In the result
of box girder 2, from the tendency in Figure 10, just after the tendon cut, suddenly, the 2D-CC of the
difference matrix increases, which means the structure may have an enhancement within a short time,
and perhaps the structure releases some of its residual resistance at once. Then, the structure will be
in a series of changes of alternating cycles, enhanced or weakened, and then achieve new balances.
There are two shapes of “W” in both recovery periods of 3 days, and the 2D-CC experiences 5 recovery
stages. For the reason that the difference matrix S shows the difference of displacement detected every
two meters, it can be used in a variety of transferring equilibria of the displacement swarm (detected
by different meters) in the structural artificial lifetime. Since in the asymmetric cut of C1, C2, and C3 in
box girder 2, there are 3 equilibria transferring, there exists a “far from equilibrium state” according
to dissipative structure theory, such as the change of recovery stage 2 and recovery stage 4 as seen
in Figure 10. Meanwhile, in Figure 12, the box girder 3 is symmetrically cut, and from the original
data, it may not be easy to find such kind of changes. About this phenomenon, from the perspective
of flow analysis, it may contain the linear change near the real balance state, i.e., the so-called “near
equilibrium state”. After the tendon cut, the change of the system is possibly influenced by the action
of environmental micro-perturbation, where the crack or the weak part in the structure slowly crept so
that the structural damage occurred and developed in different locations, but due to the asymmetry of
the tendon cut, the 2D-CC of the difference matrix can clearly indicate the damage effect for that the
reference (initial) matrix is designed based on the initial symmetry structural state.
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Figure 11. (a) The measured displacement and (b) elastic coefficient at displacement meters (loading
device: D2_UF, D2_UB, D2_LF, D2_LB, D5_UF, D5_UB, D5_LF, and D5_LB) in every loading step of
box girder 3. The green vertical line indicates tendon cut, and the red vertical line indicates the start to
the end of static loadings.
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Figure 12. Max value of 2D-CC of the IoD matrix of box girder 3 between every considered step to
every initial step at approximately 2-5% design load: 50 kN, 73 kN, 87 kN, and 117 kN (steps 3-6,
respectively). The green vertical line indicates tendon cut, and the red vertical line indicates the start to
the end of the static loading experiment.

In summary, since the test beams have the symmetrical size and commonly used type in the field,
the damage detection based on 2D-CC of the characteristic of the displacement flow can investigate
the continuous damage caused by the static loading and the tendon cut. Especially for the tendon cut,
the special “W” shape is clearly seen.

4.3. Qualitative Study of the Acceleration Flow

The qualitative study involves an understanding of a phenomenon, situation, or event which
comes from exploring the totality of the situation [45]. In this study, the impact hammer experiment
was carried out manually. It is almost impossible to collect raw data continuously in all loading instants,
so flow analysis can only be conducted discretely at nine major stages. The results of limited stages can
only give a trend to approximate the damage changes in the structural artificial lifetime. So, in the flow
analysis for the impact hammer experiment, the qualitative study is the mainstay, supplemented by the
quantitative study to evaluate this trend. Further, inspiration is taken from the tendency of stock market
research or other fields, where an average directional index (ADX) or directional movement index
(DMI) is an indicator used in technical analysis as an objective value for the strength of a trend [46],
wherein one kind of qualitative directional index (QDI) is proposed to identify the effectiveness of the
methods. When comparing the reasonable development tendency and the analytic result, every change
of forward and backward development will be defined by +1 and —1, respectively.

QDI was calculated as follows: First, in a sequence, from one point to the next point, if the
derivative (or value of the post value minus the previous value) of the broken line is positive, the value
of change is “+”; if the derivative of the broken line is negative, the value of change is “—"; if the
derivative (k;, i=1,2,3, ... ,N) of the broken line is 0 or near 0 (|k;|/ [ki1| <&, i =1, (|k;|/|kis1] <€)U
(|k[‘/|k,’_]‘ < £), i= 2,3,4, .. .,N - l, and ‘ki‘/‘kl‘—l‘ <eg, i= N), where ‘ki—l‘r |k[‘, |ki+1‘ are three
adjacent derivative values and ¢ is a very small number, or usually just according to the resolution
of the naked eye on figures or curves), the value of change is 0. Second, according to the QDIs of all
variables of characteristics (sum of data, whose absolute value should be not less than 7, and 7 in this
paper is 2/8) of the tendency, delete the result which cannot be clearly distinguished. Then, assign
the weight: For the order, 1, and for the value, 3. Meanwhile, get the sum of these value, and if it is
positive, it is +1, and if negative, —1. Last, get the accumulation of the value over the total number
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of stages. For example, for the approximate steps in 2D-CC of IoD matrices for the time in different
stages of the impact hammer experiment (Figure 13), its QDI is 6/8.

0.8 1

06+

2D-CC

Stage

Figure 13. 2D-CC obtained in impact hammer experiments at step {X, 51, 67, 310, 380, 399, 650, 730,
770}, where X is any element from set {4, 5, 6, 7} in Figure 10 corresponding to stages 1-9 of the impact
hammer experiment on box girder 2.

The indicators show the same tendency of damage development in the two girders using different
kinds of variables. Take the 2D-CC, for instance. The characteristic matrices are introduced in
Section 3.1, M, in which Xij is the expectation of characteristic values of time series at one hit point.

All characteristics and variables to describe the characteristic matrices are analyzed by qualitative
study, and the results are summarized in Tables 5 and 6. In Table 5b, since the determinant, distance,
and Procrustes will increase, here, we just multiply it by —1 in the results of these variables. In Table 6b,
since the determinant, distance, Procrustes will increase, here, we just multiply it by —1 in the results
of these variables.

The final QDI of the acceleration flow described by these characteristics and variables are 3/8
(by variables) and 4/8 (by characteristics) in Table 7 (referring Table 5a and Figure 13), respectively.
Surveying these tables, different characteristics have different sensitivities to reveal the tendency
of damage development; from Table 6, the max-peak-time has the best results from three selected
characteristics. Overall, there are many equilibrium states of flow (stages 1-2, stages 2-7, and stages 7-9)
from Figure 13 and Tables 5 and 6 and at stage 2 and 7, there are large balance equilibria migrations,
such that various characteristics will have larger differences than other stages.

Generally, but not strictly, [0, 0.3) means no correlation, [0.3, 0.5) is a weak correlation, [0.5, 0.8)
is moderate correlation, and [0.8, 1.0] is a strong correlation. From Tables 8 and A2, the coefficients
of the sequence correlation between every two characteristics of acceleration flow have many
strong relationships. Since the correlation coefficient is related to cosine similarity [47], it also
shows that the different intensity of flow will have different responses of structure in Section 2.2.
In the experimental data analysis, different from the data (the IoD) obtained from the static loading
experiment (displacement flow), the data (max-peak-time, max-peak, and lifetime) obtained from
the impact hammer experiment (acceleration flow) shown in Figure 10 only had a weak correlation
in the tendency of change. However, from observation of the curve in Figures 13 and 14, the QDI
of displacement flow with 2D-CC is superior to any characteristic of acceleration flow in the impact
hammer experiment with only 2D-CC in numerical value.

In summary, the damage indicators using flow analysis provide a new study of damage
assessment. Although the results are not yet perfect, it is still possible to find that if the appropriate
variables and characteristics are selected, satisfactory results can be obtained.
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Figure 14. The mean value change of the 2D correlation coefficient between the test (considered) stage

and reference (initial) stage matrix ((a), max-peak-time; (b), max-peak; (c), lifetime) in 9 stages, the top
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Table 5. Qualitative study of the flow analysis of acceleration flow from the viewpoint of the variables.
(a) Qualitative study of the flow analysis of acceleration flow for 2D-CC for Figure 14. (b) Qualitative
study for normalization of all “averages” for all variables.

(a)
Stage Sum Data
Characteristic Matrix Type
1-2 23 334 45 536 67 7—8 89 QDI
. Order -1 -1 +1 -1 0 -1 +1 -1 3/8
Max-peal-time Value 3 0 3 -3 4 3 0 -3 4/8
Order -1 -1 -1 +1 -1 -1 -1 +1 4/8
Max-value Value 3 3+ 3 0 3 43 43 1/8
. Order -1 -1 -1 +1 +1 +1 +1 -1 0/8
Lifetime Value 30 0 -3 -3 43 43 -3 2/8
Average - -1 -1 -1 -1 0 -1 +1 -1 -
Accumulation - -1 -2 -3 —4 —4 -5 —4 -5 5/8
(b)
Stage Sum Data
Variable Original Trend
1—-2 23 3—4 45 596 6—7 7—8 89 QDI
Determinant Increase -1 -1 -1 -1 0 +1 -1 -1 5/8
Norm Decrease -1 -1 -1 +1 -1 +1 0 0 2/8
Max eigen Decrease -1 —1 +1 +1 -1 —1 +1 +1 1/8
2D-CC Decrease -1 -1 -1 -1 0 -1 +1 -1 5/8
Distance Increase -1 -1 -1 -1 +1 +1 +1 -1 2/8
Procrustes Increase -1 —1 +1 -1 +1 +1 0 -1 1/8
Average - -1 -1 -1 -1 0 +1 +1 -1
Accumulation - -1 -2 -3 —4 —4 -3 -2 -3 final QDI 3/8
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Table 6. Qualitative study of the flow analysis of acceleration flow from the viewpoint of the
characteristics. (a) Qualitative study of the flow analysis for the characteristic of max-peak-time.
(b) Qualitative study for normalization of all “averages” for all characteristics.

(a)

. Matrix Type and Stage Sum Data
Variable Original Trend =y 55 3 354 455 536 657 738 89 QDI
Determinant Order (Increase) -1 -1 +1 -1 -1 +1 -1 +1 2/8
Value (Increase) -3 -3 -3 -3 +3 +3 -3 -3 4/8
Norm Order (Decrease) +1 -1 +1 -1 +1 -1 +1 -1 0/8
Value (Decrease) -3 -3 -3 +3 -3 +3 -3 +3 3/8
Max eigen Order (Decrease) 0 0 0 0 0 0 0 0 0/8
Value (Decrease) -3 +3 -3 +3 -3 +3 -3 +3 0/8
2D-CC Order (Decrease) -1 -1 +1 -1 0 -1 +1 -1 3/8
Value (Decrease) -3 0 -3 -3 +3 -3 0 -3 4/8
Distance Order (Increase) -1 -1 +1 -1 -1 +1 -1 +1 2/8
Value (Increase) -3 -3 -3 -3 +3 +3 -3 -3 4/8
Procrustes Order (Increase) -1 +1 -1 +1 -1 +1 +1 -1 0/8
Value (Increase) -3 -3 0 +3 -3 0 0 0 2/8
Average - -1 -1 -1 -1 -1 +1 -1 -1
Accumulation - -1 -2 -3 —4 -5 —4 -5 —6 QDI6/8
(b)
Stage Sum Data
Variable
1—-2 2—3 3—=4 45 5—6 6—7 7—8 8—9 QDI
Max-peak-time -1 -1 -1 -1 -1 +1 -1 -1 6/8
Max-peak -1 -1 +1 -1 -1 -1 +1 -1 4/8
Lifetime -1 -1 +1 -1 -1 +1 -1 -1 4/8
Average -1 -1 +1 -1 -1 +1 -1 -1
Accumulation -1 -2 -1 -2 -3 -2 -3 —4 final QDI is 4/8

Table 7. Comparison between acceleration flow in Table 5a and displacement flow in Figure 13 in
qualitative study (variable: 2D-CC).

Type of flow Stage Summary
1-2 253 3—4 4—5 5—6 6—7 7—8 89 QDI
Acceleration Flow -1 -1 -1 -1 0 -1 +1 -1 5/8
Displacement Flow -1 -1 -1 0 -1 +1 -1 -1 5/8

Table 8. Correlation coefficients between every two characteristics in acceleration flow and
displacement flow using the analysis data of the box girder 2 experiment by 2D-CC in Table A2.

Type of Flow Characteristics Displacement Flow Acceleration Flow
IoD Max-peak-time ~ Max-peak Lifetime
Displacement Flow IoD 1.0000 0.6257 0.3700 0.2325
Max-peak-time 0.6257 1.0000 0.8175 0.8221
Acceleration Flow Max-peak 0.3700 0.8175 1.0000 0.7663
Lifetime 0.2325 0.8221 0.7663 1.0000

4.4. Comprehension between Flow Characteristics and Structural Dynamic Characteristics

The modal analysis and flow analysis can both be data analysis tools (Table A1), but even when
analyzing the same data, they interpret structure and flow characteristics differently. Using the same
data as the flow analysis, from the previous research, in all modes of modal analysis, the frequencies
of lower modes (e.g., the 1st and 2nd bending modes in Figures 15 and 16 using stochastic subspace
identification (SSI)) may be adequate to evaluate the structural damage degree. The QDIs of both
modes are shown in Tables 9 and 10.
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Figure 15. (a) The 1st bending mode, at around 29 Hz (29-31 Hz) and (b) the 2nd bending mode of box
girder 2, at around 65 Hz (62-67 Hz). Different shades of color indicate changes in mode at different
stages. Purple indicates sensors 1-5, and blue indicates sensors 6-10. Uniformity is indicated at the
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Figure 16. The mean value of (a) frequency and (b) damping ratio of the 15 bending mode and the
mean value of (c) frequency and (d) damping ratio of the 2"¢ bending mode.

Table 9. Qualitative study of two selected modal parameters of the 15t bending mode.

Stage QDI
Variable
1—-2 23 3—4 45 546 67 78 89
Frequency -1 +1 +1 -1 +1 +1 -1 -1 0/8
Damping Ratio -1 -1 +1 +1 -1 -1 +1 +1 0/8
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Table 10. Qualitative study of two selected modal parameters of the 2" bending mode.

Stage QDI
Variable
1—-2 23 34 45 56 6—7 78 89
Frequency -1 +1 +1 -1 -1 +1 -1 -1 2/8
Damping Ratio -1 -1 -1 +1 +1 -1 +1 -1 -2/8

When the artificial damage gradually increases in the structure, the internal forces were
redistributed, such that the cracks may be wider, deeper, and longer; the relationship between
substructures may change; and the rate of energy dissipation may vary. The strength of associations
among substructures will directly affect the occurrence and development of cracks. Then, the flow
in the system may have different routes and rates of dissipation. There are some assumptions or
presuppositions:

1. Once the crack has emerged, it will not disappear, and the depth and length will not shrink.

2. The redistribution of internal forces will change the strengths of associations among substructures
as well as the width of cracks.

3. Instatics, the energy dissipation is depending on the length of the route that the flow goes.

4. The natural frequency is determined by the structure itself, and the elastic modulus or coefficient
of stiffness will directly influence the change of the natural frequency. Natural frequency in the
experimental data processing using SSI is a holistic concept of the structure.

5. Global change is determined by the sum of the local changes.

In practice, the material characteristics of some systems are often nonlinear and nonstationary
(for instance, the concrete box girder), and thus some structural characteristics may be ineffective.
Further, the flow analysis of acceleration flow can be effective using the same original data of the
modal analysis.

Comparing the results between modal analysis and flow analysis in Figures 14 and 16, and from
the qualitative study in Tables 5, 6, 9 and 10, some observations can be made as follows: In the
experiment, the overall size of the structure does not change visually, while the sizes of the existing
cracks or new cracks, with their continuous development, will have undergone tremendous changes.
From the results, the flow characteristics are more sensitive to the cracks’ depth and length, while the
structural characteristics through modal analysis are more sensitive to the redistribution of forces or
the width of the cracks; both are specially related to the topology of the flow channel in class 2 of flow
characteristics. That is to say, despite the topology of the channel being hard to obtain, its change will
bring about the change of max-peak and max-peak-time in other classes of characteristics (1st and
3rd) and the structural characteristics. Among three kinds of flow characteristics, the max-peak and
max-peak-time are relating to the change of “flood” of flow and the change of the flow’s main part,
respectively, while the lifetime is related to the whole process of the flow change in the structure. Put
another way, the energy dissipation in the structure from the locations of input to the locations of
output in the impact hammer experiment will follow different paths. When there is max flow (the max
magnitude), it means there are “floods” in some locations.

As the natural frequency changes in Figure 16 shows, the coefficient of stiffness has changed for
the reason of cracks change. To sum up, the natural frequency and the “max-peak and max-peak-time”
have relatively strong coefficient correlations in Table 11. In Figure 16, in the process of every tendon
cut and recovery after tendon cut (from stage 3 to stage 4 and from stage 6 to stage 7), the force may
be redistributed again, the specific prestressing design leads to an increase in the elastic modulus
of many positions, and the crack width becomes smaller, resulting in an increase of the low-order
natural frequency and a decrease of the damping ratio. Through observation, the flow characteristics
of max-peak and max-peak-time are not sensitive to the width of the cracks, thus they would not
change abnormally. Concerning the damping ratio and the lifetime, they share the same idea that the
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intensity of the wave gradually decreases. In the assumption, the global change is determined by the
sum of the local changes; one the one hand, the stiffness coefficient varies in different locations and
differs from the global one, in that the different integrated methods (such as the modal parameters)
will give different results, which will not correctly reflect the real damage of the structure; on the other
hand, the flow analysis combined almost all original data space (data recorded at the surface of the
structure) in different locations to investigate the change of public information and it can help get
the result with higher precision. Furthermore, if we concern all kinds of structural characteristics, as
well as many kinds of flow characteristics simultaneously, some better results may be obtained in the
analytic hierarchy process.

Table 11. The correlation coefficient between every two characteristics in the acceleration flow of box
girder 2 by 2D-CC and frequency and damping, referring to Table A2.

Method Characteristics Displacement Flow Acceleration Flow

Fr_29 Fr_65 DR_29 DR_65 Max-peak-time Max-peak Lifetime

Fr_29 1.0000 09861  0.3227  0.8637 0.8255 0.6292 0.5490

Modal Fr_65 0.9861 1.0000  0.1858  0.7919 0.8564 0.6910 0.6575
Analysis DR_29 0.3227  0.1858  1.0000  0.6102 —0.0929 —0.3238  —0.5776
DR_65 0.7067  0.6379  0.7949  0.8552 0.3604 0.1273 —0.0547

Flow Max-peak-time ~ 0.8255  0.8564  —0.0929  0.6257 1.0000 0.8175 0.8221

Analysis Max-peak 0.6292  0.6910  —0.3238  0.3700 0.8175 1.0000 0.7663

using 2D-CC Lifetime 05490  0.6575 —0.5776  0.2325 0.8221 0.7663 1.0000

Note: Fr_29 and Fr_65 mean the frequency around 29 Hz and 65 Hz, respectively, while DR_29 and DR_65 are the
damping ratio corresponding to the frequency around 29 Hz and 65 Hz, respectively.

In summary, through evaluating the order matrix and value matrix in flow analysis, both the
intrinsic variables and comparison variables in different stages outperformed the modal characteristics
(frequencies and damping ratios). By analyzing the correlation of two methods, it is obvious that both
complement each other. If they are used in conjunction, some better structural damage assessment
may be achieved, and then multi-criteria decision-making [48] can be conducted.

4.5. Measurement, Sampling, and Error

Generally, in order to know the behavior of flow in the structure, we measure the flow of
import-export through the structure to indirectly assess the interaction (described as the dynamical
field) between structure and environment. Moreover, this interaction can be formed between structure
and flow, as well as between flow and environment. Further, in a global system, the measured data
(often in time series) often contain information of structure, flow, and environment at the same time.
For instances, for a time series, the natural frequency can be obtained from the modal analysis, the flow
characteristics can be obtained from flow analysis, and some environmental characteristics can also be
obtained from the error analysis, even when the whole environment is well controlled (e.g., in indoor
experiments). Furthermore, every measurement might carry environmental update information. So,
based on our assumption, inherent error analysis can also be partly treated as environmental analysis,
although the experimental condition is strictly controlled in this indoor experiment.

In the data analysis, it is difficult to avoid some errors. To explain the reasons for these errors,
besides the influence of the environment and random error of measurement, there are inherent errors
in the data itself. Here, to explain the data accuracy, two possible reasons in this section are discussed.

Firstly, the arising phenomenon that causes the insufficient sampling rate of the experiment results
is limited by the instrument [49].

Secondly, the assumed ideal situation and the situation in practice are sometimes totally different
or the measurement error is so great that the information we want is hard to distinguish. In the
construction and conservation period, this girder has experienced kinds of interactions with the
environment, but also its own structural defects, and maybe there are numerous microcracks in the
structure that cannot be observed with the naked eye, so the inner condition is not ideal.
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Following is a pair of order matrices for acceleration flow with 7 input locations and 7 output
locations in the initial stage: Real measurement versus the ideal situation (experiment in Figure 17):

(2 3 1 4 5 6 77 1 2 3 4 5 6 7 ]
23146 75 2 1,3 3,1 4 5 6 7
3421756 3 24 42 1,5 51 6 7
2 6 3415 7]|VS|43553 266217 71
56 43217 5 46 64 37 73 2 1
6 5 47 213 6 57 75 4 3 2 1

L4 1 2 7 5 6 3] L7 6 5 4 3 2 1

For one input location, there may firstly be two possible sensors to detect the same prescriptive
signal at the same time. For example (red font in the matrix above), for the input at hit 2, sensors 1
and 5 may detect this signal at the same time, but in the real measurement, either sensor 1 or 5 would
detect the signal earlier rather than the two sensors detecting it at the same time.

Hit 1 Hit 2 Hit 3 Hit 4 Hit5 Hit 6 Hit7

1 iz N \

7 %
1P S S P P P e
Sensor Sensor Sensor Sensor Sensor Sensor Sensor

1 2 3 4 5 6 7

Figure 17. Two-dimensional layout of 7 hit points and 7 sensors on a beam.

Furthermore, in the quantitative study for the displacement flow, the unique data do not have
statistical meaning. In the qualitative study for the acceleration flow, only investigating the expectation
in statistics cannot provide the continuous and comprehensive change of the structural artificial
lifetime. Further, in some cases, human error may also bring about some strange or wrong results.
Fortunately, in this paper, the summarized results have a clear trajectory of change, which is enough to
approximately show the overall change of the structure, and these indicators in flow analysis can be
used to demonstrate the damage development.

4.6. The Application of the Flow Analysis in Practice

To apply the indicators of flow analysis to damage identification, there are several concerns,
as follows.

First, the characteristics for decision-making should be carefully chosen. For different kinds of flow,
how to select these characteristics properly depends on the structural types, materials, environment,
and so on as well as the measurement practicability. Second, the experiment (detection or monitoring)
should be well organized so that the data can carry enough information about the structure and flow.
Third, if possible, multiple kinds of flow should be considered, which can aid in better analysis and
comparison in practice. Last, besides flow analysis, other kinds of methods can also be conducted to
help decision-making.

For the damage caused by static loading, if a structure is damaged, the structural equilibrium
state may change. For example, in our case, about the quantitative study of the displacement flow,
in stage 2, the structure firstly suffers a heavy loading and its inner structural rebalance occurs; after
the loading, a permanent change appears in the curve “2D-CC versus step”. Moreover, after static
loading in stage 7, the 2D-CC is near or smaller than 0, so the system becomes totally different from
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its formal equilibrium and there is a high likelihood that the structure has experienced great damage.
Further, in the discussion about the qualitative study of the acceleration flow, there are 3 equilibria.
The first equilibrium is from stage 1 to stage 2. The second equilibrium is from stage 2 to stage 7. From
stage 2, the structure has suffered a series of changes, for which almost all the indicators tend to be in
disorder of complex curve-changing to a certain extent. The third equilibrium is from stage 7 to stage 9.
After stage 7, the change of all variables describing reunification of all characteristics occurs, indicating
that the structure may suffer a strong weakening. In practice, if there is an anomalistic change for all
curves of indicators, it means there is an equilibrium shift of flow and there may be a great damage in
the structure such that it asks the decision-maker to pay more attention to whether there is a need to
maintain the structure.

In the tendon-cut damage case, the broken tendon is mostly asymmetrical in real structures. In our
research, it is shown that an asymmetrical tendon cut will have a serial of rebalances in the structure
and that the flow in the structure will have a large number of states far from equilibrium in the vicinity
of the equilibrium state, and finally, a new balance will be formed. This kind of special change will
be used to indicate the tendon breakage or not. The tendon here is cut at the end. More experiments
should be done, as there may exist different kinds of modes when the tendons are broken in different
ways or locations of prestressed structures.

Further, only concrete box girders were tested in this study. More tests should be conducted with
other styles of structures and damage.

Fortunately, according to the dissipative structure theory, all structural changes follow the same
law in system theory on equilibrium state migration. Meanwhile, if there is a big change in the
structure, the efficient indicators can identify such changes as well. Since the flow exists in every
system and the change of structure is just reasoned as the interaction between the structure and
the flow, then the flow characteristics should have some changes corresponding to the changes in
the structure.

The experiment method applying flow analysis can also be used in the common health monitoring
of bridges or other structures, such that the curve of the flow characteristic may have a clearer and more
continuous tendency. For the real bridge, for the displacement flow, the damage caused by tendon cut
and the loads (vehicles or humans) can be detected by a swarm of meters. For the acceleration flow, it
may use the data of vibration caused by wind, rain, or interaction between bridge and vehicles to show
the change of flow in different characteristics. The arrangement of sensors can be decided according to
the specific problem, and the data style can be varied in practice. Besides this research, to use the flow
analysis with the data obtained by other methods, the data should be well organized into swarm data.
Then, the reconstructed data matrix or some other form of data may be used in flow analysis.

5. Conclusions

In the global structural system, the interaction between structure and environment can be
transformed into the interactions between structure and flow and between flow and environment;
the interaction among substructures can be transformed into the interaction between flow and
substructures. Flow can destroy the structure and can also be used to evaluate the structure. Often,
but not strictly, a strong flow might damage structures, while a weak flow can be used to detect the
existence and the level of damage. The flow analysis is mainly about the stability of flow characteristics.
By evaluating the change of these characteristics, it is possible to assess the damage of the structure
when the structural condition changes.

The flow analysis defines a system as a dissipative structure, utilizes the combined data space,
provides a general description (usually matrices) of the system, and compares the similarity among
different system development stages which can precisely identify the minor changes in the system.
Kinds of flow characteristics can have relatively clear tendencies in the artificial structural lifetime,
which indicates that the flow characteristics can be used to evaluate the structure indirectly with a
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higher QDI than some structural characteristics in the modal analysis with higher sensitivity in the
damage diagnosis.

The main experiment objects are two nearly full-scale girders, investigations of which have been
rarely conducted in past studies. In the experiment, two kinds of information flow were investigated
in data analysis: Displacement flow and acceleration flow. The continuous aggravating damage was
applied to the structure in different stages. In this process, the change of the flow characteristics
can approximately indicate the tendency of the increasing damage, while some modal parameters
(in modal analysis) failed to distinguish the change of structure, which shows the swarm behavior of
displacement and the swarm behavior of waves, indicating the multistage redistribution of force and
cracks in the structure.
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Appendix A
Table A1. Wave characteristics for damage diagnosis.
Wave Characteristics (Flow) Damage Diagnosis
Sound (Voice, Song) Wave (Flow) Analyzing Methods Data Processing
Loudness Amplitude/wavelength Flow characteristics, The data in flow analysis are
. Distance, sound pressure Structural characteristics, ~ often in a matrix, evaluated by
Acoustic pressure . ) . : ;
or intensity, dampmg etc. determinant, norm, max eigen,
Audi . . direction and speed of Frequency response, 2D correlation coefficient,
uditory impression sound (velocity) Time-history response, distance, and Procrustes;
Tone Frequency etc. for statistics: expectation,
Musical sound or H i Extreme analysis, variance, mode, median;
noise armonic wave pattern recognition, For other data forms, there are
Timbre Wave pattern analysis of some other evaluation
Pitch interval Wave interval similarity /difference, etc. methods.
Concerto, Symphony Principal component analysis, association analysis, etc.

Table A2. The characteristics of modal analysis and flow analysis.

Method Stage Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9
Fr_29 30.8520 29.8801 29.9573 30.1747 29.7761 29.8173 30.0631 29.5403 29.1955

Modal Fr_65 66.8703 63.8428 64.0005 64.8976 63.6303 63.5853 64.5042 63.2012 62.5008

Analysis DR_29 —0.0284  —0.0241  —0.0229  —-0.0240 —-0.0238  —0.0242  —0.0240 —0.0311  —0.0314

DR_65 —0.0493  —-0.0486  —0.0502  —0.0474 —0.0496  —0.0535 —0.0492 —-0.0584  —0.0577

Flow ToD 1.0000 0.7368 0.7223 0.6059 0.6199 0.2811 0.5612 0.1408 —0.3431
Analysis Max-peak 1.0000 0.7929 0.7951 0.7722 0.6594 0.7146 0.7184 0.7239 0.6980
using Max-peak-time  1.0000 0.9453 0.9359 0.9461 0.9453 0.9456 0.9223 0.9399 0.9467
2D-CC Lifetime 1.0000 0.1936 0.2128 0.2512 0.0047 -0.0276 0.2502 0.4485 0.3660

Note: Fr_29 and Fr_65 denote the frequency around 29 Hz and 65 Hz, respectively, while DR_29 and DR_65 are
the damping ratios corresponding to frequency around 29 Hz and 65 Hz, respectively. Flow analysis (2D-CC) is
applied on the difference matrix of IoD of displacement flow and the value matrix of max-peak-time, max-peak,
and lifetime of acceleration flow.

97



Sustainability 2019, 11, 710

Figure Al. Simulation by the Lattice Boltzmann method (LBM) for the flow in the space in different
stages (A, B, C, and D), in which Al, B1, C1, D1 simulate the line—crack barrier, while A2, B2,
C2, and D2 simulate the round hole barrier. The flow is imported into the system with a limited
boundary continuously.

Note for Figure Al: There are three basic methods to simulate the flow for different fineness: the
graph method and element method (finite element method, FEM, and boundary element method,
BEM, etc.), responding to the macroscale or LBM (Lattice Boltzmann method) responding to mesoscale
(multiscales); and the field method, responding to the microscale. Based on the element method and
LBM, the flow in systems can be shown up figuratively. Further, the graph method is often used in the
search for the propagation path for energy flow in structures or systems that have clear boundaries,
and the method using field theory to describe the flow more mathematically, which is an important
aspect in fluid mechanics, wind mechanics, gravitation, and geomagnetics, etc.
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Abstract: The ground motion characteristics are essential for understanding the structural seismic
response. In this paper, the time-frequency analytical method is used to analyze the time-frequency
energy distribution of ground motion, and its effect on the dynamic response of nonlinear structure is
studied and discussed. The time-frequency energy distribution of ground motion is obtained by the
matching pursuit decomposition algorithm, which not only effectively reflects the energy distribution
of different frequency components in time, but also reflects the main frequency components existing
near the peak ground acceleration occurrence time. A series of artificial ground motions with
the same peak ground acceleration, Fourier amplitude spectrum, and duration are generated
and chosen as the earthquake input of the structural response. By analyzing the response of
the elasto-perfectly-plastic structure excited by artificial seismic waves, it can be found that the
time-frequency energy distribution has a great influence on th