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Abstract. Smartphone, integrated with CPU, sensors, network, and storage capability, is
developed rapidly in recent years. A cloud-structural health monitoring method based on
smartphone was proposed, and a structural health monitoring system Orion-CC, which integrates
functions of data acquisition, data analysis and data upload, was developed on smartphone to
perform structural health monitoring without any other professional devices. And the feasibility
of Orion-CC was proved by the cable force test. A cloud-SHM data sharing website was built to
make the data synchronization between smartphone and website, and realize data uploading and
sharing, which can improve the efficiency of monitoring and big data integration, make the
possibility for big data collection and quick structural safety evaluation.
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1. Introduction

Structural health monitoring (SHM) as an effective measure to ensure the safety of large-scale
engineering, has been developed rapidly these years [1]. SHM has matured with many advanced
techniques. However, some problems should be considered further. First, the object of SHM is
typically a piece of important infrastructure, such as large bridge spans, offshore platforms and
large dams. However, some structures with less significance may require SHM for safety purposes.
Generally, an SHM system is relatively expensive; thus, it is not possible to install SHM systems
on every structure. Additionally, SHM systems typically consist of a complex set of various types
of sensors, devices and software, which generally requires professional installation and monitoring.
Developing a low-cost and convenient monitoring technique will be helpful for the safety
maintenance of less significant structures or some special construction procedure for field work
[2].

In recent years, smartphones have become popular on an unprecedented scale and can now be
used as an effective scientific tool. Rapid development of the smart-phone commercial market has
offered the possibility that everyone can carry a mini personal computer that is integrated with
sensors, an operating system and communication systems that can be an effective tool for SHM
research. Smartphones with an operating system and built-in sensors have already been applied to
many fields other than the communication field, including human health monitoring [3], vehicle
accident detection [4], and motivation recognition [5-7].

The application of smartphones to SHM has also been validated preliminarily by authors [8],
who proposed a new idea for SHM using smartphone’s built-in sensors; their cable force test
results indicated that the practicability and accuracy of this approach could satisfy engineering
requirements [9, 10]. The authors have established an open website, www.cloudshm.com, which
allows anyone to connect to it, upload and share monitoring information. For more rapid disaster
evaluation after earthquake, software was also developed to investigate seismic intensities [11].
An application D-Viewer, which can measure the displacement only by one smartphone, has been
launched to APP store for free download [12]. All of these applications have shown the feasibility
of using smartphones for SHM. The popularity of smartphones presents opportunities for the
implementation of a portable SHM system that is compact, low cost, smart phone-based, and
intuitive to operate [13-16].
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Based on these studies, Orion-CC, an application that integrates data collection and analysis,
was developed by the authors to perform a cable force test without any other professional devices;
an open website www.cloudshm.com was built to collect monitoring data, make the possibility
for big data collection and quick structural safety evaluation.

2. Framework of cloud-SHM

The framework of Cloud-SHM based on smart phone is shown as Fig. 1.

In apperceive control level, structural parameters can be obtained by built-in sensors, such as
GPS information, temperature, acceleration, angle, displacement and so on. The interactive interface
on smart phone can be applied to the seismic intensity investigation. The monitored data can be
uploaded to server or website in network transmission level, and integrated in information integration
level. Then the data can be processed to obtain the variation of structural parameters. According to
the variation, the structural damage can be evaluated. Then the safety or damage information can be
sent to smart phone user, based on the feedback, safety measures can be taken to provide guidance.
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Fig. 1. Framework of cloud-SHM based on smart phone
3. Cloud-SHM system Orion-CC
3.1. Design of Orion-CC

Orion-CC was launched by our research group in the Apple App Store, and it is available at
the following URL: https://itunes.apple.com/cn/app/orion-cc/id951253417?mt=8. This mobile
application makes use of the camera and built-in sensors to collect data, complete data analysis,
and obtain parameters needed for the cable force calculation. All the collected data and cable force
data can be uploaded to the website www.cloudshm.com by network for data sharing.

3.2. Functions of Orion-CC

Some interfaces of Orion-CC are shown as Fig. 2, (a) is the main interface, and it includes
several functions as follows.

1) The collection of current location, for obtaining the location of the monitoring project.

2) The establishment of monitoring project, for building the database of current monitoring.
The collecting projects are shown as Fig. 2(b).

3) Data analysis, from which the acceleration time-history curve and frequency spectrum can
be obtained. The frequency difference can be obtained by picking up frequency orders, which is
shown as Fig. 2(c). And then the cable force can be calculated according to the cable parameters,
which is shown as Fig. 2(d).
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3.3. Network function of Orion-CC

The data can be uploaded to cloud structural health monitoring data sharing platform
www.cloudshm.com. A same account is needed to register on website and smart phone. People
can build monitoring project by logging in their own account, which is shown as Fig. 3, then goes
to the main interface as Fig. 2(a) to complete monitoring.

After the data collection and calculation, the project including GPS information, acceleration,
cable force, etc. can be synchronized to website to realize the data sharing.

4. The application on cable force measurement
4.1. Introduction

Vibration method is chosen to measure the cable force. Engineers usually test the cable force
on site by exciting a fundamental frequency. In engineering applications, the frequency difference,
also known as the adjacent frequency difference, is used as the fundamental frequency. The
relationship between the cable force and frequency difference is shown as Eq. (1) (disregarding
the effects of stiffness and sag) [17].

T = 4mI2(Af)?, 1

where m is the linear mass density, [ is the cable length and Af is the frequency difference.
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4.2. Cable force test on Xinghai Bay Bridge
4.2.1. Field test description

Orion-CC was applied to the cable force test on Xinghai Bay Bridge, and the cable force
comparison obtained by Orion-CC and Matlab post-processing to prove the feasibility of Orion-CC.

There are 84 group suspenders on each side, each group includes 2 suspenders, and the
elevation of the Xinghai Bay Bridge and suspender number are shown in Fig. 4.

Fig. 4. Elevation of Xinghai Bay Bridge
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Fig. 5. Field photo of suspender 18

In the field tests, as Fig. 4 shows, suspenders 15-18 in the southwest quadrant are selected for
testing using Orion-CC. There are 5 suspenders tested in total: No. 15-17 are one suspender/group
and two suspenders in No. 18. One suspender of group 18 is used as an example, and a photo is
shown in Fig. 5.

4.2.2. Test results

The test results of the five suspenders, including the frequency differences (natural frequencies)
obtained using Orion-CC and Matlab post-processing and the error between them, prove the
stability and feasibility of Orion-CC. A comparison is shown in Table 1.

Table 1. Frequency difference comparison between Orion-CC and MATLAB
Test time | Method 15 16 17 18a 18b
| MATLAB | 1.5411 | 1.5450 | 1.4533 | 1.2810 | 1.2680
Orion-CC | 1.5405 | 1.5413 | 1.4536 | 1.2801 | 1.2612
MATLAB | 1.5426 | 1.5375 | 1.4600 | 1.2818 | 1.2630
Orion-CC | 1.5425 | 1.5390 | 1.4651 | 1.2799 | 1.2619
3 MATLAB | 1.5402 | 1.5450 | 1.4580 | 1.2818 | 1.2722
Orion-CC | 1.5469 | 1.5413 | 1.4534 | 1.2815 | 1.2698
Maximum error between two methods in a test 0.44% | 0.24% | 0.35% | 0.15% | 0.54 %
Maximum error of Orion-CC in one suspender 0.66% | 0.51% | 0.82% | 0.12% | 0.81 %
Maximum error of MATLAB in one suspender 0.82% | 0.65% | 0.68% | 0.33% | 0.57%

Frequency difference (Hz) 2

As Table 1 shows, the error is very small using the two methods based on MATLAB and
Orion-CC in one test. The maximum error of Orion-CC in one suspender is less than 1 %, which
shows good repeatability of Orion-CC. Compared with other measurement methods, the reliable,
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convenient, and quick results are the biggest advantages.

Orion-CC has been launched in the Apple App Store, so anyone can obtain it for free.
Moreover, the interactive interface reduces the need for professional training. It can be a valuable
tool for an actual engineering application.

5. Cloud-SHM data sharing platform

The using of smart phone makes the field monitoring more convenient, low-cost and high-
effective. Moreover, the friendly interface is easy to operate, which makes it acceptable for public
people. So people can participate in the structural health monitoring actively, and makes the quick
safety evaluation possible, which is impossible by traditional monitoring system. The data
collected by smart phone can be synchronized to the cloud-SHM data sharing platform.
Combining the strong public participation of the smartphone, the quick large-scale monitoring and
evaluation under emergency condition becomes possible.

= -
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Fig. 7. Projects on the pla‘[forrlrmrw

Cloud-SHM data sharing platform supports user registration, the registered users can build
main-project and corresponding sub-project by logging in to accomplish data collecting or
processing. And then the synchronism function is selected to share data, including image, GPS
information, collected data and post-processing information. Users can manage the monitored data
by logging in the platform www.cloudshm.com, which is shown in Fig. 6.

The cloud-SHM data sharing platform displays all uploaded project with GPS information,
which is shown as Fig. 7. People can get the information easily by checking the map.

6. Conclusion

In this paper, a Cloud-SHM method based on smart phone was proposed, the software Orion-CC
was developed and applied to the actual engineering cable force test, which proved the feasibility
and convenience. The data sharing platform www.cloudshm.com was built to realize the data
integration and safety evaluation. The data collected on Orion-CC can be uploaded on the website,
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makes the collection of monitoring big data possible. The research on cloud-SHM based on smart
phone is the significance supplement for traditional structural health monitoring techniques.
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