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Abstract


Tensioning is an important process for producing prestressed concrete beams and directly affects bridge performance and driving safety. Active sensing and management of tensioning process data can improve the efficiency of quality monitoring and level of prestressed concrete beams. To realize remote collection and quality monitoring of tensioning process data, a framework for data sensing and processing of tensioning system based on the Internet of Things (IoT) is proposed in this study. Firstly, we investigate the technical framework and techniques of the system and designs a work flow of sensing, transport, and application service layers. The architecture of the tensioning system is presented. Then we propose a data acquisition and preprocessing method for the sensing layer, put forwards the data-pushing mechanism of the transport layer, and designs the function and work flow of the application service layer. After that, .NET platform and Android Studio are used to implement the tensioning system based on Browser/Server (B/S) architecture and mobile terminals. Finally, the case results of the system in seven precast beam fields in the Hubei section of Zhengzhou–Wanzhou high-speed Railway are given, which show that the developed system realizes collection, active pushing, and remote monitoring of tensioning process data.
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1. Introduction


Prestressed concrete beams are widely used in highway and railway construction [1], and their production process consists of four steps, namely, template installation, reinforcement assembling, concrete pouring, and prestress tensioning. Prestress tensioning is an important measure to improve the tensile strength of concrete [2,3,4,5,6], and its results directly affect the performance and quality of bridges [7,8]. The development of numerical control technology and smart devices has made intelligent tensioning a mainstream technology. Liao et al. [9] introduce the main working principle, technical process, and operating points of intelligent tensioning and provide practical experience for the application of an intelligent tensioning construction technology in road prestressed construction. Dong et al. [10] describe the application of an intelligent tensioning system in a box girder with a length of 30 m, which effectively reduces the problems in manual tensioning and improves the prestressed construction quality. Liang [11] develops an intelligent synchronous tensioning system that allows precise control of tensioning force and strand elongation. Xiao et al. [12] realize the automatic acquisition of tensioning force and displacement data, calculate regression coefficients, and present regression equation, which forms a relation curve of force and displacement. Intelligent tensioning can improve the precision of tensioning operations but lacks the management of monitoring, which can lead to the risk of false data. To grasp the situation of tension quality in real time, Yang et al. [13] study the full automation and remote monitoring methods of prestress tensioning process based on intelligent tensioning and large circulation grouting principle. Xiong [14] proposes the research idea of intelligent tensioning complete equipment based on the Internet of Things (IoT) and introduces expert systems and remote monitoring to improve the management level of tensioning. The remote monitoring system in the above-mentioned studies barely considers human–computer interactions and lacks pushing functions for active reminders and notifications; therefore, manual data input is still in need.



The development of technologies, such as IoT, radio frequency identification (RFID), and wireless sensing, has enabled the dynamic perception and automatic collection of construction process data [15,16,17], thereby providing managers with construction quality control and a basis for scientific decisions of follow-on production schedules [18]. Zhan et al. [19] propose a real-time enterprise architecture based on smart items and define the basic concepts of events, event models, and hierarchical models. Lu et al. [20] propose a collaborative manufacturing framework based on IoT, which provides a basis for the network physical interaction and collaboration in advanced manufacturing. Zhang et al. [21] propose a Framework of the Internet of Manufacturing Things (IoMT) and analyze and design key technologies, such as sensor network configuration, sensing and capturing of manufacturing data, data processing, and application services. Zhao et al. [22] propose the concept of IoT-based manufacturing system and design key technologies, such as dynamic optimization of manufacturing process, online production quality control, and diagnostics and tracking. Tao et al. [23] propose an IoT-based five-layer structure (i.e., resource, perception, network, service, and application layers) and design the key technologies of intelligent perception and access of various resources in cloud manufacturing. Chen et al. [24] build an active perception and management technology framework for manufacturing data based on the event perception model to address the perception and management of IoMT data. Huang et al. [25] propose an economical improving method for job shop performance that automatically obtains real-time data of job shops using sensors and wireless devices. Li et al. [26] design and implement a novel complex event-processing engine to detect the occurrence of real events by real-time matching atomic events with complex event patterns, which improves the processing speed of IoT. Li et al. [27] study the key technologies of active sensing and processing of complex production events, build an active sensing model, and establish the technology architecture and techniques for active sensing and processing of complex events based on IoT. IoT-based remote monitoring has been applied in multiple industries. Akl et al. [28] monitor constructed wetlands in real time with web applications, and the results prove the feasibility and innovation of the Internet monitoring of constructed wetlands. Islam et al. [29] use a motion sensor and an ultrasonic sensor to measure target distance precisely, which reduces the memory consumption of monitoring system. Lian et al. [30] develop a remote monitoring system for poultry farming environment based on IoT, which uses sensors to monitor the temperature, humidity, and other important indicators of the farming environment and remotely manages data and monitors the environment in real time with a computer or mobile terminal.



The contributions of our work mainly include:




	
Investigated the technical framework and techniques of a system and designs a work flow of sensing, transport, and application service layers to realize collection and quality monitoring of tensioning process data, and proposed the architecture of the intelligent tensioning system.



	
Proposed a data acquisition and preprocessing method for the sensing layer, put forward the data-pushing mechanism of the transport layer, and designed the function and work flow of the application service layer.



	
Implemented the intelligent tensioning system based on browser/server (B/S) architecture and APP mobile terminals by using .NET platform and Android Studio.








The rest of this paper is organized as follows. Section 2 reviews the related technical. Section 3 introduces intelligent tensioning system design. Section 4 presents system implementation. Section 5 describes application cases and analysis. Section 6 concludes the paper and discusses future research issues.




2. Technical Framework and Analysis


The IoT-based intelligent tensioning system combines prestressed tensioning devices, IoT, and electronic information and communication technologies to control oil pumps, superchargers, valves, oil tops, and other equipment with digital instructions. The system uses various intelligent sensors to implement automatic job data collection and structured encapsulation and pushes field job data to the cloud server in real time using a computer telecommunication technology. The data are then pushed from the cloud server to the mobile terminals of constructors, supervisors, and proprietors to implement the management functions of automatic data sensing and collection, process data pushing, and remote monitoring. The system architecture is shown in Figure 1.



In accordance with the development trend and application model of IoT and combining the layered IoMT architecture with the requirements of prestressed tensioning system, the IoT-based intelligent tensioning system is divided into three layers of sensing, transport, and application service layers, as shown in Figure 2. The entire architecture mainly includes six layers of data acquisition, internal transport, data preprocessing, pushing and receiving, data processing, and application.



2.1. IoT Sensing Layer


IoT sensing layer is the data-driven source for the entire model. Its main tasks include (1) data acquisition, which uses force and displacement sensors to collect data and combines the data with the sensor’s unique ID attribute to form a perceptual data element; (2) internal transport, which transports the perceptual data elements to data-preprocessing center via Bluetooth or WiFi; (3) data preprocessing, which identifies and cleans data elements and deletes redundant or invalid data elements in line with the rules. This layer also implements structured encapsulation with tensioning job parameters and attributes to form structured packets and their local storages. A model of the sensing layer shown in Figure 3 is established on the basis of the perceptive mode of intelligent tensioning.




2.2. Transport Layer


The transport layer mainly pushes the structured packets encapsulated by the sensing layer from the operation site to the cloud server, and it consists of two services, namely, data pushing, and data receiving. The data-pushing service is located on the PC console of the operation site, and the data-receiving service is located on the remote cloud server. The data-pushing service consists of four sub-services, namely, remote pushing request, remote response identification, data-pushing control, and exception handling. The data-receiving service consists of three parts, namely, monitoring service, data-receiving control, and job data identification. Packet transport mechanisms and rules are established to ensure its integrity and security during transport. The transport layer follows three rules. First, the encapsulated structured packets are taken as transport units. Second, pushing request, answer response, data-pushing and data-receiving control, exception handling, and other services are required between data-pushing and data-receiving services. Third, the receiving service performs unpacking inspection on packets in accordance with the data encapsulation and pushing rules and discards noncompliant packets to avoid junk data or malicious attacks.




2.3. Application Service Layer


The application service layer consists of a data-processing layer and an application layer. The data-processing layer processes data in line with the rule base of tensioning operations, and the application service layer provides app and web application services. The main tasks of the application service layer include (1) storing packets that match the rule; (2) detecting data items in the packets in accordance with the warning rule and triggering warnings depending on conditions; (3) extracting data items in job packets and synthesizing job data in line with job rules; (4) completing the pushing service of app messages; (5) completing the service monitoring and data browsing of app terminals; and (6) implementing the display function of web pages data.





3. Intelligent Tensioning System Design


On the basis of the above-mentioned technical architecture and analysis and combined with the management requirements of the tensioning process, the data collection, cleaning, and encapsulation of each sensor are performed in accordance with rule base. The packets are pushed from the operation site to the remote cloud server by the data-pushing and data-receiving services of the transport layer. The data-processing layer processes packets in line with rule base, and the final application layer presents data to users via app and web pages.



3.1. Operation Flow


Taking multiple prefabricated beam fields as application scenarios, each beam field has multiple tensioning devices, and the working time of each tensioning device is random. On-site data transport mainly depends on mobile terminal networks. thus, the transport speed, and transport cost of the network application layer should be considered. The operation flow comprises four steps. First, the control engine is started, and each sensing node is activated and is in ready mode, which will respond to the data acquisition instruction by the control engine at any time and then send the current measured value back to the control engine. Second, the monitoring sub-service of the transport layer continuously monitors the transport requests from the operation site. When a tensioning job is started at the operation site, the on-site PC controller will send a data push request to the remote server. The server decomposes and verifies the request data immediately when monitoring the received request data. If the data are confirmed a legitimate request, then the server will give confirmation feedback and prepare for data reception. If no data are detected from the pushing end for a long time, then the transport channel will be automatically closed, thereby maximally saving the resources and costs of network communications. Third, the tensioning process packet has a high sampling frequency, large data volume, and other features. The data-receiving service needs to receive data from different tensioning devices at the same time. At the receiving side, the temporary data table is used as a buffer area. When receiving data, the data is immediately written to the temporary table and the corresponding service of the data processing layer is started, thus improving the speed of data writing and service response. After the end of the tensioning operation, the data in the temporary data table is transferred to the historical data table. Fourth, the job monitoring service of the mobile terminal App is monitoring the tensioning operation. When the tensioning data is monitored, the tensioning process data is displayed in a curved manner, thereby realizing remote monitoring.




3.2. Data Encapsulation


Tensioning job data comprise tensioning parameters, No. 1 channel data, and No. 2 channel data, as shown in Figure 4. On the basis of the characteristics of the data sensed during operations and the tensioning process, the data types are divided into flag, conclusion, and process. Flag packets (F) store the parameters and basic information of the tensioning job; conclusion packets (C) store the detection values of tensioning jobs at various stages and are reflections of various technical indicators of tensioning jobs; and process packets (P) continuously record the changing trend of each indicator in the entire operation process. The performance of the reading, analysis, and storage of data transport is considered comprehensively. Data security is combined with network transport cost, and the job data are encapsulated into a structured packet. The packet structure is shown in Figure 5. The packet is composed of data blocks, such as packet header, job number, data length, data type, job data, and check bit. According to the above rules, the structure of process packets is shown in Table 1.




3.3. Pushing and Receiving


The transport of structured packets depends on data-pushing and data-receiving services. SOCKET communication technology has the characteristics of small amount of data transmission, fast transmission and security. Therefore, it is used to push data from the job site to the remote cloud server. In practical application, many tensioning devices will be distributed in different beam fields. Each tensioning operation is random, and each operation is about 12 min. Only in tensioning operation, the sender will actively establish a connection channel with the receiver and carry out data transmission. The monitoring service in the data-receiving service is in the monitoring state at any time. When the request from the data-pushing end is monitored, it is identified in accordance with the rules in the transport rule base, and the rule-matching information is returned. When a condition in the transport rule base is satisfied, a transport channel is developed between the server and users. After receiving packets, the data-receiving service selects and rejects them in line with the rules. The exception-handling service at the pushing end deals with transport errors or network anomalies.



3.3.1. Transport Mechanism


Tensioning jobs will generate multiple packets, including two flag packets, four conclusion packets, and n process packets. The flag packets appear at the head and tail of the entire packet sequence. Flag packet 1 marks the beginning of the job, and flag packet 2 indicates the end of the job. The process packets contain data of several time points, which are arranged in sequence between the flag packets according to collection time. The packet arrangement order is shown in Figure 6.



In the process of packet pushing and receiving, network anomaly is an important affecting factor of data integrity. In this study, a packet queue response mechanism is adopted to ensure data integrity. First, the packet queue is initialized when the job is started, and the packet is enqueued during the operation. Second, the data-pushing service reads the header packet and pushes it. Third, after receiving the confirmation message returned by the remote server, the data-pushing service performs dequeuing operations. The flow of the packet queue control mechanism is shown in Figure 7.



During the data push process, the exception handing service is activated when an acknowledgment message from the remote server is not received. The service writes error information to the log file and select the operation according to the cause of the error. When it is not a network problem, the data is pushed again. When the cause of the error is a network problem and the tensioning operation has ended, the data in the packet queue is recorded, and the data-pushing service is ended. Otherwise, continue the current data-pushing service.




3.3.2. Transport Flow


The sequence diagram of the packet transport based on the above-mentioned transport mechanism is shown in Figure 8. The specific transport flow is divided into seven steps. First, startup commands are sent out from the PC console before tensioning jobs to start or wake up the sensing layer and data-pushing service. A “connecting request” is sent to the remote server by using a remote pushing request. Second, after receiving the connecting request, the monitoring service identifies the request information in accordance with the request rules in rule base and returns the result. Third, when the response result is “err”, the exception-handling service is called to record the exception information and return the connection failure result to the PC console; if it is “ok,” then the pushing control service is called to send the “request for establishing channels”. Fourth, after receiving the request, the receiving control establishes a data transport channel and is ready to receive data. Fifth, the header of the packet queue is read by the pushing control and pushed to the receiving control service. Sixth, after receiving the data, the receiving control service identifies the legality and type of the data and returns the result to the pushing control service. Seventh, the result is received and identified by the pushing control service. When it is “yes,” the packet queue is dequeued, and a “true” is returned to the PC console; when it is “no,” the exception-handling service is called, and a “false” is returned to the PC console.



In the transport layer, the following measures are taken to ensure the integrity of the tensioned data. First, at the sending side, the packet queue control mechanism is used to ensure orderly pushing of data, and the exception handing service is started when an abnormality occurs. Second, CRC method is used to check the integrity of data packets at the data receiving side to prevent data block loss in data packets.





3.4. Data Processing


After receiving a valid job packet, the data-processing layer identifies and extracts it successively. The data-processing layer includes five operations. First, the packet is split, each data item is extracted, and the data are stored to the corresponding data table according to packet type. Second, the pre-alarm parameters and reference values in the rule base are extracted and compared with the corresponding data items. Third, when the value of the data item exceeds the warning reference value, a job problem is automatically generated and written to the problem base. Fourth, job data are synthesized, the synthetic construction record table for each data item is extracted in accordance with the management specification and business rules of tensioning jobs, and the job data are summarized automatically. Fifth, when the tensioning job is started or an alarm event is triggered, the app message service is started to push corresponding prompt messages and job data to administrators. The specific operation flow of the data-processing layer is shown in Figure 9.



Data synthesis is a key step in the data-processing layer. A series of operations, such as extracting, analyzing, and synthesizing, is performed on flag and conclusion packets in line with the business rules to provide data support for the application layer. The data synthesis process is shown in Figure 10.



The tensioning jobs are divided into types A, B, and C according to the quantity of jacks in need during tensioning jobs. Type A indicates that the No. 1 and 2 channels are simultaneously operated, Type B indicates that only No. 1 channel is in operation, and Type C indicates that only No. 2 channel is in operation. The specific algorithm for data merging is shown in Algorithm 1.





	Algorithm 1: Algorithm for data merging



	1: Begin

2: d ← getDataPaket()  // get packets

3: if(IsFlag1(d)) {  // judge if it is Flag packet 1

  Initialize queue S;

  Initialize arrayA,U;

  goto step 2;

}

4: if(IsConclusion(d)){

  put d into queue S;  // the operation of enqueue

  goto step 2;

}

5:if(IsFlag2(d)) {  // Insert the data in Flag Packet 2

  t ← getType(d); // get job type

  if(t=TypeA or t=TypeB) {

    A[i++] ← get first flag information from d;

   }

  

  if(t=TypeA or t=TypeC) {

    A[i++] ← get second flag information from d;

  }

}

6: while S is not null    //MergeData(d,h)

{

  h ← get data from queue S;

  t ← getType(h);// get job type

  

  if(t=TypeA or t=TypeB) {

    U[j++] ← get first conclusion from h; }

  if(t=TypeA or t=TypeC) {

    U[j++] ← get second conclusion from h;

  }

  

  U[j++] ← get other operating data;

  delete h from queue S;

}

7:execute instruction from arrays A and U;

8:End







3.5. Application Layer


The application layer consists of APP and web pages, with mobile terminal APP and PC browsers as display media.



(1) The APP for mobile terminal consists of job monitoring, job activation reminder, remote monitoring, and job parameter analysis. The job-monitoring service, which gives text and voice reminders after detecting push messages, comes from Google’s personal push messages. When the tensioning job is started on-site, the server immediately pushes the job start reminder to the mobile terminal. The remote job monitoring requests job data from the server in polling mode, displays force and displacement data with curves, gives warnings on measured values that exceed the warning, and performs statistical analysis on the job parameters. The transport between the app terminal and the server adopts a lightweight JSON data format, which reduces the difficulty of computer generation and analysis and improves network transport efficiency.



(2) The web pages consist of job process reports, job result display, and data analysis summary. A two-dimensional table is used to display the changes in each force and displacement during the entire operation process. The changing trend is described by curves and compared with the theoretical design value and the trend of the curve. Each job control indicator is displayed in terms of channels, and a tensioning construction record table is formed. The monthly workload, normal number, and normal rate are shown in charts, and the actual data are compared with theoretical calculation values.





4. System Implementation


An intelligent tensioning system based on IoT is developed in accordance with the previous technical architecture and design. The system is composed of a web program based on B/S architecture, a mobile terminal-based app, and the data transport service, which realizes functions, such as automatic data sensing, remote pushing, remote monitoring, and application services.



(1) An Android-based APP with Android Studio 3.0 is developed as the development language. The specific functions are shown in Table 2.



(2) The system is developed using the .NET 4.5 Framework and the SQL Server2008 database along with Visual Studio 2012 integrated environment C# as the development language and web as the development template. The specific functions are shown in Table 3.



(3) The data-pushing and data-receiving modules are developed using SOCKET programming along with Visual Studio 2012 integrated environment C# as the development language and Windows as the development template. SQL Server database is shared by the data receiver and the web.



(4) Data acquisition, identification, and encapsulation, as well as the data collection, internal transport, and data preprocessing of the tensioning devices, are performed by manufacturers on the basis of the data encapsulation standards in Section 3.2.



(5) Data follow three principles in the aspects of perception, transport, and application display. First, after data are collected during operation, the tensioning device uses the data-pushing service developed in this study to push the encapsulated packet to the remote server. Second, the data-processing layer uses Google’s personal pushing SDK service to push job alerts and warning messages to the app. Third, the app interacts with the application server through the WebService interface.




5. Case Study and Analysis


The IoT-based intelligent tensioning system implemented in this study is applied to seven precast beam fields in Zhengzhou–Wanzhou high-speed Railway (Hubei section). Tensioning devices are provided by multiple manufacturers. Manufacturers only need to follow the data encapsulation standards proposed in this study, and the system can be integrated via data-pushing services. The scene of tensioning operation is shown in Figure 11. In the tensioning operation, the sensors we selected are shown in Figure 12.



5.1. Equipment Parameters


The tensioning devices provided by manufacturers shall meet the requirements of the tensioning process for railway concrete beams, which are indicated in Table 4.




5.2. Application Display and Analysis


5.2.1. Remote Monitoring


When the tensioning device is started on-site, the job data are pushed to the server through the transport layer, and the job prompt information is pushed to the apps on mobile terminals by the application service layer via Google’s personal pushing service. The app then obtains the various information of the current job from the server according to the prompt message and displays it with curves, as shown in Figure 13, which depicts the changing curves of the force and displacement. The curves in Figure 13 are the data of channel ZN8 monitored in the time range from 8:8:50 to 8:9:14. The internal relations between the force and displacement can also be analyzed.




5.2.2. Abnormal Warning and Conclusion Analysis


The data-processing layer analyzes the received data according to the warning rules. When the warning condition is met, the system pushes the alarm information to the manager’s mobile APP, so that the manager can grasp the abnormal data as soon as possible. The data-processing layer will also convert the received data packets into tensioning records according to the tensioning rules. The tensioning record table presents the inspection results of each channel in all control stages of the tensioning process, which cover initial stress, control stress, elongation value, deviation, and other important control indicators, as shown in Table 5. During the tensioning operation, when the value of the deviation exceeds plus or minus 6%, the manager’s mobile APP will receive an abnormal message.



The tensioning process curve of channel ZN8 is the changing trend of tensioning force and displacement during the tensioning process, as shown in Figure 14. Comparing and analyzing the initial and control prestressing forces with the theoretical standard values during the job process can provide a favorable basis to determine the tensioning job results, as shown in Figure 14a,b. According to the requirement of tensioning operation, the tensioning force should be kept for at least 20 s when it reaches the theoretical initial force. When the tensioning force reaches the theoretical control force, it should be kept at least for 5 min. Therefore, we can use the curve in Figure 14a,b to analyze whether the tensioning work meets the requirements. In Figure 14c,d, the comparison and analysis of tensioning forces and displacement at both ends can also provide data support and decision-making basis for the subsequent adjustment of control parameters.




5.2.3. Job Statistics Analysis


The application service layer extracts the time and various control indicators in the job data and statistically analyzes the results of the tensioning job in line with the rules in the business rule base. The trends of job numbers, passing are shown by curves in month, as illustrated in Figure 15a. In this figure, the solid line represents the number of job numbers and the dotted line represents the number of job numbers. It can be seen from the figure that the two numbers are very similar, resulting in the two curves approaching coincidence. The trends of passing rates are shown by curves in month, as shown in Figure 15b. As can be seen from the figure, the passing rate is between 98.76 and 100. Visualized statistical analysis can provide a decision-making basis for follow-up adjustments and quality controls.



Although the traditional tensioning system provides such functions as automatic data acquisition and control, it lacks functions such as remote monitoring, visual analysis, and early warning pushing. When an abnormality occurs during the tensioning process, the abnormal data cannot be actively pushed to the operation manager in time. The data collected by the traditional tensioning system are only stored on the control computer of the job site, which may lead to the risk of tampering with the job data by the operator, thus failing to ensure the authenticity and validity of the job data. Through the system designed in this paper, the risk of false data can be reduced, and the data of tensioning operation can be analyzed by various curves, which is beneficial to improve the quality management of the tensioning operation. The main differences between the traditional tensioning system and the system designed in this paper are shown in Table 6.






6. Conclusions


This study proposes an IoT-based sensing model and its overall technical architecture by using IoT, computers, and communication technologies for the tensioning management of prestressed concrete beams. Three aspects are described: the sensing, transport, and application layers. The data collection and preprocessing of the sensing layer, the data-pushing mechanism of the transport layer, and the specific work division and the work flow of the application service layer are designed. App terminals and web pages are used as display media. The application system based on the technical framework in this study is applied to the Hubei section of Zhengzhou–Wanzhou high-speed railway for verification. The feedback shows four points. First, job notifications are pushed actively, job site construction is monitored remotely, and management methods and levels are improved. Second, automated data collection reduces human interventions and the risk of false data. Third, intelligent analysis and statistics provide data support for subsequent process upgrades and construction progress control decisions. Fourth, intelligent data processing and synthesis reduces complicated data entry work and improves work efficiency.



This research can be expanded in three aspects considering the application scenario of precast beam fields. First, the encapsulated structure of data can be optimized, and the amount of data transport can be reduced. Second, an in-depth study of the relationship between the tensioning process curve and the conclusions can be conducted. Tensioning equipment can be regulated in advance, and the qualified rate of tensioning results can be improved through analysis. Third, an app based on the ISO system can be developed. Otherwise, the intelligence of the system for decision making, perception, and equipment fault diagnosis, etc. also needs to be furthered.
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Figure 1. Tensioning system architecture. 
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Figure 2. Tensioning system structure. 
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Figure 3. Model of IoT sensing layer. 
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Figure 4. Job data structure. 
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Figure 5. Structure of structured packets. 
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Figure 6. Packet arrangement order. 
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Figure 7. Packet queue control mechanism. 
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Figure 8. Packet transport sequence diagram. 
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Figure 9. Data-processing layer operation flow. 
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Figure 10. Data merging process. 
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Figure 11. Scene of tensioning operation. 
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Figure 12. Sensor selected for tensioning operation. (a) Force sensor. (b) Displacement sensor. 
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Figure 13. Tensioning equipment and data monitoring. (a) The changing curves of force. (b) The changing curves of displacement. 
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Figure 14. Tensioning data browsing. (a) Comparing and analyzing forces of No. 1 jacks. (b) Comparing and analyzing forces of No. 2 jacks. (c) The comparison of forces of No. 1 and No. 2 jacks. (d) The comparison of displacement of No. 1 and No. 2 jacks. 
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Figure 15. Statistical analysis. (a) The analysis of job numbers and passing. (b) The analysis of passing rates. 
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Table 1. Structure of process packets.
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No.

	
Data Block Name

	
Field




	
Name

	
Byte

	
Remarks






	
1

	
Packet header

	
Header

	
4

	




	
Device ID

	
10

	
Device ID uniquely identifies each device




	
2

	
Job number

	
Job number

	
13

	
E.g.: AA-BBBB-CCCCC




	
3

	
Data length

	
Data length

	
2

	




	
4

	
Data type

	
Data type

	
1

	
The range of values is flag, conclusion, and process.




	
5

	
Job data

	
Tensioning mode

	
1

	
The values range from 1 to 9.




	
Tensioning progress

	
1

	
The values range from 1 to 5.




	
Tensioning time

	
6

	
Binary-coded decimal (BCD)

E.g.: “181020154341” means the current time is 15:43:41 on 20 October 2018.




	
No. 1 channel

	
8

	




	
Force of No. 1 jacks

	
4

	




	
Displacement of No. 1 jacks

	
2

	




	
Force of No. 2 jacks

	
4

	




	
Displacement of No. 2 jacks

	
2

	




	
No. 2 channel

	
8

	




	
Force of No. 3 jacks

	
4

	




	
Displacement of No. 3 jacks

	
2

	




	
Force of No. 4 jacks

	
4

	




	
Displacement of No. 4 jacks

	
2

	




	
6

	
Check bit

	
Check bit

	
2

	
Cyclic Redundancy Check (CRC)











 





Table 2. APP function list.
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	No.
	Function Name
	Description





	1
	Job reminder
	When a tensioning job is detected on-site, a job message is pushed to the app in time, and the job monitoring is automatically started via the job message.



	2
	Job monitoring
	The job data pushed on-site are monitored in time, and a job list is monitored.



	3
	Remote monitoring
	Certain job data are monitored in time, and the process data and changing trends of force and displacement are shown with continuous curves.



	4
	Job analysis
	Changes in force and displacement during tensioning operations are analyzed.










 





Table 3. Web pages function list.






Table 3. Web pages function list.





	No.
	Function Name
	Description





	1
	Job reports
	A construction record chart of tensioning job data is automatically generated to record the job data of each beam channel.



	2
	Job results
	(1) The results of various tensioning operations are displayed, and detailed operation information of each channel is shown.

(2) Tensioning and displacement at both ends are analyzed.

(3) Trend analysis of tensioning force and displacement at the same end is conducted.

(4) Contrastive analysis between the designed initial stress and the actual tensioning force is performed, and the duration when they match with each other is determined.

(5) Contrastive analysis between the designed control stress and the actual tensioning force is conducted, and the duration when they match with each other is identified.



	3
	Analysis summary
	(1) The work amounts, normal amounts, normal rates, and other information are shown by curves in units of months.

(2) Normal and abnormal ratios are obtained.

(3) Normal and abnormal ratios of tensioning force are calculated.

(4) Normal and abnormal ratios of displacement are acquired.










 





Table 4. Parameter requirements of tensioning equipment.
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	No.
	Equipment
	Parameter Requirements
	Quantity





	1
	Jacks
	
	4



	2
	Force sensor
	The error is less than 0.5%FS.
	4



	3
	Displacement sensor
	The error is less than 0.25%FS.
	4



	4
	Communication module
	The data transport from sensors to PC console is supported, and wireless transmission distance is not less than 200 m
	1



	5
	PC control machine
	Ordinary PC or notebook, with Win7 system, is utilized. Data-pushing service is installed.
	1



	6
	Mobile communication terminal
	Support 4G network.
	1










 





Table 5. Tensioning records.
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No.

	
Channel

	
Force (kN)

	
Displacement (mm)

	
Deviation (%)




	
Initial

	
Control

	
Initial

	
Control

	
Calcula-Tive

	
Theore-Tical




	
No. 1 Jacks

	
No. 2 Jacks

	
No. 1 Jacks

	
No. 2 Jacks






	
1

	
ZN8

	
338.8

	
1694.1

	
48.2

	
47.1

	
135.6

	
137.1

	
208.4

	
198.4

	
5.0




	
2

	
YN8

	
338.8

	
1694.1

	
49.5

	
47.4

	
137.5

	
128.7

	
198.2

	
198.4

	
−0.1




	
3

	
ZN9

	
345.6

	
1728.2

	
49.0

	
47.8

	
135.3

	
134.9

	
203.4

	
198.6

	
2.4




	
4

	
YN9

	
345.6

	
1728.2

	
46.9

	
45.4

	
134.1

	
126.6

	
197.1

	
198.6

	
−0.8




	
5

	
ZN1a

	
450.0

	
2249.9

	
44.2

	
44.6

	
129.3

	
132.7

	
203.1

	
198.4

	
2.8




	
6

	
ZN2d

	
1289.0

	
1687.4

	
35.3

	
37.4

	
63.9

	
65.8

	
199.4

	
201.4

	
−1.0




	
7

	
YN2d

	
1289.0

	
1687.4

	
29.5

	
29.0

	
57.4

	
60.7

	
200.1

	
201.4

	
−0.7




	
8

	
ZN2a

	
1289.0

	
1687.4

	
36.3

	
36.7

	
63.9

	
64.2

	
195.9

	
201.4

	
−2.7




	
9

	
YN2a

	
1289.0

	
1687.4

	
33.0

	
32.5

	
62.3

	
56.8

	
195.5

	
201.4

	
−2.9




	
10

	
ZN5

	
345.6

	
1728.2

	
50.9

	
54.0

	
133.7

	
139.6

	
197.1

	
194.6

	
1.3











 





Table 6. Contrast between traditional and the system designed in this paper.
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	No.
	Comparison
	Traditional Tensioning System
	System in This Paper





	1
	Data authenticity
	Managers cannot remotely monitor the tensioning operation, and cannot obtain the key control data during the tensioning operation in time. When an abnormality occurs during the tensioning process, the operator may tamper with the data and there is a risk of virtual data.
	When tensioning devices are started, job messages are automatically pushed to the mobile terminal app. Job data during the process are monitored via mobile terminal apps or browsers at any time. The changing trends of tensioning and displacement are reflected through continuous curves.



	2
	Exception handling timeliness
	When an anomaly occurs, the abnormal information is recorded on the site control engine and cannot be pushed to the administrator in time. It is difficult for administrators to find abnormal tension information in time and make timely decisions.
	A problem base is generated automatically in accordance with the alert rules, and the abnormal information is pushed to the administrator’s mobile terminal apps to spot abnormal information in time. Administrators can make timely decisions based on abnormal information.



	3
	Fill in the data workload
	The operator needs to manually record all kinds of key control data generated during the tensioning process, which increases the workload of the operator.
	System automatically record various types of control data, and automatically generate various types of data reports according to application rules, avoiding manual filling of large amounts of data.



	4
	Viewing data convenience
	Job data only can be checked on-site.
	Historical job data can be viewed through mobile terminal apps or browsers.
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