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With the shortage of land resources, there has been a trend toward increasingly deep foundation pit engineering in urban areas. It is extremely important to reflect on the behavior and safety of deep foundation pits and conduct risk assessments in time. A nonhomologous and multi-indicator deep foundation pit risk assessment model was studied for nine types of nonhomologous on-site data monitored in the deep foundation pit. Based on the BIM (Building Information Modeling) technology, a family of monitored points was created that reflects the information on site from a deep foundation pit. The data visualization module was redeveloped by using Visual Studio 2019 to map the on-site data monitored to the components in the BIM model, which can visualize the data monitored in the BIM model of deep foundation pits. On this basis, the assessment of the safety level of deep foundation pits was realized in combination with a risk assessment model. Through the instance of the deep foundation pit of Zibo light rail, the analysis shows that the new visualization and risk assessment method can help construction workers locate dangerous units and formulate corresponding prevention and control measures better and faster.
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1 INTRODUCTION
By the end of 2019, China’s urbanization rate had reached 60.6%. With a large number of people moving into cities, a large amount of infrastructure development is required. However, land resources are becoming increasingly scarce in cities. As a result, there are more and more deep foundation pits in the construction of infrastructure projects. Urban deep foundation pit engineering has two main characteristics: the first is that urban deep foundation pits are often adjacent to complex surrounding environments such as rail transit infrastructure, old buildings, and integrated underground pipelines; the second is the complex geological conditions, such as water-rich soft soil, soil-gravel composite stratum, fault zones, and intrusive rocks. The behavior and impact of urban deep foundation pit engineering on the surrounding environment have been studied by many scholars. Research has been carried out through theoretical calculations, on-site monitored, and numerical simulation (Yuan et al., 2019) on the stability of deep foundation pits during excavation and their impact on the surrounding environment; the results of these studies have guided the safe construction of urban deep foundation pits. The research approach of this study is to map the information of deep foundation pits to BIM through secondary development based on the BIM technology and to further visualize the behavior of deep foundation pits and assess the risk level of foundation pit engineering.
Building information modeling (BIM), is described as a shared digital representation of any built object’s physical and functional properties that serves as a trustworthy basis for decisions (ISO, 2016), has been transforming the architecture, engineering, and construction (AEC) business in many nations (Azhar, 2011). A construction project, in general, entails a number of stages, ranging from planning and design to building and upkeep. Because of its 3D modeling capability, data utilization and modification, and visualization capabilities, BIM may be used as a data management tool at any stage of the process. Practitioners in the AEC business began to use BIM in projects in the mid-2000s. Various studies on technical BIM challenges have been undertaken over the previous decade to increase BIM adoption. BIM research has become more diverse over the previous decade, with more developing technologies being integrated into BIM. For example, BIM can help with 3D printing implementation (Arayici et al., 2012) and has been used in the 3D printing of small-scale models and large-scale buildings (Wu et al., 2016). By combining 3D laser scanning with BIM, (Mahdjoubi et al., 2013) created a model to aid in the delivery of real estate services. (Wang et al., 2013) established a conceptual framework that combines BIM and augmented reality (AR) to allow for real time visualization of the physical context of any construction activity or task. (Tang et al., 2010) investigated strategies for automating the process of recreating as-built building information models from laser-scanned point clouds. (Cerovsek, 2011) reviewed the data exchange standards and features of over 150 AEC/O (Architecture, Engineering, Construction, and Operations) tools and digital models, and offered a framework for improving both BIM tools and schemata. However, limited efforts have been made to research the application of BIM visualization technology to practical engineering.
At present, the application of the BIM technology in the architectural field is mainly in the design stage to conduct top-down design, for detecting pipeline collisions, for engineering calculations, and for visual construction management at the construction stage. These functions are mainly realized by the built-in functions of the BIM software and users only need to learn how to use the software. (Oscar and Zhang, 2021) used the BIM model to analyze architectural design information; (Qi et al., 2021) conducted BIM modeling and UAV aerial oblique photography data collection for Huali Expressway; Furthermore, researchers have connected BIM and the Internet of Things (IoT) so that BIM can display on-site conditions (Lu et al., 2020; Zhao and Liu, 2021), perform a series of functions such as seismic assessment (Chen et al., 2020), and the mutual calling between finite elements (Wen et al., 2020) based on the BIM technology. The aforementioned applications have greatly promoted the digital and informatization development of intelligent engineering activities. With the further promotion and application of BIM, its existing conventional functions cannot serve current engineering requirements. The Construction Standard Regulation [2020] No. 8 issued by the Ministry of Housing and Urban-Rural Development in 2020 pointed out that the integrated application of the BIM technology should be accelerated during the total life cycle of new buildings. The development trend of BIM is to model the behavior of the buildings and perform safety assessments throughout their life cycle (Su et al., 2021). It is necessary to visualize monitored information obtained through sensors in the digital shadow created from a BIM. Meanwhile, it is necessary to further study the safety risk assessment methods and visualize the research results during the total life of the BIM digital shadow. It requires users to gain better capabilities to further develop the software platform. As an emerging technology, the BIM digital shadow technology can collect various data from a physical model in the real world, and map the information to an accurate digital model in the digital space to update the data with the physical model. It can not only achieve modeling but also a simulation of the life cycle. The application of BIM digital shadow for the assessment and visualization of the project’s behavior has rarely been reported.
This study aims to use the BIM digital shadow technology to map the on-site monitoring information to the BIM model of the deep foundation pit in real time, and to make the behavior assessment of the deep foundation pit through the relevant risk assessment model. In this study, an on-site family of monitored points of the deep foundation pits is created in a BIM model, and the Revit software is used to re-develop the data visualization module of the on-site monitored data; a risk assessment model considering conditional information entropy was established and embedded in the visualization development module; this module allows for the visualization of the deep foundation pit’s abnormal units and enables the comprehensive assessment of the risk grade. It has broken through the current application of calculation and collision in BIM and realized the visualization techniques of the deep foundation pits’ behavior, which can better provide support for the safety assessment throughout the construction’s life cycle.
2 PROJECT OVERVIEW
Zibo rail transit station can seamlessly transfer to a high-speed rail station. The embedded section of the station is about 740 m long and 23 m wide. The standard section excavation depth is 16.05–18.2 m and the end well excavation depth is 19.5–20.8 m. The deep foundation pit of the station has been constructed through the open-cut method. The north side of the site is the construction site of the high-speed railway station, and the rest is farmland. Concurrent construction projects around the site include a drop-off platform, a ramped bridge, a square east-west road, a station-overlying steel structure, and a bus station. The safety level of the deep foundation pit is level Ⅰ.
According to the design documents, the standard section of the main deep foundation pit enclosure structure in the field adopts the form of φ800@1000 bored pile plus an internal support enclosure. The station is equipped with three supports along the longitudinal direction and one support replacement is added to the end well. The first support adopts an 800 mm × 800 mm concrete support with a support spacing of about 5.0–9.0 m. The other supports are steel pipe supports with a diameter of 609 mm and a wall with a thickness of 16 mm and a spacing of about 3 m. The foundation pit at the entrance of the underground first floor adopts the structure of a pile plus anchor cable with a horizontal spacing of about 2 m. A double-row pile with a φ800@1000 enclosure structure is adopted near the pile foundation of the high-speed railway station building. The borehole histogram and support design of the standard section are shown in Figure 1.
[image: Figure 1]FIGURE 1 | The borehole histogram and support design of the standard section.
The lithological composition of the soil layer in the field is complex and the soil layer changes significantly, being cultivated soil, silty clay, silt, fine sand, medium sand, and round gravel soil (Li et al., 2022). According to the stratum distribution characteristics of the site, the permeability of the stratum in the site also varies significantly. The groundwater is slightly low confined (Zhu et al., 2022) and primarily recharged by lateral underground runoff with secondary downward surface water percolation (Wang et al., 2022). The stable groundwater table is at a depth of 19.48–20.34 m and the stable groundwater elevation is 4.93–5.66 m. Judging from the on-site excavation, no obvious groundwater was seen until the foundation pit was excavated to the bottom.
3 DIGITAL SHADOW AND VISUALIZATION TECHNOLOGY OF DEEP FOUNDATION PIT BEHAVIOR IN BIM
3.1 Creating a Family of Monitored Points in the BIM of the Deep Foundation Pit
At present, the monitoring of deep foundation pits is carried out by setting on-site monitored points (Wang et al., 2019). During the establishment of the deep foundation pit model in BIM, the monitored points and sensors cannot be displayed in the model (Tong et al., 2019). To reflect the monitored point information in the established BIM digital shadow, it is necessary to load the on-site monitored points and sensor information into BIM in the form of a family of monitored points. It is necessary to create a monitored family of points in the BIM of the deep foundation pit. According to deep foundation pit support design documents and monitored requirements, deep foundation pit monitored information generally includes data on pile deformation, the vertical and horizontal displacement of the pile top, subsidence (Wang et al., 2021), the horizontal and vertical displacement of the slope top, the axial force of the internal support, ground subsidence (Su et al., 2021), groundwater (Wu et al., 2021), and the subsidence of surrounding buildings, pipelines, and roads (Dou et al., 2021), etc. In this study, the family of monitored points was categorized as foundation pit slope top displacement, surrounding building subsidence, road and pipeline subsidence, deep soil displacement, and anchor rod (an anchor cable) axial force. All the aforementioned monitored points are collectively called monitored nails in the BIM. First, the plane coordinates and elevation of the monitored nails were set according to the geometric and spatial relationships of the components in the design drawings. Second, the monitored nails were assigned the material parameters of the different supporting components, and then the definitions were saved as a new monitored nails family. Third, the saved files of each of the families were loaded into the project file and the refined modeling was completed by changing the position of the axis net and the specific values of the elevation. The file of the family of monitored points in the BIM of the foundation pit was created according to the process shown in Figure 2. Based on the family file, the AutoCAD plan of the deep foundation pit supporting structure and the monitored point layout were imported into the Revit software to create a BIM digital shadow model of the deep foundation pit.
[image: Figure 2]FIGURE 2 | The creation process of the Revit family file.
3.2 Visualization of the Early Warning System for the Deep Foundation Pit Based on the Secondary Development of Revit
Revit provides a packaged API interface. By using Visual Studio 2019 and Revit SDK, the corresponding programming environment was selected to create the function plug-in. The specific steps are as follows:
1. In Visual Studio 2019, the source program of the visualization plug-in was compiled for the early warning alerts of the foundation pit and then files in the *. dll format was generated.
2. The external plug-in loading tool, Addin-In Manager, was added to the Revit software by installing the Revit SDK software. Then, the external plug-in loading tool was used to load the *. dll file and generate the plug-in loading files in the *. addin format.
3. The plug-in installation package was converted to the *.exe format using the Visual Studio 2019 software and the *. dll file and *. addin file were integrated into the plug-in installation package.
4. The created plug-in was installed.
5. The plug-in was used to import the data from MS Excel into the database of the BIM three-dimensional visualization model to provide on-site data support for visualization and risk assessment. The specific implementation path and key technologies of the aforementioned steps are shown in Figure 3.
[image: Figure 3]FIGURE 3 | The specific implementation path of the secondary development based on Revit.
4 COMPREHENSIVE RISK ASSESSMENT AND RESULT VISUALIZATION OF THE DEEP FOUNDATION’S BEHAVIOR
4.1 Comprehensive Risk Assessment of the Deep Foundation Pit’s Behavior
When monitoring the behavior of the deep foundation pit, the arrangement of all the monitored points is discrete (Liu et al., 2014). When only one of the multiple monitored indicators requires early warning at a certain point, further studies need to be performed to understand how to assess the risk level at the monitored point and categorize the warning level (Zheng et al., 2016). This study proposes a comprehensive assessment method considering information entropy and embeds the assessment model into the assessment module through secondary development to assess the risk of deep foundation pits and to visualize the assessment results. The effect is apparently obvious through on-site observation.
The steps to comprehensively assess the risk grade of deep foundation pit behavior are as follows:
1. For the deep foundation pit to be assessed, the monitored assessment indexes that affect the safety level of the foundation pit need to be determined to classify them.
Each assessment index is classified according to the corresponding foundation pit safety monitored specifications (GB 50911-2013, 2012) and actual conditions. The 9 indexes are shown in Table 1. The result of the safety classification of each index is shown in Table 1 (H is the depth of the foundation pit excavation; F is the prestress control value).
1. Then, we calculate the conditional information entropy, attribute significance, and weight of each assessment index according to Eqs 1, 2, and Eq. 3 to obtain a normalized weight matrix considering information entropy [image: image].
[image: image]
[image: image]
[image: image]
2. The normalized weight matrix is [image: image].
TABLE 1 | Classification of the safety levels of each assessment index.
[image: Table 1]Among them, [image: image] is a set of non-empty finite sets, called the domain of discourse; [image: image] is a conditional attribute, which is expressed as an index that affects the safety state of the foundation pit in this paper, and the corresponding factor subset [image: image] is the equivalence class obtained by dividing the domain of discourse [image: image] with respect to [image: image]; [image: image] is a decision-making attribute, which is the safety state of the foundation pit in this study, and the corresponding factor subset [image: image] is the equivalence class obtained by dividing the domain of discourse [image: image] with respect to [image: image]; [image: image]; [image: image] is the conditional information entropy of the decision-making attribute [image: image] relative to the conditional attribute [image: image]; [image: image] represents the significance of the conditional attribute [image: image]; [image: image]; [image: image] represents the weight of the conditional attribute [image: image], reflecting the importance of [image: image] relative to the overall attribute in the entire assessment system; [image: image] represents the conditional information entropy of [image: image] relative to [image: image]. The weight indexes calculated according to the 9 indexes are shown in Table 2.
TABLE 2 | Weight calculation.
[image: Table 2]Then, the normalized weight matrix can be obtained:
[image: image]
3. Then, we identify whether each assessment index is a quantifiable factor and select the corresponding membership function to obtain the membership assessment matrix [image: image].
The selected assessment indexes are classified based on whether they are quantitative or qualitative. For the qualitative indexes, the Karwowski membership function (Ning et al., 2020) is used for classification while for the quantitative indexes, Eq. 4 is used. To unify the qualitative and quantitative classifications, a five-level classification is adopted, corresponding to the following: normal, basically normal, slightly abnormal, seriously abnormal, and malignantly abnormal.
[image: image]
Among them, [image: image] is the trapezoidal membership function of the quantitative index [image: image], indicating the degree of membership of [image: image] to the conditional attribute [image: image], and the closer [image: image] is to 1, the higher the degree of membership; the closer [image: image] is to 0, the lower the degree of membership; m is the number of selected n indexes minus the number of qualitative indexes.
Among the 9 indicators selected, only the groundwater level is not quantified according to the specifications so that qualitative methods are used to assess the membership degree of this index. Combining on-site geological conditions and on-site monitored data, the other indexes are classified according to Eq. 4 and the 9 selected assessment indexes are finally obtained as shown in Table 3.
4. According to Table 3, the membership degree assessment matrix is obtained: [image: image].
[image: image]
TABLE 3 | Assessment table of membership degree of the nine selected assessment indexes.
[image: Table 3]From the second and third steps, the comprehensive assessment matrix of the safety level of the deep foundation pit can be obtained by [image: image].
[image: image]
5. Combining the principle of the maximum membership degree, the maximum value of the foundation pit safety grade assessment matrix [image: image] obtained is 0.7882. And combined with the assessment grade interval where the maximum value is located, the safety grade of the foundation pit can finally be determined. This study selects the assessment interval as shown in Table 4.
TABLE 4 | Division of the deep foundation pit safety grade interval.
[image: Table 4]It is seen in Table 4 that the comprehensive assessment of the foundation pitfalls within the interval (0.8, 0.6], which is relatively safe.
4.2 Visualization of the Comprehensive Risk Assessment of the Deep Foundation Pit’s Behavior
A deep foundation pit model was established in Revit and the secondary development plug-in, including monitored nails, foundation pit monitored, and management modular presented in Section 3 of this study, was loaded. The on-site monitored data was imported into BIM through the plug-in. The abnormal status of the foundation pit’s supporting unit caused by the deformation of the foundation pit due to excavation was displayed on the three-dimensional model after rendering, as shown in brown in Figure 4.
[image: Figure 4]FIGURE 4 | Details of the abnormal units and trend diagram of the abnormal units. (A) Indicator details, (B) Indicator change trend.
In the safety risk assessment and early warning interface, the monitored indexes were clicked to get the details of the monitored data; this data can effectively help construction staff locate dangerous units and take timely and correct remedial measures. In the 7th supporting unit of this foundation pit, the steel support axial force, horizontal displacement of the pile top, and displacement of the pile deformation exceed the specified range values, as shown in Figure 4. Clicking the trend on the interface allows one to see the trend of the abnormal unit in the next few days, which can help construction staff identify and analyze possible dangerous situations and take protective measures in time. The reason for the abnormality at the location of the 7th unit of the foundation pit was analyzed on-site. It may be that the inner steel support was not installed in time during the excavation of the foundation pit, resulting in excessive stress on the inner support at the adjacent location. Meanwhile, the vertical cast-in-place pile has no horizontal internal support force to restrict its lateral deformation so that the pile has a corresponding lateral displacement. Although the 7th monitored unit is abnormal, the results of the comprehensive risk assessment of the deep foundation pit based on conditional information entropy proposed in this study show that the foundation pit is in a relatively safe state on the whole. However, construction staff should combine the visualization method and the safe early warning system rendered through the BIM technology to install the internal steel support at the abnormal unit as soon as possible and apply sufficient prestress. In addition, the rate of on-site construction should be reduced, especially the speed of earth excavation, and then restored to a normal speed after the supporting measures have been put in place.
5 CONCLUSION
In this study, a comprehensive risk assessment method considering conditional information entropy through secondary development of Revit was developed; this risk assessment method can better facilitate application on-site. The conclusions are as follows:
(1) By establishing a connection between the monitored nails and the on-site monitored points in BIM, the deep foundation pit behavior could be reproduced in real time, and the true meaning of a deep foundation pit’s digital shadow based on the BIM technology was realized.
(2) Using the Revit software, an early warning management plug-in of the deep foundation pit was developed through Visual Studio 2019 and Revit SDK tools. The plug-in could achieve 3D modeling, data import, foundation pit calculation, safety level assessment, and visualization of abnormal units.
(3) The comprehensive assessment method based on conditional information entropy effectively and comprehensively assessed the risk of the monitored area of the deep foundation pit; some alerts were generated by a few individual monitored components; these alerts can effectively help the construction staff to identify and analyze possible dangerous situations and take protective measures in time.
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