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Abstract: Four dimensional (4D) computer-aided design (CAD) has been credited with improving construction planning procedures. The integration of 3D CAD with schedule information has enabled the effective detection of design and planning flaws in many construction projects. However, the benefit of 4D CAD has been centered on architectural constructions, as other areas such as civil infrastructure have seldom been the target of 4D CAD application. This paper presents a case study in which a cable-stayed bridge construction was analyzed and modeled using the 4D graphic simulation approach. The cable-stayed bridge was chosen for the case study because it suitably represents the complex nature of modern civil infrastructure. 4D CAD models were developed at three different levels of detail: activity, discrete operation and continuous operation. The clear definitions of the three levels of detail of 4D CAD and their application results for the cable-stayed bridge are presented herein.
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Introduction

Unsatisfactory performance of construction projects often originates from inappropriate design, incomplete construction planning, and/or lack of communication between construction practitioners. Over expenditures and missed deadlines frequently occur in the current construction environment. To overcome the inefficiency of construction project management, constructability-oriented planning at the pre-construction or construction phase is essential. Four dimensional (4D) computer-aided design (CAD) is one of the promising methodologies that has been studied to aid in construction planning. Four dimensional CAD – three dimensional (3D) CAD combined with time (schedule) information – makes it easier for construction managers and engineers to visualize sequential construction processes such that the appropriateness of the construction plan can be thoroughly reviewed.
In the last ten years, considerable efforts have been made to use 4D CAD technology for construction process analyses. One of the major 4D CAD applications has been to improve the traditional scheduling methods. Koo and Fischer (2000) applied 4D CAD in commercial building construction to overcome the limitation of the traditional critical path method and bar chart analyses. Jongeling and Olofsson (2007) proposed a location-based 4D CAD model, which was the combination of the line-of-balance method and 3D CAD. Staub-French et al. (2008) integrated 3D/4D CAD and linear planning for better understanding of the overall schedule of a building construction project. Russell et al. (2009) used linear scheduling and 4D CAD to visualize high-rise building construction. 
Work space analysis and site planning have been one of the most important focus of 4D CAD technology. Akinci et al. (2002) presented mechanisms to automatically predict work spaces required by construction activities. Chau et al. (2004) developed a 4D CAD system that was used for site utilization and scheduling. Ma et al. (2005) applied 4D visualization to dynamic planning of construction site layout. Dawood and Mallasi (2006) used 4D visualization for resolving conflict between work-face construction activities. Tantisevi and Akinci (2008) presented an approach to automatically simulate motions of mobile cranes for conflict detection. Lei and Kang (2009) developed a collision detection algorithm for virtual construction simulation.
Combination with other technologies has been one of the major strategies of 4D CAD application in construction. Dawood et al. (2003) developed an integrated database for 4D construction process simulation. Kang et al. (2007a) combined 4D visualization with web technologies so as to provide easy access to the 4D information. Chin et al. (2008) integrated a 4D CAD model with radio frequency identification technology for improved progress monitoring. Bansal and Pal (2008) developed a 4D model in the environment of geographic information systems. Golparvar-Fard et al. (2009) superimposed 4D as-planned models over time-lapsed photographs for monitoring of project progress. Kang et al. (2007b) developed a 4D CAD model for a transportation project, using the Integration DEFinition (IDEFØ) method.
Although the previous efforts have noticeably advanced the body of knowledge in the area of construction planning and visualization, the limitation is clear; with the exception of Kang et al. (2007b), all of these previous studies have targeted architectural constructions. Hartmann et al. (2008) conducted interesting research about the areas of application for 3D and 4D models in construction projects. They studied 26 construction projects where 3D or 4D models were used, in order to understand how the models addressed project challenges. However, only two out of the 26 were civil infrastructure (transportation) projects. It is clear that there is a lack of 4D CAD application in the area of civil engineering.
Some reasons can be suggested for the lack of 4D CAD application in civil infrastructure constructions. First, civil engineering facilities are more heavily influenced by harsh site conditions than are architectural facilities. In the process of urbanization, civil infrastructure is the first priority, before any architectural facility is built. This nature of civil engineering construction forces the infrastructure to deal with various site factors, such as different topographies, subsurface conditions, and weather conditions. Developing a 4D model which could take into consideration all of these factors would be a difficult and complicated process. Second, construction activities of civil engineering facilities are not well organized in simple patterns, as not many activities are repeated in a civil engineering project. In the case of general building construction, the same floor plan utilized for one floor is shared for the other floors. Thus, most of the activities required for one floor are repeated for the remaining portion of the building. This repetition allows for the relatively easy creation of a 4D model. In contrast, the activities for civil engineering facilities have less repetition since the uniqueness of each facility is higher than in architectural constructions. Third, civil infrastructure, in general, spans over a larger geographical area than do architectural facilities. Bridges and roads, for example, can be constructed to link cities that are far distanced from one another. The gigantic scale of civil engineering facilities is the cause of their close interaction with the natural environment. In fact, these three reasons are strongly tied to one another. However, it is worth ascertaining the three reasons distinctively so that the challenges associated with 4D CAD use in civil engineering facilities can be better understood.
This paper presents a case study in which 4D CAD was applied to civil engineering construction. A cable-stayed bridge construction project was chosen because the project appropriately represents the complex and sophisticated nature of modern civil infrastructure. The objective of this study was to understand an efficient way to develop a 4D CAD model, the application procedure of the model to the actual civil construction site, and the level of usefulness gained from the model. The remaining part of the paper starts with the description of the case study, followed by 3D component modeling methodologies. The process of developing 4D CAD models is then presented. Finally, the clear definition of the three detail levels of 4D CAD - activity, discrete operation, and continuous operation - their application results for the cable-stayed bridge, and other findings are presented.

Case study description
	A cable-stayed bridge – Cheongpoong Grand Bridge – was chosen as the test case for 4D CAD application in a civil engineering project. The bridge, located at Cheongpoong Lake, Jaecheon, Chungcheongbukdo, Korea, has a total length of 442 m. The length of the main span between two pylons is 327 m, and the main span is composed of 28 segments. Each segment has a total of 16 major structural components: two edge girders (with deck stay anchorages), three floor beams, three stringers, two cables, and six precast concrete panels. After the 16 components were assembled, in-situ concreting finalized the deck segment construction. Except for the precast concrete panels, all structural components (steel members) were manufactured offsite and delivered to the construction site. The precast concrete panels were fabricated and stored in a fabrication shop near the construction site (Fig. 1). The installation of the structural components was performed by derrick cranes – a simple type of crane with a boom and wires.

4D CAD model development
3D modeling of structural components for 4D visualization
One of the most important prerequisites for 4D CAD modeling is to secure 3D models. Unfortunately, the Cheongpoong Grand Bridge was not originally designed in a 3D CAD environment, thus the 3D model had to be generated based on the original 2D CAD design. The bridge had a myriad of structural components, including two pylons, one main span, two side spans, and 92 cables. Depending on how the structure is decomposed into smaller sub-structures, a variety of 3D component models can be produced. If the objective of the 3D CAD model is simply to detect collision problems of more than one structural component in the finished facility, it is desirable to model all of the structural elements to their finest details. In other words, every cable line, bolt, nut, and reinforcing bar had better be modeled so that their collisions or other mismatch errors can be visually detected. However, in the case of 3D modeling geared toward 4D model generation, the level of detail can be quite different. The 3D models need to be detailed enough only to provide what is required in the next phase of 4D model analyses. This indicates that if the objective of the 4D CAD is not so much collision detection in the finished structure as better field management, such detailed components as every bolt and nut do not need to be included in the modeling.
The 3D modeling of this study was conducted in the AutoCAD Revit Architecture environment. Fig. 2 shows the 3D component models, such as cables, stay anchorages, edge girders, floor beams, and stringers, for the first deck segment of the bridge main span.. All of the 3D models for the cable-stayed bridge had to be generated from scratch, since there was no existing component library developed for cable-stayed bridges. Details on how to generate 3D component models can be found in Park et al. (2009).
For the cable-stayed bridge, a total of 574 structural components were modeled in the 3D CAD environment. As aforementioned, this grouping was strongly linked to the management level required in this project. The most likely scenario was derived from analyzing the construction specifications and drawings. Experts’ opinions were collected as to how the construction should be executed. This multitude of information was integrated in order to determine the 574 components that best match the construction management need with regard to activity level. In addition, the on-site engineers expressed the need to manage the construction on a more detailed level, that of the operation level. To this end, additional modeling was conducted to generate 3D components for equipment and temporary structures. Fig. 3 shows the modeling results for a derrick crane, working platform, and man cage. These extra 3D models were essential for visualizing the detailed operation of the deck construction activity. All of the 3D models developed in this manner were later linked to the time schedule to produce 4D CAD models.

4D CAD modeling on the activity level
	To develop a 4D model, time schedule information is integrated with the existing 3D CAD components. Generally, 3D CAD systems that are currently available in the market do not have built-in functions that allow for this kind of information integration. In this study, commercial software – JetStream produced by NavisWorks – was used to combine the 3D CAD and time information. The procedure to develop a 4D model with the use of JetStream started with the file conversion from the 3D CAD file format created in the Revit environment to that of the JetStream software, as illustrated by Fig. 4(a). The 3D CAD models were then able to be imported into the JetStream environment. The JetStream software linked the 3D CAD models to the schedule information. As previously mentioned, some structural components were combined and assigned to a particular activity, as shown in Fig. 4(b). The activity information, including name, start time, and finish time, were then input (Fig. 4(c)). Fig. 5 shows the 4D sequential view of the whole construction process in the bridge project. Once completed, 4D simulation could be displayed in many ways. For instance, the simulation time unit could be changed to make the animation faster or slower. Different view angles, including the fly-through perspective, could be utilized to better visualize the construction processes. The 4D model illustrated the gradual evolution of the bridge, along with the construction timeline.
	In the 4D animation, start and finish times for a certain construction activity are clearly differentiated. When the start time begins in the virtual environment, a semi-transparent shade that has the shape of the corresponding structural component comes into view. When the animation reaches the finish time, the actual 3D component appears to erase the semi-transparent shade. In this way, users can understand exactly when the activity starts and finishes by looking at the 4D model simulation. Using the 4D model, actual construction progress can be compared with the original plan. In addition to the planned start and finish times, the values for actual start and finish times can be input for each 3D component. The 4D model then displays both the planned schedule and actual schedule, such that the gap between the two can be compared and analyzed.
The 4D CAD model created based on activity level has the advantages of better visualization and explanation of the construction project as compared to a 3D CAD model. However, activity level control of time and cost is often limited to relatively upper-level management. There are limitations in applying the 4D model for more detailed constructability and productivity analyses. For example, in the activity level 4D CAD model, locations of equipment, construction materials, and temporary structures are not sufficiently considered, even though they are essential for accurate constructability analyses.

Discrete 4D CAD modeling on the operation level
To address the shortcomings of the 4D CAD model on the activity level, a more detailed modeling – discrete 4D CAD modeling on the operation level – was conducted for the cable-stayed bridge construction project. Here, the term ‘operation level’ was used to imply that this model places more emphasis on the construction methods. While activity level 4D models are focused on the physical and structural components, the operation level 4D models explain how to install these components. More information on the definition of the operation and activity levels in this study can be found in Halpin and Woodhead (1998). 
Fig. 6 shows the 4D CAD activity level model for the installation of edge girders. The three scenes shown in Figs. 6(a), (b), and (c) explain cable installation, edge girder A installation, and edge girder B installation activities, respectively. In other words, only one construction scene was allocated for each activity. Construction engineers should, then, interpret the 4D visualization to understand where to put equipment, temporary structures, and materials, for the minute-by-minute construction operations. Even with 4D modeling, it is not an easy task to conceive the most reasonable construction plan, considering the many factors that are not included in the 4D model. On the other hand, Fig. 7 shows the 4D CAD operation level model, which is composed of six scenes: cable installation, edge girder unloading, edge girder A installation, man cage A installation, edge girder B installation, and man cage B installation. Not all of the six scenes qualify as activities; only cable installation, edge girder A installation, and edge girder B installation deserve this status. However, the other scenes, such as edge girder unloading, man cage A installation, and man cage B installation, explicate what needs to be done to conduct the three activities. For instance, one of the most vital pieces of construction equipment – the derrick crane – is displayed in Figs. 7(a) to (f), in order to point out that the derrick crane with the particular shape and size depicted should be located on the specific designated spot. Fig. 7(b) shows the two edge girders placed side by side, next to the derrick crane, to indicate where to put the materials prior to installation. Figs. 7(d) and (f) illustrate that to install the edge girders, man cages are required for bolting tasks, and that the cages need to be placed on top of the connection parts between the steel joints and edge girders.
The 4D operation level model is certainly advantageous in the detailed analyses of the construction processes. The rich information combined in the operation level model can guide the construction engineers much more accurately as to how the actual operation should be executed. Nevertheless, the process of developing the operation level 4D model is not much different from what is used for the activity level 4D model. From the 3D CAD file conversion to the integration of time schedules and 3D components, the process is quite similar, except that additional 3D components are linked to the proper time schedule. As in the case of the activity level 4D modeling, a comparative analysis is possible between the original plan and actual progress. However, the operation 4D modeling has its own limitation; it cannot show the continuous movement of equipment operation. For instance, if the motion path of the derrick crane boom needs to be checked for obstacles, the ‘discrete’ 4D model would not provide the required information. Here, the term ‘discrete’ was used to explain that the operations were depicted only with their start and finish times; no interim information was provided. This limitation can be addressed by what is referred to as “continuous 4D CAD on the operation level,” which will be explained in the next section.

Continuous 4D CAD modeling on the operation level
As opposed to discrete modeling, ‘continuous’ 4D CAD modeling signifies that the resultant model depicts the construction operation for a continuous period of time, with no time lapses. In this methodology, entire movement processes of construction equipment, such as derrick cranes and trailers, are displayed like motion pictures. As a consequence, users can have extremely detailed information for a particular construction operation (Al-Hussein et al. 2006) or movement of construction equipment (Kamat and Martinez 2008). In this study, the continuous 4D CAD model was developed in the Autodesk Inventor platform. Autodesk Inventor was selected mainly due to its strong compatibility with the Revit environment and its structural analysis capability; Inventor’s structural analysis capability was considered as advantageous for potential future studies in which spatial constraints are to be analyzed in parallel with structural stability. As in the case of discrete 4D modeling, the format of the file produced in the Revit environment was converted such that it could be imported into the Inventor platform. 
	As previously mentioned, the derrick crane is one of the most essential equipment resources for deck construction; therefore, the continuous 4D modeling was centered on the derrick crane operation. The shape and movement of the derrick crane 3D model follows the technical specifications of the actual crane (Table 1). As shown in Fig. 8, the derrick crane has five degrees-of-freedom (DOF): the revolute joint at the mast bottom (), the revolute joint at the boom bottom (), the revolute joint at the boom top (), the revolute joint at the cable top (), and the prismatic joint at the cable top (). The value of the revolute joint at the boom top () was actually dependent on the value of the revolute joint at the boom bottom (). Using the Denavit-Hartenberg representation (Denavit and Hartenberg 1955), the 3D positions of the construction materials being moved by the derrick crane could be mathematically represented with regard to the reference frame (z0 and x0). The Denavit-Hartenberg representation is a standard way of modeling robot motions, and Kang and Miranda (2006) used the notation for modeling the motion of a tower crane. Table 2 shows the Denavit-Hartenberg parameters for the derrick crane operation; they are applied to the transformation matrix represented by equation (1) (Denavit and Hartenberg 1955). The total transformation matrix of the derrick crane movement was then represented by equation (2).

           (1)
where  and  stand for cosine and sine, respectively.



     (2)
where  and  stand for cosine() and sine(), respectively.

The Denavit and Hartenberg notation is a way to represent the movement of an object with reference to a global coordinate system. In other words, all of the local transformations, when combined, determine the final location and orientation of the object in reference to the global coordinate system. In the Inventor platform, the local coordinate systems are defined based on the concept of constraint conditions. Constraint conditions are established to define the object to be moved and the reference frame. The visualization of the derrick crane operation also required constraint conditions.
In order to represent the boom and mast rotation ( in Fig. 8), constraint conditions were established as follows. First, when the mast was approximated to be a square column, the center points were defined for the top square plane and the bottom square plane. The line that goes through the two center points was defined as the longitudinal axis of the mast. Likewise, the particular base corner on which the mast rested was approximated to be a cylindrical column. In the same manner as the mast, the longitudinal axis was defined with the two center points on the top and bottom planes (circles). Next, the longitudinal axis of the mast was positioned such that the distance and angle between the mast axis and the longitudinal axis for the base corner both became zero. That is, the two lines overlapped at all positions. To be exact, the bottom plane of the mast met with the top plane of the base corner, in order to put the mast on top of the base corner. Second, a plane that contained the longitudinal axis for the mast was defined. Likewise, a plane that contained the longitudinal axis for the base corner was defined. Then, the angle between the two planes determined the rotation angle of the boom and mast ( in Fig. 8). These conditions, such as longitudinal line definitions, plane definitions, and location and angle definitions, are what are referred to as constraint conditions.
To represent the vertical movement of the boom ( in Fig. 8), a series of constraint conditions were also established. First, two axes were defined: one going through the two hinge holes at the mast bottom and the other going through the two hinge holes at the boom bottom (Fig. 9). Then, the boom bottom axis was moved such that the entire boom axis overlapped the mast bottom axis. To be exact, the plane defined by the outer surface of the mast hinge became the same as the plane defined by the inner surface of the boom hinge. In this way, the mast and the boom are connected properly at the hinges. Next, a plane was defined, one that contained the mast bottom axis and was perpendicular to the longitudinal axis for the mast. A second plane was also formed, one that contained the boom bottom axis and was parallel with the longitudinal axis for the boom. The longitudinal axis for the boom was defined in the same manner as that of the mast. Finally, the angle between the two planes became  in Fig. 8, and changing the angle with time durations visually lifted the boom up or down. Again, the definitions for axes, planes, and angles, along with the location information, form the series of constraint conditions. Fig. 10 illustrates the overall process of developing a continuous operation level 4D CAD model with three steps: definition of constraint conditions, range setup for movement angles and distance, determination of movement durations with start and end times.
Fig. 11 shows the floor beam installation process for the first deck of the main span in the form of a continuous 4D CAD model on the operation level. The first step was to set up the derrick crane in the right position. To this end, in the continuous 4D model, the crane moved on a rail to the frontline of the construction and stopped, as shown in Fig. 11(a). Second, the object to be installed – a floor beam – arrived on the site. Figs. 11(b), (c), and (d) portray the floor beam: on a trailer appearing on the site, approaching the frontline, and finally stopping. Third, the floor beam was then lifted up (Fig. 11(e)) and horizontally moved along the longitudinal axis of the deck toward the main span center (Fig. 11(f)). Fourth, the floor beam was rotated about the hoisting cable direction (Fig. 11(g)), so that it was perpendicular to the longitudinal axis of the deck (Fig. 11(h)). Fifth, the floor beam was moved to a position directly above the installation location and lowered to the same level as the two steel joints (Figs. 11(i) and (j)). Sixth, man cages were installed to allow the bolting of the floor beam to the steel joints (Fig. 11(k)). The operation for the floor beam installation was finished when the man cages were removed (Fig. 11(l)). As illustrated in Fig. 11, the procedure for the entire operation was clearly shown in the continuous 4D model.  
Sometimes, a continuous 4D model is mistaken to be a fixed graphic animation, especially when the simulation is passively played and observed. In contrast, the continuous 4D model, like the discrete 4D CAD model, can be used in a dynamic way. Virtually any perspective view can be chosen at any resolution to concentrate on a particular structural member being installed at a certain time. For example, in the case of the continuous 4D model for the floor beam installation, the perspective view can zoom in on the bolting area between a steel joint and a beam, so as to understand the detailed procedure for the joint connection. The continuous 4D model is also advantageous in its reflection of the realistic operation time. Unlike the discrete models showing abrupt appearance or disappearance of construction objects, the continuous 4D model shows the motion of the operation over a particular period of time. This enables users to discern how much time would be required for the actual construction operation.  

Comparisons of the three 4D CAD models
The three 4D CAD models – activity level, discrete operation level, and continuous operation level – were developed and applied to the Cheongpoog Grand Bridge. The 4D activity level model was used to analyze the entire construction process of the bridge construction, whereas the discrete and continuous 4D operation level models were used to scrutinize the first deck segment construction of the main span. These three models differ as to how and where they should be utilized, further aspects that this study intended to discover.
Table 3 summarizes the visualization capacity of the three 4D CAD models in terms of what construction elements can be depicted by each method. The data in Table 3 are direct results of the case study. The 4D activity level model was able to successfully show the sequence of the construction process by using the unit of activity. The visualization element “materials used as a part of facilities” in Table 3 denotes the structural components that were shown to be already installed to form a part of the finished facility. That is, the high capacity in this category means that the 4D model was able to show the sequential graphic simulation on the level of activity (Fig. 6). As demonstrated by Fig. 5, the model helped the construction managers and engineers visualize and better estimate the whole construction scenario. As indicated in Table 3, the discrete and continuous 4D operation level models also had the capacity to visualize the activity-based construction sequence. However, when operation-based 4D models are used to show the activity-based sequential process, the models could easily take too much time, become too large in file size, and grow to be unnecessarily detailed. This unwanted extra information can easily prevent the construction practitioners from proactively using the 4D models. This concern was expressed by the engineers of the project; thus the approach of using the three 4D models at different resolutions was adopted.
The visual element “unused materials on site” in Table 3 was used to test the ability of the 4D model to show the construction materials on site that were waiting to be used. In a typical 4D CAD model, this level of detail is simply ignored. However, the engineers involved in the project wanted to visualize where the materials were waiting in queue. Table 3 shows that in this category, the discrete and continuous 4D operation level models (Figs. 7(b) and 11(d)) performed higher than the 4D activity level model. Obviously, the activity-level 4D model had its limitation in graphically portraying where to put the construction materials on the site (Fig. 6). However, note that from the technical perspective, the discrete operation 4D model was not much different from the activity level 4D model. As seen from the comparison between Figs. 6 and 7, the operation level model required more 3D components and time information to produce the scenes describing events between the start and finish of each activity.  
In terms of visualizing the operation of construction equipment, the continuous 4D operation level model obtained the highest evaluation, followed by the discrete operation level model and the activity level model. The continuous model was able to represent the movement of the derrick crane; the myriad of different positions of the boom top were able to be determined and graphically shown to provide richer information to the users (Fig. 11). In comparison, the discrete 4D operation level model could not show the movement of the crane; it only showed the stationary crane on the particular spot for a certain period of time (Fig. 7). The activity-based model performed the lowest because it could not even show the existence of the crane (Fig. 6). For the visualization element of temporary structures, the 4D activity level model showed the lowest performance since it did not display any kind of temporary structure (Fig. 6). On the other hand, the discrete and continuous 4D operation level models successfully displayed temporary structures such as man cages (Fig. 7(f)) and working platforms. Since temporary structures did not move or change their forms, they were modeled as suddenly appearing and disappearing in both of the operation level 4D models. This was why both of them equally obtained the ‘High’ evaluation. 
Table 3 also shows the category of “work space analyses.” This was to check for potential collision problems that might occur during the derrick crane operation. In the deck segment construction, the derrick crane moved and installed 14 major construction materials, including edge girders, floor beams, stringers, and precast concrete panels. For instance, the length of the edge girders was 13.5 m, so when this component was moved from the trailer to the installation site, there was the possibility of collision between the edge girders and the pylon. The construction engineers involved in the project wanted to make sure that a sufficient amount of space would be secured. The 4D CAD activity level model provided the lowest level of information, in this regard. The 3D space shown in the activity level 4D model represented neither the derrick crane nor the construction materials (Fig. 6). The discrete 4D operation level performed slightly better than the activity level model, in the sense that construction equipment, temporary structures, and the materials stacked on site could be represented (Fig. 7). Nevertheless, the actual operation movement was not depicted in the discrete operation level 4D model. This deficiency was overcome by the continuous 4D operation level model. As demonstrated by Fig. 11, every movement of the derrick crane was represented in detail, including the trailer transporting the floor beam. This continuous model was developed with the initial estimates of the locations of construction objects, the sequential order of the tasks, and the required time of the tasks. However, once presented to the project participants, including the construction engineers who provided the original estimates, the continuous 4D model obtained a range of feedback. Consequently, the location of the derrick crane and the sequential order of the construction tasks, for instance, had to be changed. This was, in fact, the evolutionary process of the 4D model being perfected. The feedback cycle in the closed loop helped to improve the original 4D model.
The three 4D models were quite helpful for the smooth execution of the project, especially in the area of communication management. The engineers for the contractor could easily communicate with the engineers for the subcontractors, with the use of the 4D models. All of the engineers agreed that the communication capacity strengthened by the continuous 4D model was significant. However, there were some downsides to the continuous model; the time and effort required to develop the model was relatively higher than that for the other models. Furthermore, the revision of the continuous model with the refined feedback from the field required even more time and effort. 
In brief, the benefits and limitations of the three different types of 4D models boil down to two factors: the level of efforts required to prepare the model and the level of detail that the model depicts. The preparation efforts and the level of depiction detail both increase in the order of activity, discrete operation, and continuous operation level 4D CAD models. Excluding the time required for the 3D CAD model generation, it took 15 minutes for an engineer to build the activity level 4D model of a segment of the cable-stayed bridge, whereas 30 minutes were required for the discrete 4D model on the operation level. However, four hours were required for generating the continuous 4D CAD model on the operation level. This confirmed the need for future research to facilitate the development of the continuous model. Unlike the continuous model, the discrete 4D operation level model provided a good balance between the detail level of the model and the effort required for model development. Even in the revision process, the discrete operation level 4D model did not require much effort, compared with the activity level 4D model.
	
Conclusions
An insufficient level of consensus has existed as to whether or not 4D CAD models are useful or applicable in civil infrastructure construction, let alone how they should be applied to civil engineering projects. This paper presented a case study where 4D CAD models were applied to a cable-stayed bridge project, to evaluate the applicability of 4D CAD models in civil infrastructure construction. One of the unique contributions of this study was that three different 4D CAD models were applied to the real-life bridge project, to discover a way of choosing appropriate 4D models for various scenarios of civil engineering construction. Due to its simplicity, the 4D CAD activity level model was the best for the analysis of the entire construction project. Meanwhile, a higher level of work space analysis was possible with the discrete and continuous 4D operation level models, due to their abilities to represent such detailed construction objects as the derrick crane and temporary structures. Nonetheless, the continuous 4D operation level model showed the best communication capacity among project participants. Thus, when a complex construction operation is planned and the operation is critical to the success of the project in terms of safety and productivity, the continuous 4D model should be utilized. It is also worth noting that the discrete 4D operation level model showed a high benefit to cost ratio; compared to the effort required to generate the 4D model, its benefit was relatively high.  
Overall, the construction engineers exposed to the 4D CAD models all agreed that the 4D models were effective tools for civil engineering projects such as the cable-stayed bridge construction. The 4D models were proven to be good tools for planning, constructability analysis, and communication in civil infrastructure projects. However, future studies are needed to advance the current 4D modeling methodology, mainly in the two areas of structural component library development and automated continuous model generation. More case studies are also needed for a comprehensive assessment of 4D CAD applications for other types of civil engineering construction.
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Table 1. Derrick crane specifications
	Item
	Value

	Boom length
	19.65 m

	Mast length
	12.67 m

	Total Height
	17.64 m

	Vertical speed
	Up 0~1m/min;
Down 0~1.5m/min

	Turning speed
	0.15 radian/min




















                Table 2. Denavit-Hartenberg parameters for the crane operation
	i
	
	di (m)
	ai (m)
	 (

	1
	1
	0
	a1
	90°

	2
	2
	0
	a2
	0

	3
	3
	0
	0
	90°

	4
	4
	d4
	0
	0











Table 3. Comparisons of the three 4D CAD models
	Visualization element
	Visualization capacity

	
	4D CAD activity level model
	Discrete 4D CAD operation level model
	Continuous 4D CAD operation level model

	Materials used as a part of the facility
	High
	High
	High

	Unused 
materials on site
	Low
	High
	High

	Equipment
	Low
	Middle
	High

	Temporary structures
	Low
	High
	High

	Work space analyses
	Low
	Middle
	High




List of Figures

Fig. 1. Precast concrete panels
Fig. 2. Major structural components of the first deck segment
Fig. 3. 3D models of construction equipment and temporary structures
Fig. 4. Integrating 3D bridge components and time information: (a) format conversion; (b) component grouping; (c) activity time information
Fig. 5. Sequential view of the entire cable-stayed bridge construction processes
Fig. 6. 4D CAD on the activity level: (a) cable installation; (b) edge girder A installation; (c) edge girder B installation
Fig. 7. Discrete 4D CAD on the operation level: (a) cable installation; (b) edge girder unloading; (c) edge girder A installation; (d) man cage A installation; (e) edge girder B installation; (f) man cage B installation
Fig. 8. Reference frames for the derrick crane operation
Fig. 9. Mast bottom hinges and boom bottom hinges
Fig. 10. Process of developing a continuous operation level 4D model: (a) constraint conditions; (b) angle and distance ranges; (c) movement durations
Fig. 11. Continuous 4D CAD on the operation level for floor beam installation: (a) derrick crane setting; (b) trailer appearance; (c) trailer approach; (d) trailer arrival; (e) floor beam hoisting; (f) floor beam horizontal movement; (g) floor beam rotation; (h) rotation completion; (i) floor beam vertical movement; (j) floor beam placement; (k) man cage installation; (l) man cage removal



1
