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ABSTRACT

Modular construction has been a widely used method for industrial construction in Alberta. Heavy
piperack modules are prefabricated and assembled offsite and transported to site for installation, which
minimizes the impact of Alberta’s harsh weather and improves efficiency. Such projects are large in
scale, ranging from hundreds of modules to thousands; because of this, project planning often requires a
relatively long period of time. At the front-end engineering design stage, information is limited, but the
planning is critical for determining the appropriate cranes, locations, and lift sequences. To ensure sound
planning, information must be extracted from the 3D models, which can be tedious without automation,
and engineering analyses are required for crane location selection. This paper introduces a data-driven
management system used for project planning. The outputs include selection of crane with locations
considering site constraints. Valid automation is implemented in practice to achieve high efficiency.

1 INTRODUCTION

According to Government of Alberta statistics (Alberta Energy 2016), Alberta’s oil sands contain the
third largest oil reserves in the world, after Venezuela and Saudi Arabia; as of 2014, Alberta’s proven oil
sands reserves are 166 billion barrels. This lucrative resource has provided countless job opportunities in
Alberta; (according to Statistics Canada, in 2014 approximately 133,052 people were employed in
Alberta’s upstream energy sector). To extract the oil, mega industrial facilities have been constructed,
primarily in northern Alberta. As most of the construction sites are isolated geographically from cities and
material suppliers, it is more economical to minimize the onsite construction work. Measures to minimize
onsite work also serve to reduce the impact on onsite labor personnel of the harsh winter climate in
northern Alberta. Modular construction has thus emerged as the preferred approach for constructing these
industrial projects. As shown in Figure 1, a typical type of industrial module is a piperack module. These
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modules, which comprise pipes, cables, and equipment, are prefabricated off site and assembled in
module yards, and are then transported by large trucks to the site, where onsite installation is carried out.
There are many processes involved in the module supply chain, and one critical process is to use large-
capacity mobile cranes to lift and install the assembled modules on site. Due to the important safety and
cost aspects of large-capacity mobile crane use, planners must consider how crane re-locations can be
minimized, (given that, every time the crane relocates, there are associated costs), and which crane
configuration is optimal in terms of cost and schedule. Obtaining the answers to these questions is not
easy: the engineering analysis is tedious due to the large number of lifting scenarios that must be
analyzed. However, it is possible to find similarities in the engineering analysis process, which makes
automation possible. PCL Industrial Management Inc. has collaborated with the University of Alberta to
develop an automated decision support system that can reduce the human component involved in the
engineering process. In this paper, the developed systems are introduced to showcase how automation can
be applied to engineering analysis in the early stages of a project.

Figure 1: Typical industrial module.

Engineering systems for crane automation are not uncommon and have been described in a number of
studies in the literature. In general, these studies can be categorized into the following: (i) crane type
selection (Hanna and Lotfallah 1999; Al-Hussein et al. 2001; Sawhney and Mund 2002; Wu et al. 2011);
(i) crane location selection and analysis (Tam et al. 2001; Al-Hussein 2005; Huang et al. 2011; Safouhi et
al. 2011; Marzouk and Abubakr 2016); (iii) crane lifting sequence and simulation (Al-Hussein et al. 2006;
Lin et al. 2012; Taghaddos et al. 2012, 2014); and (iv) crane lifting visualization and path
finding/planning (Reddy and Varghese 2002; Sivakumar et al. 2003; Chang et al. 2012; Zhang and
Hammad 2012a, b; Lei et al. 2013a, b; Cai et al. 2016). As the capacity of computer calculation has
increased over the years, more work has emerged which uses visualization to simulate crane lifting (Lei et
al. 2015; Han et al. 2015). Although variations exist among the different systems, the data-driven concept
is the foundation for each of these systems. PCL Industrial Management Inc.’s previous work with the
University of Alberta is based on a server database which stores all crane and project information. As
more 3D models are provided in the project, the conversion from data to 3D model, and vice versa,
becomes important. Through the research collaborations mentioned above, PCL Industrial Management
Inc. has achieved automated data exchange among various types of design software and the existing
internal database. In this paper, an approach for analyzing the onsite crane utilization at the project’s
front-end engineering design (FEED) stage is introduced which includes crane configuration
determination, crane location analysis, and crane lifting sequence using visualization tools. Many parts of
this approach have been successfully automated.
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2  FRONT-END ENGINEERING (FEED) CRANE ANALYSIS

2.1 Data Extraction from 3D Models

In the FEED stage, the objective for onsite crane lift analysis is to identify possible crane configurations
that can be used for the project and, based on these, to select corresponding crane locations to perform
the lifts with determined sequence. 3D models (conceptual and detailed models) are usually provided by
the client complete with pertinent module specifications. For onsite crane lift analysis, the initial task is to
extract the location and dimension information from these models. For example, piperack modules are
limited by their building envelopes. (Figure 2 shows a Navisworks piperack model provided by the
client.) There is a large volume of essential information for analyzing the lifts, and, at the FEED stage,
module dimensions and weights are critical. The provided 3D model contains the coordinates of the
module location, which can be extracted either manually or through automation. The automation requires
programming using Navisworks Application Programming Interface (API) (see Autodesk Navisworks
Developer Network for details). All the extracted information is stored in an in-house database developed
by PCL Industrial Management Inc. This database also contains crane information necessary for analysis,
such as the crane’s geometric information (e.g., boom length/depth, tailswing length, lifting capacity chart
provided by manufacturer, etc.). Figure 3 shows the user interface from PCL’s database, which contains
all the extracted information of the modules to be lifted. In addition to the module information, the site
boundaries must be defined in order to identify the possible crane accessible areas. Areas that require site
preparation or foundations are excluded from this stage of analysis. The method used to identify the
boundaries is documented in previously published papers (Hermann et al. 2010; Safouhi et al. 2011).
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Figure 2: A piperack module sample from Navisworks model.

Object Data Single View Doc Log Object PDF i i
1K W ol E11 83 — oo

{
114

Figure 3: User interface for extracted information.
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2.2  Crane Selection and Location Determination

Crane selection is based on various factors, but primarily the following: (i) whether or not the crane
configuration has sufficient capacity to perform the lifts (determined by the heaviest module of the
project); and (ii) whether or not the crane configuration allows sufficient clearance (boom/jib clearance
and crane body clearance). Other factors may also affect the crane selection, such as the availability of
cranes, and so on. Once potential crane configuration candidates are selected, all the lifted modules must
be analyzed to ensure that the selected crane configurations are qualified for the job. When analyzing
each lifting scenario, the crane’s capacity must be checked by Equation (1), Equation (2), and Equation

3).

CCrane 2 WModule + WLoadBlock + WRigging + WAdditionalWeight (1)
CReeveing 2 WModule + WLoadBlock + WRigging (2)
CRigging 2 WModule (3)

where C,,,, = crane lifting capacity based on the given lifting radius (provided by crane’s

manufacturer); Cpe.,,,, = reeving capacity, determined by the hoist line; Cp, ., = rigging capacity,

calculated separately based on the capacities of the components; ¥,

odule

= lifted module weight (in the
FEED stage, since the module design has not been determined, the W, , . is determined by historical
data; later, the estimated weight can be replaced with actual lifting weight); W, ... . = weight of the
lifting hook block; Wy,

runner weight. In a previously developed system, PCL Industrial Management Inc. has co-developed with
University of Alberta an analysis system that includes the checking equations (Hermann et al. 2010). This
system is capable of automatically finding all the crane locations based on the selected crane
configuration. In the case study presented below, the outputs of this system are discussed.

= rigging weight used for lifting; and W, auxiliary ball and

dditional Weight =

2.3 Lifting Sequence and 4D Simulation

The lifting sequence depends on various site constraints, some of which are unavoidable: e.g., the upper
modules must be installed after the installation of the bottom modules, and the connected modules (pipes
running through both modules) must be installed in sequence. Also, different priorities are given to
different locations, and the plot plan is divided into independent/dependent areas. The goal is to minimize
the number of crane relocations on site and to reduce the size of crane mats needed; (crane mat
analysis/optimization is beyond the scope of the research presented in this paper). In current practice, the
sequence is determined based on the experience of crane planners; however, the challenge is to check the
selected locations and sequence between the database and the 3D model. This is a laborious process due
to the large number of lifts and the manual nature of the drafting process. An AutoCAD plug-in is
developed in order to link the in-house crane database to the AutoCAD system so that the 3D lifting
scenario can be generated automatically, which reduces markedly the human component in the process.
The generated CAD model can be appended to the existing Navisworks models provided by the client,
such that the sequence can be applied for 4D animation generation. Navisworks requires specific input
formats for sequencing (e.g., CSV file, MS project file, etc.). Figure 4 shows a typical sample of the
sequence that can be input into the Navisworks model and can be matched to items in the model.
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Figure 4: Sequencing using TimeLiner in Navisworks.

3 CASE STUDY AND DEMONSTRATION

In this section, the case of an industrial project is presented to demonstrate how the above described
information technology is implemented. The project is at the FEED stage, and some information is
missing due to the fact that the design has not been fixed. Module weights from previous projects are used
as a benchmark for analysis based on the number of module bays. At the FEED stage, the maximum
estimated weight (rather than average weight) is used so that constructability is always ensured. The
planning process is a data digging and reflection process, where the raw data, such as dimensions and
coordinates, is extracted from the 3D model. For the selected project, a total of 233 modules are
identified, and all information is stored in the database as shown in Figure 5; (some information has been
redacted in the interest of confidentiality). This information is further analyzed using the developed
advanced crane planning and optimization (ACPO) system in order to identify potential crane
configuration candidates. Figure 6 is an output screenshot from the ACPO system with possible crane
locations (brown dots), where the green boxes are the lifted modules at their set locations. The crane
locations are further analyzed and plotted in AutoCAD using the developed automatic plug-in system and
are linked to the Navisworks model for the purpose of 4D animation. Figure 7 depicts the 3D model
development from (i) the original 3D model to (vi) the model with selected cranes at its lifting location.
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Figure 5: Module information storage in database.
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Figure 6: Crane locations and modules at set locations from ACPO system.

(i) Crane lifting at 1*' location (ii) Crane lifting at 2" location

) Screenshot4 (V Screenshot5 (vi) Screenshot6 —

Figure 7: 4D animation screenshots.

4 CONCLUSIONS AND FUTURE WORKS

This paper introduced the practice of data extraction from Navisworks model at the project’s FEED stage
and use of the data for analysis and for formulating plans for onsite lifting. The main extracted data from
the model are the dimensions of lifted modules, which are entered into a server database. Other database
information needed for engineering analysis includes crane geometric information and lifting capacity
data. Potential crane configurations are then selected for analysis through an automated crane location
selection system, and, based on the selected crane configuration, locations are determined. An AutoCAD
plug-in is developed in order to automatically plot crane models in a 3D environment, which is eventually
linked with the Navisworks model. A .csv file is used to create a lifting schedule in Navisworks. In future,
there is a research opportunity to automate the crane lifting sequencing process using mathematical
algorithms and tools. In this case, the cost of different crane operations will be considered (e.g., a penalty
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needs to be applied to cases of crane movement from one location to the other in order to minimize onsite
crane movement).

5 ACKNOWLEDGMENTS

The authors wish to thank PCL Industrial Management Inc. and the Natural Sciences and Engineering
Research Council of Canada (NSERC) for their financial support of this research through a Collaborative
Research and Development (CRD) grant (grant file no. CRDPJ 451768-2013). The technical writing
support of Mr. Jonathan Tomalty from the University of Alberta is also greatly appreciated.

REFERENCES

Alberta  Energy, Government  of  Alberta.  Accessed on  March 14 2016.
http://www.energy.alberta.ca/oilsands/791.asp.

Al-Hussein, M., S. Alkass, and O. Moselhi. 2001. “An Algorithm for Mobile Crane Selection and
Location on Construction Sites.” Construction Innovation 1(2):91-105.

Al-Hussein, M., S. Alkass, and O. Moselhi. 2005. “Optimization Algorithm for Selection and on Site
Location of Mobile Cranes.” Journal of Construction Engineering and Management 131(5):579-590.

Al-Hussein, M., M. A. Niaz, H. Yu, and H. Kim. 2006. “Integrating 3D Visualization and Simulation for
Tower Crane Operations on Construction Sites.” Automation in Construction 15(5):554-562.

Autodesk Developer Network. Accessed March 14, 2016.
http://usa.autodesk.com/adsk/servlet/index?id=15024694 &siteID=123112.

Cai, P., Y. Cai, . Chandrasekaran, and J. Zheng. 2016. “Parallel Genetic Algorithm Based Automatic
Path Planning for Crane Lifting in Complex Environments.” Automation in Construction 62:133—
147.

Chang, Y., W. Hung, and S. Kang. 2012. “A Fast Path Planning Method for Single and Dual Crane
Erections.” Automation in Construction 22:468-480.

Han, S., S. Hasan, A. Bouferguene, M. Al-Hussein, and J. Kosa. 2015. “Utilization of 3D Visualization of
Mobile Crane Operations for Modular Construction On-site Assembly.” Journal of Management in
Engineering 31(5), 10.1061/(ASCE)ME.1943-5479.0000317, 04014080.

Hanna, A. S., and W. B. Lotfallah. 1999. “A Fuzzy Logic Approach to the Selection of Cranes.”
Automation in Construction 8(5):597-608.

Hermann, U., A. Hendi, J. Olearczyk, and M. Al-Hussein. 2010. “An Integrated System to Select,
Position, and Simulate Mobile Cranes for Complex Industrial Projects.” In Proceedings of the
Construction Research Congress, Banff, Alberta, Canada, May 8-10, 267-276.

Huang, C., C. K. Wong, and C. M. Tam. 2011. “Optimization of Tower Crane and Material Supply
Locations in a High-rise Building Site by Mixed-integer Linear Programming.” Automation in
Construction 20(5):571-580.

Lei, Z., H. Taghaddos, U. Hermann, and M. Al-Hussein. 2013a. “A Methodology for Mobile Crane Lift
Path Checking in Heavy Industrial Projects.” Automation in Construction 31:41-53.

Lei, Z., H. Taghaddos, J. Olearczyk, M. Al-Hussein, and U. Hermann. 2013b. “Automated Method for
Checking Crane Paths for Heavy Lifts in Industrial Projects.” Journal of Construction Engineering
and Management 10.1061/(ASCE)C0.1943-7862.0000740, 04013011.

Lei, Z., H. Taghaddos, S. Han, A. Bouferguene, M. Al-Hussein, and U. Hermann. 2015. “From AutoCAD
to 3ds MAX: An Automated Approach for Animating Heavy Lifting Studies.” Canadian Journal of
Civil Engineering 42(3):190-198.

Lin, Y., D. Wu, X. Wang, X. Wang, and S. Gao. 2012. “Statics-based Simulation Approach for Two-
Crane Lift.” Journal of Construction Engineering and Management 138(10):1139-1149.

3287



Lei, Hermann, Al-Hussein, and Bouferguene

Marzouk, M., and A. Abubakr. 2016. “Decision Support for Tower Crane Selection with Building
Information Models and Genetic Algorithms.” Automation in Construction 61:1-15.

Reddy, H. R., and K. Varghese. 2002. “Automated Path Planning for Mobile Crane Lifts.” Computer-
aided Civil and Infrastructure Engineering 17(6):439—-448.

Safouhi, H., M. Mouattamid, U. Hermann, and A. Hendi. 2011. “An Algorithm for the Calculation of
Feasible Mobile Crane Position Areas.” Automation in Construction 20(4):360-367.

Sawhney, A., and A. Mund. 2002. “Adaptive Probabilistic Neural Network-based Crane Type Selection
System.” Journal of Construction Engineering and Management 128(3):265-273.

Statistics Canada. Accessed March 14, 2016. http://www.statcan.gc.ca/start-debut-eng.html.

Sivakumar, P. L., K. Varghese, and N. R. Babu. 2003. “Automated Path Planning of Cooperative Crane
Lifts using Heuristic Search.” Journal of Computing in Civil Engineering 17(3):197-207.

Taghaddos, H., S. AbouRizk, Y. Mohamed, and U. Hermann. 2012. “Simulation-based Auction Protocol
for Resource Scheduling Problems.” Journal of Construction Engineering and Management
138(1):31-42.

Taghaddos, H., U. Hermann, S. AbouRizk, and Y. Mohamed. 2014. “Simulation-based Multiagent
Approach for Scheduling Modular Construction.” Journal of Computing in Civil Engineering
28(2):263-274.

Tam, C. M., T. K. L. Tong, and K. W. Chan. 2001. “Genetic Algorithm for Optimizing Supply Locations
around Tower Crane.” Journal of Construction Engineering and Management 127(4):315-321.

Wu, D., Y. Lin, X. Wang, X. Wang, and S. Gao. 2011. “Algorithm of Crane Selection for Heavy Lifts.”
Journal of Computing in Civil Engineering 25(1):57-65.

Zhang, C., and A. Hammad. 2012a. “Multiagent Approach for Real-time Collision Avoidance and Path
Replanning for Cranes.” Journal of Computing in Civil Engineering 26(6):782—794.

Zhang, C., and A. Hammad. 2012b. “Improving Lifting Motion Planning and Re-planning of Cranes with
Consideration for Safety and Efficiency.” Advanced Engineering Informatics 26(2):396—410.

AUTHOR BIOGRAPHIES

ZHEN LEI received his PhD in Construction Engineering and Management from the University of
Alberta, and currently works as a Postdoctoral Fellow at Hole School of Construction Engineering,
University of Alberta. He has been closely working with PCL Industrial Management Inc. to develop
automated crane management planning systems. His email address is zlei@ualberta.ca.

ULRICH (RICK) HERMANN is Manager of Construction Engineering at PCL Industrial Management
Inc. He is responsible for a broad range of technical support, including engineered lift studies, man lift
procedures, rigging equipment and special construction designs, historical data collection and analysis,
and major project scheduling setups. Rick graduated from the University of Alberta in 1985 with a Civil
Engineering Degree, and has since worked in the construction industry for 31 years. His experience is
primarily in the industrial sector, working for both owners and contractors, and he has been with PCL
Industrial for 20 years. He is very active in construction research and is a board member of the
NSERC/Alberta Construction Industry Research Chair. His email address is RHHermann@pcl.com.

MOHAMED AL-HUSSEIN is a professor in the Hole School of Construction Engineering and Director
of the Nasseri School of Building Science and Engineering at the University of Alberta, and holds the
NSERC Industrial Research Chair in the Industrialization of Building Construction. A highly sought
researcher and consultant in the areas of lean manufacturing, construction process improvement, CO,
emission quantification and reduction, and building information modeling (BIM), Dr. Al-Hussein has
contributed to construction automation as applied to equipment selection and on-site utilization. He has
also successfully applied lean principles to improve work methods and productivity standards for various

3288



Lei, Hermann, Al-Hussein, and Bouferguene

industries and projects. Dr. Al-Hussein’s research has developed best practices for panelized building
systems, lean production, and modular construction. Dr. Al-Hussein’s research has been published in
approximately 200 peer-reviewed journals and conference proceedings. His email address is
malhussein@ualberta.ca.

AHMED BOUFERGUENE is Associate Professor at the University of Alberta, Campus Saint-Jean. Dr.
Bouferguene’s research focuses on engineering mathematics, a field in which mathematical and statistical
techniques are sought to solve complex engineering problems and to optimize practical procedures. In
recent years he has addressed a variety of engineering projects in the areas of cost estimation, waste
minimization, and equipment utilization. Dr. Bouferguene’s research, either as PI or co-applicant, has led
to numerous publications in renowned journals and to several NSERC Collaborative Research and
Development (CRD) grants and MITACS internships. His email address is ahmedb@ualberta.ca.

3289



