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FULLY AUTONOMOUS ROBOT FOR PAVING OPERATIONS L. Sebastian Bryson 1, Christopher Maynard 2, Daniel Castro-Lacouture 3 and Robert L. Williams II 4 ABSTRACT Efficiency is low in conventional concrete construction. This fact, combined with high accident rates at construction sites, low product quality, and insufficient controls of the project schedules have led researchers to develop autonomous robots to perform specific tasks. Such robots are highly advantageous for a multi-task operation such as concrete paving. Concrete pavement construction is ideally suited for robotics in that the complete construction process is made up of many single-tasks that can be automated and integrated into a single machine. Although the state-of-the-art paving process includes a high level of automation, the process is still labor intensive and the final quality of the pavement section is a function of the skill of the paving crew. Introducing autonomous robotics into paving operations provides a means to consistently produce high-quality products, faster and safer than conventional concrete paving techniques. Ohio University is developing a prototype of a fully autonomous robot for concrete paving called RoboPaver. The RoboPaver prototype is a 1:20 scale model of the intended field version. The purpose of the prototype is to serve as a proof-of-concept concrete pavement construction robot. The full-scale version of the RoboPaver will occupy about the same volume as a typical commercially-available slipform paver, but will combine all the operations of a conventional paving system into one robot. The RoboPaver prototype will also implement an intelligent concrete construction system that will allow real-time remote control of the paving operations, based on sensors and other machine performance data. The tangible benefits of using RoboPaver for pavement construction will include lower labor costs, lower equipment maintenance costs, less construction downtime, and lower demobilization and cleanup costs. Other potential RoboPaver benefits include increased construction site safety and higher quality of the finished pavement section, both of which can be directly related to a reduction of overall project costs. KEY WORDS Concrete Paving, Robotics, Sensors, Autonomous Robot, Concrete Construction, Prototype.
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INTRODUCTION Automation and robotics has generated much interest in the construction community over the last two decades (Cobb, 2001; Cousineau, 1998; Warszawski and Navon, 1998). Efficiency is low in conventional concrete construction. This fact, combined with high accident rates at construction sites, low product quality, and insufficient controls of the project schedules for conventional concrete construction have led researchers to develop autonomous robots to perform specific tasks. These robots are referred to as single-task robots and generally result in productivity and efficiency improvements (Schraft and Schmierer, 2000). However, one disadvantage of the single-task robot is that they are typically not able to improve the overall process. This is primarily due to the additional efforts required to assemble and disassemble the various robots for the required tasks. To enhance overall productivity and efficiency of a project, an entire system must be automated. The development of an autonomous robot capable of automating a complete construction process made up of many single tasks is the objective of this work. Such a robot would be advantageous for a multi-task operation such as concrete paving. This paper presents the conceptual development of a fully autonomous robot that will be used for concrete pavement construction. Concrete pavement construction is suited for robotics in that the complete construction process is made up of many single tasks that can be automated and integrated into one single machine. A fully autonomous robot will have the ability to consistently produce high-quality products and to precisely perform tasks. It is envisioned that with the aid of an autonomous robot, construction projects will be able to be completed better, faster, and safer, which will lead to greater productivity and reduce costs. ROBOTICS FOR PAVEMENT CONSTRUCTION State-of-the-art highway paving operations include a high degree of automation. Modern paving operations consists of equipment and various control systems that regulate conveyance and placement of the paving materials, control the direction and rate of paving, and provide surface finishing capabilities for the final pavement. Unfortunately, each of these aspects of the paving operation represents a separate piece of equipment, equipment operators and the supporting laborers. Thus, although the state-of-the-art paving process includes automation, the process is still labor intensive and the final quality of the pavement section is a function of the skill of the paving crew. Introducing autonomous robotics into paving operation provides a means to improve quality while at the same time increase productivity and efficiency. Increased productivity and efficiency yield a corresponding decrease in operational costs. ROAD ROBOT – OPERATOR ASSISTED ROBOT FOR ASPHALT PAVING The first and most comprehensive attempt to date to fully automate the paving process was the Road Robot, which was specifically developed for asphalt paving. The Road Robot was developed by a collaboration of industrial partners, research institutes, and universities as part of the European Union’s ESPRIT research program. The research team, led by Joseph Vögele AG of Mannheim, Germany and the European Center for Mechatronics in Aachen, performed work for the Road Robot from June 1992 to May 1996 in Mannheim, Germany (Schraft and Schmierer, 2000). Figure 1 shows the Road Robot during its demonstration testing.
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Figure 1: Road Robot Demonstration Testing (Schraft and Schmierer, 2000) The aim of the project was to develop a self-navigating, self-steering road paver that would allow road engineers to improve the quality of constructed asphalt pavements, while also being more environmentally friendly. A systematic study of automated pavement construction conducted by Joseph Vögele’s research team found that individual tasks in the asphalt paving process could not be automated economically. Thus, the Road Robot consisted of a single piece of equipment that integrated several automated systems. The automated systems included: •



Automated reception of asphalt



•



Automatic control of asphalt conveyance



•



Automatic control of asphalt spreading



•



Automatic steering control with mechanical sensor and automatic control of paving speed



•



Automatically controlled start/stop of all paving functions of the Road Robot as a function of the quantity of asphalt in the material hopper.



The Road Robot also included computer-controlled screeding capabilities. However, the screeding operations required operator assistance. The operation of the Road Robot was divided among four subsystems: (i) asphalt materials logistics; (ii) traveling mechanism; (iii) road surface geometry; and (iv) screeding. The asphalt materials logistics subsystem consisted of onboard sensors that determined the distance from the feed vehicle to the Road Robot and then adjusted the movement and operation of the equipment in order to receive the asphalt into the material hopper. Asphalt was then transported and placed using conveyors. Discharge was controlled by measuring the height of asphalt on the conveyors. The traveling mechanism subsystem controlled the speed of the robot, the start/stop function, and the steering. A paving start or paving stop was initiated as a function of the quantity of asphalt in the material hopper. Provided a correct tolerance on the volume of asphalt was being maintained, the conveyor system supplied a constant head of asphalt in front of the screed. The Road Robot automatic steering control was based on mechanical referencing from a guide line such as a curb. A second type of travel control system was installed on the Road Robot, a laser-based navigation system. This steering system was applied when no reference or other line was available. The laser unit scanned the area around the Road
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Robot, and calculated the angle between the robot and the pre-positioned reflection elements. The road surface geometry subsystem controlled the volume of discharge based on the pre-defined thickness, profile, and lateral inclination of the pavement section. The screeding subsystem controlled height adjustments, vibrations for compacting, and screed orientation. However, as was mentioned previously, this subsystem required operator assistance. Although the Road Robot successfully demonstrated the capabilities and advantages of a fully automated asphalt paver, further development appears to have been halted. No research or manufacturer’s information regarding the current status of the Road Robot is available in the literature. THE CIRPAV PROTOTYPE The Computer Integrated Road Paving (CIRPAV) prototype is currently the only other attempt, worldwide, to automate paving operations. As with the Road Robot, the CIRPAV robot was specifically developed for asphalt paving operations. The CIRPAV research is part of the Computer Integrated Road Construction (CIRC) project, which is supported by the European Commission, under the Industrial and Materials Technologies Programme Brite-EuRam III. The research was led by the Laboratoire Central des Ponts et Chaussees (LCPC). Although the CIRPAV prototype is considered an operator-assisted robot, it actually consists of a set of computer controlled subsystems and control sensors integrated on to a Demag DF135 paver. Figure 2 shows a schematic of the CIRPAV prototype with a ground-based positioning system.



Figure 2: CIRPAV Prototype with Trailer-Mounted Positioning System (after Peyret et al., 2000) The primary functions of the CIRPAV system are to: •



Assist the operator in maintaining the paver on its correct trajectory at the correct speed



•



Automatically adjust the position and cross-slope of the screed



•



Record actual work performed by the paver and transmit performance data to a remote ground station in order to maintain global quality control at the site level.
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The CIRPAV system consists of three main sub-systems: (i) the ground sub-system, (ii) the on-board sub-system, and (iii) the positioning sub-system. The ground sub-system provides the paver with geometric CAD data about the work site, as well as guidelines for operation. The on-board sub-system computes paving results and collects statistics about the work achieved. The positioning component provides real-time positioning of the paver using absolute positioning devices. The positioning sub-system also provides positioning and attitude of the screed. Extensive trials for the project were performed between November 1999 and March 2000 at LCPC paving tracks in Nantes, France. The CIRPAV researchers reported that following improvements were achieved when using the CIRPAV system: •



The costs of establishing and maintaining references for profile control and equipment operations were reduced from 10% of the total cost of the work to below 5%.



•



The fluctuation of the layer thickness was decreased. As a result, the estimated savings of the materials consumption were about 5% of the total cost of the work



•



The quality of the final pavement was improved. The CIRPAV prototype was able to place asphalt within ± 5 cm in both transversal and longitudinal directions, and within ± 0.5 mm for the height component.



The successful demonstration of the CIRPAV prototype demonstrated that operatorassisted robotics can improve the efficiency of the paving process, while at the same time improving the quality of the finished pavement section. However, in comparison with the Road Robot, the CIRPAV prototype is less sophisticated and does not exploit the full possibilities of integrating robotics into pavement construction. CONCRETE PAVING OPERATIONS To date, no work has been done to integrate robotics into the concrete paving process. Although the modern concrete pavers and the various supporting equipment include a high degree of automation, the basic concrete pavement construction operations of today are not significantly different than they were 30 years ago. The general work flow of the concrete paving process can be seen in Figure 3 (Wright, 1996).



PRE-PAVING OPERATIONS PREPARE BASE



PLACE DOWEL BASKET



SET ALIGNEMENT STRING



PAVING OPERATIONS



PLACE & SPREAD CONCRETE



VIBRATE CONCRETE



FORM PAVING LANE



SCREED CONCRETE



POST-PAVING OPERATIONS FINISH CONCRETE



TEXTURE SURFACE



CURE CONCRETE



SAW CUT JOINTS



Figure 3: Process Diagram of a General Concrete Paving Operation
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Most concrete highway pavements are constructed with a slipform paver and paving operations are executed within the framework of a “paving train”. The paving train typically refers to the paving equipment used for the Paving and Post-Paving Operations (see Figure 3). Other important aspects in the paving process include control of the paving equipment trajectory and control of the pavement surface profile (i.e. screeding). Currently, most of the methods used to control equipment trajectory are based on conventional surveying techniques, such as hubs, grade stakes and string-lines. These types of controls limit productivity, because their installation is slow and are subject to human errors. In addition, manual-type trajectory controls require skilled operators to accurately steer the equipment, using rudimentary techniques. Control of the screeding operation is also based on conventional surveying techniques. Even on the most automated pavers, the screeding operation requires constant human intervention. In some state-of-the-art paving operations, laser leveling systems have been introduced to improve productivity and accuracy of the paving process. These systems consist of a ground-based laser source that emits a linear beam or light pulses, with target receivers mounted on the paver. Although the use of laser technology is widespread in the excavation industry for grade control, only a few of the commercially available pavers have the capability for minimal laser control. No current commercially-available paver has the ability for semi-autonomous operation of the screed and trajectory using laserbased (or any other) technology. From reviewing Figure 3, it can be seen that conventional concrete paving operations require a great deal resources and is labor intensive, even with state-of-the-art pavement equipment. Integrating the Paving and Post-Paving Operations into one fully autonomous robot, which also included a laser-based guidance and positioning system, sensors to monitor materials and machine operation, and providing remote data reporting capabilities would significantly improve efficiency and productivity. By increasing productivity while decreasing the personnel and equipment required to perform the work, a concrete paving robot would also reduce the cost of pavement construction. It is anticipated that the robot will also improve the quality of the finished pavement. In addition, with less required people and machines an added benefit of a robot will be an inherent increase in construction site safety. ROBOPAVER – FULLY AUTONOMOUS ROBOT FOR CONCRETE PAVING Ohio University is in the process of developing a prototype of a fully autonomous robot for concrete paving called RoboPaver. As discussed previously, there are many competitive advantages to integrating robotic technology with concrete pavement construction. Although the concept of using a robot for asphalt paving has been shown to be valid with the development and demonstration of the Road Robot, no attempts have been made to expand that research to concrete paving. The RoboPaver prototype is a 1:20 scaled model of the intended field version. The purpose of the prototype is to serve as a proof-of-concept concrete pavement construction robot. It is anticipated that the full-scale version of the RoboPaver will occupy about the same volume as a typical commerciallyavailable slipform paver, but will combine all the operations of a conventional paving train into one robot.
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OPERATIONAL CONCEPTS The RoboPaver proof-of-concept hardware prototype will incorporate each task-specific piece of machinery used in the concrete paving process into one fully autonomous unit. The RoboPaver prototype will be a battery-operated robot that will consist of several different operations: (i) Placing pre-fabricated steel reinforcement bar cages; (ii) Placing and distributing concrete; (iii) Vibrating; (iv) Screeding; (v) Final finishing; and (vi) Curing. Figure 4 presents the conceptual design of the RoboPaver prototype.



Figure 4: Conceptual Design of the RoboPaver Prototype In concrete pavement construction, steel reinforcement is used for load transfer. Steel dowel bars are used in transverse contraction joints to provide load transfer between pavement slabs. These bars also keep slabs in horizontal and vertical alignment. Deformed steel tiebars are used in longitudinal joints primarily to prevent lanes from separating. In conventional concrete paving operations, dowel bar baskets are manually assembled and placed along the subgrade prior to the paving operations. Automating placement of these baskets will improve efficiency and decrease costs by decreasing the number of required pre-paving activities. The pre-fabricated steel reinforcement cage and the placement system included in the RoboPaver simulates placement of the dowel bars and tiebars. The conceptual design of the steel placement system is shown in Figure 5. The RoboPaver will have a racking system that will store and dispense the prefabricated reinforcement cages. The reinforcement racking and placing system is made up of two conveyor belts that will move uniformly to place the prefabricated reinforcement cages. Depending on the desired width to be paved, the two-conveyor racking systems will be able to accommodate different distances by moving closer or farther apart. A robotic arm or fork lift mechanism may be added for greater control over the placement of the reinforcement bars. Placement of the cages will be controlled by onboard sensors that compare the position of the robot with the specified location of the reinforcement. Once at the prescribed location, the side conveyors will advance to drop down the reinforcement. It is acknowledged that some modern commercial pavers have the capability of automatically inserting dowel bars and tiebars into the wet concrete. Although this function may be included on the full-scale version of the RoboPaver, this capability is not required to show the efficacy of the RoboPaver.
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Figure 5: Conceptual Design of Pre-fabricated Steel Reinforcement Placement The next operation is the placement of concrete. For the proof-of-concept prototype, a simple holding tank with a mixer and dispersing mechanism will be used. These components are located on the top of the RoboPaver (see Figure 6). The mixer will be a motor-driven auger screw. The dispersing mechanism will consist of a pump and a pipe mounted on a double threaded screw.



Figure 6: Conceptual Design of the Concrete Placement System Figure 7 shows the paving operations subassembly. The vibrating, screeding, and final finishing of the placed concrete will be performed under the main body of the robot. In the full-scale design, the vibrating would be done hydraulically. For the proof-of-concept, the possibilities to perform this task range from using a vibrating motor to developing a reciprocating press. The screeding subsystem will be composed of oscillating steel plates that will produce a layered finish. This approach is similar to what is done in standard practice. Another operation performed underneath the main body will be the final finishing. This subsystem will incorporate laser leveling technology that will control a steel roller that will slide on a track. The final operation that will be performed by the proof of concept prototype will be the spraying of a curing compound. This subsystem will be constructed of a holding tank, spray nozzles attached to PVC pipe and a pump to drive the curing compound.



8



Figure 7: Conceptual Design of the Paving Operations Subassembly Telemetry for navigation and positioning control are of significant importance for achieving autonomous operation. A spatial positioning system will provide RoboPaver position information. The positioning system will be based on state-of-the-art optical laser leveling and distancing technology. The prototype will use preprogrammed check points for guidance, but it is envisioned that the full-scale version will use GPS technology for navigation. INTELLIGENT CONCRETE CONSTRUCTION The RoboPaver prototype will employ a variety of onboard sensors that will monitor and collect data pertaining to the flow of materials and construction sequences. These sensor data will be integrated with the operational control of the RoboPaver. This integration will improve quality control by allowing real-time adjustments of any aspect of the paving operation. This integrated system is called Intelligent Concrete Construction (ICC). It is envisioned that sensors will collect: (i) materials data such as pH, moisture, temperature, and concentrations of chloride, sodium, and potassium ions within the concrete, mass density, and viscosity; and (ii) equipment operations data such as volume of concrete being placed, rate of placement, frequency of vibrations, height and orientation of the screed, quantity of curing compound being applied, and ambient temperature. The ICC will compare the materials sensor data with predefined tables and correlations relating physical and chemical properties to long-term strength and durability of concrete. If the concrete being placed falls below the design values, the RoboPaver prototype will notify the operator of the deficient concrete. For the full-scale version, stores of super plasticizer admixtures and water would be available onboard the robot for real-time autonomous correction of the concrete mix. In addition, the robot would have the ability to adjust the speed of the mixer as well as providing heating and cooling controls on the concrete holding tank. The full-scale RoboPaver would be capable of improving the quality of the concrete in real-time. The ICC will compare the equipment operations sensor data to equipment efficiency tables. The rate of paving will be increased or decreased if the RoboPaver begins to operate outside the set range of construction efficiency. Also, the ICC will monitor the equipment data for indications of equipment malfunction. The ICC will shut down the
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RoboPaver for equipment issues that will potentially cause damage to the unit. For issues judged not to be potentially damaging, the ICC will issue a warning to a human supervisor. An important feature that will be included in the ICC will be the ability to transmit all sensor data to a remote workstation using wireless communications technology. Thus, the paving engineer can monitor the physical and chemical characteristics of certain mix designs under actual field conditions. In addition to having the ability to remotely make real-time adjustments to the construction process, the engineer will be able to build a database of mix performances for use on future projects. CONCLUSIONS In this paper, summaries of two successful European attempts to automate the asphalt paving process using robotics were first presented. In each of these attempts, the individual steps involved in the asphalt paving process were identified as separate tasks, which were then grouped into operations. Either autonomous or operator-assisted robotic systems were then employed to perform the individual operations. Extending robotics to concrete pavement construction involves a similar approach as that used for asphalt pavement. The concrete paving process can be divided into separate tasks along the basis of the components of the paving train. The component tasks of the paving train can be grouped in two operations, Paving and Post-Paving Operations. RoboPaver is a fully autonomous robot that will integrate the equipment and processes of the two paving operations into one machine. The conceptual design of the RoboPaver shows that many features envisioned for a full-scale prototype can be evaluated using a working 1:20 scale hardware model. The RoboPaver prototype will also implement an Intelligent Concrete Construction system that will allow remote control of the construction operations based on real-time materials and machine performance data. The tangible benefits of using RoboPaver for pavement construction will include lower labor costs, lower equipment maintenance costs, less construction downtime, and lower demobilization and cleanup costs. Other RoboPaver benefits include increased construction site safety and higher quality of the finished pavement section, both of which can be directly related to a reduction on overall project costs. REFERENCES Cobb, D. (2001). “Integrating Automation into Construction to Achieve Performance Enhancements”, Conference Proceedings of the CIB World Building Congress, Wellington, New Zealand, April 2-6. Cousineau, L. (1998) Construction Robots: The Search for New Building Technology in Japan. ASCE Press. Reston, Virginia. Peyret F., Jurasz J., Carrel A., Zekri E., and Gorham, B., (2000), “The Computer Integrated Road Construction Project”, International Journal for Automation in Construction, vol. 9, 447-461. Schraft, R. D. and Schmierer, G. (2000) Service Robots: Products, Scenarios, Visions, A.K. Peters, Ltd. Natick, MA, pp. 216. Warszawski, A. and Navon, R. (1998). “Implementation of Robotics in Building: Current Status and Future Prospects”, Journal of Construction Engineering and Management, ASCE, Vol. 124, No. 1, pp. 31-41 Wright, P. (1996) Highway Engineering, 6th Edition, John Wiley and Sons, Inc. New York.
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