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Abstract

This document presents information essential to the proper operation and maintenance of the Automated
Crack Sealing Machine (ACSM) which was developed under the SHRP H-107A project. The ACSM is
relatively complex, and thus, this document is intended to provide potential users with adequate
information for the operation and maintenance of the ACSM. The ACSM is comprised of two
independent machine systems, one for longitudinal cracks and joints that exist at the edge of the lane
(e.g., construction joints), and the other for general (random or transverse) cracks/joints that may extend
across the roadway. This report discusses non operational considerations for the ACSM including
transport to and from the work zone and storage of the machine, possible system configurations for both
longitudinal and general crack sealing operations, instructions that are common to both systems, details
related to the set-up, deployment, operation and shut down of each system, and finally, maintenance

procedures for the various machine components.
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Executive Summary

Worldwide, a tremendous amount of resources are expended annually maintaining highway pavement.
Highway maintenance activities are generally labor-intensive and dangerous to both the workers and the
traveling public. Itis quite evident to most travelers that improved materials and procedures including
the use of more advanced technologies are severely needed. This is even more pronounced in light of
the significant current fiscal crises being experienced at all levels of government. Accordingly, the
Strategic Highway Research Program (SHRP) has had the improvement of pavement maintenance as
one of its primary goals. This area has been addressed in research projects in several key areas. These
areas include a study of pavement maintenance effectiveness (SHRP H-101), maintenance measuring
equipment (SHRP H-103 and H-104), improving work zone safety (SHRP H-108 and H-109), and the
development of improved maintenance equipment (SHRP H-105 and H-107). Recognizing the need to
additionally transfer these findings, SHRP has funded an implementation effort as well (SHRP H-110).

The research reported herein was performed under SHRP project H-107A, Fabrication and Testing of
Maintenance Equipment Used for Pavement Surface Repairs - Crack and Joint Sealing. This study has
been performed in parallel to SHRP H-107B which is aimed at the development of equipment for
pothole repairs. The SHRP H-107 study was begun in December 1990 and was completed in March
1993. The ultimate goal of the SHRP H-107A project was to develop prototype automated machinery
that will sense, prepare, and seal (or fill) cracks and joints on pavement. As such, the primary objectives
of this project were to design machinery for the sealing and filling of joints and cracks in pavement in
order to:

* Increase the cost-effectiveness of these operations,

* Increase the quality, consistency, and life of the resultant seals and fills,

* Increase the safety of workers and highway users, and

* Increase the use of remote operation and control of equipment to attain the above.

Machinery that satisfies these objectives will additionally reduce lane and highway closures and thus,
will play a significant role in reducing traffic congestion, an area of considerable concern in the major

urban regions around the world. The cost effectiveness of such machinery comes from a combination of
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the increased speed and reduced manpower needs, in addition to the higher quality seal which will
reduce the frequency of major highway rehabilitation's. Furthermore, considerable cost savings will be
realized through improved worker safety, improved safety for the traveling public, and reduced
congestion related costs.

This document is intended to provide potential users with adequate information for the operation and
maintenance of the ACSM. The ACSM is comprised of two independent machine systems, one for
longitudinal cracks and joints that exist at the edge of the lane (e.g., construction joints), and the other
for general (random or transverse) cracks/joints that may extend across the roadway. This report
discusses non operational considerations for the ACSM including transport to and from the work zone
and storage of the machine, possible system configurations for both longitudinal and general crack
sealing operations, instructions that are common to both systems, details related to the set-up,
deployment, operation and shut down of each system, and finally, maintenance procedures for the
various machine components.

This document constitutes Volume 2 of the Final Report for SHRP H-107A. The first volume of the
report provides information on the development of the ACSM, including market and cost analyses, and

provides details of the machine, its subsystems and its components including technical drawings.

4
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BASIC INFORMATION

1.1 - Introduction

Worldwide, a tremendous amount of resources are expended annually maintaining highway pavement.
In California alone, the state Department of Transportation (Caltrans) spends about $100 million per
year maintaining approximately 33,000 lane-miles of flexible pavement (Asphalt Concrete - AC) and
13,000 lane-miles of rigid pavement (Portland Cement Concrete - PCC). A portion of these
maintenance activities involves the sealing and filling of cracks (approximately $10 million per year)
which, when properly performed, can help retain the structural integrity of the roadway and considerably
extend the mean time between major rehabilitation.

The sealing and filling of cracks are tedious, labor-intensive operations. A typical operation to seal
transverse cracks in AC pavement involves a crew of eight individuals which can seal between one and
two lane miles per day. The associated costs are approximately $1800 per mile with 66% attributed to
labor, 22% to equipment and 12% to materials. Furthermore, the procedure is not standardized and there
is a large distribution in the quality of the resultant seal. In addition, the crack sealing work team is
exposed to a great deal of danger from moving traffic in adjacent lanes.

The ultimate goal of the SHRP H-107A project was to develop prototype automated machinery that will
sense, prepare, and seal (or fill) cracks and joints on pavement. As such, the primary objectives of this

project were to design machinery for the sealing and filling of joints and cracks in pavement in order to:
* Increase the cost-effectiveness of these operations,

» Increase the quality, consistency, and life of the resultant seals and fills,

Copyright 2011, AHMCT Research Center, UC Davis



* Increase the safety of workers and highway users, and
* Increase the use of remote operation and control of equipment to attain the above.

Machinery that satisfies these objectives will additionally reduce lane and highway closures and thus,
will play a significant role in reducing traffic congestion, an area of considerable concern in the major
urban regions around the world. The cost effectiveness of such machinery comes from a combination of
the increased speed and reduced manpower needs, in addition to the higher quality seal which will
reduce the frequency of major highway rehabilitation's.

During the course of this project, an Automated Crack Sealing Machine (ACSM) has been developed
that meets the objectives listed above. The machine is relatively complex, and thus the purpose of this
document is to provide operators with sufficient information to adequately run the machine. Details of
the machine development, system architecture, component descriptions including detailed drawings, and
commercialization issues are discussed in Volume 1 of the Final Report for SHRP H-107A.

1.2 - System Overview

The Automated Crack Sealing Machine (ACSM) is capable of tracking, preparing and sealing most
common roadway cracks with a crew of three on board. It is a complete self contained unit able to drive
at highway speeds during transport, and it can carry enough supplies for a full day's operation.
Currently, the machine is set-up to seal flexible pavement cracks ranging from one eighth inch (3.2 mm)
to one half inch wide (12.7 mm) and at least seven inches (178 mm) in length. The sealant generally
applied by this machine is a hot applied polymer modified asphalt. Other sealants may be substituted,
but the manufacturer should be contacted first for approval. The roadway cracks can be prepared prior
to sealing in a variety of ways depending upon the preferences of the operator. The crack sealing
machine can be configured to rout flexible pavement in either a low profile or one to one shape factor
cut, heat the pavement or blow out the crack. This tooling can also be combined or configured with all
three operating simultaneously prior to sealing. The Sealant Applicator, crack tooling and related
support systems will be referred to in this document as the Applicator and Peripherals System or APS.

The crack sealing machine is fitted with two different mechanisms that present the APS to the road
surface. Since both mechanisms share the same APS components, the machine can only support the
operation of one of these mechanisms at a time. The Integrated Longitudinal Crack Sealing System is
mounted on the side of the vehicle and it is designed to track and seal fairly straight longitudinal cracks
along the edge of the lanes at relatively high speeds. The Integrated General Crack Sealing System is

6
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mounted at the rear of the vehicle and it can track and seal cracks that run in any direction within the

lane. The overall method of operation of each of these systems will now be discussed.

1.2.1 - Integrated Longitudinal Crack Sealing System

The longitudinal crack sealing machine consists of the Longitudinal Robotic Positioning System
(LRPS), the Local Sensing System (LSS), the Applicator and Peripherals System (APS), and a control
computer. The detailed descriptions of the LRPS, the LSS, and the APS are given in Chapter 4 of
Volume 1 of the Final Report for SHRP H-107A, and the role of the control computer will be described
below. Here, the interaction between these components during the operation of the longitudinal machine
is described.

Unlike the general machine, there is no need for a global vision system to identify the location of the
cracks when using the longitudinal machine, since the nature of the cracks addressed by the longitudinal
machine is much more restricted. In addition, there is no need to pre-plan a path for the longitudinal
machine. During operation of the longitudinal machine, the driver of the vehicle merely needs to
maintain the center of the LRPS near the position of the longitudinal crack to be sealed. This can be
done visually using a pointing device, or using a camera and a monitor.

The position of the LRPS is controlled by a hydraulic actuator, with the loop closed by a position
transducer located on the hydraulic cylinder. This controller is capable of accurately positioning the
center of the LRPS in the lateral direction, i.e. perpendicular to the centerline of the cart. The
longitudinal motion of the system is dictated entirely by the motion of the vehicle.

The LSS is mounted as part of the crack sealing tooling for the LRPS. This sensor provides an error
signal, which represents the offset of the center of the LRPS to the center of the longitudinal crack. This
signal is used by the control computer to modify the desired position input for the closed-loop control
system. This signal is then communicated to the actual closed-loop controller using an RS-232 serial
communication line. With this updated position command, the LRPS can then track in to the actual
crack position.

If, due to either large motion of the crack or the crack sealing vehicle, the longitudinal crack moves out
of the 4 inch field of view of the LSS, the LSS will issue a saturated error signal, which will then drive
the position command in the direction that the crack was last seen. In most cases, this will drive the
LRPS back to the crack, and then the closed-loop control to follow the crack can proceed. If the LSS
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does not detect a crack again within the range of motion of the LRPS, then an error signal can be
generated to the ICU, which will then handle the situation by sending a signal to the operator.

The ICU will be used to maintain high-level control of the LRPS, and to receive status information from
the control computer and the LSS. The ICU will function to initiate and terminate the sealant flow and
the router. However, the LRPS, LSS and the control computer have been designed so that they can
operate as a stand-alone unit, without the assistance of the ICU.

Finally, the LRPS can be manually controlled by an operator with a joystick. The operator moves the
joystick in one DOF, and the LRPS cart extends or retracts based on the position of the joystick. The
operator uses a video screen to monitor the position of the centerline of the LRPS cart and the crack, and
jogs the stick to keep the cart centered over the crack. Using this method, the LRPS can follow and seal
cracks at approximately 10 mph.

Chapter 4 of Volume 1 of the Final Report for SHRP H-107A includes detailed figures and description
of the various configurations of the LRPS, and the interested reader is referred to that report for more
information.

1.2.3 - Integrated General Crack Sealing System

The general crack sealing machine is composed of the Vision Sensing System (VSS), the Integration and
Control Unit (ICU), the path planning module (which resides on the ICU), the Vehicle Orientation and
Control (VOC) system, the general Robot Positioning System (RPS), the Applicator and Peripherals
System (APS), and the Local Sensing System (LSS). The detailed descriptions for these components are
given in Chapter 4 of Volume 1 of the Final Report for SHRP H-107A. In this section, the interaction

between these components during operation of the general machine is described.

As the vehicle moves down the road, the VSS will buffer an image of the roadway for 20 feet,
approximately half the length of the truck. The VSS identifies potential crack locations using the
algorithm described in Section 4.2 of Volume 1 of the Final Report for SHRP H-107A. The output of
the VSS consists of row and column numbers for the tiles in the current frame where the VSS located a
potential crack, as well as the integer-valued direction number determined by the algorithm. This data is
translated into real-world coordinates using information from the VOC; this will be described in more
detail later. The VSS data is not in a form that is usable by the RPS, as there is no relationship between
the identified crack points as output by the algorithm. The path planning algorithm will convert the data
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into a format that is useful to the RPS. The VSS sends this information to the ICU over an Ethernet
connection, and then begins to buffer up the next frame of data.

The ICU is the main coordinating process for the general crack sealing machine. All data for the various
subsystems is routed through the ICU, and the ICU issues signals to the subsystems and handles signals
received from the various subsystems. The ICU will take in the data from the vision system, initiate the
path planning process, coordinate the transformation of the planned paths with the VOC data, and issue
the paths to the RPS when the identified cracks are in the manipulator workspace. The ICU will also
coordinate with the RPS by obtaining information regarding the current status of the crack sealing
process. This status information is based mainly on the readings from the LSS, which is used to verify
the planned path based on the VSS data, as well as to verify the presence and location of actual cracks.
The ICU does not communicate directly with the LSS; instead, it receives LSS data indirectly by way of
the RPS.

Once the VSS frame data has been received, the ICU notifies the path planning algorithm that data is
ready. The path planning algorithm is part of the ICU, but is a separate process that runs in parallel with
the main ICU routines. Path planning is used to clean up the VSS data, form connections between
isolated but possibly connected crack segments, and form the data points into ordered sets that constitute
reasonable paths for the RPS to follow to complete the crack sealing process. The path planning process
begins by forming the VSS data into a matrix which represents an image of the road as identified by the
VSS algorithm, and filters the data to clean it up. Then the planner identifies end points of individual
segments and attempts to form connections between isolated points according to an empirically
determined distance which represents the distance that actually connected crack segments may be
separated by when processed by the vision system. The connections are made by placing a circular
growth region, with a radius equal to half the above empirically determined distance, around each end
point in the frame data. If segments are separated by less than the above distance, then they will be
connected after this phase of the planning algorithm. The path planner next 'thins' this data to bring it
back to images of cracks, using a thinning algorithm to strip out points in the data set while maintaining
the general shape and connectivity of the image. After this, the path planner forms a data structure that
represents all the connected crack paths for the entire frame of VSS data. When the ICU passes the
coordinates of the current manipulator workspace to the path planning algorithm, it then extracts a data
structure representing the connected crack paths for that workspace. This data is then transformed using
information from the ICU, and passed to the RPS for sealing of the cracks. For a more detailed
description of the path planning algorithm and its relation to the rest of the Integrated General Crack
Sealing System, see "Path Planning for Robotic Applications in Roadway Crack Sealing" by T. A. Lasky
and B. Ravani.

Copyright 2011, AHMCT Research Center, UC Davis



The VOC system tracks the position and orientation of the crack sealing vehicle relative to a world
coordinate reference frame. As the VSS identifies potential crack locations, the VOC uses the position
of the truck relative to the world frame, in conjunction with known and fixed transformations between
the subsystem reference frames on the vehicle, to mark the position of the crack locations with respect to
the world reference frame. At any subsequent time, the VOC can transform this point in the world
reference frame into the RPS reference frame, using the known and fixed transformation from the
vehicle frame to the RPS frame, along with the current transformation from the world frame to the
vehicle frame. Thus, the paths that are established by the path planning algorithm, since they are
essentially collections of points identified by the VSS, can be transformed into the RPS reference frame
so that the RPS can guide its tooling along this path to seal the cracks.

The RPS takes the planned and transformed path from the ICU, and uses this path to position the tooling
to prepare and seal the identified crack. The communication between the ICU and the RPS is over an
RS-232 serial line. The RPS will initially use the pre-planned path to get to the start of the crack, and
will subsequently use this path as a nominal position trajectory. Using the LSS sensor, which is
mounted on the manipulator tooling, the RPS can verify the presence or absence of the identified crack.
This is required for at least two reasons. First, the VSS cannot distinguish between cracks, oil on the
roadway, and previously sealed cracks. As long as the image has the appropriate light/dark histogram to
pass the VSS comparison algorithm, it will be identified as a crack. Only the LSS, with its ability to
measure the height profile of the road, can actually verify the presence of the crack. Second, there will
be accumulated error introduced by the VSS, the path planning algorithm, and the VOC. Without any
local feedback of the position of the crack, the RPS would have no way to adjust for this accumulated
error. The RPS will use the orientation information from the planned path without modifying it, as the
LSS information is insufficient to determine a good measure of the crack orientation. The RPS can use
this orientation information to align the tooling with the crack, the offset error of the tooling from the
center of the crack can be identified with the LSS, and the RPS can modify its trajectory in a closed-loop
fashion to eliminate this error. In the case that the accumulated error exceeds the range of the local
sensor, the RPS can enter a search mode, in which it scans perpendicular to the assumed direction of the
crack, until it locates a crack. The RPS will pass signals back to the ICU indicating the status of its
operation. For example, the RPS can pass the LSS error signal back to the ICU periodically, and the
ICU can monitor this information over time, and use it to identify the need for system or component
recalibration. In addition, the RPS will send its location back to the ICU to facilitate control of the
Sealant Applicator. ‘
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1.3 - Report Summary

This document is Volume 2 of the Final Report of SHRP H-107A: Fabrication and Testing of
Maintenance Equipment Used for Pavement Surface Repairs. This document is intended to provide
potential users with adequate information for the operation and maintenance of the ACSM. Chapter 2
discusses non operational considerations for the ACSM including transport to and from the work zone
and storage of the machine. Chapter 3 presents the possible system configurations for both longitudinal
and general crack sealing operations. Chapter 4 presents instructions that are common to both the
Integrated General Crack Sealing System and the Integrated Longitudinal Crack Sealing System.
Chapters 5 and 6 present details related to the set-up, deployment, operation and shut down of the

‘Integrated Longitudinal Crack Sealing System and the Integrated General Crack Sealing System,
respectively. Finally, Chapter 7 presents maintenance procedures for the various machine components
of the ACSM.

11

Copyright 2011, AHMCT Research Center, UC Davis



NON OPERATIONAL CONSIDERATIONS

2.1 - Transport

The following guidelines describe the necessary steps that must be taken when the Automated Crack
Sealing Machine is to be transported as shown in Fig. 2.1.1 or parked. It is recommended that the
exposure of the machine to moisture be minimized, to extend the life of certain components that are not
completely enclosed. For security reasons, it is also recommended that the vehicle be parked or stored

inside a secured area whenever possible.

2.1.1- Within the Work Zone

In the process of sealing cracks, if the ACSM needs to moved to another location further down the
roadway, the machine may be driven operational and deployed. The APS may not be engaged with the
road, but all other systems may be left operational and the crew members may remain upon the truck
bed. While driving deployed, the vehicle can travel at a maximum speed of 15 mph (24 km/hr). The
driver may watch for obstructions that may be in the path of the LRPS cart, on the truck cab monitor.
The vehicle speed must be reduced to the previous working speed to continue sealing cracks.

13
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Figure 2.1.1 - The ACSM In Transport.(need)

2.1.2 - Highway Travel

To transport the ACSM to and from highway work zones, it must be completely shutdown, retracted and
secured. All of the machine's power systems should be disconnected and the communication headsets
stowed. The crew should leave the truck bed and stow the bed stairs. The generator access doors should
be locked and the rear surveillance camera deployed. The complete start-up or shutdown procedures are
detailed throughout this text. The ACSM should be covered when transported in the rain or driven long
distances.

2.2 - Parking

To park the ACSM, all of the crack sealing systems must be shutdown, retracted and secured into their
proper transport positions. If the ACSM is to be parked inside an enclosed space, the propane bottles
must be removed from the truck bed and the cylinders stored outside or in a well ventilated area.

14
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2.2.1- Quick Stop

When the truck engine has been brought up to normal operating temperature, it must be allowed to cool
down prior to turning it off. The manufacturer of the White GMC truck recommends that the engine be
cooled by idling it for five to ten minutes to prolong the life of the turbocharger system.

2.2.2 - Overnight

When the ACSM is parked overnight, or for several of hours, the following procedure should be
followed. For outside parking in wet weather conditions, it is recommended that the truck be covered
with its custom tarp. For hot weather above 120° F, or cold weather below 60° F, the Control Booth
heater/air conditioner must be plugged into an external 120 VAC power source to protect the machine's

computers (see Fig. 2.2.1).

Figure 2.2.1 - Control Booth Air Conditioner/Heater External Plug.
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Overnight Shutdown Procedure:
1. Cool down the truck engine and turn it off.
2. Close the isolation valve on the auxiliary tank (see Fig. 2.2.2 Item A)
3. Open the 12 VDC knife switch in the truck's 12 VDC battery compartment (see Fig. 2.2.3 Item
B)
4. Verify that the Uninterruptible Power Supply (UPS) is off (see Section 4.4.3)
5. Lock the access to both the truck cab and the control booth and remove all system control keys.

2.2.3 - Long-term

If the ACSM is to stored for longer than a week, the trucks air pressure should be monitored. The air
pressure should not drop below 60 psi to protect the trucks air suspension system. If the air pressure
should run low the truck's engine may be idled to allow its air compressor to repressurize the system. If
the ACSM is stored outside, it should be covered with the custom tarp and power should be supplied to
the control booth's AC/heater unit.
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Figure 2.2.3 - Truck Battery Compartment And 12 VDC Knife Switch.
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SYSTEM CONFIGURATIONS

3.1 - Basic Information

The Automated Crack Sealing Machine may be set-up in several different configurations to employ a
large variety of crack sealing techniques representative of those currently employed. It is the
responsibility of the user to determine the appropriateness of the equipment contained onboard the
ACSM as it pertains to a particular road site and to choose the machine configuration that will produce
the best results. It is recommended that the fairly straight cracks along the edges of the lane be sealed
separately from all other cracks within the lane due to the ACSM's ability to seal the longitudinal cracks
at a significantly higher production rate.

The ACSM should be configured, tested, and supplied, and the crew briefed on their responsibilities
prior to deploying it on a working roadway. Furthermore, to minimize the crew's exposure to traffic, it

is recommended that the machine never be reconfigured on a working roadway.

3.2 - Integrated Longitudinal Crack Sealing System Configuration

The Integrated Longitudinal Crack Sealing System's (ILCSS) Longitudinal Robot Positioning System
(LRPS) mounted on the side of the ACSM, is designed to deploy a tooling cart to the road. The cart,
shown in Fig. 3.2.1, rolls along the road surface on two caster wheel assemblies. The ACSM supplies
the forward cart motion and guidance is provided by the lateral movement of the hydraulic cylinder on
the mechanism. The cart has provisions to allow the attachment of each of the APS components in the

correct proximity to the pavement surface. The exact location of the APS components may vary
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depending upon the particular combination of components installed. The cart is large enough to mount
all of the APS components together as necessary. In all cases, the installation or removal of the APS
components from the LRPS tooling cart is best accessed with the LRPS deployed and all electric power
disconnected. With any of the APS components mounted to the cart, the LRPS can be retracted for

transport without disassembly.

Figure 3.2.1 - LRPS Tooling Cart With One Wheel Removed.

3.2.1- Sealant Applicator

As noted earlier, the sealant applicator is used in both the Integrated General and Longitudinal Crack
Sealing Systems. The sealant applicator base remains mounted to the cart, and only the sealant
applicator core will be moved between the positioning systems. The exact location of attachment in the
cart is outlined in Section 3.2.6. The three connections to the sealant applicator are the sealant hose,
electronic control cable, pneumatic hose and the flexishaft. The sealant hose remains connected to the
sealant applicator core during reconfiguration. The control cable, flexishaft and the pneumatic hose are
connected to the sealant applicator base plate with quick disconnections and these lines will need to be
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disconnected during reconfiguration. The sealant, control and pneumatic lines are long enough to be
routed to both positioning systems. The flexishaft is only an option for the LRPS configuration.

Sealant Applicator Installation:
Starting with the core and the base plate removed.

Deploy the LRPS frame (see Section 5.1).

Hold the base plate up to the bottom of the LRPS cart in the desired position.
Install the four bolts and wedge washers between the plate and cart.

Reroute the core and the attached supply hose under the skid as shown.
Insert the core into the base (see Fig. 3.2.2).

A

Hold retaining plate up to the heat fin and install the four cap screws through the core cap
into it (see Fig. 3.2.3). |
7. Connect the air line and the control cable.

Sealant Applicator Removal:

1. Disconnect the air line and the control cable.
2. With the sealant applicator hot, unscrew the core cap and remove the core from its base.
3. Wipe clean the end of the core with a kerosene soaked rag.
4. Set the core aside to cool.
5. Partially retract the LRPS frame so the cart is approximately 4 feet above the ground.
6. Wipe clean the inside of sealant applicator base where the core is in contact with it, with a
kerosene soaked rag.
3.2.2 - Blower

The blower and its control system is permanently mounted to the ACSM truck chass