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ABSTRACT 

The Ministry of Transportation of Ontario (MTO) has responsibility for many high-volume 

highways throughout the province of Ontario, including the 400-series highways. Several of these 

highways have exhibited a premature rutting failure three to seven years after the placement of 

new hot-mix asphalt (HMA) in the pavement surface layers. This failure indicates the presence of 

deep-seated pavement issues that are likely located in the base layers or subgrade beneath the 

HMA pavement layers. To address these deep-seated issues directly, a full-depth pavement 

rehabilitation is required wherein the pavement structure is fully removed to the depth of the 

problematic layer. This type of rehabilitation is time-consuming, particularly when these issues 

extend for substantial lengths of the given highway. 

The time-consuming nature of full-depth pavement rehabilitation precludes it from use on the 400-

series highways due to the MTOôs practice of limiting construction windows to the time between 

10 pm and 6 am. Outside of this time, traffic must be reinstated to full capacity in all lanes. For 

this reason, the deep-seated rutting issues have been consistently addressed with mill and overlay 

procedures, wherein the upper 40 mm or 80 mm of HMA is milled from the pavement and replaced 

with an equivalent thickness, which then exhibits the same failure after another three to seven 

years.  

In order to address this issue for a longer term, the MTO was interested in the development of a 

new rehabilitation technique using precast concrete panels inlayed into the HMA pavement 

structure. The design of a trial section to evaluate the precast concrete inlay panels (PCIP) was 

developed in conjunction with the MTO, the Fort Miller Company, the Cement Association of 

Canada, and Golder Associates. The PCIP design was based off typical precast concrete pavements 

but was modified to address the unique conditions of inlay within HMA pavement. The trial was 

100 m in length and was comprised of 22 panels. 

The support conditions beneath precast concrete pavements have been found to be a significant 

factor in determining their performance. For this reason, three support conditions were designed, 

each with different costs and benefits in terms of overall constructability; the support conditions 

were Asphalt-supported (AS), Grade-supported (GraS), and Grout-supported (GroS).  
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The construction of the trial section took place between September 19th and September 23rd, 2016, 

with the installation of each support condition taking place on a separate night. Dufferin 

Construction was the head contractor who undertook the construction. The timing of the individual 

construction activities and any issues that arose were monitored throughout the course of the 

construction. 

Following construction, an analytical hierarchy process was used to analyze the three support 

conditions in term of their relative constructability. The analysis was performed with input from 

both Dufferin Construction and the MTO. It was found that the GroS panels were the most ideal 

choice in terms of construction, based on the criteria that were used in the analysis. 

Data from instrumentation that was installed beneath the PCIP trial during construction indicate 

that moisture penetrated beneath the panels shortly after the completion of construction, indicating 

that the joints should be improved and that a drainage detail is required. The instrumentation also 

indicated a higher load concentration beneath the joints of a loaded panel in relation to the mid-

panel location.  

Various surface analyses were undertaken during highway closures, including visual analyses, 

surface texture scanning, and roughness and friction measurement. The three support conditions 

were found to behave similarly for all tests except surface roughness, in which the GroS section 

was found to be significantly less rough than the other two support conditions. This was due to the 

high degree of control over panel elevation differences in this design. 

A life cycle cost analysis was undertaken to compare the PCIP strategy to the mill and overlay 

strategy that had been used in the past. It was found that the PCIP strategy generally has a higher 

life cycle cost because of its high initial costs, and the present worth cost difference between the 

two strategies was sensitive to factors that affected the initial cost, such as the panel unit cost and 

the installation rate. The analysis was based on several cost and maintenance assumptions that will 

be further clarified as the service life of the PCIP rehabilitation is better defined. 

Finally, several design improvements suggestions were made based on the performance and 

construction of the PCIP trial. These include increased strength specifications, advanced milling 

control, improved HMA edge protection, joint material design, drainage details, and diamond 

grinding following the complete installation of the PCIP rehabilitation.  
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CHAPTER   1:  

INTRODUCTION 

1.1 Statement of the Problem  

The Ministry of Transportation of Ontario (MTO) has responsibility for the maintenance of several 

high-volume roadways within the province. The most highly travelled of these roadways are 

generally located in and around the Greater Toronto Area (GTA), which is a metropolitan area 

with a population of more than six million people (Statistics Canada, 2015). For instance, portions 

of the Kingôs Highway 401 in the GTA have average annual daily truck traffic levels higher than 

26 000 trucks per day (Ministry of Transportation of Ontario, 2016).  

Highways with traffic levels this high are affected in two major ways by the traffic. Firstly, the 

high traffic loading increases the rate of pavement degradation in the most heavily travelled lanes. 

Secondly, the user costs associated with delays on the highway increase greatly. These two effects 

have a considerable impact on the maintenance and rehabilitation strategies that can be effectively 

employed on these highways. 

The MTO has identified that several of their high volume HMA highways are experiencing deep 

rutting failure due to the high levels of traffic. This failure has been seen most commonly in the 

rightmost lanes, which typically see the highest percentage of the overall truck traffic. In the past, 

the MTO has addressed this issue with shallow (1ï or 2-lift) HMA cold-planing and replacement 

strategies, however these repairs were found to last only 3-4 years, in some cases, before requiring 

further rehabilitation. 

Work zone road user costs are significant considerations for all construction activities on 

roadways. These user costs are defined as the additional costs incurred by motorists and the larger 

community as a result of construction activities. The costs can be used as a measure of the impacts 

that a given roadway construction activity has on people. These costs can be considered to be a 

combination of several components, not all of which are easily considered as a monetary value. 

Some of the components that can be monetized include costs associated with travel delay, vehicle 

operation, crashes, and emissions. Other components of the user cost, including noise, business 

impacts, and inconvenience to local residents, are more difficult to monetize but are just as 
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important when assessing the effects of a given construction activity (US Department of 

Transportation Federal Highway Administration, 2015). 

In the case of construction activities on Ontarioôs high volume highways, night construction is 

often used in order to reduce the number of users that are directly affected by the activity. The user 

costs are minimized by performing construction activities when the traffic levels are at their lowest 

point of the day. The construction time window that is often prescribed by the MTO is between 

the hours of 10 pm and 6 am the following morning.  

At the end of this construction window, the MTO typically specifies that all construction 

equipment and materials need to be removed from the roadway and shoulders to allow for the full 

reinstatement of unimpeded traffic the following morning. 

Even given this method, construction activities can have a significant impact on traffic and not all 

user costs and worker safety issues can be avoided; minimizing the number of required 

construction activities for a given roadway is a high priority concern for the MTO.  

The MTO is interested in studying a new method for rehabilitating the high volume highways in 

Ontario. They are interested in finding a method that has a longer service life than the current 

method of rehabilitation but that can still be installed during overnight construction windows 

without significantly affecting daytime traffic. 

1.2 Research Hypothesis  

The main hypotheses for this research are as follows: 

¶ The use of precast concrete inlay panels as a rehabilitation strategy can prolong the usable 

life of the repairs to high volume highways in the province of Ontario. 

¶ The prolonged usable life of the rehabilitation strategy will reduce the frequency and 

magnitude of future construction operations on the highway, thereby reducing the 

associated user costs. 

¶ The increase in life cycle length will reduce the life cycle cost of the new rehabilitation 

strategy that will make it a viable option for future lane repairs. 

¶ The performance of precast concrete inlay panels in asphalt will depend on the panel 

support conditions, which may be adversely affected by the presence of moisture. 
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¶ The precast concrete inlay panel performance will also depend on the performance of joints 

which affect structural performance and moisture infiltration. 

1.3 Objectives of the Research 

This research is focused on the production and evaluation of an innovative rehabilitation strategy 

for high volume highways. The strategy will apply to asphalt highways that are experiencing 

premature deep seated rutting failure due to high traffic loading. This has been identified by the 

MTO as a significant issue and the results of this research could affect the rehabilitation strategy 

for many high volume highways, including the 400 series highways. 

The rehabilitation strategy will include precast concrete inlay panels (PCIP) within the asphalt 

pavement section to provide significant increases in stiffness and to distribute traffic loads across 

greater surface areas of the remaining asphalt and subgrade material. 

The design of the strategy that is the focus of this research was developed in collaboration with 

several individuals and organizations. These include Rico Fung of the Cement Association of 

Canada, Stephen Lee of the Ontario Ministry of Transportation, Peter Smith of the Fort Miller 

Company, Tom Kazmierowski of Golder Associates Ltd., and Mark Snyder, Independent 

Consultant. The evaluation of the strategy will be focused on determining the feasibility of this 

rehabilitation strategy for a department of transportation. Feasibility is a broad term, but in the 

context of this problem it will involve durability, cost, and constructability, and the levels of each 

that MTO requires. 

The main objectives of this research are: 

¶ To develop a detailed construction plan for a trial application of this rehabilitation strategy, 

including detailed design drawings and construction specifications. 

¶ To evaluate the rehabilitation strategy in terms of its cost, durability, and constructability, 

using a combination of field testing, inspection, and stakeholder surveys. 

¶ To develop a set of specifications for use by departments of transportation in any future 

applications of this strategy. 

¶ To analyze the life cycle cost of the rehabilitation strategy, including a comparison to the 

current industry-standard methods of repair and rehabilitation . 
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1.4 Methodology of Study  

The evaluation of this rehabilitation method has many components to gain a comprehensive 

understanding of its feasibility for regular use by the MTO. The evaluation plan includes six broad 

components, which are evaluated with regard to each support condition being investigated as well 

as the overall rehabilitation method, as described below. 

1.4.1 Construction Monitori ng/ Discussions with Contractor  

During the construction of the test sections, members of the Centre for Pavement and 

Transportation Technology (CPATT) conducted on-site monitoring and recording of each nightôs 

activities. This included timing individual construction processes and noting any issues that arose 

throughout the course of the process. 

This is a new strategy and there is an expected learning curve, so consideration was given to the 

types of difficulties associated with any new construction practice. Night-to-night improvements 

in repeated construction practices were considered to assess each practiceôs constructability. 

On-going discussions were held with the installation contractor, Dufferin Construction, to help 

determine which activities posed the most difficulties or concerns. A wrap-up meeting was 

scheduled following the completion of the project to give the contractor an opportunity to 

summarize any concerns and suggestions for future implementation that were identified and 

documented. 

1.4.2 Instrumentation  

During the installation of the precast panels, several pieces of sensing technology were installed. 

This technology included both earth pressure cells and moisture probes.  

The earth pressure cells were installed at the interface between the panels and the HMA to allow 

for the collection of information relating to the pressure being imparted by the precast panels into 

the underlying HMA. This information provides insight into the effectiveness of this rehabilitation 

strategy in extending the pavement life. Each earth pressure cell has a built-in temperature sensor; 

in combination with surface temperatures, this measurement provided information regarding the 

temperature gradients being experienced by the precast panels under both day and night conditions. 
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Moisture probes were also placed at the panel/HMA interface. Any moisture that permeates this 

interface could have an adverse effect on the durability of the repair method when it is exposed to 

freeze-thaw cycles throughout the course of a Canadian winter. The moisture probes were used to 

monitor for the presence of moisture. 

1.4.3 Falling Weight Deflectometer Testing  

The Falling Weight Deflectometer (FWD) is a pavement testing tool that imparts a deflection in 

the pavement using a mass falling from a prescribed height and then measures the deflections at 

set distances from the point of impact using sensors. When considering rigid pavements, FWDs 

can be used to assess the load transfer across joints and cracks and also to detect voids beneath the 

pavement. 

FWD testing was performed on the test section after the completion of construction and after one 

year of service. In both cases, the testing was performed using the testing configuration shown in 

Figure 1.1, which was taken from the Falling Weight Deflectometer Testing Guideline produced 

by the MTO (Chan & Lane, 2005).  

 

Figure 1.1: Typical Sensor Configuration for FWD Load Transfer Test (Approach and Leave 

Panel) (Chan & Lane, 2005) 

As shown in Figure 1.1, two sensors are located at an equal distance ahead of and behind the 

excitation source. A test is performed spanning the joint with each sensor, and the signal loss across 

the joint is compared to the signal loss measured at the sensor on the same panel as the excitation 

for each test. These values are then used to calculate the efficiency of load transfer across the joint. 
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Load transfer efficiency (LTE) above 70% is considered adequate by the MTO, depending on the 

severity of the joint condition. Below this threshold value, a full depth repair is generally 

recommended. LTE considers the ratio of the two deflections, but does not consider the deflection 

differential between the panels. This can result in low LTE values at small total joint deflections 

in joints that are performing well. Conversely, the LTE value of a poorly supported joint can be 

acceptable even with significant total deflection (Snyder, 2011). The LTE provides a component 

for assessing joint performance, but the deflection differential will also be considered. This should 

provide a better indication of overall joint performance. 

Testing was performed at all joints within the extents of the project, according to the testing 

procedure specified by the MTO. All dowelled joints between adjacent panels as well as the 

transverse joints between asphalt and the precast panels at the two ends of the test section were 

tested. The results of the initial FWD test provide a baseline for future load transfer testing 

undertaken throughout the test sectionôs life cycle. Remedial action will be considered on any 

joints found to not meet the 70% threshold for load transfer efficiency 

If degradation of the panel support is suspected due to freeze thaw cycling, FWD testing will be 

used to determine if any loss of support can be detected. This testing will also be performed in 

accordance with the MTOôs Falling Weight Deflectometer Testing Guideline (Chan & Lane, 

2005). 

1.4.4 Pavement Surface Testing  

The interaction between a pavementôs surface and the vehicles that use the pavement are an 

important consideration in the performance of said pavement. The components of this interaction 

most commonly considered include friction, roughness, and noise. Each of these components can 

be partially dependent on the surface texture of the pavement.   

The surface of the panels was evaluated for these characteristics in order to evaluate how the PCIP 

trial was performing. Due to the limited access to the site, this testing was performed on one 

occasion following one year of service.  
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1.4.5 Visual Inspection  

Visual inspections were carried out initially and after one year of service. Specific attention was 

paid to joint condition and panel cracking as these are the most common surface defects associated 

with precast pavements. Furthermore, the condition of the HMA-to-precast and precast-to-HMA 

joints at each end of the test section was monitored to assess the performance of this joint type. 

Visual inspections were performed on a panel-by-panel basis, which was feasible due to the 

relatively small scale of the project. This provides insight into the effects of the different panel 

support conditions. 

1.4.6 Life Cycle Cost 

The cost of a given rehabilitation is a very significant consideration in its feasibility. This cost 

should include life cycle considerations in addition to the costs associated with initial construction.  

A Life Cycle Cost Analysis was undertaken to provide insight into the feasibility of PCIPs. This 

was performed using the MTO guidelines outlined in their MERO-018 document as a guideline 

(Lane & Kazmierowski, 2005). The analysis considered the costs associated with the trial section, 

for which there are no probabilistic information due to the strategyôs novelty. Therefore a 

deterministic analysis was undertaken that incorporated sensitivity analyses to gauge the effects of 

changes in the inputs. Since the construction window restraints drove the design of the PCIP, the 

effects of user costs were also considered as part of the analysis. 

1.5 Thesis Organization  

The thesis is divided into ten chapters. Chapter One provides an introduction to the research study. 

Chapter Two outlines the literature review undertaken to frame the research in the current state of 

the practice. Chapter Three outlines the methodology that was followed for the research. Chapter 

Four discusses the design of the Precast Concrete Inlay Panels (PCIP) and the trial section used to 

analyze them. Chapter Five describes the construction of the trial section and the analysis that was 

subsequently undertaken to compare the different support methods included within the trial. 

Chapter Six outlines the performance of the trial section with respect to data gathered from visual 

inspections, instrumentation, joint analyses, and surface analyses. Chapter Seven includes an 

analysis of the PCIP rehabilitation technique in terms of life cycle cost in comparison to existing 

rehabilitation techniques. Chapter Eight summarizes the conclusions drawn throughout the study 
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and recommendations for future applications of the PCIP technology. Chapter Nine outlines 

specific improvements that are recommended for implementation of future PCIP installations. 

Chapter Ten presents a set of general specifications for the use of PCIP technology that incorporate 

the findings of this research study.  



9 

 

CHAPTER   2:  

LITERATURE REVIEW 

This chapter summarizes the current state-of-the-practice relevant to the use of precast concrete 

panel inlays and the proposed methodology of this study. 

2.1 Current Pr actices 
The impetus behind this study was the observed premature rutting failure of high volume asphalt 

highways in Ontario. These failures have generally been observed in the outside traffic lanes (Lane 

#3) and are assumed to be caused by high levels of truck traffic. The observed rutting failure has 

been classified as a deep-seated failure, which implies that rutting is observed throughout the depth 

of the pavementôs asphalt and granular layers due to an issue located deep within the pavement 

structure. 

Typically, this type of pavement failure is addressed with a pavement rehabilitation as opposed to 

pavement repairs or maintenance. A rehabilitation strategy includes significant changes or material 

replacements within the pavement to return the level of serviceability to a like new condition 

(Transportation Association of Canada (TAC), 2013). Generally, a rehabilitation strategy is 

employed when repair and maintenance of a given pavement is no longer cost effective. 

High volume highways have several characteristics that make the choice of rehabilitation strategy 

more complex. Generally, long closures of the highway are not acceptable to the owner. In the 

case of the MTO, they have specified that most construction operations on the 400 series highways 

must occur during overnight periods in order to minimize the disruption to traffic. This overnight 

period is generally between the hours of 10 pm and 5 am or 6 am. The stipulation with this 

specification is that traffic must be fully reinstated each morning. This specification limits the 

number of conventional rehabilitation strategies that are feasible for rehabilitating a high volume 

highway. 

The use of Portland cement concrete (PCC) overlays is a pavement rehabilitation technique that 

includes the placement of cast-in-place concrete over a deteriorated pavement. Generally, this 

improves the structural capacity of the highway and requires very few repairs prior to the PCC 
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placement (Harrington & Fick, 2014). Concrete overlays are typically categorized as either bonded 

or unbonded.  

As the name suggests, bonded overlays involve PCC bonded to the underlying asphalt causing 

both pavements to act as one integral section. This integral action generally distributes stresses 

from traffic loading as shown in Figure 2.1, such that the concrete generally only is subjected to 

compression forces. This results in a thinner required depth of concrete (typically about 50- 

150mm). Bonded overlays can only be used on pavements that are in fair to good condition, and 

cracks within the existing asphalt pavement must be aligned with joints in the concrete to ensure 

acceptable composite action. 

Unbonded PCC overlays are a rehabilitation option that restore structural capacity to pavements 

that are in significantly deteriorated to fair condition. This rehabilitation option does not depend 

on the structural capacity of the underlying layer, so much as it is designed by treating the existing 

pavement as a stable base material. Due to the non-integral action, the stress distribution within 

the pavement section is as shown in Figure 2.1, with compression and tension components in both 

layers. 

While concrete overlays may address the premature rutting issue observed on the 400 series 

highways, both overlay types would require a construction period longer than 7 hours in order to 

re-open to full traffic. This is because cast-in-place PCC requires significant curing time for the 

material to gain sufficient strength to support traffic loads. This curing time is generally greater 

than 24 hours. Fast-track PCC is a material that gains strength much more quickly than 

conventional PCC. It is generally achieved by using mixture designs with high cement contents 

and low water-to-cement ratios. This can increase material shrinkage during curing and makes the 

timing of pavement saw-cutting critical to control shrinkage stresses. The material has been found 

to require careful control and early-age monitoring. Improper mixture proportioning, placement, 

curing, or saw-cutting can result in uncontrolled cracking that can affect the pavementôs durability. 

Anecdotally, the MTO has had durability issues with the use of fast track PCC. 

Furthermore, if rutting is only observed in Lane #3 of the highway, this rehabilitation technique 

would be required on all lanes to avoid elevation differential between lanes. 
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Figure 2.1: Bonded and unbonded concrete overlay stress distributions 

 

Figure 2.2 shows the placement of an asphalt separation layer on an unbonded overlay project in 

the Region of Waterloo. The figure shows the relative elevation difference between the lanes with 

and without the concrete overlay.  

Another rehabilitation strategy that could potentially be employed is milling and structural 

resurfacing of the rutted lanes. In this strategy, asphalt milling machines are used to remove the 

rutted pavement to a specified depth, and this is then replaced with new asphalt, typically placed 

in two lifts (Transportation Association of Canada (TAC), 2013).  

Generally this strategy is designed to remove the full depth of the failed pavement in order to 

replace it with new material. This ensures that there are no issues with the underlying material that 

would compromise the performance of the surface material.  
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Figure 2.2: Placement of asphalt separation layer for unbonded overlay of composite pavement 

 

In this case, the deep-seated failure that has been observed may extend into the subgrade of the 

pavement. The asphalt layers of the pavement are at least 300 mm thick in most locations of the 

highway. Considering the restrictive construction windows and the thick pavement structure, the 

requirement to expose and improve the subgrade material prior to placing several lifts of hot mix 

asphalt make this strategy complex. 

Previously, this method has been employed to address the rutting failure observed. The depth of 

the asphalt milling was less than full depth, usually 40 mm or 80 mm of a 300+ mm thick 

pavement. This indicates that the observed rutting is a function of subgrade or base/subbase layer 

rutting or potentially asphalt material issues, as rutting is observed 3-7 years after placement. 

As discussed previously, the asphalt that is placed is designed specifically for high volume 

roadways. This is done through grade bumps in the performance graded asphalt cement that 

produce stiffer asphalt concretes. The increased stiffness theoretically improves the rutting 

resistance of the concrete. This may indicate that the rutting is related to issues in the subgrade or 

base/subbase. 

2.2 Precast Concrete Panels 
Since the failure of the pavement appears to be due to issues with the subgrade or base/subbase 

material, the MTO is interested in the study of a concrete pavement, which through beam action, 

would distribute traffic loads over a greater area, and thereby reduce the stresses on the subgrade 
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materials. However, the previously mentioned construction issues make this difficult. The use of 

fast-track concrete mixes that gain strength quickly is considered to be problematic by the MTO. 

Temperamental mixes combined with long term durability concerns make this material less 

desirable as a pavement option (Lane & Kazmierowski, 2011). 

The MTO has experience with the use of precast concrete panels. In 2004 they began a study on 

the performance of precast concrete panels used as a repair strategy for concrete pavement 

structures. In this study, panels produced using the Michigan, Fort Miller Intermittent, and Fort 

Miller Continuous Methods were installed and monitored. All panels were found to perform well 

with the only issues being related to workmanship. When the panels were being installed using the 

Michigan method that requires that dowel slots be cut in the adjacent pavement, the contractor 

often over cut these slots. This eventually led to joint deterioration in the panels installed using 

this method. The ride quality of the precast panels was noted to be comparable to that of fast track 

concrete sections that had been constructed in other portions of the same highway (Lane & 

Kazmierowski, 2011). 

Currently, precast concrete pavement (PCP) panels are generally used as a repair technique for 

conventional concrete pavements. The Pavement Asset Design and Management Guide developed 

by the Transportation Association of Canada, notes the use of precast concrete by the MTO and 

the Ministère des Transport du Québec for this purpose, and also the potential for PCP to be used 

as a continuous concrete pavement.  Furthermore, the use of PCP as a means to upgrade asphalt 

intersections that have experienced rutting (Transportation Association of Canada (TAC), 2013). 

One such instance of this technique was the upgrade of Rockaway Boulevard that runs alongside 

the John F. Kennedy Airport in New York City. The approaches to several intersections were 

upgraded with PCP during nighttime closures, due to rutting and shoving caused by transport 

trucks entering the airport. The traffic was maintained during the daytime periods as any disruption 

would have had a significant impact on the shipping activities at the airport (Smith, 2014). 

Figure 2.3 shows the interface between the PCP and the asphalt within the intersection on the east 

side of JFK Airport. 
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Figure 2.3: Rockaway Blvd. intersection at JFK Airport 

The main reason for the use of PCPs is that they provide the ability to repair high volume roadways 

with minimal disruption to daytime traffic, as seen in the Rockaway Blvd case. Other benefits of 

PCP include stricter controls over material quality and curing practices as both are controlled at 

the precasting plant, fewer weather restrictions on placement as curing temperatures are not an 

issue, and elimination of construction related failures such as late or shallow concrete joint cuts 

(Tayabji, Ye, & Buch, 2012). 

PCPs are also being investigated as a means of repairing airfield pavements. In this case, the 

driving force behind their use is also short construction windows, which can often be as short as 

4-6 hours. This type of pavement undergoes significant loading, but has been found to perform 

comparably to typical cast-in-place concrete pavements in controlled test sections (Priddy, Bly, 

Jackson, & Flintsch, 2014). 

There are several different general types of PCP repairs, as shown in Figure 2.4. They include 

intermittent repairs, which are used when individual panels deteriorate, joint repairs, which replace 

a failed joint, short length continuous, in which several panels are placed adjacent to one another 
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to repair deterioration that extended beyond the length of one panel, and continuous repair, in 

which an entire section of concrete pavement is replaced with PCP. In each PCP type, the width 

of the panels is the width of one traffic lane, and the length is either determined by the length of 

deterioration being repaired or by the maximum length that can be transported to site. In order to 

rehabilitate a rutted lane, a continuous placement of precast concrete panels will be necessary. 

 

Figure 2.4: Precast concrete panel repair types (adapted from (Tayabji, Ye, & Buch, 2012)) 

While precast concrete has been used as a pavement material for over 40 years in different 

capacities, very little effort was made to document the performance of these early applications. 

Recently, the Strategic Highway Research Program 2 (SHRP2) carried out a concerted effort to 

monitor and collect relevant data from various PCP projects throughout the United States.  
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This effort included, but was not limited to the collection of the following data types: 

1. Condition Data 

2. Ride (smoothness) 

3. Joint Elevation Difference 

4. Joint Width Measurement 

5. FWD Deflection testing for load transfer efficiency and the presence of voids 

Several lessons were learned as part of the SHRP2 study regarding the construction of projects, 

but the importance of assessing the existing base and preparing the panel support were two of the 

most important (Tayabji, Ye, & Buch, 2012).The improper placement and compaction of base 

material has contributed to issues noted within the SHRP2 study. Intermittent repairs were 

performed in 2007 and 2008 on the I-295 highway in New Jersey using Fort Millerôs Super Slabs. 

When damaged concrete was removed, it was noted that the sandy granular base beneath was 

disturbed. Panel settlement was observed to occur and this was attributed to the improper re-

compaction of the base material. Panel cracking, assumed to be due to insufficient base 

compaction, was also noted at a Virginia I-66 onramp, California I-15, and a project in Reno 

(Tayabji, Ye, & Buch, 2012). 

Another issue that has been found to reduce the durability of PCP repairs is over saw-cutting the 

existing concrete. This is a construction error that results in deterioration of the concrete 

surrounding the PCP at the time of installation. The results of this error is generally accelerated 

joint deterioration and the progression of cracks into the existing concrete that had not been present 

previously. This issue was noted on the Highway 427 repairs in Ontario (Lane & Kazmierowski, 

2011) as well as during the field testing of airport pavements (Priddy, Bly, Jackson, & Flintsch, 

2014). 

Load transfer efficiency (LTE) is a measure of PCP performance and provides an indicator of the 

performance of the joints between adjacent panels. Joint deterioration is considered to be a concern 

of PCPs secondary only to support conditions.  

LTE is measured through falling weight deflectometer (FWD) testing. FWD testing involves 

dropping a weight of known mass from a known height in order to impart an impact load of known 

force onto the surface of a pavement. Using sensors placed at set intervals from the location of the 

impact, the deflections of the pavements are measured.  
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LTE testing places the sensors on either side of a joint or crack at equal distances from the impact 

load. The deflections at these points indicate how well the impact load is being transferred across 

the joint or crack. Equation 1 is generally used to calculate LTE (Ashtiani, Jackson, Saeed, & 

Hammons, 2010). 

 
ὒὝὉϷ

‏

‏
ρππϷ 

(1) 

Where dU represents the deflection measured on the unloaded panel and dL represents the 

deflection measured on the loaded panel.  

The MTO generally uses 70% LTE as a minimum allowable load transfer value for concrete 

pavements (Chan & Lane, 2005). Beyond this value, repair of the joint or crack is generally 

recommended. 

As part of the SHRP2 study, the LTE of several PCP projects were tested. The results of these tests 

as well as an accelerated airfield pavement test are summarized in Table 2.1. The average of all 

results was above the 70% LTE threshold. The average taken is typically across ten or more panels 

within the project and some individual LTE values would be below the 70% level. Furthermore, 

>70% LTE was observed in several joints that were physically deteriorated, specifically in the 

accelerated airfield pavement test. In this case, sufficient LTE did not necessarily reflect an 

acceptable joint.  

According to the mechanistic MEPDG published by the National Cooperative Highway Research 

Program, the LTE of a given interface can be broken down into 3 components: 1) aggregate 

interlock and joint stiffness, 2) load transfer through dowels, and 3) load transfer through the 

supporting materials. It is estimated that the supporting materials can provide between 20% and 

40% of the total load transfer, depending on the behaviour of the material. Asphalt treated bases 

are assumed to provide about 30% of the load transfer (Applied Research Associates: ERES 

Division, 2003). Support by approximately 100mm of asphalt pavement structure could 

presumably provide greater support, as in the case of the proposed research. 
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Table 2.1: Load Transfer Efficiency of Selected PCP Projects 

 

 

PCPs are typically installed in situations where installation time is restricted. As such, there is 

generally little time devoted to excavation and removal of subgrade material for the installation of 

pressure cells, followed by replacement and compaction. Furthermore, this would result in a 

disturbed base, which has been cited as a potential cause of premature PCP failure in field trials. 

Earth pressure cells have been used to instrument PCP installations in the past, but generally only 

in experimental, non-service applications. Typically, these instruments are installed in the 

subgrade material beneath the panels to measure the vertical stress imparted by traffic or testing 

loads onto the subgrade (Priddy, Bly, Jackson, & Flintsch, 2014; Khanal, Tighe, & Bowers, 2013). 

Project Type Installed Tested Average LTE

I-295, New Jersey Intermittent 

Super Slab
2007-2008 2010 80%

I-280, New Jersey Continuous 

Super Slab
2008-2009 2010 82%

Route 27, New York 

State

Intermittent 

Roman Stone
2009 2010 70%

I-675 Michigan Intermittent, 

Michigan 

Method

2003 2010 80%

Tappan Zee Toll Plaza, 

New York

Continuous 

Super Slab
2001-2002 2010 90%

TH62, Minnesota Continuous 

Super Slab
2005 2010 90%

I-66 Ramp, Virginia Continuous 

Super Slab
2009 2009 90%

I-15, California* Continuous 

Super Slab
2010 2010 90%

NJ-130, New Jersey** Continuous 

Super Slab 
2010 2010 83%

Aircraft Pavement 

Field Study

Intermittent 

Michigan 

Method

>70%

*included both support grouted and non-support grouted

**included both steel and FRP dowel bars

Accelerated Testing 

(10,000 C-17 passes)
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Efforts have been made to install sensors at the interface between precast panels and the supporting 

material, with some success. This operation requires careful installation practices to avoid damage 

to the sensors during the panel placement. The layout of these sensors determine the conclusions 

that can be drawn. In an evaluation of a new PCP joint design, placement of the pressure cells 

beneath adjacent panels provided insight into the load transfer across joints as well as the 

mechanism by which the adjacent panels deflected (Gaspard, 2008). 

2.3 Life Cycle Cost Analyses 
Life cycle costing is defined by the International Organization for Standardization as being 

ñeconomic assessment considering all agreed projected significant and relevant cost flows over a 

period of analysis expressed in monetary value. The projected costs are those needed to achieve 

defined levels of performance, including reliability, safety and availability.ò (International 

Organization for Standardization, 2008). The importance of this assessment tool for use in public 

procurement is being more widely realized as the push for sustainability in practice gains 

acceptance (Perera, Morton, & Perfrement, 2009).  

In many cases, the initial costs of sustainable assets are higher than their less-sustainable 

counterparts, however these costs can be largely offset by efficiency gains and cost savings 

throughout the course of the assetôs lifespan. Considering this lifespan through life cycle costing 

helps public entities to justify procurement of sustainable assets despite the higher initial costs 

(Perera, Morton, & Perfrement, 2009). 

Life cycle costing will be considered as part of this research as a means by which to determine 

whether the proposed rehabilitation technique is feasible. The justification of the use of precast 

concrete is its lifespan that is assumed to far exceed that of mill and replace HMA rehabilitations. 

In this way, it can be considered as a more sustainable rehabilitation option. While a potential 

decrease in user costs is a major consideration, the overall feasibility of the rehabilitation strategy 

will largely depend on whether it costs the owner and therefore the public less money over its 

lifespan.  

In 2005, the MTO developed guidelines for the use of life cycle cost analysis (LCCA) on freeway 

projects (Lane & Kazmierowski, 2005). Generally, the guidelines are used to establish net present 

worth values for different design alternatives based on discount rates, analysis periods, service life 
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and activity timing (repairs and rehabilitations), construction, repair, and rehabilitation costs, and 

salvage value. Net present worth is calculated using Equation 2 (Tighe, 2001). 

 
ὔὩὸ ὖὶὩίὩὲὸ ὡέὶὸὬ
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(2) 

 where  

 Costs = initial construction, maintenance, rehabilitation costs or salvage value 

        i = the discount rate 

       n = year in which cost occurs 

 

 

These guidelines are often used as a means to facilitate alternative bidding for freeway contracts. 

Contractors are invited to submit bids for asphalt or concrete pavement construction and their bid 

is adjusted using an adjustment factor that has been calculated based on an LCCA of each 

pavement type. 

The MTO requires that all LCCAs for high volume roads (ESAL > 1 million per year) and 400 

series highways be performed according to their guidelines (Lane & Kazmierowski, 2005).  

Generally, a probabilistic LCCA is required for high volume roads. This LCCA type incorporates 

the means and standard deviations for all observed data in order to provide insight into the 

uncertainty and associated variability in construction practices, and therefore their present worth 

value. Probabilistic LCCA can also be used to gauge the sensitivity of a present worth value to 

changes in a given variable.  

MERO-018 provides recommended values for Probabilistic LCCA, however these values are 

outdated. Furthermore, the costs associated with precast panels are not included for reference. 

Finally, the guide recommends normal distribution of variables, but some research has found 

lognormal distributions to be better representations of construction variables (Tighe, 2001). 

2.4 User Costs 
Work zone road user costs are a significant consideration for all construction activities on 

roadways. These user costs are defined as the additional costs incurred by motorists and the larger 

community as a result of construction activities. The costs can be used as a metric to measure the 
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impacts that a given construction activity on a roadway has on people. These costs can be 

considered a combination of several components, not all of which are easily considered as a 

monetary value. Some of the components that can be monetized include costs associated with 

travel delay, vehicle operation, crashes, and emissions. Other components of the user cost, 

including noise, business impacts, and inconvenience to local residents, are more difficult to 

monetize but are just as important when assessing the effects of a given construction activity (US 

Department of Transportation Federal Highway Administration, 2015).  

In the case of construction activities on Ontarioôs high volume highways, night construction is 

often used in order to reduce the number of users that are directly affected by the activity. By 

performing construction activities when the traffic levels are at their lowest point of the day, the 

user costs are minimized. Reducing the amount of nearby traffic by scheduling work at night has 

the added benefit of improving worker safety. The construction time window that is often 

prescribed by the MTO is between the hours of 11 pm and 6 am the following morning.  

MicroBENCOST is an evaluation software that was developed in the 1990ôs in order to quantify 

the effects of construction on traffic. While there are many inputs required to make calculations of 

this type, the governing input is the number of vehicles that are attempting to use the roadway at a 

given time. MicroBENCOST uses tables that separate the average annual daily traffic into hourly 

amounts distributed throughout the day. These tables are dependent on site-specific factors, 

however there is a default table for an urban interstate type highway that can be used in the absence 

of site-specific data as a reasonable estimate. According to this default table, 7.3% of the average 

annual daily traffic will be seen during the period between 11pm and 6am, or an average of 

approximately 1% AADT/hour. For reference, the lowest hourly value outside of this period is 

2.3% AADT between 10pm and 11pm while the highest hourly value is 8.5% AADT between 5pm 

and 6pm (Walls III & Smith, 1998).  

At the end of the 11pm-6am construction window, the MTO typically specifies that all construction 

equipment and materials need to be removed from the roadway and shoulders to allow for the full 

reinstatement of unimpeded traffic the following morning. This is an effort to incur no user delay 

costs during the busiest traffic hours. 
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Even given this method, construction activities can have an impact on traffic and all user costs and 

worker safety issues cannot be avoided; minimizing the amount of required construction activities 

for a given roadway is a high priority concern for the MTO.  

User delay costs have been used in LCCAs, however they are not included as part of the LCCA 

Guidelines specified by the MTO (Lane & Kazmierowski, 2005). 

2.5 Least Significant Difference Test  

Throughout this research, groups of data are often compared to one another to determine whether 

they can be confidently considered distinct. This is due to the nature of the research wherein three 

different Precast Concrete Inlay Panel (PCIP) designs are considered. When data are collected 

across these three distinct groups for comparison purposes, it is important to determine if any of 

the three groups is performing significantly differently than the others. 

The Least Significant Difference (LSD) test is a method by which to compare three sets of data in 

this way. The original LSD test was developed by Fisher in 1935 (Williams & Abdi, 2010). It is a 

post hoc analysis that is undertaken following an analysis of variance (ANOVA) test. Typically 

the LSD is a protected method meaning that the ANOVA test should indicate that there is a 

significant difference between means, prior to undertaking the LSD analysis. A Dunn/Sidák 

modification is used in this research to account for family-wise errors that can occur with multiple 

comparison analyses. These errors are Type I, indicating the null hypothesis is false, when it is 

actually true. 

In order to undertake an LSD test, an ANOVA test is first undertaken on the multiple data sets 

(typically three data sets in this research). The results of this test indicate whether there is a 

significant difference within the group of data sets. When the F-value is larger than the F-critical 

value, the null hypothesis that all of the means are statistically similar can be rejected at the chosen 

confidence level. An ANOVA analysis indicates that there is a difference between the means, but 

not the pairs between which the difference is significant. The LSD provides insight into that 

question. 

The first step of an LSD is an analysis of variance. For this research, the ANOVA test was 

performed using Excel software. The ANOVA is performed at a 95% confidence level (a=0.05) 
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and provides insight into whether or not there is a significantly distinct group in those being tested. 

If so, the LSD can be undertaken. 

The LSD is the product of the standard error and tcritical values associated with the data. The 

standard error is calculated according to Equation 3. 

 

ὛὉ  
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 where:  SE = Standard error 

   MS = Mean square (sum of squares divided by degrees of freedom) 

   n* = Average number of samples per group 

 

The tcritical value is based on tabulated data for two-tail t-statistics, which depends on the alpha 

value and degrees of freedom in the comparison. The degrees of freedom depend on the number 

of data points and groups in the comparison. The alpha value is found using the Dunn/Sidák 

modification, as shown in Equation 4. 
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 where:  amod = Modified alpha value  

   aoverall = Original alpha value (typically 0.05) 

   k = Number of groups being compared (typically 3) 

 

The LSD is then calculated using these values according to Equation 5. 

 ὒὛὈὸθ ὛὉ (5) 

 where:  LSD = Least significant difference 

   ta = t-value based on amod 

   amod = Modified alpha value 

   SE = Standard error 
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The LSD is then compared to the differences between the means of the groups being compared. If 

the difference is larger than LSD, then the two groups can be considered statistically distinct at 

95% confidence. 

Appendix A shows a sample calculation for the determination of LSD. 

2.6 Chapter Summary  

The main points discussed in this chapter include:  

¶ Practices of rehabilitating hot mix asphalt (HMA) pavements using Portland cement 

concrete (PCC), which generally includes concrete overlays using cast-in-place PCC. This 

practice requires significant time as cast-in-place PCC requires curing time after placement 

to achieve enough strength to support traffic loads. Fast track PCC, which reduces the 

required curing time has durability concerns associated with its use. 

¶ Current rehabilitation practices for MTO 400-series highways exhibiting premature rutting 

involve milling and structural resurfacing. This generally is done to a depth of 40 mm or 

80 mm and does not address the deep-seated cause of the rutting. Accessing and repairing 

the deep-seated issue requires more time than the current MTO closure windows allow. 

¶ Precast concrete pavement (PCP) is produced using relatively small panels that can be 

transported to and placed on site. The PCP panels are produced in controlled factory 

conditions and placed on site following the early age curing. PCP is most commonly used 

to repair existing PCC pavements intermittently or in short or long continuous repairs. A 

large-scale evaluation of PCP technology was completed by SHRP2 in the United States 

and this indicated that the support conditions provided beneath the PCP have been found 

to have the most impact of all factors on their performance.  

¶ Load transfer efficiency (LTE) is a method of evaluating concrete pavement joints based 

on relative deflections of opposite sides of a joint under loading. A 70% LTE criterion is 

generally used by the MTO to indicate an acceptable joint. PCP sections studied in the 

SHRP2 report have been found to maintain acceptable LTE. 

¶ The life cycle cost (LCC) of a pavement is a way of analyzing its cost over the course of 

its service life, by including costs of maintenance activities and user costs over the course 

of its service life, in addition to the initial construction costs. The MTO has an LCC 
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methodology for analyzing pavements (MERO-018) that will be used for this study, as the 

study was performed to support the MTO decision-making process. 

¶ The Least Significant Difference (LSD) test is the method of statistical analysis used 

throughout this study. The method is well-suited to analyzing the statistical significance of 

differences between the means of three groups. Since three support conditions are to be 

considered as part of this study, the method is well suited. 

The primary gaps in the existing knowledge of PCP rehabilitations relate to their use on HMA 

sections. Specifically, the questions that need to be answered include: 

¶ What alterations to typical PCP designs are required for installation within a milled HMA 

section? 

¶ Can the precast concrete inlay panel (PCIP) sections be constructed in short over night 

construction windows? 

¶ Which method of providing panel support is most consistently constructible? 

¶ Which method of panel support is most appealing to a specifying agency, considering a 

range of criteria relevant to said agency? 

¶ How well can a trial installation of PCIP perform under service conditions, in terms of 

visual distresses, sub-panel moisture and load distributions, joint performance, and panel 

surface performance? Which support condition performs best considering each of these 

considerations? 

¶ Can a PCIP rehabilitation be considered feasible in terms of life cycle cost, when compared 

to current rehabilitation practices? 

The research that is outlined in this thesis addresses these gaps in order to evaluate to overall 

feasibility of PCIP as a rehabilitation technique for high-volume HMA highways.  
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CHAPTER   3:   

RESEARCH METHODOLOGY 

To address the gaps in the existing knowledge laid out in Chapter 2.6 an overall research 

methodology was developed. This methodology, which is laid out in Figure 3.1, is composed of 

five broad phases: Initial Planning, Detailed Design, Construction, Monitoring, and Synthesis. 

Initial planning consisted of identifying the problem and proposing the general solution to the 

problem. This stage was completed in close conversation with members of the MTO who had 

firsthand knowledge of the problem and comprehensive experience with precast concrete 

pavements (PCP) as a repair strategy. Additionally, this stage included the literature review of 

typical practices using PCP. 

The second phase was detailed design. Since this research study was based primarily on a precast 

concrete inlay panel (PCIP) trial section, this phase considers the design of this section. Based on 

the literature review, the key concerns for the design were identified, which included PCIP 

durability, support conditions, and constructability. Each of these concerns were co-related but 

represented a focus during design. This phase was completed with the design team described in 

Chapter 1.3. Many of the features were developed based on the experience-based knowledge of 

the design team. Following the general design, a thickness design check was also performed. This 

phase is generally included in Chapter 4 of this thesis. 

Following the design phase, the trial section was constructed, and this process represents the third 

phase of the methodology. Dufferin Construction was the contractor hired by the MTO to complete 

the construction of the trial section. Prior to construction, several meetings were held with the 

contractor and sub-contractors to develop a construction plan, which was completed in September 

2016. Instrumentation was installed beneath select panels during the construction phase. Cost 

tracking was performed during construction; however, this proprietary information was not made 

available to the researchers. Unit costs were supplied, and the cost estimates were evaluated by the 

contractor following construction. This phase is generally included within Chapter 5 of this thesis. 
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Figure 3.1: Research methodology for studying Precast Concrete Inlay Panels 
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The monitoring phase included the collection of relevant data from various sources. These sources 

include on-site monitoring during the construction process, surveys of contractors and MTO 

personnel, moisture probes and pressure cells beneath the PCIP, climatic data from local weather 

stations, traffic information from published MTO sources, Falling Weight Deflectometer joint 

testing, in-service friction and roughness testing, and on-site testing during closures (friction, 

texture, roughness, visual survey). Further information was collected from MTO personnel relating 

to costing and maintenance data relating to life cycle cost analysis. 

Each of the aspects of the monitoring phase fed directly into analysis that made up the final phase 

of the methodology, synthesis. This phase involved taking the information gathered from the PCIP 

trial section and using it to meet the objectives listed in Chapter 1.3 and to answer the questions 

outlined previously in Chapter 2.6. 

The monitoring and synthesis phases generally correspond to Chapters 6 and 7 of this thesis.  
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CHAPTER   4:  

PRECAST CONCRETE INLAY PANEL TRIAL DESIGN1 

This chapter outlines the design developed for the MTO trial section in order to investigate whether 

using precast panels to rehabilitate existing HMA pavement is a feasible option for the MTO. This 

includes descriptions of the panel designs, support conditions designs, construction plan, and 

testing plan. 

4.1 General Rehabilitation Strategy  

A mill -and-replace strategy with precast concrete pavement (PCP) was decided upon to 

rehabilitate HMA sections. The goal of the strategy was to provide a rehabilitation method for 

high-volume highways, with a particular focus on the 400-series highways in Ontario. The typical 

pavement structure of these highways includes a thick HMA component up to and including the 

riding surface. These HMA layers are often 300 mm thick, or more. 

The conventional method of using PCP for repair or rehabilitation includes fully removing the 

existing pavement surface material, usually Portland cement concrete (PCC), and replacing it with 

a PCP of approximately equal thickness. Fully replacing the HMA pavement layer thickness in a 

400-series highway with PCP would have several drawbacks, such as: 

¶ It would require substantial milling, including multiple passes, to remove material that is 

mostly sound beneath the surface rutting. 

¶ Equivalent thickness of PCP would be considerably larger than necessary based on typical 

concrete design theory. 

¶ The edges of the extents of HMA removal would provide a path of ingress for water 

beneath the HMA pavements. 

                                                 

 

1 The contents of this chapter have been incorporated within a paper that has been published as part of a conference 

proceedings. D. Pickel, S. Tighe, R. Fung, S. Lee, P. Smith, T. Kazmierowski, and M. Snyder ñUsing Precast Concrete 

Inlay Panels for Rut Repair on High Volume Flexible Pavementsò Published for the 11th International Conferenceon 

Concrete Pavements. Date August 28 ï September 1, 2016 
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¶ Following the removal of HMA, the underlying granular pavement layers would require 

repair and recompaction that could be substantial, especially where deep-seated rutting 

issues are observed. 

¶ The HMA beneath the surface course in sound condition could provide a stable base for 

the PCP, which is a primary design consideration for PCC pavements. 

Considering these factors, the general concept for the PCP repair was developed to include milling 

the HMA in the lane to a partial depth, then placing PCPs within the milled-out recess. Milling the 

HMA only to a depth that would accommodate the required thickness of PCP would address all of 

the issues listed above. Based on the plan to place the PCP within the HMA, the overall 

rehabilitation strategy is referred to as Precast Concrete Inlay Panels (PCIP). The PCIPs are 

designed to be supported by the remaining HMA and the surfaces of the PCIP will provide the 

riding surface of the roadway.  

Following the definition of the general rehabilitation plan, the broad steps required to undertake 

the rehabilitation were formulated. These steps are illustrated in Figure 4.1. 

 

Figure 4.1: Steps required for PCIP rehabilitation 

Each step had unique requirements that were considered in the development of the detailed 

rehabilitation strategy. The plan to implement the PCIP rehabilitation method consists of the 

following general steps: 
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1. Panel Fabrication 

a. Fabrication of the precast panels must take place at least two weeks prior to the 

beginning of construction, in order to provide sufficient time for concrete curing and 

construction time tolerances.  

b. Fabrication depends on the delivery of the concrete mixture design and approved 

fabrication drawings to the precast producers from the contractor. 

c. The production capacity of the fabricator must be considered during the timing of the 

construction operation. Based on current capacity, the fabricator could cast 

approximately 2 PCIPs per day. 

2. Surveying 

a. The lane to be rehabilitated must be surveyed completely prior to the beginning of 

construction, to provide the elevation details necessary to ensure that asphalt removal 

is performed to the correct depth and that the proper pavement cross-slope is 

maintained.  

b. In addition to measuring existing pavement elevations, the survey must lay out the 

location of each panel end and each required saw-cut. These locations must be marked 

using durable methods that do not interfere with traffic, such as nails driven flush with 

the pavement surface. 

3. Saw-cutting 

a. The night before the precast panels are installed, precise saw-cuts will be made in the 

asphalt delineating the area of asphalt that is to be removed via milling on the following 

night.  

b. The saw-cuts will be based on the survey data and must be precise in order that no 

large gaps remain after asphalt is removed and precast panels are placed. The depth of 

the saw-cut will correspond to the specified HMA removal depth. For instance, the 

total overall depth of the asphalt pavement may be 300 mm ±, but the depth of removal 

and therefore the saw-cut will be approximately 215 mm ±.  

c. To avoid saw-cut meandering that can be associated with deep cuts, the saw-cuts 

should be done progressively. 
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4. HMA Removal 

a. The HMA within the sawcut-delineated area will be removed via milling to the 

specified depth.  

b. This portion of the construction process is expected to require a significant proportion 

of the available time during each night of construction.  

c. Milled HMA will be trucked off-site as it is removed.  

d. At each end of the nightly milling extents, a radiused portion will be left by the 

cylindrical milling head. This portion must be removed in order to provide a vertical 

face against which the precast panels can be placed. 

5. Surface Preparation 

a. Following HMA removal, the surface of the remaining asphalt will be prepared for 

precast panel placement. The first step in this preparation will be the removal of 

detritus left by the asphalt milling equipment, using power brooms.  

b. Once the asphalt surface is free of debris, the support material for the precast panels 

can be placed. The support conditions will vary throughout the project but cement-

treated bedding material will be used where graded support material is required.  

6. Panel Placement 

a. Following fabrication and curing, the PCIPs are transported to site via flat-bed truck 

and are brought to site as needed due to the limited space available on a highway 

construction job. 

b. The PCIPs are picked from the truck and lowered into place using the four lifting 

inserts installed in each and a crane or other suitable lifting device. Care must be taken 

to ensure that all dowels and dowel slots align during placement and that the maximum 

spacing limits between panels are observed. 

7. Grouting   

a. Grout will be placed in order to fill any voids around or beneath the precast panels. 

Four distinct types of grout are required, based on different requirements: 

i. Bedding Grout: thin, non-structural grout, pumped beneath panels that are 

supported by surfaces within a ±3 mm tolerance, via cast-in grout ports. Used to 

fill small voids and provide uniform support. 
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ii.  Rapid-Setting Bedding Grout: thin, non-structural bedding grout as described 

above that reaches a compressive strength of 5 MPa in one hour or less. This grout 

is used to support panels that incorporate levelling bolts and have larger gaps 

between the panel and the underlying asphalt. 

iii.  Dowel Grout: a non-shrink, non-expansive structural grout that is pumped into 

dowel slots to engage dowels in load transfer between panels. The dowel grout 

will have a minimum design compressive strength of 30 MPa and must attain a 

strength of 20 MPa before it is deemed acceptable to carry traffic loads. 

iv. Edge Grout: dowel grout that is extended 60% by weight with 9.5 mm pea gravel. 

This grout is used to fill gaps between the precast panels and the vertical cut faces 

of the adjacent asphalt pavement. 

b. Dowel and edge grout must be installed prior to bedding grout. This ensures that these 

more structural grouts fill their intended locations and are not displaced by the weaker 

bedding grout. 

4.2 Panel Support Conditions  

The support provided to a precast concrete panel is one of the most important factors in 

determining how well that panel will perform (Smith & Snyder, 2017; Tayabji, Ye, & Buch, 2012). 

Non-uniform support can lead to premature cracking, loss of load transfer, and ultimately 

premature panel failure. The process of preparing the proper panel support has also been identified 

as a construction activity where potential time savings can be made. 

For these reasons, the precast panel support conditions are a primary focus of this research study. 

Three different panel support conditions are designed and investigated with seven or eight panels 

of each support conditions type constructed as part of the trial. This study is designed to assess the 

feasibility of PCIP rehabilitation of HMA highways so each support condition will be evaluated 

based on its constructability and performance. The three support conditions to be evaluated are 

outlined in the following sections. 

4.2.1 Grade-supported  (GraS) 

The grade-supported (GraS) condition involves the placement of graded and compacted cement-

treated bedding material (CTBM) between the PCIP and the milled HMA surface. The CTBM is 
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placed on the supporting HMA surface and levelled using a screed, such as the one pictured in 

Figure 4.2. The screed is positioned based on the elevation and cross slope information determined 

as part of the pre-construction surveying. After levelling, the material is compacted using plate 

tampers to a desired density, and this process is repeated until the required surface elevation of the 

compacted CTBM is met. The final surface of the CTBM must be within a ±3 mm tolerance prior 

to placing the panels and thoroughly dampened with sprayed water.  

 

Figure 4.2: Large screed levelling base material 

 

Once panels are placed on the CTBM, they can support traffic loads and can be opened to traffic, 

however dowel, edge, and bedding grout must be installed (in that order) during the next 

construction shift (typically the following night). Dowel and bedding grout are pumped through 

the panel through ports in the panelôs surface. Adjacent port holes are observed during pumping 

until grout is observed to come out, which indicates that the dowel chambers or the voids beneath 

the panel are filled with grout. Figure 4.3 shows a cross-section of a grade-supported panel as 

installed. Pavement cross-slopes shown in the figure were assumed based on typical values of 

MTO highways, but will be adjusted to meet the requirements of the existing cross slopes 
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encountered on site. As shown, a space of approximately 75 mm is left on either side of the panels 

in order to facilitate placement within the asphalt. 

 

Figure 4.3: Cross-section of GraS panel (The Fort Miller Company Inc., 2015) 

 

Flowable bedding grout is pumped from the surface of the panel into any voids between the panel 

and the bedding material. This provides the uniform support that is required for precast panels. 

Dowel grout is a non-shrink, non-expansive structural grout that is pumped into slots around 

dowels in order to provide load transfer between adjacent panels.  

Dowel and bedding grout are pumped through different ports from the panel surface. Separate port 

holes that are connected to the same sub-surface void are observed until grout is observed issuing 

from them, which indicates that the voids beneath the panel are filled with grout. In the case of 

bedding grout, panel-bottom channels run between grout ports to facilitate the flow of the grout 

between ports and to all areas beneath the panel. An example of this detail is shown in Figure 4.4. 

Edge grout is produced by extending dowel grout 60% by weight using 9.5 mm pea gravel. It is 

placed between the vertical edge of the panel and the existing asphalt to fill the gap and provide a 

uniform driving surface. 

Foam gaskets are placed beneath the panel and form barriers between the dowel slots, edges, and 

the sub-panel voids. These gaskets prevent the grout types from blending that could reduce the 

effectiveness of the structural grouts. An example of this detail is shown in Figure 4.4. 
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Figure 4.4: Typical sub-panel details 

 This support condition most closely resembles the typical method used with Fort Miller Super 

Slabs on MTO highway projects. The method has shown good results in full depth panel repair 

projects in the past. 

4.2.2 Asphalt -supported  (AS) 
The second support condition to be evaluated is asphalt-supported (AS). This condition involves 

placement of PCC panels directly onto the milled asphalt surface that has been micro milled to 

within the same ±3 mm surface tolerance specified for the GraS condition. If this tolerance can be 

achieved, then panels can support traffic as soon as they are placed and grouting can take place on 

the following night, similar to grade-supported panels. The feasibility of achieving the required 

surface tolerances with micro milling will be considered as part of this project. 

Micro milling is similar to conventional pavement milling, but uses more bits spaced more closely 

together on the milling drum. This drum layout results in smaller amplitudes between the ridges 

and valleys of the milled asphalt surface, on the order of 3-4 mm (Pavement Interactive, 2011). 

This value would fall into the ±3 mm surface tolerance that is required of a precast panel support 

surface. In order to achieve this tolerance, slower progress and shallower milling depths may be 

required. Both of these factors are relevant for the projectôs restrictive construction windows.  

Foam gasket Grout channel 
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It is presumed that this method will provide benefits in terms of time in relation to the other two 

methods because a CTBM layer is not required and the panel can support traffic immediately after 

placement. However, the extra time required for asphalt micro milling to precise tolerances will 

be monitored to determine the overall time benefit. 

4.2.3 Grout -supported  (GroS) 
The third support condition is grout-supported (GroS). Grout-supported panels are fabricated with 

integrally cast levelling lifts and are placed directly on the asphalt surface following the milling 

and cleaning operations. The levelling lifts are then deployed until the surface of the panel has the 

correct elevation and cross-slope characteristics.  

Figure 4.5 illustrates a levelling lift as it is deployed under a precast panel. The detachable base 

plate is pushed out of the bottom of the panel with the threaded bar until the surface of the panel 

is in the desired location. Rapid setting bedding grout is then pumped beneath the panel to provide 

full support. Once the grout attains sufficient strength, the threaded bars are removed and the grout 

bears the weight of the panel. 

Typically a grout strength of 3.4 MPa is required prior to allowing vehicles to travel on the surface 

of the panel (Tayabji, Ye, & Buch, 2012). 

 

Figure 4.5: Gracie Leveling LiftÓ 
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Unlike the previously discussed support conditions, GroS panels cannot support traffic prior to the 

placement of grout. The non-uniform support of the milled asphalt or the deployed levelling bolts 

would result in stress concentrations under vehicle loading that would cause premature cracking. 

Therefore dowel, edge, and rapid setting bedding grout must be installed the same night as the 

panel is placed. While this has implications for the nightly construction schedule and additional 

costs associated with bedding grout, it is also presumed that time will be saved relative to grade-

supported panels by not requiring the placement and compaction of bedding material. 

There is no base material required for this support condition so the depth of asphalt milling can be 

slightly reduced in relation to the grade-supported panels. 

4.2.4 Summary of Support Options  
Each option provides potential relative costs and benefits. The magnitude of the effects of each 

were monitored throughout the projectôs construction to determine the best option for this new 

pavement rehabilitation strategy and are discussed in Section 5.5. 

Based on the development of the proposed support conditions, Table 4.1 summarizes the costs and 

benefits of each support condition that are expected.  

4.3 Precast Panel Design 

The design of the panels to be used in the project was multifaceted. The broad design details were 

developed by the Fort Miller Company, whose patented Super Slab was selected for the trial. 

Specific details of the design were selected to suit MTO pavement requirements or the 

requirements of the PCIP design problem. The various aspects of the panel design are presented 

here. 

4.3.1 PCIP Materials 

The concrete used to produce the precast panels was specified to meet a minimum compressive 

strength of 30 MPa at an age of 28 days and have a minimum of 3% entrained air with a maximum 

spacing factor of 0.230mm. These specifications were selected to suit the Ontario Provincial 

Standard Specifications (OPSS) for Construction of Concrete Pavement (Ontario Provincial 

Standards (OPS), 1998). The concrete material and aggregate were specified to adhere to 
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OPSS.PROV 1350 and OPSS.PROV 1002 (Ontario Provincial Standards (OPS), 2016; Ontario 

Provincial Standards (OPS), 2013). 

Table 4.1: Cost/Benefit Comparison of Support Conditions  

 

Support 

Condition 
Benefits Costs 

Grade-

supported 

Ö Contractor familiarity with method 

Ö Pavement can open as soon as panel 

is placed 

Ö High smoothness of asphalt surface 

not a requirement 

Ö Time/Effort required to place 

CTBM 

Ö Requires extra material (CTBM, 

water) and machines (laser level, 

compaction equipment) be brought 

on site 

Asphalt-

supported 

Ö No extra support material required 

(CTBM, rapid setting grout) 

Ö Pavement can open as soon as panel 

is placed 

 

Ö Unknown time requirement for 

precision milling 

Ö Two milling machines may be 

necessary 

Ö Requires pre-construction proof of 

concept  

Ö Asphalt surface must be entirely 

clear of any debris >3mm in 

nominal diameter 

Grout-

supported 

Ö Panels can be easily adjusted to suit 

grade/cross-slope requirements 

Ö Intensive surface preparation is not 

required prior to panel placement 

Ö High smoothness of asphalt surface 

not a requirement 

Ö Time is required for rapid setting 

grout to achieve sufficient strength 

to support vehicles 

Ö Cost of levelling lift is 

approximately 3-4 times higher than 

standard lifting insert 

Ö Cost of rapid setting grout is 

expected to be high 
 

 

These specifications provide a general baseline for materials, however the requirements of precast 

concrete fabrication generally govern the selection and design of materials. In order to facilitate 

timely production, the fabricator generally plans to strip the panels from their forms within one 

day after pouring. The typical target compressive strength of the concrete prior to stripping is 15 

MPa to 21 MPa, so that the panels are not damaged during stripping and subsequent lifting off of 

the casting bed (Tayabji, Ye, & Buch, 2012). To achieve these early strengths, the fabricator was 

expected to use a high-early strength cement, which will have compressive strength beyond the 

specified value. 
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4.3.2 PCIP Thickness Design  

The typical panel design includes a 205 mm thickness, reinforced with two mats of reinforcement 

steel spaced at 300 mm centres. This thickness was used for the development of the PCIP design 

in the absence of site-related traffic information. When the design was submitted to the MTO, a 

site was chosen and the appropriateness of this design was checked using Pavement ME and other 

softwares. 

The current ME software available does not consider this type of pavement. Pavement ME, 

considering a pavement with no reinforcement, and unbonded condition, estimated a 7-year service 

life, which would be unacceptable to the MTO. Based on the reinforcement, base conditions, and 

overall pavement structure, this intuitively seems like a very conservative estimate, which 

indicates that the software is underestimating the design.  

Warehouse floor design software with two layers of reinforcement was used to justify the design 

(35-year service life). The reinforcement in these floors is often welded-wire mesh that is used to 

avoid shrinkage cracking, and still may not fully consider the reinforcement benefits of the 

reinforcing steel in the panels. 

Designs considered that the panels were unbonded to the asphalt, but the true nature of the bond 

is currently unknown. Panels are constructed in forms with form oil applied to ease stripping. 

Residual oil is expected on the panels, though the amount is not known. Presumably, some amount 

of residual oil after form stripping will disperse during storage in the precasterôs yard. Fort Miller 

has assessed reusable panels in a Brooklyn project, and when the panels are pulled up the grout 

under the panel is difficult to remove. This anecdotally indicates that the form oil is not present on 

the bottom of the panel or does not largely inhibit the bond between the grout and the panel. 

The appropriateness of the 205 mm design thickness was checked using fatigue design principles. 

ñFatigue is the degradation of a materialôs strength caused by a cyclically applied tensile load that 

is usually below the yield strength of the material. Fatigue is a concern because a material designed 

to withstand an allowable safe load one time may fail when the same load is applied cyclically one 

time too many. The cyclically applied load causes a crack to initiate and propagate from the area 

of highest stress concentrations. The material finally fails when the crack grows to a sufficient 
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length so that applied load causes a stress that exceeds the materialôs ultimate strengthò (Titus-

Glover, Mallela, Darter, Voigt, & Waalkes, 2005).  

While the substantial reinforcement of a precast panel should arrest the propagation of fatigue 

cracks, the fatigue behaviour of the material under loads is still an important consideration in the 

behaviour of the pavement. 

Fatigue design for concrete pavements is based on the stress ratio (SR), which is the ratio between 

the stress imparted by loading and the flexural strength of the concrete. The ration is shown in 

Equation 6. 

 ὛὙ
„

ὓὕὙ
 (6) 

 where:  SR = Stress ratio (unitless) 

   s = Stress induced in pavement by loading (MPa) 

   MOR = Flexural strength, or Modulus of Rupture of concrete (MPa) 

    

The SR is defined by both material properties (MOR) and traffic/environmental properties (s), 

which are both project specific. The closer that SR is to unity, the fewer repetitions are required to 

reach the fatigue life. When the induced stress equals or exceeds the flexural strength, the 

pavement will fail under a single load. For the purposes of the preliminary fatigue calculation, the 

approximation of each value was made based on a set of assumptions defined later. When the 

design SR is determined, the number of repetitions of that condition that can occur before fatigue 

failure, can be determined. A fatigue model was developed for the American Concrete Pavement 

Association design software, StreetPave. The model, shown in Equation 7, was developed based 

on accumulated data from various sources, and finds the expected number of repetitions to failure 

based on the SR and design probability. 
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 where:  Nf = Number of repetitions to failure 

   SR = Stress ratio (unitless) 

   P = Probability of premature failure 

   (1 - P) = Probability of survival 

 

To determine the SR, the design stress under loading must be calculated for the panel in service. 

Delatte (2014) suggests that unless pavement corners are heavily loaded or unsupported, the stress 

associated with edge loading should be considered in design. For the case of the PCIP design, the 

corner support should be consistent and dependable as it is provided by milled HMA. Edge loading 

is the case wherein panel is loaded on its edge, which results in tensile stress in the middle of the 

bottom of the panel. The conditions can result in mid-panel cracking. The stress related to edge 

loading can be calculated according to Equation 8, developed by Ioannides et al. (1985). The 

equation is based on the assumption that a given load is applied at the edge of a panel and the 

footprint of the load is circular in shape. 
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 where:  se = Stress at edge (kPa) 

   P = Applied load (kN) 

   n = Poissonôs ratio for concrete (0.15 assumed) 

   h = Panel thickness (m) 

   a = Radius of circular tire-pavement interface (m) 

   l = Radius of relative stiffness (m) 

 

The radius of relative stiffness is a measure of the stiffness of a concrete panel in relation to the 

foundation it rests on. It is calculated using Equation 9. 



43 

 

 

ὰ
ὉὬ

ρςρ ’ Ὧ
 (9) 

 where:  l = Radius of relative stiffness (m) 

   E = Modulus of elasticity of the concrete (MPa) 

   h = Panel thickness (m) 

   n = Poissonôs ratio for concrete (0.15 assumed) 

   k = Modulus of subgrade reaction (MPa/m) 

 

The modulus of elasticity of the concrete can be reasonably estimated using Equation 10 

(American Concrete Institute, 2005). 

 Ὁ τȢχσὪᴂ Ȣ (10) 

 where:  E = Modulus of elasticity of the concrete (GPa) 

   fôc = Concrete compressive strength (MPa) 

 

The relationship between compressive strength and flexural strength of concrete was analyzed by 

Ahmed et al. (2014), who found that the 2/3 power model shown in Equation 11 to be a good 

estimate. 

 
ὓὕὙ πȢτυὪᴂ  (11) 

 where:  MOR = Modulus of rupture of the concrete (MPa) 

   fôc = Concrete compressive strength (MPa) 

 

Delatte (2014) suggests that a k-value of 145 MPa/m can be assumed for concrete overlays of 

asphalt to account for the high stiffness of the support material. Using these values and 

relationships, and the assumptions summarized in Table 4.2, the fatigue life of the panels was 

estimated.  
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Table 4.2: Fatigue Life Analysis 

 

The table assumes a loading condition of one 40 kN load applied directly on the edge of the 

concrete panel. This corresponds to the standard single axle considered in the development of 

Equivalent Standard Axle Loads (ESAL) in pavement design, which is an 80 kN single axle (40kN 

per tire).  

According to the analysis, if the strength of the pavement were actually constructed to have a 30 

MPa 28 day strength, the panel would be expected to crack due to fatigue after approximately 

46,200 edge loads of a 40 kN tire. As the strength of the concrete increases however, the expected 

fatigue life increases. 

The actual concrete strength results were found 28 days after casting, and these results are 

summarized in Figure 4.6. The strength results represent average values based on all tests done on 

a single concrete batch. A concrete batch would typically produce enough concrete for two panels. 

n 0.15

a 0.15m

k 145 MPa/m

P 40 kN

h 205 mm

Probability 

of Failure

f'c

(MPa)

E

(GPa)

MOR

(MPa)

l

(m)

se

(MPa)
SR Nf

0.01 30 25.9 4.34 0.602 1.98 0.456 4.62E+04

0.01 40 29.9 5.26 0.624 2.03 0.385 6.41E+06

0.01 45 31.7 5.69 0.633 2.04 0.359 8.88E+07

0.01 50 33.4 6.11 0.642 2.06 0.337 1.35E+09

0.01 60.9 36.9 6.97 0.658 2.09 0.300 6.98E+11
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Figure 4.6: 28-day concrete compressive strength results for PCIP 

The average 28 day strength of the PCIP concrete was found to be 52.0 MPa, with a range from 

41.7 MPa to 60.9 MPa. When this compressive strength range is considered, the fatigue life is 

found to be between 1.55 x 107 and 6.98 x 1011 40 kN edge loads. 

The section eventually chosen for the PCIP trial was located on the northbound Lane #3 of 

Highway 400, as outlined in Chapter 5.1. While this section was not known at the time of design, 

it provides good context for the analysis of the pavement. The total truck loading for the section 

can be estimated based on traffic volume and composition surveys that have been performed for 

the highway. The design of the HMA pavement in the location of the trial section, was performed 

by Applied Research Associates in 2012. In it, the composition of the truck traffic on the highway 

was determined based on a recent MTO survey. The truck composition was broken into the nine 

truck classes that were observed on the highway. The composition, as well as the typical Truck 

Factor (TF) are shown in Table 4.3. The TF represents the typical number of ESALs associated 

with each truck type. 
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Table 4.3: Truck types, factors, and composition for Highway 400 (adapted from (Applied 

Research Associates, 2012)) 

 

Based on the distribution, it was calculated that the average number of ESALs per truck could be 

approximated by 2.09. Considering this value, and the design assumptions outlined in Table 4.4, 

the total expected number of ESALs can be calculated.  

Table 4.4: Traffic Calculation Assumptions 

 

The growth rate, percentage of trucks in the design lane, and percentage of total trucks were taken 

from the previously discussed design report (Applied Research Associates, 2012). The initial 

traffic level was found using the MTO database of network traffic volumes (Ministry of 

Transportation of Ontario, 2016). The 25 year design life is only an estimate of a typical pavement. 

Considering these values, the section can be expected to encounter 1x108 ESALs during the course 

of its service life.  

This value should be considered only as reference for the purposes of fatigue life estimation. While 

the applied load, N, was chosen to correspond to one tire of a standard axle load, the total number 

FHWA 

Class
Description TF

Commercial 

Vehicle 

Distribution (CV)

TFxCV

5 2-axle, single unit trucks 0.3 17.4% 0.052

6 3-axle, single unit truck 0.9 9.7% 0.087

7 4+ axle, single unit truck 4 1.5% 0.060

8 4 or fewer axle, single trailer trucks 1.1 3.0% 0.033

9 5-axle, single trailer trucks 1.6 40.2% 0.643

10 6+ axle single trailer trucks 4 22.8% 0.912

11 5 or fewer axle, multi-trailer trucks 1 0.0% 0.000

12 6-axle, multi-trailer truck 4.3 0.2% 0.009

13 7+ axle, multi-trailer truck 5.6 5.2% 0.291

Total 100.0% 2.09

Annual Traffic Growth Rate (%) 2.4

Initial Traffic Level (AADT) 92, 800

Percentage of Trucks in Design Lane (%) 70

Percentage of Total Traffic made up of Trucks (%) 12

Design Life (years) 25
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of ESALs does not indicate the number of 40 kN loads applied to the panel. One ESAL is defined 

based on a loss of serviceability associated with the standard load, while the fatigue calculation is 

based on the number of load repetitions at a given magnitude. 

Each of the truck classes in Table 4.3, the truck factor for each is consistently less than the number 

of axles for the given truck type. This implies that each axle for a given truck would have an 

average TF component less than one ESAL. This combined with the definitions of ESALs and 

fatigue indicate that each axle of a given truck generally has a smaller tire load than the assumed 

40 kN. 

The nature of the stress equation (Equation 8) is such that a small reduction in the applied load 

results in an exponential increase in the number of load repetitions sustained until failure. For 

instance, a 10% decrease in applied load (from 40 kN to 36 kN) causes the number of repetitions 

until fatigue failure for a 40 MPa strength concrete to increase from 6.41 x 106 to 4.01x108, an 

approximately 6300% increase.  

This consideration, combined with the actual measured compressive strengths and the distribution 

of traffic within the width of the lane (not solely on the outside edge), indicate that the panels are 

likely sufficient for a 25-year service life in fatigue, given the support conditions are maintained. 

It should be noted that this post-hoc analysis was completed based on site-specific information and 

can not be applied to all high-volume highways without site-specific thickness design. 

As mentioned previously, fatigue cracks once begun will be kept closed by the reinforcement 

included in the panels. 

4.3.3 PCIP Details 

The PCIP trial design was developed for the MTO. The submission to the MTO consisted of a set 

of detailed construction drawings, drafted by the Fort Miller Company at the direction of the design 

team, and a Non-Standard Special Provision Specification. This section of the chapter describes 

the design, but Appendix B should be referenced for these documents. 

4.3.3.1 Surface Finish 

The surfaces of the precast panels were finished with a combination of broom finish in the direction 

of vehicle travel, followed by 3-5 mm wide longitudinal grooving spaced at 19 mm. This surface 
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texture was determined following a demonstration by Armtec, the fabricator of the panels. The 

longitudinal tines could be applied at a high pressure and a low pressure setting, resulting in deep 

tines or shallow tines, respectively. Both were constructed for demonstration, and the difference 

between the two is shown in Figure 4.7. The MTO representative chose the deep longitudinal tines. 

 

Figure 4.7: Deep tining (left) and shallow tining (right) 

 

 

Figure 4.8: Broom finish (left) and burlap drag (right)  

 



49 

 

A similar demonstration was performed using a burlap drag and broom finish prior to tining. The 

difference between the two is shown in Figure 4.8. The MTO representative chose the broom finish 

in order to provide the most surface texture. 

4.3.3.2 Panel Size and Details 

For the purposes of the trial, a precast panel of typical plan dimensions 3.66 m by 4.57m was 

chosen. These dimensions were decided upon based on the design lane width and extensive precast 

panel experience. The dowels to provide load transfer are 38 mm in diameter, 355 mm long, 

located at the mid height of the panel, and spaced at 300 mm on centre. The panel reinforcement 

includes two mats of 10M bars spaced at 300 mm on centre in both directions. The panels are to 

be Fort Miller Super Slabs®. Figure 4.9 presents a plan view of the typical panel design, with the 

traffic direction from left to right.  

Several design details can be seen in Figure 4.9. Super Slabs have patented dovetail dowel slots 

on the bottoms of the panels, as shown on the left edge of the panel pictured in Figure 4.9. The 

slots are cast such that they align with the embedded dowels shown on the right side of the figure. 

These slots differ from several other precast panel types that have dowel bar slots that are exposed 

to the surface of the pavement. The key benefits associated with the bottom-slot design are that it 

allows for traffic to pass safely over the un-grouted slots prior to placing dowel bar grout and it 

protects the dowel grout from de-icing chemicals that are applied to the pavement surface.  

The dowels and dowel slots are cast integrally into the panels and therefore greater precision of 

alignment can be met under the controlled casting conditions as compared to typical concrete 

pavements cast on site. The only drawback to these details is that they require a greater level of 

precision during the placement of the precast panels on site to ensure that slots are lowered 

directly over the dowels. This has typically not been observed to be a problem for experienced 

construction crews. 

The dowel slots are open to the bottom of the panel; therefore, panel-bottom gaskets are required 

to provide separation between the dowel grout and the much weaker and more flowable bedding 

grout, which is pumped beneath the panel. The bedding grout is also not designed for freeze-thaw 

durability and could result in rapid deterioration of joints, if it is placed therein. In order to ensure 

that the bedding grout is not installed around the dowels, the dowel grout is pumped into the slots 
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fi rst. The thinner bedding grout is unlikely to displace the dowel grout when it is installed 

subsequently. 

 

Figure 4.9: Typical precast panel layout (The Fort Miller Co., Inc. 2015) 

The second panel support option described previously is grout-supported. In order to place this 

support condition, the precast panels require integrally cast levelling bolts. The bolts provide the 

mechanism by which the panel is raised to the desired position (elevation and cross-slope) before 

the bedding grout is pumped beneath it to provide support. As shown in Figure 4.9, this support 

system requires that levelling-lifting inserts be cast integrally within the PCIPs, instead of the 

typical lifting inserts.  
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4.3.3.3 Temporary End Detail  

At the end of each night of construction, the dowels protruding from the last panel placed are 

exposed. These dowels will be covered by the dowel slots of the first panel placed during the next 

construction shift, but they cannot be left exposed while maintaining daytime traffic.  

In order to provide a safe driving surface, a 1 m long temporary end panel with one set of Super 

Slab inverted dovetail slots (see Figure 4.10) was designed. This temporary panel is the same width 

as the typical precast panels to fit into the same milled recess in the HMA pavement. One 

transverse edge of the temporary end panel fits over the exposed dowels, while the other abuts 

against the vertical cut face of the HMA at the nightly terminus of construction. At the beginning 

of the next night's construction activities, the temporary panel is removed, and typical construction 

can recommence. 

The use of the temporary panel requires that the removal of asphalt be performed with high 

precision. The length of the removed asphalt requires enough precision that the temporary panel 

can be installed without leaving a gap larger than 12 mm between the remaining HMA and the end 

of the temporary panel. The temporary panel locations must be considered during the surveying 

and saw-cutting operations discussed previously in order to lay out the extents of the nightly 

milling. 

4.3.3.4 Temporary Longitudinal Edge Detail  

In order to place precast panels between the vertical asphalt faces left by saw-cutting and removing 

asphalt, the vertical faces must be spaced far enough apart to allow for placement without risk of 

damaging the adjacent asphalt. To provide this space, a 75 mm gap was designed along both 

longitudinal edges of each precast panel. 

While this plan allows for safe panel placement, it leaves two edge gaps that cannot be present 

when traffic resumes. These gaps are grouted when the dowel and bedding grout is placed, 

typically on the night following the panel placement. Delayed grouting is a benefit of the PCIP 

strategy that helps with the restrictive time constraints associated with construction on a 400-series 

highway.  
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Figure 4.10: Temporary end panel detail (The Fort Miller Co., Inc. 2015) 

A temporary longitudinal joint insert, shown in Figure 4.11, was designed to fill a portion of this 

gap and support traffic until grouting occurred. The detail consists of a temporary re-usable hollow 

steel section bolted to the longitudinal edge of the precast panel and secured in place with bolts 

screwed into threaded inserts embedded in the edges of the PCIP, as shown in Figure 4.11.  

During the next construction shift, the temporary insert is removed, headed studs are attached to 

the threaded inserts, and a #5 reinforcing bar is placed in the longitudinal gap in order to secure 



53 

 

the grout within the edge gap as is also shown in Figure 4.11. The gap is then filled with the edge 

grout, discussed previously. 

 

 

Figure 4.11: Temporary and permanent longitudinal edge details (The Fort Miller Co., Inc. 2015) 
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4.3.3.5 First and Last Transverse Joint Detail  

Figure 4.12 illustrates the terminal transverse edge detail where the inlay panels abut the existing 

HMA pavement. This joint is designed with a keyway cast integrally in the precast panel and is 

specified to be placed approximately 12 mm from the vertically cut face of the existing pavement. 

This 12 mm gap was designed to be filled with the same grout used for the typical transverse joints. 

This joint represents an area of concern that will be closely monitored throughout the life of the 

trial section. Unlike the longitudinal joints, this joint will be exposed to high traffic loading. 

Additionally, the interface being between materials of different moduli could result in differential 

deformation over time, which in turn could lead to increased stresses and surface water ingress. 

 

Figure 4.12: Terminal transverse edge detail (The Fort Miller Co., Inc. 2015) 

4.4 PCIP Trial Design 

The final design of the trial section itself was dependant on the location and contractor input, 

however some details were determined for the design submission to the MTO. In general, the 

design included 22 PCIPs to be installed in Lane #3 (the right-hand lane) of a three-lane highway. 

The grade of the section was suggested to be approximately level (0%) in order to diminish the 

complexity of the first PCIP installation. 

The three support conditions, AS, GraS, and GroS would be installed consecutively, with 8, 7, and 

7 panels of each type installed, respectively. 
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For the purposes of differentiation, the PCIPs were numbers sequentially in the direction of travel. 

Therefore, Panels #1 to #8 were AS, Panels #9 to #15 were GraS, and Panels #16 to #22 were 

GroS. Figure 4.13 shows a general schematic of the site layout, including the numbering associated 

with the different panels and support conditions. 

 

Figure 4.13: General trial section layout and panel numbering 

4.5 Chapter Summary  

In this chapter, the design of the PCIP trial rehabilitation was outlined. This included a description 

of the broad steps required for inlay panels, which are panel fabrication, surveying, saw-cutting, 

HMA removal, surface preparation, panel placement, and grouting.  

The support conditions beneath the PCIP are a main focus of the study, and each of the three 

support condition types designed for the trial PCIP section are described in detail. These support 

conditions are Grade-supported (GraS), Asphalt-supported (AS), and Grout-supported (GroS). 

Each support condition was developed in consideration of assumed costs and benefits related to 

construction. The relative magnitude of these costs and benefits would determine the best option 

of the three. These costs and benefits were described and summarized. 

The thickness of the PCIP panels used on the trial was evaluated using fatigue design principles. 

Based on the stresses associated with edge loading, the concrete strength, and traffic estimates, the 

design of the panels was found to be generally acceptable. It was noted that the panels are 

substantially reinforced, and therefore fatigue cracking is not expected to propagate following 

initiation. 

The surface finish and design details that were developed specifically for this trial were also 

outlined and discussed.  
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CHAPTER   5:  

TRIAL SECTION CONSTRUCTION 

The detailed design described in the previous chapter was accepted by the MTO and it was decided 

that an existing highway resurfacing contract would provide the best opportunity for the 

construction of a trial section. For this reason, the trial section was implemented as a change order 

to an existing contract underway between Dufferin Construction (Dufferin) and the MTO. WSP 

Canada was serving as contract administrator for the contract. 

This choice was based on several factors, including but not limited to contractor familiarity with 

precast panel installation, and suitable HMA pavement thickness, elevation, and cross slopes for 

trial. 

The original contract scope involved ñshaving and pavingò sections of Highway 400 south of 

Barrie. Shave and pave consists of milling surface HMA and replacing it with an equivalent 

thickness of new HMA to repair the highwayôs surface, which is the typical repair strategy for this 

and similar highways.  

Several subcontractors were contracted by Dufferin as part of the trial project. These included: 

¶ Armtec, the precast panel fabricator/supplier 

¶ RotoMill, for milling HMA in area of the rehabilitation 

¶ Basic Cutting and Coring, for saw-cutting the extents of HMA removal 

¶ Amherst Crane Rentals, for lifting panels into place 

This chapter outlines the construction of the trial section, including the descriptions of the different 

support conditions, issues encountered, and the post-construction analysis used to analyze the 

different methods of constructing the PCIPs. 

5.1 Proj ect Site 

The final location determined for the project site was chosen by Dufferin and WSP through 

discussions with the MTO and the design team. It was located on the northbound section of 

Highway 400 between the intersections with highways 88 (to the south) and 89 (to the north). The 

geographic Cartesian coordinates of the site are 44°06'44.0"N 79°38'01.9"W.  
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The average annual daily traffic (AADT) in both directions for the section was estimated to be 

87300 vehicles in 2013. This was a 13% increase as compared to 2008 and a 27 % increase over 

the 2003 levels. It is estimated that this traffic consists of approximately 12% trucks, for an 

estimated average annual daily truck traffic of 5250 trucks in one direction (Ministry of 

Transportation of Ontario: Highway Standards Branch, 2013; Ministry of Transportation Ontario, 

2016).  This corresponds to approximately 13500 ESALs per day (Hajek, Smith, Rao, & Darter, 

2008). It is estimated that by 2026 there will be approximately 9.6 M ESALs per year per direction 

on this section of highway. A 2016 traffic volume estimate for the section indicated that the AADT 

for the section was 92800 vehicles per day (Ministry of Transportation Ontario, 2016). 

 

Figure 5.1:  Approximate location of trial section (Google, CNES 2016) 

 



58 

 

This section has three lanes in each direction that are separated by an approximately 2 m wide 

divider with guiderails. The trial was planned for a 100 m section of Lane #3, adjacent to the 

outside shoulder. A 2.5 m HMA shoulder was located adjacent to Lane 3. The section of roadway 

was in a cut section, with a sloped berm in the clear zone beyond a shallow ditch adjacent to the 

shoulder. Figure 5.2 illustrates the site from its southernmost extents facing north. 

The site conformed to the initial requirement that it be flat and straight.  

The HMA pavement on the project site had been replaced in 2015 as part of the existing contract 

between Dufferin and the MTO, and thus it was known that this section of highway had sufficient 

HMA depth to support this rehabilitation strategy. In addition, cores were taken prior to the 

beginning of construction to ensure the pavement depths were sufficient. Cores were also taken in 

the middle of the shoulder for insight into the pavement structure in these areas. Table 5.1 

summarizes the results of this coring. 

 

Figure 5.2: Trial section location (Google Maps, 2015) 
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Table 5.1:  Coring Results 

Station NBLN3 NB RT 

Shoulder 

17+570 375mm 210mm 

17+600 355mm 195mm 

17+630 370mm 200mm 

 

The minimum pavement thickness requirement for a PCIP installation was 300 mm, and sufficient 

pavement thickness was found in each of the cores taken from Lane #3. Each shoulder core was 

found to be slightly larger than half of the Lane #3 thickness. 

The cross slope of the highway was designed to be 2% down towards the shoulder and towards 

the centre median, with the crown located between Lanes #2 and #3. As HMA highways are 

continuously repaired over time, the design cross slope can often be lost. Cross slope was measured 

at the proposed location of each panel edge as part of the site layout activities to gain insight into 

existing conditions and in order to produce a design cross slope. These values are summarized in 

Table 5.2. The final value in the Grout-Supported column represents the cross slope measured at 

the trailing edge of the last panel. 

Table 5.2: Measured Cross slopes at Leading Panel Edge (%) 
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As shown, there was considerable variability in the cross slopes within each section. Within a 

section, the largest variation in cross slope was 0.55%. Across a 3.66 m lane width, this 

corresponds to an elevation difference of approximately 20 mm between two points that should be 

at approximately the same level.  This variation was noted prior to milling the HMA.   

5.2 Preliminary Plans  

No substantial changes were made to the detailed design package that was submitted to the MTO, 

shown in Appendix B, however some changes were proposed by Dufferin to address concerns they 

identified. 

5.2.1 Order of Installation  

While no order of installation was explicitly stated, it was originally recommended that the order 

of installation would be, Grade-Supported, Asphalt-Supported, then Grout-Supported panels. This 

recommendation was made with the intention to simplify the beginning of construction. Since the 

Grade-Supported procedure was most similar to previous installations, and because the CTBM 

could correct some issues associated with milling, it appeared to provide the least problematic 

installation procedure of the three support conditions.  

After seeing the efficacy of the milling machine, Dufferin elected to install the Asphalt-Supported 

panels first. After confirming that the milling machine could provide a surface within the specified 

tolerance, this support condition was viewed to have fewer uncertainties than the others. After the 

Asphalt-Supported condition, the installation of Grade-Supported and Grout-Supported panels 

were chosen to follow. 

5.2.2 Nightly Number of Panels Installed  

During the initial design phase, it was presumed that approximately half of each support condition 

(3 or 4 panels) would be installed in any given night. This assumption was based on precast panel 

experience, wherein a new job has typically required a steep learning curve to achieve the final 

production rates. Since each support condition would essentially be a new construction method, it 

was assumed that a conservative initial production rate would be chosen. 

Dufferin did not identify that any of the learning curve considerations would slow their rate of 

production and instead decided to install all panels of a given support condition type in one night. 
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It was conceded that if the first night exposed issues with this plan, then subsequent installation 

nights could be scaled back as deemed necessary; transverse saw-cuts were planned for locations 

that demarcate the full installation of the Grout- and Grade-Supported panels as well at locations 

corresponding to four of the potential seven panels each night. 

5.2.3 Precast Panel Delivery  

The delivery of panels to site was a staging consideration between Armtec and Dufferin. Two main 

plans that were discussed included storing the panels in one of Dufferinôs nearby yards or 

delivering panels required for each nightôs construction just-in-time (JIT) to the site. 

It was decided that the extra considerations associated with storage on site, such as unloading and 

reloading and space concerns, made JIT delivery more feasible. Armtec indicated that due to the 

wide load considerations associated with moving the panels, they must be on site no later than one 

half hour after sunset (Heavy Haul Trucking, 2016). At the time of construction, this meant that 

trucks could arrive on site no later than 7:50 pm. It was decided that these trucks could be parked 

on the highway shoulder with a crash truck subcontracted by Dufferin to wait until lane closures 

began.  

Due to the special circumstances of this construction project, lane closures were allowed by the 

MTO to begin at 8 pm each night, which meant that the trucks loaded with panels would not have 

to wait for very long periods of time before they move into the lane closure. Furthermore, because 

the site was located immediately north of a highway exit, the lane closure extended to the merge 

lane onto the northbound portion of the highway. This allowed the trucks to park at a parking lot 

located near the exit, and enter the site directly from the merge lane without entering into the 

highway traffic. 

5.2.4 Lifting Inserts/Levelling Inserts  

The original design included levelling inserts to be installed as the lifting insert in the panels used 

for the Grout-Supported condition. These inserts allow the panels to be manually elevated to the 

required elevation once placed.  

Dufferin and Armtec agreed to include these lifting inserts in all panel types as a measure of 

redundancy. The cost associated with the more-expensive lifts was deemed to be worthwhile in 
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case the HMA milling left a pavement surface that was too low and needed to be remedied before 

the pavement was opened to traffic. 

5.2.5 CPATT Installation Plans  

The installation of instrumentation and data-logging units required input and help from Dufferin 

throughout the construction process. The instrumentation, in total, included 12 vibrating wire 

pressure cells and 6 moisture probes, installed at 6 different locations. 

In order, this included: 

Ö Ordering a data-logger cabinet. 

Ö Laying out and constructing a concrete base for cabinet on site. 

Ö Saw-cutting trenches through the HMA shoulder for the running of cable. 

Ö Digging a trench adjacent to the shoulder through which to run cabling (nightly). 

Ö Saw-cutting/removing HMA in milled section for installation of sensors (nightly). 

Ö Placing conduit for cables. 

Ö Affixing the cabinet to the concrete base. 

Ö Miscellaneous help during installation (providing sand and other materials, saw-cutting 

conduit, etc.). 

5.2.6 Lane Closures 

The typical traffic plan for closures during construction had two stages. Each stage was laid out in 

accordance with the Ontario Traffic Manual Book 7 (Ministry of Transportation of Ontario, 2014).  

The first stage each night began at 8 pm and followed a TL-29 layout for one lane closure on a 

multi-lane freeway. At 11 pm, a TL-38 lane closure for two lanes closed was instituted. Figure 5.3 

illustrates each of these lane closures as specified in the Ontario Traffic Manual. 

The staggered lane closures allowed the construction crews to access the site earlier than typical, 

two lane closures beginning at 11 pm. During the 8-11 pm periods each night, any work that was 

confined to the shoulder or the outermost portions of lane #3 would be conducted. This work would 

not interfere with traffic but would extend the total time allowed on site. 
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At 11 pm, the remainder of the work that was immediately adjacent to or on Lane #2 could begin. 

This included finishing the milling and transporting panels and other materials beside the milled 

section.  

  

Figure 5.3: Traffic plans for lane closure (Ministry of Transportation of Ontario, 2014)  

5.3 Construction Activities  

The construction of the trial section consisted of several individual activities. 

5.3.1 Panel Production (Late August ɀ Early September)  

Panel production took place at the Armtec production facility located in Mitchell, Ontario. The 

plant produces precast concrete products as well as wood-chip sound barriers under the name 

Durisol.  
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The factory produces its own concrete mixtures for the production of precast products in its 

batching plant, pictured in Figure 5.4. The mixer distributes concrete into a portable hopper 

(pictured) that is then used to transport the concrete to the precast forms. 

The forms for the panels were constructed on large steel casting beds, shown in Figure 5.5. 

After the side rail forms were positioned, slot formers (including grout port formers) and 

penetrating dowel bars were attached to them.  Bedding grout channels and associated grout port 

formers were then attached to the beds.  Finally, epoxied steel reinforcement and lifting/levelling 

inserts were placed as indicated on the approved shop drawings. Figure 5.6 illustrates a panel form 

with all of these features installed awaiting concrete placement. The inset to Figure 5.6 shows a 

bedding grout port former attached to a bedding grout channel former and a lifting/ levelling insert. 

Concrete was poured into the forms in layers and vibrated to ensure full consolidation. The surface 

of the concrete was then finished with a roller screed, before longitudinal broom and tine finishes 

were placed on the final surface.  Figure 5.7 shows the rolling apparatus that was used to place the 

tined finish at a consistent pressure and direction. 

After the concrete in the panels had attained the 20 MPa minimum stripping strength, the panels 

were stripped from the formwork, placed in stacks using dunnage, and moist cured using burlap. 

The moist curing period was specified to last a minimum of 96 hours. Following the curing period, 

the panels were stored in the outside yard of the plant on the flatbed trailers that would later be 

used for transporting the panels. 
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Figure 5.4: Concrete batching plant at Armtec, Mitchell 

 

 

Figure 5.5: Laying out panel formwork  
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Figure 5.6: Panel form ready for concrete placement 

 

Figure 5.7: Longitudinal tining apparatus  

5.3.2 Site Layout (September 15 th , 2016)  

On the evening of September 15th, Dufferin had a surveying crew visit and lay out the site. Two 

lanes of Highway 400 were closed at the site location beginning at 11 pm.  Using a total station, 

the survey crew laid out longitudinal and transverse saw-cuts, laid out the leading edge of each 

panel at both the shoulder and inside edge of the lane, and recorded existing pavement elevations 

at the proposed location of the transverse corners of each new panel so cross slopes of the pavement 
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at each new transverse saw-cut could be determined.  The general layout for the site is illustrated 

in Figure 5.8.  

During this lane closure, the trenches that would be used to run cabling from the lane through the 

shoulder to the ditch were laid out. The ditch was located beyond the right-hand shoulder. 

 

Figure 5.8: General site layout (Not to Scale) 

5.3.3 Saw-cutting (September 19 th , 2016)  

The saw-cutting specified in the NSSP began on the evening of September 19th. The weather was 

clear, with an average temperature of approximately 20C̄. Both longitudinal edges, and several 

transverse sections were cut throughout the extents of the project. 

The typical staged lane closure began at 8 pm and allowed for the shoulder edge of Lane #3 to be 

saw-cut. Each saw-cut was done in two passes. The first pass was to a depth of approximately 50 

mm, while the second cut was to the full depth of the section, 206 mm. A shallow cut using the 

sawing machine can be easily controlled and therefore any wandering of the blade could be quickly 

and easily corrected, therefore the first cut was done to accurately cut along the prescribed lines. 

This cut would then serve as a guide for the subsequent cut, allowing for accurate, full-depth cuts. 

Figure 5.9 shows a first pass of the saw-cutting machine. 
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Figure 5.9: Saw-cutting first pass 

After the longitudinal edge along the shoulder had been cut, the trenches for instrumentation 

cabling were cut. These cuts were the same depth as the other saw-cuts to align the bottom of the 

trench with the bottom of the milled section. 

When the second lane was closed at 11 pm, the longitudinal edge between Lane #2 and Lane #3 

was cut.  

The cutting operation was completed by approximately 3 am on the morning of September 20th, 

including lane closures, the operation took approximately 5 hours to complete by one labourer. 

5.3.4 Asphalt -Supported Trial Section (September 20 th , 2016)  

The first night of panel installation began on the evening of September 20th. The weather was clear, 

with an average temperature throughout the evening of approximately 10C̄. Traffic control was 

begun at 8 pm, and the milling machine was unloaded and beginning to mill the section by 8:30 

pm. The milling machine itself was a Wirtgen Model W120 CFI, with a 1.2 m-wide milling head. 

The initial target cross slope for the milled surface was 2.4% (towards the shoulder). This was 

chosen as a median value based on the measured cross slopes presented previously. This cross 

slope was manually checked behind the milling machine using a 1200mm long level. After setting 
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the cross slope and depth, the milling machine progressed at a speed of approximately 8-10 

m/minute. 

The milling was performed in the direction of traffic and the milled HMA was directed into a dump 

truck that was moving in the same direction (pictured in Figure 5.10). When the truck was full it 

would exit out of the lane closure to dump the material and would then return to continue hauling. 

The milled surface was cleaned using a power broom attached to a skid-steer loader, which is 

pictured in the inset in Figure 5.10. 

 

Figure 5.10: Second pass of milling machine 

The first two passes of the milling machine were completed by 10:15 pm, and the second lane 

closure began at 10:50 pm. By 10:56 pm, the third pass of the milling machine had begun.  

After the second pass of the milling machine, the spot removals to facilitate instrumentation 

placement began. The two areas were laid out, saw-cut using a quick-cut saw, and then chipped 

out using a pneumatic hammer. The work was paused when the milling operation encroached on 

the areas being removed.  
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Due to the cylindrical shape of the milling head, an intact portion of HMA remained at each end 

of the milled section that could not be removed as part of the longitudinal passes of the milling 

machine, shown in  Figure 5.11.  

 

Figure 5.11: Rounded HMA portion left by cylindrical milling head  

Initially, it was assumed that removing this material would be done with chipping hammers, 

however the milling crew was able to turn the milling machine 90̄ to do a transverse pass at each 

end. This left only two small rounded portions in each corner that were removed with chipping 

hammers (Figure 5.12). 

By 11:30 pm, the first round of bulk milling had been finished, including the transverse passes. 

The milling machine was loaded onto a flat-bed trailer and transported off the site. At this point, 

the Fort Miller representatives began to place their grade checker (Figure 5.13), which was made 

up of several pins connected to a levelling screed. The height of the movable pins indicated the 

level of the milled surface relative to the required depth.  
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Figure 5.12: End after longitudinal and transverse passes 

 

 

Figure 5.13: Fort Miller's grade checking apparatus 

The grade checker found that the height of the milled surface was too high in several places 

throughout the milled extents, however an  attempt was made to place the panels on the milled 

surface, regardless.  

The first panel was placed at approximately 12:45 am and it was obvious that the elevation 

difference between the panel and the adjacent HMA was too large to proceed, so Dufferin recalled 

the milling crew and equipment. 
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The second milling crew arrived on site at approximately 1:50 am and began to re-mill the surface. 

The instrumentation that had been placed during the placement of the first panel, was removed 

during the re-milling operation. The goal of the second re-mill was to remove approximately 12 

mm of asphalt, based on the readings from Fort Millerôs grade checker. 

Following the milling operation, a stringline was used with a measuring tape to measure the depth 

of the milled recess. This operation is shown in Figure 5.15. The recessed area for instrumentation 

(filled with milled asphalt) can also be seen in this figure. 

The re-milling operation was finished by 3:10 am, and the first panel was re-lowered into place by 

3:20 am.  

The crane used to place the panels was a National truck crane rated at 45 tons. Due to the 

restrictions on site, the 45 ton crane could only place one panel from any one position, and had to 

be re-positioned for each subsequent panel. On this night, the crane was generally located on the 

previously-set panel in order to place the next. 

The work zone on this site was limited to the two right-hand lanes (Lanes #2 and #3) and the 

adjacent shoulder since it was necessary for highway traffic to use all of the left lane (Lane #1).  

This limited working width, typical of lane replacement projects on a three lane highway, 

prevented the outriggers on the left side of the crane from being extended fully, thereby reducing 

the allowable lifting capacity of the crane.  Figure 5.14 illustrates uneven outrigger extension on 

the crane and how close the operation of unloading panels was to the maintained traffic lane. 

Furthermore, because of the requirement to place rails to use Fort Millerôs grade checking 

apparatus, the panel-carrying truck was unable to drive past the crane to allow a 90° or less swing 

while placing the panels.  For this reason, the crane was required to lift the panels and then rotate 

~270̄  around the back of the crane to place them. This required that panels be lifted over the ditch, 

which was the location of some construction activities and the main route for personnel to cross 

the site. Great care was taken with no incidents, however this situation should be avoided in the 

future. 
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Figure 5.14: Panel-carrying truck unloaded adjacent to traffic 

 

 

Figure 5.15: Checking the re-milled surface with a stringline 
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At the first transverse joint between the HMA and the precast panels, the panel was found to be 

approximately 9 mm high. There were also no surveyed marks to show where the panel should be 

placed, and when the second panel was placed, a gap of approximately 15 mm was observed. The 

placement of the second panel and the gap between the first two panels are shown in Figure 5.16. 

The vertical difference between adjacent panels was found to be within the 3 mm tolerance for the 

remainder of the panels. 

 

Figure 5.16: Placing panel #2; first gap (inset) 

Each panel had the doweled edge sprayed with bond-breaking agent up to the point 25 mm below 

the top edge. This was done to ensure that grout would only bond with the dowel-slot edge of the 

joint. 
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The final asphalt-supported permanent panel was placed at approximately 4:30 am, while the 

temporary end panel (shown in Figure 5.17) was placed by 4:45 am. Excluding the temporary 

panel, 8 panels were placed in approximately 1 hr 10 minutes, for an average of approximately 

8.75 minutes/panel. 

 

Figure 5.17: Temporary end panel 

 After the placement of the final panel, site clean-up took place ensuring that all debris was 

removed from the site prior to opening for traffic.  

5.3.5 Grade-Supported Trial Section (September 21 st, 2016)  

The Grade-Supported panels were placed during the construction period beginning on the evening 

of Wednesday, September 21st. The weather was slightly hazy, with an average temperature 

throughout the evening of approximately 12C̄. 

Traffic control was completed similarly to the previous night, however access to the site was not 

granted until approximately 8:45 pm.  Visual inspections of the panels placed the previous night 

found no instances of cracking had occurred during the day. The labourers from Dufferin began 

removing the temporary longitudinal steel tubing when they arrived on site. 
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Once the lane was closed, the milling crew entered Lane #3 and began milling on the right-hand 

side of the lane. The specified depth of the milling for this section was 218 mm while the cross 

slope was specified to be 2.6%, based on the pre-existing cross slope of the section. 

Due to staging difficulties, the crane was not present on site at the beginning of the night, and 

therefore the temporary panel remained in place at the beginning of milling (Figure 5.18). This 

plan resulted in the continuing need to make special considerations for removing the HMA left at 

the beginning of HMA milling. 

 

Figure 5.18: HMA milling begun adjacent to temporary panel 

During milling, a core hole was discovered from a previous investigation. This provided insight 

into the base layer of HMA on which the panels were being placed. From the bottom of the HMA 

to the milled surface measured approximately 160 mm, as shown in Figure 5.19. 

The second lane closure was begun early (approximately 10:15 pm) and the final pass of milling 

was completed at approximately 11:15 pm. 

Some small corrections in panel height were discussed. The levelling lifts that were cast into each 

panel would have allowed for some ñfine-tuningò, however the proper-sized sockets were not 

available on-site, and as such, the original elevations were used.  
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After the temporary steel tubing was removed, the joints (longitudinal and transverse) were 

prepared for grouting. This included placing a single steel reinforcing bar in the longitudinal joints 

at either edge of the lane, and applying barriers made of spray foam at the ends of the transverse 

joint to separate the dowel grout and the extended grout (Figure 5.20). 

 

Figure 5.19: Core hole encountered in Grade-Supported section 

 

 

Figure 5.20: Spray foam separating joints (L), Longitudinal reinforcing at edges (R) 
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While the milling was still taking place, set-up for the grouting operation began. The panels that 

had been placed the previous night were to be grouted by half of the labourers on site. Initially the 

mixer was placed on the panels with a plastic sheet used to protect the surface of the panels from 

spillage. As the night progressed, the mixer was moved onto the shoulder to simplify this 

procedure. 

The transverse joints were the first to be grouted, using dowel grout. The dowel grout, as outlined 

in the NSSP, was specified to have a 17 MPa compressive strength in two hours and 30 MPa 

strength at 28 days. The dowel grout used on this project was ProSpecôs ñSlab Dowel Groutò.   

This grout was injected into the dowel slots through the grout ports that were cast into the panels, 

using the pressurized hose running from the mixer, pictured in Figure 5.21. 

 

Figure 5.21: Dowel grout being pumped into dowel slots 

Following the dowel grouting procedure, the longitudinal joints were grouted using  the same grout 

used for the dowels, extended with 60% pea-gravel by weight. The extended grout was made  by 

adding four parts pea-gravel for every one part grout. This material was mixed on-site in a concrete 

drum mixer and then placed in the joints using a hopper constructed out of plywood, pictured in 

Figure 5.22. 



79 

 

 

Figure 5.22: Edge grout being placed using small hopper; Inside view of hopper (inset) 

The water contained in the pea-gravel made on-site proportioning difficult. The material appeared 

to have a water content that was too high, resulting in some material segregation that could be 

observed in some places. An instance of this segregation is shown in Figure 5.23. 

As the grouting procedure took place, the rails on which the levelling screed ran were being laid 

out adjacent the grade-supported panel area that was about to be graded. For this operation, the 

shoulder side edge of the lane was used as a benchmark and the pre-determined cross slope (2.6%) 

was achieved by adjusting the rail height on the edge of Lane #3 that abutted Lane #2. Figure 5.24 

shows the shoulder edge being set before the lane edge is adjusted to meet the proper cross slope. 

After the rails were placed, the screed was moved into position. At this point, two issues were 

encountered. Firstly, it was found that the milling operation had not left the specified 13 mm 

between the surface of the milled surface and the presumed bottom of the panel. When the screed 

was pulled across the surface, it scraped almost all the bedding material from the milled surface. 
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Figure 5.23: Evidence of segregation in edge grout 

 

Figure 5.24: Members of Fort Miller, Dufferin, and CPATT laying out rails  
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The screed was adjusted up by 5 mm to enable the placement of a layer of CTBM beneath the 

panels. The second issue was that the CTBM, intended to be a fine, ñdryò, easy to grade and 

compact material, instead consisted of balls between approximately 10 to 25 mm in diameter 

(Figure 5.25). This presented further difficulties to the screeding operation as the balls would be 

pushed by the screed instead of graded. The plate tamper for compacting the material, seen in 

Figure 5.26, would break up the CTBM because it had not yet been fully hydrated, but the screed 

could not distribute and level the material evenly beforehand.  Approximately the first 8 m of the 

milled area was prepared using the first (balled) batch of CTBM, however at this point it was 

determined that the material was not satisfactory, and the load was rejected for a new load, at 

approximately 2:20 am. Using the area leveled using the first batch of CTBM, the first two panels 

were placed at approximately 2:30 am.  

 

Figure 5.25: Consolidated balls of CTBM 

The clumping (balling) issue was likely due to high water content in the sand that was used to 

create the material. The intent was to have the CTBM be placed dry, and wetted in place. The 

moisture in the sand would have caused the material to begin to hydrate and adhere to itself before 

it was discharged from the truck. The trucks also arrived on site early, and remained in place with 

periodic mixing, causing the CTBM in the truck to ball further.   
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Figure 5.26: Compacting CTBM with plate tamper while CPATT installs instrumentation 

The truck with the new CTBM arrived at 3:15 am, and the material was placed immediately. 

Clumps were still present, but it was not made up entirely of balls like the previous load. The 

material was screeded using the levelling screed and compacted using the plate tamper.  The typical 

Fort Miller procedure is to place and grade the CTBM approximately 3mm high.  That operation 

is followed by a second screeding operation during which the screed is placed to the correct 

elevation.  After the second grading pass is complete, the material is wetted to begin hydration and 

the panels are placed directly upon the newly screeded bedding layer.   Due to the initial issues 

with milling on this project, however, the material was placed, screeded, and compacted in one 

pass. The grading operation was finished at approximately 4:10 am. 

As the panels were placed, the same procedure as described previously was followed. Figure 5.27 

shows the bond breaker agent being applied to the dowelled face of a panel in position. The tape 

along the upper edge of the panelôs face was to prevent bond-breaking agent from being applied 

to the upper 25 mm. 
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Figure 5.27: Bond breaker agent being applied to panel edge 

 At approximately 3:30 am, the fast-setting bedding grout was being proportioned and readied for 

installation under the asphalt-supported panels. The water content for the mixture was being 

proportioned by testing the mixture for its flow-rate characteristics. Originally, 27.3 L (7.2 gallons) 

were used to mix 4 bags (one batch), but this had a very slow flow rate as measured by a standard 

ASTM C939 flow cone. Several iterations were tried until a mixture with 30.3 L (8 gallons) of 

water exhibited an acceptable flow rate of 17.5 seconds. The first panel took approximately 3 

batches, or 12 bags of grout mixture. 

During the fifth batch, steam was observed coming out of the mixer. This is typically a sign that 

the material is hardening in the mixer. The mixer was promptly emptied and cleaned and no 

hardened grout was left in the mixer, however this indicated that mixer cleaning should take place 

every four batches to prevent the machine from seizing up. Figure 5.28 shows the steam as 

observed coming from the mixer. 
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Figure 5.28: Grout mixer steaming 

 

As the CTBM was being placed and compacted, the panels were being placed on the compacted 

material. The final panel was placed at approximately 4:40 am. During the placement of panels, it 

became apparent that the milling operation had milled wider than was specified, leaving a large 

gap on both longitudinal edges of the panels. This was found to be a milling mistake rather than a 

layout or saw-cut mistake at the point shown in Figure 5.29. The saw-cut edge was over-milled by 

approximately 30 - 40 mm. 
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Figure 5.29: Location where milled portion was widened 

This substantial gap presented a safety issue for opening the lane to traffic, even with the hollow 

steel tubes in the longitudinal joint. Dufferin made the judgement call to remove the steel tubes 

and place edge grout on one edge to fill this gap. The grouting crew was pulled off of the bedding 

grout on the Asphalt-Supported panels, and asked to begin placing the edge grout on one edge of 

the Grade-Supported panels. 

This represented a significant change in the staging plan for the construction, and Dufferin began 

to make arrangements for extending the lane closure beyond the original 6 am opening time. 

The final edge grout was placed by approximately 5:30 am, and Dufferin reported to have exited 

the roadway by 6:30 am. 
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5.3.6 Grout -Supported Trial Section (September 22 nd, 2016)  

The Grout-Supported panels were placed during the construction period beginning on the evening 

of Thursday, September 22nd. The weather had intermittent light showers, with an average 

temperature throughout the evening of approximately 19C̄. 

The traffic control began at approximately 8:15 pm and access was granted to the site by 

approximately 8:30 pm. At this time the milling and grouting crews came on to the site and began 

preparing for their work. While the grouting operation did not begin immediately the previous 

night, this night they did. In part, this was because the Grout-Supported panels typically require 

same-night grouting. This meant that the previous nightôs as well as the current nightôs panels 

would require grouting. 

The milling began at approximately 8:45 pm and the first pass was finished by 9:00 pm, the 32 m 

of required milling was performed in 12 minutes. 

The grouting operation began at approximately 9:00 pm by completing the placement of bedding 

grout that had not been completed the previous night. The flow rate of the bedding grout was 

initially too low, and required additional water be added to the mix to achieve the proper flow. 

The bedding grout had been completed for the Asphalt-Supported panels by approximately 10:00 

pm. Following this, the grouting team switched to dowel grouting all the panels from the first two 

nights that had not yet been grouted. This was finished by approximately 11:00pm, at which point 

the crew switched to begin the bedding grout for the Grade-Supported panels. 

The second lane was closed at approximately 10 pm, allowing for the final milling passes to begin 

early. 

While grouting was taking place, saw-cuts were being made in the edge grout aligning with the 

transverse joints. The purpose of this was to induce cracking at these points, which would be 

preferable because this is where joint sealant would be applied and where there was no 

reinforcement in the longitudinal joint. Figure 5.30 illustrates the saw-cut crack control joint as 

well as the saw-cutting operation in the inset photo. 
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The main passes of HMA milling were completed by 10:30 pm, and the transverse pass of the 

milling machine at the first edge was completed by 10:45 pm. 

The location of the first set of instrumentation was beneath the first Grout-Supported panel due to 

an alignment/cabling issue. Therefore, the recessed section in which the instrumentation was 

placed could not be removed until after the transverse pass of the milling machine had occurred. 

Therefore, placement of panels could not begin until marking, saw-cutting, and chipping of this 

recessed area was completed. Generally, this was the first time that the instrumentation installation 

caused a delay in the construction operation. 

 

Figure 5.30: Edge grout saw-cut at transverse joint; Saw-cutting (Inset) 

Instrumentation clusters were placed under the first and fourth Grout-Supported panels, panels 

number 16 and 19 overall. 

After the instrumentation was placed, the first panel was lowered into place at approximately 11:45 

pm, however it was immediately observed that the panel was not sitting flush on the roadway. This 

was attributed to several factors, including CTBM from beneath the temporary panel and imperfect 

milling at the ends of the lane. The CTBM was removed with crow-bars by the labourers, and 
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eventually high spots were removed using chipping hammers. The first panel was placed at 

approximately 12:15 am. 

On this evening, the crane was placed ahead of the panel being placed, as opposed to behind like 

on previous evenings, to avoid cracking panels that may not have been completely supported ï as 

may be the case when HMA is not milled to the same tolerance as that required for Asphalt-

supported panels. Figure 5.31 shows the typical crane/panel orientation used to place the Grout-

Supported panels. 

The bedding grout for Asphalt-supported and Grade-supported panels was finished by 12:10 pm. 

The placement of the edge grout for the remaining ungrouted edge of the Grade-Supported began 

at approximately 12:45 am. The excess moisture in the pea gravel again resulted in a mixture that 

segregated during placement, leaving a ñhoneycombedò surface texture. Three mixers (Figure 

5.32) were used to produce the edge grout, resulting in efficient placement of the edge grout. 

The final panel was placed at approximately 1:10 am (Figure 5.33), leaving a gap between the 

trailing panel edge and the milled HMA edge of approximately 25 mm.  

After placement, the grout-supported panels were raised to the proper elevations using the 

integrally cast levelling lifts. This procedure began at 1:30 am. The pneumatic impact wrench that 

was brought to site to turn the levelling bolts was found to have insufficient torque to raise the 

panels. For this reason, a pipe wrench with an extended handle for higher torque was used to deploy 

the levelling lifts. Both of these methods for deploying the levelling lifts are shown in Figure 5.34. 

By 2:00 am, all panels had been raised to the appropriate height and grouting could begin. Most 

of the levelling bolts were used on the Lane #2 side of the panels, as shown in Figure 5.35. 

Grouting began with the transverse dowelled joints and the longitudinal edge joints at 2:15 am. 

The dowel grouting included all seven of the Grout-Supported panels, plus one Grade-Supported 

panel that had not been grouted earlier in the evening. The edge grouting began along the left-hand 

edge. The dowel grouting and the left-hand longitudinal edge grouting finished by 3:20 am and at 

this point the placement of bedding grout and the right-hand longitudinal edge grout began. 
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Figure 5.31: Crane positioned ahead of panel being placed 

 

Figure 5.32: Three mixers producing edge grout 








































































































































































































































































































































































































































































