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ABSTRACT 
 
The objective of this study was to demonstrate the use of Class F coal fly ash in 
combination with lime or lime kiln dust (LKD) in full depth reclamation (FDR) of failing 
asphalt pavements. Full-scale test sections (about 4 miles in length) of two structurally 
deficient asphalt pavements were reclaimed using Class F fly ash in combination with 
lime and LKD. In addition, control sections were constructed using cement, cement & 
emulsion, LKD & emulsion, and simple recompaction. The service performance and 
structural behavior of the reclaimed pavement test sections were monitored to 
determine how the fly ash sections compared with other admixtures. Service 
performance and structural behavior were determined through a program of Falling 
Weight Deflectometer (FWD) tests and embedded sensors installed at the time of 
construction. Monitoring results of the FWD tests conducted up to 3 years after 
reclamation show that the cement, fly ash & LKD, and fly ash & lime sections exhibited 
resilient modulus values comparable to soil cement. The cement treatment resulted in a 
significant increase in resilient modulus within three weeks of end of construction but 
beyond this curing time stiffness increase was slow. Tests on fly ash & LKD and fly ash 
& lime test sections indicated slower short-term increase in stiffness, but the two fly ash 
stabilized sections 3 years after construction exhibit average resilient modulus values of 
400 – 1,300 ksi. 
 
INTRODUCTION 
 
The societal emphasis on beneficial recycling of byproducts in highway and construction 
related applications in place of unproductive landfill disposal has resulted in increased 
research interest and information dissemination by the Federal Highway Administration 
(FHWA).1 According to FHWA1, coal combustion byproducts can be used in asphalt 
concrete, Portland cement concrete, granular base, highway embankment or structural 
fill, stabilized base, and flowable fill applications. The use of low-carbon fly ash in 
concrete pavements has received significant attention in literature2-5 and since the 
1960s the use of low-carbon fly ash in rigid (concrete) pavement slabs has increased 
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dramatically. However, high-carbon fly ash is not suitable for concrete applications. 
Finding beneficial uses for these large quantities of high-carbon fly ashes is critical. 
 
In the United States many of the almost two million miles of asphalt roadways are 
severely distressed and in need of repair or replacement. Over the last few decades, 
increasing traffic demands combined with decreasing funding for repairs, environmental 
concerns, and an emphasis on safe, efficient, transportation systems have stimulated 
research and field demonstration projects to explore methods to reuse and recycle 
pavement materials.6,7 
  
In response to this need, The Ohio State University partnered with the two fastest 
growing counties in the State of Ohio (Delaware and Warren counties, see Figure 1) to 
construct and monitor two county roads in which sections of failing asphalt pavements 
were reclaimed and recycled. Class F fly ash generated from Ohio coal was used in the 
reclamation process.   
 

 
 
 

Figure 1. Full-scale demonstration project locations in State of Ohio 
 



 
The full depth reclamation (FDR) process included reclamation of the full-depth of the 
asphalt wearing surface plus the  base, subbase and a predetermined amount of the 
underlying existing subgrade soil were uniformly pulverized, blended with chemical 
additives (Class F fly ash in combination with lime or lime kiln dust), and compacted to 
construct a new stabilized base course. An asphalt overlay was then placed over the 
newly reclaimed stabilized base. 
 
The test sections constructed included two fly ash admixture treatments: fly ash & lime, 
and fly ash & lime kiln dust (LKD). In addition, four types of control sections were 
implemented. The control section treatments were: cement, cement & emulsion, lime 
kiln dust & emulsion, and no chemical stabilizers (mill and fill). 
 
The fly ash, a coal combustion by-product8, provides the silica and alumina needed for 
cementitious reaction with lime to increase the strength, stiffness, and durability of the 
stabilized base layer. In addition fly ash acts as a mineral filler to fill the voids in the 
granular pulverized pavement mix, reducing the permeability of the FDR stabilized base 
layer. 
 
OBJECTIVE AND GOAL 
 
The overall objective of this work was to demonstrate the effective use of Class F fly 
ash in combination with lime or lime kiln dust in the full depth reclamation (FDR) of 
asphalt pavements. The goal of this effort was to establish field-verified relationships for 
the service performance and structural behavior of FDR pavements constructed using 
lime-activated fly ash. 
 
The two highway pavements were constructed and instrumented in 2006, and 
monitored for at least 3 years after construction was completed. This project 
demonstrated that when fly ash, in combination with lime or lime kiln dust, is properly 
incorporated into FDR reconstruction of a flexible pavement, its use can be 
environmentally attractive while offering increased structural and service performance.9 

This paper summarizes the results of the structural monitoring aspects of the program. 
The environmental material characterization (constituents and leaching potential) as 
well as field leachate monitoring results can be found in the project final report.9 
 
CONSTRUCTION OF FULL-SCALE PAVEMENT SECTIONS 
 
Delaware County Pavement 
 
Delaware County (located 20 miles north of Columbus, Ohio, USA) is the fastest 
growing county in the state of Ohio. In collaboration with the Delaware County 
Engineer's Office, a four mile long segment of Section Line Road was selected for FDR 
reconstruction in 2006. Figure 2 shows the structurally deficient pavement. Roadway 
width was 20 feet with minimal shoulders. The asphalt surface thickness ranged from 
5.25 to 14 inches (average of 10.28 inches). The original pavement was underlain by a 



base course ranging from 1 to 11 inches (average of 5.18 inches) thick. Nine sections 
were constructed using the following six mixes:  

 Cement & Emulsion: 2-percent cement with 1.6 gallons per square yard emulsion, 
8-inch stabilization depth (0.42 mile length) 

 Cement Only: 5-percent cement, 12-inch stabilization depth (0.80 mile length) 
 LKD & Emulsion: 3-percent lime kiln dust with 1.4 gallons per square yard 

emulsion, 8-inch stabilization depth (0.79 mile length) 
 Fly Ash & LKD: 5-percent lime kiln dust with 5-percent fly ash, 8-inch stabilization 

depth (0.62 mile length) 
 Fly Ash & Lime: 4-percent lime with 6-percent fly ash, 8-inch stabilization depth 

(0.62 mile length) 
 Mill and Fill: 5-inch mill and overlay (two 0.09-mile length sections at the north 

and south ends of the project, and a 0.14 mile length as well as 0.52 mile length 
section near the middle of the project). 

             
The FDR rehabilitation of Section Line Road began in August, 2006. Strawser Paving 
first milled and removed 5 inches of the existing pavement Base Construction then pre-
pulverized  (Figure 3) the remaining pavement materials to the appropriate depth as 
listed above. 
 
The pulverized pavement materials were then treated with the design admixtures 
(Figure 4). Water was added to the mix and it was compacted immediately (see Figure 
5 for equipment train). Pavement resurfacing with 5 inches of hot mix asphalt (see 
Figure 6) followed a specified curing interval. All work was completed by early October 
2006. 
 

 
 

Figure 2. Delaware County pavement – Pre-reclamation condition 



  

 
 

Figure 3. Delaware County – Pre-pulverization 
 
 

 

 
 

Figure 4. Delaware County – Pulverization with admixtures 



 

 
 

Figure 5. Delaware County – Compactor following FDR machine led by water tank 
 
 

 

 
 

Figure 6. Delaware County – Placement of hot mix asphalt wearing surface 



 
Warren County Pavement 
 
Warren County, near Cincinnati, is the second fastest growing county in the state. The 
Long Spurling Road (Figure 7) located in the northeastern part of the county was 
chosen by the Warren County Engineer's Office for FDR construction. The failing 
pavement was about 0.4 miles in length, 20 to 21 feet in width with minimal shoulders 
with a 2-inch asphalt layer on top of 4 to 6 inches of chipsealed pavement. Two sections 
were constructed:  

 Fly Ash & Lime:4-percent lime with 6-percent fly ash, 12-inch stabilization depth 
(0.28 mile length)  

 Mill and Fill: 5-inch mill and fill (0.09 mile length) 
 
The FDR rehabilitation of the Long Spurling Road was begun in July, 2006.  Strawser 
Paving milled and removed 4 inches of the existing pavement asphalt surface (Figure 8). 
Base Construction pre-pulverized the remaining pavement materials to a depth of 12 
inches. Lime and fly ash were added to the pulverized pavement materials (see Figure 
9) to a depth of 12 inches. Water was added to the mix and it was compacted 
immediately (Figure 10). Resurfacing the pavement with 4 inches of hot mix asphalt 
(see Figure 11) was completed by mid-August 2006. 
 

 
 

Figure 7. Warren County pavement before reclamation 
 



 
 

Figure 8. Warren County – Milling of asphalt wearing surface 
 
 

 

 
 

Figure 9. Warren County – FDR pulverization machine 



 
 

Figure 10. Warren County - Compaction with padfoot roller after final mixing 
 
 
 
 

 
 

Figure 11. Warren County – Placement of hot mix asphalt wearing surface 



 
PAVEMENT INSTRUMENTATION AND MONITORING OVERVIEW 
 
Prior to construction of the pavement sections, specific locations (monitoring stations) 
were chosen to install structural and environmental monitoring devices in the pavement 
during rehabilitation. The Warren County pavement had two instrumentation locations, 
one in the fly ash & lime section and the other in the control (mill and overlay) section 
(see Figure 12). For Delaware County sections, each of the various types of pavement 
sections (Cement & Emulsion, Cement, Emulsion & LKD, Mill and Overlay, Fly Ash & 
LKD, Fly Ash & Lime) were instrumented at locations shown in Figure 13. 
 
Figure 14 shows the typical instrumentation installed at the monitoring stations. It 
included the following devices (which were placed under the outside wheel path): 
- Longitudinal and transverse strain gauges at bottom of asphalt layer (i.e. on top of 

FDR base layer) (Figure 15) 
- Pressure cell at bottom of stabilized base layer (i.e. on top of unreclaimed 

base/subgrade) (Figure 16) 
- Pore pressure device (tensiometer) at bottom of stabilized base layer (i.e. on top of 

unreclaimed base/subgrade) (Figure 16) 
- Two Linear Variable Displacement Transducers (LVDTs) for measuring vertical 

deflections of pavement 
- Lysimeter installed within the stabilized base to monitor ground water quality. 
 
Each sampling site had a concrete box (Figure 17), called a “pull box”, where wiring or 
tubing from the above instrumentation within the pavement was available for easy 
access for the collection of data or water samples.  
 
During construction of the Warren County pavement, the two pavement sections (fly ash 
& lime as well as mill & fill) were instrumented.  The control section (mill and overlay) 
had strain gauges installed on top of the reclaimed base layer and lysimeters in the 
reclaimed base layer to measure the subsurface water quantity and quality. The strain 
gauges measured horizontal strains in longitudinal and transverse directions at the 
bottom of the asphalt layer.  In addition to the above devices, the reclaimed section 
included a Linear Variable Displacement Transducer (LVDT), a pressure cell, and pore 
pressure (tensiometer) cell.  These devices were placed on top of the unreclaimed 
base/subgrade.  The LVDT measured vertical displacement and the pressure cell 
measured the total pressure exerted on the subgrade by traffic. All data measurements 
from the monitoring devices were collected using analog and digital data collection 
systems and analyzed. 
 
For Delaware County pavement sections, the Cement & Emulsion, Cement, Emulsion, 
and Control (Mill and Fill) sections were instrumented only with longitudinal and 
transverse strain gauges at bottom of asphalt layer and lysimeters in the FDR base 
layer to measure subsurface quality.  For Fly Ash & LKD as well as Fly Ash & Lime 
sections the pavement sections were instrumented with strain gauges and lysimeters as 
well as LVDTs, pressure cell, and pore pressure (tensiometer) cell. 



 
The monitoring of the above devices along with Falling Weight Deflectometer (FWD) 
tests by Ohio DOT on a regular basis was intended to monitor the pavement load-
deflection behavior, resilient modulus of reclaimed pavement layer, and the base 
structural layer coefficient, as well as ground water quality.  Using these monitoring 
methods, the serviceability, structural response, and leachate quality of the fly ash 
sections can be compared with the other sections to assess the pavement performance 
using various admixtures. 
 
 
 
 
 
 

 
CCP: Fly Ash & Lime Control: Mill and Overlay 

 
Figure 12.  Instrumentation sites – Warren County 

 
 



 
S1: Cement & Emulsion  S2: Cement  S3: Emulsion & LKD 
S4: Control - Mill and Overlay S5: Fly Ash & LKD S6: Fly Ash & Lime 

 
Figure 13. Instrumentation sites – Delaware County 



 
 

Figure 14. Typical pavement instrumentation plan 
 

 
 

Figure 15. Strain gauges (longitudinal and transverse) to be placed on top of FDR base 
before paving with asphalt 



 
 

Figure 16. Instrumentation placed on top of unreclaimed base: Top to bottom – 
Pressure cell, pore pressure transducer, and base plate of shallow LVDT 

 
 
 
 

 
 

Figure 17. Concrete pull-box for data collection 



STRUCTURAL MONITORING RESULTS 
 
Falling Weight Deflectometer (FWD) testing was carried out by the Ohio Department of 
Transportation (Ohio DOT) prior to reclamation on the Delaware and Warren County 
pavement sections and then three times a year following completion of reclamation till 3 
years post-construction. The strain gauges, deflection LVDTs, pore pressure 
transducers, and pressure cells installed within the pavement sections were monitored 
on a regular basis. This section describes the results from the monitoring of these 
devices as well as those from in-situ FWD testing. 
 
Falling Weight Deflectometer (FWD) 
 
Standard FWD tests were performed on each test pavement section at regular intervals 
to evaluate the resilient modulus of the stabilized base layer before and after 
construction, detect any post-reclamation pavement deterioration, and to compare the 
performance of fly ash based sections with those using other admixtures. A major 
advantage of the FWD insitu non-destructive testing is that the testing method requires 
scanning of the entire length of the road at a regular drop interval (0.03 mile for Warren 
sections and 0.1 mile for Delaware sections) in one traffic direction and then repeating 
the testing in the other traffic direction with a stagger of one-half of the drop interval. 
This allowed for a detailed scan of the pavement sections along its length unlike the 
instrumentation installed at one location in each test section (that only gives information 
about that location and not the entire test section). 
 
All the FWD tests in this study were carried out by Ohio DOT using a Dynatest Model 
8000 Falling Weight Deflectometer (Figure 18). The Ohio DOT FWD equipment is a 
trailer-mounted device consisting of three major parts: a hydraulic electrical and 
mechanical system, response sensors and a data acquisition system. The FWD 
machine produced a load pulse which simulated the effect of a moving wheel load 
through the dropping of a weight. The impact load was transmitted to the pavement 
surface through a loading plate (Figure 19). Both load and pavement deflections were 
measured. The pavement deflected most at the center of the load and less farther away 
forming a so called “deflection basin. The deflection was measured by a number of 
sensors (geophones) placed at specified offset distances from the center of the loading 
plate (see Figure 19). The deflections of the sensors closer to the loading plate depend 
on both the pavement as well as the subgrade conditions, while the deflections of the 
outer sensors depend mostly on the subgrade conditions. 
 
The Dynatest 8000 FWD device consisted of a series of steel blocks mounted on a 
vertical shaft on the FWD trailer which was towed by a conventional vehicle (Figure 18). 
Different levels of impact load could be achieved by varying the magnitude of the drop 
mass and the height of drop. The drop weight was lifted with a hydraulic system to a 
height that usually ranged from 51 to 510 mm (2 to 20 inch). The weight was dropped 
on a circular loading plate with a diameter of 300mm (11.8 inch) on a ribbed rubber 
buffer. The rubber buffer was used to improve uniformity of the impact stress distribution 
under the loading plate area. The Dynatest 8000 was equipped with seven geophones 



which were positioned at 0, 20, 30, 46, 61, 91 and 152 cm (0, 8, 12, 18, 24, 36 and 60 
inch) away from the center of loading plate. Each geophone was supported by a 
transducer-holder connected along a metal bar for precise positioning of the geophones. 
All the sensors and the hydraulic system were connected to a system processor. The 
data for each weight drop (peak load, deflection values at each sensor, and sensor 
offset distances from the load, air and surface temperatures) were collected by a data 
acquisition system and displayed on a portable computer for direct visual inspection, 
then stored on disk when accepted by the operator. 
 
In this study, FWD tests were carried out along the pavement length for Delaware 
County sections at a drop interval of 0.1 mile and for Warren County pavement site at a 
drop interval of 0.03 mile. The drop locations were chosen to be along the outer wheel 
path of the highway. For each site, the FWD drop tests were carried out in one 
pavement traffic direction first and then reversed in the other pavement traffic direction 
(with a stagger of half the drop interval). At each drop location, three drop load levels of 
approximately 27kN (6,000 lbf), 40kN (9,000 lbf) and 53.4kN (12,000 lbf) were carried 
out. 
 
The FWD test data was processed using the MODCOMP software package10 to 
determine the elastic moduli of the base layers. MODCOMP uses the FWD deflection 
profile along with theory of elasticity and an iterative process to fit elastic moduli to the 
layers of the flexible pavement. The required inputs to the program are the FWD data 
(including deflections, sensor spacing, etc.), layer thicknesses (determined from 
borings), and Poisson’s ratio of the layers. 
 
Pre-reclamation FWD testing on pavements was carried out in early July 2006 on 
Delaware and Warren County pavement sections. After the full depth reclamation of the 
pavement sections were completed (by mid-August 2006 for Warren County pavements 
and by early October 2006 for Delaware County pavements), the first post-construction 
FWD testing was carried out on Warren County sections in early September 2006 while 
on Delaware County sections it was carried out in late October 2006. Thereafter FWD 
testing was carried out for about 3 years till September 2009 for three times a year (in 
Spring, Summer, and Fall). Winter FWD testing was not carried out due to frozen 
pavement conditions and unfavorable weather. 
 
The Warren pavement sections (construction completed by mid August 2006) were 
FWD monitored for about 3 years post-reclamation on the following dates by Ohio DOT: 

– July 11, 2006 (Pre-reclamation) 
– September 5, 2006 (Fall 2006 soon after reclamation was completed) 
– November 21, 2006 (Fall 2006 after several months of reclamation) 
– April 17, 2007 (Spring 2007) 
– July 3, 2007 (Summer 2007) 
– October 16, 2007 (Fall 2007) 
– April 8, 2008 (Spring 2008) 
– July 22, 2008 (Summer 2008) 
– September 16, 2008 (Fall 2008) 



– April 14, 2009 (Spring 2009) 
– July 14, 2009 (Summer 2009) 
– September 22, 2009 (Fall 2009) 
 

The Delaware pavement sections (construction completed by early October 2006) were 
monitored for FWD testing for about 3 years post-reclamation on the following dates by 
ODOT: 

– July 10, 2006 (Pre-reclamation) 
– October 26, 2006 (Fall 2006 soon after reclamation was completed) 
– April 25, 2007 (Spring 2007) 
– July 30, 2007 (Summer 2007) 
– October 22, 2007 (Fall 2007) 
– April 9, 2008 (Spring 2008) 
– July 21, 2008 (Summer 2008) 
– September 25, 2008 (Fall 2008) 
– April 13, 2009 (Spring 2009) 
– July 13, 2009 (Summer 2009) 
– September 21, 2009 (Fall 2009) 

 
For the FWD tests carried out at the Warren pavement sites, Figure 20 and Figure 21 
show deflections measured by the FWD tests under the loading plate for 12,000 lbf load 
drop for westbound and eastbound lanes, respectively. It can be seen that prior to 
reclamation (July 2006), the deflections were quite large (ranging from 20 to 75 mils, 1 
mil = 0.001 inch). The average deflection of the pavement sections was about 45 mils. 
This large deflection of the unreclaimed pavement can be attributed to two adverse 
factors. First, the pavement itself was quite deteriorated with extensive cracking across 
its length and width. Secondly, the water table was quite high under the pavement since 
the pavement was originally constructed by dewatering a wetland area. Soon after 
reclamation was completed, FWD tests were carried out at three weeks after 
reclamation (September 2006). It can be seen that deflections at 3 weeks after FDR for 
the control (mill and overlay) section ranged from about 15 to 35 mils with an average 
deflection of about 25 mils. It can be observed that for the control section the average 
deflection reduced from about 45 mils to 25 mils immediately after construction and 
after that for nearly 3 years of monitoring (till September 2009), the deflections of the 
control section remained similar with usual seasonal variations. For the fly ash & lime 
section, it can be observed that within three weeks of FDR work, the average 
deflections reduced much more significantly (than control section) to about 15 mils. 
Following this as the fly ash & lime section cured, the deflection of this section further 
reduced with curing time. At 3 years of monitoring post FDR work (till September 2009), 
the deflections were less than about 10 mils. The fly ash & lime sections indicated a 
much greater reduction in deflection compared to control sections at all curing times. 
This indicates that the fly ash & lime section has greater stiffness compared to control 
section (in which the base layer was not reclaimed with any additional admixtures and 
only the top few inches of asphalt was replaced with new asphalt layer). 
 



For the FWD tests carried out at the Delaware pavement sites, Figure 22 and Figure 23 
show deflections measured by the FWD tests under the loading plate for 12,000 lbf load 
drop for northbound and southbound lanes, respectively. It can be seen that prior to 
reclamation (July 2006), the deflections were large (ranging from 15 to 45 mils, 1 mil = 
0.001 inch). The average deflection of the pavement sections was about 30 mils. This is 
about 2/3rd of the pre-reclamation deflection of Warren County sections. This is because 
the subgrade under Delaware county pavements is stronger than that under Warren 
County pavements. Soon after reclamation was completed, FWD tests were carried out 
at three weeks after FDR (October 2006). It can be seen that deflections at 3 weeks 
after reclamation for the control (mill and overlay) Section 4 reduced slightly but not 
significantly. It can be further observed that for up to 3 years of monitoring (till 
September 2009), the deflections of the control section remained similar with usual 
seasonal variations. Post-reclamation, the deflections for Section 1 (cement & emulsion) 
and Section 3 (LKD & emulsion) reduced only slightly while those for Section 2 
(cement), Section 5 (fly ash & LKD), and Section 6 (fly ash & lime) reduced significantly. 
At 3 years of monitoring, fly ash containing sections (Section 5 and 6) and cement only 
section (Section 2) exhibited minimum deflections indicating that they offer greater 
stiffness compared to sections containing emulsion (Section 1 and 3). 
 
Figure 24 summarizes the resilient modulus values for the FDR base layer (back-
calculated using FWD field data using MODCOMP) for the Warren county pavement 
sections. It can be seen that control (mill and overlay) section exhibited very low (poor) 
resilient modulus values and shows no improvement with curing time after reclamation. 
The fly ash & lime section showed large post-construction increases in stiffness 
compared with pre-reclamation stiffness values. It can be seen from Figure 24 that there 
is a seasonal variation in the resilient modulus values. The lowest modulus values were 
obtained during Spring thaw (as expected) with highest moduli during Fall. The fly ash & 
LKD test section stiffness at about one year of service was very high (exceeded 1,600 
ksi). By the second year, the resilient modulus value had dropped but was still above 
800 ksi. By the end of the third year, the moduli had dropped to about 400 ksi, which is 
typical of soil cement. The drop in the resilient modulus values could be because of the 
saturated nature of the subgrade immediately below the Warren pavement sections. A 
review of the estimated structural layer coefficients obtained from the resilient modulus 
values (Table 1) indicates that the structural layer coefficient of the fly ash & lime base 
layer post-reclamation ranges from 0.27 to 0.54 with an average of about 0.35 while that 
for the control (mill and overlay) section is much lower (average of about 0.1). 
 
Figure 25 shows the resilient modulus values of the FDR base layer for Delaware 
County pavement for the six different test sections. It can be observed that the control 
(mill and fill) section indicated little or no increase in resilient modulus values as would 
be expected. The cement & emulsion and LKD & emulsion mixes were not very 
effective and their performance was much lower than the cement, fly ash & LKD, and fly 
ash & lime mixes. The cement & emulsion and LKD & emulsion resilient modulus values 
were much lower than those typically obtained for soil cement. The cement, fly ash & 
LKD, and fly ash & lime sections exhibited one to two year curing resilient modulus 
values comparable to open graded cement stabilized aggregates. The cement 



treatment resulted in a significant increase in resilient modulus within 3 weeks of 
construction and beyond this curing time the stiffness increase was slow. On the other 
hand, the fly ash & LKD and fly ash & lime test sections indicated slower shorter-term 
increase in stiffness but at the end of 36 months of monitored performance, the fly ash 
& LKD and fly ash & lime stabilized sections had performed similarly to the cement test 
section. Note that at the end of the 3 year monitoring program, the fly ash & lime section 
in Delaware County exhibited a much higher modulus value (about 1,300 ksi) compared 
with Warren pavements (400 ksi). This is attributed to the fact that the subgrade at 
Warren County site had a water table at or above the base layer while the water table 
under Delaware pavements was much deeper and the underlying soil had a higher 
stiffness. A review of the estimated structural layer coefficients obtained from the 
resilient modulus values (Table 2) indicates that the post-reclamation structural 
coefficient for the a) fly ash & LKD section ranged from 0.35 to 0.45 with an average of 
about 0.37, b) fly ash & lime section ranged 0.25 to 0.5 with an average of about 0.40, 
and c) cement only section ranged from 0.4 to 0.5 with an average of about 0.46. It 
needs to be noted that the control (mill and overlay) section exhibited much lower 
structural coefficients for the base layer. 
 

 
 

Figure 18. Ohio DOT FWD Field Monitoring Device (Dynatest FWD Model 8000) 
 

 
 

Figure 19. Loading plate and sensors as seen under the Ohio DOT Dynatest FWD 
Model 8000 



0

10

20

30

40

50

60

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

D
e

fl
e

c
ti

o
n

 (m
ils

)

Location (miles from start)

Deflections in West Bound Lane - Warren County Site

07/06

09/06

11/06

04/07

07/07

10/07

04/08

07/08

09/08

04/09

07/09

09/09

Section 2
Fly Ash & Lime

Section 1
Control

 
Figure 20. Warren County – Deflections in westbound lane for FWD testing 
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Figure 21. Warren County – Deflections in eastbound lane for FWD testing
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Figure 22. Delaware County – Deflections in northbound lane for FWD testing 
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Figure 23. Delaware County – Deflections in southbound lane for FWD testing 
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Figure 24. Warren County – Resilient modulus results from FWD testing 
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Figure 25. Delaware County – Resilient modulus results from FWD testing 



Section
1 2

Mill & Fill Lime & Fly Ash
Date MR (psi) ai MR (psi) ai

07/06
7,408 0.09 3,124 0.07

Before FDR
09/06

4,966 0.08 494,545 0.36
3 Weeks 

11/06
24,063 0.13 744,513 0.41

3 months
04/07

16,725 0.12 223,695 0.27
8 months AASHTO: ai = 0.14*(MR/30,000)1/3

07/07
4,827 0.08 564,059 0.37

11 months
10/07

6,331 0.08 1,742,470 0.54
14 months

04/08
27,104 0.14 620,975 0.38

20 months
07/08

7,789 0.09 546,037 0.37
23 months

09/08
17,416 0.12 898,196 0.43

25 months
04/09

4,481 0.07 300,907 0.30
32 months

07/09
3,340 0.07 314,653 0.31

35 months
09/09

17,203 0.12 390,388 0.33
37 months

 
 

Table 1. Estimated structural layer coefficients for Warren County pavement sections 
 

 
Section

1 2 3 4 5 6
Cement & Emulsion Cement LKD & Emulsion Mill & Fill LKD & Fly Ash Lime & Fly Ash

Date MR (psi) ai MR (psi) ai MR (psi) ai MR (psi) ai MR (psi) ai MR (psi) ai

07/06
10,173 0.10 5,900 0.08 22,598 0.13 14,174 0.11 9,029 0.09 17,785 0.12

Before FDR
10/06

364,033 0.32 755,692 0.41 251,896 0.28 61,306 0.18 477,772 0.35 205,180 0.27
3 Weeks 

04/07
276,630 0.29 818,369 0.42 271,244 0.29 36,309 0.15 476,889 0.35 301,933 0.30

7 months
07/07

188,288 0.26 922,125 0.44 247,354 0.28 11,559 0.10 810,037 0.42 767,857 0.41
10 months

10/07
375,183 0.32 886,315 0.43 459,375 0.35 58,785 0.18 948,722 0.44 1,154,670 0.47

13 months
04/08

272,050 0.29 937,500 0.44 343,125 0.32 51,809 0.17 699,152 0.40 536,025 0.37
19 months

07/08
187,438 0.26 935,938 0.44 194,027 0.26 27,529 0.14 517,047 0.36 854,833 0.43

22 months
09/08

309,406 0.30 1,232,625 0.48 310,292 0.31 70,803 0.19 834,750 0.42 1,014,972 0.45
24 months

04/09
134,338 0.23 787,889 0.42 139,903 0.23 53,489 0.17 450,121 0.35 399,004 0.33

31 months
07/09

193,025 0.26 1,125,310 0.47 142,004 0.24 205,671 0.27 873,963 0.43 728,000 0.41
34 months

09/09
370,341 0.32 1,004,056 0.45 117,692 0.22 73,303 0.19 654,627 0.39 1,289,264 0.49

36 months

AASHTO: ai = 0.14*(MR/30,000)1/3

 
 
Table 2. Estimated structural layer coefficients for Delaware County pavement sections 



 
Pavement Instrumentation Response 
 
Instrumentation was installed in the pavement sections (Figure 14) which included 
longitudinal and transverse train gauges at bottom of asphalt layer, pressure cell at 
bottom of stabilized base layer, pore pressure device (tensiometer) at bottom of 
stabilized base layer, and two LVDTs for measuring vertical deflections of the pavement 
under the outer wheel load path while subjected to traffic. Measured observations were 
compared with values we obtained in a previous OSU research effort.5 In the 
Accelerated Pavement Loading Facility (APLF) program5, full-scale asphalt sections 
constructed of fly ash and bottom ash were subjected to repeated wheel loads. None of 
the fly ash and bottom ash enriched asphalt sections failed. The APLF values 
mentioned in Figure 26 through Figure 31 are the ranges measured in the APLF project 
without failure of the asphalt pavements. In these figure we present the measurements 
made for December 2006 monitoring to illustrate some key observations when the 
pavement instrumentation was monitored during a measured truck load test run. 
 
Figure 26 and Figure 27 show the longitudinal and transverse strains at top of the 
stabilized FDR layer (i.e. on bottom of asphalt wearing surface) for the six sections of 
the Delaware pavement. All the sections exhibited longitudinal and transverse strains 
lower than the maximum values observed in APLF testing. The control, cement & 
emulsion, and LKD & emulsion sections exhibited highest strains. 
 
For Delaware County section stabilized with fly ash & LKD, Figure 28 shows the 
compression of the shallow LVDT for truck speeds of 15 mph and 45 mph. Decrease of 
speed from 45 to 15 mph increased the LVDT compression slightly but not significantly. 
However, the amount of compression for both speeds was lower than the maximum 
values observed in APLF project. Figure 29 exhibits similar results for the deep LVDT. 
The deep LVDT results show that the compression of the pavement (including the 
unstabilized base / subgrade layer below the FDR layer) is significant and exceeds the 
measurements on the APLF pavements (which were compacted in place as new 
construction) unlike these FDR pavements which still have the unstabilized base / 
subgrade layer below the FDR stabilized base layer. In order to evaluate how much the 
unstabilized base / subgrade layer compresses, the shallow LVDT measurements were 
subtracted from the deep LVDT measurements and the results are shown in Figure 30. 
Comparing this with Figure 28 shows that the upper FDR pavement section on loading 
compresses much less than the lower unstabilized base / subgrade layer as would be 
expected. 
 
The pressure of the stabilized FDR base layer on top of the unstabilized base / 
subgrade is shown in Figure 31 for fly ash & lime and fly ash & LKD sections. It can be 
seen that for the same speed (45mph) the fly ash & LKD section exhibit lower vertical 
stress on top of unstabilized layer. While the fly ash and lime section exhibits three 
times as much vertical stress as the other section, the magnitude of the vertical stress is 
within the range of working stresses measured for the APLF project in which none of the 
asphalt sections had failed. 
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Figure 26. Longitudinal Strain Data at Delaware County (45 mph, December 2006) 
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Figure 27. Transverse Strain Data at Delaware County (45 mph, December 2006) 
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Figure 28. Shallow LVDT data at Delaware County (15 mph vs. 45 mph, December 

2006) for LKD & fly ash section 
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Figure 29. Deep LVDT data at Delaware County (15 mph vs. 45 mph, December 2006) 

for LKD & fly ash section 
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Figure 30. Compression of unreclaimed base/subgrade at Delaware County (15 mph vs. 

45 mph, December 2006) for LKD & fly ash section 
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Figure 31. Pressure cell data at Delaware County (45 mph, December 2006) 



CONCLUSIONS 
 
In this research program, two full-scale test pavements (totaling over 4 miles in length) 
were constructed and monitored to determine how Class F fly ash combined with lime 
or lime kiln dust (LKD) could be used in full depth reclamation (FDR) of asphalt 
pavements. The control test sections included cement, cement and emulsion, lime kiln 
dust and emulsion, and mill and fill mixes. Service performance and structural behavior 
were determined with the use of sensors embedded in the pavement and Falling Weight 
Deflectometer (FWD) tests. Overall for the Warren and Delaware county pavement sites, 
FWD tests conducted up to 3 years after reclamation show that the cement, fly ash & 
LKD, and fly ash & lime sections exhibited resilient modulus values comparable to soil 
cement. Cement & emulsion as well as LKD & emulsion treatment did not provide 
adequate stabilization. The cement treatment resulted in a significant increase in 
resilient modulus within three weeks of the end of construction but beyond this curing 
time the stiffness increase was slow. Tests on the fly ash & LKD and fly ash & lime test 
sections indicated slower short-term increase in stiffness, but the two fly ash stabilized 
sections 3 years after construction exhibited average resilient modulus values of about 
400 ksi to 1,300 ksi. In this program, we did not depend primarily on the pavement 
instrumentation for our evaluating the performance of various sections built using FDR 
technology because the instrumentation at a site is only representative of that location 
and not the entire section it is located in. Instead non-destructive in-situ Falling Weight 
Deflectometer (FWD) testing was carried out at least three times a year for up to 3 
years post FDR construction along the entire length of the test sections. The resilient 
modulus values back-calculated from the FWD data are representative of the test 
section under study and provide information for the mechanistic design of pavement 
structures. It also needs to be noted that the resilient modulus for a given pavement 
varies seasonally (with lowest values in Spring thaw and highest values in Fall). For up 
to 3 years after construction, none of the sections have failed or indicating any signs of 
distress. Longer-term monitoring of these pavement sections is under progress to 
assess the long-term performance of the full-scale reclaimed pavement sections 
constructed. 
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