
Ohlo Dcpnrlment of Transportatlot1 
L I b r a y  
1980 West Broad St 
Columbus, OH 13223 
614-166-7680 

MONITORING AND ANALYSIS OF DATA OBTAINED FROM 
MOISTURE TEMPERATURE RECORDING STATIONS 

8 
3 

ODOT 8019 
State Job No. 14589(0) 

FINAL REPORT 

I 

Submitted to 

The Ohio Department of Transportation 

CWRU 
Case Western Reserve University 

Department of Civil Engineering 

September, 2001 

repared in Cooperation with the Ohio Department of Transportation and the 
U.S. Department of Transportation, Federal Highway Administration 

TE 
251.5 
.F53 
2001x 



I., , ’ 

1 r 
i 
1 .  

i 

I 

MONITORING AND ANALYSIS OF DATA OBTAINED FROM MOISTURE 
TEMPERATURE RECORDING STATIONS 

FHWA REPORT No. FHWMOH-200 1/09 

Author : Dr. J. Ludwig Figueroa 

Performing Organization: Case Western Reserve University 

State Job No. 14589(0) 

Date: September, 200 1 

Executive Summary 
The performance of asphalt concrete pavements is in part affected by the seasonal 

variations of the resilient modulus of the AC layer and of the subgrade soil. To determine the 
variation of these parameters throughout Ohio, seven moisture-temperature-rainfall recording 
stations, previously installed during an Ohio Department of Transportation-funded project, and 
two additional ones installed during this project, were monitored for an additional period of 2-1/2 
years. These stations, located to include various climatic zones and the four most common soil 
types within the state, recorded air, asphalt concrete and subgrade soil temperature, rainfall and 
moisture content (or degree of saturation) of the subgrade soil on a two-hour basis. 

Recorded data led to the development of polynomial equations to calculate the average 
asphalt concrete pavemxnt temperature from the air temperature and to the division of the state 
into three temperature zones: Northern, Central and Southern. 

Recorded depths of frost penetration indicated average depths of 45 to 61 cm. within the 
southern zone and of 70 to 82 cm. within the northern zone. Similarly, the northern and the 
southern zones experience an average of 7 to 12 and 4 to 5 freeze-thaw cycles, respectively. 

The degree of saturation calculated from moisture and temperature sensor readings varied 
form about 90% to 100% throughout the monitoring period. The late spring to early summer 
consistently led to a higher degree of saturation at all depths. 

Finally, a method to back calculate the resilient modulus of subgrade soils (Eri) at the 
break point from measured FWD deflections was developed. Seasonal averages of this modulus 
were obtained at each of six station locations where FWD testing was conducted. Seasons were 
ranked in terms of expected higher resilient modulus. The designated “fall” testing period (early 
fall) showed the highest followed by “summer”, “winter” and “spring” in decreasing order. 
Determined monthly and seasonal variation of material properties will find immediate 
application as inputs in mechanistic-empirical pavement design procedures. 
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MONITORING AND ANALYSIS OF DATA OBTAINED FROM MOISTURE 

TEMPERATURE RECORDING STATIONS 

Abstract 

The seasonal variations in the resilient modulus of asphalt concrete (AC) pavements and 

the corresponding resilient modulus variations of the subgrade soil are major factors in 

determining the performance of new AC pavements and overlays. Unfortunately, current design 

procedures do not directly consider these factors. It is expected however, that with the 

i 

.., 

implementation of mechanistic pavement design procedures these variations will be included, 

leading to a more realistic design 

- 3  __ .I .,., Nine moisture-temperature-rainfall- monitoring-stations previously installed during.project 

“Characterization of Ohio Subgrade Types” were monitored for an additional period of 2-1/2 7: 

c 

i 

.. ” 

years.. These stations record hourly, daily and seasonal variations in air temperature, rainfall, 

temperature within the asphalt concrete layer and moisture content (or degree of saturation) and 

temperature within the subgrade soil. Typically, temperature variations within the subgrade soil 

are minimal on a daily basis. Only the uppermost subgrade soil thermistor shows daily 

temperature variations although within a narrower range, following those of the bottom asphalt 

concrete thermistor. 

The thermistors within the asphalt concrete layer exhibit large daily temperature 

fluctuations. Typically the AC layer exhibits a uniform temperature (no temperature gradient) 

twice a day, normally occurring between 8:OO and 1O:OO AM and around 8:OO PM. Similarly, the 

maximum daytime temperature gradient within the pavement is observed between 2:OO and 4:OO 

PM at all seasons and the maximum overnight temperature gradient occurs around 6:OO AM. It is 
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to be noted that the temperature gradient is greater in the afternoon than in the early morning and 

that AC layer temperature variations closely follow air temperature changes. 

The average AC pavement temperature was calculated in the middle of the layer at each 

location, and then monthly and seasonal averages were tabulated. The average pavement 

temperature difference between summer and winter is of the order of 30 to 35 deg. C at all 

sites. This range also indicates the wide variation in the elastic properties of the AC. As expected 

the northern sites exhibit slightly lower averages than the southern sites. Observations in 
I 

temperature changes within the pavement and subgrade profiles indicate that the daytime and the 

nighttime averages for any sensors located at depths in excess of 30.48 cm. (1.0 ft.) fiom the 

surface (i.e. the subgrade soil sensors) are very similar. In addition, the asphalt concrete sensors 

show warmer temperatures than the soil sensors (on the average) during the spring and summer. 

However, this trend reverses during the fall and winter. i 

Polynomial equations were derived relating -the average ,asphalt concrete pavement 

temperature to the air temperature for eight (excluding -the Columbiana Co.) of the nine 

monitored stations. The coefficients included in these equations indicate that asphalt concrete 

temperature is higher in the southern part than in the northern part of the state. The regression 

m 

I 

I 

I 

coefficients also point to the fact that the state of Ohio may be subdivided into three general 

temperature zones: North, (from the North Shore to Mansfield - Mount Vernon) Central (fiom 

Mansfield - Mount Vernon to Lancaster) and South (fiom Lancaster to the southern state line). 
I 
I As a result of temperature differences during the four seasons the resilient modulus of the 
~ 

! '  
asphalt concrete also changes in an inverse form to the temperature variation. It was determined 

that for a typical mid-season day the resilient modulus averages: 

3791.7 MPa (550 ksi) in the spring (+/- 1034.1 MPa or +/- 150 ksi) 

1723.5 MPa (250 h i )  in the summer (+/- 1034.1 h4Pa or +/- 150 ksi) 

8272.8 MPa (1200 ksi) in the fall (+/- 1378.8 MPa or +/- 200 ksi) 
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155 1 1.5 MPa (2250 ksi) in the winter (+/- 155 1.1 MPa or +/- 225 ksi) 

Recorded depths of frost penetration show, as expected, that they are greater in the 

northern than in the southern stations. On a normal season the average depth of frost penetration 

is about 45.7 to 61.0 cm. (1.5 to 2.0 ft) at the southern stations and from 70.1 to 82.3 cm. (2.3 to 

2.7 fi) at the northern locations. It was also observed that when the frost penetration is high at the 

northern sites the number of freeze-thaw cycles is lower. This normally occurs during severe 

winters. The number of cycles appears to increase during milder winters. Normally, the northern 

sites experience an average 7 to 12 cycles as compared to between 4 and 5 in the southern sites.’ 

A calibration equation previously developed was used to obtain monthly and seasonal 

averages of the degree of saturation from moisture and temperature sensor readings at each of 

four moisture sensor locations. The degree of saturation typically varied between about 90% and 

. . 100% throughout the monitoring period. The late spring to early summer period seems Ao-- 

consistently lead to slightly higher (nearing 100%) degree of saturation at all depths. 

Finally a method to back calculate the resilient modulus of subgrade soils at the break 

point from measured FWD deflections was developed. Overall seasonal averages of the modulus 

were obtained at each of six station locations where FWD testing was conducted. Seasons were 

-- ranked in terms of expected higher resilient modulus. The designated “fall” testing period (early 

fall) showed the highest followed by “summer”, “winter” and “spring” in decreasing order. This 

ranking is expected since the fall testing period follows the generally drier summer season and 

the spring testing period happens at the spring thaw and normally wetter early spring. Generally, 

for the most part a higher back calculated resilient modulus followed lower amounts of rainfall. 

Similarly lower resilient modulus back calculations were generally preceded by higher rainfall. 

Attempts to correlate the amount of rainfall accumulated over either one month, two or three 

months preceding the date of FWD testing with the back calculated resilient modulus were 

unsuccessful. 
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Chapter 1 

INTRODUCTION 

Flexible pavement response to traffic loading largely depends on the stiffness properties 

of the materials composing the pavement profile. Fundamental aspects which must be considered 

in the design of new asphalt concrete pavements and overlays include the seasonal variations of 

the resilient modulus of the asphalt concrete and the corresponding variations in the resilient 

modulus of the subgrade. 

Among the factors affecting the resilient modulus of the asphalt concrete such as type of 

asphalt mix (including aggregates and admixtures), degree of compaction, and temperature, only 

temperature varies with time. 

Similarly, among the factors affecting the resilient modulus of fine grained soils such as 

soil type(i.e. A-4, A-6, A-7, etc.), dry unit weight and moisture content (or degree of saturation), 

only the moisture content varies with time. 

- = 1 - 

Environmental factors including temperature within the asphalt concrete and moisture 

within the subgrade soil are now easily monitored with field data acquisition systems developed 

over the past few years. A total of nine moisture-temperature-monitoring stations were installed 

during the ODOT-funded project "Characterization of Ohio Subgrade Types". Some of these - _  

stations have been collecting data since 1991 at intervals of 2 hours, providing a wealth of 

information as to the variation of environmental factors in typical climatic zones within the State 

of Ohio. 

_ _  

Similarly, the Ohio Department of Transportation has been collecting FWD readings 

periodically, on 152.4 m. (500 ft.)-long sections adjacent to some of the environmental 

monitoring stations. This information coupled with the environmental data obtained from the 

stations permits the back calculation of the resilient modulus of the subgrade soil, to obtain 

trends on the variation of this parameter throughout the years. 
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The eventual implementation of mechanistic flexible pavement design procedures in the 

State of Ohio requires the determination of changes in material properties for an accurate 

evaluation of pavement life and proper determination of required layer thicknesses. 

This report includes the results of the research project "Monitoring and Analysis of Data 

Obtained fiom Moisture-Temperature Recording Stations," funded by the Ohio Department of 

Transportation (ODOT). In essence, this project is an extension of the previously ODOT-funded 

project "Characterization of Ohio Subgrade Types" since data has been collected for a 

substantially longer period of time. 

The project under consideration in this report consisted of three major efforts: 

The first part included the extension of the monitoring and analysis period for data 

obtained fiom the originally installed stations located throughout Ohio. At most of these stations, 

the temperature (to obtain the depth of frost penetration) and the degree of saturation of the 

- subgrade soil, the temperature of the asphalt concrete surface layer, the air temperature and the- 7 

I 

i 
I 

I 
:I aijoiiiit of iiiiiifiill lime Gee11 airriosi coniinuousiy monitored and recorded. 

The second part consisted of the analysis of seasonal FWD deflection data obtained by 

ODOT, which coupled with the moisture and temperature readings would yield a more extensive 

measure of the variability in the resilient properties of both asphalt concrete surface layer and 

subgrade soil. 
I 

I 

It is expected that with the analysis of data obtained in parts 1 and 2, more representative 

seasonal average resilient properties of both surface and subgrade layers in flexible pavements, 
, 

as well as of climate-related parameters could be obtained. 

The third part involved the development of guidelines regarding the use of these resilient 

properties in the eventual implementation of a mechanistic flexible pavement design procedure. 

Following, a summary of the contents of subsequent chapters is presented. 

Chapter two includes the review of pertinent background information including 

previously developed methods linking changes in the stiffness properties of pavement materials 

to also varying environmental factors. In addition, the criteria used for selecting the location of 



3 

each of the monitoring stations as well as the pavement section characteristics and sensor 

location existing at each site are presented. 

Chapter three analyzes the seasonal data collected and discusses the effects of these 

environment-related factors on properties of influence in the mechanistic design of asphalt 

concrete pavements, such as the modulus of the asphalt concrete. The influence of temperature, 

rainfall and frost is discussed in detail. Finally, graphs and charts showing the variation of the 

degree of saturation at the monitored test sites are presented. 

c 

Chapter four discusses results of back calculating the resilient modulus of subgrade soil 

from measured FWD deflections and the possible link of changing resilient modulus as a result 

of previous rainfall regimes. 

Chapter five includes a summary of the overall findings and implementation 

recommendations, along with any conclusions drawn as a result of this research. All supporting 

information in the form of tables and graphs is included in the appendixes. 
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Chapter 2 

REVIEW OF PERTINENT BACKGROUND INFORMATION 

The first section of this chapter summarizes pertinent information concerning the criteria 

used for site selection, pavement section characteristics and periods of available data. The second 

section reviews material property determination procedures used in the previous project and 

summarizes the procedure to backcalculate the resilient modulus of subgrade soils, based on 

measured subgrade deflections, also developed during the same project. Both of these methods 

will be used in subsequent chapters to analyze the additional data obtained, as well as to develop 

guidelines of eventual application in flexible pavement mechanistic design procedures. 

2.1 Site Selection 

A total of nine moisture-temperature-monitoring stations were installed during the 

ODOT-funded project “Characterizhion of Ohio Subgrade Types,” between 1991 and 1994. At 

the end of the spring of 1997, five of these stations were in operation at the locations listed in 

Table 2.la. However, later in the summer of 1997 the Athens Co. station was successfully 

restarted. The location selection criteria included the coverage of climatic zones within the state 

of Ohio: northwestern, northeastern, southwestern, southeastern and central; soil type A-3, A-4, 

A-6 and A-7; and a flexible pavement structure. Other factors considered in the selection criteria 

included a four-lane flexible pavement to facilitate the closure of one lane during installation as 

well as non-destructive testing; pavements in good condition, sites with good drainage and away 

from power lines to eliminate electrical noise. Other special considerations included the 

proximity to a Weight In Motion (WIM) station, such as the Licking Co. site. 
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Table 2.1 a Monitoring Station Locations 

Note: Numbers in parenthesis ( ) in SOIL TYPE column represent the Group Index 
* Not operating at present 
* * Dismantled 
*** Restarted, Summer '97 

Table 2.1 b Monitoring Station Soil Classification Parameters 

SITE- % PASSING SIEVE # LL . -PL . GROUP 

The WOOD 2.85 Co. station was dismantled in the summer of.1995 because of new 

urban development at the site and the lack of Non-Destructive (FWD) testing data. The 

COLUMBIANA Co. station was extensively damaged by a vehicle crash, shortly after its 

installation, even though it was located at least 9.2 m. (30 ft.) from the road shoulder. 

Replacement of the logger unit indicated that only a small number of sensors remained in 

operation. The scant usable data collected at this station was considered to be statistically 

insignificant to be able to develop meaningful relationships. The LUCAS Co. station was 

damaged by lightning discharges in their vicinity. Information about soil types existing at each 
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site is given in Table 2.1 b. More detail regarding the geological characteristics of these soils Can 

be found in the report by Figueroa et al. (1994). 

Table 2.2a is a summary of the pavement profile geometric characteristics along with the 

subgrade soil type existing at each monitoring site. Similarly Table 2.2b lists wire denomination 

numbers and sensor types (moisture and temperature) at each of the monitoring stations, along 

with the depth of every sensor measured from the pavement surface. A rain gage (tipping bucket 

type) is also installed next to the data logger at each site. 

Table 2.2a Pavement Profile and Subgrade Type Existing at Each Location 

%-?- - _ _  

. 

1( 

* Plus 45.7 cm (1 8") of lime stabilized soil 

Available asphalt concrete pavement, soil temperature and weather-related data to be 

analyzed in this report include data from the monitoring stations for the periods listed in Table 

2.3. 
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2.2 Material Property Determination Procedures 

Following is a summary of relationships and procedures developed during the project 

“Characterization of Ohio Subgrade Types” of fundamental importance in determining the 

variation of flexible pavement material properties throughout the year. 

Table 2.2b Sensor Depth and Nomenclature 

- _.. . . . .. - 
_. . . . . . . 

. .  
... .. 
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Site From To From To From To From 
Adams 3/1/94 7/6/94 6/14/95 5/4/96 10/10/96 Present 

Sensor Types 
"T" = Temperature Probe 

Sensor in Asphalt Concrete 
"M" = Moisture Sensor 
"X" = Damaged Sensor (disconnected) 

1 l * l l  = 

To 

Table 2.3 Available Moisture-Temperature-Weather Data 

- - ______ 
I I I I I I I I 

Athens I 12/21/91 I 1/12/94 I 5/12/94 I 7/4/96 I 12/21/96 I 2/22/97 I restatted I I 
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2.2.1 Relationships Between Resilient Modulus of the Asphalt Concrete and 

Temperature 

The resilient modulus of the asphalt concrete is one of the parameters required in the 

determination of the resilient modulus of subgrade soils by the backcalculation procedure 

explained in the following section. The asphalt concrete modulus is known to be independent of 

the applied stresses (as opposed to that of subgrade soils) but dependent upon the asphalt 

concrete temperature. Figueroa et al., 1994 conducted a complete testing program to develop a 

relationship between the resilient modulus of the asphalt concrete and its temperature. The 

Indirect Tension for Resilient Modulus for Bituminous Mixtures test method (ASTM D 4 123-82) 

was followed in testing 4" diameter asphalt concrete cores, obtained from the center of the truck 

lane during the installation of each monitoring station listed in Tables 2.1 and 2.2. A parabolic 

equation yields the best fit to the test data for typical Ohio mixtures. Equation 2.1 defines the 

curves of best fit with the coefficienkL-li e of asphalt concrete 

(GDGT kzms 4% six! 422) f~-.;?d zt the mznitered sections, ir, c ~ ~ j m c t i n n  with !he ciirve-fit 

regression coefficient, R. Figure 2.1 is a graphical representatio f the regression equation trend 

lines for both types of mixes. 

in Table 2.4 for each 

E, = a,, +a,P +a,P2 

where: 

= Resilient modulus h4Pa in SI units or (psi x 106in English units) 
+, a,, = Regression constants listed in Table 2.4: 

Columns 2 & 3 for SI units 
Columns 4 & 5 for English units 

P = Asphalt concrete temperature: Deg. C in SI units or (Deg F in English units) 

i 
i l  
I 
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Table 2.4 Equation 2.1 Regression Coefficients 

The test is conducted using a repeated indirect tensile test set-up under controlled 

temperature and controlled loading conditions with a typical load application time of 0.1 seconds 

and a rest period of 1.9 seconds, with an applied load nearing 444.8 N (100 lbs.). The load is 

applied to the 4" disks along the diameter through a narrow curved loading strip, while the load, - 

the vertical and horizontal deformations are recorded to calculate the Poisson's ratio and the 

resilient modulus by the following equations. - :.-- -9 . 

3.59AH 
AV 

u =  

P( u+0.27) 
tAH 

E, = 

Where: 
E, = Resilient modulus of elasticity (psi) 
P = Applied repeated load (lb) 
u = Resilient Poisson's ratio 
t = Specimen thickness (in) 
AH = Total recoverable horizontal deformation (in) 
AV = Recoverable vertical deformation (in) 
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Figure 2.1 AC Modulus vs. Temperature 

. .. __ *._ - To consider the influence of temperature-on the resilient modulus, each asphalt 'concrete 

disk was tested at temperatures of: 4.5, 15.5, and 26.5 degrees Celsius (40, 60, and 80 degrees 

Fahrenheit). A few additional tests were conducted at temperatures of (-1.1 and 17.8" C (30 and 

64 deg. F). The samples, as well as the testing machine, were kept in a controlled-temperature 

room and brought to the specified test temperature. The temperature was maintained constant 

until all of the specimens reached the necessary equilibrium temperature and the tests were 

completed. 

In turn, the average asphalt concrete temperature can be related to the air temperature by 

developing relationships of the form given in Equation 2.4, from data obtained at each 

monitoring location, as will be shown in the following chapters. Thus, it is feasible to assess the 

resilient modulus of the AC from air temperature data, which is normally obtained during FWD 

1 .  

testing. 
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where 
C 1, C2, and C3 = 

P =  
A =  Air temperature (Deg C). 

Regression constants updated in the following chapters for each 
station location. 
Average AC temperature (Deg C ) .  

2.2.2 Backcalculation of the Resilient Modulus of Subgrade Soils Based on 

i 

Measured FWD Deflections 

It is well known that pavement performance is affected among other factors by the 

characteristics of the subgrade. The seasonal variation of the resilient modulus of the subgrade 

soil is one of the major factors in determining design parameters for new asphalt concrete 

pavements and overlays. The flexible pavement analysis program (ILLIPAVE) was validated 

during the “Characterization of Ohio Subgrade Types” project (Figueroa et al., 1994) as an 

effective tool to calculate deflections. This program was also used to develop nornographs to 

back calculate the resilient modulus of the subgrade based on measured Falling Weight 

Deflectometer (FWD) deflections for a given soil type. Figure 2.2 depicts the fundamentals of 

this developed method and can be explained as follows: 

The air temperature is measured during FWD tests. This temperature is entered into 

Equation 2.4 and the corresponding average asphalt concrete pavement temperature is obtained. 

The AC pavement temperature is then entered into Equation 2.1 (with coefficients defined in 

Table 2.4) or Figure 2.1 in order to obtain the AC modulus. The AC modulus is entered into a 

nomograph (developed for a given soil type) along with the AC thickness, the gravel base 

? 

thickness, and the maximum FWD deflection to obtain the resilient modulus of the subgrade soil 

at the break point Eri. The slopes of the lines before and after the break point on a plot 

representing the variation of the resilient modulus vs. the deviator stress were found to be 

approximately constant and independent of the degree of saturation by Figueroa et al., 1994 



14 

Figure 2.2 Back Calculation Procedure to Obtain 

Alternatively, regression equations (presented below) were developed relating all of the 

previously mentioned parameters to measured maximum FWD pavement surface deflections. 

The basis of the nomographs as well as the regression equations can be explained as follows: 

Typical flexible pavement structures are composed of a top asphalt concrete layer, a 

granular base course and a bottom subgrade layer. The development of nomographs to back 

calculate the resilient modulus of the subgrade for a given soil type, included the consideration of 

. :. 



15 
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b 

the influence of the applied load, the asphalt concrete thickness, the thickness of the gravel base 

course, the asphalt concrete resilient modulus and the resilient modulus of the subgrade soil. 

Observing the deflections measured by F W  testing, the applied loads are typically 

around 40.03, 53.38 and 66.72 kN (9000, 12000 and 15000 lbs). Thus, these magnitudes were 

selected to calculate the contact pressure for a given type of soil. Thickness values of 10.2, 20.3 

and 30.5 cm. (4, 8, and 12 in.) were chosen for both the asphalt concrete layer and the gravel 

base course, representing typical layer thickness ranges found in Ohio pavements. Data recorded 

by the moisture-temperature-rainfall monitoring stations shows that the seasonal air temperature 

usually varies between -1.1 1 and 267°C (30 and 800F). Thus, temperatures of -1.1 1, 10.0 and 

26.7 "C (30, 50 and 800F) were adopted as representative of average temperatures in the winter, 

spring/fall, and summer respectively. These values are then entered into Equation 2.4 to obtain 

the corresponding asphalt concrete pavement temperature. Finally, the calculated pavement 

temperature is used as input to Equation 2.1 or Figure 2.1 to obtain the average asphalt concrete 

resilient modulus during the corresponding season. 

Generalized relationships were obtained by conducting a regression analysis between the 

deflection as the dependent variable and the thickness of the asphalt concrete, the gravel base 

thickness, the resilient modulus of the asphalt concrete and the resilient modulus of the subgrade 

soil. Based on the higher Coefficient of Determination R2, the logarithmic relationship provides 

the best fit, expressed by: 

Where: 
d 
tac 
fbase 
Ea, 
E$i 
ag, ai,  a2, a3, aq = Regression constants 

= Deflection at the center of load application (in) 
= Thickness of the asphalt concrete (in) 
= Gravel base thickness (in) 
= Resilient modulus of the asphalt concrete (ksi) 
= Resilient modulus of the subgrade soil at the break point (ksi) 
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Thus the resilient modulus of the subgrade soil is back calculated by: 

E" = [log(d) - w - a1 tac - a2 tbase - a3 Eacl/ (2.6) 

Tables 2.5a and 2.5b summarize the coefficients (in SI and English units, respectively) for the 

three types of soil A-4, A-6 and A-7, along with the corresponding Coefficient of Determination 

R2, to be used in conjunction with Equation 2.6 to back calculate the resilient modulus of the 

subgrade soil at the break point. 

I 

In summary, knowing both the thickness of the asphalt concrete layer and the gravel base 

course, the resilient modulus of the asphalt concrete fiom air temperature records in combination 

with Equations 2.4 and 2.1 and maximum*measured surface deflections-by-the Falling Weight 

Deflectometer, the resilient modulus of the subgrade soil can be backcalculated following the 

procedure shown in Figure 2.2. 

At a certain location, the thicknesses of both the asphalt concrete layer and-the gravel 

base course are known from construction records.-Thus, the total deflection is dependent upon 

. ' 

t 

1 the variations of the resiiient moduius of the subgrid& soil v+ aid the aspiid; coiici&t@ modr;!us ; I  

1 
Eat. Comparing the influence of Ea, with respect to E$+ in affecting the total deflection, it is 

found that the total deflection is very sensitive to the variation of %. This influence is evident in 

the relative values of the coefficients a, and a,, whereby a, is approximately two orders of 

magnitude higher than a,, although E, and Q do not differ by as much as two orders of 

magnitude at a given time during the year. As a result of this observation, -it can be concluded 

that the subgrade soil significantly contributes to the total deflection of typical flexible 

pavements. 
, 
I 
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Table 2.5a. Coefficients used in Equation 2.6 (SI units) 

SoilType P I @) 
40032 

53376 

66720 

40032 

53376 

66720 

40032 

A-7 53376 

66720 

-0.67328 -0.0 1775 -3.99543E-04 -4.62929E-05 -2.90883E-03 o.92032 

-0.55789 -0.01746 -4.97508E-04 -4.58201E-05 -2.921 12E-03 0.91975 

-0.46776 -0.01726 -5.77815E-04 -4.54227E-05 -2.92710E-03 0.91896 

tat and tbase = given in cm. 

E, and Eri  = given in MPa R2 = Coefficient of Determination 

Table 2.5b. Coefficients used in Equation 2.6 (English units) 
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Chapter 3 

SEASONAL FACTORS AFFECTING ASPHALT CONCRETE PAVEMENTS 

This chapter presents the seasonal data collected at the moisture-temperature monitoring 

stations with emphasis on the effects of seasonal factors on the engineering properties of 

materials included in a flexible pavement profile. Of particular interest is the discussion of 

temperature variations (daily, monthly and seasonal) within the asphalt concrete and the 

development of relationships linking the average AC .temperature (and consequently the 

. _  modulus) to the measured air temperature. Summary tables and graphs are included in t h ~ s  

chapter showing the amount of rainfall, depth of frost penetration, number of freeze-thaw cycles 

and the variation of the degree of saturation with depth at the different monitoring stations. 

3.1 Temperature Data 

Temperature is one of the most important parameters affecting the performance of asphalt 

concrete pavements and in particular during the warmer months. As previously shown in Figure 

2.1, the modulus of the asphalt concrete decreases with an increase in temperature. However it is 

only when the AC .temperature rises beyond- 10-156°C (50-60°F) that there is a substantial 

1 ! decrease in the surface layer stiflhess. Any applied M i c  loads. during this period will 
. significantly affect the stress on the subgrade soil, increasing the likelihood of distress 

development. 
> 

I Asphalt concrete pavemenk soil and air temperature data to be analyzed in the following 

sections includes data fiom eight of the nine monitoring stations for the periods listed in Table 

2.3. As previously indicated, scant data was only collected at the Columbiana Co. station since 

initially this unit was damaged by lightning and soon after it was repaired, a vehicle crash 

damaged it beyond repair. Thus, development of meaningful relationships was not possible at 

this site. 

- 
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3.1.1. Daily Asphalt Concrete Pavement and 

Variations 

Typically, temperature variations within the 

Subgrade Temperature 

subgrade soil are minimal on a daily basis. 

Only the uppermost subgrade soil thermistor shows daily temperature variations, although within 

a narrower range, following those of the lowest asphalt concrete thermistor. 

The thermistors within 

fluctuations. Figures 3.1 to 3.4 

three-day period at mid-spring, 

the asphalt concrete layer do exhibit large daily temperature 

show typical surface layer temperature. variations for a typical 

mid-summer, mid-fall and mid-winter. Wood Co. 2.85 station 

surface layer thermistor and air temperature readings obtained in 1993-1994 are shown in these 

figures. Sensors W 13, W 12, W 1 1 and W 10 are located at 5.08, 10.16, 15.24 and 20.32 cm. (2,4, 

6 and 8 in.) below the surface of the 26.7 cm. (10.5 in)-thick AC surface layer. 

! '  

1 ;  
i 

0:oO.OO 8:w):OO 16:OO:OO 24:OO:OO 8:oO:OO 16:OO:OO 24:oO:OO 8:OO:OO 16:OO:OO 24:OO:OO 
5/4/93 5/4/93 5/4/93 5/4/93 5/5/93 5/5/93 5/5/93 5/6/93 5/6/93 5/6/93 

TIME 8 DATE 
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Figure 3.2 WOOD 2.85 Sta. SUMMER 1993 AC TEMPERATURE REVERSAL 
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Figure 3.3 WOOD 2.85 Sta. FALL 1993 AC TEMPERATURE REVERSAL 
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Figure 3.4 WOOD 2.85 Sta. WNTER 1993-1994 AC TEMPERATURE REVERSAL 
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Normally and depending on the air temperature variations and weather fronts, as seen in 

these figures the AC layer experiences a uniform temperature (no temperature gradient) twice a 

day, primarily during the days that solar radiation influences the asphalt concrete temperature. 

These points occur between 8:OO and 1O:OO AM and around 8:00 PM. After the morning period 

of no temperature gradient, thermistors closer to the surface show faster warming as compared to 

those near the bottom of the surface layer. An opposite trend occurs after the evening period of 

no temperature gradient. This information is important in selecting,-the-optimal times for FWD 

testing (between 8:OO-1O:OO AM) since the surface layer exhibits a uniform stiffness throughout 

its thickness. Similarly, the maximurn daytime temperature gradient within the pavement is 

observed between 2:OO and 4:OO PM at all seasons and the maximum overnight temperature 

gradient occurs around 6:OO AM. It is to be noted that the temperature gradient is greater in the 

afternoon than in the early morning and that AC layer temperature variations closely follow air 

temperature changes. , I  
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3.1.2. Monthly and Seasonal Asphalt Concrete Pavement Temperature Variations 

The daytime and nighttime seasonal temperature averages were computed fiom the 

temperature sensor readings. This information is presented in two different formats. 

Temperature data from the Logger data files was separated into daytime and nighttime 

values. All data points lying between 7:OO AM and 7:OO PM were defined as daybme 

temperatures. The remaining points were considered nighttime temperatures. For each of the 

station locations the average AC pavement temperature was calculated in the middle of the layer 

and both the monthly and seasonal averages of these temperatures were calculated. Tables 3.1 

and 3.2 contain the daytime, nighttime and combined (total: day-and-night) monthly and seasonal 

AC pavement temperatures. 

Graphs of the monthly and seasonal average AC pavement temperatures are shown in 

Figures 3.5 and 3.6. It is to be noted that the average pavement temperature difference between 

summer and winter is on the order of 30 to 35- deg. C at .%dl sites. This temperature range 

Agum 3.5 Average AC Monthly Tenperaturn 

40 1 
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Figure 3.6 Average Seasonal AC Temperature 

-- I --1 I 

i 

i 

, ,  
I 

! 

I 

I 
i '  
I 

I 

j 
! .  

I 

i 
c,*m % --.%,obviously indicate the wide variation in the elasticlproperties.of the AC as it will be.shoml-ater--- -- 
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ir? thi chqter. A s  expected the northern sites exhibit slightly lower averages than the southern 

sites. These average temperatures are later used to calculate the corresponding AC modulus 

average values. 
! /  

Seasonal and monthly averages of the AC temperature are tabulated in Appendix A 
I including all collected data, at all sections. The seasonal averages are contained in Tables A1 to 

A9, whereas the monthly averages are listed in Tables A10 to A1 8. All data points collected have 

been examined for accuracy, deleting values fiom,damaged sensors to obtain these averages. 

I 
I 

I 

! 

Figueroa et al. (1994) indicated from observations in temperature changes within the 

pavement and subgrade profiles that the daytime and the nighttime averages for any sensors 

located at depths in excess of 30.5 cm. (1.0 fi.) (i.e. the soil sensors) are virtually identical. In 

addition, the asphalt concrete sensors are warmer than the soil sensors (on the average) during 

the spring and summer seasons. Furthermore, in the fall and winter seasons the soil sensors are 

warmer than the asphalt concrete sensors. 

I 

I 

I 
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Table 3.2 AVERAGE SEASONAL ASPHALT CONCRETE TEMPERATURE 
(deg C) 

CRAWFORD 

3.1 -3. Relationships Between Air Temperature and Average Asphalt Concrete 

Pavement Temperature 

Equations were derived relating the average asphalt concrete pavement temperature to the 

air temperature for eight (excluding the Columbiana Co.) of the nine monitored stations. These 
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station sites were selected among other considerations, in order to show the change in asphalt 

concrete temperature corresponding to a change in latitude for a given air temperature. 

Figure A1 to A9 show the average AC temperature as a function of air temperature for all 

stations. These figures include all of the available field data (both the daytime and the nighttime 

values). Statistical regression analyses were conducted on the combined daytime and nighttime 

values to develop regression equations between the average AC temperature and the air 

temperature. Such equations would be useful in inferring the average AC modulus based on air 

r 

. 

temperature readings, as it will be shown later. After viewing the graphs of asphalt concrete 

temperature vs. air temperature, a polynomial relationship following the general form of 

Equation 2.4, reproduced below, yielded the best fit for the field data. 

P = C l + C 2  A + C 3  A2 (2.4) 

where 
.-:Cl, C2, and C3 = Regression constants updated in the following chapters for each-- ~ 

station location. 
Average AC temperature (Deg C). 

I ' 

P =  
4 A =  Air temperature (Deg C). 

I 

The values of C 1, C2, and C3 for the combined daytime and nightime data are included in Table 

3.3 for the eight analyzed station locations. In addition, the coefficient of determination, R2, 

indicating the highly significant relationship (R2>0.82 in all cases) between the two parameters in 

every instance is included for each equation. 

The monitoring station locations in order of increasing latitude are Adams, Athens, 

Licking, b o x ,  Crawford and Wood (8.1), Lucas and Wood(2.85) Co. sites. It is instructive to 

note that the coefficient C1 (intercept at zero air temperature) for the most part, tends to decrease 

with increasing latitude. This indicates that asphalt concrete temperature will be higher in the 

southern part than in the northern part of the state. Similarly, the coefficient C3 tends to be 

higher in the southern part than in the northern part of the state. This can be related to the 



28 

.: . &.. , . 

declination of the sun during the colder seasons leading to more direct sunlight in the southern 

than in the northern counties of the state. 

Table 3.3 Average AC Temp. vs. Air Temp. Coefficients 

I 

I 

I 

- - 

I 

! 

4 -  

_ _  
* Not enough data to develop 

Examination of the regression equation coefficients shown in Table 3.3 indicates that the 

state of Ohio may be subdivided into three general temperature zones: North, (from the North 

Shore to Mansfield - Mount Vernon) Central (from Mansfield - Mount Vernon to Lancaster) and 

South (&om Lancaster to the southern state line). This division will be useful in assessing the 

I 

average AC modulus on a seasonal or monthly basis for any future implementation of 

mechanistic pavement design procedures. 

3.1.4. Monthly and Seasonal Asphalt Concrete Resilient ModulusVariation 

As a result of temperature differences during the four seasons the resilient modulus of the 

asphalt concrete is also expected to vary, in view of the direct dependency of the elastic modulus 



29 

. -  of the AC on temperature. To examine the temperature susceptibility (modulus variation) of the 

asphalt concrete, the same 3-day sequence used to illustrate the daily variation of temperature 

during a given season was selected in this section. Referring back to Figures 3.1 to 3.4 where 

typical surface layer temperature variations for a three-day period at mid-spring, mid-summer, 

mid-fall and mid-winter at the Wood Co. 2.85 station, the elastic modulus was calculated from 

the values of temperature measured at thermistors W 12, W 1 1 and W 10, with the aid of Equation 

2.1 along with the coefficients for mixture 404 contained in Table 2.4. As expected, the elastic 

modulus also displays the typical sinusoidal day-night variation also observed in the temperature 

changes within the pavement surface layer (when weather fronts do not come through during the 

three day sequence). 

Figures 3.7 to 3.10 depict the resilient modulus variation for the three-day sequence 

during the spring, summer, fall and winter. The times of the day of equal stiffness are also 

evident as indicated in the temperature-related discussion. These figures have been plotted with 

the same vertical scale to facilitate the comparison of relative modulus values with respect to the 

season. For a typical mid-season day the resilient modulus averages: 
I 

- 3791.7 MPa (550 ksi) in the spring (+/- 1034.1 MPa or +/- 150 ksi) 

1723.5 h4Pa (250 ksi) in the summer (+/- 1034.1 MPa or +/- 150 ksi) 

8272.8 h4Pa (1200 ksi) in the fall (+/- 1378.8 MPa or +/- 200 ksi) L .  

155 1 1.5 MPa (2250 ksi) in the winter (+/- 155 1.1 MPa or +/- 225 ksi) 

The larger modulus range in the colder seasons can be explained as a result of the steeper 

i variation of the resilient modulus at colder than at warmer temperatures as indicated in Figure 

2.1. These typical modulus values also indicate that the contribution of the subgrade soil in 

supporting traffic loads is more important during the warmer months because of the lower 

stiffness of the surface layer during this time of the year. Unfortunately, this fact is also coupled 

with the lower stiffness of the subgrade soil itself during and after the rainy spring and early 

summer as is typical in Ohio. Consequently the two combined effects make the spring-summer 

the critical time of the year considering environmental effects. 



30 

S g 12000 - 
v) 

Ioooo- 
a 
0 

0 
= 8ooo- 
a 

6ooo- 

It should be mentioned that a desirable asphalt concrete mixture must have a narrower 

modulus range such that it is not too brittle in the winter (low temperature cracking) and not too 

soft in the summer (rutting). Additives to asphalt cement may minimize this range and 

consequently improve the performance of the asphalt concrete. 

Tables 3.4 and 3.5 include monthly and seasonal daytime, nightime and total averages of 

the resilent modulus of the asphalt concrete for eight of the nine monitored stations. Once again 

these averages were determined from corresponding average AC temperatures as summarized in 
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Tables 3.1 and 3.2, in combination with Equation 2.1. It is evident, that the three temperature 

zones proposed in the previous section are r d i e d  in regards to the relative values of the ! 

modulus of the AC. Specifically, the southern zone is represented by the Adams and Athens Co. 

stations; the central zone by the Licking, b o x  and Crawford Co. stations and the northern zone 

'by the Lucas and two Wood Co. stations. Expected ranges of the resilient modulus are easily 

selected from this table. A graphical representation of the monthly and seasonal averages of the 
-1.. _ A  __._ .L-l-- -L-'LL- ---L-l& ..----,.+e * :..nl..A A im c;cTll*PP 2 1 1  and 2 13 rPanPrtivply. ., r----' --.. _.-- --- rcsiiieiit IILUUUIUS VI UIG aapiicur buiiuub is IllbluueU 111 1 16WVu -I. 

/ 
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Figure 3.8 HOURLY VARIATION OF AC MODULUS -WOOD 2.85 STATION (SUMMER) 

20000 I 

1- I I 
14000 

2000 

0 

8/5/93 8/6/93 I 

FlgUW 3.9 HOURLY VARlATlON OF AC MODULUS - WUUU 2.85 S I A I  ION (PALLJ 

12000 

10000 

8ooo 

Mxx) 

0 

11/5/93 I 11/6/93 1 114193 I 

,&WIO' 
tW11 
.+w12 --- 

'tW10 1 
+w11 I 



32 

20000 

1 8000 

16000 

14000 

6000 

2000 

0 
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Table 3.5 AVERAGE SEASONAL ASPHALT CONCRETE ELASTIC MODULUS 

-- j . .  
l(l. ._; 
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I 
3.1.5 Seasonal Subgrade Temperature Variations 

The most important information obtained from the seasonal variation of subgrade 

temperature refers to the depth of fiost penetration. This information is helpful when 

determining roadside drainage ditch depths as well as granular base thickness for asphalt 

concrete pavements when the subgrade soil is fiost susceptible. 
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Two computer programs were written to scan the collected data files containing the 

temperature at a given time of the day measured by the active temperature sensors to determine 

the maximum depth of frost penetration and the number of freeze-thaw cycles. In the first 

program, for a given reporting time, the temperature values are examined in order of decreasing 

sensor depth. Once the first sub-freezing temperature value is found, the depth of frost 

penetration is obtained by linearly interpolating between the depth of this temperature sensor, its 

corresponding temperature, the depth of the temperature sensor immediately below the first 

frozen temperature sensor, and its temperature. This program then generates a file containing the 

time of the year in decimals of months and the depth of frost penetration in feet. The second 

program takes the data file generated by the first scanning program and determines the number of 

freeze-thaw cycles and the depth of frost penetration. A frost cycle is defined as a period when 

the frost line drops below the bottom of the asphalt concrete pavement and then recedes back into 

the pavement surface layer. 
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Figure 3.13 depicts the maximum depth of frost penetration, while Figure 3.14 shows the number 

of freeze-thaw cycles. A combined presentation of the number of freeze-thaw cycles and depth of 

frost penetration for the winters between 199 1 - 1992 to 1996- 1997 is included in Figure 3.15 for 

the available data at-eight of the nine monitoring stations. It is to be noted from this figure that 

when the frost penetration is high at the northern sites the number of freeze-thaw cycles is lower. 

This normally occurs during harsh winters. The number of cycles appears to increase during 

milder winters. Normally, the northern sites experience an average 7 to 12 cycles as compared to 

between 4 and 5 in the southern sites. 

Figure 3.14 NUMBER OF FREEZE-THAW CYCLES 

As expected the depth of frost penetration is greater in the northern than in the southern 

stations. The maximum depth of fiost penetration measured to date approached 121.9 cm. (4.0 

ft.) at the Wood 2 station during the 1993-1994 winter, which happened to be a severe winter. On 

a normal season the average depth of fi-ost penetration is about 45.7 to 61.0 cm. (1.5 to 2.0') at 

the southern stations and from 70.1 to 82.3 cm. (2.3 to 2.7') at the northern locations. 
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Summary tables and average values are included in Appendix B (Tables B1 to BS) 

showing the depth of frost penetration and the number of freeze-thaw cycles during each 

monitored winter for each of the seven monitoring stations. This data is complete including the 

monitoring periods listed in Table 2.3. 
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The most critical condition occws when frost penetrates the entire surface layer and 

enters the gravel base and the subgrade soil. It is to be indicated that the definition of a frost 

cycle, previously given, does not take into consideration its "severity". For example, the long, 

deep cycle beginning in the middle of February at the Wood(8.1) Co. site should cause more 

damage than the short, shallow cycle occurring near the end of December at the Licking Co. site. 

It is well known that both repeated freeze-thaw cycles and a severe frost cycle are damaging to 

frost susceptible soils. 
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3.2 Rainfall Data 

Precipitation summaries are included in Appendix C for all nine sites when data is 

available. Figure 3.16 and Tables C1 to C9 include the seasonal precipitation measured during 

the monitoring period. Similarly, Tables C 10 to C 18 contain detailed monthly precipitation 

recorded at each location. Rainfall data will later be used to determine if a correlation exists 

between the amount of precipitation and the value of the back calculated resilient modulus from 

Falling Weight Deflectometer-measured deflections. Data for the "cold" months @e. Jan., Feb., 

Mar., etc.) may be somewhat misleading because the snow must melt by itself in order to trigger 

the tipping switch within the rain gage, in view of the absence of automatic heaters in the gage. 

Figure 3.16 SEASONAL RAINFALL 

3.3 Degree of Saturation 

In order to determine the degree of saturation from the voltage readings generated by the 

gypsum block-type moisture sensors the calibration developed by Figueroa et a1 .( 1994) during 

the project "Characterization of Ohio Subgrade Types" was adopted as explained below. 

3.3.1 Moisture Sensor Calibration Factors 
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Typically the gypsum block sensors provide a voltage output of approximately 0.0 volts 

when completely dry and of 4.0 volts when saturated (submerged). Incidentally, output voltages 

in excess of 4.0 have been observed (up to about 4.3 V) in the data retrieved at one of the Logger 

sites. It is possible that the moisture sensors are picking up localized spurious electrical currents. 

Another explanation involves the temperature sensors. Each moisture sensor has a temperature 

probe located six inches above it and six inches below. These temperature probes operate on a 

SVDC current. The moisture sensors, on the other hand, use a 4VAC power source. In 

extremely wet soil there might be some current leakage ("cross talk") from the temperature 

probes to the moisture sensors. 

Since the output voltages of the moisture sensors are being recorded at all sites, the 

calibration equation suggested by Armstrong, et al. (1985) had to be modified (see Figueroa et al. 

1994, for more details). The sensor resistance contained in this equation was replaced by sensor 

output voltage and soil moisture tension was replaced by the degree of soil saturation. In 

addition, the degree of saturation is approximately inversely proportional to the soil moisture 

tension, as shown by Walsh et al. (1 993) The developed combined equation are presented next. 

- 

; 

- i  Using the nomenclature 

C, D, E, F, G, and H = Regression constants 

P 

V = Sensor output voltage (V) 

T = Sensor temperature (Deg C) 

Sr = Degree of saturation of the soil (%) 

During the sensor calibration, it was observed that for a given degree of saturation, its 

output voltage varied linearly with temperature. Thus the equation: 

V = A + B T  

Could be followed to link voltage output to temperature. The slope and vertical intercept of the 

straight line represented by this equation was found to be a function of the degree of saturation of 
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Coefficients A and B "est relatecl to Lle degree of saturation usllig a second order 

polynomial fit as shown below. 

A = C + DSr + ESr2 

B = F + GSr + HSr2 

Since the sensor output voltage and the sensor temperature are known, Equation 3.1 

needed to be solved in conjunction with Equations. 3.2 and 3.3 for the degree of saturation (S). 

As a result, Equation 3.4 was obtained. 

(3-2) 

(3.3) 

(E+HT)Sr2 + (D+GT)Sr + (C+FT-V) = 0 (3 -4) 

The positive root of this simple quadratic equation is then solved for S, leading to Equation 

3.5 

-(D+GT)+,/(D+GT)~ - ~ ( E + ~ ) ( c + . F T  -VI  
Sr = (3.5) 2(E + HT) . . . .  . .  . .  . . .  . .  . .  . . r .  .... . . .  . . . . .  

with regression constants: 

C =  2.14103 

E =  5.973315~10-4 

G = 2.312154~10-3 
H = -1.92560 xl O-5 

D = -0.04139 

F = -0.03814 

and Coefficient of Determination R2=.94 

This equation is valid for fine-grained soils with temperatures between 0 and 30 degrees 

In 

practice, the temperature at the moisture sensor depth is determined by interpolation of the 

' Celsius and corresponding moisture sensor output voltages between 1.5 and 4.0 volts. 

temperature measured by the thermistors located above and below the moisture sensor, since the 

I .  

i 

I 

. . .. 

j I  

!I 

I 
! 

thermistors and moisture sensors are normally offset every six inches. 
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3.3.2 Degree of Saturation Results 

Whenever possible, the degree of saturation was determined at each location at four sensor 

depths designated by sensors WI, W2, W3 and W4, , which measure voltages corresponding to 

Sr. The location of each sensor is specified in Table 2.2b with W1 being the deepest and in 

sequential order W2, W3 and finally W4 being the closest to the surface. The degree of 

saturation corresponding to these sensors has been labeled Sr 1, Sr2, Sr3 and Sr4 respectively. 

Monthly averages of the degree of saturation are included in Figures 3.17 to 3.24 for 

eight of the nine stations, with the numerical detail contained in Tables C19 to €26. Each figure 

and table shows the values for each of the working sensors identified above. Seasonal values 

have been included in Figures 3.25 to 3.32 and in Tables C27 to C34, where the “*” following 

the specific season indicates incomplete data. 

Examination of these figures and tables indicates that the degree of saturation varies 

.between about 90% and 100% throughout the monitoring period. It is also observed that the 

degree of saturation “appears” to consistently decrease in the winter months. This may not 

actually be an actual decrease in Sr but a peculiarity of the sensor, in particular when the frost 

line reaches the sensor depth. Minor variations in Sr (between 96 and 100%) are observed 

throughout the year which may be associated to previous rainfall regime affecting this zone. The 

late spring to early summer period seems to consistently lead to slightly higher (nearing 100%) 

degree of saturation at all depths. The delay in the increase with respect to-the higher rainfall may 

be attributed to the low permeability of the subgrade .soil and the time it ,takes for moisture to 

migrate from the shoulder to the center of the lane. In late summer and fall the flow will be 

reversed from the center of the lane to the shoulder, also leading totsomewhat lower degree of 

saturation prior to the beginning of the winter. 
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Figure 3.23 Variation of Degree of Saturation WOOD2 Co. 
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Figure 3.24 Variation of Degree of Saturation WOOD8 Co. 
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Figure 3.25 Seasonal Degree of Saturation-ADAMS Co. 
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Figure 3.26 Seasonal Degree of Saturation-ATHENS Co. 
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Figure 3.27 Seasonal Degree of SaturationCOLUMBlANA Co. 
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Figure 3.29 Seasonal Degree of SaturationXNOX Co. 
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Figure 3.31 Seasonal Degree of Saturation-WOOD2 Co. 
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Chapter 4 

BACK CALCULATION OF RESILIENT MODUL,US OF SUBGRA.DE SOILS 

FROM FALLING WEIGHT DEFLECTOMETER TEST RESULTS 

An alternate procedure to evaluate the influence of seasonal factors on the material 

properties of flexible pavements is with the use of non-destructive testing techniques. Proper 

characterization of the response of a flexible pavement subjected to repeated, dynamic loads and 

its seasonal variations are essential in the development of mechanistic-based pavement design 

procedures. Findings from a previous study by Thompson et al. (1976) indicated that the 

seasonal resilient behavior of the asphalt concrete and the fine-grained soil significantly 

- 

CI 

i 

influence the performance of a flexible pavement. 

Recently the Falling Weight Deflectometer (FWD) has gained popularity in the 

evaluation of pavement layer mechanical properties. As part of this research project, the Ohio 

Department of Transportation has been conducting FWD testing at six of the station locations, 

. . with a frequency of 3 to 4 times per year, in an effort to evaluate material property variation on a 

seasonal basis. Details of the method developed in this project to back calculate the resilient 

*modulus of subgrade soils at the break point from measured FWD deflections were introduced in 

Section 2.2.2 of this report and will be expanded next, followed by actual computations. 

i 

4.1 Analysis Method 

Falling Weight Deflectometer (FWD) tests at three different load levels were performed 

three to four times a year (once every season, when possible) at six of the station locations. FWD 

testing was conducted along a 152.4 m. (500 ft.) long section at a spacing of 15.2 m (50 ft.). A 

reference point at mid-length within the test section was selected to coincide with the seasonal 

instrumentation installed in the middle of the travel lane. 

FWD Loads are applied to the asphalt concrete surface via a rubber coated steel loading 

plate, with a radius of I5 cm. (5.9 in.), and the corresponding pavement deflections are measured 

http://SUBGRA.DE


54 

and recorded at seven radial distances including 0.0, 20.3, 30.5, 45.7, 61.0, 91.4 and 152.4 cm. 

(0.0, 8.0, 12.0, 1 8.0,24.0,36.0 and 60.0 in.) from the center of the loading plate. 

As previously indicated, the flexible pavement analysis program (ILLIPAVE) was used 

to develop nomographs to back calculate the resilient modulus at the break point of the subgrade 

based on measured maximum Falling Weight Deflectometer (FWD) deflections for a given soil 

type, during the “Characterization of Ohio Subgrade Types” project (Figueroa et al., 1994). The 

resilient modulus at the break point was selected as the representative parameter to define both 

the bilinear stress-dependent model introduced by Thompson et al. (1 976), as well as the stiffness 

characteristics of fine-grained soils, 

The back calculation procedure has been previously shown in Figure 2.2. A FORTRAN 

computer program to follow this procedure was written for each of the six test sites, with the 

following detail: 

. .  -Since FWD testing is conducted at-three load levels between approximately.40.03 and 

C? ? O  1 - k ~  lnAAA -.-A 1qAAA 1L-l lZn-at ;ntnmnlot;nn i c  i i c ~ d  tn r s l r l l l a t P  the dPflertinn at J.J..JO N Y  \7UUU LulU l&UUU 1U3/, 11iibu IULUI~VIUCIVII a v  UUI- -- --------- --- -’ 
-_ - 

exactly 53.38 kN (12000 lbs) of load. This load level was selected, since nomographs 

were developed previously to determine the maximum F.WD deflection according to 

Equation 2.5, with the coefficients contained in Table 2.5, for this selected magnitude of 

load. These coefficients indicate the relative influence of E, with respect to Eri in 

affecting the total deflection, leading to the conclusion that the total deflection is very 

sensitive to the .variation of Q. This .influence is evident +in the values of the coefficients 

a, and a,, whereby a, is approximately two orders of magnitude higher than a,, although 

Ea, and Q do not differ by as much as two orders of magnitude at a given time during 

/‘. 

/- 

) I  
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I 
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the year. 

The air temperature is in most instances measured during FWD tests. Alternatively, when 

the FWD does not provide the air temperature, it is interpolated from logger air 

temperature readings obtained at the same time the FWD testing was conducted. 
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The air temperature is entered into Equation 2.4 using the coefficients for the specific 

site and the corresponding average asphalt concrete pavement temperature is obtained. 

The AC pavement temperature is then entered into Equation 2.1 (with coefficients 

defined in Table 2.4) to obtain the AC modulus at the time of FWD testing. 

The AC modulus is entered into Equation 2.6 with the coefficients corresponding to the 

soil type existing at the site, along with pavement section characteristics such as the AC 

thickness, the gravel base thickness, and the maximum FWD deflection [interpolated at 

53.38 kN (12000 lbs.) of FWD load] to obtain the resilient modulus of the subgrade soil 

at the break point Eri. 

The process is repeated for each of the eleven locations along the test section and the 

program calculates an average resilient modulus for the complete section, as well as for 

the reference point (where the logger instrumentation is located) 

Data to back calculate the resilient modulus at the break point, including date, time and 

temperature of seasonal FWD testing is included in Tables D1 to D6 for each of the six tested- 

and analyzed locations. These tables also specify whether the air temperature was measured by 

the FWD or by the data logger. Testing periods have been designated by the four seasons. 

However, these designations for the most part correspond to the following times of the year: 

SPFUNG: 

SUMMER Early summer 

FALL 

WINTER Late fall 

Late winter - early spring 

Late Summer - early fall 

4.2 Back Calculated Resilient Modulus 

Summaries of back calculated resilient modulus by the procedure outlined above are 

included in Tables D7 to D12 for the testing detail contained in Tables D1 to D6. Tables D7 to 

D 12 include the average value along the section, corresponding to eleven FWD test locations as 
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I 

well as E, at the reference point where the seasonal instrumentation is located. Overall seasonal 

averages of both moduli were also calculated and are included in Table 4.1. This table also 
r 

I ,  

Table 4.1 Average Seasonal Resilient Modulus Back Calculated from FWD Deflections 
( M W  

CRAWFORD 

I 
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contains the percentage of the average seasonal modulus along the section with respect to the 

max~mum value observed at any given season during the year. For example, considering the 

Adams county section, the maximum average modulus of 63.8 MPa (9.26 ksi) is observed in the 

designated fall testing period, whereas the spring testing period yields E, = 32.2 MPa (4.67 ksi), 

which is 50.43% of 63.8. These percentages are useful in ranking the seasons of higher to lower 

modulus. By assigning a ranking of 4 to the season with the highest modulus and of 1 to the 

season with the lowest modulus (obviously ranks of 3 and 2 to the intermediate seasons) at each 

station location, a total point ranking is obtained by adding the points for individual seasons. In 

order of higher point ranking and consequently of expected higher resilient modulus the 

designated “fall” testing period is the highest followed by “summer”, “winter” and “spring” in 

decreasing order. This ranking is expected since the fall testing period follows the generally drier 

summer season and the spring testing period happens at the spring thaw and normally wetter 

early spring. The high resilient modulus averages obtained at the Licking Co. station can be 

explained by the presence of the 45.7 em (18 in) - thick lime stabilized layer existing beneath 

the gravel base. 

The back calculated average resilient modulus (at the break point) along the test section 

and at the reference point have been included in dual axis plots with the amount of seasonal 

rainfall in Figures 4.1 to 4.6, for individual instrumented test sections, in an effort to determine if 

any relationship exists between amount of rainfall and subgrade modulus:More detailed similar 

plots~containhg the monthly .rainfall land the average resilient modulus along the section were 

also drawn for each test section and are included in Figures 4.7 to 4.12. 

- . 

The observation of the two sets of figures indicates that for the most part a higher back 

calculated resilient modulus follows generally lower amounts of rainfall. Similarly lower 

resilient modulus back calculations are generally preceded by higher rainfall. However, no 

correlation between the amount of rainfall accumulated during either one, two or three months 

preceding the date of FWD testing with the back calculated resilient modulus was found. 
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Figure 4.3 Resilient Modulus Variation (Crawford Co.) 
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Figure 4.5 Resilient Modulus Variation (Licking Co.) 
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Figure 4.6 Resilient Modulus Variation (Wood8 Co.) 
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Figure 4.7 Resilient Modulus vs. Monthly Rainfall (Adam Co.) 
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Figure 4.9 Resilient Modulus vs. Monthly Rainfall (Crawford Co.) 
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Figure 4.10 Resilient Modulus vs. Monthly Rainfall (Knox Co.) 
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Figure 4.11 Resilient Modulus vs. Monthly Rainfall (Licking Co.) 
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Chapter 5 

7 

SUMMARY AND CONCLUSIONS 

Nine moisture-temperature-rainfall recording stations previously installed during the 

project “Characterization of Ohio Subgrade Types” (Figueroa et al. 1994) were monitored for a 

period of 2-1/2 years. These stations were located in Adams, Athens, Columbiana, Crawford, 

Licking, Lucas and Wood (two stations) county. The station locations were selected to include 

the variation in climate within the state of Ohio and the four most commonly occurring soil types 

(A-3, A-4, A-6, and A-7). The Columbiana Co. station was destroyed by a vehicle crash and one 

of the Wood Co. stations had to be dismantled because of new urban development in its vicinity. 

These stations recorded hourly, daily and seasonal variations in air temperature, rainfall, 

temperature within the asphalt concrete layer and moisture content (or degree of saturation) and 

temperature within the subgrade soil. 
- .  The temperature sensors recorded air, asphalt concrete pavement and subgrade soil 

temperatures. Typically, temperature variations within the subgrade soil are minimal on a daily 

basis. Only the uppermost subgrade soil thermistor shows daily ternperaturewriations, although 

within a narrower range, following those of the lowest asphalt concrete thermistor. 

- - 

The thermistors within the asphalt concrete layer exhibit large daily temperature 

fluctuations. Typically the AC layer exhibits a uniform temperature (no temperature gradient) 

twiceaday, normally occurring between8:OO and 1O:OO AM and around 8:OO PM. After 

the morning period of no temperature gradient, thermistors closer to the surface show faster 

warming as compared to those near the bottom of the surface layer. An opposite trend occurs 

after the evening period of no temperature gradient. This information is important in selecting the 

optimal times for FWD testing (between 8:OO-1O:OO AM) since the surface layer exhibits a 

uniform stifbess throughout its thickness. Similarly, the maximum daytime temperature gradient 

within the pavement is observed between 2:OO and 4:OO PM at all seasons and the maximum 

overnight temperature gradient occurs around 6:OO AM. It is to be noted that the temperature 



'- 
66 

gradient is greater in the afternoon than in the early morning and that AC layer temperature 

variations closely follow air temperature changes. I '  

I /  
The average AC pavement temperature was calculated in the middle of the layer at each 

location, then monthly and seasonal averages were tabulated. The average pavement temperature 

difference between summer and winter is of the order of 30 to 35 deg. C at all sites. This 

range also indicates the wide variation in the elastic properties of the AC. As expected the 
i 
I 

I '  northern sites exhibit slightly lower averages than the southern sites. The average monthly and 

seasonal asphalt concrete temperatures are summarized in Tables 3.1 and 3.2 respectively for 

I each tested site. 8 .  

Figueroa et al. (1994) indicated from observations in temperature changes within the 
I 1  

pavement and subgrade profiles that the daytime and the nighttime averages for any sensors I 
located at depths in excess of 30.48 cm. (1 .O ft.) (i.e. the subgrade soil sensors) are very similar. 

In addition, the asphalt concrete sensors show warmer temperatures than the subgrade soil 

sensors (on the average) during the spring and summer. However, this trend reverses during the 

- 

fall and winter. . 

Polynomial equations were derived relating the average asphalt concrete pavement 

temperature to the air temperature for eight (excluding the Columbiana Co.) of the nine 

monitored stations. The coefficients included in these equations indicate that asphalt concrete 

temperature is higher in the southern part than in the northern part of the state. The regression 

coefficients also point to the fact that the state of Ohio may be subdivided into three general 

temperature zones: North, (from the North Shore to Mansfield - Mount Vernon) Central (from 

Mansfield - Mount Vernon to Lancaster) and South (from Lancaster to the southern state line). 

This division is useful in assessing the average AC modulus on a seasonal or monthly basis for 

any future implementation of mechanistic pavement design procedures. It is then possible to 

! 

I 

determine the average asphalt concrete temperature from measured air temperature which is 

normally obtained during FWD testing. 
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P. 

As a result of temperature differences during the four seasons the resilient modulus of the 

asphalt concrete also changes in an inverse form to the temperature variation. It was determined 

that for a typical mid-season day the resilient modulus averages: 

3791.7 MPa (550 ksi) in the spring (+/- 1034.1 MPa or +/- 150 ksi) 

1723.5 MPa (250 hi) in the summer (+/- 1034.1 MPa or +/- 150 ksi) 

8272.8 MPa (1200 ksi) in the fall (+/- 1378.8 MPa or +/- 200 ksi) 

155 1 1.5 MPa (2250 h i )  in the winter (+/- 155 1.1 MPa or +/- 225 ksi) 

These typical modulus values also indicate that the contribution of the subgrade soil in 

supporting traffic loads is more important during the warmer months because of the lower 

stiffness of the surface layer during this time of the year. Unfortunately, this fact is also coupled 

with the lower stiffness of the subgrade soil itself during and after the rainy spring and early 

summer as is typical in Ohio. Consequently the two combined effects make the spring-summer 
>. ’ 

the critical time of the year considering environmental effects. Typical monthly and seasonal 

average values of the resilient modulus of the asphalt concrete for each station, for the three 

suggested climatic zones and for all of the state have been calculated from the collected data. 

Average monthly and seasonal asphalt concrete modulus values are listed in Tables 3.4 and 3.5 

respectively. These tables contain specific values for each location of direct application as inputs 

to a mechanistic pavement design procedures. 

< 

Recorded depths of frost penetration show, as expected, that they are greater in the 

northern-than in the southern stations. The maximum depth-oflfiost penetration measured to date 

approached 121.9 cm. (4.0 fi.) at the Wood 2 station during the 1993-1994 Winter, which 

happened to be a severe winter. On a normal season the average depth of fiost penetration is 

L 

- 

about 45 to 61 cm. (1.5 to 2.0 ft) at the southern stations and from 70 to 82 cm. (2.3 to 2.7 ft) at 

the northern locations. It was also observed that when the frost penetration is high at the northern 

sites the number of freeze-thaw cycles is lower. This normally occurs during a severe winter. The 

number of cycles appears to increase during milder winters. Normally, the northern sites 

experience an average 7 to 12 cycles as compared to between 4 and 5 in the southern sites. 
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Detailed curves of depth of frost penetration and number of freeze-thaw cycles are included in 

section 3.1.5 and in Appendix B 

Collected precipitation was summarized on a monthly and seasonal basis to determine if a 

correlation existed between the amount of precipitation and the degree of saturation of the 

subgrade soil, as well as the value of the back calculated resilient modulus from Falling Weight 

Deflectometer-measured deflections. 
I 
I 

1 A calibration equation previously developed was used to obtain monthly and seasonal I 

averages of the degree of saturation from moisture and temperature sensor readings at each of 

four moisture sensor locations. The degree of saturation typicallywried between about 90% and 

100% throughout the monitoring period. It was also observed that the degree of saturation 

“appears” to consistently decrease in the winter months. This may not actually be an actual 

decrease in Sr but a peculiarity of the sensor, in particular when the frost line reaches the sensor I ,  

i 

I !  

depth. Minor variations in Sr (between 96 and 100%) are observed throughout the year which 
im iiiiiy be siss~zi~tited t ~ ,  PE+OUS 1iiiit-G iegiiiie afCeciiIig iiris mne. Tile iaic*spring io elviy surrmcr 

period seems to consistently lead to slightly higher (nearing 100%) degree of saturation at all _ -  

depths. The delay in the increase with respect to the higher rainfall may be attributed to the low 

permeability of the subgrade soil and the time it takes for moisture to migrate from the shoulder 

to the center of the lane. In late summer and fall the flow will be reversed from the center of the 

I 

lane to the shoulder, also leading to somewhat lower degree of saturation prior to the beginning I 
I 

of the winter. 
1 ’  

Finally a method to back calculate the resilient modulus of subgrade soils (Eri) at the 

break point from measured,FWD deflections was developed. The method, explained in Section 
~ 

2.2.2, requires the input of the maximum FWD deflection, the resilient modulus of the asphalt 

concrete (alternatively determined from air temperature readings in combination with Equations 

2.4 and 2.1) and the thickness of the asphalt concrete and the base layers. Eri is back calculated 

through equation 2.6 using the coefficients listed in Tables 2.5a and 2.5b depending on the soil 



69 

type (Ad, A-6 or A-7) and the applied FWD load. If the exact FWD load is not found in these 

tables, interpolation is required. 

Overall seasonal averages of Eri were obtained at each of six station locations where 

FWD testing was conducted. Seasons were ranked in terms of expected higher resilient modulus. 

The designated “fall” testing period (early fall) showed the highest followed by “summer”, 

“winter” and “spring” in decreasing order. This ranking is expected since the fall testing period 

follows the generally drier summer season and the spring testing period happens at the spring 

thaw and normally wetter early spring, also reflected in a higher degree of saturation, as 

described above. 

Generally, for the most part a higher back-calculated resilient modulus followed lower 

amounts of rainfall. Similarly lower resilient modulus back calculations were generally preceded 

by higher rainfall. 

Attempts to correlate the amount of rainfall accumulated over either one month, two or 

three months preceding the date of FWD testing with the back calculated resilient modulus were 

unsuccessful. 

, 
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-* 
,* 

19.90 

18.68 

19.29 

Table Al .  AVERAGE SEASONAL ASPHALT CONCRETE TEMPERATURE (Adams Co.) 

- -* 
- -* 

night 

total 

night 

total 

night 

total 

1991 

1992 

1993 

1994 

_ _  

1995 

1996 

1997 

* Incomplete 

niglit 

total 

day -.. 

night 

total 

night 

total 

night 

total 

Data 

q 22.37 

-* 21.37 - 
I I 

21 -87 

12.53 

3 1.93 1 1.97 
I I 

-* 32.35 12.25 I I 
I I -* - -* I I 

-* 
-* 
-* 

- I1 

2.90 

2.64 

2.77 

5.40 

4.98 

5.19 

-- 
I 

i 
i 
4 ,  

- Data not available 
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Table A2. AVERAGE SEASONAL ASPHALT CONCRETE TEMPERATURE (Athens Co.) 

- Data not available 
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- 0  

13.85 

9.45 

11.69 

Table A3. AVERAGE SEASONAL, ASPHALT CONCRETE TEMPERATURE 

-.. 
5.34* 

23.62* 6.92 

19.12* 4.74 

21.37* 5.83 

YEAR I 
1991 

1992 1- 

1993 

1994 night 

I total . - .. 

1995 F 
1996 ln ight  

1997 night 

(Columbiana Co.) 
(deg C) 

FALL 

6.48* I 4.22* 

WINTER 

0.42 

-2.03 

-0.80 

-3.47* 

-4.40* 

-3.94* 

I 

I 

I 

* Incomplete Data 
- Data not available 
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Table A4. AVERAGE SEASONAL ASPHALT CONCRETE TEMPERATURE (Crawford CO.) 

I 

. *  .... ..-. . . . ..... .. 

* Incomplete Data 
- Data not available 
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Table A5. AVERAGE SEASONAL ASPHALT CONCRETE TEMPERATURE ( b o x  Co.) 

day 

night 

total 

YEAR 

19.54 28.67 13.30 2.70 

18.93 28.23 12.97 2.70 

19.24 28.45 13.14 2.70 

1991 

h Y  18.11 -* - 

night 17.60 I -* 

1992 

- 
- 

1993 

total 

day 

night 

total 

1994 

17.85 -* - - 

18.3 1 32.12 12.04 2.96 

17.97 3 1.83 11.82 2.97 

18.14 3 1.97 1 1.93 2.96 

1995 I 

hY 

1996 

15.60 

1997 night 

total 

15.08 

15.34 

* Incomplete Data 
- Data not available 



Table A6. AVER GE SE so1 
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SPHALT CONCRETE TEMPERATURE (Licking Co.) 

day 16.66 

1997 night 15.88 

total 16.27 

* Incomplete Data 
- Data not available 
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night 

total 

day 

night 

total 

16.63 

16.66 

16.90 

15.89 

16.39 

25.49 

26.25 

t 

10.17 - 
10.27 - 

I able A 1.  A VLKALJ~, S ~ A S U N A L  AYYHAL I CUNLJSL I r. I w w b m  I u u  (~ucas LO.) 
(de 

SPRING 
C )  
SUMMER FALL WINTER YEAR 

1991 I night 

I total 
i 

' .  
I .  

I 

I 

"'_t_ night 1992 
I 

total I 
day 17.33 I 10.42 -1.06 

I 

night 17.07 I 1993 

total I 17.20 27.52 I 10.33 I -1.21 

26.77 12.32 

26.64 12.27 

26.70 12.29 2.16 

1994 

-1- 

2 8 . 4 4 9 . 5 4  I I -0.18 
- -  ._.. -.-. - 

1995 27.97 -0.1 8 

28.20 -0.18 
I I 

27.0 1 10.37 I I - 

1996 

night = 1997 

I total - 

* Incomplete Data 
- Data not available 
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day 

Table AS. AVERAGE SEASONAL ASPHALT CONCRETE TEMPERATURE (Wood 2 Co.) 

-* 26.15 9-90 

. .  

total 

day 

night 

total 

day . 

YEAR 

17.74 28.83 9.29 

20.06 29.33 13.19 

18.11 29.72 13.39 

19.08 29.53 13.29 

17.34- 

1991 

night 

total 

day 

night 

total 

day 

night 

total 

1992 

17.54 

17.44 

1993 

1994 

1995 
. .  

1996 

1997 

I I n 

day I I I 
night 

I I I 

total 

I I 

night -* 26.03 9.78 I I 
I 

I 

total ,* 26.09 9.84 I 
n 

I 1 
I 

I 

day 18.68 29.78 9.69 I I 
I 

I 
I 

I I I 

night 16.81 27.88 8.89 I 

WINTER 

0.91 

0.70 

0.81 

-2.40 

-2.91 

-2.66 

2.08 

. . 2.29 

2.19 
. .  

_ -  _. . 

* Incomplete Data 
- Data not available 
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day 

night 

total 

25.60 -* day 

Table A9. AVERAGE SEASONAL ASPHALT CONCRETE TEMPERATURE (Wood 8 Co.) 

-* 0.05 

YEAR 

1991 

1992 

1993 

1994 

. 
1995." 

1996 

1997 

* Incompll 

I I I 

I 14.97 I I I total 

e Data 

. . .  

'I 

. . . - . 

- Data not available 
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Table B1. Frost Cycles and Frost Depth (Adams Co.) 

~~ 

SEASON 

No. OF 
FROST 

CYCLES 

MAX. FROST 
DEPTH(cm) 

199 1-1  992 

1992- 1993 
~~~ 

1993-1994 -* -* 

1994-1995 -* -* c 

1995-1996 -67.06 (-2.20’) 4 

3 

4TIOH ANI 

I 

AI.’ 
-61.26 (-2.01’) 

vkfHmERl@F 

m y o t  available 

1 996-1 997 

@!lYBa?Tl 
* Incomple@ 

IEEZE-THAW DEPTH OF FR 

FEES SUMP 

Table B2. Frost Cycles and Frost Depth (Athens Co.) 

MAX. FROST 
DEPTH(cm) 

No. OF 
FROST 

CYCLES SEASON 

1991-1992 5 -40.54 (-1.33’) 

1992-1 993 2 -33.22 (-1.09’) 

1993-1 994 6* -46.33* (-1.52’) 

1 994- 1995 8 -55.17 (-1.81’) 
i, 

1995-1996 4 -66.75 (-2.19’) 

1 996- 1997 In AC -* 

4 

ata 

AVERAGE -44.8 (-1.47’) 

* Incomplete lata not available 



! '  

I 

I 



. .  

No* OF 
FROST 

CYCLES 
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Table B3. Frost Cycles and Frost Depth (Crawford Co.) 

MAX. FROST 
DEPTH(cm) 

_ -  

. I  

1991-1992 1 3 11 -58.83 (-1.93’) 

1992-1993 11 7 1 -43.59(-1.43’) 

1993-1994 11 1 1  1 -103.94(-3.41’) 

1994-1995 11 3 1 -96.01 (-3.15’) 

1995-1996 

1996- 1997 -98.15 (-3.22’) 

-79.9 (-2.62’) 

* Incomplete Data - Data not available 



! n4 
, 

Table B5. Frost Cycles and Frost Depth (Licking Co.) 

No. OF 
FROST 

CYCLES 

MAX. FROST 
DEPTH(cm) SEASON 

199 1-1 992 

1992- 1993 

1993-1994 

\ ~~ 

-58.52 (-1.92’) 

-58.83 (-1.93’) 

9 -84.43 (-2.77’) 

5 -71.63 (-2.35’) 1994- 1995 

1995-1 996 13 -77.42 (-2.54’) 

5 -71.93 (-2.36’) 11 1996-1997 

6 -70.4 . .  (-2.3 1 ’) (I AVERAGE 
P * Incomplete ata lata not available 

.Table B6. Frost Cycles and Frost Depth (Lucas Co.) 

DEPTH(cm) CYCLES I 
. .  

11 1992-1993 11 17 // -57.61 (-1.89’) 
. - %  

I 

! ,  
I ., 11 1993-1994 11 2 11 -113.08 (-3.71’) 

1 994- 1995 -65.23 (-2.14’) 

1995- 1996 -89.00 (-2.92’) 

-8 1.1 (-2.66’) 

* Incomplete Data - Data not available 
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Table B7. Frost Cycles and Frost Depth (Wood 2 Co.) 

1991-1992 

1992- 1993 

1993- 1994 

1 994- 1995 

1995-1996 

1996- 1997 

DEPTH(cm) 
CYCLES 

34 -54.86 (-1.80’) 

7 120.09 (-3.94’) 

13 -52.12 (-1.71’) 

Table B8. Frost Cycles and Frost Depth (Wood 8 Co.) 

i 

? 
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Appendix C 
. .  

" l  

MONTKY AND SEASONAL, RAINFALL AND DEGREE OF SATURATION 

SUMMARIES 

... 

. .  
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SPRING SUMMER FALL 

Table C1 SEASONAL RAINFALL (Adams Co.) 

WINTER YEAR 

1991 

1992 

I I I 

I I 

1993 

SPRING SUMMER 

1994 

FALL WINTER 

1995 

1996 

1997 

29.08 
4.88* ' 1  - I -  

1.35* 15.75 I 16.56 I 25.91 

43.66 13.06 1 18.72 I 34.54 

17.60 

ncomplete Data 
- Data not available 

Table C2 SEASONAL RAINFALL (Athens Co.) 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

1 18.26 

30.8 1 29.08 I 21.29 I 23.06 

24.87 16.59 25.60 

7.29* 38.13 17.91 23.39 

31.32 I 32.21 I 24.92 I 29.18 

46.56 

25.65 

j 

I '  

i 
! '  

* Incomplete Data 
- Data not available 
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8.5 1 * 

26.37 

Table C3 SEASONAL RAINFALL (Columbiana Co.) 
(cm> 

ncomplete Data 
- Data not available 

41.17 25.22 22.45 

1 1.73 34.16 10.29 

Table C4 SEASONAL RAINFALL (Crawford Co.) 

23.55 

25.81 

40.49 

YEAR 

20.14 20.19 19.23 

31.01 24.43 19.05 

17.22* 25.32* 5.36 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

ncomple 

(em) 

SPRING SUMMER FALL WINTER 

3 1.24 
I I 

Data 
- Data not available 
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Table C5 SEASONAL RAINFALL ( b o x  Co.) 

SPRING SUMMER FALL WINTER 

SPRING SUMMER FALL WINTER 

YEAR 

1991 

1992 

1993 

I I I 

I I I I 15,21 

45.80 1 23.90 1 20.12 21.28* 

24.54 23.67 1 21.67 1 14.00 

26.75 I 25.96 I 17.27 I 14.83 E 
* Incomplete 

32.28 26.03* 

42.62 19.46 20.09 22.23 

I 32.77 

Data 
- Data not available 

Table C6 SEASONAL RAINFALL (Licking Co.) 

YEAR 

1991 I 2.31* I 16.10 

14.66 -* 1 17.93 1 22.61 1992 

1993 
I 

28.58 11.51 1 17.93 I 10.59 

1994 20.70 23.67 I 12.04 I 18.97 

1995 27.66 
~~ 

18.69 I 22.02 I 27.46 

25.27 10.16 1996 

1997 

50.55 

22.58* 

ncomplete Data 
- Data not available 
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Table C7 SEASONAL RAINFALL (Lucas Co.) 

SPRING SUMMER FALL WINTER 

1991 

1992 3.99* 28.80* 13.34* 19.30 

1993 20.98 18.11 7.85 9.17 

1994 4.72 17.75 16.7 1 10.77 

1995 22.50 19.53 14.05 

1996 28.80 

1997 15.95 

* Incomplete Data 
- Data not available 

Table C8 SEASONAL RAINFALL (Wood 2 Co.) 
(cm) 

* Incomplete Data 
- Data not available 

Table C8 SEASONAL RAINFALL (Wood 2 Co.) 
(cm) 

* Incomplete Data 
- Data not available 
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Table C9 SEASONAL RAINFALL (Wood 8 Co.) 
(cm) 

* Incomplete Data 
- Data not available 

. 



I 

0 

d 
'I 



c; u 
0 

! '  

i 
j m  
I 





5 
0 z 

c; u 
0 

- 

d 
3 
4 

c4 
4 
pc 

! 

I 

: m  

, 



i 

1 
2 c 
a 
E 

+ 
0 
\4 
4 



I -  

! 



I' 

d 





. .  

w 



122 

I 

Jun-95 
Jul-95 

Table C19 Monthly Degree of Saturation-Adams Co. 

99.971 98.90 100.00 
99.771 97.08 100.00 

ll I Srl I Sr2 I Sr3 I 5r41i 

I 

Aug-95) 98.30 
Se~-951 98.41 

95.78 99.55 
97.51 100.00 

Feb-97 

Aor-97 
Mar-97 

11 Oct-951 98.471 I 98.641 99.9411 

97.99 97.60 96.27 

99.51 98.25 96.70 
~ 98.42 97.61 95.89 

II Nov-951 99.461 I 98.881 lOO.OOll 

May-97 
Jun-97 

Jun-96 
Jul-96 

99.00 97.53 92.06 
98.57 97.37 

I 
II 
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Table C20 Monthly Degree of Saturation-Athens CO. 

. .. 

.. . , . . . . . . . . 
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Srl I Sr2 Sr3 
Nov-94 lOO.OOl 99.98 99.10 

Table C2 1 Monthly Degree of Saturation-Columbiana Co. 

Sr4 
98.93 

11 Dec-941 99.281 99.181 97.651 97.3611 
11 Jan-951 97.591 96.271 96.831 96.8511 
11 Feb-951 96.431 95.961 94.831 91.1011 
11 Mar-951 98.501 98.371 99.181 99.2611 

11 Nov-951 99.611 99.001 97.601 98.3211 
Dec-95 97.97 96.84 94.79 95.96 
Jan-96 95.17 95.25 91.08 94.15 
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. .  

- _  
.. . .  . .  . . . . . .  

... 
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Table C23 Monthly Degree of Saturation-Knox Co. 
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Table C24 Monthly Degree of Saturation-Licking Co. 

.- 

I 



128 

Table C25 Monthly Degree of Saturation-Wood2 Co. 

i . .. 

. .. 

I r  

I 
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Table C26 Monthly Degree of Saturation-Wood8 Co. 
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Table C27 Seasonal Degree of Saturation ADAMS Co. 

Incomplete Data 

Table C28 Seasonal Degree.of Saturation ATHENS Co. 

SP95 98.92 99.93 100.00 
su95 98.87 99.53 100.00 
F95 99.97 99.79 99.96 

99.19 
99.89 

96.44 
Incomplete Data 

. .  . 

. .  . 
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I I 

F94* 99.94 99.84 98.54 98.19 
w94 97.34 96.73 96.72 95.59 
SP95 99.90 99.47 99.89 99.98 
su95* 99.99 99.22 99.79 100.00 

... 

I 

I 98.72 F95 99.62 99.08 98.09 
w95* 94.59 94.09 91.77 94.07 

.-- 

I Srl I sr21 5r3 
SP92' I 97.771 96.91 I 99.64 

Table C29 Seasonal Degree of Saturation COLUMBIANA Co. 

5r4 
94.43 

II I Srl  I SR I Sr3 I 5r41 

Table C30 Seasonal Degree of Saturation CRAWFORD Co. 

w93 97.45 97.74 92.17 91.75 
SP94 97.88 98.76 98.68 97.18 
su94 99.65 99.96 98.48 98.79 

.. . 

97.19 
99.79 

99.70 
98.67 99.51 98.62 

I 

SP97 I 99.681 99.971 99.991 100.00 
Incomplete Data 
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Table C31 Seasonal Degree of Saturation KNOX Co. 

97.76 98.47 100.00 98.71 
99.61 99.88 100.00 99.27 
99.54 99.85 99.49 97.90 

incompieie Data 
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I I Srl I SR Sr3 
IF91* I 98.41 I 100.00 100.00 

Table C32 Seasonal Degree of Saturation LICKING Co. 

5r4 
100.00 

95.57 97.52 I 94 99.45 99.86 99.14 
k 9 5  99.98 99.99 99.38 
su95 99.97 100.00 100.00 100.00 
F95 99.98 99.99 99.96 98.45 
W95 99.54 99.70 99.36 96.52 

SU96 
F96 
W96 

I I I 

b P 9 6  I 99.991 1oo.ool 99.99 i 94.6311 
100.00 100.00 100.00 94.49 
100.00 99.99 99.99 97.34 
99.82 99.83 98.99 96.94 

Sr l  SR Sr3 
SP92* 99.28 98.99 99.56 
SU92 99.85 99.79 99.83 

I I I 

llSP97* I 99.971 99.971 9 4  98.4711 

S r4 
99.24 
99.70 

* incomplete Data 

SP94' 
su94 
F94 

Table C33 Seasonal Degree of Saturation WOOD2 Co. 

99.71 99.29 97.62 100.00 
99.43 99.20 98.23 100.00 
99.89 99.79 99.98 100.00 

I 

98.82 
w94 99.781 99.79 99.97 

1 ~ ~ 9 5  97.87) 97.63 99.93 

I 99.721 98.081 94.01 i 88.0211 

* incomplete Data 
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I Srl I SR Sr3 I s r4’ 
SP92* I 92.991 94.48 86.381 92.74 

Table C34 Seasonal Degree of Saturation WOOD8 Co. 

F96 
W96 
SP97 

100.00 100.00 100.00 100.00 
99.31 99.30 99.74 97.66 
99.91 100.00 100.00 100.00 

97.78 
F94 100.00 99.34 100.00 I w94 99.91 99.83 99.94 

, 
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Appendix D 

BACK CALCULATION OF RESILIENT MODULUS OF SUBGRADE SOILS 

FROM FWD DEFLECTIONS 



* 

1993 

1994 

I995 

1996 

1997 

136 

(FW) 

(Logger) 
Air Temp 

Timenem 6/23/94 
(FWD) 11:Ol 75F 

Air Temp 
(Logger) LOG29.3C 

Timenem 312 1/95 6/6/95 
( F W )  9:42 50F 9:15 67F 

Air Temp FWD 1O.OC FWD 19.4C 

Time/Tem 4130196 7/8/96 
( F W )  954 49F 8:45 79F 

Air Temp FWD 26.X 
(Logger) LOG 5.2C 

Timenem 4/ 1 197 
(FWD1 9:24 35F 

Air Temp 
(Logger) LOG 6.9C 

* 

(hggei-) 

Table Dl. DATA to BACKCALCULATE RESILIENT MODULUS 
AT THE BREAK POINT FROM FWD TESTING (Adams Co.) 

* 

9120194 
9:22 58F 

FWD 14.4C 

1 1/7/95 
9 5 6  45F 

1 nP n 9~ 
L W U  7.LL 

911 7/96 
9:03 64F 

FWD 17.K 
- 

~ YEAR Eli SPRING SUMMER 
I 

I 
I 

Timenem * * 
1991 ( F W )  

12/8/93 
9:21 31F 

FWD - O X  

1 1/29/94 
9:19 32F 
FWD OC 

* 

* 

* 

* 

I I 

AirTemp I I 

1992 ( F W )  
Air Temp 



137 

* 

Table D2. DATA to BACKCALCULATE RESILIENT MODULUS 
AT THE BREAK POINT FROM FWD TESTING (Athens Co.) 

I (Logger) I LOG 8.2C I I 1 
lo FWD Files 
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31 1 8/92 
9:44 28F 

FWD -2.2C 

3/23/93 
852 42F 

* 

FWD -3.3C 

6/9/92 9/23/92 11/25/92 
8 5 5  65F 9:18 43 852  41F 

LOG 17.1C LOG 7.4C LOG 5.9C 
6/29/93 9/23/93 12/2/93 

10:08 67F 853  64F 9:04 39F 

Table D3. DATA to BACKCALCULATE RESILIENT MODULUS 
AT THE BREAK POINT FROM FWD TESTING (Crawford Co.) 

1993 

1994 

1995 

1996 

1997 

lo FWD 

YEAR I Eri 

Air Temp 

TimefTem 

Air Temp 

TimefTem 

Air Temp 

TimefTem 

Air Temp 

TimefTem 

Air Temp 

Timenem 

Air Temp 

(Logger) 

(FWD) 

(Lof4ger) 

(FWD) 

(Logger) 

(FWD) 

(Logger; 

(FWD) 

(Logger) 

(FWD) 

(Logger) 
Files 

= 

1991 

LOG 7.8C 
Incomplete 
FWD File 

1992 

LOG 20.9C LOG 18.OC LOG 4.8C 
Incomplete Incomplete Incomplete 
FWD File FWD File FWD File 

3/27/95 
8:32 45F 

SPRING 

61 12/95 11/8/95 * 
9:11 58F 956 35F 

SUMMER FALL WINTER 

* 11/7/91 * 
956 26F 

6/27/96 
9:21 76F 

LOG 21.2C 

9/20/96 
853  54F ' 

FWD 12.2C 

* 

LOG 8.1C 
4/4/97 

857 50F 

LOG 16.2C 

'I 
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YEAR Eli SPRING SUMMER 

Timenem * * 

Air Temp 

TimelTem 311 8/92 6/9/92 

Air Temp FWD 21.7C 

1991 (FWD) 

(Logger) 

1992 (FWD) 12:22 34F 11:47 71F 

* 

FALL 

11/12/91 
10:59 33F 
FWD 0.6C 

9/23/92 
12:59 58F 

Table D4. DATA to BACKCALCULATE RESILIENT MODULUS 
AT THE BREAK POINT FROM FWD TESTING (Knox Co.) 

1993 

1994 

1995 

1996 

(LofXer) 

(FWD) 

(Logger) 

(FWD) 

(Logger) 

(FWD) 

Timenem 

Air Temp 

Timenem 

Air Temp 

Timenem 

Air Temp 
(Logger) LOG 6.1C 

TimelTem 5/1/96 6/27/96 9/20/96 
(FWD) 11:52 46F 10:58 81F 11:18 80F 

LOG 7.3C 
3/23/93 

10:37 44F 

1997 

LOG 8.4C 

Air Temp 
(Logger) LOG 8.8C 

Timenem 4/4/97 
( F W )  12:26 73 

Air Temp 
(Logger) LOG 22.9C 

* 

3/27/95 
10:19 44F 

LOG 14.1C 
611 7/94 

12:05 84F 

LOG 30.9C 
61 12/95 

11:07 58F 

LOG 18.6C 

LOG 18.6C 
912 3 I94 

1130 65F 

LOG 16.9C 
1 1/8/95 

1 1 5 1  36F 
FWD 2.2C 

LOG 23.4C LOG 20.6C + I 

WINTER 

* 

11/25/92 
10:48 41F 

LOG 7.3C 
12/2/93 

10:54 44F 

LOG 8.3C 
12/02/94 

11:45 39F 

LOG 10.5C 
* 

* 
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1996 

1997 

Table D5. DATA to BACKCALCULATE RESILIENT MODULUS 
AT THE BREAK POINT FROM FWD TESTING (Licking Co.) 

Timenem 4/25/96 6/26/96 9/ I 9/96 
(FW) 12:32 64F 12:46 98F 1159 83F 

Air Temp FWD 75F 
(Logger) LOG 19.2C LOG 24.5C LOG 21.2C 

Timenem 4/3/97 
(FW) 12:07 55F 

Air Temp 
(Logger) LOG 18.1C 

* 
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YEAR Eri SPRING 

Timenem * 
1991 ( F W )  

* 

SUMMER 

* 

Table D6. DATA to BACKCALCULATE RESILIENT MODULUS 
AT THE BREAK POINT FROM FWD TESTING (Wood 8 Co.) 

10/20/9 1 
9:45 60F 

FWD 15.6C 

9/28/92 
9:Ol 49F 

LOG 11.4C 
912 1/93 

9:07 50F 

1 11519 1 
9:08 19F 

FWD -7.2C 

1 1 I24192 
851 40F 
F W D  4.4C 

1211 I93 
9:13 27F 

1992 

1993 

1994 

Air Temp 
(Logger) 

Timenem 3/14/92 6/8/92 
( F W )  

AirTemp FWD 2.8C 
(Logger) LOG 16.5C 

Timenem 3/22/93 6/28/93 
(FWD) 9:14 32F 851 66F 

9:38 37F 8:44 60F 

1995 

1996 

Time/Tem 4/2/97 

lo FWD Files 

Air Temp 
(Logger) LOG 1.92 LOG 19.92 

Timenem * 612 1 194 
( F W )  9:24 71F 

Air Temp 
(Logger) LOG 28.6C 

Timenem 3/22/95 6/7/95 
( F W )  9:04 35F 8:52 63F 

Air Temp 
(Logger) LOG 4.7C LOG 25.2C 

TimelTem 4/24/96 6/25/96 
(FWD) 8:37 40F 9:07 74F 

Air Temp FWD 61F 
(Logger) LOG 6.2C LOG 18.7C 

LOG 15.9C 
9/22/94 

853 57F 

LOG 20.4C 
1 1120195 
9:40 39F 

LOG -1.7C 
1 1130194 
9:41 29F 

LOG -0.4C 
* 

LOG 4.0C 
91 1 8/96 

‘8:36 59F 
* 

LOG 16.3C =I= 
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Table D7 BACK CALCULATED RESILIENT MODULUS AT THE BREAK POINT 
FROM FWD TESTING (MPa) 

(Adams Co.) 

X High FWD Deflections 
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Table D8 BACK CALCULATED RESILIENT MODULUS AT THE BREAK POINT 
FROM FWD TESTING (MPa) 

(Athens Co.) 

FALL I WINTER SPRING I SUMMER 

I 
YEAR 

1991 Average 
at Ref. Pt. 138.29 

1992 Average 138.36 157.25 

154.29 173.25 

192.83 155.25 

201.72 176.14 

167.32 1 16.44 
166.63 124.37 

at Ref. Pt. 160.70 159.04 

163 -94 .. . 1993 Average 
at Ref. Pt. 203.79 179.18 

Average 1994 
at Ref. Pt. 152.01 

1995 
~ 

187.86 
194.76 

185.03 Average 

at Ref. Pt. 
136.02 
142.64 

1996 
~ 

138.16 
" 139.19 

115.96 167.39 
181.86 

Average 
at Ref. Pt. 

1997 Average 133.61 I 
at Ref. Pt. 151.39 

X High FWD Deflections 

. .  
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Table D9 BACK CALCULATED RESILIENT MODULUS AT THE BREAK POINT 

, . .  .. . - .  

FROM FWD TESTING (MPa) 
(Crawford Co.) 

I 
i m  

X High FWD Deflections 
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at Ref. Pt. 

Average 

Table D10 BACK CALCULATED RESILIENT MODULUS AT THE BREAK POINT 
FROM FWD TESTING (MPa) 

( b o x  C O . )  

67.15 

YEAR 

at Ref. Pt. 

Average 
at Ref. Pt. 

Average 

at Ref. Pt. 

Average 

SUMMER 

52.53 

54.60 
3 1.57 

48.46 

Eri I SPRING WINTER FALL 

1991 Average I 70.04 
53.50 

1992 84.52 66.25 79.14 

77.49 71.42 

54.95 

55.70 

121.82 1993 89.83 
68.39 30.06 95.48 

1994 85.62 

45.64 

96.72 

77.14 

51.71 

74.94 

45.36 

1995 85.49 
56.60 50.74 

,1996 72.52 79.01 
49.9 1 at Ref. Pt. 58.32 

1997 

at Ref. Pt. 47.91 

X High FWD Deflections 
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1991 

Table D11 BACK CALCULATED RESILIENT MODULUS AT THE BREAK POINT 
FROM FWD TESTING (MPa) 

(Licking Co.) 

Average 219.71 

at Ref. Pt. 188.83 

YEAR Eri I SPRING I SUMMER( FALL I WINTER 

1993 

~ ~~ 

at Ref. Pt. 170.28 195.17 221.57 21 1.99 

Average 250.53 268.3 1 281.41 235.91 

I I I I I 

1992 I Average I 203.03 I 242.12 I 255.84 I 245.08 

I at Ref. Pt. 

' Average 

at Ref. Pt. 

, 

I 

205.37 236.46 232.12 193.58 

205.92 266.94 218.82 

138.29 209.65 158.91 

1994 

1 Average 

at Ref. Pt. 

Average 

at Ref. Pt. 

1995 
~ ~ ~~ 

224.81 269.49 265.90 

150.15 195.79 217.44 

256.18 237.36 245.43 

170.07 169.04 166.49 
1996 

Average 

at Ref. Pt. 

249.56 

197.93 

1997 

' I  

X High FWD Deflections 
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Table D12 BACK CALCULATED RESILIENT MODULUS AT THE BREAK POINT 
FROM FWD TESTING (MPa) 

(Wood 8 Co.) 

YEAR 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

Eli SPRING 

Average 
at Ref. Pt. I 
Average 42.74 

Average 61.77 +-- at Ref. Pt. 62.25 

at Ref. Pt. I 66.32 

Average I 71.42 

at Ref. Pt. 75.01 

WINTER 

i 56.32 1 64.60 I 64.11 

, 62.67 I 62.39 I 73.15 
67.42 I 75.01 I 78.38 

69.15 I 88.93 I 69.56 

67.42 I 87.55 I 76.25 

99.41 I 124.23 I 
98.65 130.02 

57.63 89.90 
58.19 102.38 

X High FWD Deflections 

b 
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