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1. INTRODUCTION

The Resilient Modulus (Mg) of a subgrade soil is an essential input into the
flexible pavement design models contained in the American Association of State
Highway and Transportation Official’s new pavement design guide, the Mechanistic-
Empirical Pavement Design Guide (MEPDG). For most inputs required for pavement
design, there are three levels of input that can be used within the MEPDG system. Level
One requires the engineer to enter a value for subgrade Resilient Modulus based on the
results of Resilient Modulus tests conducted in the laboratory. Level Two allows the user
to input values for other soil property tests including California Bearing Ratio (CBR), and
resistance value (R-Value). The program then converts these numbers to Resilient
Modulus values using empirical correlations. When a pavement designer does not have
access to detailed data about the subgrade soil, Level Three inputs can be used. These
inputs are educated guesses for the Resilient Modulus of the subgrade soil based on the
AASHTO soil type entered.

While Level Three inputs may not provide accurate data to allow an engineer to
design pavements with a high reliability, the tests required to use Level One inputs are
costly, time consuming, and are rarely run for a variety of reasons. Because soil
environmental conditions can affect the results of a resilient modulus test; it is imperative
that laboratory tests be performed on soil samples that replicate the moisture content,
density, stress state, and degree of saturation of soil in the field. The expense and
difficulty of mimicking in situ soil conditions for a subgrade soil makes running

laboratory resilient modulus tests an uncommon practice.



This leaves Level Two as the likely method of determining resilient modulus for
use in the MEPDG system. The correlations used in the MEPDG procedure, however, are
based upon test data run on soil samples from across the country. Since soil properties
vary greatly across the country, the default correlation equations contained in Level 2
models of the MEPDG are most likely a poor representation of soils commonly found
throughout the state of Arkansas. The sheer volume of soils all over the country and the
extreme variance in the properties between different soil types leads to a rather poor R-
value correlation in the design guide for soils specifically found in the state of Arkansas.

If the Arkansas State Highway and Transportation Department continues favoring
R-value correlations as the Level 2 soil property input in MEPDG, correlations that apply
specifically to the soils found in the state of Arkansas should be developed. If no
acceptable correlation can be developed, it may be in the best interest of the AHTD to
abandon using R-value correlations and, either: (a) adopt a new method of determining
resilient modulus, perhaps through backcalculation of Falling Weight Deflectometer data;

or (b) expand the current resilient modulus testing program



2. LITERATURE REVIEW
2.1 Resilient Modulus

In 1986, the American Association of State Highway and Transportation Officials
(AASHTO) updated its original design guide to begin using Resilient Modulus as a
measure of subgrade soil strength instead of the soil support value that had previously
been used. The subgrade support value was the first attempt to include subgrade soil
properties in pavement design and ranged from 1 to 10. The 1986 AASHTO guide
introduced the following relationship between resilient modulus and the subgrade support
value:

S;=6.24xlog,, Mgz —18.72 i (1)
Where: S;= Subgrade Support Value
Mgr=Resilient Modulus (psi)

The 1986 design guide also proposed that correlations should be developed between
resilient modulus and either California Bearing Ratio values or R-value since, at that
time, many state transportation agencies did not have the equipment necessary to run
resilient modulus tests. The original correlations proposed in the design guide are
extremely basic and are based on the bulk stress of the soil sample, but they represent the
first step taken by the American Association of State Highway and Transportation
Officials to incorporate resilient modulus into the pavement design equation.

The resilient modulus of subgrade soils has evolved from its less-than-perfect
inclusion in the 1986 design guide into the required subgrade input to the MEPDG design
system for flexible pavement. The resilient modulus estimates the elastic modulus of a

subgrade soil; it is a measure of the stress to strain ratio for quickly applied loads. This



loading is similar to the loading conditions that a subgrade soil will experience in the
field. When a load is quickly applied and released, the strain is divided into resilient, or
recoverable, strain and permanent, or plastic, strain (Woodbridge).

The most common way to measure the resilient modulus of a subgrade soil is
using a repeated load triaxial test in which vertical load pulses are applied for 0.1 second
durations with 0.9 second rest periods (NAPA). There is a marked difference in the
stiffness exhibited by a subgrade soil in the conventional triaxial test compared the
stiffness from the repeated load test. In the repeated load test, the soil sample is exposed
to a cyclic vertical loading cycle and constant horizontal pressure (Farrar, et al.). From
the test, the recoverable, or resilient, strain in the soil specimen is measured as “the
rebound deformation resulting from removal of the the deviator stress divided by the
original height of the sample (Woodbridge).” The Resilient Modulus is then calculated

as M;=—

where: Mr= Resilient Modulus
op=repeatedly applied deviator stress
er=recoverable axial strain (NAPA)
The resilient modulus can also be described as the slope of the hysteresis loop developed
in the stress vs. strain plot once there is no further significant increase in permanent strain
due to cyclic loadings and elastic strain is the only type the specimen undergoes (Farrar,
et al.). The importance of determining the resilient modulus of a subgrade soil lies in its

ability to predict the rutting potential of a subgrade soil; the resilient modulus test most



closely replicates the traffic loading conditions experienced by subgrade soils once used

in highway construction.

1 £
r

=

@
s o
o U
E u
o - .

p
=)
i o] Accumulated
2 Plastic Plastic Sirain

Strain
4
LD
Plastic
Strain

Figure 1. Resilient Strain Example (Huang)

The results of the resilient modulus test is dependent on a large number of factors
including stress duration, frequency, grain size, void ratio, saturation, confining pressure,
and stress level (Thornton). There is no significant correlation between any single soil
property (grain size, plasticity, clay and silt content) and resilient modulus. However,
according to research done by Su, et al., as moisture content increases, resilient modulus
decreases. The degree of saturation, a property that combines the density and moisture
content of a soil, exhibits the same effect on resilient modulus as moisture content. The
deviator stress also affects the resilient modulus of a soil in both cohesive and
cohesionless soils; as deviator stress increases, resilient modulus decreases (Su, et al.),

particularly in cohesive soils.

It is imperative that deviator stress levels used during the resilient modulus test

are determined based on the traffic loading anticipated (Su, et al.). It is also noted in the



research, however, that once a confining pressure of approximately 6 psi is reached, the
curve of the plot relating deviator stress to resilient modulus becomes flatter, so a
confining stress of 6 psi is appropriate for almost all tests. Even though there is no true
correlation between any single soil index property and resilient modulus, the effect that
index properties can have on the results of a resilient modulus test needs to be considered.
2.2 Index Property Correlations

Since the Resilient Modulus test is not often run due to the cost and time
necessary to get accurate results for soil samples that mimic the properties of the
subgrade soil encountered in road construction, much research has been done on finding
new ways to correlate various soil properties that are simple to obtain to the Resilient
Modulus value of a soil.

Carmichael and Stuart attempted to derive a correlation for resilient modulus
using soil index properties and measurements taken during a triaxial test. Their results,
however, showed that a general equation could not be written for all soil types. Fine
grained and coarse grained soils were separated and distinct correlations were developed
for each soil type. The equations for both coarse (Equation 3) and fine grained soils
(Equation 4) are based on the plasticity index, water content, percent passing the No. 200
sieve, confining stress, deviator stress, and bulk stress used during the triaxial test, and a

correction for soil type (Carmichael, et al.).

Mg =37.431-0.4566(P1)—0.6179(%W ) —0.1424(s200) + 0.1791(CS) ......... 3)
~0.3248(DS) +36.422(CH) +17.097(MH )

log(M o) = 0.523 —0.0225(%W ) + 0.544(log T) +0.173(SM ) + 0.197(GR) ............ (4)



where:
MR= Resilient Modulus (ksi)
PI= Plasticity Index
% W= Water Content (%)
CS= Confining Stress (psi)
DS= Deviator Stress (psi)
T= Bulk Stress (psi) (DS+3CS)
DD= Dry Density (pcf)
S200=Percentage Passing No. 200 Sieve
SS= Soil Suction
CH=1 for CH Soil, 0 otherwise (MH, ML, or CL soil)
MH=1 for MH soil, 0 otherwise (CH, ML, or CL soil)
SM =1 for SM Soil, 0 otherwise

GR =1 for GR Soil, 0 otherwise

A study performed by Woodbridge found that plasticity index, clay content, and
optimum moisture content contributed most to determining resilient modulus of cohesive
soils. From her study, Woodbridge developed various correlations between soil index
properties resilient modulus for cohesive soils throughout Arkansas. Her equations using
only the inputs deemed significant, include:

For deviator stresses of 4 psi:

My =10.71+0.1961PI +0.1799CL - 0.7126W



For deviator stresses of 8 psi
Mgz =9.18+0.1601P1 +0.1393CL - 0.5860W ......cccoveniniiinn. (6)
where:
MR= Resilient Modulus (psi)
PI = Plasticity Index (percent)
CL = Clay Content (percent)
W = Optimum Moisture Content (percent)

Woodbridge also developed additional equations that include various other soil
properties, but proposed that including these additional properties in the correlations did
not greatly improve the correlation.

According to Farrar, et al., the San Diego Road test provided the majority of data
used in determining resilient modulus correlations for fine grained soils, specifically an
A-7-6 clay. From the San Diego Road Test data, Jones and Witczak developed the
following correlation:

logM; =—111(W%)+.0217(S%) +1.179 ...l (7)
where:
M= Resilient Modulus (ksi)
S%=Degree of Saturation
w%= Water Content

According to Thompson and Robnett, degree of saturation was determined to be
the most important soil property predictor of resilient modulus. They determined resilient
modulus as a function of degree of saturation for fine grained soils based upon the

following equations:



For soils at 95% AASHTO T99 maximum dry density:
Mg =32.9-334(S%)..ccoeieiiiiiiiiie (8)
For soils at 100% AASHTO T99 maximum dry density:
My =45.2-.428(S%)
where:
M= Resilient Modulus (ksi)
S% = Degree of Saturation
Farrar and Turner studied various methods for determining resilient modulus from
both R-value of Wyoming soils and index properties of the soils. However, their research
included running modified R-value tests in addition to the standard Hveem test. The
modified tests were run on samples that were not prepared in accordance with AASHTO
T190. Instead, the samples were prepared from material passing the %4” sieve and a given
amount of water to create a certain moisture content (Farrar, et al). From their research,
Farrar and Turner recommend the following equation for use with typical Wyoming

subgrade soils:

My =34280 -359*(S%) —325(0,)+236(o,)+86P1 +107(S200)........ (10)
where: M= Resilient Modulus (psi)
S%= Degree of Saturation
oq=deviator stress (psi)
o3=confining stress (psi)

PI= plasticity index



S,00= percent passing No. 200 sieve by weight

In addition to the recommended equation using soil index properties, Farrar and Turner

also developed Equation 11 using R-value data:

LN (M) =7.157+.039R,,, —0.0490, +0.040, +1.013X .. ... 11

where: LN(Mg)= natural logarithm resilient modulus (psi)
Rym=modified R-value
Xc=1 for clay soils and 0 otherwise
oq=deviator stress (psi)

o3=confining stress (psi)

The equation including the R-value did not provide as tight of a correlation as the
correlation corresponding to index properties. However, Farrar and Turner’s analysis
showed that the results of their prediction equation fit with previous attempts at
correlating soil properties with resilient modulus; any difference was noted as the
equations being written for Wyoming subgrade soils specifically.

The California Bearing Ratio test is a common test used for correlations. The
CBR test measures “the percentage of the soil load required to produce a .1 inch
deflection compared to a standard crushed stone (Thornton 6).” The test is run with a
standard piston with an area of 3 in” penetrating the soil at a rate of .05 inches/minute. At
each 0.1 inch interval up to 0.5 inches, pressure is measured. To determine the CBR

value, the ratio of the recorded pressure to the pressure necessary to produce the same

10



penetration in a high-quality crushed stone is calculated. The CBR value is most often
calculated at 0.1 inch penetration is used unless the ratio at 0.2 inches is greater. The
CBR Test is run in accordance with AASHTO T-193. Currently, MEPDG models
Resilient Modulus as (NCHRP):
M, =2555(CBR)™ ... i (12)
Where: Mr= Resilient Modulus (psi)
CBR= California Bearing Ratio (percent) as determined by AASHTO T-193
According to Woodbridge, Resilient Modulus has also been predicted as:
Mg =B*CBR.......ooooi (13)
Where: MR= Resilient Modulus (psi)
B= 1500 for CBR< although value may vary from 750 to 3000
CBR= California Bearing Ratio (percent)
However, Woodbridge warns that the CBR test cannot accurately mimic the repeated
load effects with which Resilient Modulus is associated. Additionally, she states that
sometimes CBR can be so unreliable as to exhibit an inverse relationship with Resilient

Modulus.

2.3 R-Value Test

Using the R-value test and subsequent correlations to estimate the Resilient
Modulus is a source of contention amongst academics. In the early 1930s, F.N. Hveem
used a modified triaxial test to attempt to develop a relationship between the vertical load
applied to a soil specimen and the horizontal stresses that are induced if the material is

horizontally confined. The device he constructed based on a triaxial test setup was

11



originally used as a way to measure stability of bituminous paving specimens, thus his
machine became known as the Stabiliometer. Hveem’s original experiments involved
subjecting a paving specimen to loads representing typical traffic loads that are frequently
repeated over a period of time. In the stability test, horizontal stress is measured at every
1000 pounds of vertical load up to 6000 pounds (400 psi), which Hveem believed to be

the ultimate stress developed from truck traffic (Farrar, et al.).

Pressure gauge —h-i t 3 Testing head

Rubhet membrane

Fluid under pressure

Figure 2. Stabiliometer Diagram

http://pavementinteractive.org/index.php?title=Image:Stabilometer.jpg

The stabiliometer was then used to measure the same properties in subgrade soils,
a value Hveem coined as the “R-value.” The R-value test measures the resistance a soil
offers to transmitting vertical load in the horizontal direction (Thornton) and is specified
by ASTM D2884 and AASHTO T190. When a passing wheel load exerts a downward
vertical force on a subgrade soil, the soil resists the force through friction between soil

particles. However, if the vertical force is greater than the frictional force offered by

12



supporting soil particles, the soil moves in the only path available for movement, the
lateral direction (Doyle). During the test, when the vertical stress on the soil specimen
reaches 160 psi, horizontal stress is measured. The value of 160 psi holds significance as
the “average value of vertical stress developed in a typical pavement subgrade (Farrar, et
al. 8).” But, according to studies performed by Hveem, the number holds no influence on
the output of the equation. Similar R-values were calculated with vertical pressure values
ranging from 100 to 400 psi. Data from the test is converted to an R-value with the

relationship:

R 100
25 R e (14)
D P,

where: R= Resistance Value
Py=Horizontal Stress at Py=160 psi
Py= Vertical Stress (160 psi)

D= lateral displacement due to horizontal pressure measured as the displacement of the
stabilometer fluid necessary to increase horizontal pressure from 5 to 100 psi measured as
number of turns of stabiliomter pump handle

This relationship presents a soil’s resistance to plastic flow as a ratio of vertical
pressure to horizontal pressure on a scale of 0 to 100. A value of 0 indicates that the soil
has no shear resistance, much like a liquid, and all applied vertical load is converted to a
lateral pressure. A value of 100 indicates that the soil is able to resist all applied vertical

loads without transmitting the loads to horizontal pressure (Doyle). This relationship,

13



however, includes slight modification to account for the roughness of the soil specimen.

If the correction for this roughness factor was ignored, the equation would simplify to:

Py
R=(1-2)*100 (15)

\

where: R= Resistance Value
Py=Horizontal Stress at Py=160 psi
Py= Vertical Stress (160 psi)
which truly is a direct representation of R-value as simply applied vertical pressure and
the horizontal pressure that results (Farrar, et al.).

Some stipulations must be followed before running the test, however. The test is
only to be used on materials that pass the #4 sieve and is not valid for materials that
possess high resistance to lateral deformation (Thornton). Additionally, soil specimens
are compacted at moisture contents that will cause them to be nearly saturated at
exudation pressures of approximately 300 psi. In order to make the test best mimic
subgrade soil conditions, it is imperative that the soil be compacted with an apparatus that
mimics the loading conditions and the kneading motion of rollers and tires. The
compactor invented by Hveem to accomplish this condition is now known as the

California kneading compactor.

14



Figure 3. California Kneading Compactor

http://www.asphaltwa.com/wapa_web/modules/05_mix_design/05_hveem.htm

The tamping foot of the compactor has an area of approximately 3 square inches and
provides stresses similar to those a steel drum or rubber-tired pneumatic roller would
exert on a subgrade soil (Farrar, et al.), however pressure can be adjusted to achieve the
correct soil unit weight.

During testing, the exudation pressure in the sample must mimic the state of
density and water content that the material may be subject to in the field (Thornton). This
exudation pressure is defined as the pressure when moisture exudes from the soil sample
with any additional increase in load, or when the soil specimen is loaded to saturation and
any additional load is carried by pore water instead of soil particles (Farrar, et al.). An
exudation pressure of 300 psi is seen as presenting the worst case moisture content and
density that is experienced in the field (Farrar, et al.); however this exudation pressure
causes moisture contents that are higher than are found in Colorado highways (Hines).
Some studies show that A-7-6 soils compacted at 300 psi exudation pressure were 9.1%

over optimum. When performing R-value tests to be used for correlations with Resilient

15



Modulus, it is important to consider what moisture content is used. Different highway

departments use R-values that correspond to different moisture contents and densities.

2.4 R-Value Correlations
The relationship between R-value and resilient modulus is not as well studied as
the relationship between Resilient Modulus and California Bearing Ratio (CBR). As a
result, the correlation between R-value and Resilient Modulus has been adjusted to fit
with the better known test (Woodbridge). The original correlation determined from data
from the San Diego Road Test,
Mo =T772+369R .. ... (16)
was altered to
M=11554555R (17)
to better correlate with data from the CBR test (Farrar, et al.). Other states have
developed correlations based upon the soils found locally. For instance, Idaho developed
two correlations (Su, et al.):
M. =1455+57R for fine grained SOils..........cocooviiiiinnnnns (18)
My =1600 + 38R for coarse grained soils........................ (19)
For fine-grained soils in Idaho, mainly low plasticity silts, the following correlation was
developed for a deviator stress of 6 psi, bulk stress of 3 psi, and an R-value over 20

(Farrar, et al.):

Mg=1.6+.038*R ... (20)

16



According to tests run by the Colorado Department of Transportation, plotting resilient
modulus against the average R-value from tests run on a sample both before and after the

resilient modulus test presented a correlation of (Su, et al.):

My =3500+125R ooveeieeieeieeeeeeeeeee, 1)

According to the report, this correlation is very similar to the current correlation used in

design for fine grained soils when the R-value is less than 50. However, when the R-

value is higher than 50, the modulus calculated from the equation is significantly lower

than what is predicted with the current design standard.
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3. EXPERIMENTAL DESIGN
Data was gathered from the Arkansas State Highway and Transportation

Department representing various soils throughout the state of Arkansas. AHTD ran both
R-value and resilient modulus tests on soil samples from various locations across the
state. Soil types contained in the data are:
A-2-Silty or Clayey Gravel
A-4-Silt
A-6-Clay
A-7-6-Clay
“Ran” and “Reported” values for both R-value and Resilient Modulus tests were both
provided reported. The “Reported” value for a test is the lowest Resilient Modulus value
given (and therefore not appropriate for developing a correlation), so for determining a
correlation, Resilient Modulus Ran and R-value Ran values were used. A new
correlation between R-value and resilient modulus will be attempted by plotting resilient
modulus against R-value. This approach was attempted for all soils, as well as splitting
the data by soil type (fine grained vs. coarse grained). Additionally, the data was to be
plotted against various combinations of the R-values and resilient modulus values as
follows (plots can be found in Appendix A):

1. R-value®

2. R-value’

3. R-value*

4. Mr*

5. Square Root R-value
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6. Square Root Resilient Modulus

7. log R-value

8. log Mr

9. In R-value

10. In Mr

11. Mr/R-Value

12. Mr*/R-value
in an attempt to determine the most accurate correlation. Resilient modulus values
calculated from any new correlations were compared to the reported values from the
AHTD data and the correlation currently used by the MEPDG software (NCHRP),

Mg =T155+555R .o (22)

Further analysis of the sensitivity of MEPDG to changes in R-value was also evaluated

using two pavement designs as shown in Figures 4 and 5.

2” Hot Mix Asphalt (Surface)

3” Hot Mix Asphalt (Binder)

12” Crushed Stone Base

Figure 4. Thinner Pavement Cross Section
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3” Hot Mix Asphalt (Surface)

4” Hot Mix Asphalt (Binder)

5” Hot Mix Asphalt (Base)

»ld
<«

12” Crushed Stone Base

Figure 5. Thicker Pavement Cross Section

Additional information on inputs into MEPDG can be found in Appendix B.

R-values of 5, 10, 15, 20, 25, 30, 35, 40, and 45 were input into the program as Level 2
correlations for resilient modulus. The pavement distresses of bottom-up fatigue
cracking, IRI, and total rutting that result from the varying R-values were plotted versus
time for both the thicker and thinner pavement sections. Then, the same pavement
sections were used, but Resilient Modulus was input as a Level 3 correlation calculated
from R-values of 5, 10, 15, 20, 25, 30, 35, 40, and 45 using the correlation developed
from the AHTD data. Bottom-up fatigue cracking, IRI, and total rutting were plotted vs.
time. Using these plots, the sensitivity of MEPDG to variance in Level 2 R-value inputs
were analyzed. Furthermore, the variance in fatigues using the correlation developed

from the AHTD data to calculate Level 3 resilient modulus inputs were studied.
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4. RESULTS

4.1 Correlations Involving R-Value

Plotting Resilient Modulus against R-value does not lead to very promising results. Even
separating the data by soil type does not lead to any significant correlation. Furthermore,

the various geometric combinations of R-value and Resilient Modulus also seem to move
towards a dead end in terms of developing a usable correlation. However, once the ratio

(Resilient Modulus to R)-value versus R-value for all soil types is plotted, a more

significant relationship begins to develop, illustrated in Figure 6.

Resilient Modulus to R-value Ratio vs. R-value

3000

2500 1

2000

1500

Resileint Modulus/R-value

1000

500 +

R-value

Figure 6. Relationship Between the (Resilient Modulus to R-Value) ratio and the R-value of Arkansas

Soils

A power-function regression equation can be developed from this plot as follows:
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MR

R’ =.8973
Where: Mr=Resilient Modulus (psi)

R=R-value
The R-squared value of this correlation seems to suggest that plotting the ratio of
Resilient Modulus to R-value vs. R-value could lead to a usable correlation for Arkansas
soils. In an attempt to further refine the correlation, the ratio of the square of Resilient
Modulus to R-value vs. R-value is plotted (Figure 7). Contrary to what is expected, the
tightness of this of this correlation seems to diminish as evidenced by the lower R-

squared value.
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Resilient Modulus Squared over R-value vs. R-value

50000000

45000000

L 3

40000000

35000000

30000000

25000000

20000000

Resilient Modulus Squared/R-value

15000000

10000000 -~

5000000 -

R-value

Figure 7. Mr4/R Plot

A power-function regression was developed as follows:

2
% =200000000R "+*¢ (24)

R® =.7391
Where: Mr=Resilient Modulus (psi)
R=R-value
Subdividing the data by soil type did not result in a more refined correlation, as shown in

Figures 23-34 in Appendix B.

23



To try to further refine the correlation, the data was split into soils with R-values

below 25 and those with R-values above 25. Different plots were developed for each soil

group. Figure 8 shows the plots of Resilient Modulus/R-value vs. R-value split by soil

group.
Resilient Modulus over R-value vs. R-value Sorted by R-value
3000
*
2500
@
*
&
2000 2
© *
3 .
-3
E .
£ 1500 ?
§ # R-value less than 25
E M R-value 25 and over
&
1000
500 +
] - .
0

o 10 20 30 40 50 60 70 80

R-value

Figure 8. Resilient Modulus over R-value vs. R-value Sorted by R-value

The correlations developed from these plots include:

For R<25:
M
—R =9605.9R "
R
R? =.7536
For R>25:
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M R —1.401
=30522R™"
R (26)

R* =.7991

Contrary to what is expected, splitting up the data does not further refine the correlation.

In fact, the attempt at refinement seemed to make the correlation worse.

4.2 Analyzing Correlations

The Mr/R correlation seems to have the tightest fit of the data. A regression line fit
through the origin yields a slope of .9298, which is relatively close to a unity equation
that would be expected in the predicted and actual Mg/R values were equivalent.
However, when the predicted (Mr/R) is plotted against actual (Mgr/R) depending on R-
value, the correlation appears to become less robust when the ratio exceeds 1000 (Figure

9).
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Predicted Mg/R-value vs. Actual M;/R-value
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Figure 9. Comparrison of Predicted Mr/R and Actual Mr/R

The Resilient Modulus generated from the correlation currently in use in MEPDG
(Equation 22) was compared to the Mr /R correlation developed using Arkansas data
(Equation 23). Figure 10 shows how incorrectly the MEPDG correlation predicts
Resilient Modulus using R-value for soils commonly seen in Arkansas. The Mr/R

correlation is a much tighter fit for soils in Arkansas.
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Comparison of Correlations
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Figure 10. Comparison of Correlations

4.3 MEPDG Tests
The potential importance of the new subgrade soil correlation is highlighted by running
MEPDG trials. The sections which follow describe the results of an MEPDG-based

study.
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4.3.1 Current MEPDG Correlation

4.3.1.1 Thicker Cross Section

Figure 11 shows the MEPDG estimate of total rutting with varying levels of R-value for

the subgrade soil (Level 2 input). Inspection of the curves shown in Figure 11 leads to

the following observations:
 Total rutting is significantly affected by the R-value

+ Total rutting decreases with an increase in R-value

* As R-value increases, the difference in total rutting (the effect of

varying R-value) decreases.

Total Rutting vs. Time

05

Total Rutting (inches)

0 T T T T
] 50 100 150 200 250

Time (months)

300

——R=5

—|-R=10
—A—R=15
——R=20
—#—R=25
—8—R=30
—+—R=35
—=—R=40

R=45

Figure 11. Total Rutting vs. Time, Thicker Cross Section, Current Correlation
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Figure 12 shows the MEPDG estimate of bottom up cracking with varying levels of R-
value for the subgrade soil (Level 2 input). Inspection of the curves shown in Figure 12
leads to the following observations:

*  Bottom up cracking is significantly affected by the R-value

*  Bottom up cracking decreases with an increase in R-value

* As R-value increases, the difference in bottom up cracking (the effect

of varying R-value) decreases.

Bottom Up Cracking (%) vs. Time

—4—R=5

——R=10
—&—R=15

—=—R=20
—¥—R=25

—8—R=30

Bottom Up Cracking (%)

—+—R=35
= R=40

R=45

0 T T T T T 1

) 50 100 150 200 250 300

Time (months)

Figure 12. Bottom-Up Cracking vs. Time, Thicker Cross Section, Current Correlation
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Figure 13 shows the MEPDG estimate of IRI with varying levels of R-value for the
subgrade soil (Level 2 input). Inspection of the curves shown in Figure 13 leads to the
following observations:

+ IRl is affected by the R-value

+ IRI decreases with an increase in R-value

* As R-value increases, the difference in IRI (the effect of varying R-

value) decreases.

IRl vs. Time

140

—4—R=5
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——FR=10

—#&—R=15
—=—R=20

—¥—R=25

—8—R=30
—+—R=35

= R=40

R=45

50 100 150 200 250 300

Time (months)

Figure 13. IRI vs. Time, Thicker Cross Section, Current MEPDG Correlation
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4.3.1.2 Thinner Cross Section

Figure 14 shows the MEPDG estimate of Total Rutting with varying levels of R-value for

the subgrade soil (Level 2 input). Inspection of the curves shown in Figure 14 leads to

the following observations:

+ Total rutting is significantly affected by the R-value

+ Total rutting decreases with an increase in R-value

* As R-value increases, the difference in total rutting (the effect of

varying R-value) decreases.

Total Rutting vs. Time
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Total Rutting (inches)
[=]
[ul

02 HEE-
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——R=20
—#—R=25
—8—R=30
—+—R=35
—=—R=40

R=45

Figure 14. Total Rutting vs. Time, Thinner Cross Section, Current Correlation

31




Figure 15 shows the MEPDG estimate of Bottom Up Cracking with varying levels of R-
value for the subgrade soil (Level 2 input). Inspection of the curves shown in Figure 15
leads to the following observations:

+  Bottom Up Cracking is affected by the R-value

*  Bottom Up Cracking decreases with an increase in R-value

* As R-value increases, the difference in Bottom Up Cracking (the effect

of varying R-value) decreases.

Bottom Up Cracking (%) vs. Time
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Figurel5. Bottom-Up Fatigue vs. Time, Thinner Cross Section, Current Correlation

32



Figure 16 shows the MEPDG estimate of IRI with varying levels of R-value for the
subgrade soil (Level 2 input). Inspection of the curves shown in Figure 16 leads to the
following observations:

+ IRl is affected by the R-value in the long run

+ IRI decreases with an increase in R-value

* As R-value increases, the difference in IRI (the effect of varying R-

value) decreases.

IRl vs. Time
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Figure 16. IRI vs. Time, Thinner Cross Section, Current Correlation
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4.3.2 Pavement Failures with New Correlation
43.2.1 Thicker Cross Section

Figure 17 shows the estimate of Total Rutting with varying levels of R-value for the
subgrade soil using the Arkansas-specific correlation (Level 3 input). Inspection of the
curves shown in Figure 17 leads to the following observations:

+ Total rutting is slightly affected by the R-value

+ Total rutting increases with an increase in R-value

+ As R-value increases, the difference in total rutting (the effect of

varying R-value) decreases.

Total Rutting vs. Time
09

08

a7

—4—R=5
—-R=10

—d—R=15
——R=20

—#—R=25

—&—R=30

Total Rutting {inches)

—t+—=R=35

—=—R=40
R=45

a 50 100 150 200 250 300

Time (months)

Figure 17. Total Rutting vs. Time, Thicker Cross Section, New Correlation

34



Figure 18 shows the estimate of Bottom-up Cracking with varying levels of R-value for
the subgrade soil using the Arkansas-specific correlation (Level 3 input). Inspection of
the curves shown in Figure 18 leads to the following observations:

+  Bottom-up Cracking is affected by the R-value

*  Bottom-up Cracking increases with an increase in R-value

* As R-value increases, the difference in Bottom-up Cracking (the effect

of varying R-value) decreases.

Bottom Up Cracking (%) vs. Time
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Figure 18. Bottom Up Cracking vs. Time, Thicker Cross Section, New Correlation
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Figure 19 shows the estimate of IRI with varying levels of R-value for the subgrade soil

using the Arkansas-specific correlation (Level 3 input). Inspection of the curves shown

in Figure 19 leads to the following observations:

IRI is not significantly affected by the R-value

value) shows no significant change.

As R-value increases, the difference in IRI (the effect of varying R-
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Figure 19. IRI vs. Time, Thicker Cross Section, New Correlation
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4.3.2.2  Thinner Cross Section
Figure 20 shows the estimate of Total Rutting with varying levels of R-value for the
subgrade soil using the Arkansas-specific correlation (Level 3 input). Inspection of the
curves shown in Figure 20 leads to the following observations:
+ Total rutting is slightly affected by the R-value
+ Total rutting increases with an increase in R-value
+ As R-value increases, the difference in total rutting (the effect of

varying R-value) decreases.

Total Rutting vs. Time
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Figure 20. Total Rutting vs. Time, Thinner Cross Section, New Correlation
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Figure 21 shows the estimate of Bottom Up Cracking with varying levels of R-value for
the subgrade soil using the Arkansas-specific correlation (Level 3 input). Inspection of
the curves shown in Figure 21 leads to the following observations:

*  Bottom Up Cracking is slightly affected by the R-value

+  Bottom Up Cracking increases with an increase in R-value

* As R-value increases, the difference in Bottom Up Cracking (the effect

of varying R-value) remains constant.

Bottom Up Cracking (%) vs. Time
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Figure 21. Bottom Up Cracking vs. Time, Thinner Cross Section, New Correlation
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Figure 22 shows the estimate of IRI with varying levels of R-value for the subgrade soil

using the Arkansas-specific correlation (Level 3 input). Inspection of the curves shown

in Figure 22 leads to the following observations:
+ IRl is slightly affected by the R-value

« IRI increases with an increase in R-value

* As R-value increases, the difference in IRI (the effect of varying R-

value) remains constant.
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Figure 22. IRI vs. Time, Thinner Cross Section, New Correlation
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5. DISCUSSION AND CONCLUSIONS

It is clear that the current R-value to Resilient Modulus MEPDG correlation may
lead to significantly under-designed pavements when R-value for Arkansas soils is
beyond approximately 25, especially in thinner pavements and over-designed pavements
when R-value is 10 or below. There seems to be little true correlation between R-value
and Resilient Modulus at all; even the newly developed correlation begins to break down
at higher R-values due to a lack of data and the mathematical manipulations performed
on the data when developing the correlation. When using the current MEPDG correlation,
there is a significant difference in pavement failures over the course of 20 years for both
the thin and thick pavement sections for varying R-values. When a soil has a low R-
value, the effect of R-value on predicted pavement performance is pronounced. The
thinner pavement does not have the same capacity to diminish the applied traffic loads
and the loading effects are increased. Any slight variance in the lower R-values can lead
to very different failures than what is expected from the MEPDG output. This means that
a pavement that is even slightly underdesigned with regards to R-value with the current
MEPDG correlation can experience extreme rutting failures more quickly.

Interestingly, the Arkansas-specific correlation exhibits an inverse trend: Resilient
Modulus decreases with increasing R-value. Even though the new R-value correlation
drastically improves using R-value as a predictor of Resilient Modulus, it is important to
keep in mind that the R-value test is a static test measuring how a soil reacts to a vertical
load in a lateral direction while Resilient Modulus measures how a soil reacts to a cyclic
loading pattern much like what a soil would experience under a pavement. Using a static

test to predict a dynamic soil property will not provide the most accurate results, but it
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seems that the two soil properties should exhibit a direct correlation. Additionally, the
correlations was developed using a limited amount of data. In order to develop the best
possible correlation, additional data should be gathered. Because of this discontinuity in
the data and the lack of data, the testing procedures used to obtain both Resilient Modulus
and R-value should be reviewed to make sure the measured values are correct and more
R-value and Resilient Modulus tests should be run.

If the data is deemed correct and if AHTD chooses to continue using R-value
correlations as their way to determine Resilient Modulus in MEPDG, consideration must
be given to abandoning the default MEPDG correlation and using a more Arkansas soil
specific correlation. While the new correlation is not a perfect solution and certainly
does not match the accuracy of using Resilient Modulus test data as a Level 3 input in
MEPDG, it is a much closer match for soils commonly found throughout the state of
Arkansas. Since the new correlation more closely follows the pattern of data and does not
show much variance in Resilient Modulus with changes in R-value, the variances in R-
value do not cause the dramatic separation in data that the current MEPDG correlation
causes for both thin and thick pavement cross sections. If the R-value of a soil is
measured slightly higher than the actual R-value of the soil, the effect on pavement
failures will not be as dramatic as what could happen if the incorrect R-value was input to

MEPDG using the current correlation.
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Table A1. AHTD Soil Properties
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Table A2. AHTD Resilient Moduli
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APPENDIX B

RESILIENT MODULUS RAN VS. R-VALUE RAN CORRELATIONS
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Figure 23. Resilient Modulus vs. R-value
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Figure 24. Resilient Modulus vs. R-value Squared
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Figure 32. Ln(Resilient Modulus) vs. R-value
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Project: Thicker R=5 Level 3.dgp

General Information Description:

Design Life 20 years

Base/Subgrade construction: August, 2006

Pavement construction: September, 2006

Traffic open: October, 2006

Type of design Flexible
Analysis Parameters
Performance Criteria Limit Reliability

Initial IRI (in/mi) 63

Terminal IRI (in/mi) 172 90

AC Surface Down Cracking (Long. Cracking) (ft/mile): 2000 90

AC Bottom Up Cracking (Alligator Cracking) (%): 25 90

AC Thermal Fracture (Transverse Cracking) (ft/mi): 1000 90

Chemically Stabilized Layer (Fatigue Fracture) 25 90

Permanent Deformation (AC Only) (in): 0.25 90

Permanent Deformation (Total Pavement) (in): 0.75 90

Reflective cracking (%): 100

Location: Fayetteville

Project ID: Thinner Section R=5

Section ID:

Date: 2/22/2008

Station/milepost format:

Station/milepost begin:

Station/milepost end:

Traffic direction: East bound
Default Input Level

Default input level Level 3, Default and historical agency values.
Traffic

Initial two-way AADTT: 2500

Number of lanes in design direction: 2

Percent of trucks in design direction (%): 50

Percent of trucks in design lane (%): 95

Operational speed (mph): 60
Traffic -- Volume Adjustment Factors
Monthly Adjustment Factors (Level 3, Default MAF)

Vehicle Class
Month Class4 | Class5 | Class6 | Class7 | Class 8 | Class 9 | Class 10 | Class 11 | Class 12 | Class 13

January 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
February 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
March 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
April 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
May 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
June 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
July 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
August 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
September 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
October 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
November 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
December 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Vehicle Class Distribution
(Level 3, Default Distribution)
AADTT distribution by vehicle class

Class 4 1.8%
Class 5 24.6%
Class 6 7.6%
Class 7 0.5%
Class 8 5.0%
Class 9 31.3%
Class 10 9.8%
Class 11 0.8%
Class 12 3.3%
Class 13 15.3%

Traffic Growth Factor

Vehicle Growth Growth

Class Rate Function
Class 4 4.0% Compound
Class 5 4.0% Compound
Class 6 4.0% Compound
Class 7 4.0% Compound
Class 8 4.0% Compound
Class 9 4.0% Compound
Class 10 4.0% Compound
Class 11 4.0% Compound
Class 12 4.0% Compound
Class 13 4.0% Compound

Traffic -- Axle Load Distribution Factors
Level 3: Default

Traffic -- General Traffic Inputs

Mean wheel location (inches from the lane 18
marking):
Traffic wander standard deviation (in): 10
Design lane width (ft): 12
Number of Axles per Truck
Vehicle Single | Tandem | Tridem Quad
Class Axle Axle Axle Axle
Class 4 1.62 0.39 0.00 0.00
Class 5 2.00 0.00 0.00 0.00
Class 6 1.02 0.99 0.00 0.00
Class 7 1.00 0.26 0.83 0.00
Class 8 2.38 0.67 0.00 0.00
Class 9 1.13 1.93 0.00 0.00
Class 10 1.19 1.09 0.89 0.00
Class 11 4.29 0.26 0.06 0.00
Class 12 3.52 1.14 0.06 0.00
Class 13 2.15 2.13 0.35 0.00
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Hourly truck traffic distribution

by period beginning:

Midnight 2.3%|Noon 5.9%
1:00 am 2.3%]1:00 pm 5.9%
2:00 am 2.3%]2:00 pm 5.9%
3:00 am 2.3%]3:00 pm 5.9%
4:00 am 2.3%]4:00 pm 4.6%
5:00 am 2.3%(5:00 pm 4.6%
6:00 am 5.0%]6:00 pm 4.6%
7:00 am 5.0%]7:00 pm 4.6%
8:00 am 5.0%]8:00 pm 3.1%
9:00 am 5.0%]9:00 pm 3.1%
10:00 am 5.9%(10:00 pm 3.1%
11:00 am 5.9%(11:00 pm 3.1%




Axle Configuration
Average axle width (edge-to-edge) outside
dimensions,ft):
Dual tire spacing (in):

Axle Configuration
Tire Pressure (psi) :

Average Axle Spacing
Tandem axle(psi):
Tridem axle(psi):
Quad axle(psi):

Climate
icm file:

Latitude (degrees.minutes)
Longitude (degrees.minutes)
Elevation (ft)

Depth of water table (ft)

Structure--Design Features

HMA E* Predictive Model:
HMA Rutting Model coefficients:
Endurance Limit (microstrain):

Structure--Layers

Layer 1 -- Asphalt concrete
Material type:
Layer thickness (in):

General Properties
General
Reference temperature (F°):

Volumetric Properties as Built
Effective binder content (%):
Air voids (%):

Total unit weight (pcf):

Poisson’s ratio:

Thermal Properties

Thermal conductivity asphalt (BTU/hr-ft-F°):

Heat capacity asphalt (BTU/Ib-F°):

Asphalt Mix
Cumulative % Retained 3/4 inch sieve:
Cumulative % Retained 3/8 inch sieve:
Cumulative % Retained #4 sieve:
% Passing #200 sieve:

8.5

12

120

51.6
49.2
49.2

C:\DG2002\Projects\StLouis.icm
36.01

-94.1

1247

10

NCHRP 1-37A viscosity based model.
NCHRP 1-37A coefficients
None (0 microstrain)

Asphalt concrete
3

70

11.5

7

150

0.35 (user entered)

0.67
0.23
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Asphalt Binder

Option: Superpave binder grading
A 9.7150 (correlated)
VTS: -3.2080 (correlated)
High temp. Low temperature, °C
RC -10 -16 -22 -28 -34 -40
46
52
58
64
70
76 H
82

Thermal Cracking Properties

Average Tensile Strength at 14°F: 393.49
Mixture VMA (%) 18.5
Aggreagate coeff. thermal contraction (in./in.) 0.000005
Mix coeff. thermal contraction (in./in./°F): 0.000013
Low Mid. High
Load Temp. Temp. Temp.
Time -4°F 14°F 32°F

(sec) (1/psi) (1/psi) (1/psi)
1| 4.62E-07| 6.83E-07| 9.25E-07
2| 5.02E-07| 7.88E-07| 1.15E-06
5| 5.6E-07 9.51E-07| 1.55E-06
10] 6.09E-07| 1.1E-06] 1.93E-06
20| 6.61E-07| 1.27E-06] 2.41E-06
50| 7.38E-07| 1.53E-06| 3.22E-06
100| 8.02E-07| 1.76E-06] 4.02E-06

Layer 2 -- Asphalt concrete
Material type: Asphalt concrete
Layer thickness (in): 4

General Properties
General
Reference temperature (F°): 70

Volumetric Properties as Built

Effective binder content (%): 10.5

Air voids (%): 8

Total unit weight (pcf): 145

Poisson's ratio: 0.35 (user entered)

Thermal Properties

Thermal conductivity asphalt (BTU/hr-ft-F°): 0.67
Heat capacity asphalt (BTU/Ib-F°): 0.23
Asphalt Mix

Cumulative % Retained 3/4 inch sieve: 7

Cumulative % Retained 3/8 inch sieve: 20

Cumulative % Retained #4 sieve: 35

% Passing #200 sieve: 4
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Asphalt Binder

Option: Superpave binder grading
A 9.7150 (correlated)
VTS: -3.2080 (correlated)
High temp. Low temperature, °C
RO -10 -16 -22 -28 -34 -40 -46
46
52
58
64
70
76 —
82
Layer 3 -- Asphalt concrete
Material type: Asphalt concrete
Layer thickness (in): 5
General Properties
General
Reference temperature (F°): 70
Volumetric Properties as Built
Effective binder content (%): 10
Air voids (%): 8
Total unit weight (pcf): 140
Poisson's ratio: 0.35 (user entered)
Thermal Properties
Thermal conductivity asphalt (BTU/hr-ft-F°): 0.67
Heat capacity asphalt (BTU/Ib-F°): 0.23
Asphalt Mix
Cumulative % Retained 3/4 inch sieve: 15
Cumulative % Retained 3/8 inch sieve: 25
Cumulative % Retained #4 sieve: 30
% Passing #200 sieve: 4
Asphalt Binder
Option: Superpave binder grading
A 9.7150 (correlated)
VTS: -3.2080 (correlated)
High temp. Low temperature, °C
R -10 -16 -22 -28 -34 -40 -46
46
52
58
64
70
76 —
82

67




Layer 4 -- Crushed stone
Unbound Material:
Thickness(in):

Strength Properties
Input Level:
Analysis Type:
Poisson's ratio:
Coefficient of lateral pressure,Ko:
Modulus (input) (psi):

ICM Inputs
Gradation and Plasticity Index

Crushed stone
12

Level 3

ICM inputs (ICM Calculated Modulus)
0.35

0.5

30000

Plasticity Index, PI: 1
Liquid Limit (LL) 6
Compacted Layer No
Passing #200 sieve (%): 8.7
Passing #40 20
Passing #4 sieve (%): 4.7
D10(mm) 0.1035
D20(mm) 0.425
D30(mm) 1.306
D60(mm) 10.82
D90(mm) 46.19
Sieve Percent Passing
0.001lmm
0.002mm
0.020mm
#200 8.7
#100
#80 12.9
#60
#50
#40 20
#30
#20
#16
#10 33.8
#8
#4 44.7
3/8" 57.2
1/2" 63.1
3/4" 72.7
1" 78.8
11/2" 85.8
2" 91.6
21/2"
3
31/2" 97.6
4" 97.6
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Calculated/Derived Parameters
Maximum dry unit weight (pcf):

Specific gravity of solids, Gs:

Saturated hydraulic conductivity (ft/hr):
Optimum gravimetric water content (%):
Calculated degree of saturation (%):

Soil water characteristic curve parameters:

Parameters Value
a 7.2555
b 1.3328
c 0.82422
Hr. 117.4
Layer 5 -- A-6
Unbound Material:
Thickness(in):

Strength Properties
Input Level:
Analysis Type:
Poisson's ratio:
Coefficient of lateral pressure,Ko:
Modulus (input) (psi):

ICM Inputs
Gradation and Plasticity Index
Plasticity Index, PI:
Liquid Limit (LL)
Compacted Layer
Passing #200 sieve (%):
Passing #40
Passing #4 sieve (%):
D10(mm)
D20(mm)
D30(mm)
D60(mm)
D90(mm)

127.2 (derived)
2.70 (derived)
0.05054 (derived)
7.4 (derived)
61.2 (calculated)

Default values

A-6
Semi-infinite

Level 3

ICM inputs (ICM Calculated Modulus)
0.35

0.5

9999

16

33

No

63.2

82.4

93.5
0.000285
0.0008125
0.002316
0.05364
1.922
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Sieve Percent Passing
0.001mm
0.002mm
0.020mm
#200 63.2
#100
#80 73.5
#60
#50
#40 82.4
#30
#20
#16
#10 90.2
#8
#4 93.5
3/8" 96.4
1/2" 97.4
3/4" 98.4
1" 99
11/2" 99.5
2" 99.8
21/2"
3
31/2" 100
4" 100

Calculated/Derived Parameters

Maximum dry unit weight (pcf):

Specific gravity of solids, Gs:

Saturated hydraulic conductivity (ft/hr):
Optimum gravimetric water content (%):
Calculated degree of saturation (%):

Soil water characteristic curve parameters:

Parameters Value
a 108.41
b 0.68007
c 0.21612
Hr. 500

107.9 (derived)
2.70 (derived)
1.95e-005 (derived)
17.1 (derived)

82.1 (calculated)

Default values

Distress Model Calibration Settings - Flexible

AC Fatigue
k1
k2
k3

AC Rutting
k1
k2
k3

Standard Deviation Total

Rutting (RUT):

Thermal Fracture
k1

Std. Dev. (THERMAL):

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)

0.007566

3.9492

1.281

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)

-3.35412

1.5606

0.4791

0.24*POWER(RUT,0.8026)+0.001

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)
1.5

0.1468 * THERMAL + 65.027
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Level 3: NCHRP 1-37A coefficients (nationally

CSM Fatigue calibrated values)
k1 1
k2 1

Level 3: NCHRP 1-37A coefficients (nationally

Subgrade Rutting calibrated values)

Granular:
k1 2.03
Fine-grain:
k1 1.35
AC Cracking
AC Top Down Cracking
C1 (top) 7
C2 (top) 3.5
C3 (top) 0
C4 (top) 1000

Standard Deviation (TOP)

AC Bottom Up Cracking

C1 (bottom)
C2 (bottom)
C3 (bottom)
C4 (bottom)

Standard Deviation (TOP)

CSM Cracking

C1(CSM)
C2 (CSM)
C3(CSM)
C4 (CSM)

Standard Deviation (CSM)

IRI HMA Pavements New

C1(HMA)
C2(HMA)
C3(HMA)
CA4(HMA)

IRI HMA/PCC Pavements

C1(HMA/PCC)
C2(HMA/PCC)
C3(HMA/PCC)
C4(HMA/PCC)

200 + 2300/(1+exp(1.072-2.1654*l0g(TOP+0.0001)))

1
1
0
6000

1.13+13/(1+exp(7.57-15.5*log(BOTTOM+0.0001)))

1000

CTB*1

40

0.008
0.015

40.8
0.575
0.0014
0.00825
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