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EXECUTIVE SUMMARY

Proper structural design of pavement systems requires knowing the resilient modulus of the soil
as this parameter is a proven predictor of the stress-dependent elastic modulus of soil materials
under traffic loading. In addition, the R-value test is conducted using a device called a stabilometer,
where the material’s resistance to deformation is expressed as a function of the ratio of the
transmitted lateral pressure to that of the applied vertical pressure. Both tests are expensive and
time consuming; however, establishing accurate and reliable correlations between the test results
and the soil’s physical properties, in lieu of laboratory testing, can save a considerable amount of
time and money in the analysis and quality control process. For these reasons, correlations are
typically used for estimating the resilient modulus and R-value for soils. The variability of a given
soil type in different regions and states requires developing modified and specific correlations for
each state based on statistical analysis of the statewide soil data collected. The main goal of this
research study was to develop correlations among R-value, Resilient modulus, and soil’s basic

properties for available AASHTO soil types in databases in Colorado.

In this research study, an extensive database of systematically conducted R-value tests was
developed by acquiring and analyzing paper copies of many soil reports with R-value tests
performed by CDOT. A multiple regression analysis was performed to correlate the R-value as the
dependent variable with the fundamental soil properties as the independent variables. The
prediction models for the R-values of available AASHTO soil types had adjusted R? values ranging
from 0.529 to 0.944. The results showed that 98, 90, 73, 64, 57, 80, 48, and 46% of the R-values
obtained from the prediction equations for A-1-a, A-1-b, A-2-4, A-2-6, A-2-7, A-4, A-6, and A-7-

6, respectively, fell within £20% of the laboratory R-values.

In this research study, Ground Engineering Consultants, as the main source for resilient modulus
test data in Colorado, was contracted to collect and compile detailed reports of the resilient
modulus and the associated basic soil properties for Colorado soils. This task included identifying
historical resilient modulus, gradation, particle size analysis, R-value, maximum dry density,
optimum moisture content, and Atterberg limits data, which were collected at Ground

Engineering’s Commerce City laboratory. The resilient modulus data for 203 test samples were



obtained but given that the tests were mainly conducted for evaluation of the resilient modulus
data, a large portion of the tests did not have the accompanying soil index tests. AASHTO soil
types A-1-b, A-2-4, A-4, and A-6 were present in the developed database for further regression
analysis.

The generalized resilient modulus model that was developed through NCHRP Project 1-28A was
adopted in this study. This model is widely accepted and applicable to all soil types. A multiple
regression analysis was performed to correlate the resilient modulus value as the dependent
variables with the fundamental soil properties as the independent variables. All the fundamental
soil properties available in the established database were treated as potential independent variables
and numerous combinations of soil properties (independent variables) were used in the regression
analysis. The adjusted R? values obtained for the prediction models for the k1.3 coefficients, using
the generalized resilient modulus model, ranged from 0.488 to 0.903. The prediction models
showed that 87, 57, and 20% of the resilient modulus values obtained from the prediction equations
for A-1-b, A-4, and A-6, respectively, fell within £20% of the laboratory resilient modulus values.
It was determined that two important independent variables, being the percent silt and clay content,
were not available in the established database of resilient modulus tests.

AASHTO soil type A-2-4 was the most prevalent in the established database, and upon the
recommendation of the study panel, was selected as the target soil type for a more detailed and
systematic testing and regression analysis. To determine the physical sample properties, the
following standard laboratory tests were conducted for each sample of A-2-4 soil: (a) Grain size
distribution (sieve and hydrometer analyses) following ASTM D422-63, Atterberg limits (liquid
limit, LL and plastic limit, PL) following ASTM D4318, modified Proctor test to determine the
optimum moisture content and maximum dry unit weight following ASTM D1557, and R-value
test according to AASHTO T190. A multiple regression analysis and stepwise regression analysis
were performed to correlate the experimentally-measured resilient modulus values for A-2-4 soil
type with the fundamental soil properties; and the MEPDG-adopted generalized resilient modulus
model was used in our statistical analysis. The adjusted R? for the prediction model was 0.827,
which is very high. The majority of the predicted resilient modulus values for A-2-4 soil were

within +/- 50% of the measured resilient modulus value and the proportion of points where the



predicted resilient modulus value was within +/- 20% of the measured resilient modulus value was
65.7%. Using the developed prediction models in this study can be expected to save a considerable
amount of time and money in testing and analyzing soil properties. In this study, in addition to the
development of models for prediction of resilient modulus and R-value from basic soil properties,
direct correlations between the resilient modulus and R-value were explored for A-2-4 soil type
and four models were developed. Higher quality models require information about soil basic
properties beyond the R-value and considering the higher accuracy of resilient modulus models
for the A-2-4 soil type, we suggest using the resilient modulus models which incorporate basic soil
properties and the stress conditions instead of estimating the resilient modulus solely based on the

R-value number.

Implementation Statement

Based on the results of this research study, several regression models were developed to be used
for estimation of the R-value for AASHTO soil types A-1-a, A-1-b, A-2-4, A-2-6, A-2-7, A-4, A-
6, and A-7-6. In addition, regression models for prediction of resilient modulus for AASHTO soil
types A-1-b, A-2-4, and A-4 were presented in this study. Two important independent variables of
percent silt and clay content were not available in the established database of resilient modulus
tests for A-1-a and A-4 soils; therefore, we suggest using the regression models for A-1-b and A-
4 soils with caution. The systematic testing in this study on A-2-4 soil type resulted in high quality
regressions and similar testing program and regression analysis methodology can be applied to
other soil types of interest. We suggest performing the hydrometer testing for all soil types of
interest since the percent silt and clay content in the soils were identified as important independent
variables from our regression analysis and the literature. In addition, for each soil AASHTO soil
type, we recommend testing at least 30 samples using the same testing program to obtain the same
basic soil properties for all studied soil specimens. The existing CDOT database lacked the
exudation pressure and moisture content information for soil specimens that were tested for R-
values, and the reported R-value was the final value corresponding to 300 psi exudation pressure.
We suggest recording the moisture content and the exudation pressure for each specific R-value
test performed by CDOT in its database. Section 10 “Conclusions and Implementation” presents

a summary of the research work.
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1. Introduction

The aim of this research study was to develop correlations for estimating the resilient modulus and
R-values of available Colorado soils in established databases from basic physical soil properties.
Using such correlation equations would reduce the time and cost for testing and analyzing the
material properties for each pavement project. In addition, the need to leave the construction field
trailer to perform additional R-value or resilient modulus testing to verify the quality of

construction materials also could be reduced if not totally eliminated.

This project report consists of the following main parts: (a) completed synthesis report of
correlations among R-value, Resilient Modulus, and basic (index) soil properties; (b) statistical
analysis of the CDOT soil archive database for R-values; (c) statistical analysis of the established
resilient modulus database from Ground Engineering Consultants for all available soil types, and
(d) A-2-4 soil testing and statistical analysis of the obtained test results.

2. Synthesis on R-value and its correlations with basic soil properties

2.1  R-value testing procedure

The R-value test, which is used to measure the strength of the subgrade, subbase, and base course
materials in pavements, is used by many transportation agencies as the quantifying parameter in
evaluating the subgrade and base course for pavement design as well as a criterion for acceptance
of aggregates for pavement systems. The R-value test is conducted using a device called the
stabilometer, which expresses the material’s resistance to deformation as a function of the ratio of
the transmitted lateral pressure to the applied vertical pressure. The test can be performed
according to AASHTO T190, ASTM D2844, and Colorado CP-L3101 procedures.

R-values can range from zero to 100 (low soil strength to high soil strength). The R-value test is
time consuming, requires specific equipment and trained personnel, and is not commonly available

at commercial testing facilities. Establishing accurate and reliable correlations between the soil’s



R-value and physical properties can save a considerable amount of time and money in testing and

analyzing the properties of construction materials.

The R-value testing process consists of four required steps: (a) compacting a 4-inch specimen
using a kneading compactor; (b) loading the compacted specimen in a steel mold until enough
moisture is squeezed out of the specimen to light up five out of six bulbs on an exudation indicator
device and recording the exudation pressure; (c) soaking the specimen for 24 hours; and (d) testing

the specimen in a Hveem stabilometer to measure the R-value. The R-value is defined as:

R-value =100 10 1)
25 P
2 (- +1
D2 I:>h

where P, and P, are the vertical and horizontal (lateral) pressures applied/experienced by the soil
specimen, respectively, and D, is the number of turns of the screw to inject oil into the chamber.

The lateral pressure depends on the stiffness of the soil. For example, for a soil specimen with an
R-value of 100, the soil will not deform under the vertical load. In contrast, an R-value of zero
indicates that the soil will deform like a liquid in the same amount laterally and vertically.

Reporting the R-value for each soil specimen requires testing at least three specimens at three
different moisture contents and exudation pressures. The R-value is obtained by extrapolating at

an exudation pressure of 300 psi. Figure 1 shows the typical R-value test results for a soil specimen.
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Figure 1. Typical presentation of R-value results as a function of exudation pressure

(Modified after ASTM D2844)

2.2  Correlations between R-value and soil index properties

The New Mexico Department of Transportation (NMDOT) developed a chart for estimating R-
values for soils from different AASHTO classifications based on the plasticity index (PI) values
at 60% reliability (i.e., 60% chance of having estimated values from the charts being equal or

greater than the actual R-values). The estimation chart is presented in Table 1.

Since the R-value indicates the soil strength and stiffness, it cannot be properly represented by the
PI of the soil only. Lenke et al. (2006) performed R-value tests for 15 collected specimens from
different sites and compared the actual R-values against the estimated R-values obtained using the
NMDOT R-value chart shown in Table 2 and reported that the best fit line was an R*value of

0.5837. The closer R was to 1.0, the better the regression model. This average level coefficient
of determination confirmed that the Pl alone cannot be a good indicator of the R-value for soils.
In addition, Lenke et al. (2006) proposed correlations with the following three ASTM field tests:
(@) Clegg hammer, (b) dynamic cone penetrometer, and (c) soil stiffness gauge (GeoGauge). The
AASHTO soil classification system considers granular materials with a maximum of 35% passing
of sieve No. 200 (75 um) and fine-grained soils with passing greater than 35%. However, Lenke
et al. (2006) proposed a dividing limit of 20% for passing of sieve No. 200. In other words, soils

with more than 20% fines were considered as fine-grained soils while soils with less than 20%



fines were considered as coarse-grained soils. Separate correlations also were proposed for the
fine- and coarse-grained soils to relate the R-value with the three field tests. Table 2 presents a

summary for the coefficient of determination for the actual versus estimated R-values.

Table 1. R-value estimation chart (60% reliability) (after Lenke et al., 2006)

Plasticity AASHTO Soils Classification
Index Al-a | A1-b | A-24 | A25 | A26 | A2T7 A-3 A4 A-5 A-6 A-T-5 | A-T-6

0 72 69 55 46 46

1 72 67 53 43 43

2 71 65 50 41 40

3 71 63 48 38 36

4 m 62 45 36 33

5 70 60 43 33 30

6 70 58 40 31 27

7 38 28 24

8 35 26 21

9 33 23 18

10 30 20 15

11 3 33 11 9 7
12 30 32 11 9 7
13 29 31 11 9 7
14 @ 28 F=] P 10 9 6
15 2 27 2 10 9 3
16 w 2% 27 w 10 8 6
17 z 25 2 = 9 8 5
18 g 2 25 § 9 8 5
19 e 23 23 @ 9 8 6
20 ; 2 B "E 8 ] 5
21 H 21 il 5 8 7 6
22 = 20 20 = 7 7 6
23 g 19 19 g 7 7 6
24 S 18 17 3 7 7 6
25 2 17 16 2 [ 7 6
26 16 15 6 6 6
27 15 14 6 6 3
28 14 13 5 6 6
29 13 11 5 6 6
30 12 10 <5 6 6
k1 11 9 <5 6 5
32 10 8 <5 5 5
33 9 7 <5 5 5
34 8 5 <5 5 5
35 7 <5 <5 5 5
36 [ <5 <5 5 5
37 5 <5 <5 <5 5
38 <5 <5 <5 <5 5
39 <5 <5 <5 <5 5
40 <5 <5 <5 <5 5

Table 2. Performance of suggested field-based estimation methods (Lenke et al., 2006)

Method of Estimation Coefficient of Determination (R?) for
estimated versus actual R-value

NMDOT Chart 0.5837

Clegg Hammer 0.9477

Dynamic Cone Penetrometer 0.9636

GeoGauge with sand interface 0.9797




The R-value also has been directly related to the soil index properties. Table 3 provides the
correlation developed by the Arizona Department of Transportation (Hashiro, 2005). In this
correlation, the R-value is estimated based on the PI of the soil and the percent passing of sieve
No. 200. The scope of this correlation was very limited and only the Pl and the percent of fines
(PF) were considered as the two independent variables. For non-plastic soils, this correlation relies
solely on the percent passing of sieve No. 200, which is likely insufficient as the sole predictor of
the strength and stiffness of soils. In other words, because of the dependence of the model on the
soil’s PI, the effectiveness of applying this model to non-plastic soils is questionable. The Arizona

DOT Materials Design Manual proposed the following logio model:

log,, (R-value) = b, +b, (PI)+b, (PF) (2)

where b terms are regression coefficients.

Miller (2009) conducted statistical analysis to establish correlations between the R-value of soil
specimens from six different districts in Idaho and the soil’s basic property data (i.e., soil
classification, Atterberg limits, and PF). The distribution of R-values clearly showed some relation
to the PF and P1 of the soils because they are used in the Unified Soil Classification System (USCS)
to differentiate the soil classes. Miller (2009) observed a widespread R-value for high plasticity
soils (i.e., clayey soils) and higher R-value ranges were observed for coarser soils with lower
percent of fines. The observations from Miller’s work can be summarized as follows: (a) coarse-
grained soils with 12 percent fines or less typically had R-values greater than 40; (b) soils with a
Pl greater than 50 generally had R-values less than 20; (c) non-plastic and low-plasticity soils had
R-values that were spread across a wide range; and (d) soils with resistivity exceeding 8,000 ohm-
cm almost always had R-values greater than 60. In their study, four soil attributes were considered
as the potential independent variables: (1) the USCS classification code, which is the number
indicating the soil’s classification based on the USCS classification system; (2) the liquid limit;
(3) the PI; and (4) the PF. Among these four parameters, the liquid limit did not add any significant

information to the regression models and was later dropped. The model presented in equation 3



reported the highest R*for all the soils combined, which outperformed the other regression

models.

Table 3. R-value at 300 psi exudation pressure (re-produced from Hashiro, 2005)

1

1

Percent Passing Sieve No. 200 (Percent fines

8/8|8|7|7|7|7]|6|6|6|6|5|5|5|5|4|4|4][4[4]|4]4]3]3]3[3[3][3]|2[2]2]2
8/8|7|7]|7/6|6|6]|6|5|5|5|5|5][4[4]|4[4][4][4]|3[3[83[3]3[3[3][3]2[2[2]2

7]7]7|6)6|/6|6|5|5|5|5|5|4]|4][4[4]|4|4]3]3]|3|3[3][3]3|3[2]2]|2|2]2]2

7/6|6|6|6|5|5|5|5|5[4|4|4]4]4(3|3|3[3[3]|3|3[3][3]|2]2]2]|2]|2]2]2]|2

6/6|6|5|5|5|5|5|4]|4]4|4]|4]4]3[3]|3|3[3]|3]|3|3]2]|2]|2|2]2]|2]|2|2]2]2

6/5/5|5|5[5]4[4]|4[4]4|4]|3[3[3[3]|3[3[3][3]|3[2]2]|2]|2]2]2]|2]|2|2][2]2
5/5|5|5|4|4[4|4]|4]4[3]|3]|3|3[3]3]|3|3[3]|2]|2]|2]|2]|2|2]2]|2]2|2]1]|2

5/5[5|4|4]4]4(4]14]3[3[3]|3[3[3[3]|3|2]2]|2]|2]2]2]|2]2]2]2]|2]2]1

0[3]|6|9(12|15/18{21|24]|27(30|33|36|39|42|45|48(51|54|57(60(63|66|69(72|75|78(81|84|87(90|93|96

100/ 96|92(88|85|81|78|75|72|69|66|63|61|58|56|54|52|49|47|45|44|42|40(39|37|35|34(33]|31|30|29|28|27

96 |192|89|85|81|78|75|72|69)|66|64|61|58|56|54|52|50)|48|46|44|42|40|39|37|36|34|33|31|30|29|28|27|26
92 189|85|82|78|75|72|69|66|64|61|59|56|54|52|50|49)|46|44|42]|40|39|37|36|34)|33|31|30|29|28|27|26|25
89 |85|82|79|75|72|69|67|64)|61|59|56|54|52|50|48|46|44|42|40|39|37|36(34|33|32|30|29|28|27|26|25|24
86 |82|79|76|72|70|67|64|61)|59|56|54|52|50|48|46|44)|42|41|39|37|36|34|33]|32|30|29|28|27|26|25|24|23
82|79|76|73|70|67|64|62]|59|57|54|52|50|48|46|44|42|41|39|37|36|34|33(32)|30|29|28|27|26|25|24|23|22

79 |76|73|70|67)|64|62|59|57|54|52|50|48|46|44|42|41|39|37|36|35/33]32(30)29|28|27|26|25|24|23|22|21

76 | 73|70|67|64)62|59|57|55|52|50|48|46|44|43|41|39)|38|36|35|33|32|31|29|28)|27|26|25|24|23]22|21|20

70| 70|67|65|62)|59|57|55|52|50|48|46|44|43|41|39|38)|36|35|33|32|31|29|28|27)|26|25|24|23|22|21|20|19
68 | 67|65|62| 60|57 |55|53]|50)|48|46|45]|43|41|39|38|35|35|33|32|31|29|28|27|26|25|24|23]|22|21|20|19]|19

65 |65|62|60|57)|55|53|51]|49)|47|45|43]|41|39|38|36|33|33]32|31|30|28|27(26|25|24|23|22|21|20|19[19|18

63 |62|60|57|55|53]51]49|47)|45]43]41]40|38|36|35|32|32|31|30|28|27|26(25]|24|23|22|21]|20|20|19|18|17

60 | 60| 58|55|53)|51|49|47|45|43]41|40|38)|36|35|34|31)|31|30|28|27|26|25|24|23|22|21|20|20|19|18|17|17

58 | 58|55|53|51)|49|47|45|43|41|40|38|37|35|34|32|30)|30|29|27|26|25|24(23]|22|21|20|20|19|18|17|17|16

56 | 55|53|51|49|47|45|43]|41)|40|38|37(35|34|32|31|29)|29|27|26|25|24|23]22|21|21|20|19]|18|17|17|16|15

53 |53|51|49|47)45]43]42|40)38|37|35|34|32|31|30|28)|27|26|25]|24|23]22|21]|21|20|19|18|17|17|16|15|15

51 |51|49|47|45|43]42|40|38)37|35|34(33|31|30|29|26|26|25|24|23|22|21|21]|20|19|18|17|17|16|15|15|14

49 [49]47)|45(44[42]40|38|37(35]34|33[31(30|29)|28|25(25]|24|22|22(22]21|20(19(18|17|17|16[15|15|14|14

48 [47]45|44|42(40]39|37(35(34|33|31|30(29|28|27|24(24]23|22|22(21]|20|19/18(18]17|16|15[15]|14|14|13

46 [46]44|42|40(39|37)|36(34(33]31|30(29(28|27|26(24(23]|23|22|21(20]|19|18|18(17|16|16|15[14|14|13|13

44 [44]42|40(39(37]36|34(33[31]30)|29(28(27|26|25[23(23]|22|21(20(19]|18|18|17(16|16|15[14[14|13|13[12

42 [42]40|39(37(36]34|33[32(30|29|28|27(26|25|24|22(22]21|20(19(18]18|17[16(16|15|14|14[13]13|12|12

41 [41]39)37|36(34]33|32(30(29]28)|27|26(25]|24|23[21(21]|20|19(18(18]17|16[16(15]|14|14[13[13]12|12|11

39 39|37|36(34)33]32|30|29)|28|27|26|25|24|23|22|20|20|19|18|18|17|16|16|15|14|14|13|13|12|12|11|11

38 37|36(35(33|32|30(29|28)|27|26(25|24|23|22|21]|19|19|19|18|17|16|16|15]|14|14|13|13]|12|12|11|11]|10

36 |36|35|33]32|31[29|28|27|26|25|24]23|22|21|20|19|19|18|17|16|16|15|14]|14|13]13|12]|12|11|11|10]|10

35)35/33|32|31)29|28|27|26|25|24|23]|22|21|20|19|18)|18|17|16|16|15|15|14]|13|13]12|12|11|11]10|10|10
3333|32|31|29)|28|27|26|25|24|23]22|21|20|19|19|17|17|16|16|15|15|14|13|13]|12|12|11|11]|10/10|10| 9

3232|31[30|28)|27|26|25|24|23]22|21]20|19|19|18|17|17|15|15|15|14|13|13|12|12|11|11]10|10/10{ 9| 9

31)31|30(28|27|26|25|24|23|22|21]20|20|19|18|17|16|16|15|15]14]|13|13|12|12]|11|11]10{10|10/ 9|9 |9

30)30|28|27|26|25|24|23]|22)|21]20]20|19]|18|17|17|15|15|15|14|13]|13|12|12|11]|11|11]10{10|/9|/9[9 |8

2929|27|26|25|24|23]22|21|20|20|19|18|17|17|16|15|15|14|14|13]|12|12|11|11|11|10{10{9]|9|/9|8| 8

2727|26(25(24)|23|22|21(21|20|19|18|17|17|16|15|14|14|14|13|12|12|11|11|11|10(10{9|9]|9|8|8| 8

26|26|25(24(23|22|21]21]20)|19|18|17|17|16|15|15]|14]|14|13|13|12]|12|11]11]10|/10/9[9[9|8|8[8|7

25(25|24|23]|22|21|21|20)|19|18|17|17|16|15|15|14|13]|13|13|12(12|11|11|10{10/9 /9|9 |88 8|7 |7

24124|23]22|22|21|20|19|18)|17|17|16|15|15|14|14|13]|13|12|12|11|11|10({10{9]|9|9|8|8|8 |7 |7 |7

23)23]22(22|21|20|19|18|18)|17|16|15|15|14|14|13|12|12|12|11|11|10(10{ 99| 9|8 |8 8|7 |7|7|6

23)23]22(21]20)19|18|18|17)|16|16|15]14]|14|13|13|12]|12|11|11(10|10/9[9|9|8|8[8|7|7|7|7|6

2222|21|20|19)|18|18|17|16|16|15|14|14|13|13|12|11|11|11|10{10|/9|9|9|8|8|8|7|7|7|7|6]|6

22)21|20(19|18|18|17|16|16|15|14|14|13|13|12|12|11|11|10{10{9]|9|9|8|8|8|7|7|7|6|6|6]|6

21)20/19(18|18|17|16|16|15|14|14|13|13]|12|12|11|10|10/10{10{ 9|9 |8 |8 8|7 |7 |7|7|6|6[6|6

19[19/18|17|16|16|15/14)|14|13|13[12|12|11|11]10/9)10{/ 9|9 8|8 |8 |7 (7| 7|7|6[6|5|6|5]|5

18)17|16|16|15|15|14|13|13)12|12|11|11|10/10|10{ 9|9 |8 |8 (8|7 |7 |7|7|6|6|6|6]|5|5|5]|5

17116|15]15|14)13|13]12|12|11|11|10|10|10/ 9|9 |8|8|8|8|7|7|7|6|6]|6|6|5|5|5|5[5]4

15)15]14[13|13)12|12|11|11|11/10{10{ 9|9 |9|8|7|8|7|7|7|6|6|6|6]|5|5|5|5]|4[4][4]|4

1414]13]12|12)11|11|11]10|10/9|9|9|8|8|8|7|7|7|6|6]|6|6|5|5|5|5[5|4]|4|4]4]4

13)13]12|12|11|11/10]/10{9)9|9|8|8|8|7|7|6|6|6|6|6]|5|5|5|5|5|4][4]|4]|4|4]4]|3

12)12]11]11]10|10/9]9|9|8|8|8|7|7|7|6|6|6|6|5|5|5|5[5|4]|4|4][4][4]|3|3[3]3

11)11/10(10{9)9/9|8|8|8|7|7|7|7|6|