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Resilient Modulus Data Analysis 

Mr values are used in pavement design as a measure of stiffness of unbound materials in the 
pavement structure. The Mr parameter is a highly stress-dependent parameter. Many non-linear 
constitutive models have been proposed that incorporate the effects of stress levels and predict 
Mr values. Most soils exhibit the effects of increasing stiffness with increasing bulk stress and 
decreasing stiffness with increasing shear stress (Andrei et al. 2004). A non-linear constitutive 
model (also called the universal model) proposed by Witczak and Uzan (1988) (Equation 1) was 
used in this study 

32 k

a

oct
k

a

B
a1r 1

PP
Pk  M 








+

τ







 σ
=

 (1) 

where Pa = atmospheric pressure (MPa); σB = bulk stress (MPa) = σ1 + σ2 + σ3; τoct = octahedral 
shear stress (MPa) = {[(σ1-σ2)2+( σ2- σ3)2+( σ3-σ1)2]1/2} / 3; σ1, σ2 , σ3 = principal stresses; and k1, 
k2, k3 = regression coefficients. The k1 coefficient is proportional to Mr and therefore is always 
> 0. The k2 coefficient explains the behavior of the material with changes in the volumetric 
stresses. Increasing volumetric stresses increases the Mr value and therefore the k2 coefficient 
should be ≥ 0. The k3 coefficient explains the behavior of the material with changes in shear 
stresses. Increasing shear stress softens the material and yields a lower Mr value; therefore, the k3 
coefficient should be ≤ 0. 

The R2 values determined for this model were adjusted for the number of regression parameters 
using Equation 2 
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where n = the number of data points and p = the number of regression parameters. 

Determination of Dynamic Secant Modulus from Cyclic Stress-Strain Data 

The cyclic stress-strain data obtained from the resilient modulus test was used to estimate 
dynamic secant modulus (Es) to compare with dynamic elastic modulus measurements from the 
field. Secant modulus was determined from the slope of the line connecting the origin to a 
selected point on the stress-strain curve of a material, as illustrated in Figure 8. The difference 
between secant moduli and resilient moduli is the use of permanent strain instead of resilient 
strain in the calculations. 
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Figure 8. Comparison of resilient (Mr(T-307)), cyclic secant (E*s(T-307)), and 
dynamic secant (Es(T-307)) modulus values 

Frost Heave and Thaw Weakening Test 

The frost heave and thaw weakening test was performed in general accordance with ASTM 
D5918-06 Standard test methods for frost heave and thaw weakening susceptibility of soils. The 
test is used to classify the frost heave and thaw weakening susceptibility of soils based on the 
heave rate and the thawed CBR values determined from the test. The heave rate and post-test F/T 
CBR values are compared with a classification system provided in the standard to determine the 
susceptibility ratings Table 3. It must be noted that the test results can only be used to compare 
the relative frost heave and thaw weakening susceptibility between material types and cannot be 
used to directly determine the amount of frost heave or thaw weakening in situ in a pavement 
system. 
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Figure 22. TS1 and TS2: Moisture-dry unit weight relationships of subgrade material from 
Proctor tests, moisture-dry unit weight of Mr samples, and in situ moisture-dry unit weight 

measurements 
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Figure 23. TS1: Moisture-dry unit weight relationships of subbase material from Proctor 
tests, moisture-dry unit weight of Mr samples, and in situ moisture-dry unit weight 

measurements 

 

Figure 24. TS1: Moisture-dry unit weight relationships of subbase material from vibratory 
compaction tests, moisture-dry unit weight of Mr samples, and in situ moisture-dry unit 

weight measurements 
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Figure 27. Summary of σB versus Mr for subbase, subgrade, and composite samples 

  

Figure 28. Sand + subgrade layered composite sample during Mr testing (left) and after 
shearing (right) 
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Figure 29. Sand + subgrade layered composite sample extruded sample after shearing 

Frost Heave and Thaw Weakening Test Results 

Frost-heave and thaw-weakening tests were conducted on four compacted subgrade samples 
from TS2. The samples were compacted to a target w = 12.4% and γd = 18.69 kN/m3. The actual 
w of the samples varied between 12.0% and 13.9% and the actual γd varied between 18.10 kN/m3 
and 18.39 kN/m3, with a degree of saturation at about 65% to 77%. The CBR of the compacted 
sample before saturation was determined as about 26%. 

The frost-heave and temperature versus time results are shown in Figure 30. Results indicated 
that the heave rate was greater for the second freezing cycle than for the first freeze cycle, which 
indicates that the material is susceptible to increased heave with greater F/T cycles. The average 
heave rates for the 1st and 2nd freezing cycles are summarized in Table 6. Based on the frost-
heave rate measurements, the TS2 soil is classified to have medium potential to frost-heave 
according to ASTM D5918. 
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Figure 30. TS2: Frost heave and temperature versus time plots for the lean clay subgrade 

sample 

The height of the samples increased by about 13 to 21 mm (8% to 14%) after the two cycles, and 
the mass of the sample increased by about 232 to 298 gm (4% to 6%). This indicates that the 
moisture drawn into the sample during the freezing period by capillary action did not completely 
drain from the soil during the thawing period. Moisture contents at different depths were 
determined for each sample immediately after the test are presented in Figure 31. The moisture 
content at 100% saturation (assuming the initial γd of each sample) and the initial moisture 
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content of the sample during compaction are also shown on Figure 31 for reference. Results 
indicated that the moisture content is higher at all depths in the samples compared to the initial 
moisture content. The moisture content at the top of the sample was closer to the initial moisture 
content and the moisture content increased with depth. 

The CBR test on the thawed samples decreased to an average CBR = 7 on the four samples 
(Table 6). Based on the thawed CBR values, the soil is classified to have medium potential to 
thaw-weakening according to ASTM D5918. 

 

Figure 31. TS2: Moisture content profiles of subgrade samples immediately after F/T 
testing 
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Table 6. Summary of frost-heave and thaw-weakening test results on TS2 subgrade 
samples 

Parameter µ σ COV (%) 
Number of 

samples 
CBR (%) (standard test) 25.9 — — 1 

CBR (%) (after frost-susceptibility test) 7.2 4 5.5 

4 

1st Frost-heave rate (mm/day)  4.6 0.2 4.2 

2nd Frost-heave rate (mm/day) 5.5 0.9 17.2 

1st Frost-heave susceptibility rating Medium — — 

2nd Frost-heave susceptibility rating Medium — — 

Thaw-weakening susceptibility rating Medium — — 
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CHAPTER 5. IN SITU TEST RESULTS 

Description of Test Sections 

In situ tests were conducted on three test sections (TS). TS1 consisted of a sand subbase layer 
(with variable thickness) underlain by subgrade; TS2 consisted of a subgrade layer; and TS3 
consisted of a PCC surface paved in 2009. Table 7 summarizes the in situ testing methods that 
were used to characterize the foundation layer properties. 

Table 7. Test sections, test dates, material properties, in situ tests, and comments 
TS Date Location Material In Situ Tests Comments 

1 5/25/10 

US10WB lane at 
two locations: 

TS1-1: Between 
Sta. 555+00 
and 565+00 

TS1-2: Near Sta. 
575+50  

Sandy subbase (loose) 
underlain by 
subgrade. 

Note: Thick sand 
subbase (~ 600 mm) at 

location 1 and very 
thin (~50 to 100 mm) 

sand subbase at 
location 2 

NG, DCP, LWD 

TS1-1: Tests performed 
every 3 m along the 
centerline of US 
10WB lane. In 
addition, seven tests 
across pavement 
width near Sta. 
560+00. 

TS1-2: Tests performed 
at five test locations 
by excavating the 
sand subbase layer 
down to subgrade 

2 5/24 to 
5/25/10 

US10 WB lane 
West of Co Rd 
G near Sta. 
495+00 

Subgrade NG, DCP, LWD, 
PLT 

8 m x 28 m dense 
spatial grid section 
and tests every 3 m 
along the centerline 
of US 10WB  

3 5/26/10 

Between Sta. 
615+00 and 
Sta. 580+50 
(started 12 
panels west of 
615+00) along 
US10 WB right 
lane 

PCC pavement (paved 
in 2009),  
underlain by 
crushed rock base, 
sand subbase, and 
subgrade (graded 
in 2008)  

DCP, FWD 

FWD at mid panel and 
joints, and DCP at 
three select 
locations to a depth 
of about 1.8 m 
below pavement 
surface 

Note: TS – test section; NG – nuclear gauge; DCP – dynamic cone penetrometer (DCP) test; LWD – Zorn light 
weight deflectometer with a 300 mm plate; FWD – Kuab falling weight deflectometer; PLT –static plate load test. 

Geostatistical Data Analysis 

Spatially referenced in situ point measurements in a dense grid pattern were obtained for TS2. 
This dataset provides an opportunity to quantify the non-uniformity of compacted fill materials. 
Non-uniformity can be assessed using conventional univariate statistical methods (i.e., by 
statistical standard deviation (σ) and coefficient of variation (COV)), but these methods do not 
address the spatial aspect of non-uniformity. Vennapusa et al. (2010) demonstrated the use of 
semivariogram analysis in combination with conventional statistical analysis to evaluate non-
uniformity in QC/QA during earthwork construction. A semivariogram is a plot of the average 
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squared differences between data values as a function of separation distance and is a common 
tool used in geostatistical studies to describe spatial variation. A typical semivariogram plot is 
presented in Figure 32. The semivariogram function (γ(h)), is defined as one-half of the average 
squared differences between data values that are separated at a distance h (Isaaks and Srivastava 
1989). When this calculation is repeated for many different values of h (as the sample data will 
support), the result can be graphically presented as an experimental semivariogram, shown as 
circles in Figure 32. More details on experimental semivariogram calculation procedure are 
available elsewhere (e.g., Clark and Harper 2002, Isaaks and Srivastava 1989). 

To obtain an algebraic expression for the relationship between separation distance and 
experimental semivariogram, a theoretical model is fit to the data. Some commonly used models 
are linear, spherical, exponential, and Gaussian models. A spherical model was used for data 
analysis in this report. Arithmetic expression of the spherical model and a spherical 
semivariogram are shown in Figure 32. Three parameters are used to construct a theoretical 
semivariogram: sill (C+C0); range (R); and nugget (C0). These parameters are briefly described 
in Figure 32. More discussion on the theoretical models can be found elsewhere (e.g., Clark and 
Harper 2002, Isaaks and Srivastava 1989). For the results presented in this report, the sill, range, 
and nugget values during theoretical model fitting were determined by checking the models for 
goodness using the modified Cressie goodness fit method (see Clark and Harper 2002) and cross-
validation process (see Isaaks and Srivastava 1989). From a theoretical semivariogram model, a 
low “sill” and longer “range of influence” represent best conditions for uniformity, while the 
opposite represents an increasingly non-uniform condition. 

 

Figure 32. Description of a typical experimental and spherical semivariogram and its 
parameters (Isaaks and Srivastava 1989) 
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TS1: Subbase Layer Underlain by Subgrade 

Experimental Testing 

TS1 consisted of a relatively loose sand subbase layer placed over the subgrade along US 10WB 
lane between Sta. 555+00 and 575+00. NG, LWD, and DCP tests were conducted at two 
locations: TS1-1 between Sta. 555+00 and 565+00 at every 3 m along the centerline and seven 
tests across the pavement width near Sta. 560+00 (Figure 33) and TS1-2 near Sta. 575+00 at five 
test locations by excavating the sand subbase layer down to subgrade (Figure 35). Tests on 
TS1-1 were conducted on top of the nominal 600 mm thick sand subbase layer. Because the sand 
subbase layer at TS1-2 was only 50 to 100 mm thick, the sand was excavated prior to testing. 

In Situ Point Test Results and Discussion 

In situ test results from TS1-1 and TS1-2 are presented in Figure 36 and Figure 37, respectively. 
DCP-CBR profiles from each test location are provided in Figure 38 and Figure 39. Histograms 
of all measurements from TS1-1 are provided in Figure 40. The average dry unit weight of the 
subbase layer was about 16.15 kN/m3, which was about 93% of standard Proctor γdmax. The 
average moisture content of the subbase layer was about 3.7%, which was about 8.1% dry of 
standard Proctor wopt. The average dry unit weight of the subgrade layer was about 20.02 kN/m3, 
which was about 115% of standard Proctor γdmax. The average moisture content of the subbase 
layer was about 11.7%, which was about 0.1% dry of standard Proctor wopt. Comparisons of in 
situ moisture-dry unit weight measurements with laboratory Proctor test results are presented in 
the laboratory test results chapter of this report (see Figure 22 and Figure 23). 

Based on DCP profiles, the subbase layer thickness on TS1-1 varied from about 375 to 556 mm. 
On average, the subbase layer thickness was about 150 mm lower than the target 610 mm 
thickness. DOT field engineers on the site indicated that the subbase layer would be graded to 
target thickness prior to paving. 

The average DCP-CBRSubgrade on TS1-1 and TS1-2 was 17.4 (note that the DCP-CBRSubgrade was 
determined from the top 300 mm of subgrade). Using the AASHTO (1993) approach, the 
kEstimated value from this CBR is about 197 kPa/mm (721 pci), which is significantly higher than 
the 41 kPa/mm (150 pci) target k value in the pavement design. 
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Figure 33. TS1-1: Plan view (top) and a photo (bottom) of in situ test locations on TS1-1 
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Figure 34. TS1-2: Photo of in situ testing locations 

 

Figure 35. TS1-2: Excavation through the thin sand subgrade layer for tests on the subbase 
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Figure 36. TS1-1: NG, LWD, and DCP test results 
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Figure 37. TS1-2: In situ NG, LWD, and DCP test results 

 

Figure 38. TS1-1: DCP-CBR profiles at each test location 
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Figure 39. TS1-2: DCP-CBR profiles at each test location 

CBR (%)

0 50 100 150 200 250

D
ep

th
 (m

m
)

0

200

400

600

800

1000

B1
B2
B3
C2
A2

Subgrade



50 

 

Figure 40. TS1-1: Histograms of in situ test measurements 
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TS2: Subgrade Layer 

Experimental Testing 

TS2 consisted of testing the final compacted subgrade layer along US10WB lane near Sta. 
495+00. A plan area of about 8 m x 28 m was selected for dense grid testing with about 70 test 
locations. In addition, tests were conducted every 3 m along the centerline of the alignment over 
65 m long stretch of the road. A plan view of the TS with GPS measurements of the test 
locations is provided in Figure 42. In situ tests on this TS involved PLT, LWD, NG, and DCP 
tests. 

In Situ Point Test Results and Statistical Analysis 

In situ NG, LWD, and DCP test results along the 65 m long stretch of the roadway are presented 
in Figure 43. EV1, EV2, and kPLT* results from PLT are presented in Figure 44. Also included in 
Figure 44 is the design k value for reference. DCP-CBR profiles from TS2 are presented in 
Figure 45. Histogram plots of all in situ measurements are shown in Figure 46. 

The average DCP-CBRSubgrade on TS2 was 15.5 (note that the DCP-CBRSubgrade was determined 
from the top 300 mm of subgrade). Using the AASHTO (1993) approach, the kEstimated value from 
this CBR is about 179 kPa/mm (655 pci), which is significantly higher than the target k value 
used in design (41 kPa/mm (150 pci)). However, the average actual k value measured directly 
from PLT (kPLT*) on this TS was about 30.5 kPa/mm (112 pci), which is about 1.3 times lower 
than the target k value. 

Test measurements obtained in a dense grid pattern with 70 tests over a plan area of about 8 m 
by 28 m provided a robust dataset to characterize the spatial characteristics of the measurements 
using geostatistical analysis. Kriged spatial contour maps, semivariograms, and histograms of 
each in situ point measurement are presented in Figure 47 and Figure 48. The spatial statistical 
parameters (i.e., sill, range, and nugget) are provided in the semivariogram plots. A spherical 
semivariogram model showed best fit for all the measurements. DCP-CBRSubgrade and ELWD-Z3 
kriged contour maps showed similar spatial variation of soft and stiff areas. Spatial variability on 
dry unit weight measurements did not match with ELWD-Z3 and DCP-CBRSubgrade measurements. 
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Figure 41. TS2: Photograph of the compacted subgrade 
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Figure 42. TS2: Plan view of test locations 
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Figure 43. TS2: In situ NG, LWD, and DCP test results 
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Figure 44. TS2: In situ PLT results 
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Figure 45. TS2: DCP-CBR profiles from each test location 
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Figure 46. TS2: Histograms of in situ test measurements 
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Figure 47. TS2: Kriged spatial contour maps (top) and semivariograms of γd and 
w measurements (bottom) 
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Figure 48. TS2: Kriged spatial contour maps and semivariograms of LWD and DCP 
measurements 
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TS3: PCC Pavement Layer 

Experimental Testing 

TS3 consisted of testing the PCC surface layer along US 10WB (right) lane with FWD at mid 
panel and at joints and the foundation layers with DCP. DCP tests were conducted at three 
selected FWD test locations by drilling a hole in the pavement. FWD tests were conducted on 36 
panels between Sta. 615+00 and Sta. 585+00. The PCC pavement was constructed in 2009 and 
reportedly, grading for the pavement foundation layers were completed in this area in summer 
2008. Temperature profiles in the pavement were also obtained during FWD testing to aid in 
interpretation of FWD test results. Temperature measurements were obtained from the surface, 
and at 51 mm, 102 mm, 152 mm, and 241 mm below the surface. 

In Situ Point Test Results and Discussion 

Results from FWD tests including the maximum deflections under plate at mid panel at 40 kN 
applied force (9,000 lb) D0, LTE at joints, zero load intercept, and back-calculated kFWD-Static 
values along the 900 m long stretch of the roadway is presented in Figure 51. Pavement 
temperature profiles indicate positive temperature gradients (i.e., surface warmer than bottom) 
varying from about 0.04 to 0.12oC/m (Figure 52). All intercept measurements were close to zero 
or slightly below zero, indicating no apparent voids beneath the pavement. On average, LTE was 
about 96% (ranging from about 94 to 97%) indicating good joint conditions. kFWD-Static-Corr values 
varied from about 33.7 to 60.3 kPa/mm (123 to 221 pci) with an average of about 45.9 kPa/mm 
(168 pci), which is higher than the target k value assumed in the design (41 kPa/mm (150 pci)). 

The DCP test results from three test locations indicated about 780 mm thick subbase layer (dense 
aggregate + sand) over subgrade layer. The average DCP-CBRSubbase was about 47% and the 
average DCP-CBRSubgrade (in the top 300 mm of subgrade) was about 15%. Using the AASHTO 
(1993) approach, the kEstimated value from this CBR is about 179 kPa/mm (655 pci), which is 
significantly higher than the k value used in the design (41 kPa/mm (150 pci)) and the average 
kFWD-Static-Corr value (45.9 kPa/mm (168 pci)). 
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Figure 49. TS3: FWD test locations 

 

Figure 50. TS3: Collecting DCP data 
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Figure 51. TS3: In situ FWD test results 
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Figure 52. TS3: Pavement temperature profiles during FWD testing 

 

Figure 53. TS3: DCP-CBR profiles at each test location 
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