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Sample Preparation for Resilient Modulus and Shear Strength Testing  

Homogenous samples of granular base/subbase and cohesive subgrade materials were tested for 
resilient modulus (Mr) and unconsolidated undrained (UU) shear strength generally following the 
AASHTO T-307 procedure. Layered composite soil samples (i.e., those with both subbase and 
subgrade) were also tested. The following sections describe the methods used to prepare the 
samples for testing. 

Granular Materials: 

Granular materials were prepared using the vibratory compaction method as described in 
AASHTO T-307 for preparation of granular base/subbase materials. Prior to compaction, 
materials were moisture-conditioned and allowed to mellow for at least 3 to 6 hours. A 
101.6 mm (4 in.) diameter split mold was used to compact the sample (Figure 11) in five lifts of 
equal mass and thickness using an electric rotary hammer drill and a circular steel platen placed 
against the material (Figure 12). Calipers were used to verify consistent compaction layer 
thicknesses (Figure 12). The AASHTO T-307 procedure requires that the maximum particle size 
of the material should be 1/5th of the sample diameter, which is approximately 20.3 mm (0.8 in.) 
for a 101.6 mm (4 in.) diameter sample. The RPCC base material and special backfill subbase 
material tested in this study contained a maximum particle size larger than 19.1 mm (0.75 in.). 
To meet the AASHTO T-307 specifications, the particle size distribution of the untrimmed base 
material was modified by scalping off particles retained on the 19.1 mm (0.75 in.) sieve and 
replacing them with the same percentage by weight of the material that was retained on the No. 4 
sieve and passing the 19.1 mm (¾ in.) sieve. 

 

Figure 11. Split mold, steel platen (4 in. diameter), and vibratory hammer for compaction 
of granular materials 
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Figure 12. Compaction of granular materials in split mold (left) and verification of 
thickness of each lift using calipers (right) 

Cohesive Materials: 

Disturbed bag samples obtained from field were used to prepare samples for testing using static 
compaction method as described in AASHTO T-307. Before compaction, the materials were 
moisture-conditioned and allowed to mellow for at least 16 hours. Static compaction involved a 
hydraulic press, steel mold, and six steel spacers (Figure 13) to form the soil into a 101.6 mm 
diameter by 203.2 mm tall (4 in. diameter by 8 in. tall) cylinder. It must be noted that AASHTO 
T-307 describes compaction procedure to prepare a 71 mm diameter by 142 mm tall (2.8 in. 
diameter by 5.6 in. tall) samples. The larger size samples were used in this study to compare with 
the layered composite samples. The static compaction process is shown in Figure 14. When 
making the samples, the soil was compacted in five lifts of equal mass and thickness. Each lift of 
soil was pressed between the steel spacers to a uniform thickness. After compaction, the soil 
samples were extruded (Figure 14). 

Layered Composite Samples: 

AASHTO T-307 does not describe a procedure for fabricating layered composite samples. Two 
kinds of layered composite samples were prepared for this study, base over subgrade and base 
over subbase. The base over subgrade layered composite samples consisted of a 101.6 mm (4 in.) 
thick base over a 101.6 mm (4 in.) thick subgrade. The bottom subgrade layer was compacted 
first using the static compaction technique described in AASHTO T-307 in three lifts. The first 
two lifts were about 40.6 mm (1.6 in.) thick, and the third lift was about 20.3 mm (0.8 in.) thick. 
A pre-determined amount of material was placed in each lift to keep the unit weight constant in 
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Mr and UU Test Results  

The Mr and UU test results for the existing and new foundation materials obtained from field are 
shown in Table 7. The summary results include γd; w%; average Mr of the 15 AASHTO T-307 
loading sequences; Mr at selected stress states; dynamic secant modulus (Es); permanent strain 
(εp) at the end of the Mr test; “universal model” regression coefficients; undrained shear strength 
(su) at failure or at 5% axial strain; and su at 1 strain. Selected stress states for granular and 
cohesive materials were as recommended in NCHRP 1-28A report (NCHRP 2004) as 
σ3 = 35 kPa (5 psi) and σcyclic = 103 kPa (15 psi) for base or subbase materials. Equation 1 and 
the k1, k2, and k3 regression coefficients were used to calculate the Mr at those stress states. 

Bulk stress (σB) versus Mr for laboratory compacted RPCC subbase, recycled asphalt special 
backfill, and select sand special backfill samples along with the corresponding “universal model” 
prediction curves are presented in Figure 35 to Figure 37, respectively. As expected, results 
indicated that the Mr of these granular materials increased with increasing bulk stresses. 
Increasing moisture content generally decreased Mr and increasing dry unit weight generally 
increased Mr for these materials. 

Figure 39 and Figure 41 show σB versus Mr along with corresponding “universal model” 
prediction curves for composite subbase and special backfill samples. σB versus Mr along with 
corresponding “universal model” prediction curves for composite special backfill and subgrade 
samples are shown in Figure 43, Figure 45, and Figure 46. Photographs of these layered 
composite samples after Mr and UU testing are shown in Figure 39, Figure 41, Figure 43, and 
Figure 45. A comparison of average Mr and εp between homogenous samples and layered 
composite samples with similar moisture and dry unit weight values is provided in Figure 47 and 
Figure 48. This comparison revealed that the average Mr of the layered composite sample was 
either similar to the layer with the lower average Mr value or about the average of the Mr values 
of the two layers. This is an important finding and must be further studied with adequate testing 
in various combinations of composite sample configurations. Efforts are underway in this 
research study to further investigate the influence of composite sample layer configurations on 
Mr properties. 
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Figure 48. Average Mr values and permanent strain values at the end of Mr testing of 
homogenous and composite samples with subbase and subgrade layers 

Frost Heave and Thaw Weakening Test Results 

Frost-heave and thaw-weakening tests were conducted on four compacted subgrade samples. The 
samples were compacted to a target w = 17.8% and γd = 16.39 kN/m3. The actual w of the 
samples varied between 17.9% and 18.4%, and the actual γd varied between 15.99 kN/m3 and 
16.28 kN/m3, with a degree of saturation at about 76% to 78%. The CBR of the compacted 
sample before saturation was determined as 21.8%. 

The frost-heave and temperature versus time results are shown in Figure 49. 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 freeze-thaw cycles. The 
average heave rates for the 1st and 2nd freezing cycles are summarized in Table 8. Based on the 
frost-heave rate measurements, the soil is classified to have high potential to frost-heave 
according to ASTM D5918. 
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In Situ Testing on Existing Pavement Constructed in the 1960s and on New Pavement 
Constructed in 2009 

FWD and DCP tests were conducted on the existing CRCP (TS1, TS2, TS3, and TS4) and on the 
new JPCP (TS5) (see Figure 51 and Figure 52). All tests were conducted on the northbound 
(NB) lanes. On TS1 and TS3, FWD tests were conducted at about every +50 station, and DCP 
tests were conducted at about every +100 station along the center of the lanes (note that +100 
station = 30 m). DCP tests on TS1 were conducted directly on the foundation layers after the 
CRCP layer was removed, and DCP tests on TS3 were conducted by drilling a hole through the 
pavement. On TS2 and TS4, FWD tests were conducted at about every +02 to +05 station on the 
left and right wheel paths over about a 30 m long section. On TS5, FWD tests were conducted at 
about every +100 station along the center of the right lane, and DCP tests were conducted at 
about every +500 station. 

Results from FWD tests from each TS are presented in Figure 53 to Figure 57. FWD deflection 
basins on the existing CRCP and the new JPCP at similar test locations between Sta. 2755 and 
2775 are presented in Figure 58. Figure 59 presents k values determined from DCP-CBR 
measurements (of treated subgrade and weak subgrade) on new JPCP. Histogram plots of FWD 
test measurements on the existing CRCP and new JPCP are presented in Figure 60 and Figure 
61. DCP-CBR profiles on each TS are presented in Figure 62 to Figure 64. Figure 64 presents 
DCP-CBR profiles comparing foundation layers under the existing CRCP and the new JPCP at 
nearby locations between Sta. 2755 and Sta. 2770. Key findings from this testing are as follows: 

• On average, D0 at 40 kN applied load on the new JPCP was about 0.4 times the D0 on the 
existing CRCP. 

• The intercept values on the existing CRCP and new JPCP were low (< 0.04 mm) and did 
not indicate voids beneath the pavement. 

• The k values determined from DCP-CBR measurements and FWD measurements 
indicated higher values on the new JPCP than on the existing CRCP. 

• Based on tests conducted on the new JPCP sections, the composite k values determined 
using FWD (kFWD-Static-Corr-comp-PCA) were similar to the values determined using CBR of 
the weak layers (kcomp-PCA-Weak Subgrade) and were about 17 times lower than the values 
determined using CBR of the treated subgrade (kcomp-PCA). This indicates that a weak 
layer within the top 450 mm of the subgrade contributed to low values observed in the 
FWD testing and that the use of high CBR values in the treated subgrade layers can result 
in unreasonably high k values. 



55 

  

Figure 51. FWD and DCP testing on existing CRCP 

  

Figure 52. FWD and DCP testing on new JPCP 
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Figure 53. D0, I, kFWD-Static-Corr, kPCA, and kPCA-Weak Subgrade on existing CRCP TS1 and TS3 on 
I-29 NB left and right lanes 
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Figure 54. D0, I, and kFWD-Static-Corr on existing CRCP TS2 on I-29 NB left lane along left and 
right wheel paths  
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Figure 55. D0, I, and kFWD-Static on existing CRCP TS4 on I-29 NB left lane along left and 
right wheel paths about every +02 station  
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Figure 56. D0, I, and kFWD-Static on existing CRCP TS4 on I-29 NB right lane along left and 
right wheel paths about every +02 station  
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Figure 57. D0, I, and k values from FWD tests on new JPCP TS5 I-29 NB right lane 
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Figure 58. TS5: Comparison of FWD deflection basins on new JPCP and existing CRCP 
between Sta. 2755 and Sta. 2775 

 

Figure 59. TS5 new JPCP I-29 NB right lane: k values from DCP-CBR tests 
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Figure 64. DCP-CBR profiles on new JPCP TS5 (left) and on existing CRCP TS1 (right) at 
FWD test locations between Sta. 2750 and Sta. 2775 (tests conducted in foundation layers 

by drilling a hole in the pavement) 

In Situ Testing and Roller-Integrated Compaction Monitoring Results on Production 
Areas 

A Volvo smooth drum roller equipped with an RICM system was used for the roller integrated 
compaction monitoring and mapping that was conducted on TS6, TS7, TS8, TS9, and TS10 after 
all of the compaction passes on subgrade, special backfill subbase, and base layers had been 
completed. All areas were mapped using low and high amplitude settings (i.e., a = 1.60 mm and 
2.00 mm, respectively). TS6 and TS7 consisted of mapping the subgrade and recycled asphalt 
subbase layers, respectively over a plan area of about 9 m (32 ft) x 85 m (280 ft) on I-29 NB near 
station 2900. TS8 and TS9 consisted of mapping recycled asphalt subbase and RPCC base 
layers, respectively over a plan area of about 14 m (46 ft) x 250 m (820 ft) on I-29 NB near 
station 2850. TS10 consisted of mapping select sand subbase layer over a plan area of about 
10 m (32 ft) x 170 m (558 ft) near the intersection of I-29 and Hwy 175. Following mapping 
passes, in situ point testing using LWD, DCP, and NG were conducted on TS6, TS7, TS9, and 
TS10. In situ test locations were selected based on CMV maps seen in the roller. 

Kriged contour maps for CMV were generated using roller data obtained approximately every 
0.2 m (0.65 ft). These maps are presented in Figure 65 to Figure 67 along with DCP-CBR 
profiles, ELWD-Z3, w, and γd measurements. Comparing CMV maps with in situ test measurements 
generally indicates that relatively low, medium, and high CMV locations match with relatively 
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Figure 67. CMV spatial maps of TS10 (select sand subgrade treatment layer) using high 
and low amplitude settings and a table showing in situ test results from 28 locations 
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Figure 68. Box culvert location in TS10 highlighted on AccuGrade CMV map display (top) 
and photograph of the culvert (bottom) 

Box Culvert
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Figure 69. Empirical correlations between CMV and in situ point measurements 
(a = 1.60 mm) 
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Figure 70. Empirical correlations between CMV and in situ point measurements 
(a = 2.00 mm) 

Comparing Design Values, In situ Measurements, and Laboratory Measurements 
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parameters and the measured/estimated parameters based on in situ and laboratory measurements 
are provided in Table 11. k values were determined from FWD and DCP field measurements, 
and laboratory CBR measurements obtained from pre- and post-F/T testing. Details of the 
procedures followed in estimating these parameters are provided in the Table 11 notes. 
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Table 10. Summary statistics of in situ test results on TS5 new JPCP 
Measurement n µ σ COV (%) 
kFWD-Static-Corr (kPa/mm)  37 36.0 4.7 13 
kPCA (kPa/mm)  6 772.5 87.5 11 
kPCA-Weak Subgrade (kPa/mm)  6 47.1 4.7 10 
kFWD-Static-Corr-comp-PCA (kPa/mm)  37 45.8 5.1 11 
kcomp-PCA (kPa/mm)  6 772.5 87.5 11 
kcomp-PCA-Weak Subgrade (kPa/mm)  6 57.1 4.6 8 
 

Table 11. Summary of design, in situ, and laboratory values 
PCA 

Design 
Parameter Design Value 

In situ  
Measurements  

(Average)* 

Laboratory 
Measurements 

(Average) 

Subgrade k 34 kPa/mm 
(125 pci) 

kPCA-Treated Subgrade = 773 kPa/mm (2,830 pci)1 
kPCA-Weak Subgrade = 47.1 kPa/mm (172 pci)2 

kFWD-Static-Corr = 36.0 kPa/mm (132 pci)3 

ksubgrade = 75 kPa/mm  
(276 pci)  

[as-compacted]8 
ksubgrade = 12 kPa/mm (43 

pci) [thawed]9 
Subbase 

layer 
thickness 

Min. = 150 mm 
Avg. = 200 mm Avg. = 150 mm4 N/A 

kcomp 
43 kPa/mm 
(160 pci) 

kcomp-PCA = 772.5 kPa/mm (319 pci)5 

kcomp-PCA-Weak Subgrade = 57.1 kPa/mm (209 pci)6 

kFWD-Static-Corr-comp-PCA = 45.8 kPa/mm (168 pci)7 

kcomp-PCA = 109.8 kPa/mm 
(404 pci) [as-compacted]10 

kcomp-PCA = 30.1 kPa/mm 
(110 pci) [thawed]10 

*Average of all measurements obtained from TS5; 1Empricially estimated from DCP-CBRTreated-Subgrade following 
PCA (1984); 2Empirically estimated from DCP-CBRWeak Subgrade following PCA (1984); 3Obtained from FWD test 
using the AREA method and corrected for slab size; 4Obtained from DCP measurements; 5The kPCA values calculated 
were significantly higher than the values provided in PCA (1984) in estimating kcomp-PCA values, therefore kPCA was 
assumed to be the same as the composite values; 6Empirically estimated from DCP-CBRWeak Subgrade and 
HSubbase = 150 mm following PCA (1984); 7Calculated using kFWD-Static-Corr  and HSubbase = 150 mm following PCA 
(1984); 8Empirically estimated from CBR-k relationships in PCA (1984) with CBR obtained on a sample compacted 
to a target w = 17.8% and γd = 16.39 kN/m3 during frost-heave and thaw-weakening susceptibility testing; 
9Empirically estimated from CBR-k relationships in PCA (1984) with CBR obtained on a sample compacted to a 
target w = 17.8% and γd = 16.39 kN/m3 and thawed during frost-heave and thaw-weakening susceptibility testing; 
10Estimated using subgrade k and HSubbase = 300 mm following PCA (1984). 

Comparisons of the target design parameters and the measured or estimated parameters from 
laboratory and in situ testing reveal some important aspects that are summarized as follows: 

• The subgrade k values estimated from laboratory CBR measurements from post freeze-
thaw testing were about 2.8 times lower than the design value 

• The average treated subgrade k value (kPCA-Treated Subgrade) estimated from DCP-CBR 
measurements was about 23 times higher than the design value, while the untreated weak 
subgrade k value (kPCA-Weak Subgrade) estimated from DCP-CBR was about 1.4 times higher 
than the design value. The average k value determined from FWD tests (kFWD-Static-Corr), 
however, was about the same as the design value. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

This report presents results and analysis of field and laboratory tests from a field study conducted 
on the I-29 interstate highway reconstruction project in Monona and Harrison Counties, Iowa. 
The project involved removal of the existing CRCP; reconstruction of the pavement foundation 
layers (base, subbase, and subgrade); and placement of a new JPCP on the north and south bound 
lanes of I-29, between just south of County road F-20 to just north of I-75. 

In situ FWD tests and DCP tests were conducted on the existing CRCP and the exposed 
foundation layers shortly after the old pavement was removed and on the new JPCP shortly after 
it was placed. The FWD and DCP tests were conducted to compare the foundation layer 
strength/stiffness profiles of the old and new foundation layers and to obtain mechanistic 
properties of the new foundation layers (i.e., modulus of subgrade reaction k) to compare with 
the design k values. Some key findings from this testing and data analysis are as follows: 

• On average, the plate deflection under a 40 kN applied load on the new JPCP was about 
0.4 times the deflection on the existing CRCP. 

• The FWD intercept values on the existing CRCP and new JPCP were low (< 0.04 mm) 
which do not indicate voids beneath the pavement. 

• The average static k value determined from the FWD on the new JPCP was on average 
about 1.6 times higher than on the existing CRCP. This indicates that there was 
improvement in the foundation layer stiffness values under the new pavement compared 
to the old pavement. 

• The k values determined from both DCP-CBR measurements and FWD measurements 
indicated higher values on the new JPCP than on the existing CRCP. 

• Based on tests conducted on the new JPCP sections, the k values determined using FWD 
were similar to the values determined using CBR of the weak layer within the top 
450 mm of the subgrade, but were about 17 times lower than the values determined using 
CBR of the treated subgrade. This indicates that a weak layer within the top 450 mm of 
the subgrade contributes to low values observed in the FWD testing and that the use of 
high CBR values in the treated subgrade layers can result in unreasonably high k values. 

• The subgrade k values estimated from laboratory CBR measurements in thawed state 
were about 2.8 times lower than the design value. The average treated subgrade k value 
estimated from DCP-CBR measurements was about 23 times higher than the design 
value, while the untreated weak subgrade k value estimated from DCP-CBR was about 
1.4 times higher than the design value. The average k value determined from FWD 
testing, however, was about the same as the design value. 

Five foundation layer production areas on the project were mapped during construction using 
a Volvo vibratory smooth drum roller equipped with Trimble’s roller integrated compaction 
monitoring (RICM) system. The RICM system used on this project measured compaction 
meter value (CMV). In situ nuclear gauge density, moisture content, light weight 
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deflectometer (LWD) and DCP tests were conducted for correlation with CMV 
measurements. Some key findings from this testing are as follows: 

• CMV maps with virtually 100% coverage of the compacted foundation layers revealed 
“soft” and “stiff” areas that were verified with in situ DCP and LWD measurements. 

• CMV measurements were influenced by amplitude settings. CMV measurements were on 
average about 1.1 to 1.5 times greater in high amplitude setting than in low amplitude 
setting. This is likely due to potential differences in the magnitude of stresses applied on 
the materials by the roller drum under different amplitude settings. 

• Results obtained from another study (White et al. 2010) were combined with the results 
obtained from this project to obtain correlations over a wide measurement range between 
LWD modulus, DCP-CBR, and nuclear gauge dry unit weight measurements and CMV. 
Results showed non-linear exponential relationships for CMV vs. LWD modulus with 
R2 = 0.66 to 0.86. Relatively weak regression relationships with R2 = 0.12 to 0.18 were 
observed for CMV vs. CBR, and no statistically significant relationships were found for 
CMV vs. dry unit weight. This was expected as CMV provides a measure of composite 
layer ground stiffness and not necessarily the dry unit weight of a single layer. 

Laboratory testing was conducted on foundation layer materials obtained from field to determine 
index properties, moisture-dry unit weight relationships from compaction tests, resilient modulus 
(Mr) values, and frost-heave and thaw-weakening susceptibility ratings. The Mr tests were 
conducted on homogenous samples as well as on layered composite samples (i.e., RPCC base 
over subbase and subbase over subgrade) to assess the influence of composite soil layer 
configurations on Mr values. The frost-heave tests were conducted on subgrade samples by 
exposing the samples to two freeze-thaw cycles. Thaw-weakening susceptibility ratings were 
determined by conducting CBR tests on compacted samples before and after two thawing cycles. 
Some key findings from laboratory Mr and frost-heave/thaw-weakening susceptibility rating tests 
are as follows: 

• Comparing the Mr values of the homogenous samples and the layered composite samples 
indicated that the average Mr of the composite sample was either similar to the layer with 
a lower Mr value or about average of the two layer’s Mr values.  

• Frost-heave test results on subgrade samples indicated that the heave rate was greater for 
the second freezing cycle than for the first freezing cycle, which indicates that the 
material is susceptible to increased heave with greater freeze-thaw cycles. Based on the 
frost-heave rate measurements, the subgrade soil is classified to have high potential to 
frost-heave according to ASTM D5918. 

• A moisture content profile of each sample was obtained after the two freeze-thaw cycles 
by taking samples at different depths. Results showed that the moisture content was 
higher at all depths in the samples compared to the initial moisture content, as expected. 
The moisture content at the top of the sample was higher than at the middle or bottom of 
the sample, which indicates that water was drawn to the top cold plate through capillary 
action caused by the temperature gradient in the samples during testing. 
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• The average CBR of the four post freeze-thaw test samples decreased to CBR < 1.0 from 
the pre freeze-thaw sample with about CBR = 22. Based on the post freeze-thaw CBR 
values, the soil is classified to have very high potential to thaw-weakening according to 
ASTM D5918. 
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APPENDIX: AASHTO (1993) AND PCA (1984) DESIGN CHARTS 

 

Figure 71. Chart for estimating modulus of subbase layer (ESB) from CBR (from AASHTO 
1993 based on results from Til et al. 1972) 
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Figure 72. Chart for estimating resilient modulus (Mr) of subgrade from CBR (from 
AASHTO 1993 Appendix FF based on results from Til et al. 1972) 
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Figure 73. Chart for estimating composite modulus of subgrade reaction (kcomp) assuming a 
semi-infinite subgrade depth (from AASHTO 1993) 
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Figure 74. Chart for estimating modulus of subgrade reaction (k) from CBR (from PCA 
1984) 


