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Figure 65. Effect of fines content on Ksat — TS1-B
Analysis of Roller-Integrated CMV and MDP4o Measurements — TS3b

Roller-integrated CMV and MDP40 measurements from roller passes 1 and 2 on TS3-A, and
roller pass 1 on TSs 3b and 3c are shown in Figure 66. Histograms of CMV and MDPao
measurements are shown in Figure 67 and Figure 68, respectively. Roller-integrated
measurements are spatially referenced using GPS northing and easting measurements with
virtually 100% coverage of compaction data. This data allowed characterizing spatial
characteristics of compaction measurements, and therefore, semivariograms of CMV and MDP4g
measurements were developed, as shown in Figure 69. The univariate and spatial statistics of
CMV and MDP4o measurements are summarized in Table 10.

Some semivariograms of CMV and all semivariograms of MDP4o measurements showed nested
variograms with short-range and long-range components. These conditions were previously
documented in other field studies (White et al. 2010b). It is likely that the long-range component
is due to deeper underlying foundation variations. More research is warranted on this issue to
further investigate the consequences of these different range spatial components on the
performance of pavements.

Results from TS3-A indicated that CMV measurements increased on average by about 3.5 times
from pass 1 to pass 2, while MDP4o measurements did not show any considerable change.
Further, the variability of CMV measurements also increased considerably from pass 1 to 2, as
indicated by an increase in the standard deviation from 4.3 to 21.7 and an increase in the
semivariogram sill value from about 19 to 480. MDP4o measurements did not show any
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Table 10. TS3-A, TS3-B, and TS3-C: CMV and MDP4o measurements

Univariate Statistics Spatial Statistics
cov Range1 Range2
TS Measurement n n c (%)  Nugget:  Silly (m) Sillz (m)
CMV (Pass 1) 18288 16.9 43 26 10 18.5 15 NA
TS3-A
(OGDC ~ CMV (Pass2) 18157 598 217 36 350  450.0 20 4800 110
EZ;‘;) MDPy (Pass 1) 18288  106.9 6.2 6 19 28.5 40 375 400
MDPy4 (Pass 2) 18157 105.9 5.7 5 17 25.5 40 335 400

TS3-B
CMV (Pass1) 13844 328 124 38 110  165.0 20 NA
(OGDC (Pass 1)

E:;Zr) MDPy (Pass 1) 13844  102.3 6.0 6 25 32.0 28 380 175
TS3-C CMV (Pass1) 13887 89 28 31 4 6.0 3 NA
(Subgrade

Layer) MDPy (Pass 1) 13887 875 139 16 50  195.0 13 2350 52

Comparisons of Design Value, In situ Measurements, and Laboratory Measurements

Comparisons of the measured, estimated, and design assumed modulus (i.e., base layer Esg,
subgrade M, and kcomp) Vvalues are presented in Figure 55, Figure 58, and Figure 60. A summary
of the average values of in situ and laboratory measured values in comparison with the design
values is provided in Table 11. These comparisons reveal some important aspects that are of high
significance to this research project and are summarized as follows:

Base Layer Elastic Modulus (Esg)

The measured Esg values (either by LWD or FWD or PLT) in TSs 1 and 3 locations did not meet
the target design Esg = 165 MPa (24 ksi). On average, the measured Esg values were about 3 to 7
times lower than the design target value. Although estimated Ess measurements from DCP-
CBRBase measurements resulted in higher values than LWD/FWD/PLT measurements, the Esg
were still about 1.5 times lower than the design target value. The laboratory determined Esg
values were, however, about 1.7 times higher than the design target value.

Subgrade Resilient Modulus (M)

A direct measurement of M, was not obtained in the TS1 and TS3 subgrades; however, M; tests
were conducted on “undisturbed” samples obtained from TS2 subgrade. The results were
summarized earlier in Chapter 4. Using the stress states recommended by NCHRP 1-28A (2002)
for subgrade materials (o3 = 14 kPa (2 psi) and ocyciic = 41 kPa (6 psi)), an average M, = 61 MPa
(8.8 ksi) was determined from the laboratory tests, which exceeds the design target M, = 21 MPa
(3 ksi). The average in situ estimated M, value from DCP-CBRsungrade measurements was about
41 MPa (5.9 ksi), which also exceeds the design target value.
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Table 11. Design, in situ, and laboratory values

In Situ Laboratory
Design Design Measurements Measurements
Parameter Value (Average)* (Average)**

Subgrade 21 MPa 61 MPa (8.8 ksi)

41 MPa (5.9 ksi)!

M; (3.0 ksi)
Direct Measurement:
56 MPa (8.1 ksi)?
1\3
0GDC 165 MPa 44 MPa (6.4 ksi)

23 MPa (3.3 ksi)* 288 MPa (41.8 ksi)
55 MPa (8.0 ksi)®

Estimated from DCP:

107 MPa (15.5 ksi)?

Base Ess (24.0 ksi)

Direct Measurement:

34 kPa/mm (124 pci)® Estimated from
K 84 kPa/mm Estimated Value: average Esg and M;:
comp (310 pci) 114 kPa/mm (420 pci)’ 163 kPa/mm
91 kPa/mm (336 pci)® (600 pci)
100 kPa/mm (369 pci)®
1.1 Good to Excellent Excellent
Cq (Good to based on the range of Ksa based on laboratory
Excellent) measurements in situ Ksat measurement

*Average of all measurements obtained from TSs 1 and 3; **Average based on laboratory tests on all Shelby tube samples from
subgarde and all laboratory compacted OGDC base material samples (without back-saturation); Empirically estimated from
charts presented in AASHTO (1993); Average of ELwb-z3 measurements; 2Average of Erwp-k3 measurements; *Average of Evi
measurements; SAverage of Ev. measurements; Based on plate load tests; “Based on Esg from DCP-CBRBgase measurements,
subgrade M from DCP-CBRsungrade measurements, and Hss from DCP profiles; 8Based on Ess = ELwp-z3 measurements,
subgrade M from DCP-CBRsubgrade measurements, and Hss from DCP profiles; °Based on Ess = Erwp-k3 measurements,
subgrade M from DCP-CBRsubgrade measurements, and Hss from DCP profiles.

Composite Modulus of Subgrade Reaction (Kcomp)

The keomp Values were determined in situ from PLT at 10 test locations. The average kpLt+ was
about 34 kPa/mm (124 pci), which was about 2.5 times lower than the design target kcomp = 84
kPa/mm (310 pci). The keomp Value was also estimated to determine Keomp-aasHTo(1993) USINg Esp
based on DCP, LWD, and FWD measurements. These estimated values ranged, depending on
the selected Esg value, from about 1.1 to 1.4 times the design value. The Kcomp-AAsHTO(1993)
determined using laboratory measurements was about 163 kPa/mm (600 pci), which is about 2
times higher than the design target value.

The results indicate that the keomp Values vary significantly (from about 2.5 times lower to 2 times
higher than the design target value) based on the method or procedure used.
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Drainage Coefficient (Cq)

The Cq value assumed in design = 1.1, which represents that the quality of drainage is rated as
“good” to “excellent”. According to AASHTO (1993), if water is removed from the pavement
system in one day, the quality of drainage is rated as “good” and if water is removed within two
hours, the quality of drainage is rated as “excellent”.

Based on the pavement geometry (i.e., cross slope, width of the pavement, thickness of the base
layer), the measured Ksat values from the field, and assuming an effective porosity = 0.3, time for
a target 90% of drainage was calculated using “Pavement Drainage Estimator (PDE) Version
1.0),” an Excel-based Visual Basic program developed by Vennapusa (2004). A target of 90%
drainage was selected in calculations. The time for 90% drainage was estimated as 1.4 days for
Ksat=0.1 cm/s (lower bound) to 0.1 hour for Ksat= 30 cm/s (upper bound). For an average

Ksat = 2.9 cm/s, time for 90% drainage was estimated at about 1.1 hours. The average in situ

Ksat = 2.9 cm/s compares well with the laboratory measured Ksat= 3.1 cm/s. Based on these
estimates, the quality of the OGDC drainage layer can be rated as “good” to “excellent” and does
meet the design requirements.

TS2: Existing PCC Surface, Subbase, and Subgrade
Experimental Testing

TS2 involved testing the existing PCC surface layer and the foundation layers. TS2-A involved
conducting FWD tests at the center of the panel and at selected joints along the inner and outer
lanes of 1-94 EB existing pavement over an 80 m long area (Figure 71). TS2-B involved
conducting FWD testing in dense grid pattern on PCC surface with 203 testsina 7.4 m x 13.4 m
area consisting of two PCC panels and a patching area (Figure 71). After testing on the PCC
surface, the pavement panels were removed to expose the underlying foundation layers (Figure
77). A gravelly sand base layer of about 100 mm in thickness (4 in.) was encountered directly
beneath the PCC surface. No tests were performed on the base layer as the layer was disturbed
during the pavement removal process (Figure 77). A trench was carefully excavated down to the
existing sand subbase layer at 28 test locations to conduct LWD tests (Figure 77). DCP tests
were conducted through the disturbed base layer at all 28 test locations extending down to the
subgrade layer. GPT test measurements were obtained at 8 selected locations on the subbase
layer.
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Figure 70. TS2: Plan view showing in situ test locations (left) and detailed view of TS2-B
(right)

Figure 71. TS2-B: Laying out the test grid (left) and Kuab FWD testing on the grid (right)
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Figure 72. TS2-B: Bucket loader in place for excavating existing pavement

Figure 73. TS2-B: Bucket loader excavating existing pavement

Figure 74. Measuring the existing pavement depth
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Figure 75. TS2-B: Preparing test locations for in situ testing (foreground) and the MDOT
drilling rig obtaining Shelby tube samples

Figure 77. TS2-B: Plate load testing in progress
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In Situ Test Results and Discussion

FWD deflection basin parameters (i.e., Do, SCI, BDI, BCI, and Intercept) from tests conducted at
the center of the panel on TS2a are presented in Figure 78. LTE, Do, and Intercept measurements
from FWD tests conducted at joints are presented in Figure 79. According to McCracken (2008),
intercept > 0.05 mm indicates presence of void beneath the pavement. Results indicated that all
intercept measurements (both at joints and at center of the panel) were below the 0.05 mm (50
um or 2 mils) target limit. The LTE at the joints varied from about 38% to 100%, with 6 out of 8
measurements below 70%. A summary of univariate statistics (i.e., mean p, standard deviation o,
and coefficient of variation COV) of TS2a measurements is provided in Table 12.

Kriged spatial contour maps of FWD deflection basin parameters from tests conducted in a dense
grid pattern on TS2-B are presented in Figure 80. Semivariograms used to develop these contour
maps are provided in Figure 81. A spherical variograms showed the best fit for all of the
measurements. The semivariogram range of all FWD deflection basin parameters was about the
same (2 to 3 m), while the sill values varied between the parameters. Histogram plots of the
FWD deflection basin parameters are provided in Figure 82.

Kriged spatial contour maps of in situ point measurements on the existing subbase and subgrade
layers are presented in Figure 83. Semivariograms of these measurements are provided in Figure
84, and histogram plots of the measurements are presented in Figure 85. The experimental
semivariograms did not show a clear spatial structure, so a theoretical semivariogram could not
be fit to the data. The Kriged contour maps were developed only for visualization purposes
without the use of a semivariogram. DCP-CBR profiles (Figure 86) were used to determine the
DCP-CBRsubbase and DCP-CBRsubgrade. A Summary of the univariate statistics of these
measurements are provided in Table 12.

On average, the ELwp-z3 on the existing sand subbase is about two times lower than the E wp-z3
on the newly constructed OGDC base layer. Laboratory M; tests also revealed similar differences
as noted earlier in Chapter 4 (Table 6). On average, M (at a selected stress state for base/subbase
layers) of the existing subbase layer is about two times lower than M; of the OGDC base layer.
The average DCP-CBRsubbase is about 18 times lower than the average DCP-CBRgase (0N the
OGDC base layer from TSs 1 and 3). The DCP-CBRsungrade from TS2-B is about the same as the
DCP-CBRsubrade from TSs 1 and 3. The Ksgt Of the existing subbase layer was on average about an
order of magnitude lower than on the OGDC base layer (TS1).
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Figure 79. Results from FWD tests at pavement joints from TS2a
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Table 12. TS2: Summary statistics of in situ test results

Univariate Statistics Spatial Statistics
cov Range
Test Bed Measurement n U o (%) Nugget Sill (m)
Do (um) 30 1693 54.1 32
TS2-A SCI (um) 30 238 178 75
(measurements
at center of the BDI (um) 30 234 145 62
PCC panels) BCI (um) 30 258 112 43
NA
Intercept, I (um) 30 1.0 7.0 712
TS2-A Do (um) 8 2715 570 21
(measurements  Intercept, | (um) 8 1.1 115 1086
nearjoints) | g (o) 8 88 33 37
Do (um) 203 1755 737 42 0 7500 3.0
TS2-B SCI (um) 203 145 104 72 25 100 3.0
(Spatial area
on PCC BDI (um) 203 199 103 52 25 85 2.0
surface) BCI (um) 203 228 101 44 10 120 2.2
Intercept, I (um) 203 6.1 134 221 0 260 3.0
ELwp-zz (MPa) 28 269 69 26
TS2-B .
(Spat|a| area DCP'CBRSubbase (A)) 28 5.2 1.1 22 N | ol
bbase o clear spatial structure
on su DCP-CBRsubgrade (%) 28 6.1 2.7 45
and subgrade)

Keat (CM/S) 8 012 006 53
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CHAPTER 6. SUMMARY AND CONCLUSIONS

This report presents results and analysis from a field study conducted on the 1-94 between mile
posts 23.0 and 6.1 in St. Clair and Macomb Counties, Michigan. The project involved
construction of a 280 mm (11 in.) thick jointed PCC pavement, by undercutting the existing
foundation layers to a depth of about 690 mm (27 in.) for placement of an open-graded drainage
course (OGDC) layer composed of recycled steel slag, over the subgrade with a geotextile
separation layer at the subgrade/OGDC layer interface. Review of construction bid documents
indicated that the construction cost of the foundation layers (i.e., excavation, OGDC base layer,
geotextile separator) was about 50% ($5,424,275) of the total cost of the project ($10,918,175).

Field testing was conducted on three test sections. Two of the test sections consisted of
compacted OGDC base layer, while one test section consisted of existing pavement/ foundation
layers. In situ testing was conducted by using point test methods (i.e., NG, LWD, FWD, DCP,
PLT) and using roller-integrated compaction monitoring method to obtain 100% coverage over
the OGDC base layer. Field point testing was conducted by spacing the test measurements about
50 to 100 m apart to capture the variability along the road alignment. Testing was also conducted
in a dense grid pattern (spaced at about 0.6 to 1.5 m) to capture spatial variability over a small
area. Geostatistical semivariogram analysis was performed to analyze the point test data from
dense grid pattern testing to characterize and quantify spatial non-uniformity of the PCC surface
and foundation layer properties. Geostatistical analysis was also performed on spatially
referenced roller-integrated compaction measurements to quantify spatial non-uniformity of the
foundation layers.

Comparing measured properties from laboratory and in situ testing with the design assumed
values revealed the following:

e The measured Esg values (either by LWD or FWD or PLT) and the estimated Esg values
(from DCP measurements) were on average about 1.5 to 7 times lower than the design target
value. The laboratory determined Esg values were, however, about 1.7 times higher than the
design target value. It must be noted that the Esg values obtained by LWD, FWD, and PLT
represent a composite response in situ with the influence of both base layer and the
underlying subgrade layer stiffness.

e My tests conducted on “undisturbed” in situ subgrade layer samples showed an average
M =61 MPa (8.8 ksi), which exceeds the design target M, = 21 MPa (3 ksi). The average in
situ estimated M, value from DCP-CBRsungrade measurements was about 41 MPa (5.9 ksi),
which also exceeds the design target value.

e The keomp Values determined in situ from PLT showed an average kpL1+0f about 34 kPa/mm
(124 pci), which was about 2.5 times lower than the design target kcomp = 84 kPa/mm (310
pci). The Keomp-aasHTo(1993) Values were estimated using Esg based on DCP, LWD, and FWD
measurements. These estimated values ranged from about 1.1 to 1.4 times the design target
kcomp, depending on the selected Esg value. The Keomp-aasHTo(1093) determined using laboratory
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