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Figure 5.66. Comparison between in-situ LWD measurements (from TH60 project test strips 1
and 4/5) and laboratory predicted LWD target values (TH60 soil 301, 302, 303 combined rigid
boundary model)

Mn/DOT target values in comparison with in-situ E; wp measurement statistics (mean p and
standard deviation o) and laboratory determined target values at different moisture content
ranges (as percentage of wyp) are presented in Table 5.15 and Table 5.16. The laboratory
determined target values are based on achieving a 95% to 110% standard Proctor maximum
density. The in-situ w at most of the test locations on TH60 test strips 1, 2, and 3 was above 95%
Wopt. Test strips 4 and 5 contained data within 65% to 140% of wep.. The LWD target value
ranges determined from laboratory multiple regression models and Mn/DOT procedures in
comparison with in-situ LWD measurements are graphically presented for test strips 4/5 in
Figure 5.67. The figure indicates that laboratory-determined target values using contour
approach from the rigid boundary model are mostly within the range of Mn/DOT target values.
Lower limit of in-situ measurements (within p + 1o range) were lower than the minimum target
values obtained from both Mn/DOT and laboratory-determined methods for 70% to 79% wp.
For >80% of wqp, the lower limit of in-situ measurements (again within p + 16 range) were
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greater than the minimum target values obtained from both Mn/DOT and laboratory-determined

methods.

Table 5.15. In-situ dpwp measurements (TH60 project test strips 1 to 5) for Mn/DOT moisture

content target limits

Description Test Strip 1 Test Strip 2 Test Strip 3 Test Strips 4/5
Soil Properties

Plastic Limit, PL (%) 16 27 20 19
Standard Proctor wey (%) 14.2 19.3 17.3 13.3

Mean (1) and standard dev

iation (o) of diwp.z> (mm) measured in-situ [in-situ y; > 95% Vimax]

In-situ w as percent of

Vst n| pu c n n c n n c n n c
70% to 74% 1 1095 NA 3 /1.1] 03
75% to 79% 8 [1.0| 0.6
80% to 84% B 2 08| 03
85% to 89% — 1 1097] Na - 3 109 02
90% to 94% 7 11| 03
95% to 99% B 1 [12| NA
100% to 140% 1 [187] NA [ 10 [25] 03 | 2 [10] <0.1
Mean (1) and standard deviation (o) of dryp.z> (mm) measured in-situ [in-situ y; < 95% Vimax]

In-situ w as percent of

Wopt n u c n n c n u c n H o)
70% to 74% —

75% to 79% 7 11| 03
80% to 84% 4 08| 0.1
85% to 89% o o o 6 [1.0] 03
90% to 94% 5 109 02
95% to 99% 3 /1.0] 03
100% to 140% 16[19]07] 61903 5 |32]06] 7 [15] 11
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Table 5.16. In-situ Epwp measurements (TH60 project test strips 1 to 5) for Mn/DOT moisture

content target limits

Description ‘ Test Strip 1 ‘ Test Strip 2 ‘ Test Strip 3 ‘ Test Strips 4/5
Mean (1) and standard deviation (o) of Epyp.zo (MPa)* measured in-situ [in-situ y; > 95% Yimar/
In-situ w as percent of
Vot n n| o n u c n n| o n i c
70% to 74% 1 24 | NA 3 24 7
75% to 79% 8 24 1 13
80% to 84% B 2 |34 13
85% to 89% — 1 | 24 [ NA - 3 |29
90% to 94% 7 125 6
95% to 99% B 1 | 21| NA

100% to 140%

1 [ 13 [Naf 1o fo] 1| 2 [25] <1

Mean (1) and standard deviation (o) of ELwp.zo (MPa)* measured in-situ [in-situ y; < 95% Vimax/

In-situ w as percent of

W n|ul|o n n c n pmlo| n |pnp| o
70% to 74% —

75% to 79% 7 |25] 7
80% to 84% 4 [31] 6
85% to 89% N N a 6 |26 6
90% to 94% 5 129 6
95% to 99% 3 |26] 8
100% to 140% 16| 14 |46l 14 2] 5 [8]2] 7 [22]n
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Table 5.17. Comparison between Mn/DOT and laboratory-determined drwp and Epwp target
values for different moisture ranges for materials from TH60 project test strips 1 to 5

Laboratory-determined dyyp.7, (mm)*

g}l:ltu w as percent of Min. | Max. Min. Max. Min. Max. | Min. Max.
70% to 74% 0.6 0.9 1.2 3.9 0.6 0.9
75% to 79% 0.7 1.0 1.6 4.3 0.6 1.0
80% to 84% 0.7 1.0 Laboratory test 2.2 5.1 0.7 1.0
85% to 89% 0.8 1.2 materials not 4.0 7.3 0.8 1.2
90% to 94% 09 | 13 | Trepresentative 0.9 1.3
95% to 99% 1.1 1.5 >10.0 1.1 1.5
100% to 140% 1.6 > 10 1.6 > 10
Mn/DOT target range of dyyp.z2 (mm) (Siekmeier et al. 2009)

g}l(:ltu w as percent of Min. | Max. Min. Max. Min. Max. Min. Max.
70% to 74% 0.5 1.1 1.0 1.7 0.8 1.4 0.5 1.1
75% to 79% 0.6 1.2 1.2 1.9 0.9 1.6 0.6 1.2
80% to 84% 0.7 1.3 1.4 2.1 1.0 1.7 0.7 1.3
85% to 89% 0.8 1.4 1.6 2.3 1.2 1.9 0.8 1.4
90% to 94% 1.0 1.6 1.8 2.6 1.4 2.1 1.0 1.6
Laboratory-determined E;yp.z; (MPa)f

In-situ w as percent of Wy Max Min. Max Min. Max Min. Max Min.
70% to 74% 42 29 20 6 42 29
75% to 79% 39 26 16 6 39 26
80% to 84% 34 24 Laboratory test 12 5 34 24
85% to 89% 31 22 materials not 6 3 31 22
90% to 94% 28 | 20 | representative 28 20
95% to 99% 24 17 <2 24 17
100% to 140% 16 1 16 1
Mn/DOT target range for Epywp.z; (MPa)**

In-situ w as percent of Wy Max Min. Max Min. Max Min. Max Min.
70% to 74% 50 23 25 15 31 18 50 23
75% to 79% 42 21 21 13 28 16 42 21
80% to 84% 36 19 18 12 25 15 36 19
85% to 89% 31 18 16 11 21 13 31 18
90% to 94% 25 16 14 10 18 12 25 16

* laboratory dpwp.z> values predicted from estimated E;wp._z; contours [rigid boundary model for test strips 1, 4/5 and “stiff”
boundary model for test strip 3]; T laboratory E; wp.z, values predicted from estimated E; yp.z; contours [rigid boundary model
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for test strips 1, 4/5 and “stiff” boundary model for test strip 3];**calculated using Eq. 5.1 for Poisson’s ratio # = 0.4, shape factor
F=mn/2, drop height 42 = 50 mm;
Table 5.18. In-situ Mn/DOT QA drwp and E;wp measurements at different moisture contents

from the TH60 project

Mean (1) and standard deviation (o) of Mn/DOT QA dwp.z> (mm) measurements*
In-situ w as percent of wopt* n | u ‘ o

70% to 74% —

75% to 79% 5 1.6 1.4
80% to 84% 5 0.9 0.2
85% to 89% 6 1.4 0.5
90% to 94% 5 1.2 0.4
95% to 99% 15 1.5 0.6
100% to 140% 24 2.6 1,7
Mean () and standard deviation (o) of Mn/DOT QA Eyp.z> (mm) measurements*
In-situ w as percent of oy n i ‘ G

70% to 74% —

75% to 79% 5 34 25
80% to 84% 5 32 8

85% to 89% 6 21 7

90% to 94% 5 23 7

95% to 99% 15 21 9
100% to 140% 24 14 8

*Wopt = 13.2% was provided in the QA testing data from Mn/DOT.

250



V224 \n-Situ v, >= 95% standard Proctor v,

60 - - - In-Situ v, < 95% standard Proctor vy,
Test Strips 4/5 ¢ I Mn/DOT (Siekmeier et al. 2009)
50 J ...... I:ILaboratory-rigid boundarymodel

(for 95 to 110% standard Proctor v, ..)

E wp.z2 (MPa)

[\NNNNNNN\NY

70to 74 75t0 79 80 to 84 85 to 89 90 to 94 95 to 99
0.0

Test $trips 4/5

diwp.zo (MM)

20 I I T T T
70to 74 75t0 79 80 to 84 85 to 89 90 to 94 95 to 99
In-situ moisture content as percent of optimum moisture content

Figure 5.67. Comparison between Erwp Mn/DOT and laboratory determined target values, and
in-situ values (see Tables above for number of observations for each dataset)

5.8.6 Summary of Laboratory Target Value Determination Study

The results presented above from laboratory target value determination study demonstrate the
application of gyratory compacted samples to develop relationships between moisture content,
density, Erwp, DCP index, and PDA 1 for non-granular and granular soils. These relationships
are presented in terms of contour graphs overlaid on laboratory Proctor moisture-density
relationships of the soils. The advantage of presenting results in that manner is that target values
can tied to both target moisture and density values. Epwp, DCP index, and PDA tg were found
to be sensitive to moisture content for non-granular soils. Moisture content influenced the
granular materials less than the non-granular materials.

New relationships were developed between the PDA 1 values and other soil engineering
parameters (e.g., ELwp, M, su). Those relationships showed good correlation coefficients (R
values generally > 0.7). A significant advantage with using the PDA device is that it is less time
consuming than other test methods (i.e., ELwp, UU, UC, or M, tests).
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LWD and DCP tests performed on specimens within a rigid gyratory mold produced generally
high stiffness/strength values. This is specifically an issue with granular materials that are more
sensitive to confinement compared to non-granular materials. Two different polyurethane molds
with different stiffnesses (“stiff” and “soft) were used in this study to investigate the effects of
confinement. The two polyurethane molds did not provide adequate confinement for the granular
materials and did not show any noticeable difference with unconfined condition.

The laboratory-determined E; wp target values (based on rigid boundary testing) for one TH60
non-granular soil were compared to Mn/DOT target values (Siekmeier et al. 2009) and in-situ
Epwp test results. This comparison revealed that the laboratory-determined target values are
mostly within the range of Mn/DOT proposed target values. Some of the in-situ Ey wp
measurements were lower than the minimum Mn/DOT and laboratory-determined target values
for w=70% to 79% w,,, range. For w >80% of wp, the lower limit of in-situ Epwp
measurements were generally greater than the minimum target values obtained from both
Mn/DOT and laboratory-determined methods.

The approach presented in this section to develop target values using gyratory testing and trends
presented in the relationships show promise. However, additional research with developments to
the laboratory approach in terms of better simulating the actual field boundary conditions and for
a wide range of soil types is warranted. The challenge is to develop a simple approach that adds
value to the process without becoming too expensive or equipment intensive.
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Chapter 6
IC Verification and Specification Options

6.1 Verification Procedures for IC Equipment

One of the tasks of this research project involved identifying alternatives for
calibration/verification for IC technologies. The discussion that follows is oriented towards
verification and quantifying measurement error rather than sensor calibration, which the authors
considered the responsibility of the manufacturer. The outcome from this investigation resulted
in (1) a statistical approach for evaluating the error associated with the roller IC-MVs in terms of
repeatability and reproducibility for a given set of field and roller operation conditions, (2) an
approach that would make use of a dedicated test bed with controlled and variable conditions at
the centrally located MnROAD facility, and (3) a conceptual idea that would involve a
mechanical system to simulate a range of soil conditions to verify IC-MVs.

6.1.1 Determining IC-MV Measurement Error

The procedure for calculating reproducibility and repeatability errors is presented in the
Appendix and was discussed with example data in Chapter 3. The calculated errors have the
same units as the [C-MVs and are dependent upon the roller operating conditions and “white
noise” in the measurement system. Generally, a 100 m long well-compacted test section
representative of the production area is suitable for testing. At least four roller passes are
recommended for a given roller operation parameter (speed, theoretical vibration amplitude,
vibration frequency, and travel direction). The roller passes should be performed capture the
planned operating conditions on the project. The total number of passes can be determined as
follows:

e Number of Passes = 4 x machine operation variables (i.e., amplitude, speed, direction,
frequency, etc.). For example, the total number of passes required to evaluate just the
influence of speed at two different settings, then the total number of passes required = 4 x
2 = 8 passes.

Table 6.1 provides a summary of the pass-by-pass process for collecting the data needed for the
measurement error analysis. It should be noted that the measurement error should be expected to
increase with increasing number of variables in the analysis. Variants of this process can also
provide acceptable results and depends on the desired roller operating conditions. As discussed
later, the IC roller measurement error is an input parameter that is required as part of statistical
QA/QC assessment.
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Table 6.1 Suggested pass sequence to assess measurement error

Pass | Amplitude Speed Direction
Assess Influence of Change in Amplitude
1 low constant constant
2 low constant constant
3 low constant constant
4 low constant constant
5 high constant constant
6 high constant constant
7 high constant constant
8 high constant constant
Assess Influence of Change in Speed
1 constant low constant
2 constant low constant
3 constant low constant
4 constant low constant
5 constant high constant
6 constant high constant
7 constant high constant
8 constant high constant
Assess Influence of Change in Amplitude and Speed
1 low low constant
2 low low constant
3 low low constant
4 low low constant
5 low high constant
6 low high constant
7 low high constant
8 low high constant
9 high low constant
10 high low constant
11 high low constant
12 high low constant
13 high high constant
14 high high constant
15 high high constant
16 high high constant
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Pass | Amplitude Speed Direction
Assess Influence of Change in Amplitude, Speed, and
Direction*

1 low low forward
2 low low forward
3 low low forward
4 low low forward
5 low high forward
6 low high forward
7 low high forward
8 low high forward
9 high low forward
10 high low forward
11 high low forward
12 high low forward
13 high high forward
14 high high forward
15 high high forward
16 high high forward
17 low low reverse
18 low low reverse
19 low low reverse
20 low low reverse
21 low high reverse
22 low high reverse
23 low high reverse
24 low high reverse
25 high low reverse
26 high low reverse
27 high low reverse
28 high low reverse
29 high high reverse
30 high high reverse
31 high high reverse
32 high high reverse

*direction mean roller direction of travel — not gear
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6.1.2 Dedicated IC Verification Test Facility at MNROAD

Dedicated and controlled test beds at MnROAD facility are proposed as one alternative to verify
IC-MVs. Figure 6.1 is an example of a test bed that could be used to obtain detailed correlations
between different IC-MV's and mechanistic-based pavement design parameters (e.g., Erwp,
Erwp, etc). The test beds would consist of different non-granular and granular material types that
are commonly used in pavement foundation layers, underlain by variable support conditions to
capture a wide measurement range. In addition to developing a database of correlations, the test
beds could also be used to accept IC rollers at the beginning of a project and for periodic
verification. Correlations to mechanistic-based parameters would give confidence in specifying
roller MVs for use with performance-based specifications and for using IC-MVs for QA. This
option would require an investment in the facility and personnel to regularly monitor the test bed
values and performance maintenance as needed. The facility could also be used for training and
certification.

~ 50 ft ~ 100 ft ~ 50 ft

~10to 20 ft

Cohesive Soil
Test Bed

Granular Soil
Test Bed

~10to 20 ft

Cross-section

Non-Granular fill Non-Granular fill Non-Granular fill

w = close to Wopt

e pl=

Varying moisture content, 50% to 110% of Wyt w = close to Wopt 610 12

inches

Yy
A
Y

.. — T
///// % Existing Subgrade LayerW// ///// ///// 155)]3:

Granular Soil
Test Bed

| /// /// /// %”Existing Subg’r’ade Layer W// /// /// 1i§é?162:

|:| Non-Granular Subgrade - Granular Subgrade (SP) Granular Base — Type | E Granular Base — Type |l
Shredded tires — soft layer . Concrete pad — stiff layer

Figure 6.1. Proposed verification test beds with granular and non-granular materials

6.1.3 Mechanical System to Simulate Ground Conditions

An alternative to the dedicated test beds might be to develop a highly mobile mechanical system
that could simulate the range of soil conditions expected to be encountered on a project. The
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device could be transported to a project periodically to verify the output. Development of the
components of such a system is beyond the scope of this research.

6.2 Recommendations for Future 1C Specifications and Implementation Strategies

In the previous report by White et al. (2007a), a summary of IC related specifications was
provided and common attributes were identified. The purpose of this section is not to revisit the
various specifications in detail, but rather to build on the experiences learned from
implementation of IC technologies on Mn/DOT projects and suggest improvements and ideas for
future consideration. Key attributes of IC specifications typically include the following:

e Descriptions of the rollers and configurations,

¢ Guidelines for roller operations (speed, vibration frequency, vibration amplitude, and
roller overlap),

e Records to be reported (time of measurement, roller operations/mode, soil type, moisture
content, layer thickness, etc.),

e Repeatability and reproducibility measurements for IC-MVs (see discussion above),

Ground conditions (smoothness, levelness, isolated soft/wet spots)

Calibration procedures for rollers and selection of calibration areas,

Simple linear regression analysis between IC-MV’s and point measurements,

Number and locations of QC and QA tests,

Operator training, and

Acceptance procedures/corrective actions based on achievement of minimum IC-TVs and

associated variability.

Although the existing IC specifications have common language for many of these attributes, it is
in the use of IC-MVs for acceptance where the largest dissimilarities exist. As a comparison, the
ISSMGE (2005) and the Mn/DOT (2007) target value determination approaches and acceptance
criteria are summarized in Table 6.2. The ISSMGE (2005) specification links the IC-MVs to in-
situ point measurements based on a linear correlation relationship with nine point measurements
in low, medium and stiff areas based on the IC-MVs. Acceptance is then based on achievement
of the IC-TV and associated variability. The Mn/DOT approach relies on the distribution of IC-
MV:s after thorough compaction of a calibration strip and then a percent limits approach for
acceptance. Both approaches have the advantage of defining minimum target values and
maximum allowable variability. These approaches make significant advancements over
traditional point measurement QA/QC practices. However, shortcomings might be that the
acceptance criteria are dependent on the specific IC technology (assuming differences exists
between technologies MVs) and with no direct quantifications of risk in terms of whether or not
the final site meets the established level of quality (although traditional earth specifications also
do not quantify risk). What proceeds is a discussion that provides ideas that, in some cases are
more rigorous, could provide a consistent means for specifying IC-MVs to define quality. The
approaches presented could provide a link to performance-based specifications and quantitative
mechanism to define incentive-based pay scales for earthwork compaction.
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Three possible options are identified for use of IC-MVs in compaction of non-granular and
granular soils with no on-site calibration. The premise of these options is to better assist the
roller operator to target areas that need more compaction or re-work and the field engineer to
target areas for QA testing. In addition, a conceptual statistical-framework for a more robust
QA/AC evaluation of IC-M Vs is presented.

Table 6.2 Summary comparison between different specifications

Specification

Target MV

Acceptance Criteria

QA/QC Test
Frequencies

MV-TV = MV at

e Average MV > MV-TV

e [f minimum MV >MV at 0.95 x QA-TV,
MV-COV shall be <20%

e Minimum MYV for a measuring pass

ISSMGE 1.05% QA-TV shall not be < MV at 0.95 x QA-TV for a o
(2005) from calibration maximum length of 10% of track length
(withr>0.7) e Minimum MV for a measuring pass
shall not be < 80% of 0.95 x QA-TV
e Maximum MV < 150% of MV at 0.95
QA-TV
IC-TV =90% of
IC-MVs within ® MV for 90% of area within 90% to 120% | 1 per 300 m for
90%-120% of a .
Mn/DOT . . of MV-TV the entire
trial IC-TV at point ) .
(2007) of no sienifi e Localized areas IC < 80% of MV-TV width of
gnificant .
reworked until MV > 90% MV-TV embankment

increase in
compaction™®
*IC-TV is established using an iterative method by grouping the calibration MV data into distribution limits (i.e., >120%, 90%-
120%, <80% of MV-TV) based on a trial MV-TV. If a significant portion of the grade is more than 20% in excess of the selected
IC-TV, a new control strip may be needed.

6.2.1 Option 1 — Use of IC-MV Map to Target In-situ QA Measurements

This option can be implemented relatively easily by using the final pass IC-MV map of a
production area to identify “weak” areas. Following production compaction, the IC-MV map
should be obtained at constant roller operation settings (i.e., speed, amplitude and frequency).
The scale of the roller MV map is adjusted to highlight the “weak” areas to select for in-situ QA
testing. Acceptance of the production area is based on in-situ QA test measurements in the
“weak” areas.

Generally, IC-MVs have the ability to detect “weak™ layers that are below the compaction layer.
Results from TH60 project (see Chapter 3), however, indicated that MDP based IC-MVs at the
project were not affected by soft/uncompacted zones below the compaction layer (about 250+
mm below surface). Measurement influence depths vary between different IC measurement
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systems. Regardless, proper construction methods in using appropriate lift thicknesses relative to
the ability of the compaction equipment and effective moisture control are important for
implementing this option. In-situ QC measurements can be performed during intermediate
processes for process control as to help optimize the construction sequence by focusing
compaction efforts in areas that do not meet the QA requirement.

6.2.2 Option 2 — Assessment of IC-MV Change to Target In-situ QA Testing

This specification option requires evaluating the change in IC-MVs between successive passes
over a production area. With proper process control measures (i.e., material placed with
appropriate moisture control and lift thickness), as the number of roller passes increase the
change in roller MV between successive passes generally decrease. This change can fluctuate
with decompaction and recompaction. As a reference point, production compaction should be
performed until 90% of the production area achieves a percent change in IC-MV of < 5%. These
percentages may be adjusted based on field conditions and experience. Following production
compaction, areas of low roller MVs are selected for QA test locations.

IC-MVs are dependent on the machine operation settings (i.e., amplitude, frequency, and speed);
therefore, percent change between successive passes should be assessed only when MVs are
obtained with similar operation settings. This option is more effective for controlled field
conditions with relatively uniform materials, moisture content, and underlying support conditions
and serves as a good QC process for the roller operator.

Results obtained from a test strip with plan dimensions of about 8 ft (one roller lane wide) wide x
140 ft long from TH60 project (test strip 3) are presented in Figure 6.2 and Figure 6.3 as an
example analysis approach for this option. Percent change in roller MV can be assessed when
repeated measurements are made at one particular location. The roller MVs are, however, not
reported to an exact spatial location for each pass. To overcome this problem, the output data
was processed in such a way that an averaged data is assigned to a preset grid point spaced along
the roller path using a customized visual basic (VB) program developed at lowa State University
for this purpose. For this case, each grid point was spaced at 1 ft representing an average MV
data over a window size of 0.5 ft in forward and backward directions. Figure 6.2 shows IC-MV
compaction growth with pass and percent change in IC-MV between successive passes, and
Figure 6.3 shows change in IC-MV spatial map with successive pass. The roller MV compaction
growth shows decompaction and recompaction from pass 7 to 12. The requirement of 90% of
the area achieving percent change in MV of < 5% was met at pass 7 (see Table 6.3). A similar
analysis approach can be applied over larger production areas. For some manufacturer systems,
the roller operator can rely on the on-board computer display to assess percent change in roller
MVs and determine when the requirement has been achieved. The data can be processed and
analyzed using commercially available software packages (e.g., ArcGIS) with aid of kriging
interpolation techniques (see White et al. 2007a) to evaluate percent change in MVs over a
production area.
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Figure 6.2. IC-MV compaction growth (left) and AIC-MV (right) between successive passes for
non-granular subgrade soil test strip 3 — TH 60
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Figure 6.3. Spatial map of ACCV between successive passes on non-granular subgrade soil test
strip 3 — TH 60
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Table 6.3. Summary of change in CCV between successive passes for non-granular subgrade soil
(USCS classification: CL) test strip 3 — TH 60

Average Percent Area with
Pass ACCV <5% ACCV
1to?2 9 23
2to03 5 56
3to4 1 81
4t05 7 42
5t06 2 82
6to7 0 93
7to 8 -4 100
8109 1 82
9to 10 2 78
10to 11 3 65
11to 12 -1 99

6.2.3 Option 3 — Pre-selected 1C-TVs and Mechanistic-Related QA-TVs

IC and QA target values for this option are pre-selected, which can be derived from a database of
correlations from current study/literature, information from local projects, and calibration tests
on test beds of known engineering properties. The contractor would use the pre-selected IC-TVs
for QC, and QA is evaluated using a combination of I[C-MVs and in-situ QA test measurements.

6.2.4 Option 4 — Concept for Statistically-Framed QA/QC Assessment Approach

This section presents an approach that, although more rigorous mathematically, could provide a
new way of characterizing compacted soils. This approach should be considered a concept and
will require detailed pilot testing from multiple projects and conditions, but has the advantage of
creating a consistent metric between different technologies and for defining quality.

When pavement foundation layers are compacted, there is a need to assure that the resulting soil
engineering properties are satisfactory for the intended purposes (e.g. provide adequate support
capacity to the pavement surface layer under traffic loads). This is achieved by performing point
measurements or by evaluating IC-MVs as part of the QA procedure. Two formal goals are
established below that are considered desirable following the compaction process on fill
materials, which will further be used in the proposed statistical framework for QA/QC using both
point measurement and IC-MV data:

A. The overall level of critical soil engineering properties, over the entire site, achieve at
least some specified minimal value (e.g., IC-TV, LWD-TV), and
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B. The variability of critical soil engineering properties, over the entire site, is no more than
some specified maximal amount (e.g., %COV).

In this discussion, QA and QC are treated as distinct but closely related entities. QA refers to a
formal site-wide certification process meant to constitute the standard by which the overall
quality of site preparation is established. In contrast, QC is to designate an “interim” or “local”
activity meant to guide operations during the compaction operations, or to determine sub-regions
within which additional compaction operations are needed. The formal process of QA is
primarily addressed in this discussion, and where QC is addressed as though it were being
conducted as an independent activity, even though in practice the two processes generally rely on
the same or related data. This is not a problem that can be easily ignored in the long run as the
iterative collection of measurements for QC (e.g. collection of additional data in regions where
early measurements are suspect) can lead to a data set that is very difficult to use for objective

QA.

QA/QC procedures are developed for two different kinds of data. Traditional monitoring
methods result in point measurement data whereas IC measurements result in continuous
measurement data. Point measurements are taken independently from the compaction process,
and each measurement results in a value reflecting soil properties at a single location in the site.
The “locations” are considered as points within the site, even though such measurement
processes do involve some physical integration of the measured soil property over a small
volume (e.g., LWD test with 200 mm plate diameter measuring to a depth of about 200 mm).
The time and expense associated with these measurements is such that, in most cases, fewer can
be collected across the site than might be desired. But these measurement methods are generally
regarded as relatively “mature” in that their relationship to the soil engineering properties of
interest are fairly well-established. In practice, the lack of widespread point measurement data as
part of the QA program is often counter balanced with experienced field personnel that are
familiar with quality compaction operations and observational techniques. This level of
qualitative observation is not considered in the proposed statistical framework that follows.

The IC-M Vs are spatially “continuous” even though there is generally some granularity in the
data record produced, ordinarily on the scale of several centimeters, but for practical purposes
such data may be thought of as continuous relative to the much more granular data that can be
acquired by point measurements . Again, each data value is associated with a GPS point
location, even though it actually reflects soil properties physically integrated over the width of
the roller drum (about 2 m) and perhaps up to 1.5 m (see Chapter 3). At present, [C-MVs may
be regarded as “less direct” than some well-established point measurement techniques, since
these data must be calculated correcting for other characteristics of machine performance,
operation, etc. Generally, the relationships between IC-MVs—to—soil engineering properties of
interest are less well-understood than the point measurement—to—soil engineering properties
relationship.
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A close examination of any measurement system reveals several sources of uncertainty that must
be faced in documenting site-wide soil engineering properties. Herein three of those will be
discussed:

1. The incomplete coverage problem with point measurement data,
The intrinsic measurement error, independent of actual soil properties, encountered in
using any system, and

3. The incompletely understood relationship between IC-MVs—to—point measurement
values or the actual soil engineering properties themselves.

When using point measurement values for site characterization, point (1) may be the greatest
source of uncertainty in trying to extrapolate to site-wide soil properties. With continuous
monitoring, point (3) may be more dominant. In general terms, each of these will be discussed to
show how each kind of data may be used as the basis of QA/QC.

6.2.4.1 Formal Goals for QA

The goals for QA (goals A and B) in soil compaction process are stated above in section 6.2.1.
For simplicity and specificity, it is assumed that there is one well-defined soil engineering
property that can, in principle, be attributed to every location in the site, and denote this property
by Z(t), where t is any (point) location within the site, denoted as R. QA goals are formalized by
saying that, with respect to uniform weighting over all sites in R, the average value of Z should
be no less than some specified value as indicated in Equation 6.1, and the standard deviation of Z
should be no greater than some (other) specified value as indicated in Equation 6.2:

E(Z) = u=AR)" j Z(t)dt > Qi
t (6.1)

SD(Z) = 0 = JAR)" [ (Z()) - )’ de < O, .

where A(R) is the area of R, for given values of Q; = target value of Z for compliance, and O, =
target standard deviation of Z for compliance. These statements can be modified to reflect non-
uniform averaging over the site if that is appropriate. Other formal goals could, for example, be
based on quantiles of the distribution of Z over R, e.g. that at least 80% (as used in ISSMGE
specifications (see Table 6.1) of the locations in R have Z greater than some specified value.

Decisions are often based on data that are uncertain representations of the actual soil properties,
and this leads to two points that should be made:

1. As noted, the nature of uncertainty inherent in the two kinds of measurement systems can
be substantially different. In order to arrive at a unified, coherent framework for QA/QC,
it is best to stipulate requirements apart from a specific kind of measurement technology.
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Hence goals should be stated in terms of the actual soil engineering property Z, rather
than of its measured values.

2. Due to the uncertainty inherent in any measurement system, there will always be some
degree of uncertainty involved in knowing whether the goals have been met. Hence,
some degree of acceptable risk should be specified, i.e. some nonzero-but-acceptable
probability that a decision will be made that the site meets QA requirements when, in
fact, it does not, and vice versa.

From an operational standpoint, point (1) can be addressed through repeatability and
reproducibility testing and analysis (i.e., by quantifying the repeatability and reproducibility
errors) as described elsewhere in this report.

6.2.4.2 Risk Control

Along with the form of stated goals defined in terms of Z, two kinds of risks must be stipulated
for each goal, namely:

1. The risk (or probability) that a site which actually meets the goal is erroneously declared
as not meeting the goal based on data, and

2. The risk that a site which actually does not meet the goal is erroneously declared as
meeting the goal based on the data.

The first kind of error is a “type I error” following the standard statistical nomenclature from
statistical hypothesis testing, where the null hypothesis would state that the site does meet the
goal. The probability, o, of making this kind of error should be specified in advance. (Selection
of a will be determined from closely examining project level data and different soil types and
could provide the basis for an incentive-based pay scale. Over time o could be linked to
performance records.)

The second kind of error, a “type Il error”, requires a bit more specification. Suppose a site does
not, in fact, meet the goal A, but its site-wide average of Z is very, very close to O;. The
probability of a type II error will clearly be much larger than would be the case for a site in
which the average value of Z is much, much larger than Q;, for any reasonable decision rule.
Hence in order to specify the acceptable risk of a type II error, the degree to which the site does
not (hypothetically) meet the goal must be specified. To do this, specify A; and A,, as well as an
acceptably small probabilities B, and say that risk shall be controlled so that:

1. The probability of erroneously declaring that a site qualifies for meeting goal A is only 8
if, in fact, u = Q - A;

2. The probability of erroneously declaring that a site qualifies for meeting goal B is only 3
if, in fact, 0 = Q, (1+Ay)

In the statements above, note that nonconformance of the mean is stated in terms of an additive

term (or “shift”), while nonconformance of the standard deviation is stated in terms of a
multiplicative factor.
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It should be noted that these risks could also be formulated based on using nonconformance as
the null hypothesis. The practical impact of this would be that the site acceptance criteria would
be much more difficult to satisfy. In effect, such rules would require that data convincingly
contradict an assumption that goals are not satisfied, rather than simply being consistent with an
assumption that they are. This approach would ideally be used where the “agency’s risk” (the
risk of making an accident when the site actually does not conform) is more important than the
“contractor’s risk” (the risk that a site that meets the QA rules is accidentally ruled as
noncompliant).

6.2.4.3 Data Model

At a given location ¢, it is stipulated that there is a well-defined (but not precisely known) value
of the soil engineering property of interest, Z(¢). The model for data obtained at a location is
shown for point measurement and IC-MVs in Equations 6.3 and 6.4, respectively:

Point measurement: X(?) = Z(t) + ex(t) (6.3)
Continuous monitoring: Y(?) =a + b Z(t) + ey(t) (6.4)

where ex(?) and ey(t) are measurement errors of X and Y, respectively (which can be determined
from repeatability test data) and are regarded as random These errors will be modeled as “white
noise”, each with mean zero, and standard deviation that is characteristic of the measurement
method. The respective standard deviations are SD(ex) and SD(ey) which are assumed as known
quantities (can be obtained from repeatability test data). An important assumption is that the
measurement errors associated with point measurement and continuous monitoring data are
statistically independent which means that each measurement contains a random noise
component that is unrelated to the noise of any other measurement taken by either method.

The data model is written to represent X as a “noisy” but accurate representation of the
underlying soil engineering property of interest, Z. In contrast the structural component of ¥
contains a possible non-zero location off-set (a) and a possible non-one scale off-set (b). Two
observations should be made. The first is that a more complicated structural relationship
between X and Z could be stipulated, but unless it is completely known, this would add little
practical generality to the model. Second, a more complicated relationship between Y and Z
could be specified, e.g. to include quadratic or nonlinear aspects. So long as a functional form
can be specified, this can generally be accommodated. A linear relationship is maintained here
primarily because it likely does suffice in many situations, and to make the ideas specific.
However, multiple regression analysis including soil properties from underlying layers and
moisture content has been identified as a realistic approach to improving the regression models
(see White and Thompson 2008, Thompson and White 2008). Currently no IC specification
allows for multiple regression analysis as part of calibration — presumably due to perceived
computational challenges. Multiple regression analysis has the potential advantage of creating a
mechanism for site wide IC-MV calibration that can be updated as new information is collected,
which would be a major advantage over current practices.
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6.2.4.4 A Framework for Point Measurements

The primary mission here is to discuss a framework within which defensible QA/QC procedures
could be constructed for IC continuous monitoring systems. However, many of the standards
that are in use for point measurement systems are based on rules that while generally well-
defined and objective, are not easily interpreted statistically. Since QA/QC rules should ideally
be framed in terms of risks, a notion is developed here for how these might be developed for data
taken as point measurements, primarily as a “baseline” against which to compare IC-MVs.

Site-Wide QA

As noted above, a (and perhaps the) primary source of uncertainty associated with point
measurement data stems from the incomplete coverage character of the information — the fact
that only a small number of discrete sites 7 in R can be evaluated. It is now considered how QA
can be formulated when N locations are randomly selected from R, and a point measurement is
taken at each location. By randomly sampling locations, the point measurement data collected
are in fact randomly taken from the (conceptually infinite) population of measurements that
could, in principle, be taken throughout R. The average and sample variance of N point

measurements be denoted by X , and S}, respectively. It follows, based on the assumptions
concerning Z and the properties of ey, and given values of a, B, O;, Aj, Oz and A,, that

(i) X is an unbiased estimate of ., with standard deviation /o> +SD? (e v)
(ii.) Sy’ isan unbiased estimate of o + SD*(ey)

(iii.)  Goal A should be deemed to be satisfied if X > C, =0, -1, S, /NN
(iv.)  Goal B should be deemed to be satisfied if
Sy <Cy =03 +SD* (e Ziryu /(N =1)

(v.)  To control risks at stated levels for Goal A, N should be selected such that

N = sz +SD2(€X)
Azl (Z1, +Zl—ﬁ)2

(vi.)  To control risks at stated levels for Goal B, N should be selected such that

0;(1+A,)* +SD*(ey)
Zz%/—u—a/lzzv—l,ﬁ: : 2 : 2 .
Q; +SD"(ey)

In some cases, it may be desirable to partition R into sub-areas, and perform a specified amount
of sampling in each sub-area. This technique, usually referred to as stratification in the statistical
literature, often helps to ensure that all regions of R receive at least some sampling. More
importantly, if R can be divided into sub-areas that are known to be relatively homogeneous
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compared to the site as a whole, stratification can lead to improved information relative to simple
random sampling. Analogous rules to those cited above are fairly easy to construct when a
specified number of sites in each stratum (or sub-area) are randomly selected. Color-coded IC-
MYV maps can provide information for defining stratum boundaries.

Local QC

Because point measurement data is, in application, sampled “sparsely” throughout R, it is
difficult to use as the basis of a broadly effective QC program. For example, if measurements
are made at 10 randomly selected locations in a site of 10,000 m?, the probability that a
substandard sub-region of much less than 1000 m? will be detected is obviously quite small. The
most effective basis for developing the ability to detect local problems using point measurement
data is simply through large numbers of samples, either in the initial/standard sampling stage
(perhaps using defined stratum boundaries from IC-MV maps to ensure uniform coverage) or by
reasonable iterative rules that call for additional, more spatially intensive, sampling in sub-
regions that appear to produce the lowest average or most variable point measurements. With
additional assumptions about the spatial distribution of Z, kriging methods could also be
employed to interpolate relatively sparse point measurements for purposes of QC, but kriging
cannot usually be counted on to identify spatial features of finer scale than the sampling grid.

6.2.4.5 Framework for IC Continuous Monitoring

Recall that the assumption is that the point measurement system has been developed to be an
accurate (if not entirely precise) reflection of the underlying soil engineering property of interest,
and that the structural relationship between the IC continuous monitoring data and Z involves
potential location and scale off-sets (see Equation 6.4). We further assume that these off-sets (a
and b in Equation 6.4) are site-specific and are developed for the local conditions. This requires a
calibration of Y using X, where X is the accepted “standard” for measurement, which should be a
part of the formal QA program.

Calibration

Calibration requires that a paired sample of point measurement and IC-MV data be collected.
One way to accomplish this would be to collect M spatially paired values of X and Y, using
regression analysis to fit a functional form to Y as a function of X. However, this does not
produce a “clean” estimate of the correct calibration curve because X and Z are not equivalent
(except in the unusual case in which X contains no measurement error). A better practical option
is to match each Y value with several closely spaced X values. In our context, this might be done
by collecting m point measurement values across the roller drum width, i.e. so that they all
represent soil that is being evaluated simultaneously in the physically integrated IC-MV. The m
point measurement values in each such set are then averaged to “filter” the measurement error

associated with Z. This average value of X is denoted as X _ If M such sets of data are collected,

the result will be M pairs of single IC-MV data paired with averaged point measurement values.
A linear regression is then computed by considering IC-MV data as a dependent variable (i.e., on
y-axis) and the point measurement data as an independent variable (i.e., on x-axis) as shown in
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Equation 6.5 which is associated with a mean squared error (MSE). The estimated intercept
@ and slope b’ obtained from this the linear regression are biased estimates of a and b, but the
bias is small if SD(e, )/ Jm is small relative to o:

Y=a4b'X (6.5)

Hence m should be selected with this in mind (typically, m = 3 should be sufficient?). The
overall sample size, M, should be at least 10, so that the regression estimates are not overly
sensitive to the data values collected at any one location. In any case, there is some bias in this

analysis, resulting in 4'somewhat overestimating a, and b'somewhat underestimating b.
Standard errors of these two estimates, SE(a') and SE(E') respectively, can be calculated as
usual from the regression.

In production operation (after the calibration study), “calibrated” IC-MVs can be produced using
Equation 6.6:

Y()=(Y()-a")/b (6.6)

QA decision rules for IC-MV data can be based on the same general idea used for point
measurement sampling as described above, but here the additional uncertainty involved in the

estimates @' and b' also needs to be incorporated. In this case, we have N values of Y (¢) taken
uniformly and densely from across R. For practical purposes, we view this as being a “noisy”
but spatially complete collection of the effectively infinite collection of points in R. In effect,
this means that the uncertainty in the average of calibrated values Y,is essentially all due to the

uncertainty in the calibration exercise associated with a'and b 1t follows, based on our
assumptions described thus far, that:

(i) Y isan approximately unbiased estimate of p, with approximate standard

deviation SD(Y) = %J SD?(a") + #*SD?* (') + 24CV (@', ') , which can be

estimated by replacing each unknown quantity with its estimate from the
regression; denote this estimate by SD(Y).

. . . . . 1
(ii.) S is an approximately unbiased estimate of o’ + b—ZSD2 (ey)

(iii.)  Goal A should be deemed to be satisfied if Y > C, =0, - zl_asﬁ(f)
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(iv.)  Goal B should be deemed to be satisfied if

5y <€, - o+ S0 o, SO,

b2

(v.)  To control risks at stated levels for Goal A, M should be selected so as to be at

: = A : :
least as large as the solution to: SD(Y) = : . (M enters this equation
Zi 4t 21y
through the standard deviations and covariance of regression coefficients in the
left side of the equation.)

(vi.)  To control risks at stated levels for Goal B, M should be selected so as to be at

SD(ey) SD(ey )
2z, WZ +0, 2Zﬂ MZ +0,
least as large as the solution to: SD*(e.) = SD*(e.)
e e
TY+Q22(1+A2)2 TY+Q22

Note that M (the size of the calibration experiment), rather than N, must be selected to control
risk in this case. For practical purposes, IC-MV data results in N that is effectively infinite;
essentially all the uncertainty comes from the much more limited sample size available for
calibration. Also, the quantities in (6) are derived under the assumption that the variability of Z
encountered in the calibration experiment is typical of that seen across the site R.

Local QC

IC-MV data is potentially more useful for local QC than point measurements because they
effectively represent the entire spatial extent of R (even with “noise” at each location). IC data
obtained during production can be used for local QC, but this requires consideration of both the
uncertainty in calibration curve coefficients and the uncertainty involved in obtaining IC-MVs.
That is, in screening individual locations, the very large sample associated with continuous
monitoring cannot necessarily be depended upon to eliminate physical spatial variability because

spatially individual values of Y (¢) are being evaluated.

For a particular location ¢, the data value acquired via continuous monitoring can be used as the
basis of a statistical prediction interval for Z at that location. Predication intervals are often
similar in form to confidence intervals, but are constructed so as to include a single value of an
unobservable variable, rather than a statistical model parameter such as a mean or standard
deviation.

In most cases, the primary concern of QC would likely be in detecting locations at which
compaction has not resulted in a large enough Z value. It might be reasonable to use only a one-
sided prediction bound, the upper bound for Z constructed using the lower prediction band of the
regression, if firm evidence is required that a location needs more work, or the lower bound for Z
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constructed using the upper prediction band of the regression, if firm evidence is required that a
location has been sufficiently compacted.

6.3 Summary

Integrating IC-MVs into QC/QA operations will benefit from standard protocols for verification
procedures and quantifying measurement errors. Verification builds confidence in the IC-MVs;
and specifications that link IC-MV’s to traditional point measurements should be done with
knowledge of measurement errors. Procedures were discussed on both of these accounts. Three
possible options for use of I[C-M Vs with no on-site calibration are proposed. The premise of
these options is to better assist the roller operator to target areas that need more compaction or
re-work and the field engineer to target areas for QA testing. A statistically rigorous concept
was presented which has a potential in the future to create a new way of defining quality of
compacted fill materials. A next step to fully develop these ideas will be to create contract
specifications and pilot projects. Four options were presented for consideration. Figure 6.4
illustrates an idea that would combine multiple options to target more stringent compaction
criteria (including uniformity) perhaps in the upper part of the embankment where it is more
critical. In the long term, it is the author’s view, however, that option 4 is the approach that
holds the most promise for specification development because it will be more easily linked to
performance of the compacted materials than the other approaches. From a practice standpoint
though, option 4 will take the most effort and training to implement.
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Chapter 7
Summary and Conclusions

7.1 Summary

This report documents the field measurements from IC field project sites, summarizes results
comparing test rolling rut measurements to various IC and in-situ point measurements, provides
a detailed summary of LWD measurements and an approach to determine target values, includes
recommendations for IC specification and verification procedures, and finally provides
summary/conclusions and further recommendations for implementation if IC and LWD
technologies. Some of the keys findings and conclusions from each of the topics areas are
summarized in the following.

7.2 Key Findings from Field Projects

Results and observations from the field studies indicate that IC technology has significant
potential to improve construction process control and resulting quality of compacted granular
and non-granular materials. Detailed test results and project level findings and conclusions are
provided in Chapter 3. Key findings from the field studies and their significance with respect to
specifications and implementation of IC on earthwork projects with granular and non-granular
materials are provided below. Results obtained from TH36 and US10 field projects are
considered for granular soils and results obtained from TH60 and Olmsted County field projects
are considered for non-granular soils.

7.2.1 Granular Soils

e Results indicated positive correlations between IC-MVs and modulus based in-situ test
measurements (i.e., ELwp, Erwp, etc.)/strength (i.e., DPI). Correlations between dry unit
weight and IC-MVs (US10 project) showed poor correlations.

e Modulus measurements obtained on granular subgrade materials (i.e., fine sand as
encountered in US10 project) correlated well with IC-MV's when tests are performed in a
carefully excavated trench of about 100 to 150 mm depth. Similarly, compaction layer
DPI measurements obtained on granular subgrade materials correlated well with I[C-MVs
when the first DCP drop is regarded as a seating drop. For granular base materials (i.e.,
aggregate base material as encountered in TH36 project), modulus/strength based in-situ
measurements obtained at the surface correlated well with the IC-MVs. These are
important practical aspects of in-situ LWD and DCP testing to note when correlating with
IC-MVs.

e CMV is correlated with a linear regression relationship with modulus values, while it is
correlated with a non-linear power relationship with LWD deflection values. This is of
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consequence as Mn/DOT is currently considering implementing diwp as part LWD
QC/QA specification instead of Epwp values. It must be noted that the current 90% to
120% of target values criteria needs to be reviewed for implementing dpwp values due to
the potential non-linear nature in the relationship with CMV.

e The primary factors contributing to low R* values and scatter observed in the regression
relationships is believed to be due to (a) differences in measurement influence depths, (b)
stress state during loading and applied stresses, and (¢) roller jumping (only for data
obtained at high amplitude settings).

e Results from TH36 project demonstrated significantly different stress paths for loading
under roller, FWD, and LWD loading which is a likely contributor to scatter in
relationships between IC-MVs and E; wp measurements.

e Using criteria for characterizing measurement influence depth as the depth at 10% of the
maximum stresses at the surface, the measurement influence depths under the roller = 0.9
m (TH36 project) and 1.5 to 1.6 m (US10 project), 300-mm FWD plate = 0.6 m (TH36
project), and 200-mm LWD = 0.3 m (TH36 project) are determined. No significant
difference was observed in the influence depth with change in amplitude under roller or
increasing dynamic load under the FWD plate. The measurement influence depths under
roller varied between TH36 and US10 projects due to variation in soil stiffness and
layering conditions.

e Roller jumping (as measured by high RMV measurements) affected the CMV values and
consequently the correlations. Influence of RMV in CMV-point measurement
correlations can be accounted for through multiple regression analysis. However, for
practical purposes, it is recommended to perform calibration testing in low amplitude
setting (about less than 1 mm) to avoid complex interpretation and analysis of results.

e Field observations and discussion with contractor indicated that scraper traffic contributes
to compaction of fill materials. EPC measurements from the US10 project indicated that
stresses under scraper tire can be higher (2.2 to 2.6 times greater) than stresses observed
under roller vibratory loading. Results presented by White et al. (2008) from TH64
granular subgrade project showed high CMV values in areas with construction traffic.

e (CMV data obtained from repeated passes indicated that the measurements are repeatable
(CMV measurement error < 3), but are not reproducible with change amplitude. The
measurements obtained at different amplitudes must be treated separately. Effect of
speed on CMV was not evaluated as part of this study. However, a study conducted by
White et al. (2009) indicated that CMV is reproducible with variation in nominal speeds
between 3.2 and 4.8 km/h.

7.2.2 Non-Granular Soils

e Results and observations from TH60 project showed instances where IC-TV (MDP* =
138) established at the project being met and not the E; wp-TV at many test locations.
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Relationships between MDP* measurements with surface ELwp and compaction layer
DPI measurements showed positive correlations, however, with varying degree of
uncertainty (i.e., R* values varied from about 0.3 to 0.8). Relationships between MDP*
and dry density generally showed relatively poor correlations. Soft or uncompacted
zones at depths below about 0.25 m on some test strips did not affect the MDP*
measurements.

Regression relationships showed improved R? values in predicting MDP* from E; wp and
DPI when moisture content is included in the regression analysis. This demonstrates the
sensitivity of soil moisture content in interpreting MDP* values.

Separate trends were observed in MDP*-E| wp correlations for MDP* values < 140 and
>140. This presents a challenge in implementing the QA requirement of production area
meeting 90% to 120% of IC-TV as the limits are applicable only with one linear trend in
the data with increasing compaction.

Results from some test strips indicated that wrong throttle and gear settings used during
roller operations produce invalid IC-MVs. The roller manufacturer recommendation is
that the roller should be operated at a high throttle and low gear setting during
compaction operations.

MDP* results obtained from repeated passes indicated that MDP* values are repeatable
with measurement error in the range of 2 to 4 when operated at a nominal speed of 3.2
km/h. The results showed relatively high measurement error in the range of 10 to 15
when operated at 6.4 km/h nominal speed.

MDP* results from TH60 project indicated that the values are reproducible with change
in amplitude (from a = 0.85 to 1.87 mm) (note that the material was mostly at wet of
optimum moisture content). In contrast, the results from Olmsted County project
indicated that the values are not reproducible with change in amplitude (from a = static to
1.80 mm). A study conducted by White et al. (2009) also indicated that MDP values are
influenced by change in amplitude.

MDP* results from Olmsted County indicated that the values are affected by driving
grade slope and therefore are not reproducible with change in direction of travel.

CMV- ELwp.z2 and CMV- dpwp.z> relationships derived from two test strips on the TH60
project showed good correlations but with separate trends. Statistically significant
correlations were not found with DPI and dry density.

Roller jumping (as measured by high RMV measurements) occurred at locations with
very stiff conditions which affected the CMV values. It is recommended that the CMV
measurement values be evaluated in conjunction with RMV values.
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7.3 Guidance for Test Roller Specification Modification

Use of IC-MVs (CMV and MDP) and DCP/LWD point measurements to evaluate the bearing
capacities of non-granular and granular subgrade layers in-situ were studied at field sites.
Comparisons were made to test roller rut depth QA criteria specified by Mn/DOT for the upper
subgrade layer of a pavement foundation. Correlations developed between CMV and MDP and
point measurements show positive trends but with varying degrees of uncertainty in
relationships. Scatter in the relationships is partly attributed to differences in measurements
influence depth.

At one project site involving compaction of non-granular soils, DCP-s, profiles showed
significant vertical non-uniformity. Test rolling identified soft layers at and below the surface
(rut depths > 50 mm). Based on this finding, a chart solution using layered bearing capacity
analysis was developed and linked to target shear strength values to predict test rolling rut
failures. It was concluded that the IC-MV's and point measurements can serve as a reliable
indicator of compaction quality of non-granular and granular subgrades and as an alternative to
test rolling. It is recommended however, that development of a correlation database continue
with future projects to improve confidence.

7.4 LWD Evaluation and Target Value Determination

7.4.1 Experimental Comparison of LWD Devices and Influencing Factors

Several issues need to be considered when interpreting an Epwp value to successfully implement
the use of the LWD devices in earthwork QA/QC testing. The following are some of the key
aspects:

e E_wp values are influenced by size of the loading plate, plate contact stress, type and
location of deflection transducer, plate rigidity, loading rate, buffer stiffness, and to some
extent the measurement of load versus assumption of a constant load based on laboratory
calibration.

e LWD devices that determine deflection of the plate (e.g. Zorn) are expected to measure
larger deflections compared to devices that measure deflections on the ground with a
geophone (e.g. Keros/Dynatest and Prima).

e The Keros Erwp is on average 1.75 and 2.16 times greater than Zorn Epwp with 200-mm
and 300-mm plate diameters, respectively. The Dynatest Epwp is on average 1.7 times
greater than Zorn Epwp with 200-mm plate diameter. The constant applied force of 6.69
kN in the 200-mm Zorn device is comparable with average loads by 200-mm Keros
device (6.56 kN) for a drop height of 63 mm. The primary contributor to differences in
calculated Erwp is the difference in deflections (on average, Zorn deflections are about
1.5 times greater than Keros).
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The COV of Zorn Erwp is observed to be generally lower compared to Keros or Dynatest
Erwp values. Some field studies showed considerable differences in the COV. To
achieve good reliability and confidence in the test measurements, it is important to plan
and calculate the number of tests depending on the variability of the measurements.

Due to variations in buffer stiffnesses, differences in applied contact stresses should be
expected between Keros and Dynatest 3031 devices set up with similar drop heights.
Despite the differences in applied stresses, the Epwp-p2(s0) and Erwp-k2(s0) showed
comparable results with a slope of linear regression equation close to 1 and R? value of
0.94.

In general, the E;wp values increase with decreasing plate diameters, which is consistent
with observations by other researchers (e.g., Chaddock and Brown 1995; Lin et al. 2006).
The ratio of Epwp from 150-mm and 100-mm plates to Epwp from 300-mm plate showed
some considerable differences with difference in material stiffness; i.e., the ratio
generally tends to increase with increase in material stiffness.

For the granular materials tested, the Zorn Ep wp increases with increasing plate contact
stresses with stiffer material presenting a greater increase in Epwp. The Keros and
Dynatest devices showed an opposite trend. However, the effect of applied stress on
Keros and Dynatest Erwp appear to have less influence (by about 10%) for increase in
contact stresses above 100 kPa.

Variations observed in Epwp.p and Epwp.x by modifying the buffer stiffnesses are
insignificant when the results are compared at similar applied contact stresses

7.4.2 Variability of E, wp Measurements and Measurement Error

Key findings from the test results to quantify LWD test variability are as follows:

An advantage of LWD testing is that many tests can be performed in a short period of
time — perhaps as many as 10 or more compared to conventional sand cone density tests
in the same time period. Simple and rapid field tests allow for better utilization of field
personnel, and also have the advantage of better characterizing soil variability.

Some field studies showed considerable differences in the COV between E; wp.z» and
Erwp-p2 measurements. From analyzing the variability of LWD measurement values,
increasing the number of test measurements improves the statistical confidence in the
limits. A laboratory study was performed on the LWD devices to specifically evaluate
the test variability of the measurements.

For the five Zorn LWD devices evaluated in this study, Grepeatability 1 the diwp-z2 and
Erwp-z> measurements increased with increasing measurement value, €.g., Grepeatability
range for dy for soft pad = 0.06 to 0.08 mm whereas for stiff pad Grepeatavility 1S around 0.01
mm. The COV values show that dy and Erwp.z2 values for both stiff and soft pads are in
the range of 2 to 3%. The contribution of variation attributed due to change in device on
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the dyp measurement values has low significance as the Greproducibility 1S 1€SS than Grepeatabitity
values (or in other words percent contribution less than 50%).

For the three Dynatest LWD devices evaluated in this study, Grepeatability 1n ELwp-n2
measurements increased with increasing measurement value, whereas no statistically
significant trend was observed for dy measurements. The COV values summarized in
that dowp.p2 and Ep wp.p2 values for soft pads are in the range of 2 to 4%, while for stiff
pads they are in the range of 18 to 72%. The contribution of variation attributed due to
change in device on the measurement values is significant for dy and 6y measurements
due to hlgher Greproducibility than Orepeatability values.

7.4.3 Guidance for a Standard Test Protocol

Following are some of the key points for LWD verification tests:

Quantify repeatability of LWD measurements prior to use on a project site. This is
performed using the following procedure: Select at least three test materials — low,
medium, and stiff within the limits of measurement of the device. Perform three seating
drops followed by nine consecutive measurement drops and record deflection, applied
stress, and Ep wp measurements. The COV in the measurements at each test location
should be less than a specified value (a detailed laboratory investigation is warranted to
develop specifications on acceptable COV for the measurements).

Quantify reproducibility of LWD measurements. This should be done in a context of
change in operator and device, especially if multiple operators and devices are utilized for
a project. The procedure to quantify reproducibility is as follows and can be combined
with the repeatability measurements: Select at least three materials with varying stiffness
for LWD testing following the procedure described under step 1. Tests should be
performed by each operator on at least one device for the three materials, and by one
operator on all the devices for the three materials. Perform three seating drops followed
by nine consecutive measurement drops and record deflection, applied stress, and Epwp
measurements. Compute repeatability and reproducibility variations. The reproducibility
standard deviation should be similar or less than the repeatability standard deviation.

Following are some of the key points during in-situ LWD testing:

1.

The test surface should be level and smooth. Levelness can be checked with a bubble
level. The LWD plate should not translate laterally with successive drops.

Tests on cohesionless materials (e.g., USCS: SW, SP, SM), should be performed in a test
pit by excavating surficial loose material. Based on experience, the excavation depth
may vary between 100 to 150 mm. As a rule-of-thumb, the diameter of the test pit should
be approximately 2 times the plate diameter (i.e. 400 mm for 200 mm plate).
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Tests on non-granular materials (e.g., CL, CH) compacted with padfoot rollers should be
at or lower than the bottom of the padfoot penetration. (Preparation of a quality test
surface often requires more time than performing the LWD test.)

Tests on granular base/stabilization layer materials should be at the surface of the
compaction layer and may require a thin layer of leveling sand to ensure uniform contact
of plate with the testing surface. Excess sand can cause seating problems, especially with
geophones and should be minimized.

Perform three seating drops before collecting data for consistent measurements. If
noticeable deflection or bearing capacity failure occurs, the material needs further
compaction or is too wet. For stiff materials, one or two seating drops may be sufficient
and can be determined by collecting data and demonstrating that successive seating drops
do not increase the E;wp by more than about 5%.

Following the seating drops, perform three measurement drops of the falling weight for a
given drop height recording data for each drop. If drwp values successively decrease
with each drop exceeding 10% of the previous measurement, additional compaction is
likely needed (this criteria will be helpful to the field engineer to quickly identify
problem areas).

Record d;wp from the last three measurement drops and compute the average.

If desired, record ELwp by using appropriate shape factor, F in the calculation (F' = n/2
for non-granular materials, F' = 8/3 for granular materials, and F= 2 for intermediate
materials). A Poisson’s ratio value of 0.4 is suggested.

Report the following from each test location:

Material/Layer

Test location identification (e.g., station, offset, etc.)

Excavation depth if tested on granular materials

Air temperature

drwp measurements from three measurement drops

Applied stress measurements (if provided in the output)

Assumptions used in Epwp calculation, if Epwp values are reported (i.e., Poisson’s
ratio and shape factor used)

Moo o
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7.4.4 Comparison between E, wp and CIV Measurements

Results from comparison testing between the Clegg Impact Hammer and the LWD are as
follows:

Advantages of CIV over LWD testing would be that the Clegg device is relatively simply
to operate, the cost is lower than the LWD, the results generally correlate to CBR and
Erwp, and the ASTM standard provides guidance on selecting target values. Further, the
maximum measurable CIV is about 100 (or 1000g), which is representative of a soil with
an elastic modulus of about 2000 MPa for the 20-kg Clegg hammer. On the other hand,
the maximum measurable E; wp.z is about 120 MPa for 200 mm diameter plate (with drop
height of 50 cm). To be brief, for materials with high stiffness (e.g. stabilized materials)
the Clegg device would still be within the measurement range.

Some disadvantages would be that the maximum particle size of the material tested will
be limited by the smaller plate diameter of the Clegg device, and multiple devices of
different drop weight may be needed to test the range of strengths and stiffnesses in the
field, especially for soft materials, whereas the drop height can be adjusted for the LWD.
In addition, more detailed and statistically reliable empirical correlations between CIV
and mechanistic parameter values are warranted for a range of soil types as further
evaluation. The LWD provides a mechanistic measurement values whereas the CIV is an
index.

7.4.5 Laboratory Target Value Determination Study

Results demonstrating the application of gyratory compacted samples to develop
relationships between moisture content, density, E; wp, DCP index, and PDA 1 for non-
granular and granular soils are presented. These relationships are presented in terms
contour graphs overlaid on laboratory Proctor moisture-density relationships of the soils.
The advantage of presenting results in that manner is that target values can tied to both
target moisture and density values.

EvLwp, DCP index, and PDA tg were found to be sensitive to moisture content for non-
granular soils. Moisture content was relatively less significant for granular soils.

New relationships were developed between the PDA 1 values and other soil engineering
parameters (e.g., ELwp, M;, su). Those relationships showed good correlations coefficients
(R? values generally > 0.7). A significant advantage with using PDA device is that it is
less time consuming than other test methods (i.e., ELwp, UU, UC, or M, tests).

Rigid boundary condition for LWD/DCP testing in gyratory mold is an issue with
granular materials that are more sensitive to confinement compared to non-granular
materials. Two different polyurethane molds with different stiffnesses (“stiff”” and “soft)
used in this study did not provide adequate confinement for the granular materials and did
not show any noticeable difference with unconfined condition.
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e The laboratory-determined Epwp target values (based on rigid boundary testing) for one
TH60 non-granular soil were compared to Mn/DOT target values (Siekmeier et al. 2009)
and in-situ Epwp test results. This comparison revealed that the laboratory-determined
target values are mostly within the range of Mn/DOT proposed target values. Some of the
in-situ Ep wp measurements were lower than the minimum Mn/DOT and laboratory-
determined target values for w = 70% to 79% w,,; range. For w >80% of wq, the lower
limit of in-situ E; wp measurements were generally greater than the minimum target
values obtained from both Mn/DOT and laboratory-determined methods.

e The approach presented to develop target values using gyratory testing and trends
presented in the relationships show promise. However, additional research with
developments to the laboratory approach in terms of better simulating the actual field
boundary conditions and for a wide range of soil types is warranted.

7.5 IC Verification and Specification Options

Integrating IC-MVs into QC and QA operations will benefit from standard protocols for
verification procedures and quantifying measurement errors. Verification builds confidence in
the IC-MVs; and specifications that link IC-MV’s to traditional point measurements should be
done with knowledge of measurement errors in both the traditional and new performance based
measurement. Procedures suggested for verification of IC-MVs and quantifying measurement
error are briefly discussed below.

Three possible options for use of IC-MVs with no on-site calibration are proposed. The premise
of these options is to better assist the roller operator to target areas that need more compaction or
re-work and the field engineer to target areas for QA testing. A statistically rigorous concept
was presented which has a potential in the future to create a new way of defining quality of
compacted fill materials. These options are briefly discussed below.

7.5.1 Verification

Three ideas were briefly discussed that would contribute to verification of IC-MV's and
quantification of measurement error associated with specific technologies. A brief summary of
these procedures are as follows:

1. A statistical approach for evaluating the measurement error associated with the roller IC-
MVs in terms of the repeatability and reproducibility for a given set of field conditions
and roller operations. The calculated errors have the same units at the IC-MVs and are
dependent upon the roller operating conditions and “white noise” in the measurement
system. Generally, a 100 m long test section representative of the production area is
suitable for testing. As discussed later, the IC roller measurement error is an input
parameter that is required as part of statistically valid QA/QC assessment.
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2. A plan for construction of dedicated and controlled test beds at MnROAD facility is

proposed as one alternative to verify IC-MVs. Figure 6.1 is an example of a test bed that
could be used to obtain detailed correlations between different I[C-MVs and mechanistic-
based pavement design parameters (e.g., Erwp, ELwp, etc). The test beds would consist of
different non-granular and granular material types that are commonly used in pavement
foundation layers underlain by variable support conditions to capture a wide
measurement range. In addition to developing a database of correlations, the test beds
could also be used to accept IC roller at the beginning of a project and for periodic
verification. Correlations to mechanistic-based parameters would give confidence in
specifying roller MVs for use with performance based specifications and for using roller
MVs for QA. This option would require an investment in the facility and personnel to
regularly monitor the test bed values and performance maintenance as needed.

3. An alternative to the dedicated test beds might be to develop a highly mobile mechanical
system that could simulate the range of soil conditions expected to be encountered on a
project. The device could be transported to a project periodically to verify the output.
Development of the components of such a system is beyond the scope of this research.

7.5.2 Specifications

Some key features of options 1 to 3 that do not require on-site calibration and option 4 with a
statistical framework for a more robust QC/QA specification are as follows:

Option 1 — The final pass roller MV map of a production area is used to identify “weak”
areas. The weak areas are targeted for in-situ QA testing. Acceptance of the production
area is based on in-situ QA test measurements in the “weak” areas.

Option 2 — This option requires evaluating the change in roller MV between successive
passes over a production area. Production compaction should be performed until 90% of
the production area achieves a percent change in MV of < 5%. These percentages may be
adjusted based on field conditions and experience.

Option 3 — IC and QA target values for this option are pre-selected, which can be derived
from a database of correlations from current study/literature, information from local
projects, and calibration tests on test beds of known engineering properties. The
contractor would use the pre-selected roller MV target values for QC, and QA is
evaluated using a combination of roller data and in-situ QA test measurements.

Option 4 — This specification approach is based on two goals: (1) that the overall level of
critical soil engineering properties, over the entire site, achieve at least some specified
minimal value (IC-TV), and (2) that the variability of critical soil engineering properties,
over the entire site, is no more than some specified maximal amount (e.g., %COV).
These statements are quantified by determining the nature of uncertainty inherent in the
measurement systems and then writing rules for defining degree of acceptable risk, (i.e.,
risk that a site which actually does not meet the goal is erroneously declared as meeting
the goal based on the data.) The approach requires calibration of IC-MVs and point
measurements. Site wide QA is then based on achievement of the defined critical soil
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engineering property based on the IC results. The advantage of this approach is that it
allows for the assignment of acceptable risk and creates a framework for incentive-based
pay. Although more rigorous mathematically, this option could provide a new way of
characterizing compacted soils. This approach should be considered a concept and will
require detailed pilot testing from multiple projects and conditions, but has the advantage
of creating a consistent metric between different technologies and for defining quality.

A concept is presented combining these options to target more stringent compaction criteria
(including uniformity) perhaps in the upper part of the embankment where it is more critical. In
the long term, it is the author’s view, however, that option 4 is the approach that holds the most
promise for specification development because it will be more easily linked to performance of
the compacted fill materials than the other approaches. From a practice standpoint though,
option 4 will take the most effort and training to implement.
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Chapter 8
Recommendations for Implementation

The results of this research study provided further evidence that IC technology has the potential
to significantly improve construction process control and the resulting quality of granular and
non-granular compacted fill materials. To further make advancements and add value to the
process there are three recommendations suggested as outcomes of this study with respect to:

1. Specifications
2. Training
3. Data Analysis/Archiving

8.1 Recommendations for Specification Development

The statistically-framed specification option for calibration and statistical analysis of risk is
viewed as the building block of a future more robust and complete specification that is
independent of IC machine and point measurement technologies. The advantage of this
approach is that it allows for the assignment of acceptable risk, provides a link to performance-
based measurements, and creates a framework for incentive-based pay. Although the basic
framework has been established, some of the operational aspects of this specification will need to
be developed. A next step to fully develop these ideas will be to create contract specifications
and pilot projects. It is recommended that a specification task force take on the role to more
fully developing the operational aspects of the specification.

8.2 Development of Training/Certification Program

The response from field inspectors and roller operators is generally that the IC technology brings
value to projects and that it will improve construction efficiency and quality. Much has been
gained over the last few years in terms of experience and knowledge from the field/pilot projects.
This knowledge should be captured in the form of a formal training program for field inspectors
and roller operators. A field inspector’s guide should be developed for quick reference on roller
operations, in-situ testing, data reporting, data analysis, and corrective actions.

8.3 Data Analysis/Report/Archiving

Finally, challenges still exist with making use of the field data during the construction process
and archiving the data for future analysis and use during pavement design and performance
evaluation. A critical next step in the implementation process is to develop tools that make it
easier to provide real-time data analysis in terms of the specification criteria. This will benefit
both the contractor and the field inspectors. It is recommended that the data analysis aspect be
tied to the IC specification options and done external to the IC manufacturers’ software.
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Appendix A: Repeatability and Reproducibility Analysis Procedure and
Example Calculations for LWD and Roller Measurement Data



Repeatability and Reproducibility Analysis using Two-Way Analysis of Variance
(ANOVA)

Consider a data set consisting of m repeated measurements at a test location at / different
locations under each condition of operation J.

For roller measurement values:
m: number of passes on a test strip
I: number of data points across the test strip
J: change in operator, amplitude, speed, direction, etc.
For LWD measurement values:
m: number of measurements at a location
I: number of test locations
J: change in operator, device, material tested, etc.
The two-way random effects model and the three quantities of interest are provided below:

Yiw =ttt et an

Crepeatabitioy = ©

Crepreductiiticy ™ ,"?E,r + g

Cran = J‘ﬁ @ FERTRAR Gy =+ & FERERE FIliyT

Estimates of these from Two-Way ANOVA Results are shown below and the parameters of the
equations are shown in an example table below with ANOVA results.

Prepraralniipr™m e ™ NHoE

For LWD measurements, “rexsaraiiiizz is simply the standard deviation of repeated

measurements obtained at a given location. To calculate, “zas and Fresrecucisiie-, Condition
(i.e., operator, device, material tested, etc.) variables are considered as nominal variables in Two-
Way ANOVA. A typical ANOVA table is provided below.

For roller measurements, “rezearabiiter is computed by considering Pass and Location as
nominal variables in Two-Way ANOVA — accounting for the systematic pass effect. To
calculate, Mraz and @reprsdussmuee  Condition (i.e., amplitude, speed, direction, etc.) and
Location variables are considered as nominal variables in Two-Way ANOVA. A typical
ANOVA table is provided below. Pass effect on the measurement values in this case should be
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statistically insignificant (as assessed by student’s z-ratio and p-value) (As a rule-of-thumb, in a
simple linear regression analysis between pass and roller measurement values, if ¢ —ratio is <-2 or
> 2 and p-value is < 0.05, the effect of pass can be considered statistically significant). To
conclude that there is no effect of change in Condition or Location, the reproducibility standard
deviation should be similar or less than the repeatability standard deviation.

_.‘ ._1r. Fd - j ._1r. ".r
Creproductbiliey = ;mﬁ;[i 0, = + o SUAN I L
i ¢ Y e o

Yhan ™ J'?E."I‘,‘n‘."?iii ciwitiey T S repearaniiny

Table A.1. Typical Two-Way ANOVA Table

DOF (degree
Source SS (sum of square) of freedom) MS (mean square)
Location (/) SSA4 I-1 MSA = SSA/(1-1)
Operating Condition (J) | SSC J-1 MSC = SSA/(J-1)
I x J (interaction term) | SSAC (I-1) (J-1) MSAC = SSAC/I-1) (J-1)
Error SSC 1J (m-1) MSE = SSE/lJ(m-1)
Total SSTot IJm -1 —

A two-way ANOVA Table such as indicated above can be generated using any standard
statistical analysis software (e.g., JMP, SPSS) or using Add-ins in EXCEL. An example step-by-
step procedure of repeatability and reproducibility analysis using JMP statistical analysis
software for roller and Epwp measurement values are presented below.
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Example Calculation of Repeatability and Reproducibility Analysis for LWD
Measurements [Outputs from JMP Statistical Analysis Software]

The following analysis is for LWD measurements obtained on polyurethane pads of two
different stiffness (i.e., two different material conditions) using four different Zorn LWD
devices.

e For this data set:
0 m: number of measurements on each polyurethane pad = 33
O [: number of polyurethane pads = 2
0 J: number of LWD devices =4

e The data set is summarized as shown in Tables A.2 to A.6 below. First, the repeatability
(Orepeatability) Of each device is assessed separately, which is simply the standard deviation
of the measurements obtained from each device:

O  Orepeatability = standard deviation = | Z([ X —uf D

where X — individual measurement value, and y —average of the measurements

e For reproducibility analysis, the data should be pasted into JMP as shown in Figure A.1.
The drop number, LWD Device Number, and Polyurethane Pad Number columns have to
selected as Nominal (it is highlighted as red histogram, see Figure A.1) while the
measurement values (in this case deflection and modulus) have to be selected as
Continuous (it is highlighted as blue triangle, see Figure A.1) variables.

e Then select “Fit Model” as shown in Figure A.2 which opens a “Model Specification”
window. Select the measurement value as “Y”, and ADD Polyurethane Pad Number (/),
LWD Device Number (J), and Polyurethane Pad Number * LWD Device Number (/*))
interaction terms as “Construct Model Effects” as shown in Figure A.2. Then select “Run
Model”.

e The Two-Way ANOVA Table and ¥+#48 = Grgzearapitior results are shown in Figure
A.3. Using the SSC, SSAC, and corresponding degree of freedom numbers calculate:

o FOMFC el=1iMSAC  MIE:
Freproductutiiey ™ [Wax} 8 St ==~ == |

Frag ™ ,q'? i reproductttiiey T vl regeaiaitiine

e Using data in Figure A.2 and the above equations (for deflection measurements), the
“repecrariticy —  0.044 mm and “rewredwsiwiiny = (0.034 mm and “zas = 0.055 mm.
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Table A.2. LWD test measurements from device # 1 on the two polyurethane pads

Polyurethane Pad # 1 Polyurethane Pad # 2
Number | Deflection | Modulus | Device No. | Number | Deflection | Modulus | Device No.
1 2.49 9.5 1 1 0.39 60.9 1
2 2.6 9.1 1 2 0.40 59.4 1
3 2.61 9.1 1 3 0.40 59.4 1
4 2.51 9.5 1 4 0.39 60.9 1
5 2.60 9.1 1 5 0.39 60.9 1
6 2.62 9.1 1 6 0.39 60.9 1
7 2.50 9.5 1 7 0.40 59.4 1
8 2.58 9.2 1 8 0.39 60.9 1
9 2.62 9.1 1 9 0.38 62.6 1
10 2.50 9.5 1 10 0.40 59.4 1
11 2.59 9.2 1 11 0.39 60.9 1
12 2.64 9 1 12 0.40 59.4 1
13 2.50 9.5 1 13 0.38 62.6 1
14 2.59 9.2 1 14 0.40 59.4 1
15 2.63 9 1 15 0.39 60.9 1
16 2.55 9.3 1 16 0.40 59.4 1
17 2.65 9 1 17 0.40 59.4 1
18 2.66 8.9 1 18 0.40 59.4 1
19 2.29 10.4 1 19 0.38 62.6 1
20 2.49 9.5 1 20 0.38 62.6 1
21 2.54 9.4 1 21 0.39 60.9 1
22 2.44 9.7 1 22 0.38 62.6 1
23 2.54 9.4 1 23 0.39 60.9 1
24 2.59 9.2 1 24 0.38 62.6 1
25 245 9.7 1 25 0.38 62.6 1
26 2.55 9.3 1 26 0.38 62.6 1
27 2.56 9.3 1 27 0.40 59.4 1
28 247 9.6 1 28 0.38 62.6 1
29 2.55 9.3 1 29 0.38 62.6 1
30 2.50 9.5 1 30 0.40 59.4 1
31 2.48 9.6 1 31 0.37 64.2 1
32 2.56 9.3 1 32 0.39 60.9 1
33 2.58 9.2 1 33 0.40 59.4 1
O repeatability 0.08 0.29 Grepeatability 0.01 1.44
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Table A.3. LWD test measurements from device # 2 on the two polyurethane pads

Polyurethane Pad # 1 Polyurethane Pad # 2
Number | Deflection | Modulus | Device No. Number | Deflection | Modulus | Device No.
1 2.33 10.2 2 1 0.4 59.4 2
2 2.44 9.7 2 2 0.38 62.6 2
3 2.46 9.7 2 3 0.4 59.4 2
4 2.38 10 2 4 0.39 60.9 2
5 2.48 9.6 2 5 0.38 62.6 2
6 2.49 9.5 2 6 0.39 60.9 2
7 2.37 10 2 7 0.4 59.4 2
8 2.46 9.7 2 8 0.39 60.9 2
9 2.48 9.6 2 9 0.39 60.9 2
10 2.38 10 2 10 0.39 60.9 2
11 247 9.6 2 11 0.38 62.6 2
12 2.51 9.5 2 12 0.39 60.9 2
13 2.33 10.2 2 13 0.38 62.6 2
14 2.46 9.7 2 14 0.38 62.6 2
15 248 9.6 2 15 0.39 60.9 2
16 2.38 10 2 16 0.38 62.6 2
17 2.49 9.5 2 17 0.4 59.4 2
18 2.53 9.4 2 18 0.39 60.9 2
19 241 9.9 2 19 0.39 60.9 2
20 2.51 9.5 2 20 0.38 62.6 2
21 2.52 9.4 2 21 0.38 62.6 2
22 2.39 9.9 2 22 0.39 60.9 2
23 2.52 9.4 2 23 0.39 60.9 2
24 2.53 9.4 2 24 0.38 62.6 2
25 243 9.8 2 25 0.38 62.6 2
26 2.51 9.5 2 26 0.38 62.6 2
27 2.53 94 2 27 0.37 64.2 2
28 241 9.9 2 28 0.38 62.6 2
29 2.49 9.5 2 29 0.37 64.2 2
30 2.55 9.3 2 30 0.38 62.6 2
31 242 9.8 2 31 0.38 62.6 2
32 2.51 9.5 2 32 0.38 62.6 2
33 2.53 9.4 2 33 0.38 62.6 2
O repeatability 0.06 0.25 Orepeatability 0.01 1.29
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Table A.4. LWD test measurements from device # 3 on the two polyurethane pads

Polyurethane Pad # 1 Polyurethane Pad # 2
Number | Deflection | Modulus | Device No. Number Deflection | Modulus | Device No.
1 2.48 9.6 3 1 0.4 59.4 3
2 2.57 9.2 3 2 0.4 59.4 3
3 2.58 9.2 3 3 041 58 3
4 2.48 9.6 3 4 041 58 3
5 2.56 9.3 3 5 0.42 56.6 3
6 2.6 9.1 3 6 0.4 59.4 3
7 2.49 9.5 3 7 0.39 60.9 3
8 2.57 9.2 3 8 0.39 60.9 3
9 2.61 9.1 3 9 0.4 59.4 3
10 248 9.6 3 10 04 59.4 3
11 2.59 9.2 3 11 0.39 60.9 3
12 2.6 9.1 3 12 0.4 59.4 3
13 2.48 9.6 3 13 0.4 59.4 3
14 2.57 9.2 3 14 0.39 60.9 3
15 2.59 9.2 3 15 0.4 59.4 3
16 2.5 9.5 3 16 0.4 59.4 3
17 2.57 9.2 3 17 0.39 60.9 3
18 2.61 9.1 3 18 0.4 59.4 3
19 2.5 9.5 3 19 0.39 60.9 3
20 2.58 9.2 3 20 0.4 59.4 3
21 2.6 9.1 3 21 0.4 59.4 3
22 2.5 9.5 3 22 0.4 59.4 3
23 2.59 9.2 3 23 0.4 59.4 3
24 2.64 9 3 24 0.4 59.4 3
25 2.51 9.5 3 25 0.4 59.4 3
26 2.61 9.1 3 26 0.4 59.4 3
27 2.61 9.1 3 27 0.4 59.4 3
28 2.53 9.4 3 28 0.39 60.9 3
29 2.61 9.1 3 29 0.39 60.9 3
30 2.62 9.1 3 30 0.39 60.9 3
31 2.53 9.4 3 31 0.38 62.6 3
32 2.6 9.1 3 32 0.39 60.9 3
33 2.62 9.1 3 33 0.39 60.9 3
0.05 0.19 0.01 1.13

Girepeatability

G repeatability
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Table A.5. LWD test measurements from device # 4 on the two polyurethane pads

Polyurethane Pad # 1 Polyurethane Pad # 2
Device
Number | Deflection | Modulus | Device No. Number Deflection | Modulus No.
1 247 9.6 4 1 041 58 4
2 2.56 9.3 4 2 0.41 58 4
3 2.59 9.2 4 3 041 58 4
4 248 9.6 4 4 041 58 4
5 2.57 9.2 4 5 0.41 58 4
6 2.6 9.1 4 6 041 58 4
7 2.49 9.5 4 7 0.42 56.6 4
8 2.6 9.1 4 8 0.42 56.6 4
9 2.6 9.1 4 9 0.41 58 4
10 2.5 9.5 4 10 0.41 58 4
11 2.59 9.2 4 11 043 55.3 4
12 2.63 9 4 12 0.4 59.4 4
13 2.51 9.5 4 13 0.4 59.4 4
14 2.61 9.1 4 14 0.42 56.6 4
15 2.61 9.1 4 15 0.4 59.4 4
16 2.51 9.5 4 16 041 58 4
17 2.6 9.1 4 17 0.4 59.4 4
18 2.63 9 4 18 0.42 56.6 4
19 2.52 9.4 4 19 0.4 59.4 4
20 2.63 4 20 0.4 59.4 4
21 2.64 4 21 0.39 60.9 4
22 2.49 9.5 4 22 0.39 60.9 4
23 2.61 9.1 4 23 041 58 4
24 2.65 9 4 24 0.41 58 4
25 2.5 9.5 4 25 041 58 4
26 2.56 9.3 4 26 0.41 58 4
27 2.62 9.1 4 27 0.42 56.6 4
28 2.49 9.5 4 28 043 55.3 4
29 2.59 9.2 4 29 0.43 55.3 4
30 2.65 9 4 30 041 58 4
31 2.52 9.4 4 31 0.41 58 4
32 2.64 9 4 32 041 58 4
33 2.64 9 4 33 0.4 59.4 4
Grepeatability 0.06 0.21 Grepeatability 0.01 1.39
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Table A.6. LWD test measurements from device # 5 on the two polyurethane pads

Polyurethane Pad # 1 Polyurethane Pad # 2
Device Device
Number | Deflection | Modulus No. Number Deflection Modulus No.
1 247 9.6 5 1 0.4 59.4 5
2 2.57 9.2 5 2 0.39 60.9 5
3 2.6 9.1 5 3 0.39 60.9 5
4 2.59 9.2 5 4 0.37 64.2 5
5 2.58 9.2 5 5 0.38 62.6 5
6 2.61 9.1 5 6 0.38 62.6 5
7 2.48 9.6 5 7 0.37 64.2 5
8 2.5 9.5 5 8 0.38 62.6 5
9 2.6 9.1 5 9 0.38 62.6 5
10 2.5 9.5 5 10 0.38 62.6 5
11 2.59 9.2 5 11 0.37 64.2 5
12 2.61 9.1 5 12 0.37 64.2 5
13 2.49 9.5 5 13 0.37 64.2 5
14 2.59 9.2 5 14 0.38 62.6 5
15 2.61 9.1 5 15 0.38 62.6 5
16 2.51 9.5 5 16 0.37 64.2 5
17 2.6 9.1 5 17 0.37 64.2 5
18 2.62 9.1 5 18 0.37 64.2 5
19 247 9.6 5 19 0.4 59.4 5
20 2.59 9.2 5 20 0.39 60.9 5
21 2.62 9.1 5 21 0.39 60.9 5
22 2.5 9.5 5 22 0.38 62.6 5
23 2.57 9.2 5 23 0.38 62.6 5
24 2.63 9 5 24 0.4 59.4 5
25 2.51 9.5 5 25 0.38 62.6 5
26 2.61 9.1 5 26 0.38 62.6 5
27 2.63 9 5 27 0.39 60.9 5
28 2.51 9.5 5 28 0.39 60.9 5
29 2.64 9 5 29 0.38 62.6 5
30 2.66 8.9 5 30 0.39 60.9 5
31 2.53 9.4 5 31 0.37 64.2 5
32 2.61 9.1 5 32 0.38 62.6 5
33 2.64 9 5 33 0.39 60.9 5
O repeatability 0.06 0.21 Orepeatability 0.01 1.53
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Figure A.1: Data organization in JMP for reproducibility analysis
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Figure A.2: Steps for model fitting and selection of X and Y variables for analysis in JMP
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Figure A.3: Two-Way ANOVA table output in JMP



Example Calculation of Repeatability and Reproducibility Analysis for Roller
Measurements [Outputs from JMP Statistical Analysis Software]

The following analysis is for roller measurements (MDP*) obtained over a 50 m long compacted
test strip with variable stiffness in two different speeds (nominal 3.2 km/h and 6.4 km/h) at a
constant amplitude setting (@ = 0.9 mm). The data is analyzed for repeatability of MDP* at
constant speed settings and reproducibility of MDP* with change in speed.

e For this data set:
0 m: number of passes on the test strip in each setting = 5
O I: number of data points across the test strip = 164
0 J: total number of speed settings = 2

o First, the repeatability (Grepeatabiiy) 0f MDP* at each speed setting is computed. As
explained earlier, number of Passes and Location are considered as nominal variables
and a Two-Way ANOVA is performed accounting for any systematic pass effect, to
COMPUte Grepeatability- 1€ data must be organized into columns of Pass, Location [location
represents data points across the test strip], and Measurement Values as shown in Figure
A.4. One challenge with organizing the Location column is that the data points obtained
from different passes are not collected at the exact same location. To overcome this
problem, the data should be processed in such a way that an average data is assigned to a
preset grid point (e.g., 0.3 m as used in this report) along the roller path. The grid point
along the roller path represents an average of IC-MVs that falls within a window of size
that is half the size of the grid length (in this case it is 0.15 m) in forward and backward
directions. The approach is validated in the report (see Chapter 3).

e The Pass and Location columns have to be selected as Nominal (it is highlighted as red
histogram, see Figure A.4) while the measurement values (in this case MDP*) have to be
selected as Continuous (it is highlighted as blue triangle, see Figure A.4) variables.

e Then select “Fit Model” as shown in Figure A.5 which opens a “Model Specification”
window. Select the measurement value as “Y”, and ADD Pass and Location Number as
“Construct Model Effects” as shown in Figure A.4. Then select “Run Model”. The Two-

Way ANOVA Table and ¥ #J& ™ Gregearaniiiey results are shown in Figure A.5.

e For reproducibility analysis, select at least three passes data that has statistically
negligible effect of pass. Organize the data as shown in Figure A.6 in columns of Pass,
Location, Measurement Value (in this case MDP*) and Speed. The Pass, Location, and
Speed columns have to selected as Nominal while the measurement value column have
to be selected as Continuous (see Figure A.6).

e Then select “Fit Model” and select the measurement value as “Y”, and ADD Location (/),
Speed (J) and Location * Speed (/*/) interaction terms as “Construct Model Effects” as
shown in Figure A.7. Then select “Run Model”.
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e The Two-Way ANOVA Table and ¥43E ™ @repearasitior results are shown in Figure
A.3. Using the SSC, SSAC, and corresponding degree of freedom numbers calculate:

{ MIC | (1= 1IMSAC MIZ'
'?."n'—p."w.':.'c. tiny = 1m t:[-' "y mt e
J n .

v &

Chan ™ J'?E."ﬂ‘." equrikiiey T T repraraniiny

e Using data in Figure A.6 and the above equations (for MDP¥*), the Fremreducibilie- = 5.9,
“rewrogucibilioe = 18.2 mm and Frar = 19.1 mm.

e Results indicate that the contribution of “regreducibilics to the overall variability Fzaz is

greater than the contribution of ¥rswreduciiticy . For this data set, the impact of change in
speed on MDP* is considered statistically significant.
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Figure A.4: Data organization in JMP for repeatability analysis of roller measurement values
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Figure A.5: Repeatability analysis procedure in JMP
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Figure A.6: Data organization in JMP for reproducibility analysis
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Figure A.7: Results of Two-Way ANOVA for roller measurement reproducibility analysis



