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SUMMARY

Based on the research results, to perform base thick lift compaction on select
projects, FDOT specification 200 has been developed as follows:

200-5.2 Number of Courses:

If, through field tests, the Contractor can demonstrate that the compaction
equipment can achieve the density required by 200-7.2.1 for the full depth of a thicker lift,
and if approved by the Engineer, the base may be constructed in successive courses of not
more than 12-inch [300 mm] compacted thickness, provided that the average LBR of the
subgrade material is not less than 120 with no individual LBR values less than 100 and
the thickness of the subgrade layer is not less than12 inches.

Prior to construction of the test sections, the contractor will submit a plan to
construct the single 12-inch thick lift section, including the equipment and procedures to
be used. Approval of the plan by the State Construction Office will be required prior to
construction of the test sections. Once the plan has been approved, the Engineer will base
final approval on results of density tests and stiffness measurements on two test sections
each of the length of one LOT. Notify the Engineer prior to beginning construction of the
two test sections.

Construct the first test section of 12-inch thick base in two lifts each 6-inch thick
using the Contractor’s specified compaction effort. Identify the test section with the
compaction effort and thickness in the Logbook. After compaction of the first lift,

perform five QC density tests at random locations within the test section. All QC tests
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and a Department Verification test performed on the first lift must meet the density
required by 200-7.2.1. After compaction of the second lift, perform QC density tests at
five random locations within the test section. At each location, test the top 6-inch

[150 mm)] in addition to the entire course thickness. All QC tests and a Department
Verification test performed on the second lift must meet the density required by 200-7.2.1.
The Engineer will perform a series of at least ten Falling Weight Deflectometer (FWD)
tests at random locations within the test section. FWD testing will be conducted in
accordance with ASTM D4694.

Construct the second test section consisting of a single 12-inch thick lift using the
Contractor’s proposed compaction effort for thick lift construction (e.g., vibratory pad-
foot roller finished with a vibratory smooth drum roller). The maximum dynamic force of
the compaction equipment shall be not less than 60,000 Ibf. Identify the test section with
the compaction effort and thickness in the Logbook. After compaction of the thick lift,
perform QC density tests at five random locations within the test section. At each
location, test the top 6 inches [150 mm] in addition to the entire 12-inch [300 mm] course
thickness. All QC tests and a Department Verification test must meet the density required
by 200-7.2.1.

The Engineer will perform a series of at least ten FWD tests per test section.
Engineer’s acceptance of the thick lift test section will require that the average FWD
impulse stiffness of the thick lift test section be equal to or greater than the average FWD
impulse stiffness of the two conventional 6-inch lifts and the required density for thick
lift construction must meet the density required by 200-7.2.1. If the average FWD

impulse stiffness of the thick lift test section is not greater than the average FWD impulse

viil



stiffness of the conventional two 6-inch lifts, the Contractor may increase the compaction
effort until the required average FWD value is achieved. f additional compaction effort is
applied to the test section, additional QC density tests and a Department Verification test
shall be performed, and the average of these density tests will be considered
representative of the test section for determining the required density for thick lift base
construction.

After construction of the test sections, approval of the thick lift base construction
will require 3 days to obtain the FWD test report.

If unable to achieve the required density and FWD impulse stiffness, remove and
replace or repair the test section to comply with the specifications at no additional
expense to the Department.

Once approved, a change in the source of base material will require the
construction of a-new test sections. Do not change the compaction effort once the test
sections are approved. The Engineer will verify the density of the bottom 6-inch
[150 mm] during thick lift operations with one VT per every 16 LOTs. The Contractor
may elect to place material in 6-inch [150 mm] compacted thickness at any time. The
Engineer may terminate the use of thick lift construction and instruct the Contractor to
revert to the 6-inch [150 mm] maximum lift thickness if the Contractor fails to achieve
satisfactory results or meet applicable specifications including the minimum impulse
stiffness value determined from FWD tests.

200-6.2 Moisture Content:

Moisture content of the base material shall be 1 to 3% dry of the optimum moisture

content as determined by AASHTO FM 1-T 180, Method D. During the phase of test
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sections, microwave oven (ASTM D4643) shall be used to measure the initial moisture
content. Moisture contents will be obtained from five random locations within both test
sections. At each of these locations, two moisture contents will be obtained at depths of 0
to 6-inch and from 6 to 12-inch. After the moisture content results have been obtained, if
all of the results are 1 to 3% dry of the optimum moisture content, compaction of the test
sections will begin within 24 hours of sampling.

200-7.2.1 Density: Within the entire limits of the width and depth of 12-inch and 6-
inch thick base, obtain a minimum density in any LOT of 98% of maximum density as
determined by AASHTO FM 1-T 180, Method D. The difference between densities
measured in 12-inch and 6-inch tests shall not vary by more than 2 pcf.

The Engineer shall perform FWD testing, as needed, with frequency not exceeding

three tests per eight LOTS.



CHAPTER 1
INTRODUCTION

1.1. General

Mechanical compaction of earthen materials has been used for thousands of years.
In the US, static/dynamic smooth, pad, or sheep-foot rollers is common in construction of
roadway embankments, bases, dams, and so on. The level of effort required in field
compaction is typically controlled through comparison between dry densities achieved in
the field and dry density resulting from standard laboratory compaction test (e.g.,
Modified Proctor tests). In the latter, multiple layers of soil are compacted in a standard
mold using regulated and standardized compaction effort at different moisture contents to
determine the maximum dry density for a specific compactive effort and the
corresponding “optimum” moisture content for compaction. The higher the dry density of
given material, the higher the expected strength and stiffness of that material.

In the field, contractors have several means and methods that can be employed to
meet or exceed a specified minimum dry density for a given material, which include:

1.  Compaction equipment selection (e.g., vibratory, static, smooth, pad, etc.)
2. Number of passes

3. Lift thickness

4.  Moisture content

5. Stiftness of subgrade soil and base course materials



In Florida, most if not all limerock-base courses (FDOT Specification 200) have a
maximum particle size of 3 inches and minimum percentage of fines (i.e., passing 200
sieve) of 35%. Current FDOT practice (Specification 200) allows maximum lift thickness
of 6-inch. Specification allows up to maximum of 8-inch thick base lift, if through field
test, the contractor can demonstrate that the compaction equipment can achieve density
for the full depth of 8-inch and if approved by the engineer. Specification does not any
controls on moisture. Generally, moisture contents vary widely based on location (5% -
south Florida to 14% - central Florida and north) of mine material, humidity, seasonal
rainfall and so on. Most, if not all limerock base courses are compacted with either single
or dual steel rollers with vibratory dynamic forces less than 50,000 Ibf.

Strong interest has developed in the feasibility of compacting thicker lifts, e.g., a
single 12-inch lift for roadway base courses for several reasons. 1) Typical limerock base
design thickness exceeds the currently specified lift thickness, thus requiring two lifts of
construction. 2) Industry in producing more compaction equipment capable of delivering
higher static and dynamic forces. Thicker lift base compaction, if feasible, could benefit
both the contractor and the State of Florida in terms of reduced construction cost and time.
Note for two conventional 6-inch lifts, the contractor must transport, spread, grade and
compact the material twice, and quality control (density, moisture, etc.) must be

undertaken twice vs. once with a 12-inch lift.

1.2. Objective

The focus of this research was the placement and compaction of a single 12-inch
limerock lift instead of two 6-inch lifts over competent subgrade using compaction

equipment readily available to contractors, as well as materials with no special gradation.



Successful placement was to be judged based on similarities of stiffness and strength
between the thick lift (12-inch) and two 6-inch lifts constructed using the same material,
conditions and subgrade conditions.

To evaluate the appropriate compaction equipment, number of passes, moisture
content, and so on, test sections were constructed rigorously monitored, using stress cells,
LVDT strain sensor, and accelerometers, tested for compliance with density
specifications, and tested for in-place strength and stiffness performance. The LVDTs
were used to validate densities measured with nuclear density probe (NDP), and the stress
cells and accelerometers were used to measure stiffness and energies within the
compacted fill.

Since thick lift limerock compaction has had minimal application within Florida, it
was decided to select a site, materials and equipment which had a high potential for
success. The following were selected: 1) vibratory pad foot roller or heavy smooth
wheel vibratory roller; 2) well graded limerock with limited fines at moisture content dry

of optimum (higher stiffness & strength) and 3) stiff/strong subgrade (LBR > 100).

1.3. Scope

The site selected for thick lift compaction study by the FDOT was SR 826 in
Miami Florida, District 4. Located near Miami International Airport, SR 826 has
Oolitic limestone near the surface (i.e., a strong subgrade, LBR>100) with ongoing
placement of two conventional 6-inch limerock lifts which were well graded, low fine
contents and moisture content varying from 5 to 9% from the source, i.e. dry of optimum.

After discussion with FDOT, Ardaman & Associates and UF personnel, it was

decided to compact three one hundred foot test sections. The first section was



constructed using conventional means, i.e. two 6-inch lifts, compacted with a typical
smooth wheel vibratory compactor. The second test section was constructed in a single
12-inch lift using a vibratory pad-foot roller (55,000 1bf). The third test section was also
constructed in a single 12-inch lift, but was compacted using a heavier smooth wheel
vibratory compactor equipped with “intelligent” compaction control devices. The latter
roller has the capability of measuring the soil stiffness, and varying the applied vertical
dynamic force depending on the preset target stiffness (modulus).

All three sections were to be instrumented to measure vertical stresses,
accelerations, and strains at different depths for each pass of the roller. Nuclear density
probe (NDP) and moisture content measurements using lab oven dried were taken prior
to, during and upon completion of test section construction. To measure strength and
stiffness, dynamic cone penetration, falling weight deflectometer, and soil stiffness gauge
test were to be performed at ten locations along each section. In addition, multiple bag
samples were collected both pre and post compaction from each section, and sieved to
identify particle breakage due to compaction.

The following tasks were completed by FDOT, Ardaman & Associates and
University of Florida to complete the scope of services.

1.3.1. Task 1

FDOT District CEI performed laboratory Modified Proctor compaction tests on
representative samples of the limerock material to identify optimum moisture contents
and maximum dry densities. The FDOT State Materials Office personnel performed the
Falling Weight Deflection (FWD) Testing, Automatic Dynamic Cone Penetrometer
Testing (ADCPT), Soil Stiffness Gage (SSG) Testing, bag sampling, and laboratory sieve

analyses of pre- and post-compacted limerock samples from the three test sections.



1.3.2. Task 2

Ardaman and Associates placed the instrumentation at multiple depths at in each
test section, recorded the data for each pass of the compactor, and performed nuclear
density probe (NDP) for measurements of density and moisture for each test section.

1.3.3. Task 3

University of Florida reduced and analyzed all of measured data (stresses, strains,
accelerations, FWD, ADCP, SSG, etc.) for each section, and evaluated the results
(stiffness, moduli, energies, etc.) from section to section (i.e. 6-inch lift vs. 12-inch).

This report summarized the analysis and comparisons, and provides
recommendations for implementation and further study. Based on the report, thick lift

specifications are developed to be used on select projects.



CHAPTER 2
COMPACTION BACKGROUND

This chapter reviews field vibratory compaction equipment, both conventional and
intelligent (feedback loop), as well as the influence of moisture content, and compaction

energy, on stiffness and strength of compacted backfill.

2.1. Field Vibratory Compaction

Typical vibratory compaction equipment includes hand held plates (i.e. tampers), as
well as single and multiple wheels drum rollers. For this project vibrating smooth and
pad- foot rollers were investigated.

The basic concept of vibratory roller is the use of unbalanced weights to develop
sinusoidal forces. In addition all vibratory rollers, i.e., towed, self-propelled, and/or
tandem have the static weight (motor, frame, etc.) separated from the vibratory mass
through shock absorbers. As identified by Koulbert (2004), the total force imparted to the
ground is given in Eq. 2.1. The first term is inertia (dynamic) force due to the static
weight of the drum. The second term is the varying dynamic force due to the rotating
masses within the drum, and the third term is the static weight of both the drum and the
rotating masses. Note the second term is a function of the frequency, f, of the rotating

masses.

F, =—m, Xq+m, I, Q* cos(Qt) + (M, +m,) g 2.1)

Where,
my = mass of the drum (kg)
xq = vertical displacement of drum (m)



x, = acceleration of drum (m/s2)
my = mass of the frame (kg)

m, = unbalanced mass (kg)
r, = radial distance at which mu is attached (m)
m,r, = static moment of the rotating shaft (kg.m)
Q=2rf
t = time elapsed (sec)
g = acceleration due to gravity (m/sec2)
f = frequency of the rotating shaft (Hz)
Generally, the second term is much less than the other terms (1st and 3rd)
contribution. For instance, Forssblad (1965) studied the effect of the vibratory masses on
a vibratory roller’s compaction. He found by adding 24% of the total roller weight to the

frame, a considerable increase in a soil’s compacted density occurred; however, a similar

change in the drum’s weight did not result in an analogous increases in soil density.
Parsons et al (1962) focused on the amplitude of the vibratory motion, i.e. Xd in Eq.

2.1. Besides increasing the dynamic force, Eq. 2.1, Parsons et al found little effect in
typical 6 to 9 inch thick lifts which couldn’t be accomplished with more passes of the
roller.

Yoo (1978) improved field instrumentation through the use of inductance coil
strain gages for field compaction studies. Their experiments also varied compactor
weight and layer thickness for gravel-sand mixtures compacted dry (4%) of optimum
moisture content. Both 12-inch and 36-inch thick fills were compacted under various
energies and moisture content. They concluded that the maximum compact layer
thickness should be limited to 12-inch (vs. 36-inch) from stiffness and densities

measurements with depth. Similarly, WES (USACE-WES, 1976) carried out



compaction on lean clay (PI=13) with various water contents using a sheep-foot roller.

Based on that study, they recommended a limitation of lift thickness of 7-inch.

2.2. Strength, Moisture Content and Compactive Effort

Even though field compaction is generally controlled by dry density and moisture
contents, the stiffness and strength of the placed backfill are the properties of interest.
For instance, deflection, rutting, and bearing failure of a base course control its design
(from AASHTO 2002). Since stiffness and strength measurements are difficult to
perform on a routine basis in field, they have been equated to a materials density and
moisture content.

Seed and Chan (1959) were one of the first to study the relationship between
material strength, compaction effort and moisture for fine-grained soils. Their
experiments were performed with Harvard Compaction setup (62.4 cm’ specimen, 0.5-
inch compacting rod with variable spring stiffness). Shown in Figure 2.1 is the change in
dry density (bottom), small strain stiffness (middle) and large strain stiffness (top figure)
vs. moisture content for different compaction energies. Evident from the figure, stiffness,
and density increase with compaction energy for a moisture content dry of optimum.
Note the significant reduction in stiffness for a given compactive effort as the moisture
content passes wet of optimum.

Turnbull and Foster (1956) studied the influence of moisture and compactive effort
on granular soils in Fig. 2.2. Instead of performing triaxial compression, they conducted
California Bearing Ratio (CBR). Similar results as shown in Fig. 2.1 are seen in Fig. 2.2.
Ping et al (1996) has suggested a correlation of 1.25 between the Florida Limerock

Bearing Ratio Test (LBR) and CBR results.
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The FDOT State Materials Office (SMO) compacted the Florida Limerock to meet
LBR requirements. As part of this research, SMO compacted additional specimens to a
constant dry density, 123 pcf, at different moisture contents with subsequent LBR testing.
Shown in Fig. 2.3 is the variation of LBR value with moisture content for both soaked
and un-soaked samples. Evident is the higher stiffness/strength of the un-soaked samples
dry of optimum (10.5% - standard proctor). The latter agrees with Seed & Chan, and
Turnbull & Foster that compaction dry of optimum for a specific dry density would

ensure a higher strength and stiffness.

Constant Density vs. LBR TEST
1000

—%—TEST #3
100% MAX
UNSOAKED

o 100 T.\ LBR
K

—e—TEST #4
100% MAX
SOAKED
LBR

10 I I
8 9 10 11 12 13
MOISTURE(%)

Figure 2.3 LBR vs. Moisture Content — Compacted to Dry Density of 123pcf
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2.3. Intelligent Compaction

To perform thick lift placement, one of the compactor manufacturers, Bomag,
recommended the use of their Intelligent Compaction Control (ICC) devices.
Conventional vibratory steel wheel rollers, Fig 2.4 employ rotating eccentric masses to
develop vertical dynamic forces, Eq. 2.1. Moreover, circular motions of the masses are
aligned such that the dynamic forces are always vertical. In addition, conventional
vibratory rollers operate at either high frequency and low amplitude or low frequency and

high amplitude to prevent damage to the equipment.

Vibratory compaction single drum rollers with circular exciter system

high
amplituds

Application Compaction principle Application
+ thin layers static pressure and « thick layers
* granular materials dynamic energy + granular and cohesive materials
» granular bases Key parameters » cement bound materials
« overlay compaction on « static linear load « subbases
thick granular layers « vibrating mass + embankments
+ amplitude * dams
+ frequency

Figure 2.4 Conventional Vibratory Roller
(Source:http://www.bomag.com/media/WM9703 0403 rdr.pdf, Last accessed
Mar.18.2005).


http://www.bomag.com/media/WM9703_0403_rdr.pdf
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VARIOCONTROL single drum rollers with directed vibrator system

adjustable and automatically requlating

low dynamic energy Compaction effect high dynamic energy
due to horizontally Deadweight and dynamic energy, due to vertically
directed vibrations the compaction effect is automatically directed vibrations

adapted to compactibility of material,
layer thickness and subbase.

Applications: all soil types,
granular bases and subbases.

Figure 2.5 Vario-control Vibratory Rollers
(Source:http:// www.bomag.com/media/WM9703 0403 rdr.pdf, Last accessed
Mar.18.2005).
Recently, a number of manufacturers have implemented more control or
feedback between the instrumentation (accelerometer) on the compactor’s drum, and the
force delivered to the ground. One such unit is Bomag’s vario-control Roller, shown in

Fig. 2.5. Assuming a one-degree of freedom model for the compacted backfill, Fig. 2.6,

the static stiffness, kg, of the base is computed from:

Fo =kg X, +dg Xd (2.2)

Where,

kg = stiffness of soil (F/L)

x4 = vertical displacement of soil

dg = damping coefficient (value of 0.2 assumed)

X, = velocity of soil mass (measured at drum)


http://www.bomag.com/media/WM9703_0403_rdr.pdf
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Figure 2.6 One Dimensional Model of Compactor and Subsoil

Next using Lundberg’s (1939) work, the Young’s Modulus, E;, of the compacted
soil is found from the soil stiffness, k,, Eq. 2.3:

k, = B L7 2.3)

2 1 7L Ey
2(1-07) 2.14+21n[(1_02)16(mf+md)Rg]

Where,

L = length of roller

R = radius of roller
v=poisson’s ratio of the soil

The vario-control unit in the manual mode will automatically display the E,
measurements of the compacted base material, which may be used as quality assessment.
In the automatic mode, the user identifies a target E,;, value as potential specification; the
unit then alters the orientation of rotating masses, automatically directing more or less
dynamic force into the ground. One of Bomag’s vario-control units, B-225D-3 was tested

at the SR-826 site.



CHAPTER 3
TEST SITE AND INSTRUMENTATION

3.1. Materials, Site Layout, and Equipment

A typical grain size distribution curve for the compacted Florida limerock at SR-
826 is shown in Figure 3.1. AASHTO classification of the material is A-1-a, or GW
within the Unified Soil Classification System. Grain Size distributions for all of test
sections are given in Appendix A as reported by the State Materials Office. Laboratory
Modified Proctor analysis revealed a maximum dry density of 131 pcf and an optimum
moisture content of 9%. FDOT Standards Specification 200 required a final placed dry

density of 128.4 pcf (i.e. 98% of maximum dry density) for successful base construction.

&
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30 - \'\
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7
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100.0 10.0 1.00 0.10 0.01
DIAMETER (mm)

Figure 3.1 Limerock Grain Size Distribution
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Presented in Figure 3.2 is the plan view for all three-test sections at SR-826. All
sections were placed over preexisting limerock with LBR values above 100.

Section 1, located from stations 227 to 228, at the northeastern quadrant of the site
had two conventional 6-inch lifts placed over existing subgrade. The section was
compacted with a Bomag 211-D3, a smooth wheel vibratory compactor with a maximum
vertical dynamic force of 53,000 Ibf, Fig. 3.3

Sections 2 and 3 on the eastern portion of the site, involved placing loose limerock
with dump trunks, and spreading with a dozer to a depth of approximately 13-inch (i.e.
compacted 12-inch) prior to compaction. Section 2 was compacted with a Bomag 213-PD
pad foot roller with maximum dynamic force of 62,000 Ibf and a pad height of
approximately 4-inch. This device was selected to ensure higher stresses, energies, etc.
deeper within the limerock, i.e. densification of the bottom 1/3 of the lift.

Section 3 was compacted with a new Bomag vario-control unit, 225 BV-3. The unit
is the largest smooth wheel vibratory roller that Bomag manufactures, capable of
developing 85,000 Ibf of dynamic force. As identified in Chapter 2, the unit either
measures the Modulus, Eyiy, of the layer (manual mode) or will adjust the dynamic force
imparted to the base to obtain a preset Eyi, values with travel. The unit was run in both
modes for this effort.

Shown in Figure 3.1 are the 10 locations of the of the Falling Weight Deflectometer
(FWD), Soil Stiffness Gage (SSG), and Automatic Dynamic Cone Penetrometer Tests
(ADCPT) which were preformed at the finish of compaction for each test section by the
FDOT State Materials Office Personnel. Also shown in Figure 3.1 is the location of

buried instrumentation, discussed in the next section.
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Figure 3.2 Plan Views of Test Strips at SR-826
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Figure 3.3 Test Section Compactors

3.2. Embedded Instrumentation

To evaluate the compaction process with depth, instrumentation was placed at 1/3
points within the base layer. Since one of the compaction units was a pad foot roller with
the potential of damaging the instrumentation, it was decided to locate all the equipment
at the bottom of each 1/3 locations.

Of interest are the stresses, energies, stiffness, and strains with depth as compared
to the observed laboratory response (i.e. Proctor, LBR, etc.). For instance, it is expected
that dry densities found in the laboratory would be achievable in the field if similar
energies (compaction) were applied. In addition, comparisons of density at the bottom of

the thick lift computed from nuclear density probe (NDP) vs. measured strains are of
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interest (i.e., verification). To accomplish the latter the following instrumentation was
installed:

3.2.1. Accelerometers

Of interest are displacements as a function of dynamic vibrations due to the roller.
Initial attempts used velocity sensors like those employed in seismic geophones.
Unfortunately, the latter generally do not provide the necessary response times.
Subsequently, it was decided to employ accelerometers and integrate the response to
obtain displacements. To provide accurate, repeatable information, DC accelerometers
of the capacitive resistance type were employed, i.e. capable of OHz or 1g response.
The devices were attached or placed in the vicinity of the stress cells.

3.2.2. Strain Sensor LVDTs

Initially, it was planned to read the LVDTs only after a pass of compactor.
However, from the analog nature of the device and with a sufficiently sampling
frequency with the data acquisition system, the relative displacements or strains may be
obtained during the compaction process. To maintain the location of the devices, as well
as their orientation, the LVDTs had 3-inch plastic plates attached to the top of the LVDT
housing as well end of sensing rod.

3.2.3. Stress Cells

To measure the vertical stress as a function of compactor motion, 0.375 by 12-

inch diameter stress cells were employed. The sensing face was filled with
incompressible fluid and the pore transducer was attached 18-inch from the sensor with
steel lines. Ardaman and Associates calibrated the devices using a fabricated laboratory

pressure chamber. Presented in Figures 3.4 —3.6 are the cross-sectional views of all the
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embedded instrumentation at the three test sections at SR-826. Note all the

instrumentation was placed at similar depths for comparison purposes by Ardaman and

Associates.
SECTION 1 WITH BW 211D-3, Vibratory Smooth Roller
INSTRUMENTATION
DATA
Backward
e @
pomac Bw 2110-3 @) ‘

e

Forwird BOMAG BW 211D-3
FLAN VIEW LIMEROCK SURFACE
Y 0!!
ad by " ad g i
2" 6" Layer (Top 6”) LVDT Strain Sensor 4;2? T 2“* 8” Layer (Top 6")
Acedlarometor LVDT Strain Sensor 7.44”
M TR N [ S Y 6"
Stress Cell Accelerometer
el - - - - - -
= g» " »  Stress Cell
17 6 Layer (Bottom 6") 17 6" Layer {(Bottom 6) 1.20 Lo
= Roncrse I  SUBGRADE
SECTION “A”

SECTION“B’

Figure 3.4 Section 1 Instrumentation — Two 6-inch Lifts
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SECTION 2 WITH BW 213PD-3, Vibratory Sheep Foot Roller

INSTRUMENTATION

Backward J

BOMAG BY 213PD-3

i AT -

Forward . A B BOMAG BW 213PD-3
PLAN VIEW LIMEROCK SURFACE
05!
498" 9.12"
Accelerometer train Sensor Accelerometer LVYDT Strain|Sensor
Stress Cell Stress Cell *

“SuBGRADE
M SECﬂDN “R;

Figure 3.5 Section 2 Instrumentation — Single 12-inch Thick Lift, Pad-Foot Roller
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SECTION 3 WITH BW 225D-3, Heavy Vibratory Steel Wheel Roller

INSTRUMENTATION
DATA
Forward
—
L I
BOMAG BW 225D-3 P A
;:J o0 m FORWARD
Backward B A B |
-~ > BOMAG BW 225D-3 LIMEROCK SURFACE
PLAN VIEW
9 ?36” + v
Accelerometer Strain Sensor I 6.12
Stress Cell Ac%]erometer &
e LVDT Strain Sensor Stress Cell 13 (g
- vz
“SUBGRADE ~ T R e eRADE

SECTION “A” SECTION “ B

Figure 3.6 Section 3 Instrumentation — Single 12-inch Thick Lift, Vario-Control Roller



CHAPTER 4
RESULTS AND DISCUSSION

4.1. Stress Measurements

Typical recorded vertical stresses as a function of time due to a passing vibratory
roller is shown in Fig. 4.1. Each peak represents a rotation of the vibratory mass, which
is happening at approximately 30 Hz (i.e. 6 peaks or rotations/0.2sec). Evident is the
buildup of stresses as the roller approaches the instrumentation, with the maximum
occurring with roller over the gage. Of interest are the stress changes vs. particle motions,
e.g. stiffness and energies, as well the peak stresses at various depths within the base
layer. Presented in this section are the peak (maximum) stresses as function of depth vs.

the number of passes.

Stress with Compactor Motion
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Figure 4.1 Measured Stress as Function of Time Due to a Passing Vibratory Roller
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Shown in Figure 4.2 are the peak stresses for section 1 vs. pass of the Bomag 211D.
The left side of the figure depicts the stresses at the middle and bottom (Fig. 3.4) of the
first 6-inch lift for three passes. The right side of the figure show the stresses at the
middle and bottom of the first lift, as well as stresses at the bottom of the second 6-inch
lift for an additional 4 passes of the 211D compactor. Evident from the figure is the large
difference in stresses between the middle and bottom (i.e. 3-inch vs. 6-inch) of the 1st
layer. However, with the placement of the second lift, there is little difference in stresses
from 6 to 12-inch as seen from the right side of Fig. 4.2. The larger difference in stresses
at top vs. bottom was attributed to Boussinesq’s equation and the influence of the square

of the depth below compactor on stress.

250 1st 6 inches Lift 2nd 6 inches Lift over st 6 inches
-H
.- .
200
2 1
% 150 A
2]
]
= 100
5 N
o
50
—k— Bottom - - Middle
—a- Top

0 1 1 1 1 1 1 1
0 1 2 3 {l 8 @ é}' @
# of Two-Way Passes

Figure 4.2 Stress vs. Number of Passes in Two 6-inch Lifts on Section 1

Shown in Figure 4.3 are the maximum stresses at depths of 4.98-inch, 9.12-inch,

and 13.5-inch in the base for each pass of the BW 213D-3 pad-foot roller (passes 1-3, and
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5-6), and BW211D-3 smooth wheel roller (pass 4, and 7-8) in section 2. Note, that a pass,
i.e. from 6 to 7, has two points, i.e. 6.5 and 7, which represent the compactor traveling
from the south to the north side of the site (i.e. 6.5), and subsequently back from the north
to south side, i.e. 7, of section 2. Note passes, 4, 7, and 8 with the smooth wheel vibratory
roller were performed to ensure a smooth surface required in nuclear density probe
(NDP) backscatter moisture monitoring.

Apparent from Fig. 4.3, the stresses measured at all three instrumented depths
were quite similar for the pad foot versus the smooth wheel roller. The latter is attributed
to the larger contact area provided by the pads as well as their deeper penetration (i.e. 4-
inch high pads) vs. the smooth wheel roller. Also, note the similarity in stress (150psi)
reported in section 2 vs. section 1 for 1% set of gages for the smooth wheel roller.

Presented in Figure 4.4 are the maximum vertical stresses with depth (6.1-inch, 9.4-
inch, and 13-inch) as a function of pass for the heaviest of the smooth wheel rollers, i.e.
BOMAG BW 225D-3 (85,000 1bf). Apparent from a comparison of Figures 4.2 and 4.4,
the stresses between sections 1 and 3, are approximately 1.6 times higher in section 3
versus section 1 due to increased dynamic force of the BW 225D-3 (85,000 Ibf) vs.
BW211D (53,000 Ibf). Also note however, the stresses variations observed in section 2
for the smaller smooth wheel roller (i.e. passes 7, 8), Fig. 4.3, do not occur in section 3
for the heavier smooth wheel roller. The latter may be due to particle crushing and larger
contact area under the compactor for the heavier roller (BW 225D-3). Of interest are the

particle motions, which are occurring with the stress changes.
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Figure 4.3 Stresses vs. Number of Passes in the Single 12-inch Lift of Section 2

4.2. Compactive Energy

To identify soil particle movement, and subsequent energy transmissions,
accelerations were monitored with DC (0-100 Hz) piezo-capacitance instruments
attached to the tops of the stress cells at the three depth locations (Figs. 3.4, 3.5, and 3.6).
After integrating the accelerations twice, the particle displacements during a pass of a
compactor were obtained. Appendix D presents the data reduction process, as well as an
example of deformations as a function of time. Of interest is the relationship between
stress and deformation as a function of compactor motion. Shown in Figure 4.5 is the
typical stress vs. particle motion at the bottom of section 1 during the 4™ pass of the

Bomag 211D.
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Figure 4.4 Stresses vs. Number of Passes in the Single 12-inch Lift of Section 3

Each loop (ellipse) represents one complete rotation of the eccentric mass within

the roller (i.e. 30 Hz or 30cycles/sec). The multiple loops with varying peak stresses are a
result of the roller either approaching or moving away from the instrumentation. Note the
similarities of Figure 4.5 and Bomag’s force vs. displacement measurement of the drum
at the ground surface, Figure 4.6. As identified by Bomag, Figure 4.6, the compression is
a result of the compactor pressing down on the base, and the expansion (i.e. unloading) is
due to the drum unloading the base. In the unloading phase, the particle displacements are
negative, i.e. in an upward direction. The energy transmitted to the base for each rotation

of eccentric mass within the roller is the area within each loop, Fig. 4.6.
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Figure 4.6 Forces on the drum and associated loading loop (Source from Kloubert’s
presentation at TRB 2004, BOMAG)

Presented in Figure 4.7 are the stresses vs. displacements at the top, middle and

bottom of section 2 in the 5th pass of the Bomag 213PD pad-foot roller. Apparent is the
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similarities of energies (i.e. areas) at the various depths within the 12” lift, with a slight
drop at the bottom. Interestingly, the slopes (i.e. stiffness) of the middle and bottom
depths of the lift are higher than the top. The latter may be attributed to the shape of the

compactor’s contact area, i.e. pad, vs. the smooth wheel.
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Figure 4.7 Stress vs. Displacement after 5™ Pass on Section 2

Shown in Figure 4.8 are the stresses vs. displacements at the top, middle and
bottom of section 3 in the 7th pass of the Bomag 225D-3 smooth wheel roller. Evident is
the similarities of energies (i.e. areas) at the top and bottom of 12-inch lift, suggesting
similar densities throughout the deposit. A comparison of energies (areas) between
section 1 (Fig. 4.5) and 3 (Fig. 4.7), suggest higher densities changes or compaction is
being performed with one pass of the Bomag 225 vs. 211. Also note that the stiffness (i.e.

slopes) of any loop is higher for the Bomag 225 (Fig. 4.8), than the slopes from the



30

section 1 (Fig. 4.5) with the passing of a Bomag 211. The latter should be evident from

Falling Weight Deflectometer (FWD) data discussed later.

250

—s- - Top  ——Bottom

200

150

100

Stress(psi)

50

_50 1 1 1 1 I
-0.05 0 0.05 0.1 0.15 0.2 0.25
Displacement(inch)

Figure 4.8 Stress vs. Displacement after 7th pass on section 3

4.3. Vertical Strains and Densities

Of interest were the strains, which may be equated to density as function of depth
within the base course. Nuclear density probe (NDP) test were performed using probe at

depths of 6-inch and 12-inch, Fig. 4.9. Due to the location of the source (various depths)
and receiver (surface), the density at 0 to 6-inch (y;) is accurate, as well the average 0 to
12-inch (Y,), however, the density from 6 to 12-inch (y») is generally computed from the

following simple averaging assumption:

7d +7,d,=y(d +d,) 4.1)
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or solving for V5,
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Figure 4.9 Density Calculations with Depth

Knowing the moisture content, ®, the average or individual dry densities (yd1 ,

vd2) may be found as:

Vg = ( A 4.3)

1+a))

For nuclear density probe (NDP) shown in Fig. 4.9, the moisture content, o, is
computed near the surface (i.e. back scatter). For all calculations to follow, it is assumed
that the moisture content with depth is constant (i.e. ® = ol = ©2).

Given the uncertainty of the density calculations, it was of interest to check their

values with other methods, e.g. strain measurements from LVDT. Knowing the original
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spacing between a pair of LVDT plates (i.e. Figs. 3.4 to 3.6), the strain as a function of
compactor pass may be found as,

s : .
. (cha'mge in spac.lng) (4.4)
L (original spacing)

Next, assuming that the initial dry density (yd initial) of the placed base material

is uniform, the final dry density (yd_final) after a pass may be computed as,

_ 74 _initial
Vd_final = ? (4.5)

Where ev is given by Eq. 4.4, and it is assumed that no horizontal strains develop

as the compactor passes over.
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Figure 4.10 Strain from LVDT vs. Dry density from Nuclear Density Probe for Section 1

Shown in Figure 4.10 is a comparison of the strains vs. number of passes in the top
6-inch lift of section 1. Evident the strains increased by 6% in first pass and then to 9%
by the 4™ pass. Using the strains, initial dry density and Equation 4.5, the computed dry

density vs. pass is shown on the left axis. The computed dry density from the nuclear
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density probe (NDP) is given in Table 4.1, as well as depicted in Fig. 4.10. Note the
moisture and densities were measured at 3 locations within the section, and LVDT
occurred at one location. As expected, the measured density variability of the first pass,
3.5 pcf (126.6 to 123.1 pcf), is quite high and if added to the mean (124.8 pcf), covers the

density measured by the LVDT (127 pcf), which is at one point.

Table 4.1 Measured Dry Densities from Nuclear Density Probe (NDP) within Section 1

Pass # | Depth 1 2 3 Average Standard Deviation
0 0~6 120.5 115.2 118.9 118.2 2.7
1 0~6 123.1 126.6 124.8 124.8 1.8
3 0~6 128.8 128.4 N/A 128.6 0.3
4 0~6 129.6 130.2 130.1 129.9 0.3

Presented in Figure 4.11 are the strains in the bottom third and middle third (Fig.
3.6) of section 2 as a function of passes. Evident from the Figure, the strains within the
bottom and middle third of the thick (12-inch) lift are quite similar from the pad-foot
compactor, suggesting uniform compaction.

Shown in Table 4.2 are nuclear density probe (NDP) test at 3 locations within
section 2 for passes 0, 4, and 9. Note, in order to measure density, the surface of the
section had to be graded and rolled with the vibratory smooth steel compactor (4th and
6th passes). The table presents the measured values at 6-inch (i.e., 0 to 6-inch), 12-inch
(i.e., 0 to 12-inch), as well as the computed value from. 6-inch to 12-inch based on Eq.
4.2. As expected, the highest standard deviation occurred within the 6-inch to 12-inch

zone; however, the variability decreased with pass, which is good. A comparison between
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densities measured or computed from the nuclear density probe (NDP) or strain LVDT

sensors were quite favorable.
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Figure 4.11 Strain from LVDT vs. Dry density from Nuclear Density Probe for Section 2

Table 4.2 Measured & Computed Dry Densities from Nuclear Density Probe (NDP)
within Section 2

Pass # | Depth 1 2 3 Average Standard Deviation
0~6 117.0 116.0 116.0 116.3 0.6
0 0~12 | 116.1 117.3 114.4 115.9 1.5
6~12 | 1152 118.6 112.8 115.5 2.9
0~6 126.9 128.3 122.6 125.9 3.0
4 0~12 | 126.8 129.8 125.0 127.2 24
6~12 | 126.7 131.3 127.4 128.5 2.5
0~6 134.3 135.0 133.8 134.4 0.6
9 0~12 | 134.5 133.2 132.3 133.3 1.1
6~12 | 1347 131.4 130.8 132.3 2.1

Shown in Figure 4.12 are the measured strains in the bottom and middle third (Fig.
3.7) of section 3 as a function of compactor pass. Apparent from the figure, the strains in

section 3 are highest for all sections (max. 20%) due to the dynamic force of compactor,
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85,000 Ibf. Also evident, the strains within the bottom and middle third of the thick (12-

inch) lift are very similar, suggesting uniform compaction.
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Figure 4.12 train from LVDT vs. Dry density from Nuclear Density Probe for Section

Given in Table 4.3 are nuclear density measurements at 3 locations within the
section for passes 0, and 9. No other densities were collected due to time constraints (end
of day, darkness). Evident from the table, the densities of section 3 at the end of
compaction were the highest and they agreed with the back computed values from the
LVDT instrumentation, Fig. 4.12.

Table 4.3 Measured & Computed Dry Densities from Nuclear Density Probe (NDP)
within Section 3

Standard

Pass # Depth 1 2 3 Average Deviation
0~6 117.0 116.0 116.0 116.3 0.5
0 0~12 116.1 117.3 114.4 115.9 1.2
6~12 115.2 118.6 112.8 115.5 2.4
0~6 135.5 139.3 137.4 1.9
9 0~12 141.0 137.0. 139.0 2.0
6~12 146.5 134.7 140.6 --
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4.4. Dry Densities and Moisture Contents

As identified in section 3.1, Modified Proctor (AASHTO T-180) laboratory
compaction tests were performed on the SR826 base materials. An optimum dry density
of 131 pcf and moisture content of 9% were found. FDOT specification 200 requires a
measured field compaction of 98% of T-180 or a dry density of 128.38 pcf.

Presented in Figure 4.13 are measured field dry densities from the nuclear density
probe (NDP) for the last passes of lifts 1 and 2 of section 1. Also shown in the figure are
the moisture contents measured from the nuclear density probe (NDP) as well as lab oven
dried samples recovered from the field. Apparent is the back scatter surface moisture

measurement acceptable measurements over the depth of the deposit.
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Figure 4.13 Dry densities and Moisture Contents in Section 1
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Evident from Fig. 4.13, the dry density measurements in the first lift (129 pcf)

increased significantly during the compaction of the overlying second lift (133.5 pcf).

The latter may be attributed to the large compactor energy (Fig. 4.5) measured in the

bottom of first lift during compaction of 2™ lift. Both lifts are well above FDOT

Specification 200 or 98% of the modified Proctor or a dry density of 128.38 pcf.

Presented in Figure 4.14 are the measured dry densities and moisture content for the 9"

compactor pass on section 2. Evident are similarities of densities for both 0 to 6-inch and

0 to 12-inch zones for all 10 locations within section 2. Also note the similarities of

moisture obtained from both the lab oven dried samples and nuclear density probe (NDP).

Evident is that the measured densities are well above the required FDOT specification

value of 128.38 pcf.
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Figure 4.14 Dry Densities and Moisture Contents in Section 2
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Presented in Figure 4.15 are measured dry densities and moistures in section 3 for
the 9™ pass of the Bomag 225D. This section had the highest measured densities, as well
as variability along the section. However, the densities were well above FDOT’s

Specification 200 of 128.3 pcf.
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Figure 4.15 Dry Densities and Moisture Contents in Section 3

4.5. Base Stiffness
As identified in section 2.2, the stiffness, and strength of compacted materials are
a function of moisture content and compactive effort (energy). Since, future roadway
base construction will be based on compacted stiffness, AASHTO (2002), the stiffness of
two conventional 6-inch lifts versus the 12-inch thick lift are of great interest. For the
stiffness measurements, Falling Weight Deflectometer (FWD), Soil Stiffness Gage (SSG),
as well as the E,j, from the Bomag Varicontrol measurements on the drum (225D-3) were

measured and compared.
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Presented in Figure 4.16 are stiffness (Kips/in) measured from the FWD for both
lifts of section 1, as well as the thick lift sections 2 and 3 at 10 separate locations. Table

4.4 presents the mean and standard deviation for all ten locations in each section.
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Figure 4.16 Stiffness Measured with FWD in All Sections

As expected, the stiffness of the first lift of section 1 increased with the
placement of the second lift due to the compactive effort (energies) improving the
underlying layer (Fig. 4.5) densities as shown in Fig 4.13. Interestingly, the FWD
stiffness of section 2 had the highest mean for all the tested sites as well as the lowest
coefficient of variation, i.e. standard deviation divided by mean. However, section 3,
which had the highest compactive effort, and used the vario-control Compactor, had the
lowest FWD mean stiffness, as well as the worse variability. Note however, the FWD
employs a larger loading surface, i.e. 18” in diameter plate, which has a deeper zone of

influence than the vario-control Compactor drum.
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Table 4.4 FWD Mean and Standard Deviation on Each Section

Sectionl Average Standard Deviation
0~6inch 297 28.3
6~12inch 311 29.8
0~12inch 304 29.2
Section2 e
0~12inch 362 34.1
Section3
0~12inch 303 81.8

Presented in Figure 4.17 is the surface stiffness as measured by the soil stiffness

Gage (SSG) from Humbolt for each of the ten locations within the 3 sections. Again,

section 1 had SSG performed at the end of both the first and second 6-inch lift placement.

Shown in Table 4.5 are mean and standard deviation of the SSG data. Interestingly, the

mean stiffness for the first 6-inch was higher than the measured mean after compaction of

the second 6-inch lift for section 1. This quite different than the FWD results, Table 4.4,

suggesting the SSG is measuring a surface phenomenon, whereas, FWD is measuring a

depth phenomenon. Again section 2, 12-inch lift with the pad-foot compactor,
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Figure 4.17 Stiffness measured by SSG in All Sections

Table 4.5 SSG Mean and Standard Deviation on Each Section

Sectionl Average Standard Deviation
0~6inch 14 2.3
6~12inch 12 1.6
0~12inch 13 2.1
Section2
0~12inch 15 3.5
Section3
0~12inch 13 4.0

had the highest stiffness, whereas section 3 was in between section 1 (2" 1ift) and section
2 on average, but had the worst variability (standard deviation 3.98).

Also of interest is a comparison of stiffness and moduli, E,i,, as measured with the
FWD, SSG, and the vario-control unit for section 3. It is envisioned that intelligent

compaction devices (i.e., vario-control, etc.), which continuously monitor stiffness or



42

moduli, will replace nuclear density probe (NDP) test for quality assessment and control
in compaction.

Presented in Figure 4.18 are FWD and SSG stiffness (dashed lines — read on left
axis), versus the E,;, measurements (read on the right side) as reported by the vario-

control unit as a function of location. Note the vario-control Unit was operated in
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Figure 4.18 Stiffness from FWD & SSG vs. Dynamic Modulus from Vario-System

automatic (A, i.e., preset E,jp), and manual (R, i.e., preset amplitude and frequency)
modes. Interestingly, after the first pass, all subsequent passes of the vario-control unit,
had smaller E,;,. Moreover, the variability of the E,;, values over the site (i.e. 1-10) is
much greater than the initial values (i.e. pass 1) or FWD data. All of the latter suggest
that the unit was possibly crushing the surface material in site 3. For instance, particle
crushing would result in larger surface deformations or a lower stiftness, k (Eq. 2.2), and

a lower Eyj, (Eq. 2.3) with subsequent pass.
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To further verify the particle crushing theory, the stiffness as a function of depth
was found from the stress gages and accelerometers located 6-inch, 9-inch and 13-inch
below the surface, Fig 3.6. The stiffness was assessed for the loading phase (e.g. Fig 4.8)
and was compared to the E,j,, in Figure 4.19. Evident from the figure, the stiffness 6-inch
or below increased or remained constant for all passes as compared the surface E,,
measurements (x axis- decreased). The sensor 6-inch below the surface reached its
maximum on the 4th pass, whereas, the bottom (13-inch) reached maximum at the 6th
pass. The increasing stiffness values below 6-inch, supported by the higher densities in
Fig. 4.15, are in conflict with the decreasing E,;, values with pass number. Further
confirmation of the influence of compactive effort (energies), Fig. 4.8, are presented in

section 4.6, concerning strength vs. depth.
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Figure 4.19 Stiffness and E,i, Moduli as Function of Depth and Number of Passes
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4.6. Base Strength

Besides stiffness, the strength of base materials beneath the roadway is extremely
important. The latter controls maximum contact pressures (e.g. semi-truck tire pressures)
that the roadway may be exposed without undergoing a bearing failure. One means of
assessing strength in the field is with a static or dynamic cone penetration test. For this
study, an Automatic Dynamic Cone Penetrometer (ADCP) device owned and operated by
the State Materials Office (SMO) in Gainesville was used. SMO recommended the
automatic dynamic cone over the static due to its prior success on other base project
studies.

Presented in Figure 4.20 is the mean and maximum range of ADCP values as a
function of depth for section 1 after the placement of the second 6-inch lift. Appendix G
presents the data for all ten locations (Fig 3.5), and Table 4.6 reports the mean and
standard deviation of the ten values at depths of 6-inch, 10-inch and 12-inch below the
base surface. Of interest is the number of blows required to achieve a specific depth,
discontinuities (i.e., jumps due to impenetrable rocks — schist), as well as the slope
(blows/distance) over a given layer. Apparent from Fig. 4.20, section 1 after compaction
was very uniform with blow count/layer (strength) being similar for each 6-inch lift as

well as the subgrade (zone below the base).
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Table 4.6 Summary ADCP Results for Section 1

Depth Average Blow/each depth Standard Deviation
6 24 5.1
10 51 8.1
12 64 7.7

Shown in Figure 4.21 and Table 4.7 is the mean, range, and variability of ADCP

data for section 2. Presented in Table 4.8 and Figure 4.22 is the mean, range and

variability of ADCP data for section 3.

A comparison of mean ADCP data between section 1 and 2 is given in Figure 4.23.

Evident the mean for both sections are quite similar. However, the mean ADCP data for

section 3 is significantly higher than section 1, by a factor of 2. The latter suggests that

the significant energies (Fig. 4.8) from Bomag 225D resulted in particle crushing of the
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surface (Fig 4.18), but higher strength (Fig 4.22) and stiffness (Fig 4.19) in the

underlying materials due to larger contact area and dynamic drum forces in section 3.
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Table 4.7 Summary of ADCP Results for Section 2
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Figure 4.21 ACDP Data for Section 2

Depth Average Blow/each depth Standard Deviation
6 29 6.7
10 50 9.3
12 59 10.5

Table 4.8 Summary of ADCP Results for Section 3

Depth Average Blow/each depth Standard Deviation
6 49 12.3
10 80 12.0
12 94 9.5
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CHAPTER 5
CONCLUSION AND RECOMMANDATIONS

5.1. Conclusions

Current FDOT specifications for the construction of 12-inch limerock-bases for
roadways require placing and compacting two successive 6-inch layers using single or
dual smooth-drum vibratory rollers with dynamic forces in the range of 30,000 to 50,000
1bf.

FDOT Construction Specification 200 stipulates that limerock must be compacted
to 98% of the maximum dry density as obtained in a laboratory Modified Proctor
(AASHTO T-180) test.

Considering the availability of continually evolving heavier compaction equipment
that can deliver higher compactive effort with the resulting potential to accelerate
roadway construction, and hence to reduce costs, contractors and compactor
manufacturers have suggested placement of a single 12-inch base lift instead of two 6-
inch layers. For instance, the time required for quality control testing, grading, trucking,
scheduling, and delivering a single 12-inch layer instead of two 6-inch lifts might be
substantially reduced. In addition, compactor manufacturers have developed intelligent
and heavier compactors that are capable of varying the energy delivered to the base, as
well as monitoring the stiffness of the compacted material, i.e. QA/QC.

To investigate the possibility of compacting 12-inch thick lifts, the FDOT teamed

with Ardaman and Associates with the University of Florida to instrument and monitor 3
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test sections, Table 5.1, on SR 826 in Miami Florida. One test section had two
conventional 6-inch lifts, and other two test sections were 12-inch thick lifts employing
different compaction equipment (i.e. pad-foot vs. smooth wheel, Table 5.1).

The Miami site was selected due to its subgrade stiffness (i.e. LBR>100), as well as
properties of its placed limerock: well graded, and low fines content with moisture
contents from the mine less than optimum (4% -7%). As identified in the literature and
confirmed in laboratory testing (Chapter 2), compacting dry of optimum results in greater
stiffness and strength.

Table 5.1 Test Sections and Compactors

. Weight Compactor . .

Location Compactor (Ibf) Detail Lift Thickness

Vibratory Steel . .
Section 1 BOMAG 153000 | Smooth Roller | Conventional lifts
BW 211D-3 : (e.g. two 6-inch)

used conventionally

. BOMAG Vibratory Pad-foot . D
Section 2 BW 213PD-3 62,000 Roller 12-inch thick lift

. BOMAG Vibratory Smooth . D
Section 3 BW 225BV-3 85,000 Wheel- ICC Unit 12-inch thick lift

To identify stresses, deformations, and energies within the 6-inch and 12-inch lifts,
stress cells, accelerometers, and LVDT deformation sensors were placed in the top,
middle and bottom third of each placed layer. After compaction of each lift, Falling
Weight Deflectometer (FWD), Soil Stiffness Gage (SSG), and Automatic Dynamic Cone
Penetrometer (ADCP) testing were performed at 10 locations within each site. Of interest

were the densities, stiffness, and strengths of material as a function of depth for the two
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6-inch vs. 12-inch thick lifts. Also of importance was the Moduli, Evib, from Bomag’s
Intelligent Compaction Control (ICC) unit vs. field measured stiffness.

As expected, the two 6-inch lifts, Section 1, reached 98% of maximum dry
densities within 3 to 5 passes of the conventional smooth steel vibratory compactor.
Strains within the lifts were 6 to 9% with appreciable increase in density occurring within
the lower lift as the upper lift was compacted.

Compaction of Section 2, a 12-inch thick lift, occurred with alternating passes of
Bomag 213PD (5 passes), i.e., a vibratory a pad-foot roller, and a Bomag 211D-3,
vibratory smooth wheel roller to smooth the base surface in order obtain accurate
moisture and density measurements. From the field instrumentation, the strains and back
computed densities (nuclear density probe (NDP)) in the bottom and the middle of the
section 2 were quite similar. In addition, the energies and stiffness throughout the depth
compared quite favorably. Surface stiffness measured with either FWD or SSG were
similar or slightly higher with the thick lift, 12-inch section vs. the conventional section 1.
Strength measured by ADCP and its associated coefficient of variability were quite
similar for both section 1 and section 2.

Section 3 was a 12-inch thick lift base compacted with the smooth wheel Bomag
225 vario-conrol Compactor, which continuously monitor surface stiffness and varies
energies based on moduli, Eyi,. The compactor had the greatest dynamic force, 85,000 1bf,
of any of the tested units. The measured strains with depth were quite uniform with depth
and the highest of all the test sections, 20%. Similarly, the strength measured with depth
by the ADCP was also the highest of all the test sections, i.e. factor of 2. Unfortunately,

even though the vario-control unit was run in both the automatic and the manual mode,
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the surface stiffness or moduli, E,;, decreased with pass number and was quite variable
over the section. The variability attributed to particle crushing of the surface particles,
since the measured stiffness, and strength, increased in depth with pass based on buried
instrumentation and ADCP results.

From the study, it was concluded that thick lift, 12-inch, compaction of limestone
base courses was achievable under the following conditions:
o Subgrade material of sufficient strength and stiffness, i.e., LBR value over 100.

o The compaction process should be conducted with moisture contents on dry part of
optimum, i.e., 5~8% vs. 9% optimum moisture content.

o Vibratory padfoot roller with at least 60,000 1bf of dynamic force or vibratory
heavy steel smooth roller above 85,000 Ibf dynamic force.

5.2. Recommendations for Future Testing

With the successful compaction of thick lift limestone base course in south Florida,
the question of its use in central and north Florida remains. Miami was selected due to its
expected high potential for success considering characteristic well graded, low-fines
limerock materials, moisture content dry of optimum, and stiff subgrade conditions, i.e.,
typically having LBR values greater than 100.

The next potential test scenario of base thick lift are:
o Base thick lift will be placed on limerock subgrade with stiffness LBR>40.
. Limerock material with higher fine content and moisture content wet of optimum

will be used as base material to be compacted with vibratory pad-foot roller with at
least 60,000 Ibf of dynamic force.

Also, the stiffness (FWD and SSG) and strengths (ADCP) devices should be the

minimum instrumentation used in the future study.
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Sample # Location#
S-1 1
S-2 1
Section 1 S-3 7
S-4 7
S-5 9
S-6 9
Sample # Station
S-7 2
S-8 2
Section 2 S-9 5
S-10 5
S-11 9
S-12 9
Sample # Station
S-13 3
S-14 3
Section 3 S-15 6
S-16 6
S-17 8
S-18 8
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APPENDIX B
MOISTURE CONTENTS FROM NUCLEAR DENSITY PROBE



Density & Water Content from Muclear Density Measurment for Section 1

After Second lift installed {12 inch)

Stafon § Two 6" Layer Test Subgrade  |After First lift installed (6 inch) Refare After | Pass | After 3 Pass | After 4 Pass
Section1 {control) Compaction
b6 inch | 12 inch | Pass #2 Pass I3 (Ginch) 6inch [ 12 inch | 6inch | 12 inch | 6 inch | 12 inch
10 228400 | 1267 | 1298
8.5 2211 1338 136.6 126.8 1282 | 1324 | 133 | 13rh | 137 | 1824
6.5 | WetDensity | 227460 1211 | 1318 1345 1339 122 1344 | 1366 | 133 | 138 | 134 | 1387
3 a2 1347 138.5 126.3 1331 | 1339 1382 | W7
1 2200 | 1291 136 1341 136.9
10 28400 34 3T
8.5 221+ 47 A1 53 f A i 55 5.1 5.2
6.5 | Water Content | 227+50 | 3.4 36 19 1.4 53 b1 53 i 55 i A5
3 22T 51 59 £.2 E6 5.4 B2 59
1 2| hA 5. 5A h9
10 228400 | 1224 | 1881
8.5 22T 127.8 1292 1205 1230 | 1257 | 1288 | 1303 | 1296 | 1383
b.5 Dry Density | 22750 1228 | 127.3 128.2 128.2 15,2 166 | 1297 | 1284 | 1300 | 1302 | 1324
3 22125 1274 130.8 18,9 1248 | 1327 1301 | 1338
1 20| 1219 129 1271 1233
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Density & Water Content from Muclear Density Measurment for Section 2

Subgrade After

During Compaction

. Thick Lift Test w/Pad | gy orade (nitial) Compacting with | After installed {loose)
Station ¢ Foot Rooler Spreading Water After 4 Pass After 9 Pass
Section 2 Ginch | 12inch | Ginch | 12inch | Ginch | 1zinch | Ginch | 12inch | Ginch | 1Zinch
10 e | 121 e BT %3
8.5 TG 121 1225 132 B 1033 181
6.5 D:]:w 077480 03 T 123 1955 1% 13 112 a7
3 A 5.4 133 BE T35 1035 T
1 At 124 %8 121 1907
10 226400 3 35 K] 1
8.5 27T 57 55 19 55 57 X
65 | ar T X 33 68 7] ; ¥ X 6
- Content
3 0 6 75 75 76 72 :
1 At 13 13 52 55
10 226400 1 121 1778 B
8.5 7T I 161 1%.3 1%.3 EE T35
65 |Dry Density| 22750 %63 26,9 T 173 E 1% 1% 3.2
3 A 108 1063 1225 1% 3 133
i 20 %63 304 116 1164

L9



Density £ Water Content from Nuclear Density Measurment for Section 2

Subgrade {Initial)

After Compaction

Station #| Thick Lift Test w/225D
b inch 12 inch 6 inch 12 inch

10 227+00

T 226+E5 142,3 147.6
6.5 Dewnzti ty 226+50 134.4 139,7 147,56 146,56
3 22E+25 145,5 141.9
1 226+00 134.8 131.5

10 227+00

T S Z2B+ER A1 i, 6
6.5 Content 226+50 3.3 2.8 .9 T

3 22R+20 8.8 8.8
1 226+00 3.4 3.4

10 22T+00

T 226+65 135.5 141
6.5 Dry Density 226+50 130 135.8 139.3 137.1
3 22E+25 133.7 130.5
1 226+00 130.3 127.1
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SR 826 Lab Oven-Dried Moisture Contents

Test Date 11/30/2004

Sample # Sectionl Location % M
1 0" to 6" 1 6.98
2 6" to 12" 1 6.39
3 0" to 6" 7 5.53
4 6" to 12" 7 5.50
5 0" to 6" 9 5.28
6 6" to 12" 9 5.55

Test Date 12/1/2004

Sample # Section 2 Location % M
7 0" to 6" 2 6.88
8 6" to 12" 2 6.79
9 0" to 6" 5 6.70
10 6" to 12" 5 7.50
11 0" to 6" 9 6.62
12 6" to 12" 9 7.78

Test Date 12/1/2004

Sample # Section 3 Location % M
13 0" to 6" 3 7.34
14 6" to 12" 3 6.84
15 0" to 6" 6 7.22
16 6" to 12" 6 7.77
17 0" to 6" 8 6.08
18 6" to 12" 8 6.10
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D.1. Calculation for reducing data

D.1.1. Stress Cell

Stress (psi) = (Raw Data-Initial Value) (Volts)*100(psi/Volts)

(Initial Value is the average value of values measured during last 0.4 sec in whole
measuring time, 10 sec)

D.1.2. Strain Sensors

Strain= (Raw Data-Initial Value) (Volts)*Factor(in/Volts)/ Initial Gage Height

(Initial Value is measured before test)

Calibration Factors for reducing of Strain Sensors

Section 1 Section 2 Section 3
CH 6 (Bottom 1/3) 0.4072 0.3966 0.4054
CH 7 (Middle 1/3) 0.4058 0.4054 0.3990

Calibration factors provided by LVDT manufacturer.
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D.1.3. Acceleration

Acceleration (in/sec’) = (Raw Data-Initial Value) (Volts) *Factor (g/Volts) *32.17417*12
(Initial Value is the average value of values measured during last 0.4 sec in whole
measuring time, 10 sec)

Calibration Factor for Accelerometers

Section 1 Section 2 Section 3
CH 1 (Bottom) 2.5497 2.5484 2.5259
CH 3 (Middle) 2.5484 2.5368 2.5510
CH 5 (Top) 2.5478 2.5336 2.5272

Calibration factors provided by accelerometer manufacturer.

D.1.4. Velocity & Displacement from Acceleration Data

Vi=(AL+A)/2x(T -T_)+Vi,
D=V, +V)/2x(T, =T, )+ D,

Where,
A, A_,is acceleration of desired time and previous time of one step before desired time.

V,,V_, is velocity of desired time and previous time of one step before desired time.
D,,D, , is displacement of desired time and previous time of one step before desired

time.
T.,T., isdesired time and previous time of one step before desired time.

D.1.5. Dynamic Stiffness

Stress-displacement curves were generated using displacements derived from
accelerometers mounted on the stress cells which represent dynamic soil particle
movement. Dynamic stiffness was evaluated using the stress-displacement for the
vibratory impact that resulted in the peak measured stress, i.e., for the dynamic loading
that occurred when the compactor was located directly above the instrumentation.

Data reduction for dynamic stiffness evaluation involved matching the displacement
derived from accelerometer to the displacement measured by the corresponding LVDT.
An iterative approach was used in which accelerometer reference values were adjusted to
compensate for slight tilt-induced drift until derived velocity and displacement values
were consistent with corresponding velocities and displacements measured with the
LVDTs.
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D.2. Using worksheet after 3 passes with vibratory padfoot roller in Section 2

D.2.1. Raw Data

F-DOT Thick Lift Test with 213D-3, Pad-Foot Roller

Test Date
Data
File Name
Locat Bottom
IDF 1077
Initial | 2. 70E-02
Stress Cell
Time CHOO
Mmsec b
0 3. 18E-02
0.4 2. 94E-02
0.a 2, 9E-02
1.2 2,95E-02
1.6 2.82e-02
2 2, 95e-02
2.4 2 77E-02
2.8 3.00E-02
3.2 2, 7RE-02
3.6 3 12E-02
4 2, 82E-02
9954.4 | 3. 12E-02
95548 3.12E-02
99952 | 2. BR3IE-OZ2
9995.6 | 2.82E-02
9936 2, 88E-02
9996.4  3.18E-02
9356.8 3. 06E-02
99572 | 2 94E-02
9957.6 = 3.00E-O2
9933 3.00e-02
99584 = 2.57E-02
95588 Z.82E-02
9999.2 2 7RE-O2

9933.6

3. 00E-02

Dec, 1, 2004
2R00¢sec during 10 sec
pa-r-c
Eottom kAiddle
G187 1076
" a.73E-01 | -5.94E-03
Accelero | Stress Cell
ZHM CHOZ
W Y
4, 34E-M 6. 87E-04
4,93E-M -1.78E-03
5, 00E-01 -1, TAE-03
A.01E-O -1, 14E-03
A.01E-O1 -8, 39E-04
4,99E-01 -1.14E-03
4, 93E-01 -1, 14E-03
4,93E-M -2, 37E-03
4, 95E-M -1.79E-03
4,93E-M -8.29e-04
4,89E-01 -1, 14E-03
4,93E-01 -6 03E-03
5, 02E-01 -6, G4E-03
5. 06E-M -E.03E-03
5.03E-M -E.B4E-03
5. 13E-M -E.B4E-03
5. 15E-M -8.47E-03
8, 14E-01 -T.26E-03
A 12E-01 -6, 6JE-03
5, 03E-01 -6, 6JE-03
5, 02E-01 -T.25E-03
4,93E-01 -1,.08E-02
4, 90E-01 -T.25E-03
4, 3dE-M -9,08E-03
4, 7TE-M -E.B4E-03

Raw Data
hiddle Top
a0 1087
"a11E-01 | g.89E-02
Accelero | Stress Cell
>HO3 ZHO4
b W
4, 28E-M 4, 28E-02
4, 31E-M 4, ME-02
4, 33E-01 4, 22E-02
4, 32E-01 4, 46E-02
4, 32E-01 4, 22E-02
4, 35E-01 4, 34E-02
4, 32E-01 4, 3E-02
4, 32E-M 4, 28E-02
4, 32E-M 4, 10E-02
4, 29e-M 4, 36E-02
4, 27E-01 4, 16E-D2
4, 49e-01 3. 73E-02
4, 46E-01 3.ETE-02
4, 45E-1 3 NE-02
4, 42E-M 3.93E-02
4, 33E-M 3. TIE-02
4, 33E-M 3.93E-02
4, 27E-01 3,85E-02
4, 19e-01 3 91E-02
4, 15E-01 4, 10E-02
4, 09e-01 4, 0RE-02
4, 05E-01 3, 85E-02
3,99E-01 3. 84E-02
3,97E-M 3.93E-02
3, 90E-M 3. TIE-02

Top
26

"4 17E-01

Accelero
CHOS
Y
4, 30E-01
4, 33E-01
4, 3[E-01
d, 36E-01
4, 40E-01
4, 39E-01
4, 40E-01
4, 40E-01
4, 40E-01
4, 40E-01
4, 38E-M
4, 50E-01
4, 47E-01
4, 45E-01
4, 41E-01
4, 37E-01
4, 32E-01
4, 25E-01
4, 22E-0
4, 17E-0
4, 12E-M
4, 07E-M
4, 03E-01
3.99e-01
3. 94E-01

r-B

2735

0,977

LVDT

CHOE

Y

-4.84E-01
-4.83E-01
-4, 84E-01
-4.83E-01
-4, 84E-01
-4.83E-01
-4, 83E-01
-4.84E-01
-4.83E-01
-4.83E-01
-4, 83E-01
-4.93E-01
-4, 94E-01
-4.92E-01
-4.93E-01
-4.92E-01
-4.92E-01
-4, 92E-01
-4, 93E-01
-4, 92E-01
-4, 92E-01
-4.93E-01
-4.93E-01
-4.94E-01
-4.34E-01

T-M

287

0,907

LVDT

CHOTY

Y

-8.52E-M
-8.53E-M
-8, 54E-01
-8.53E-0
-8.53E-0
-8.52E-0
-8.53E-01
-8.52E-M
-8.53E-M
-8.52E-M
-8, 52E-0
-8, 34E-M
-8, 35E-01
-8.34E-M
-8.34E-M
-8.34E-M
-8.34E-M
-8, 34E-0
-8.33E-0
-8, 34E-01
-8, 34E-M
-8, 30E-0
-8, 34E-0
-8.34E-M
-8.35E-M



D.2.2. Reduced Data

Time
maec

04
08
12
18

2
28
Y
36

L
R
2
16
1%
1%L
158
2
976
ik
bl
8
12
16

41, 8640983
QALY
1435
Jress Call
CHID
psi
04319099
0.23780955
02378099
0.25300953
011570959
0.25300955
005390959
(.29880955
005470959
042090959
011570959
0.42050%4
0.42050%4
RITERIY
0.11570%3
{.1T670%A
0.48190%3
0,35990%A
0.23780%3
0,29880%3
0,29880%3
(120490
0.1570%3
{.05470%A
0.29880%3

F-DOT Thick Lift Test with 2130-3, Pad-Foot Roller
Test Date
Data
File Name

15T8.710127
-543,2558541

hecelern
CHOI

in/sai2
21, 54170331
24, 50538
26 3037
77 B 35656
2814375188
2634315318
25, TH30063
251028200
22 23063
203413308
1614002721

sty
"t
A
I3
LTI
41 R
NGTAE
BH
o TR
o8 |
B
e
1 g12012
A TR

- M M M M M W w w M w

Dec, 1, 2004
500 sec during 10 gec
pC

Reduced Data 1

BA.BATTRI 7251063986

-0.013348861 605 3013651

15071
Sfress Cell | Accelern
CHO? CHO3
] in/sec
0241933 17.0075787
018273338 20,0088
041827333 | 217921278
0479313339 | 21,19978082
0509628339 | 2060230426
0479313339 | 23,5908
047931333 | 21,19975032
0357243339 | 2060230426
0418273339 | 2060230426
0509828339 | 18, 21248722
0479313339 | 1642012484

r
F
r
F
r
F
r
F
r
F
r

i
N
-0 O0ATERR! | 34 5461
-DIT0igRG! 30 76RR2102
-DOTIDIGRR! 27, 16409345
-0 21286 21,7971
-0 131048661 1642012444
-DOTIDIRRG!  4H24TES
-DOTIDIRRG! 34637303
-0 131D4RRB1 | -1, 5313297629
-0 4ETOARRE! | -B.AFHTTRY
-0 131048661 -11,06236019
D 3I%KEG -134720TTEd
D OT0IRRE! 200441741

%R, 041363
-1 G263
15629
Jress Call
CHA
psi
0308613686
0445613686
0327513686
0571713686
0327513686
044513686
0443613686
0} 3p861 3686
0 205413686
0464913686
0) 268513686
{1 160786314
21786314
022313636
(08341363
(093686314
(08341363
(L 038686314
.02291 %%
0, 205413685
0195713685
{.038686314
053986314
(.09761%3%
{.09%86314

H2R020TT

-1708.07638

Accelern
CHOB
infsai?
12, 17990047
15, 16340383
168067571
16546877
2, 1965632
20, 3534615
2, 1965632
20, 1960632
21, 5016259
21, FA0162%3
19 80006075

31,7407
20 THIERAL
ITI0TATIR
2 30mad
191567516
138507085
§ 452967139
4 TRie22

5T
- 200989
-I0 0545330
-4 41200
-1841812438
1978

75

and Minimum Yalue for Each Column

000337313

LT
CHOG
ineh

(573408804
-0.6791663T0
57205850
0679107380
(573408804
-0.6791663T0
573166878
06751
579166878
QU
57052

1 E3041EE

- SedRdERe
-0 BRI TER

A 5304165

-0 5T TER
-0 5T TER
-0 5T TER

1 S04 166

-0 ST TER
-0 ST TER

1 S04 166
1 5304166

-0 SA3AERE

5323

during Compactio

'

0007104637
(003166724

LYOT
CHOT
inch

071303454
e
071335804

1. 11330
REEE

071303546

REEE
-1 1380
e

0713034546
071303454

-0 O3 B366

[ T0E1ER2%

-0 O3 B366
-0 0102
-0 0102
D TOETIET2
-0 0102
0 TOR3TE
D TORETIET2
D TORETIET2
-0 143854
D TORETIET2
- 0313966

IR

equivalent to Displacement of CH b

Reduced Data 2

Yelocity from Accelerometer

CHOT
in/sgt
0

0,003216068
0.01%51407
0030411488
0.041548323
052446312
0062663852
0073040717
0,082
0.03105333
(09834961

3020132
31279083
3 R0
3 00
3 0049
3 GT0R506
3 6363169
3102041
37169
373012690
30T
34303
3 TodBBR0ES
357926611

CHO3
infsec
I

(007400436
(015764358
(024360293
0032724708
[, 041563081
05052034
00508816
0067122282
0,07488524
0.081811763

pAla
2053790063
AL
2080738211
L0937
L1I21056
L 109764528
L1428
LI
LIITHETTS
2116302
211280453
AL
2101387275

CHA
infsec
I

[, 005468661
0.011862657
0184427
0027100178
003573624
0000372306
[, 053247061
062002456
070638521
{1,07891 6566

. U5 teRT2
05001301
{.06319515¢
BT8R
S.08TTaT015
4 B94400mes
4 Ba0iEEnea
S.30140123
S.3021 55087
4. 300397336
09758034
S.05m16%
4 Boehaint
ST

Digplacement from Accelerometer

CHO!

in

0
1 B3TTE-06
7.58%6E-06
|, TGT4TE-05
3 19667E-05
B TERAE-08
13027805
0.000101008
0003222
0,000165538
0.000204719

1350872
19 04018
13 5067873
13 5084085
135095341
1951116427
135128378
135141130
135155378
13517087
1351853147
135200194
1357158018
13573082

CHY

in

0
1, 480E-06
B 1147TE-06
1, 4140BE-05
2555305
4 D41BE-08
500300608
B0TI3E-08
0.000105314
0,000134318
0,0001656%8

11256098
13297419
132470662
13, 290655
1329953043
1330338
133
13 3020858
13302904
13307500
133045569
133044275
133062865
1330288

CHOG

n

I
1, 09373E-06

4.56E-06

10721205
19329905
3 UIE-
4.85185E-08
£ B0428E-08
9.10%27E-08
0.000117621
(000147532

B2 6330309
B2 74300
B2 0304R2
2 1453901
AR
B2 19164387
2 19620752
AL
B2 19280828
2 19580831
B2 134487
2 2030083
L 2656262
BL20NATT



Stress from Stress cell vs. Time
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Displacement from LYDT vs. Time
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886G READINGS
Strip: Section 1 (Control)
Roller BW 211 D

1st 6" lift
Subgrade Coverd 2 Cover# 3
STD DEV | S5G VALUE STD DEV | SSG VALUE STD DEV | SSG VALUE
1 712 11.45 1 2.37 759 1 1.41 1082
2 2.28 11.04 2 1.44 8.93 2 1.48 10,45
3 1.45 7.90 3 1.40 1125 3 1.51 1212
4 257 1228 4 1.2 9.583 4 1.49 11.80
5 1.47 10.85 5 1.2 9.59 & 1.73 12,86
5 1.70 11.94 5 206 7.95 ] 3.12 1257
7 2.08 12.81 7 1.52 11.79 7 1.35 10,35
8 1.70 12,68 8 1.59 12.15 g 1.78 13.74
9 2.47 13,45 9 1.83 13.03 g 1.81 1355
10 1.85 11.53 10 1.48 1469 10 223 1657
2nd 6" lift
Cover 1 Cover# 3 Cover# 4
STD DEV | S5G VALUE STD DEV | SSG VALUE STD DEVY | SSG VALUE
1 1.39 7.32 1 1.59 13.21 1 1.58 11.49
2 1.11 7.22 2 1.54 1251 2 1.34 11.80
3 1.20 9.02 3 1.87 14,45 E] 1.86 11.80
4 1.61 1224 4 1.98 13.00 4 2.40 15.10
5 1.36 11.20 5 1.62 1254 & 1.83 14 BR
5 1.41 9.26 5 2.7 16.69 ] 1.43 11.43
7 1.39 1252 7 2.03 15.05 7 2.31 17 56
g 1.25 10.21 g 1.95 14.36 g 1.95 16.597
9 1.19 8.57 9 1.69 13.12 9 1.49 15676
10 152 9.02 10 2.42 1211 10 172 1424
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S8G READINGS
Strip: Section 2
Roller: Padfoot - BW 213P D

Subgrade Covert 4 Coveri 9
STD DEV |SSG VALUE STD DEV SSG VALUE STD DEV SSG VALUE
1 1.74 13.83 1 1.13 10.61 1 1.35 13.51
2 2.36 15.11 2 1.20 5.18 2 1.35 12.37
= 2.09 16.03 8 1.42 §.72 8 1.37 11.59
4 2.19 15.95 4 1.22 10.28 4 1.66 11.64
5 214 12.02 3 1.37 11.62 3 2.21 18.11
3 213 15.91 5 1.58 11.59 5 1.80 16.53
7 2.02 12.91 7 1.27 11.06 7 222 17.14
g 232 16.97 g 1.26 10.64 g 1.43 13.03
9 1.54 11.17 9 253 2.31 9 257 19.23
10 1.91 14.15 10 1.40 12.64 10 283 .47
Mote: subgrade not done with Padfoot Mote: 3 covers with Padfoot 1 coverwith BYW 211 D Mote: 2 covers with Padfoot 3 covers with BW 211 D

S36

READINGS

Strip: Section 3
Roller: BW 225 D Variocontrol

Subgrade
STD DEV S5G VALUE
1 5.65 17.99
2 258 16.41
3 3.32 24.13
4 2.45 16.32
5 3.24 1726
3] 232 14.13
7 217 15.95
g 1.75 13.18
9 2.039 15.52
10 263 14.95

Cover# 9
STD DEV S5G VALUE
1 1.33 9.90
2 1.63 13.69
3 1.43 11.08
4 1.29 /.87
5 8.97 15.46
3] 226 18.34
7 1.57 7.23
g 2.03 8.50
9 1.84 14.81
10 218 17.59
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DO ISM, kips/inch

DO Impulse Stiffness Modulus
Dade County SR 826 SBTL

Section 1

—— Ist 6" Lift — # — 2nd 6" Lift

Subgrade

1.03 1.04 1.05

Stations

1.06

1.07

1.08

1.09

1.10

€8



DO Impulse Stiffness Modulus
Dade County SR 826 SBTL
Section 2

900 -

—e— 12" Lift Subgrade

800 -

700 -

W D

] S

(e (=)
I I

~
=)
[«)

DO ISM, kips/inch

(98]

(=]

[«
I

200 -

100

0 ] T T T T T T T T 1
1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.10

Stations
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DO ISM, kips/inch

1200 ]
1000
800
600
400

200 \

DO Impulse Stiffness Modulus
Dade County SR 826 SBTL
Section 3

—— 12 " Lift

Subgrade

1.01

1.02

1.03

1.04 1.05 1.06
Stations

1.07

1.08

1.09

1.10

68
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SR 820 - Miami Dade - Control Section

DCP Slope Surnmary (Depth vs. Bloswrs)

Section 1 Slope (Depth vs. Blows)
(BW 2111T1) Base - 1st Lift Base - 2nd Lift Subgrade
Location 0" 6" 6" - 12" 12" - 24" 0" _g" 6" 12" 12" 24" 0" 12"
1 0.397 0.251 0.231 0.358 0156 0125 0.094
2 0.357 0165 0143
3 0.283 0.209 0153 0.308 0143 0.144 0164
4 0272 0.140 0.180
5 0.324 0.354 0273 0.206 0123 0.208 0327
o 0.180 0.130 0156
7 0.208 0223 0124 017 0139 0123 0219
3 0.237 0113 0131
9 0.251 0194 0189 0191 0.147 0.143 0214
10 0.173 .16 0.143
Average = 0.295 0.247 0.196 0.245 0.143 0.151 0.204
St. Dev. = 0.072 0.063 0.055 0.074 0.017 0.026 0.056
COV = 0.246 0.255 0.295 0.502 0.120 0.173 0.420
SR 526 - Miami Dade -Section 2
DCP Slope summary (Depth ws. Blows)
Section 2 Zlope {(Depth vs. Blows)
(BW 211I1) Base - 1st Lift Subgrade
Location o - g" 6" - 12" 12" - 24" o" 12"
1 0173 0.235 0133
2 0193 0192 0152 0.0a9
3 0.223 0.243 0115
4 0278 0.232 0.210 0.1
3 0192 0.230 0146
] 0179 0.203 0.1a7 0123
7 0.1a0 0.140 0.183
& 0174 0213 0123 01683
9 0.130 0.224 0125
10 0121 0.169 0.135 0.279
Average = 0.190 0.213 0.144 0.140
St. Dew. = 0.042 0.032 0.034 0.033
cCov= 0.222 0.149 0.233 0.237
SR 826 - Miami Dade -Section 3
DCF Slepe Sumnmary (Depth ws. Blowws)
Section 3 Slope (Depth vs. Blows)
(BW 225D) Base - 1st Lift Subgrade
Location o _g" 6" 120 12" _ 24" o _2v
1 0.1397 0.1409 0.0545
2 0.1314 0.1145 0.090& 0.1385
3 0.1311 0.1105 0.0736
4 0.1709 0.1151 0.0608 0.0859
5 0.0703 0.0677 0.0883
i 0.1019 0.1153 0.0716 0.1941
7 0.1255 0.1027 0.0512
i 0.0856 0.0598 0.0408 0.2511
9 0.1041 0.0913 0.0706
10 0.1009 0.0957 0.0973 0.1684
Average = 01179 01015 00702 01724
St. Dev, = 00504 0.0253 0.0161 00550
cCov= 0.2552 0.2453 02.2291 0.4932
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SE 826 - Miami Dade - Control Section
LCFT Suwmumary (T CFL ws. Drepth)

Section 1 Base - 1st Lift Base - 2nd Lift Subgrade
(BW 211D) 0" - 6" Limerock 6" - 12" Subgrade 0" - 6" Limerock 6" - 12" Limerock 12" - 24" Subgrade 0" - 6" Subgrade
Location | Average | St.Dev. | Average | St.Dev. | Average | St.Dev. | Average | St. Dev. | Average | St.Dev. | Average | St. Dewv.
1 0.414 0.153 0.326 0.0e0 0.365 0.082 0.169 0.042 0.151 0.034 0.218 0.218
2 0.356 0.107 0179 0.058 0172 0.047
3 0.251 0.062 0.248 0.047 0.297 0.077 0.149 0.024 0.159 0.061 0.199 0.120
4 0.263 0.100 0.149 0.034 0.177 0.038
5 0.327 0.047 0.333 0.047 0.209 0.043 0.141 0.051 0.210 0.025 0.430 0.140
[ 0.196 0.051 0139 0.038 0.155 0.036
7 0.231 0.105 0.2248 0.065 0.139 0.053 0.147 0.050 0.120 0.034 0.227 0.075
3 0.2464 0.033 0131 0.058 0.140 0.045
9 0.263 0.043 0.230 0.044 0.203 0.040 0.158 0.0338 0.140 0.021 0.268 0.134
10 0.135 0.039 0172 0.055 0.153 0.040
Average = 0.303 0.275 0.251 0.155 0.155 0.265
St. Dev. = 0.071 0.052 0.065 0.016 0.024 0.004
COv = 0.234 0.192 0.271 0.102 0.150 0.350
SR 826 - Miami Dade -Section 2
DCPT Summary (DCFT ws. Drepth)
Section 2 Base Subgrade
(BW 211D)| 0" - 6" Limerock 6" - 12" Limerock 12" - 24" Subgrade 12" Subgrade
Location | Average | St. Dev. | Average | St. Dev. | Average | St.Dev. | Average | St. Dew.
1 0.180 0.025 0.237 0.024 0.160 0.057
2 0.210 0.045 0.198 0.042 0.177 0.052 0.159 0.078
3 0.234 0.062 0.241 0.036 0.183 0.067
4 0.294 0.105 0.229 0.063 0.208 0.041 0.218 0.040
5 0.199 0.039 0.230 0.028 0.151 0.034
[ 0183 0.048 0.198 0.029 0129 0.033 0.181 0.064
7 0168 0.052 0.141 0.032 0.208 0.042
3 0.183 0.048 0.213 0.047 0.130 0.038 0.199 0.120
9 0149 0.051 0.228 0.082 0131 0.037
10 0.132 0.053 0.166 0.040 0.138 0.034 0.329 0.209
Average = 0.104 0.208 0.161 0.217
St. Dev. = 0.046 0.033 0.030 0.066
COV = 0.2537 0.1558 0.189 0.305
SR 826 - Miami Diade - Section 3
DCPT Sumnmary (DCFT v, Depth)
Section 3 Base Subgrade
(BW 225DD) 0" _ 6" Limerock 6" _12" Limerock 12" _ 24" Sphgrade 12" Subgrade
Location | Average | St. Dew. Average St. Dev. Average St. Dev. | Average St. Dev.
1 0.153 0.049 0.138 0.024 0.075 0.024
2 0.151 0.047 0.134 0.049 0.139 0.051 0.169 0.110
3 0136 0.037 0111 0.042
4 0173 0.045 0.134 0.041 0.083 0.033 0123 0.077
5 0.099 0.035 0.090 0.035
[ 0117 0.041 0129 0.044 0.103 0.030 0.290 0.174
7 0139 0.040 0.106 0.024 0.1348 0.041
3 0.099 0.047 0.085 0.031 0.097 0.037 0.541 0.351
9 0.109 0.039 0.098 0.034 0.103 0.033
10 0.1064 0.042 0.116 0.044 0.108 0.033 0.139 0.116
Average = 0.120 0.114 0.106 0.264
St. Dev. = 0.027 0.019 0.022 0.166
COV = 0.209 0.169 0.210 0.651
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SR 826 Miami-Dade
Section 2, Base
Pad Foot Roller (BW 213 PD)
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SR 826 Miami-Dade
Section 3, Base
Heavy Roller (BW 225 D)
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