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Executive Summary

This study deals with the experimental investigation of the effects of moisture and density on

the elastic moduli and strength of four subgrade soils generally representing the range of road

conditions in Minnesota. The test matrix was designed to include three moisture contents

and two densities for each of the four soils for a total 24 soil-moisture-density combinations.

The testing approach involved i) reduced-scale simulation of field compaction, ii) field-type

testing on prismatic soil volumes, and iii) element testing on cylindrical soil specimens. The

container for the prismatic soil volumes was designed to minimize boundary effects; the

reduced-scale compaction was likewise affected to mimic construction conditions. The field-

type testing included: i) the GeoGauge, ii) the PRIMA 100 device, iii) the modified light

weight deflectometer (LWD) device, iv) the portable vibratory deflectometer (PVD) and v)

the Dynamic Cone Penetrometer (DCP). To compare the Young’s modulus values stemming

from the field-type and laboratory experiments, cylindrical specimens were extracted from

the prismatic soil volumes and tested for the resilient modulus (Mr), small-strain Young’s

modulus using bender elements.

The results reveal that both moisture and density have a measurable effect on the elastic

modulus and strength of all four soils. On the element testing side, the small strain estimates

from the bender element tests were in good agreement with the resilient modulus values. In

the context of field testing, there was significant scatter of the estimated Young’s moduli

depending upon the particular testing device. It was found, however, that the values from the

modified LWD device correlated reasonably well with the BE-Mr values for all soil conditions.

The DCP was effective in quantifying the uniformity of compacted soil volumes, and through

empirical formulas, the apparent Young’s modulus.
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Chapter 1

Introduction

1.1 Objectives

Quantitative in situ assessment of subgrade quality represents one of the key elements for a

comprehensive transition from empirical to mechanistic based pavement design. Tradition-

ally, density has been used as an indicator for properly compacted soils. However, proper

density does not necessarily guarantee sufficient stiffness or strength. Moreover, the effects

of moisture on the mechanical behavior of soils must be included to account for seasonal

variations of field measured stiffness and strength. For example, the 2002 Design Guide for

New and Rehabilitated Pavement Structures requires flexible pavements to be designed con-

sidering the resilient modulus of the soil subgrade, wherein changes in moisture and seasonal

effects influence modulus values.

Non-destructive testing devices are being used to evaluate the stiffness of road subgrades

in the field whereas laboratory testing typically determines mechanical properties of soils

used during pavement design. Field methods are still being evaluated as viable methods to

measure in situ stiffness or strength of subgrade soils during construction.

This research is focused on understanding and quantifying the relationship between the
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field and laboratory estimates of the soil stiffness and strength under varying moisture con-

ditions. This is project aimed at quantifying the effects of moisture on portable vibratory

devices and dynamic cone penetrometer measurements. This research is aimed at providing a

link between design specifications and construction practices (in particular quality assurance

procedures) and thus elevating the mechanistic-empirical pavement design.

The objective of this research is to quantify the effects of density and moisture on the

stiffness of fine-grained subgrade soils. A benefit of this project is the development of labora-

tory framework for quantitative assessment of the seasonal soil stiffness estimates stemming

from portable measurement devices.

1.2 Scope

To elevate the quality assurance practices and field testing of subgrade and granular base

profiles, this project is focused on: 1) developing a laboratory procedure for quantifying

the effects of moisture on the soil’s stiffness and strength characteristics; and 2) relating

the laboratory measurements to field-type estimates of the associated soil parameters. Con-

stitutive modeling was beyond the scope of this project and not conducted. A significant

portion of this project will be devoted to the analysis and syntheses of experimental data to

quantify the relationship between field and laboratory measurements of the soil’s stiffness

and strength under varying moisture and density conditions.

A prior project [15] developed a systematic procedure for simultaneous testing of the

resilient modulus and seismic moduli. The project described in this report is the involved

simulating field compaction of fine-grained soils in the laboratory.

To correlate the field and laboratory estimates of soil stiffness and strength, a steel soil

container for reduced scale field testing was designed and fabricated. Four fine-grained
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soils (given generic names A, B, C, and D by the authors) were obtained from Mn/DOT

and the soils were mixed to predetermined moisture contents. Two densities and three

moisture contents were prepared for each soil resulting in 24 sample subgrades. Each sample

consisted of three lifts of known weight compacted with a sheepsfoot plate to specified heights

for a given density following the associated sample preparation procedure. The stiffness

of the sample was measured with field devices: GeoGauge, PRIMA 100, Modified LWD,

Portable Vibratory Deflectometer and Dynamic Cone Penetrometer. Three cylindrical 98.5

mm (3.88 in.) diameter soil specimens were extracted from the sample. Resilient modulus,

bender element and triaxial compression tests were performed on two cylindrical specimens

while the third was given to the Soil Science Department at the University of Minnesota

for unsaturated property testing. A significant portion of this project was devoted to the

analysis and comparison of experimental data to quantify the relationship between field-type

and laboratory measurements of the soil’s stiffness and strength under varying moisture and

density conditions.

1.3 Organization

This report consists of six chapters. Chapter 2 describes the laboratory testing techniques

and the non-destructive field testing devices used in this research. Chapter 3 presents en-

hanced testing procedures for the PRIMA 100, Modified LWD, and Portable Vibratory

Deflectometer. The steel container dimension verification in addition to a summarized test-

ing procedure is in Chapter 4. Chapter 5 describes the moduli calculations for each device,

and Chapter 6 reports conclusions with recommendations for future work.
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Chapter 2

Background

Quality control (QC) and quality assurance (QA) involving non-destructive stiffness charac-

terization can prevent over compaction and/or identify problematic areas in road construc-

tion. QC/QA can also create standards for contractual items more reliable than density

testing. Field tests are a result of a need for rapid QC/QA. This research compares results

from various field devices and laboratory tests.

2.1 Laboratory Testing Methods

2.1.1 Resilient Modulus

The resilient modulus Mr is defined as the change in axial stress (deviator or cyclic stress)

∆σa divided by the recoverable axial strain ∆εa at a given level of confinement:

Mr =
∆σa

∆εa

(2.1)

Resilient modulus of fine-grained soils is affected by confinement, density and water content.

NCHRP 1-28A (Table 2.1) is a testing protocol used to measure the resilient modulus of

soils. NCHRP 1-28A is expected to become the future standard testing protocol and replace

LTPP 46, FHWA T292, and FHWA T294 methods [38]. The flow chart (Fig. 2.1) identifies
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the appropriate testing procedure for a material. The 1-28A protocol requires a closed-loop,

Table 2.1: Resilient modulus test sequence [45]

servo-hydraulic load frame with a function generator capable of applying a haversine-shaped

load pulse over a range of load durations, load levels, and rest periods [45]. It requires a

triaxial cell chamber made of polycarbonate, acrylic, or other suitable see-through material

to be pressurized by air and large enough to accept specimens of 152 mm (6.0 in.) in

diameter. An internal, electronic load cell is required to record the maximum load within

0.5% and spring loaded linear variable differential transformers (LVDTs) are mounted on

the specimen to record deformation [45]. For fine-grained soils, the load pulse (Fig. 2.2) is

a 0.2 second sinusoidal loading pulse followed by a 0.8 second rest period.
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Figure 2.1: Test method flow chart [45]
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Figure 2.2: Resilient modulus pulse definitions [45]

The test sequence requires loading at 17 stress states (Table 2.1). The conditioning cycle

is the first step that consists of 1000 repetitions at a confining pressure of 28 kPa (4.0 psi) and

a deviator stress of 55 kPa (8.0 psi). The remaining 16 steps consist of 100 repetitions with

differing confining pressures and deviator stresses. The recoverable strain from the last five

loading pulses of each step are used to calculate the Young’s modulus. A resilient modulus

is calculated from each of the five last loading pulses of each sequence. These five values are

used to calculate the resilient modulus for each cycle, and the five values are then averaged

for the Mr value corresponding to that confining pressure and deviator stress combination.
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2.1.2 Bender Element

The bender element technique was developed by Shirley and Hampton in 1977 [21]. This

test estimates the Young’s modulus and shear modulus of a specimen from the primary and

secondary wave speeds.

A bender element is an electro-mechanical transducer that either bends or contracts as

voltage is applied or generates a voltage as it deforms. A bender element consists of a thin

metal shim placed between two piezoelectric ceramic bimorphs that protrudes 1 mm into

the specimen. A current passes through the piezoelectric material causing it to contract.

As the piezoelectric material contracts, it moves the metal shim such that it generates a

wave that travels through the specimen. The wave is received at the opposite end of the

specimen by the opposing bender element. The primary wave (Fig. 2.3), or more commonly

called P-wave, is generated as the metal shim deforms axially. The P-wave is received by

the opposing bender element with a phase shift of 180 degrees. The secondary, shear (Fig.

2.3) or S-wave, is a result of the metal shim in the bender element contracting side to side.

The S-wave is read in-phase by the opposing bender element due to the element orientation

(Fig. 2.4). The amplitude of the induced P- and S- waves are very small, and the recording

Figure 2.3: Bender element wave description [15]

of the output needs to be very accurate [8, 44]. The obtained (small-strain) moduli are often
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Figure 2.4: Proper alignment for S-waves [16]

referred to as EMAX and GMAX . These values are calculated from wave velocities cP and

cS which are determined from propagation times tp and ts of the P- and S-waves and their

travel distance L, respectively:

cP =
L

tP
(2.2)

cS =
L

tS
(2.3)

A problem with bender element testing is the difficulty in determining the wave arrival

time used to calculate wave speeds [21]. Several approaches have been used to determine

arrival times: peak signal compared to peak arrival, linearly extrapolating the slope of the

sent and received signals to the x-axis and determining the arrival time, or cross correlating

the sent signal to the received signal. Averaging the cross correlation of the frequency

response function and linearly interpolating the cross power spectrum phase diagram can be
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regarded as the most accurate method for determining the wave arrival time [44].

Viggiani and Atkinson [44] proposed using sine waves as an input signal instead of square

waves. This produced a received signal that was generally of a similar shape. Viggiani and

Atkinson state in both slow and dynamic cyclic loading tests stress-strain loops show little

or no hysteresis, which means that the behavior is conservative and little or no energy is

dissipated [33]. Davich [15] reported good agreement of the bender element results with Mr

data, and in most cases, lower moisture contents exhibited larger EMAX values in granular

material.

2.1.3 Triaxial Compression

The triaxial compression test is the most widely used shear strength test [12]. A cylindrical

specimen of a length to diameter ratio of two is encased by a thin rubber membrane (Fig.

2.5) and placed inside a pressure chamber [14]. The specimen is subjected to a confining

Figure 2.5: Specimen placed inside rubber membranes
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pressure and the axial load is increased until failure. Failure occurs on a plane where a critical

combination of shear stress and effective normal stress develops. A failure envelope can be

constructed from multiple tests performed on specimens at different confining pressures (Fig.

2.6).

Figure 2.6: Mohr’s diagram

The confining pressure is the minor principal stress. The combination of the confining

pressure and deviatoric stress, provided there are no shear stresses on the ends of the spec-

imen, is the major principal stress. Shear strength is expressed as a linear function of the

cohesion c′, normal stress at failure σn, suction s, and the angle of internal friction φ′ [12]:

τ = c′ + (σn + s)tanφ′ (2.4)

If soil suction is not measured, the shear strength parameters c and φ, estimated from the

total stresses, are influenced by suction s.
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2.2 Field-Type Testing Methods

2.2.1 GeoGauge

The GeoGauge, manufactured by Humboldt Mfg. (Norridge, IL), is a hand-portable device

that evaluates compaction quality control [41]. It weighs 10 kg (22 lb), is 280 mm (11

in.) in diameter and 270 mm (10 in.) tall. Figure 2.7 shows the validation mass that

accompanies the device for on site calibration. The device rests on the soil via a ring shaped

foot (Fig. 2.8). A schematic of GeoGauge components is shown in Fig. 2.9. Seating the

Figure 2.7: Verification mass and GeoGauge device

GeoGauge can affect performance. The manufacturer’s user guide recommends more than

60% [41] or 80% [42] of the ring-shaped foot’s area needs to be in contact with the soil . The

manufacturer also recommends a thin layer, 3.2 mm (0.13 in.), of moist sand to be placed

between the ring-shaped foot and the soil surface to ensure a proper contact area [43]. The

GeoGauge operates without a load cell, so its weight is the assumed force during operation.

The device consists of two geophones that measure surface velocity (Fig. 2.9). During each

test, the mechanical shaker displaces the foot in 25 frequencies. The intervals increase in
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Figure 2.8: Ring shaped loading plate

Figure 2.9: GeoGauge schematic [34]
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4 Hz segments, from 100 to 196 Hz. The stiffness of the soil is determined by averaging

the readings taken at each interval. ASTM designation D6758-02 states, ”the stiffness, in

force per unit displacement, is determined by imparting a small force to the surface of the

ground, measuring the resulting surface velocity and calculating the stiffness. This is done

over a frequency range and the results are averaged” [3]. The GeoGauge is capable of storing

information for modulus determination on a personal computer. An infrared interface cable

transmits information to a computer for further analysis.

Alshibli et al. [6] conducted Geogauge tests on clay and clayey-silt compacted in two

1.52 x 0.91 x 0.91 m (5 x 3 x 3 ft) containers. Coefficients of variation for GeoGauge moduli

estimations ranged from 4.3% to 21% while the corresponding elastic moduli were 67 MPa

(9717 psi) and 162.3 (23540 psi) on the compacted soil surfaces in these containers. Munir

[28] showed that the depth of influence for the GeoGauge was between 190 - 200 mm (7.5 and

8 in.) by testing varying layer thicknesses of different layered materials. Siekmeier et al. [39]

performed GeoGauge tests in conjunction with other field-type testing devices on a granular

base at the MnROAD facility and concluded that the modulus was lower when compared to

other devices due to the lower contact pressure. Chen et al. [11] completed approximately

100 field tests on different subgrade and base material with the GeoGauge, remarking that

the device may lose accuracy on materials that exceeded 23 kN
mm

(130, 000 lb
in.

) in stiffness.
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2.2.2 PRIMA 100

The PRIMA 100 is a portable falling weight deflectometer manufactured by Carl Bro Pave-

ment Consultants (Kolding, Denmark). It is also known as a light weight deflectometer

(LWD), and it is based on the design of the popular falling weight deflectometers (FWD)

[20]. The FWD imparts a force on a circular loading plate in contact with a prepared surface.

A series of geophones, located radially away from the center of the loading plate, measure

velocity from which moduli can be determined [30]. The PRIMA 100 contains a falling mass

that impacts a circular loading plate in contact with the surface, and a geophone measures

the surface’s velocity response. The PRIMA 100 device is similar to the FWD in that it

transmits an impact load on a circular loading plate and the soil response is measured. Typ-

ically one geophone placed in-line with the falling mass although additional geophones can

be utilized by the PRIMA 100 devices [38].

The PRIMA 100 device, shown in Fig. 2.10, weighs 27 kg (60 lb) and is 1.28 m (50 in.)

tall with a 200 mm (8 in.) diameter loading plate, which can be varied to accommodate

different soil conditions. The maximum drop height is 850 mm (33 in.). The amount of force

generated by the falling mass can be varied by increasing or decreasing the drop height with

an adjustable mass release trigger. When released, it slides along the handle and impacts

the PRIMA 100 lower unit housing a load cell and a spring mounted geophone (Fig. 2.11).

The impact results in a sine-shaped loading pulse, which simulates loading from a vehicle.
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Figure 2.10: PRIMA 100 device

Figure 2.11: PRIMA 100 sensors
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The velocity of the soil is measured as the falling mass impacts rubber buffers on the lower

unit enclosure. The geophone is centered underneath the loading plate (Fig. 2.12), and it

is attached to a spring to remain in contact with the soil as the mass impacts the rubber

buffers. After impact, PRIMA 100 software records the maximum force and displacement;

these values are used to estimate stiffness and the value is displayed.

Figure 2.12: PRIMA 100 loading plate

Alshibli et al. [6] reported the LWD showed wide scatter and poor repeatability of

measurements when testing weak subgrade layers. For example, the coefficient of variations

ranged from 1.2% to 46.3% and the LWD moduli estimations were 171.4 MPa (24,860 psi) and

28.5 MPa (4133 psi) respectively on the compacted samples mentioned Section 2.2.1. Nazzal

[28] reported PRIMA 100 coefficients of variations ranging from 2.1 to 28 % for modulus

values up to 50 MPa (7250 psi) such that it was difficult to conduct the LWD test on very

weak material. The general trend for Cvar decreased as the modulus increased. Camargo

et al. [9] performed LWD measurements on three Minnesota trunk highways in 2005 and

reported it could be used as a quality assurance tool in conjunction with the BOMAG IC

roller.
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2.2.3 Modified LWD

The modified procedure was designed as a laboratory setup that verifies stiffness estimations

from portable deflectometer devices [19]. The testing apparatus is called the Beam Verifica-

tion Tester (BVT) (Fig 2.13). The PRIMA 100 is modified by removing the falling weight,

as shown in Fig. 2.14. The modified LWD device can be attached to the BVT and tapped to

identify steel beam stiffness, as shown in Fig. 2.13. This setup has been tested on the BVT

to verify that a smaller load level is independent of the static stiffness for a linear system

[19].

Figure 2.13: Beam Verification Testing setup [19]

The modified LWD setup can also be placed on prepared subgrade. The falling mass

is removed and a rubber mallet is used to tap the lower unit (Fig. 2.15); a Fast Fourier

Transformation is performed on the data collected using a spectral analyzer. Determination

of the static stiffness from the frequency response function is the basis for calculating Young’s

modulus. The use of the modified setup takes advantage of the linearity of materials at low

strain levels [19]. Hoffmann et al. [19] reported that the sensor calibration of the PRIMA

100 device was satisfactory. However, the data interpretation method that uses peak values
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Figure 2.14: Lower half of the PRIMA 100

Figure 2.15: Rubber mallet tapping the modified LWD
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for the load and displacement imbedded in the device at that time disregarded the inertial

effects of the peak force to peak displacement resulting in systematic errors. Carl Bro. now

markets FFT software for use with the PRIMA 100 [38]. Hoffmann et al. [19] did show that

the peak to peak based method of back analysis used by the PRIMA 100 produces incorrect

estimates of the static stiffness with an error often exceeding 100%. A spectral-based data

interpretation method was proposed and showed good agreement between the true static

stiffness of the BVT and its LWD estimates [19].

2.2.4 Portable Vibratory Deflectometer

A portable vibratory deflectometer (PVD) measures the load-frequency response of a rigid

plate on a half space. The rigid plate resting on a large volume of flat soil is subjected to

random vertical vibration generated by an electromagnetic shaker, as shown in Fig. 2.16 [18].

Figure 2.16: PVD test setup

The 12 mm (0.5 in.) thick and 63 mm (2.5 in.) diameter loading plate (Figs. 2.18) is

bolted to model 4809 Bruel & Kjaer (Denmark) shaker. The excitation device produces
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linear motion over the frequency range of 10 to 20,000 Hz (Fig. 2.17). Two model 352A10

PCB (Depew, NY) accelerometers are mounted on the loading plate shown in Fig. 2.19. The

signal from the accelerometers is received by the 482A22 PCB Piezotronics signal conditioner

and passed on to a Siglab 20-42 (San Jose, CA) spectrum analyzer. The Kistler 9011A

Figure 2.17: Bruel & Kjaer vibration exciter type 4809

Figure 2.18: PVD loading plate

(Hampshire, UK) load cell has a 15 kN capacity (3370 lb.) and an 18 kN (4045 lb.) overload

limit. It is positioned between the excitation device and loading plate, and the signal from

the load cell is received by a Kistler dual mode amplifier, and in turn, sent to the Siglab

20-42 spectrum analyzer. Computer software produces a random excitation signal that is

sent to the Rockford Fosgate Power 150a1 (Tempe, AZ) amplifier. The signal is then sent

to the vibratory device. A schematic describing the setup is shown in Fig. 2.21.
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Figure 2.19: PVD loading plate with accelerometers and load cell

The sensors attached to the loading plate monitor the applied vertical load and its cor-

responding acceleration, both as a function of time. Random oscillations from 0 - 5000

Hz are transmitted to the soil via the exciter and loading plate (Fig. 2.20). Using the

Figure 2.20: PVD loading plate in contact with soil

SigLab 20-42 spectrum analyzer, the analog time signals are digitized and converted to the

frequency domain [36]. The test runs stacking data continuously as the system is excited.

MATLAB software converts the force and velocity measurements from the time domain into

the frequency domain.
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Figure 2.21: PVD schematic
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2.2.5 Dynamic Cone Penetrometer

The dynamic cone penetrometer (DCP) was developed 1956, and applications of the DCP

include correlations to the California Bearing Ratio (CBR), unconfined compressive strength,

resilient modulus, and shear strength of soils [7, 22]. The DCP is simple to use and durable

to withstand field conditions. The 4.6 kg (10.1 lb) or 8 kg (17.6 lb) sliding mass falls 575 mm

(22.6 in.) and impacts the anvil/coupler assembly (Fig. 2.22). The energy is transmitted

through the anvil/coupler assembly and 1 m (3.3 ft) drive rod to the cone (Fig. 2.23). The

cone is attached to the end of the 1 m (3.3 ft) drive rod, and it is driven into the soil by lifting

the sliding hammer and releasing it [4]. The cone is 20 mm (0.67 in.) in diameter with a 60

degree angle. A vertical displacement is recorded after each drop. The DCP penetration

Figure 2.22: Dynamic Cone Penetrometer disassembled

index (DPI) is the only value obtained from this device; all subsequent applications are

derived from correlations. The DPI is an average displacement of the apparatus from the

falling mass for depth intervals. The DCP produces shear failure in the soil similar to the

bearing capacity failure of a foundation [40]. Siekmeier et al. [39] suggest that the DCP is

most useful for verifying the consistency and uniformity at constructions sites.
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Figure 2.23: Removable cone tip

2.2.6 Percometer

The Percometer estimates volumetric moisture content for soil [9]. This device is manu-

factured by ADEK (Estonia) [5]. It measures temperature, a dielectric permittivity, and

electrical conductivity. The Percometer consists of a hand-held computer, a 2 m (6 ft) cord,

and a 200 mm (8 in.) long probe with a 60 mm (2.4 in.) diameter sensor plate as shown

in Fig. 2.24. The probe is pressed against a material, and the hand-held computer emits a

small electrical current that passes through the sensor plate and material wrapping back to

the shell of the probe.

Figure 2.24: Percometer
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Chapter 3

Enhanced Data Interpretation

3.1 PRIMA Device

Conventionally, the PRIMA-soil stiffness k is determined from the peak force divided by the

peak displacement which inevitably includes inertial effects and thus introduces a systematic

error into the estimation of soil’s Young modulus E. To overcome the problem, a method

proposed by Hoffmann et al. [19] utilizes the frequency-domain analysis to extrapolate the

dynamic force and deflection data toward the zero frequency and thus filter out the unde-

sirable inertial effects. In this process, the low-frequency data (0-20 Hz) are disregarded

from the fitting process owing to the excessive signal-to noise ratio caused by inherent geo-

phone limitations. As a result, the “true” static stiffness, kst, of the PRIMA-soil system is

estimated by fitting the intermediate-frequency (20-150 Hz) values of the FFT-transformed

force-deflection ratio. In the context of an elasto-static analysis, such kst can be used, as-

suming a suitable value for the Poisson’s ratio and an appropriate stress distribution factor

for beneath the loading plate to calculate the soil’s Young’s modulus. The superscript dis-

tinguishes it from k estimated at high frequencies. On modeling the soil as a semi-infinite,
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homogeneous, isotropic, linear-elastic half-space, it can be shown that

E =
4kst

πd

(
1− ν2

)
Is (3.1)

where d is the diameter of the circular loading plate, and Is is a stress distribution factor

depending on its flexibility [12]. More precisely,

• Is = 1 for the flexible (Eplate � Esoil) plate,

• Is = π
4

for the rigid (Eplate � Esoil) plate.

Here it is noted that the second equation for Is assumes that the soil uniformly displaces

under the entire loading plate. Accordingly, it does not account for the fact that the in-

ner geophone moves independently from the loading plate and thus violates the rigid plate

assumption. In this context, it may be reasonable to expect that the actual value of Is char-

acterizing the PRIMA device is somewhere in between the extreme values of π/4 = 0.785 and

1. Owing to a relatively narrow range characterizing the possible values of Is, the ensuing

analysis assumes Is = 1 for simplicity.

3.1.1 Data Acquisition

To estimate the static stiffness kst in (3.1), the entire PRIMA force and motion records must

be utilized to transform the temporal data into the frequency domain. This is achieved

by applying the Fast Fourier Transform (FFT) to the transient force and velocity records

stemming from the PRIMA 100 device. With reference to Fig. 3.1, the frequency-domain

analysis is performed with the aid of the Siglab 20-42 four-channel spectrum analyzer (fre-

quency range 0-20kHz), which stores and processes the entire (i.e. full) force and velocity

records.
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Figure 3.1: Data acquisition system for the enhanced interpretation of PRIMA 100 measure-
ments [19]

Velocity measurement: The PRIMA 100 geophone rests on a spring; it moves inde-

pendently of the lower unit housing. As the housing is impacted by the falling weight or

the mallet, the load is transmitted from the housing to the loading plate. Movement of the

magnet within the geophone induces a current in the coil that is proportional to velocity by

applying Faraday’s Law of Induction [30]. The geophone outputs a voltage proportional to

the difference in vertical motion between the ground surface and the geophone housing. Sig-

nal/noise ratios reduce reliability of measurements. For instance, a geophone with a natural

frequency of 5 Hz should not be used to measure data with frequencies below 10 to 20 Hertz.

Force measurement: The load cell conditioner for the modified setup is a Vishay

strain gage (Malvern, PA) conditioner model 2120 with a model 2110A power supply. The

PRIMA 100 load cell contains eight strain gages and outputs a voltage from impact that is

conditioned/amplified and sent to the signal conditioner.

Both signals, received by the Siglab 20-42 spectrum analyzer, are sent to the portable

computer for further processing and graphical display. All data processing, both within the

spectrum analyzer and the portable computer, is performed using MATLAB software.
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3.1.2 Fourier Transform and Frequency Response Function

The Fourier transform is used to convert a signal recorded in the time domain, y(t), to a

frequency domain representation Y (f) where f denotes the frequency of the excitation. The

Fourier transform of a continuous function of time y(t) is given by

Y (f) =

∫ ∞

−∞
y(t)e−i2πftdt (3.2)

where i =
√
−1. Conversely, the inverse Fourier transform of a continuous function of

frequency Y (f) is defined as

y(t) =

∫ ∞

−∞
Y (f)ei2πftdf (3.3)

On the basis of (3.2), any linear single-input-single-output system with temporal input

x(t) and temporal output y(t) can be characterized in the frequency domain in terms of its

frequency response function;

FRF (f) =
Y (f)

X(f)
(3.4)

a complex-valued function which signifies the output per unit input as a function of frequency.

For experimental records that are inevitably of finite duration, however, (3.2) must be

superseded by its discrete counterpart termed the Discrete Fourier Transform (DFT). With

reference to a discrete (i.e. digitized) temporal record y(tk) (tk =k∆t, k =0, 1, 2, . . . M), its

DFT is given by

Y (fj) = ∆t
M∑

k=0

y(tk)e
−i(2πfj)tk , j =0, 1, 2, . . . M (3.5)

On the basis of (3.5), a discrete version of (3.10) that is suitable for engineering applications

(in terms of its robustness to experimental noise) can be written as

FRF (fj) =
Syx(fj)

Sxx(fj)
, j =0, 1, 2, . . . M (3.6)
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where, for multiple test realizations (i=1, 2, . . . NT )

Syx(fj) =
1

NT

NT∑
i=1

[X∗(fj)]i [Y (fj)]i , (3.7)

Sxx(fj) =
1

NT

NT∑
i=1

[X∗(fj)]i [X(fj)]i , j =0, 1, 2, . . . M (3.8)

denote respectively the cross-spectral and power-spectral density estimates computed from

the discrete input and output records x(tk) and y(tk) (tk = k∆t, k = 0, 1, 2, . . . M), and “∗”

stands for complex conjugation. Equations (3.5)–(3.8) form a basis for the operation of the

Siglab 20-42 spectrum analyzer.

To estimate the quality of recorded data, the coherence function is used:

γ2
yz(fj) =

| Syx(fj) |2

Sxx(fj)Gyy(fj)
(3.9)

The value of the coherence function provides system linearity information as it varies from

0 to 1. If no correlation between the input and output signals is present, the value of γ2
yz(fs)

is equal to 0. Conversely, the value of γ2
yz(fs) equal to 1 indicates the perfect linearity of a

system without noise contamination. Accordingly, the value between 0 and 1 indicates the

presence of noise and non-linearity in the system.

3.1.3 Mobility Function

In the enhanced interpretation of the PRIMA 100 measurements, the force record p(t) is

taken as an input, and the geophone (i.e. velocity) record v(t) is taken as an output from

the PRIMA-soil system which can accordingly be characterized in terms of its frequency

response function

M(f) =
V (f)

P (f)
, (3.10)
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herein termed the mobility function. On modeling the PRIMA-soil system as a Single-

Degree-of-Freedom (SDOF) system characterized by the spring constant kst, dashpot c, and

mass m, the Young modulus of the soil tested can be effectively calculated by first fitting

the SDOF model in terms of M(F ) to the experimental data as a means to calculate kst and

then using (3.1). Here it is noted that the process of fitting the SDOF model to experimental

mobility data (in the frequency domain) effectively amounts to the extrapolation of dynamic

stiffness to its zero-frequency limit.

3.1.4 Young’s Modulus from PRIMA Test

To properly effect the frequency-domain extrapolation of the dynamic records p(t) and v(t)

toward the static value, a Single-Degree-of-Freedom (SDOF) model is used in the analysis.

On recalling that M(f) is complex-valued, fitting of the SDOF model to the experimental

data is performed in terms of the real part of the mobility function.

Single-Degree-of-Freedom system: a SDOF system, shown in Fig. 3.2, consists of a

mass m, a massless dashpot with a damping coefficient c, and a massless spring of constant

kst. The mass is subjected to a transient force p(t) which results in a dynamic deflection x(t)

whose velocity is denoted by ẋ(t) = v(t). The governing differential equation for the SDOF

can be written in terms of its deflection x(t) as

mẍ(t) + cẋ(t) + kstx(t) = p(t) (3.11)

Here ẋ(t) and ẍ(t) denote respectively the velocity and acceleration of the mass m as eluci-

dated earlier. On employing the definition of the undamped natural (circular) frequency of

a SDOF system

ωn =

√
kst

m
(3.12)
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Figure 3.2: SDOF system [19]

and that of the damping ratio

ξ =
c

2mωn

(3.13)

where

ω = 2π f

denotes the circular frequency in general, governing equation (3.11) can be conveniently

rewritten as

ẍ(t) + 2ξωnẋ(t) + ω2
nx(t) =

p(t)

m
. (3.14)

Mobility function for the SDOF system: as shown in [19], an application of the

Fourier transform to (3.14) results in

Ẋ(f)

[
iω + 2ξωn +

ω2
n

iω

]
=

P (f)

m
(3.15)

On the basis of (3.15), the mobility function for a SDOF system can be computed as

M(f) =
Ẋ(f)

P (f)
=

iω/kst

(1−β2) + 2iξβ
, β =

ω

ωn

=
2πf

ωn

(3.16)
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Fitting procedure: for fitting purposes, the mobility function in (3.16) can be decom-

posed into real and imaginary parts as

Re [M(ω)] =
2ξβω/kst

(1− β2)2 + (2ξβ)2 (3.17)

and

Im [M(ω)] =
(ωωn − β3)/(kstωn)

(1− β2)2 + (2ξβ)2 (3.18)

An example of the fitted (real part of the) mobility function and the resulting value of

the static PRIMA-soil stiffness kst are shown in Fig. 3.3. The corresponding plot of the

coherence function is shown in Fig. 3.4 which indicates the high quality of dynamic data

in light of the fact that the coherence function is close to unity for most frequencies. In

the fitting procedure, it is assumed that the mass of the SDOF system corresponds to

that of the bottom PRIMA assembly i.e. m = 10 kg, so that the optimal fit between the

PRIMA experiment and SDOF theory is achieved via non-linear optimization (implemented

in MATLAB) in terms of kst and c. With the kst obtained in this way, the Young’s modulus

of the soil can be directly estimated from (3.1), i.e. as

E =
4kst

πd

(
1− ν2

)
(3.19)

where it is assumed that Is = 1 as examined earlier.
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Figure 3.3: Fitted mobility function for C 9.5 103, kstat = 13.3 MN/m

Figure 3.4: Coherence function for C 9.5 103
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3.2 Portable Vibratory Deflectometer

Prior to using the portable vibratory deflectometer (PVD) on the soil specimen, a so-called

“air test” is required to determine the apparent mass of the footing attached to the vibra-

tory exciter. This mass, which includes that of the aluminum footing, accelerometers, and

participating cables, is a prerequisite for fitting the theoretical PVD transfer function to

the experimental data; a process that, similar to the SDOF fitting procedure described in

Section 3.1.4, results in an estimate of the Young’s modulus of the soil.

3.2.1 Accelerance Function

In the PVD test [18], a rigid plate resting on the surface of a flat, large volume of soil,

approximating a semi-infinite solid, is subjected to random vertical vibration generated by

an electromagnetic shaker (Fig. 3.5). The sensors attached to the loading plate monitor the

applied vertical load (force) and the corresponding acceleration, both as a function of time.

The signals from the sensors are sampled, digitized and converted to the frequency domain

using the Discrete Fourier Transform described earlier. In this setting, a counterpart of

the mobility function M(f) (see Section 3.1.3) that is suitable for synthesizing the dynamic

characteristics of the PVD-soil system (Fig. 3.5) is termed the accelerance function and

defined as

A(f) =
Ẍ(f)

P (f)
(3.20)

where Ẍ(f) and P (f) denote respectively the Fourier transforms of the average vertical

acceleration of the loading plate and the applied vibratory force. Figure 3.6 shows an example

of the experimental accelerance function, in terms of its real and imaginary parts, obtained

from the PVD test.

A typical plot of 1/Aair(f) obtained during PVD testing in air (no soil reaction), the
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Figure 3.5: Schematics of the PVD test

Figure 3.6: Experimental accelerance function A(f) obtained from the PVD experiment
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so-called air test, is shown in Fig. 3.7. One may note that, by virtue of the Newton’s second

law, quantity

M(f) =
1

Aair(f)
(3.21)

signifies the apparent mass of the loading plate.

Figure 3.7: Inverse of the accelerance function, 1/Aair(f): the air test

3.2.2 Interfacial Accelerance Function

With reference to (3.20), one may note that Ẍ(f) denotes the acceleration at the loading

plate/soil interface when the plate is in contact with the soil, while P (f) describes the

frequency content of the dynamic load applied to the top of the loading plate. Accordingly,

such acceleration-force relationship includes the inertial resistance (i.e. the mass) of the

loading plate which must be eliminated before the soil’s stiffness and thus modulus can

be estimated from A(f). To this end, it is useful to introduce the so-called interfacial
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accelerance function

Avv(f) =
Ẍ(f)

P(f)
(3.22)

which describes the loading plate/soil response in an alternative fashion which takes into

account the load applied at the loading plate/soil interface, P(f), rather than the load P (f)

applied to the top of the loading plate. In other words, in the interfacial accelerance function

(Fig. 3.8), the effect of the inertia of the loading plate is removed from the experimental

accelerance function (3.20) through

Avv(f) =

[
1

A(f)
−M(f)

]−1

(3.23)

where M(f) = 1/Aair(f) denotes the apparent mass of the loading plate as described earlier.

Figure 3.8: Interfacial accelerance function Avv(f) obtained from the PVD experiment
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3.2.3 Interfacial Compliance Function

A transfer function that directly reflects the PVD-soil stiffness characteristics relates the

vertical displacement (as opposed to acceleration) of the loading plate-soil interface to the

applied force. This quantity, defined as

Cvv(f) =
X(f)

F (f)
(3.24)

is termed the interfacial compliance function. Employing the basic Fourier transform iden-

tities, it can be shown that Ẍ(f) = −(2πf)2X(f) and thus

Cvv(f) = − 1

(2πf)2
Avv(f) = − 1

(2πf)2

[
1

A(f)
−M(f)

]−1

(3.25)

A typical interfacial compliance function obtained from the PVD experiment is shown in

Fig. 3.9.

Figure 3.9: Interfacial compliance function Cvv(f) obtained from the PVD experiment
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3.2.4 Young’s Modulus from PVD Test

A theoretical solution for the interfacial compliance function in the case of a rigid circular

plate of diameter d in frictionless contact with the surface of a homogeneous elastic half

space [26, 27, 31, 32] can be conveniently written as

Cvv(f) = Cvv(0) C̄vv(ω̄), ω̄ = πdf

√
ρ

G
, (3.26)

Here ω̄ denotes the dimensionless circular frequency; G is the shear modulus; ρ is the mass

density of the half-space;

Cvv(0) =
1− ν

2Gd
(3.27)

denotes the static value of the interfacial compliance, and C̄vv(ω̄) is tabulated e.g. in [32].

As an example, variation of C̄vv with ω̄ assuming ν = 0.25 is plotted in Fig. 3.10. It is well

known from numerical simulations and tabulated values that C̄vv(ω̄) is relatively insensitive

to the Poisson’s ratio in the range 0 ≤ ν ≤ 0.4 [37]. As a result, the theoretical values

of C̄vv from Fig. 3.10 can be taken as representative for all soils considered in this study.

On the basis of this result, formulas (3.25)–(3.27), and the tabulated values of C̄vv(ω̄), a

minimization procedure is implemented in MATLAB wherein the theoretical (interfacial)

accelerance function Avv stemming from (3.25) and (3.26) is fitted to its experimental coun-

terpart (3.22) by iteratively adjusting the soil’s shear modulus G. Upon convergence, such

fitting process produces an “optimal” shear modulus, Gopt, that minimizes the misfit between

the experimental (interfacial) accelerance function and its theoretical counterpart. With this

result, the Young’s modulus from the PVD test can be calculated (assuming ν = 0.4 for the

Poisson’s ratio) as

E = 2Gopt(1 + ν) = 2.8 Gopt (3.28)
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Figure 3.10: Theoretical variation of C̄vv(ω̄)
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As an illustration of the quality of the fitting procedure, Fig. 3.11 compares the experimental

accelerance function, A(f), with the theoretical result computed from (3.25) and (3.26) with

G = Gopt.

Figure 3.11: Experimental accelerance function from the PVD test and its theoretical coun-
terpart for G = Gopt
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Chapter 4

Laboratory Tests

4.1 Steel Container

When conducting field-type tests (e.g., GeoGauge, PRIMA 100, Modified LWD, Portable

Vibratory Deflectometer, and Dynamic Cone Penetration) in a laboratory environment, the

size of the soil sample should be as large as possible to simulate field (in-situ) conditions.

On the other hand, the maximum dimensions of the soil sample that can be used in the

laboratory are related to the preparation technique. In this project, the technique selected

was quasi-static, kneading compaction of pulverized, dried, fine-grained soils mixed with

appropriate amounts of water. The compaction was executed in an MTS 810 load frame,

which allowed for accommodating a prismatic steel container with 12.7 mm (0.5 in.) thick

walls, and inner dimensions of 584 mm x 584 mm x 381 mm (23 in. x 23 in. x 15 in.),

Fig. 4.1. The soil sample compacted in the container was also sufficiently large to extract

three cylindrical specimens: two for resilient modulus (Mr), bender element, and strength

testing, and one for soil water retention curve (SWRC) and strength tests conducted at the

University of Minnesota Dept. of Soil, Water, and Climate.

The selection of a prismatic container rather than cylindrical was motivated by undesir-

able reflection of waves induced by the GeoGauge and PVD devices. It is well known [25]
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Figure 4.1: Prismatic steel container

that reflected waves in a cylindrical container tend to concentrate in the central region - the

walls act as a focusing boundary - and this may affect measurements. In addition, PVD

verification tests were conducted to justify that the dimensions of the steel container were

sufficient to minimize the effect of wall reflection.

4.2 Verification Tests

One type of soil, Quikrete Sand No.1113 manufactured by the Quikrete Company (Atlanta,

Georgia), was used in the verification tests. The results of Grain Size Analysis, ASTM D422

(Appendix A.1), are shown in Fig. 4.2 as the grain size distribution curve. Table 4.1 shows

the corresponding gradation parameters; D50 is the mean diameter, Cu is the uniformity

coefficient, and Cc is the coefficient of gradation. According to AASHTO Classification

System, the tested soil is classified as A-1-b material. The maximum and minimum mass
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Figure 4.2: Grain size distribution of Quikrete Sand No.1113

Table 4.1: Gradation parameters of tested soils
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densities and dry unit weights of the Quikrete Sand No.1113 were determined from tests

following ASTM Test Designation D 4253-00 and D 4254-00 (Appendix A.1). The resulting

mean densities and unit weights are shown in Table 4.1.

The verification tests on Quikrete Sand No.1113 were conducted in two prismatic con-

tainers made of 25.4 mm (1 in.) thick plywood with outer reinforcement: a) small, and b)

large (Fig. 4.3 and Table 4.2). The containers were filled with Quikrete Sand No.1113

a) b)

Figure 4.3: Prismatic plywood containers a) small, and b) large

Table 4.2: Inner dimensions for sand containers

to predetermined heights by air-pluviation. This technique ensured uniform relative density

Dr ≈ 90% . The raining device consisted of a plastic bucket with a flexible hose of inner

diameter d = 26 mm (1.02 in.) attached to the bottom of the bucket (Fig. 4.4). The lower

opening of the hose was controlled by a washer whose size was selected from trial tests (Ap-

pendix A.2). The opening diameter of 6.3 mm (0.25 in.) and the raining height 787 mm
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(31 in.) were selected. The pluviation height was adjusted after filling each 51 mm (2 in.)

layer. During the pluviation, the lower end of the flexible hose was moved to obtain a flat,

uniform layer. Eight hours were required to fill the small container up to 262 mm (10.3 in.)

height and significantly more for the large container. During this operation, the total weight

of material placed was carefully tracked. The resultant density of the sand was calculated

from known weight and volume of the sand. The PVD tests were performed by placing the

Figure 4.4: Pluviation setup

circular loading plate of the device directly on the sand surface. The sensors attached to

the loading plate measured the force and acceleration in the time domain. With reference
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to Eqn. 3.10, the vertical dynamic force applied to the loading plate was taken as the input

to the system, whereas the vertical acceleration and resulting force at the soil foundation

interface was taken as an output.

To investigate the effect of contact pressure q, the static pre-load exerted by the moving

armature of the device was varied. As the armature is connected to the body of the device

by a set of internal flexures, the magnitude of the downward force on the sand was adjusted

by changing the distance between the device’s body and the sand. The magnitude of the

average static pressure was determined at the end of each test from the load cell readings

while lifting up (unloading) the device from the sand surface. To assess the influence of the

walls, the location of the device was varied, Fig. 4.5. The experimental data were fitted to

Figure 4.5: Location of the center of the loading plate in the small container

the theoretical solution (Eqn. 3.26) following the methodology described in Section 3.2. In

the computations, the Poisson’s ratio v = 0.25 was selected [36]. The resulting values of the

shear modulus G for an equivalent linear elastic material are shown in Fig. 4.6 as a function
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of contact pressure q (Appendix A.3). It is noted that the computed values of the equivalent

shear modulus G were practically independent of the location of the loading plate on the

surface of the sand in the container. This implies insignificant influence of the boundaries

of the containers on the values of G. The results shown in Fig. 4.6 can be approximated by

Figure 4.6: Equivalent shear modulus vs. average contact pressure

the expression

G = G0
q

q′

0.58

(4.1)

where q is in kPa, q′ = 1 kPa is the reference pressure, and Go = 4.23 MPa. In the tests

conducted on Silica Sand by Guzina [18], a similar relationship between the equivalent shear

modulus and average contact pressure with n = 0.5 was obtained. As shown in Fig. 4.7, the

difference in data fit for Quikrete Sand assuming n = 0.58 and n = 0.5 is small.
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Figure 4.7: Equivalent shear modulus vs. average contact pressure
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4.3 Fine-Grained Soils

4.3.1 Soil Description

Four fine-grained soils were supplied by the Minnesota Department of Transportation (Mn/DOT).

These soils were selected to represent the range of fine-grained soils that would be classified

as “fine-grained subgrade soils.” The soils were given names for ease of use: A, B, C and

D. Mn/DOT had performed gradations and standard Proctor compaction tests for these

samples; the data are included in Appendix B. Descriptions of each soil and their target unit

weight and moisture contents are shown in Table 4.3. Fig. 4.8 illustrates the target unit

weight relations to the maximum dry unit weight.

Table 4.3: Soil descriptions

* Sample A, 7.5% target moisture content = 50%wopt
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Figure 4.8: Schematic of moisture content and dry unit weight selection (Table 4.3)

4.3.2 Preparation of Soil Samples

The amount of soil required for preparing prismatic samples in the steel container was

determined from the soil’s dry unit weight and the moisture content necessary to achieve a

target unit weight. Typically, 160 to 180 kg (350 to 400 lb) of soil was broken down in order

to dry evenly in an oven for 24 hours. To prevent the soil from collecting excess moisture

from the air, the dried soil was stored in sealed plastic buckets. The dry soils were crushed

and pulverized. 3 kg (6.6 lb) of soil, and from 100 ml (3.4 oz) to 400 ml (13.6 oz) of water

depending on the target moisture content, were mixed in a blender (Fig. 4.9). After the

mixing process, the soil was stored in sealed plastic buckets. The buckets were placed in

a humidity controlled room for at least 24 hours to temper. Moisture samples were taken

at this time in random places within the buckets as shown in Fig. 4.10. After this period,

adjustments to the moisture content were made if needed. Approximately 55 kg (120 lb) of

tempered soil was placed in the steel container resting on the base of the MTS 810 load frame,
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Figure 4.9: Mixing blender

Figure 4.10: Soil canister with approximately 90 kg (200 lb) of soil D
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with a sheepsfoot plate fixed to the crosshead (Fig. 4.11a). The sheepsfoot plate comprised

of 41 protrusions with dimensions 38.1 x 50.8 x 50.8 mm (1.5 x 2 x 2 in.) corresponding to

a 0.106m2 (164in.2) loading area, Fig. 4.11b. The soil was first slightly pre-compacted with

a) b)

Figure 4.11: a) MTS load frame b) sheepsfoot plate

a hand-held mass to obtain a flat surface. Next, the steel container was elevated against the

sheepsfoot plate to compact the soil to a known height in order to achieve a predetermined

unit weight as specified in Table 4.3.1 and Fig. 4.12. This process was repeated four times

per lift with a repositioned sheepsfoot plate to compact the entire surface of the soil (Fig.

4.13).

Two more soil lifts were placed and compacted in the steel container to obtain a desired

final thickness of the soil. Between each lift, the surface of the soil was scarified to assure

adequate bonding between each lift. After the final soil lift had been compacted, hand
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tools were used to shave and flatten the surface to ensure proper surface for testing with

the portable field devices. For each of the four soils tested, six samples were compacted

Figure 4.12: Compaction process

Figure 4.13: Soil D surface after four presses

and used for testing (Table 4.4). The additional samples for soils A and B were used as

trial samples and discarded before testing. The detailed procedure for fine-grained sample

preparation in the steel container is included in Appendix C.
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a) b)

Figure 4.14: a) & b) Soil D prepared surfaces

Table 4.4: Number of compacted soil samples in steel container
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4.4 Tests in Steel Container

Seven different field-type tests were conducted on the compacted fine-grained soils in the

steel container. The field-type devices were described in Chapter 2 and detailed procedures

regarding their operation can be found in Appendix E. The tests were performed in the

following order: Percometer, GeoGauge, Portable Vibratory Deflectometer, modified LWD,

GeoGauge with a layer of wet sand (for soil D), Standard LWD, and Dynamic Cone Pen-

etrometer. The tests were run in the specified locations, as shown in Fig. 4.15. Two testing

locations were 127 mm (5 in.) from the sides and one testing location was centered in the

steel container. However, the DCP is a destructive test and was conducted at the distance of

146 mm (5.7 in.) away from two corners of the steel container. Table 4.5 shows the matrix

of tests conducted in the steel container. After the first Percometer test, the device was sent

back to Mn/DOT for calibration and returned for testing soils B, C, and D. The PVD was

under repair for soil A and one trial on soil C. The modified LWD was implemented midway

through research due to limited resources, and the PRIMA 100 was returned to Mn/DOT

before the last two steel containers were compacted. The GeoGauge was tested with sand

for soil D after a meeting with Humboldt representatives on February 16, 2005.
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Figure 4.15: Testing locations
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Table 4.5: Matrix of tests conducted in the steel container

”X” indicates sample was tested

”N/A” indicates sample was not tested
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4.5 Tests on Cylindrical Specimens

4.5.1 Extraction and Storage of Cylindrical Specimens

Cylindrical thin wall specimens for resilient modulus, bender element, and strength testing

were collected the steel container immediately after completion of the field-type testing [1].

These locations are shown in Fig. 4.16. This was done by first replacing the sheepsfoot plate

Figure 4.16: Cylindrical specimen locations within soil container

in the 810 MTS load frame by three 101.6 mm (4 in.) in diameter, 3.2 mm (0.13 in.) in

thickness, and 381 mm (15 in.) in length stainless steel tubes attached to the crosshead.

Next, the steel container was raised against the thin-walled tubes arranged in a triangle at a

constant rate of 1 mm/s (0.04 in./s), Fig. 4.17a. After the steel tubes were pushed into the

soil, they were detached from the cross-head, and the steel container with the compacted soil

was placed on the floor. The three tubes were then extracted by excavation (Fig. 4.17b).
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After the steel tubes were extracted, four moisture content specimens of approximately 80

g each were taken from the excavated soil. Cylindrical soil specimens were extracted from

a) b)

Figure 4.17: a) Stainless tubes and b) specimen extraction

the stainless steel tubes with a fabricated extruder (Fig. 4.18). The extruder consisted of

two hydraulic actuators connected to a hydraulic piston. The hydraulic piston was mounted

vertically to prevent lateral stressing of the specimen induced by gravity after Soil A sample

completion. The stainless tube was connected to a collar on the hydraulic piston, and the soil

was pushed out by pumping the hydraulic actuator by hand. To prevent moisture loss, the

soil specimens were immediately covered with plastic wrap and placed inside sealed plastic

containers. The plastic containers with soil specimens were placed in a humidity-controlled

room until they were laboratory tested. A detailed procedure for extraction and storage of

cylindrical specimens is given in Appendix F.

The soil was compacted into the steel container and tested with field devices on a prepared

surface the same day. Immediately afterwards, the cylindrical specimens were extracted from

the container for laboratory testing. Table 4.6 shows the date the soil was compacted into

the steel container, field-type device tested, and laboratory tested. This may have effected
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Figure 4.18: Soil extruder

the results, and the aging effects need investigation.

4.5.2 Specimen Preparation for Testing

Upon opening the sealed containers stored in the humidity-controlled room, the cylindrical

specimens were carefully removed and plastic wrap discarded. Next, each specimen was

trimmed with a carbide blade to a length of approximately 203 mm (8 in.). After trimming,

a carpenter’s square was used to check if the cylindrical soil specimen needed to be trimmed

again. Next, the length and mass of the specimen was recorded. The trimmed specimens

were placed in between the two aluminum platens seen in Fig. 4.19. These two platens

housed the bender elements (Section 2.1.2). The thin metal shims of the bender elements

could not be pushed into the soil specimens A and D with lower moisture contents, so the

soil was notched out of the trimmed ends. The notches were just large enough for a tight

fit to allow bender elements to excite the specimen. If the notch size was larger than the

bender element shim, petroleum jelly was used to fill the notch to create a coupling between

the soil specimen and the bender element shim. After the soil specimen was placed on the

lower platen, two rubber membranes were slipped over the top to encase the specimen, and
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Table 4.6: Dates soil was compacted in the steel container, field-type device tested, and
laboratory tested
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Figure 4.19: Lower platen housing bender element

the upper platen was placed. Two rubber 102 mm (4 in.) in diameter O-rings were placed

over the membranes in machined grooves in each platen as shown in Fig. 4.20a.

The axial displacements of the cylindrical specimens were measured by means of Linear

Variable Differential Transformers (LVDTs). Two sets of LVDTs were used: 1) long, 1.27

mm/volt (0.05 in./volt) in sensitivity, and 2) short, 0.6 mm/volt (0.025 in./volt) in sensitivity.

Upon analyzing the results of tests on soil A with the long LVDTs, it became evident that

in some tests the signal-to-noise level was large and the established test criterion for the

signal-to-noise ratio (SNR) was not met. Therefore, more sensitive LVDTs were used in all

tests on soils B, C, and D. Calibration information regarding the LVDTs is in Appendix D.1,

and load cell calibration is in Appendix D.2. Parallel analysis and testing for soil A was not

conducted due to load frame availability and time restrictions.

Three LVDTs were mounted in an aluminum collar-type fixture (Fig. 4.20b) placed over

the rubber membranes. The LVDTs were positioned at equal distances around the specimen.
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a) b)

Figure 4.20: a) Encased soil specimen and b) LVDTs collar-type holder

The fixture was attached to the specimen by four 19 mm (0.75 in.) in diameter rubber O-

rings. A second collar-type fixture with columns as contacts for the LVDT spring-loaded

tips was placed 102 mm (4 in.) below the upper fixture. Spacers were used to hold both

collars 102 mm (4 in.) apart while attaching to the specimen to maintain the gage length.

The spacers were removed once the collars were in place, and this allowed the two collars to

move independently of each other.

One 102 mm (4 in.) aluminum spacer was placed on the triaxial apparatus base. The

specimen enclosed by two platens was placed on the aluminum spacer, and the LVDTs,

load cell extension cable and bender element wiring were connected to their corresponding

electrical feed-throughs in the triaxial apparatus base. The triaxial apparatus base was set

on a steel plate at the base of an MTS 858 table top, servo-hydraulic load frame with an

actuator mounted in the crosshead.

After placing the triaxial apparatus base in the load frame (Fig. 4.22), a ball bearing

was placed on the top specimen platen, and a plexiglass confining chamber was slid over
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the specimen (Fig. 4.21). Next, the load cell was screwed into a piston passing through the

upper platen of the triaxial apparatus, and its extension cable was connected to the load

cell. The upper triaxial apparatus platen was attached to the three steel columns protruding

from the base of the apparatus. Care was exercised to align the ball bearing with the load

cell. The LVDTs wiring and bender element wiring were connected to their respective signal

conditioners. A detailed procedure for specimen preparation for testing is given in Appendix

G.

Figure 4.21: Specimen in triaxial chamber

66



Figure 4.22: Resilient modulus, bender element, and triaxial testing lab
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4.5.3 Resilient Modulus Testing

The resilient modulus tests were conducted according to the NCHRP 1-28A protocol. Lab-

View software recorded axial load and three LVDT displacements at a rate of 430 points per

second due to an increased buffer size (as opposed to 400 points per second recommended

by Mn/DOT). The required sequence of deviatoric stresses and the number of cycles were

programmed into the MTS TestWare software. The confining pressure was controlled manu-

ally with a Humboldt Flexpanel I pressure regulator (Fig. 4.23). The operation of the MTS

Figure 4.23: Humboldt Flexpanel I pressure regulator

858 load frame was controlled by the MTS TestStar hardware (console and computer) and

powered by a hydraulic pump. Table 4.7 shows the sequence of confining pressure, contact

stress, cyclic stress, maximum (total) stress and the number of cycles applied. Undesirable

upper specimen platen rotation and the resulting non-symmetrical deformation of the speci-

men were assessed by stopping the conditioning sequence at 100 cycles and analyzing LVDT

displacement histories. Figures 4.24 and 4.25 show the response of the specimen without

and with upper platen rotation, respectively. In case of non-homogeneous deformation, the
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Table 4.7: Resilient modulus test sequence [45]

upper plate of the triaxial apparatus was removed, the specimen platen was realigned, and

the test resumed.

Filenames created in TestWare were named using the scheme {soil type} {specimen

number} {% target moisture} {% target Proctor} {step number}. For example, A 1 15 100 7,

where the letter defines the soil type, the first number is the specimen number, the second

number is the target moisture content, the third number is the target percent Proctor unit

weight of the specimen, and the last number refers to the step in the sequence. As seen in

Table 4.8, there were 17 steps in total for a sequence and therefore 17 appropriately named

file for each test. Table 4.8 depicts the matrix of the resilient modulus tests conducted.

Specimens C 2 9.5 103 and C 1 98 98 had broken into two equal lengths during sampling

and the two pieces were put back together and tested. Samples C 2 8 103 and C 2 10 98

also broke during sampling resulting in two different length specimens; the larger specimen

was tested. A detailed procedure for resilient modulus testing is in Appendix G.
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Figure 4.24: LVDT response without upper platen rotation

Figure 4.25: LVDT response with upper platen rotation
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Table 4.8: Resilient modulus test matrix

”X” indicates specimen was tested
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4.5.4 Bender Element Testing

After completion of the resilient modulus test, the actuator was raised approximately 25

mm (1 in.), and the hydraulic pump for the loading frame was turned off to eliminate in-

terference with the bender element test. Table 4.9 refers to the information input into the

GDS software prior to testing. The P-wave testing and the S-wave testing were performed

Table 4.9: GDS software input parameters

separately. This required switching the cables connecting the bender elements to the signal

generator/acquisition controller. Each test was conducted manually at adjusted confining

pressure levels of 55.2, 41.4, 27.6 and 13.8 kPa (8, 6, 4 and 2 psi) with no vertical con-

tact stress. The GDS software automatically generated filenames for each test. Table 4.10

shows the bender element test matrix. A detailed procedure for bender element testing is in

Appendix H.
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Table 4.10: Bender element test matrix

”X” indicates specimen was tested
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4.5.5 Strength Testing

The triaxial compression tests to determine soil strength were performed after completion of

the bender element tests. The confining pressure within the triaxial chamber was released,

the apparatus upper platen and the chamber removed, and the collar-type fixtures holding

the LVDTs were carefully detached from the specimen. Next, the triaxial apparatus was

reassembled and placed in the MTS 858 load frame. Care was exercised in aligning the

cylindrical specimen with the actuator.

Twelve cylindrical specimens were tested following the Mr and bender element proce-

dures for each type of soil. However, the actual number of shear strength tests for soils A

and B were eight and ten because some specimens fractured during removal of the LVDTs

and were discarded. The specimens were tested with the stroke rate of 0.76 mm/sec (0.03

in./sec), and two confining pressures: 27.6 kPa (4 psi) and 55.2 kPa (8 psi) (Appendix I.

One 80 g moisture content was sampled from the shear plane or specimen crush zone. Cylin-

drical specimens were named using the scheme {soil type} {specimen number} {% Target

moisture} {% target Proctor} {confinement}. For example, A 1 15 100 shear8psi, where

the letter defines the soil type, the first number is the specimen number, the second number

is the target moisture content, the third number is the target percent Proctor unit weight

of the specimen, and the phrase indicated a shear test performed at 4 or 8 psi. Table 4.11

shows the strength testing matrix. A detailed procedure for strength testing is in Appendix

I.
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Table 4.11: Shear strength test matrix [45]

”X” indicates specimen was tested
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Chapter 5

Experimental Data and Comparison

In what follows, the data obtained from the laboratory and field-type testing programs are

tabulated and discussed. The prismatic soil volumes compacted in a steel container are

designated as prismatic samples while the elements extracted from the prismatic samples

are called cylindrical specimens. Chapter 5 contains four major sections: 5.1 lists the com-

paction stresses applied to obtain the required density at the given moisture content; 5.2

describes the moisture and density characteristics of compacted soil volumes and extruded

cylindrical specimens; 5.3 deals with the laboratory tests, while Section 5.4 highlights the

results obtained from field-type testing.

5.1 Compaction Stresses

Prismatic samples were named using the scheme {soil type} {% target moisture} {% target

Proctor}. For example, A 13.5 105 designates soil A with 13.5% target moisture content,

and 105% target standard Proctor density.

Each prismatic sample was compacted in the steel container described in Section 4.3.2.

The soil compaction load histories for each lift in the soil containers were recorded. Stresses

were calculated from the maximum load divided by the nominal area of the compaction
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plate. Figures 5.1-5.4 show the maximum compaction stress applied to each lift of soil. The

conditions are identified above each bar by the target Proctor percentage and target moisture

content percentage. If a second or third lift compaction record appears to be missing in a

bar (e.g. Fig. 5.2), then the maximum force of that lift was less than the previous lift. For

completeness, a table of maximum compaction stresses is listed in Appendix M.

Figures 5.1-5.4 illustrate the significant compaction stresses needed to achieve the target

densities above 100% Proctor. For example, the compaction stress for soil A almost doubled

when compacting the soil at 9% target moisture and 100% target Proctor to 7.5% target

moisture and 105% target Proctor.
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Figure 5.1: Maximum compaction stress applied to each lift for Soil A

Figure 5.2: Maximum compaction stress applied to each lift for Soil B

78



Figure 5.3: Maximum compaction stress applied to each lift for Soil C

Figure 5.4: Maximum compaction stress applied to each lift for Soil D
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5.2 Moisture Contents and Unit Weights

The following list summarizes the notation used in Tables 5.1-5.3.

wbox
targ = target moisture content for prismatic (box) sample [%]

wcyl
targ = target moisture content for cylindrical specimen [%]

wbox
act = average (actual) moisture content of the soil compacted into prismatic sample [%]

wcyl
act = average (actual) moisture content of the cylindrical specimen [%]

∆wbox =
wbox

act −wbox
targ

wbox
targ

× 100 [%]

∆wcyl =
w

cyl
act−w

cyl
targ

w
cyl
targ

× 100 [%]

∆w =
w

cyl
act−wbox

act
wbox

act
× 100 [%]

±wCyl
Box = wCyl

Act − wBox
Act

±wbox = wbox
targ − wbox

act

±wcyl = wcyl
targ − wcyl

act

γbox
targ-d = target dry unit weight of the prismatic sample [pcf]

γcyl
targ-d = target dry unit weight of the cylindrical specimen [pcf]

γbox
act-d = actual dry unit weight of the prismatic sample [pcf] computed by dividing its weight

by (box volume ×(1 + wbox
act ))

γcyl
act-d = actual dry unit weight of the cylindrical specimen [pcf] computed by dividing its

weight by (cylinder volume ×(1 + wcyl
act))
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ρbox
targ-d = target dry density of the prismatic sample [kg/m3]

ρcyl
targ-d = target dry density of the cylindrical specimen [kg/m3]

ρbox
act-d = actual dry density of the prismatic sample [kg/m3] computed by dividing its mass

by (box volume ×(1 + wbox
act ))

ρcyl
act-d = actual dry density of the cylindrical specimen [kg/m3] computed by dividing its

mass by (cylinder volume ×(1 + wcyl
act))

∆ρbox
d =

ρbox
act-d

−ρbox
targ-d

ρbox
act-d

× 100 [%]

∆ρcyl
d =

ρ
cyl
act-d

−ρ
cyl
targ-d

ρ
cyl
act-d

× 100 [%]

∆ρd =
ρ
cyl
act-d

−ρbox
act-d

ρbox
act-d

× 100 [%]

Std. Proctor =
ρact-d

ρpeak tar-d
× 100 [%]

Cyl. Length= actual length of the cylindrical specimen

Cyl. Diameter= actual diameter of the cylindrical specimen.

Table 5.1 presents the moisture and density characteristics of the prismatic samples. As

can be seen from the table, the maximum and minimum values of ∆wbox are respectively

17.4% and -6.2%, with the mean of 1.4%. In this study, emphasis was placed on achieving

maximum uniformity within the limits of the preparation procedure. For some samples,

the water and soil did not mix thoroughly resulting in minor inhomogeneities within the

sample. By nature, no mixing process can result in a perfectly homogenous sample. The

maximum and minimum values of ∆ρbox are respectively 1.3% and -9.0%, with the mean of

-3.3%. During compaction, the edges of the soil surface had to be compacted by hand. For
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conditions when the soil was stiff, the edges could not be compacted with hand tools to the

predetermined level. In addition, as the sheepsfoot form was pressed into the soil, the soil

surface would rebound such that the soil lift was not compacted to the predetermined height.

As a result, the prismatic samples were slightly under-compacted with respect to the target

density as implied by the negative mean value of ∆ρbox. Furthermore, the displacement of

the load point was not measured, so the stiffness of the soil could not be estimated from the

compaction process.

Table 5.1: Target and actual characteristics of prismatic samples

Table 5.2 shows the moisture and density values for the cylindrical specimens. The length

of the specimen varied because of difficulties in trimming.
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Table 5.2: Target and actual characteristics of cylindrical specimens
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The maximum and minimum values of ∆wcyl in Table 5.2 are respectively 15.9% and

-16.9%, with the mean of -1.3%. The variation in moisture content between the target

and actual values can be attributed to the minor non-uniformities throughout the prismatic

sample, moisture loss while handling the cylindrical specimen, and transfer of water through

the cellophane wrapping and plastic container while in the humid room. The maximum and

minimum values of ∆ρcyl are respectively 9.3% and -20.8%, with the mean of 0.3%. The

friction between the steel tubes and soil contributed to specimen compaction as the soil was

lifted into steel tubes and as the specimens were extruded from the steel tubes. A non-stick

spray was applied to the inside of the steel tubes to minimize this effect.

Table 5.3 highlights the effect of specimen extraction and storage on the change in density

and moisture. For example, as the soil was pushed into steel tubes, friction between surfaces

resulted in further compaction of the specimen. In addition, the specimens were extruded by

pushing them out of the steel tubes causing additional specimen compaction. The maximum

and minimum values of ∆w in Table 5.3 are respectively 7.8% and -12.1%, with a mean value

of -2.4%. The maximum and minimum values of ∆ρ are respectively 15.6% and -13.9%, with

the mean value of 2.9%.
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Table 5.3: Characteristics of actual prismatic samples and cylindrical specimens
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5.3 Laboratory Tests on Cylindrical Specimens

Stiffness and strength tests were performed on cylindrical soil specimens. Specifically, re-

silient modulus and bender element (BE −Mr) testing was conducted on the 48 specimens,

followed by triaxial compression experiments with no pore pressure measurements (only total

stresses were measured).

5.3.1 Resilient Modulus

Specimen alignment within the triaxial chamber is important, especially when testing stiff

materials. Due to misalignment and/or specimen inhomogeneities, deformation measure-

ments can vary among the LVDTs [15]. As a result, it was important to apply criteria to

evaluate the data. The criteria included angle of rotation (θ), signal-to-noise ratio (SNR)

and coefficient of variation (COV). Table 5.4 outlines the criteria established by Mn/DOT

and the UM, and Tables 5.5 and 5.6 indicate the percent of the data that passed the various

criteria.

Table 5.4: QC/QA criteria

Table 5.5: MnDOT QC/QA passing rate [%]
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To consider the possibility of including more data, the SNR value was reduced for one

LVDT, to allow for a situation where the position of the sensor was normal to the axis of

rotation, such that the positive displacement from the axial force is reduced by the negative

displacement from the rotation. This would then cause the overall displacement measured

by the LVDT to be quite small, resulting in a small SNR value. Further analysis needs to

be performed for this so-called UM criterion, where one LVDT was allowed to violate SNR

> 3 but SNR > 1.5 as long as the other two satisfied the SNR criterion (SNR > 3); the

advantage of this criterion would be in an increase of usable resilient modulus data for all

soils. Nonetheless, the data that failed to pass the prescribed Mn/DOT limits were not used

in the analysis.

Table 5.6: UM QC/QA passing rate [%]

Rotation

Specimen misalignment results in eccentric loading where the top specimen platen rotates

causing non-uniform loading. In addition, the three LVDTs recording the specimen response

vary from one to the other. It was shown that the mean of the three LVDT displacement

readings is equal to the displacement from the axial stress [10, 23], and the angle of rotation,

θ, is calculated by using

cosθ =
3
4
D√

δ2
1 + δ2

2 + δ2
3 − δ1δ2 − δ1δ3 + 9

16
D2

(5.1)
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where δi= axial displacement (LVDTi) and D= diameter of specimen.

For the 16 steps (stress states) in each sequence and the last 5 cycles of each step, the

angle of rotation for all specimens was analyzed. Those cycles that exceeded the maximum

of angle of rotation limit (0.04o) were not used in the analysis.

Signal-to-Noise Ratio (SNR)

Since the LVDTs measure small displacements, noise during a resilient modulus test adversely

affects displacement data. As a result, a coefficient called the Signal-to-Noise Ratio (SNR)

was introduced. The SNR compares maximum displacement to instrument noise defined as

[10]

SNR =
δM

3 ∗ σB

(5.2)

where δM = maximum displacement and σB = baseline standard deviation. An SNR value

of 3 was chosen by Mn/DOT for the minimum limit for each LVDT at each cycle. Also, a

separate SNR limit of 10 was chosen for the quality of force measurements. Both criteria

were applied to each cycle’s last five loading pulses. If one cycle had either more than one

LVDT or force violating the respective SNR limits, the cycle was excluded from further

analysis.

Coefficient of Variation (COV)

An Mr value is calculated for each of the last five cycles of every sequence in the NCHRP

1-28A testing protocol, and the resilient modulus values will vary. However, it is important

to limit the maximum amount of variance. Accordingly, the coefficient of variation (COV),

defined as

COV [%] =
σ

Mr

(5.3)
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was introduced, where σ = standard deviation of the resilient modulus during last five cycles

and Mr = the mean resilient modulus of the last five cycles. The sequences that failed to

pass the maximum COV limit of 10% were excluded from further analysis.

In summary, the resilient modulus results were scrutinized by the maximum angle of

rotation, minimum SNR and maximum COV. The resilient modulus results that failed to

pass the criteria were excluded. Acceptable criteria for the Mr data were:

2 Load Signal-to-Noise Ratio (SNR) ≥ 10

2 Deflection Signal-to-Noise Ratio (SNR) ≥ 3

2 Mr COV [%] ≤ 10%

2 Rotation Angle < 0.040

The percentages of failed cycles for each soil are listed in Table 5.7.

Table 5.7: Percentages of failed cycles

Testing Results

As an example, Tables 5.8 and 5.9 show a summary of the last five cycles for one (Soil D)

cylindrical specimen before and after applying the QC/QA criteria. On the basis of results

such as those in Table 5.9 and Appendix J, a variation of the resilient modulus is plotted

in Figs. 5.5–5.12 as a function of the deviator stress and confining pressure for each soil-

density-moisture combination. To generate the graphs, the resilient modulus values during

the last five cycles of testing were averaged. As each soil-density-moisture combination was

tested via two cylindrical specimens, the results of the duplicate tests were also averaged.
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In each figure, a single surface was generated using a local smoothing technique available

through the plotting software SigmaPlot 9.0 (Appendix N). For the ease of comparison,

all graphs carry common scales in terms of deviator stress, confining pressure and modulus.

Some surfaces are of limited extent (in particular, soil A) because of the QC/QA criteria for

resilient modulus data. With reference to the soil type, it is apparent that soils A and D are

characterized by the highest values of Mr. In order of decreasing modulus, soils A and D

are followed by soils B and C. As expected, the increase in density invariably results in an

increase of Mr.

As can be seen in the plots, soil moisture has a significant effect upon Mr. Depending on

the particular values of the deviator stress and confining pressure, the prescribed variation

in moisture caused differences in the Mr as high as 100%. Typically, the maximum values of

the Mr for a given soil were achieved under the minimum or intermediate moisture contents.

Figures 5.5, 5.6, 5.7, and 5.8 summarize the values of Mr for soils A and B grouped according

to target Proctor densities. Figures 5.9, 5.10, 5.11 and 5.12 summarize the variation of Mr for

soils C and D again grouped according to target Proctor densities. For the actual densities

of the specimens, refer to Table 5.2.
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Table 5.8: Raw Resilient modulus values for D 1 16 103
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Table 5.9: QC/QA Resilient modulus values for D 1 16 103
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Figure 5.5: Resilient modulus for soil A, 100% target standard Proctor
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Figure 5.6: Resilient modulus for soil A, 105% target standard Proctor
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Figure 5.7: Resilient modulus for soil B, 98% target standard Proctor
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Figure 5.8: Resilient modulus for soil B, 103% target standard Proctor
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Figure 5.9: Resilient modulus for soil C, 98% target standard Proctor
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Figure 5.10: Resilient modulus for soil C, 103% target standard Proctor
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Figure 5.11: Resilient modulus for soil D, 98% target standard Proctor
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Figure 5.12: Resilient modulus for soil D, 103% target standard Proctor
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To evaluate the effect of density and moisture on stiffness as measured by BE−Mr testing

and field devices, a representative value of the modulus at a given level of confinement and

deviator stress must be selected. The basis for this stress state was guided by the prismatic

samples. Because the state of stress in the container was not uniform, the vertical (σv) and

horizontal (σh) stresses in the middle of the container (0.15 m) were estimated based on a

total unit weight of 18.5 kN/m3 (118 pcf) and K = 0.5: σv = 2.8 kPa, σh = 1.4 kPa. Thus,

the mean (confining) stress at a depth of 0.15 m was p = 1.9 kPa and the deviator stress

was ∆σa = 0.9 kPa. This stress state is represented most closely by the loading sequence

from the resilient modulus protocol with the (lowest) confining pressure p = 14 kPa (2 psi)

and deviator stress ∆σa = 27 kPa (3.8 psi). If the Mr data did not pass the QC/QA criteria

at the p = 14 kPa, ∆σa = 27 kPa stress state, then the data at the closest stress state but

passing the QC/QA criteria were used.

Figures 5.13-5.16 represent the data from the comprehensive testing program involving

the 48 resilient modulus tests, where actual (not target) values of density and moisture

content are shown. Each plot contains 10-12 data points for the four soils (A, B, C, D)

prepared at two densities and three moisture contents with two replicates for each condition.

A single surface was generated using a local smoothing technique available through the

plotting software SigmaPlot 9.0. For soils A and D (Figs. 5.13 and 5.16), the surfaces

illustrate the complex behavior as moisture varies at a given density. For soils B and C

(Figs. 5.14 and 5.15), the general trend of increased modulus with increased density and

decreased moisture is followed. The values for the representative resilient modulus versus,

density and moisture content are listed in Tables 5.10 and 5.11.
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Figure 5.13: Representative resilient modulus for soil A vs. density and moisture content
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Figure 5.14: Representative resilient modulus for soil B vs. density and moisture content
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Figure 5.15: Representative resilient modulus for soil C vs. density and moisture content
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Figure 5.16: Representative resilient modulus for soil D vs. density and moisture content
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Table 5.10: Representative, minimum, and maximum resilient modulus values for the cylin-
drical specimens of A and B

*N/A - No data passed Mn/DOT resilient modulus criteria
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Table 5.11: Representative, minimum, and maximum resilient modulus values for the cylin-
drical specimens of C and D
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5.3.2 Bender Element

The bender element test used a sine pulse as the input signal. The typical test result for an

S-wave is shown in Fig. 5.17. A clear waveform was obtained by filtering the high-frequency

noise. However, the first arrival of the S-wave was often masked by an initial deflection due

to near field effects. It can be seen that the received signal has the same general form as

Figure 5.17: Bender element test result for S-wave

the input signal. To help in determining the time of the first arrival, a cross-correlation

technique was used. Let x(t) represent the input signal; the received signal y(t) can be taken

as a time-shifted copy of x(t). The cross-correlation is defined as:

CC(ts) =
Nr∑
i=0

x(ti)y(ti + ts) (5.4)

where Nr = Tr× fs, ti = i
fs

, Tr is the record time, fs is the sampling frequency, and ts is the

time shift. Let ts = n
fs

, n is a shift number. Equation (5.4) can be rewritten as

CC(n) =
Nr∑
i=0

xiyi+n (5.5)
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Let nm denote the shift number that maximizes CC; then the travel time can be computed

as ts = nm

fs
, which graphically corresponds to the location (time) of the maximum of the

dashed CC curve in Fig. 5.17. The S-wave velocity can then be calculated as cs = L
ts

, where

L is the travel distance and ts is the estimated travel time. For the P-wave, the analysis

procedure is similar; a typical result is shown in Fig. 5.18. To evaluate the quality of the

Figure 5.18: Bender element test result for P-wave

received signal, the signal-to-noise ratio (S/N) was calculated from the amplitude of the first

peak of the received signal divided by the mean amplitude of the noise. The noise was taken

as the difference between the received signal and the filtered signal.

Using the S-wave velocity cs and the P-wave velocity cp, the material properties of each

specimen can be obtained:

cs =

√
G

ρ
=⇒ G = ρc2

s (5.6)

cp

cs

=

√
2− 2ν

1− 2ν
=⇒ ν =

c2
p − 2c2

s

2
(
c2
p − c2

s

) (5.7)
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cp =

√
E(1− ν)

ρ(1 + ν)(1− 2ν)
=⇒ E =

ρc2
p(1 + ν)(1− 2ν)

1− ν
(5.8)

where E is the Young modulus, ν is the Poisson’s ratio, and ρ is the measured mass density

of the soil. Tables 5.12–5.15 summarize the bender element results for the 48 cylindrical

specimens from the four soils.

Table 5.12: Bender element test results for soil A (Mn/ROAD)
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Table 5.13: Bender element test results for soil B (TH 23)

111



Table 5.14: Bender element test results for soil C (TH 58)
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Table 5.15: Bender element test results for soil D (TH 32)
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5.3.3 Shear Strength

The cylindrical specimens were strength tested at the confining pressure of either 28 kPa

(4.0 psi) or 55 kPa (8.0 psi) following the resilient modulus testing sequence. Table 5.16

summarizes the results from strength testing in terms of the quantities listed:

Length= actual length of the cylindrical specimen [mm]

wbox
targ = target moisture content for the prismatic sample [%]

PMAX = maximum load at specimen failure [N]

δMAX = axial deformation at maximum load [mm]

εMAX = maximum strain at specimen failure [-]

σMAX = PMAX

specimen area [kPa]

σ3 = confining pressure [kPa]

σ1 = σ3 + σMAX [kPa]

βf = orientation of the failure plane from the σ3-direction [deg]

φobs = 2 ∗ (βf − 45o) [deg]

ccalc = σ1−σ3kp

2
√

kp
[kPa]

φcalc = sin−1
(

kp−1

kp+1

)
180
π

[deg]

The two cylindrical specimens from one prismatic sample were required to be tested in order

to calculate kp (slope of the failure envelope plotted in the principal stress plane), cohesion

c and friction angle φcalc. However, some specimens prematurely broke while handling them
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for strength testing; these are identified in Table 5.16 by hyphens. Typically, lower moisture

contents, higher densities and larger confining pressures resulted in larger σMAX values. For

the actual density and moisture content information, refer to Table 5.2.
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Table 5.16: Shear strength results for soils A, B, C and D
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5.4 Field-Type Tests on Prismatic Samples

This section summarizes the results from the GeoGauge, PRIMA, Modified LWD, PVD and

DCP tests performed on prismatic soil samples for four soils, two densities and three moisture

contents for a total of 24 tests.

5.4.1 GeoGauge

The GeoGauge tests on every prismatic soil sample were preceded by the verification test

(Appendix K) using the supplied reference mass. As an illustration, Fig. 5.19 shows the

apparent stiffness variation over the frequency range 100–196 Hz and a line indicating the

mean value stemming from one such test. Theoretically, this variation should be a quadratic

function of the vibration frequency.

Figure 5.19: GeoGauge stiffness readings on verification mass

When testing soil samples, the average stiffness HSG is displayed on the device after the
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completion of every vibration test. On the basis of this quantity, the soil’s Young’s modulus

is calculated as

E = HSG ∗
(1− ν2)

1.77 ∗R
(5.9)

where E = Young’s modulus (MPa); HSG = GeoGauge reading (MN/m); ν = Poisson’s

ratio; R = radius of the annular GeoGauge footing (57.15 mm or 2.25 in.) [6]. The Young’s

modulus is determined from a spreadsheet supplied by Humboldt that utilizes 5.9 where HSG

is calculated from the in-phase (real) and out-of-phase (imaginary) force and displacement

data from each of the 25 sampling frequencies (100–196 Hz) and a Poisson’s ratio of 0.40. As

an illustration, Fig. 5.20 shows the GeoGauge-soil stiffness for Soil A and a line indicating

the mean value with the target water content of 13.5% and target standard Proctor density

of 105%. It is the preference of the author to summarize the GeoGauge results for all

soils, moisture contents, and densities in Fig. 5.21 showing the medians and variation of the

Young’s modulus estimates for each prismatic sample. The data show a significant variability

of the modulus estimates for soils A and D. In contrast, the variation in the Young’s modulus

values for soils B and C is not as great. This observation is consistent with that in [11]. For

completeness, Table 5.17 explicitly lists the values from Fig. 5.21. Note that for all tests

in Table 5.17, the GeoGauge footing was in direct contact with the soil, and Table 5.18 are

GeoGauge results for soil D with a thin layer of sand between the footing and compacted

soil.

To assess the effect of contact conditions, additional sets of tests were performed with

a thin sand layer between the soil and the footing as a means to achieve full contact. As

an example, Fig. 5.22 shows the comparison of the Young’s modulus estimates with and

without the contact sand layer for soil D. It is evident that the presence of the contact layer

results in an increase of the apparent Young’s modulus of the soil.
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Figure 5.20: GeoGauge stiffness measurements on soil A: wtarg = 13.5%, 105% target stan-
dard Proctor

Figure 5.21: Young’s modulus (median and range) values from GeoGauge tests: soils A, B,
C, and D
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Table 5.17: High, low, median, mean, and COV values for GeoGauge tests: soils A, B, C,
and D without sand

Table 5.18: High, low, median, mean, and COV values for GeoGauge with sand for soil D
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Figure 5.22: Effect of the contact sand layer on the Young’s modulus values from GeoGauge
tests: soil D

5.4.2 PRIMA and Modified LWD

Each prescribed location (see Fig. 4.15) on the surface of the prismatic sample was tested

using the PRIMA 100 and Modified LWD devices. The results for each location were obtained

by calculating the mean of three test replicates. Each (standard) PRIMA test was performed

at three different drop heights, namely 100 mm, 500 mm, and 900 mm (see Appendix E).

Five drops occured at each height. The first two drops at each drop height were used to seat

the device. The following three drops were included in the analysis.

Two methods were used in analyzing data: the peak to peak (P2P) method and the

frequency response function (FRF) technique. In the peak to peak method, the values

corresponding to the maximum force and the maximum deflection were used to calculate the
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LWD-soil stiffness according to

k =
FPEAK

xPEAK

(5.10)

In the FRF method, a discrete Fast Fourier Transform (DFT) was applied to the time his-

tories of both force and deflection records. By examining the ratio of the cross-spectral

and power spectral density functions of the DFT, the frequency response function was deter-

mined. Due to inherent limitations of the device’s internal geophone, the low frequency range

(< 20 Hz) of the motion measurements was characterized by a low SNR ratio and excluded

from the analysis. To mitigate the problem, a single-degree-of-freedom (SDOF) system

model was fit to experimental data in the range of 20-50 Hz and extrapolated through the

“noisy” region. This fitting process resulted in the calculation of the SDOF’s spring constant,

identified with the static stiffness, kst, of the PRIMA-soil system (see Section 3.1).

Regardless of the method for estimating the stiffness of the PRIMA-soil system, the soil’s

Young’s modulus is computed as

E = 4Is
(1− ν2)

πd
∗ k∗ (5.11)

where k∗ = k = FPEAK/xPEAK for the P2P method, and k∗ = kst following the FRF

approach. Here again the assumed value of the flexibility factor is Is = 1, the Poisson’s

ratio is taken as ν = 0.4, and d is the diameter of the loading plate. Tables 5.19 and 5.20

summarize the Young’s modulus estimates stemming respectively from the PRIMA 100 and

the Modified LWD device. The maximum, minimum, and median values for these tables

combine all drop heights per location and all drops on the respective soil sample. For both

devices, the modulus estimates are computed using the alternative P2P and FRF methods.

The gray cells indicate the tests performed using the modified Keros LWD device, and

white cells indicate tests from the modified Carl Bro LWD device. For completeness, Figs.

5.23-5.38 show the FRF and P2P estimates for both PRIMA 100 and Modified LWD, three
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Table 5.19: Maximum, minimum, and median Young’s modulus estimates combining all
drop heights from PRIMA 100 device: P2P and FRF methods
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Table 5.20: Maximum, minimum, and median Young’s modulus estimates from Modified
LWD device: P2P and FRF methods

124



drop heights, and three testing locations. Note that some of the data from the prismatic soil

samples were excluded from the figures due to unacceptable SNR because time histories could

not be interpreted. This can be partially attributed to the internal resonance phenomena,

the so-called “box effect”, associated with the limited size and high stiffness of the samples

tested. In particular, Figs. 5.23-5.38 include only one density-moisture combination for soil

A, four for soil B, five for soil C, and six for soil D. From the trendlines, it appears that

the FRF method of interpretation may not be suitable for the PRIMA 100 device on box

samples, as it indicates the increase in modulus with the increase in strain (drop height). One

of the possible reasons for this apparent behavior is that the falling weight typically produces

impacts with higher energy and lower frequency content then the hammer tap thus possibly

resulting in amplification of the “box effect”. In contrast, the FRF method in combination

with the Modified LWD device is expected to yield the most consistent estimates of the small

strain Young’s modulus from any of the field testing devices in this study.

Figure 5.23: Young’s modulus values from PRIMA test (A 9 100)
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Figure 5.24: Young’s modulus values from PRIMA test (B 19.5 103)

Figure 5.25: Young’s modulus values from PRIMA test (B 16 103)

Figure 5.26: Young’s modulus values from PRIMA and Modified LWD tests (B 27 98)
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Figure 5.27: Young’s modulus values from PRIMA and Modified LWD tests (B 22 98)

Figure 5.28: Young’s modulus values from PRIMA and Modified LWD tests (C 12 103)

Figure 5.29: Young’s modulus values from PRIMA and Modified LWD tests (C 9.5 103)
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Figure 5.30: Young’s modulus values from PRIMA and Modified LWD tests (C 8 103)

Figure 5.31: Young’s modulus values from PRIMA and Modified LWD tests (C 10 98)

Figure 5.32: Young’s modulus values from PRIMA test (C 8 98)
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Figure 5.33: Young’s modulus values from PRIMA and Modified LWD tests (D 16 103)

Figure 5.34: Young’s modulus values from PRIMA and Modified LWD tests (D 13 103)

Figure 5.35: Young’s modulus values from PRIMA and Modified LWD tests (D 11 103)
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Figure 5.36: Young’s modulus values from PRIMA and Modified LWD tests (D 18 98)

Figure 5.37: Young’s modulus values from PRIMA test (D 14 98)

Figure 5.38: Young’s modulus values from PRIMA and Modified LWD tests (D 11 98)
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5.4.3 Portable Vibratory Deflectometer (PVD)

During PVD testing, two accelerometers mounted on the PVD loading plate were used

to trace the disk acceleration, while the applied, vibratory load was measured by a load

cell. Spectrum analyzer Siglab 20-42 generated the discrete Fourier transform (DFT) of

the acceleration and force records. A Matlab 7.0 script was used to compute the ratio of

the induced plate acceleration and applied force in the frequency domain to determine the

FRFs corresponding to each accelerometer. The FRFs from the two accelerometers were

averaged to obtain the measured accelerance, less the mass of the PVD’s vibrating footing.

Using an initial estimate of the soil’s shear modulus, the dimensionless theoretical data were

“unwrapped” to compute the dimensionless theoretical compliance function. This function

was further used to fit the theoretical accelerance to the measured accelerance by varying

the soil’s shear modulus. Finally, the Young’s modulus was estimated from the “optimal”

shear modulus, Gopt, assuming ν = 0.4 for the Poisson’s ratio so that

E = 2Gopt(1 + ν) = 2.8 Gopt (5.12)

Figure 5.39 shows an example fit between the experimental and fitted accelerance functions

for Soil B (wtarg = 19.5%, 103% target standard Proctor). The frequency range chosen

for analysis was characterized by satisfactory SNR. For completeness, the actual values are

listed in Table 5.21. The Young’s modulus estimates from PVD testing are summarized in

Fig. 5.40 and Table 5.21 which lists the high, median and low Young’s modulus values for

the prismatic samples. Note that the data for soil-moisture-density combinations with an

unacceptable SNR in terms of the force and acceleration measurements (mostly those for Soil

A) are excluded. A second, perhaps more important observation is that the listed Young’s

modulus estimates (i.e. those stemming from the measurements with acceptable SNR) are

characterized by the values that are significantly smaller than those obtained from other
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field testing devices. A likely reason for such deviation is a relatively low stiffness of the

PVD testing frame compared to that of the prismatic soil specimens [24]. If this hypothesis

is correct, it can be further concluded that the utility of the PVD device in its present form

may be limited to soils with a Young’s modulus on the order of 100 MPa or less.

Figure 5.39: Experimental and fitted accelerance functions, Soil B (wtarg = 19.5%, 103%
target Proctor) at testing location 2
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Figure 5.40: Young’s modulus values (median and range) from PVD tests on prismatic
samples: soils B, C and D
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Table 5.21: High, low and median Young’s modulus values from PVD tests on prismatic
samples: soils B, C and D
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5.4.4 Dynamic Cone Penetrometer

The Dynamic Cone Penetrometer (DCP) consists of a mass that impacts an anvil/coupler

assembly, driving a cone into the soil. The corresponding displacements are recorded. The

DCP penetration index (DPI) is the average depth per blow. The DPI does not include

seating from the weight of the apparatus or the last drop. The first drop is included in the

analysis due to the limited depth of the container. Note that typical practice, including the

MN/DOT specification, does not include the seating drop in the DPI calculation. A typical

penetration index versus depth is shown in Fig. 5.41.

Figure 5.41: DCP penetration index (DPI) vs. depth, Soil A wtarg = 12%, 100% target
standard Proctor

The California bearing ratio (CBR) was determined from the DPI following ASTM D

6951 and the Young’s modulus was calculated using the method of [35]. In addition, [17]

developed a correlation between the penetration index and resilient modulus. The units of

DPI for both equations are mm/blow.
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Equation 5.13 was used for a CBR greater than 10 percent.

CBR% =
(292)

(DPI)1.12
(5.13)

Equation 5.14 was used for a CBR less than 10 percent.

CBR% =
(1)

(0.017019 ∗DPI)2
(5.14)

Young’s modulus was calculated from the CBR by using the equation suggested by [35]:

E
(1)
MPa = 17.58 ∗ CBR0.64 (5.15)

A relationship between DPI (mm/blow) and resilient modulus (MPa) for fine-grained mate-

rials was developed by [17]:

M (2)
r = 532.1 ∗DPI−0.492 (5.16)

Table 5.22 contains the estimates of modulus from the two approaches by utilizing the overall

average penetration index. The DPI over the entire depth of the prismatic soil container

excluded seating from the weight of the device and the final blow.
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Table 5.22: Young’s modulus and resilient modulus estimated from DCP correlations

137



5.4.5 Percometer

The Percometer evaluated dielectric permittivities on compacted soil samples in the testing

locations shown in Fig. 4.15. Furthermore, the device also tested soil B and soil D cylindrical

specimens. Table 5.23 shows statistical data from Percometer results on the soil samples.

Table 5.24 shows statistical data from the tests conducted on the cylindrical specimens. The

Percometer was tested in the center of the trimmed end of the cylindrical specimen before

resilient modulus testing. Trial Percometer tests were executed at the edge of the cross-

sectional area of the specimen. If the Percometer was run at the edge, the device would not

display a result.
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Table 5.23: Statistical data from Percometer results on soil samples

”N/A” indicates sample was not tested
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Table 5.24: Statistical data from Percometer results on cylindrical specimens

”N/A” indicates sample was not tested (see Section 4.4)
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5.5 Comparison Between BE-Mr and other Modulus

Estimates

In what follows, a summary comparison is presented in the form of diagrams where the

Young’s modulus estimates from the field devices are plotted versus their laboratory coun-

terparts from bender element and resilient modulus (BE-Mr) testing. As explained in Section

5.3.1, a representative value of the modulus from BE-Mr testing is associated with the state

of stress corresponding to a confining pressure of 14 kPa (2 psi) and a deviator stress of 27

kPa (3.8 psi). The plots are organized according to the testing device used and the results

are presented separately for each soil. For clarity of presentation, different symbols are used

to distinguish between varying density and moisture conditions. The detailed information

on the particular modulus estimates with density and moisture is contained in Section 5.2.

5.5.1 Bender Element (BE) versus Resilient Modulus (Mr)

As shown in Figs. 5.42-5.45, the bender element estimates of the Young’s modulus (EBE)

correlate reasonably well with the resilient modulus. This is perhaps not surprising as both

tests were performed on common specimens which ensured identical density and moisture

conditions under a controlled laboratory setting. Given the fact that the strain levels as-

sociated with (seismic) BE testing were significantly smaller that those imposed by the Mr

protocol, it was expected that the BE estimates would exceed the resilient modulus values

under the same testing conditions. With reference to the relationship

EBE = α Mr, (5.17)

this was confirmed by the results from soils B, C, and D which show the respective fitted

values of α = 1.14, 2.14 and 1.51, and R2 = 0.40, N/A, 0.87, 0.47 (An R2 = N/A, not

available, was associated with the zero-intercept constraint imposed in the least squares fit.)
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The interpretation for soil A was complicated by inconclusive shear wave velocities. As

a result, a value of Poisson’s ratio needed to be assumed: ν = 0.20 and ν = 0.35.

These values bound the results from soil D, which behaved in a similar manner to soil A

with respect to elastic response. The results from Soil A with ν = 0.35 do not follow the

expected trend, as α = 0.71. However, with ν = 0.20, the fitting parameter was α = 1.02.

Here it is also useful to note that A was the first soil tested and the BE-Mr procedures were

being fine-tuned.
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Figure 5.42: Bender element vs. resilient modulus for Soil A

Figure 5.43: Bender element vs. resilient modulus for Soil B
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Figure 5.44: Bender element vs. resilient modulus for Soil C

Figure 5.45: Bender element vs. resilient modulus for Soil D
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5.5.2 GeoGauge versus BE-Mr

Figures 5.46-5.53 show a comparison of the GeoGauge results with BE and Mr values for

soils A–D, respectively. A striking feature of the results is an apparent insensitivity of the

GeoGauge modulus estimates to the changes in density and moisture conditions. For the

uniformity of presentation, however, a linear relationship is sought in the form

EGGD = α Mr, (5.18)

yielding the α values in the range 0.34–0.71 for the Mr comparisons and 0.36–0.66 for the BE

comparisons. The GeoGauge modulus estimations presented in this section do not include

tests performed with sand.
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Figure 5.46: GeoGauge vs. resilient modulus for soil A

Figure 5.47: GeoGauge vs. bender element for soil A
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Figure 5.48: GeoGauge vs. resilient modulus for soil B

Figure 5.49: GeoGauge vs. bender element for soil B
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Figure 5.50: GeoGauge vs. resilient modulus for soil C

Figure 5.51: GeoGauge vs. bender element for soil C
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Figure 5.52: GeoGauge vs. resilient modulus for soil D

Figure 5.53: GeoGauge vs. bender element for soil D
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5.5.3 PRIMA versus BE-Mr

In what follows, the four sets of PRIMA modulus estimates are presented in Figs. 5.54–5.81.

In the order of appearance, they describe the results from the PRIMA 100 device (P2P and

FRF estimates) and the Modified LWD device (P2P and FRF estimates).

PRIMA-100 P2P

Figures 5.54–5.61 show a comparison of the PRIMA-100 P2P results with BE-Mr values

for soils A–D. Note that the graphs incorporate the cumulative results for all featured drop

heights and all testing locations. As discussed earlier, the meaningful results for Soil A

are scarce owing to the difficulties in applying the established testing procedures to this

soil. Regarding soils B, C and D, on the other hand, there is an overall trend of increasing

PRIMA values with increasing Mr despite a significant scatter of the experimental data.

With reference to the formula

EP2P = α Mr, (5.19)

the values of α for the four soils are found to be 0.55, 0.53, 0.85 and 0.85 respectively. Here

it is interesting to note that the PRIMA-100 P2P trend lines are consistently below the 1:1

reference relation despite the fact that the overall strain levels associated with PRIMA 100

testing are lower than those imposed by the Mr testing protocol. Furthermore, the α values

for the BE comparisons are 0.80, 0.56, 0.43, and 0.65 respectively.
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Figure 5.54: PRIMA-100 P2P vs. resilient modulus for soil A

Figure 5.55: PRIMA-100 P2P vs. bender element for soil A
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Figure 5.56: PRIMA-100 P2P vs. resilient modulus for soil B

Figure 5.57: PRIMA-100 P2P vs. bender element for soil B
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Figure 5.58: PRIMA-100 P2P vs. resilient modulus for soil C

Figure 5.59: PRIMA-100 P2P vs. bender element for soil C
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Figure 5.60: PRIMA-100 P2P vs. resilient modulus for soil D

Figure 5.61: PRIMA-100 P2P vs. bender element for soil D
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PRIMA-100 FRF

Figures 5.62-5.69 compare the PRIMA-100 FRF results with the corresponding BE-Mr values

for soils A–D, respectively. On introducing the formula

EFRF = α Mr, (5.20)

as a means to relate the two sets of data, the values of α for the four soils are found to be

0.47, 1.22, 4.92 and 0.77 for the Mr comparisons and 0.74, 1.36, 2.48, and 0.64 for the BE

comparisons. Beyond the aforementioned comment on the measurements from Soil A, it is

noted that the PRIMA-100 FRF results are characterized by a significantly higher degree of

scatter than their P2P counterparts in Figs. 5.54–5.61. This observation suggests that the

enhanced, FRF interpretation of the PRIMA 100 results may not be suitable for the testing

configurations considered.
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Figure 5.62: PRIMA-100 FRF vs. resilient modulus for soil A

Figure 5.63: PRIMA-100 FRF vs. bender element for soil A
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Figure 5.64: PRIMA-100 FRF vs. resilient modulus for soil B

Figure 5.65: PRIMA-100 FRF vs. bender element for soil B
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Figure 5.66: PRIMA-100 FRF vs. resilient modulus for soil C

Figure 5.67: PRIMA-100 FRF vs. bender element for soil C
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Figure 5.68: PRIMA-100 FRF vs. resilient modulus for soil D

Figure 5.69: PRIMA-100 FRF vs. bender element for soil D
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Modified LWD P2P

For completeness, Figs. 5.70–5.75 compare the Modified LWD P2P results with the corre-

sponding Mr and BE values for soils B–D. Here it is noted that the Modified LWD tests

were not performed on Soil A. Again, with reference the formula

Emod
P2P = α Mr, (5.21)

in can be seen that α for the soils B, C, and D takes the respective values of 0.87, 1.11 and

1.25 for Mr and 0.76, 0.60, 1.05 for BE. In light of the preceding presentation (PRIMA-100

FRF), however, the Modified LWD measurements should not be used in conjunction with

P2P data interpretation.
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Figure 5.70: Modified LWD P2P vs. resilient modulus for soil B

Figure 5.71: Modified LWD P2P vs. bender element for soil B
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Figure 5.72: Modified LWD P2P vs. resilient modulus for soil C

Figure 5.73: Modified LWD P2P vs. bender element for soil C
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Figure 5.74: Modified LWD P2P vs. resilient modulus for soil D

Figure 5.75: Modified LWD P2P vs. bender element for soil D
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Modified LWD FRF

Figures 5.76–5.81 show a comparison of the Modified LWD FRF results with the correspond-

ing BE-Mr values for soils B, C and D, respectively. Similar to the case of the PRIMA-100

P2P results, there is an overall trend of increasing PRIMA values with increasing Mr. The

trend lines computed according to

Emod
FRF = α Mr, (5.22)

yield the α values that are closer to unity that in any other field test performed on soils B,

C and D. In particular, the values of α for these three soils were found to be 0.59, 0.79 and

1.04 for the Modified LWD FRF versus Mr estimates. The Modified LWD FRF versus BE

estimates yielded α values of 0.54, 0.41, 0.86. In view of this result, this field device and

associated data interpretation is recommended as a tool for relating the laboratory and field

measurements of the Young’s modulus of subgrade soils.
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Figure 5.76: Modified LWD FRF vs. resilient modulus for soil B

Figure 5.77: Modified LWD FRF vs. bender element for soil B
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Figure 5.78: Modified LWD FRF vs. resilient modulus for soil C

Figure 5.79: Modified LWD FRF vs. bender element for soil C
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Figure 5.80: Modified LWD FRF vs. resilient modulus for soil D

Figure 5.81: Modified LWD FRF vs. bender element for soil D
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5.5.4 PVD and BE-Mr

Figures 5.82–5.87 compare the respective PVD results with their BE-Mr counterparts for

soils B, C and D. Here it is noted that the PVD testing of soil A did not yield meaningful

results and is thus omitted from the presentation. An interesting feature of the the plots is

that the PVD estimates generally provide a lower bound on all field estimates of the Young’s

modulus. With reference to the equation

EPV D = α Mr, (5.23)

this observation is evident from the fact that the values of α are less than 0.3 for all three

soils tested. Furthermore, the same can be said for the α values comparing the PVD to BE,

where ≤ 0.16. As examined earlier, this behavior is perhaps a consequence of the relatively

low stiffness of the PVD loading frame relative to stiffness of the soils tested. In general,

such configurations tend to result in an under-estimation of stiffness [24].
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Figure 5.82: PVD vs. resilient modulus for soil B

Figure 5.83: PVD vs. bender element for soil B
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Figure 5.84: PVD vs. resilient modulus for soil C

Figure 5.85: PVD vs. bender element for soil C
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Figure 5.86: PVD vs. resilient modulus for soil D

Figure 5.87: PVD vs. bender element for soil D
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5.5.5 DCP versus BE-Mr

Figures 5.88–5.99 compare the respective DCP estimates with the correlated Mr and BE

values for soils A, B, C and D. As noted previously, the DCP provides an index for evaluating

the uniformity of the subgrade. In addition, the various correlations for strength and stiffness

can be used to compare with the laboratory measurements. With reference to the equation

EDCP = α Mr, (5.24)

the values of α vary from 0.38 to 1.28. The α values for the BE comparisons to the Young’s

modulus correlations are 0.44, 0.30, 0.46, and 0.35. Thus, the correlations need to be modified

for the particular soils tested.

Figure 5.88: DCP-CBR correlation vs. resilient modulus for soil A
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Figure 5.89: DCP-CBR correlation vs. bender element for soil A

Figure 5.90: DCP-DPI correlation vs. resilient modulus for soil A
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Figure 5.91: DCP-CBR correlation vs. resilient modulus for soil B

Figure 5.92: DCP-CBR correlation vs. bender element for soil B
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Figure 5.93: DCP-DPI correlation vs. resilient modulus for soil B

Figure 5.94: DCP-CBR correlation vs. resilient modulus for soil C
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Figure 5.95: DCP-CBR correlation vs. bender element for soil C

Figure 5.96: DCP-DPI correlation vs. resilient modulus for soil C
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Figure 5.97: DCP-CBR correlation vs. resilient modulus for soil D

Figure 5.98: DCP-CBR correlation vs. bender element for soil D
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Figure 5.99: DCP-DPI correlation vs. resilient modulus for soil D
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Chapter 6

Closing Remarks

To elevate the quality assurance practices and field testing of unpaved subgrade and gran-

ular base profiles, the project focused on: i) the development of a laboratory procedure for

understanding and quantifying the effects of moisture on the soil’s stiffness and strength

characteristics; and ii) relating the laboratory measurements to field estimates of the as-

sociated soil parameters. The test matrix included four fine-grained soils representative of

the road conditions in Minnesota. For each soil, two Proctor densities and three moisture

contents were tested for a total of 24 soil-moisture-density combinations.

The testing methodology incorporated i) laboratory simulation of the field compaction

by means of a servo-hydraulic load frame, ii) field-type testing on prismatic soil samples

with approximate volume of 0.1m3, and iii) stiffness and strength testing on cylindrical

soil specimens. The container for the prismatic soil volumes was designed to minimize the

boundary effects; the reduced-scale compaction was designed to mimic the construction

conditions. The field-type testing includes i) the GeoGauge, ii) the PRIMA 100 device, iii)

the modified LWD device, iv) the Portable Vibratory Deflectometer and v) the Dynamic

Cone Penetrometer (DCP). To compare the Young’s modulus values stemming from the

field and laboratory experiments, cylindrical specimens were extracted from the prismatic

soil volumes and tested for the resilient modulus (Mr) and small-strain Young’s modulus

using bender elements.
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The results reveal that stress state, moisture, and density have a significant effect on the

Young’s modulus and strength of all four soils. On the element testing side, the small strain

estimates from the bender element tests were in good agreement with the resilient modulus

values. In the context of field testing, there was significant variation of the estimated Young’s

modulus depending upon the particular testing device. It was found, however, that the

values from the modified LWD device correlated reasonably well with the Mr values for

all soil conditions. The DCP was effective in quantifying the uniformity of compacted soil

volumes, and through empirical formulas, the apparent Young’s modulus.

Among all field testing and data interpretation schemes, the Modified LWD approach

used in conjunction with the frequency response function (FRF) interpretation procedure

was found to yield the values of Young’s modulus that are, in terms of the trend line, closest

to the resilient modulus values. Accordingly, it is recommended for a systematic field trial

on fine-grained soils in the State of Minnesota.

Recommendations

• Establishing the relationship of the Mr data with respect to established pavement design

modulus values

The relationship of the Mr values with respect to typical pavement design Mr values must

be considered within the context of the soil type, stress state, and compacted characteristics

(density, soil structure, moisture, and aging). In addition, the compactive effort and method

to achieve a density at a given moisture level are parameters that should be considered in

evaluating stiffness. It is recommended that future work investigate Mr values at a fixed

compactive effort, and compare the measured Mr with design values.

• Validity of Mr data using one lvdt that violates SNR

Evaluation of data to estimate Mr values must involve measurements of deformation from

three LVDTs, and this was done for all reported Mr values. In general, two LVDTs cannot
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provide sufficient information to calculate axial strain. However, the criterion of signal-to-

noise ratio being greater than three (SNR > 3) for all LVDTs could be relaxed to allow one

LVDT to have an SNR > 1.5 while the other two LVDTs must have an SNR > 3 because of

the position of the sensor relative to the axis of rotation. Future work should consider the

effect of the lower SNR value for one LVDT in evaluation of Mr.

• MnROAD soil, Mr tests

Based on the bender element results, it appears that the Mr values may have been affected

by the sensitivity of the LVDTs. This illustrates the importance of bender element mea-

surements in conjunction with Mr testing. Further testing should be performed on Soil

A (MnROAD soil) to verify the reported stiffness values. Bender elements or some other

nondestructive seismic procedure should be considered during Mr testing.

• Resilient modulus data as a function of stress state, density, and moisture

The variation of Mr values with stress state, density and moisture is presented in Figures 5.5

- 5.16. Future work should include a regression analysis to quantify the behavior exhibited

in these figures.

• Density and moisture changes, and time effects on specimens, field-type tests to Mr

To minimize the changes in moisture from the time of specimen preparation to the time of its

testing, prismatic soil containers were tested on the day of their preparation as it was difficult

to moisture-seal such large volumes of soil. Due to a broad scope of the project, there was

an inherent time delay between the extraction of cylindrical specimens and their (resilient

modulus/bender element/strength) testing as summarized in Table 4.6. To prevent signifi-

cant moisture changes during this delay period, the specimens were i) wrapped in a plastic

wrap, ii) placed inside moisture-sealed containers, and iii) stored inside a humidity-controlled

room. The “post-mortem” tests on the strength-tested resilient modulus specimens revealed
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that the total loss of moisture (from the day of extraction) was typically 0.5-1% and no more

than 3% in terms of the specimens’ water content (Table 5.3). The effect of aging during

this period that ranged from three weeks to nine months is not known.

• Box size boundary effects for each device

The final design of the prismatic soil container (Fig. 4.1) used to evaluate the performance

of field testing devices is a result of a year-long study (Chapter 4 and Appendix A). In the

investigation, pilot experiments were performed using Quikrete Sand # 1113 and the Portable

Vibratory Deflectometer (PVD) as test soil and field device, respectively. A comparison of

the PVD results stemming from the use of a “small” and “large” plywood container (see

Fig. 4.3 and Table 4.2) led to the conclusion that the “small” container is sufficient size

to reasonably simulate the field conditions. The final design resulted in a prismatic steel

container (Fig. 4.1) that is measurably larger that the “small” plywood box. The final

dimensions were limited by the size of the MTS load frame used to compact the soils. While

the particular effect of the container boundaries on the performance of each field device

cannot be ascertained at this point, it is expected that “box effect” on “low”-frequency

devices is larger than that on a“high”-frequency apparatus. In view of its importance on

parametric laboratory studies, this topic is recommended as a topic of future research.

• Device comparison considering stress state, density, and moisture

The comparison of field testing devices is by default limited to the in-situ stress condition

(sometimes referred to as the K0-condition). Accordingly, no parametric study is possible in

this regard. The effects of moisture and density on the device comparison, on the other hand,

are summarized qualitatively in Figs. 5.42-5.99 where each data point is marked according

to the moisture and density state of soil tested. While some of the figures indicate that the

field testing devices may be less sensitive to an increase in soil density than the resilient

modulus test, the overall trends vary from one soil (and device) to another, and no overall

statement can be made in this regard without further interpretation of the data.
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• The objective of this research was the following: To elevate the quality assurance prac-

tices and field testing of unpaved subgrade and granular base profiles, the proposed

project is focused on: 1) the development of a laboratory procedure for understanding

and quantifying the effects of moisture on the soil’s stiffness and strength character-

istics; and 2) relating the laboratory measurements to field estimates of the associated

soil parameters.

To the authors’ knowledge, this is one of the first broad-scoped studies aimed at comparing

the laboratory and field measures of the soil’s Young’s modulus under varying density and

moisture conditions. In this investigation, we advanced a number of new concepts such as

the combined bender element-resilient modulus (BE-Mr) testing - Item 1 - and improved

(frequency analysis-based) interpretation of LWD measurements - Item 2. While the ques-

tions of improving the QC/QA practices and relating the field to laboratory measurements

are far too complex to be definitively answered within a single study, we believe that the

results of this investigation represent a necessary cornerstone for advancing the theory and

practice of pavement construction.
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Appendix A

Container Verification



A.1 Description of Soils

Sieve analysis results performed on the sands used for container verification are in Table

A.1 and A.2. The mean value of the maximum dry unit weight γd(max) = 17.81kN
m3 (Table

A.3). The mean value of the minimum dry unit weight γd(max) = 15.91kN
m3 (Table A.4).

Table A.1: Grain size analysis for Play Sand

The maximum and minimum dry unit weight values for the Silica Sand were provided by

U.S. Silica Company. According to the test performed by U.s. Silica Company (Certificate

of Analysis), the maximum and minimum dry unit weights were γd(max) = 17.47kN
m3 and

γd(min) = 14.41kN
m3 , respectively.

A.2 Experimental Procedure

The height and the opening of the flexible hose were varied to obtain the desired density as

shown in Table A.5.

The circular loading plate of the exciter was placed directly on the sand surface. The

sensors attached to the loading plate measured the force and acceleration in the time domain.
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Table A.2: Grain size analysis for Silica Sand

Table A.3: Maximum density and dry unit weight for Silica Sand

With reference to Eq. 3.10, the vertical dynamic force applied to the loading plate was taken

as the input to the system, whereas the vertical acceleration and resulting force at the soil

foundation interface was taken as an output.

To investigate the sand stiffness, the static pre-load exerted was varied by the moving

armature of the exciter. The armature was connected to the body of the exciter by a set

of internal flexures, and the magnitude of the downward force on the sand was adjusted by

changing the distance between the exciter’s body and the sand. Three different average con-

tact pressures q were selected. The magnitude of the average static pressure was determined
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Table A.4: Minimum density and dry unit weight for Silica Sand

Table A.5: Pluviation results

at the end of each test from the load cell readings while lifting up (unloading) the exciter

from the sand surface. To assess the influence of the walls, the location of the exciter was

varied as shown in Fig. A.1. The experimental data were fitted to the theoretical solution,

Eq. 3.26 which contains two material parameters, namely, the Poisson’s ratio ν and shear

modulus G. These parameters pertain to an equivalent, linear elastic material model. To

determine the values of ν and G, the accelerance function was used for fitting purposes. As

examined earlier, the latter quantity is given by:

A(f) =

[
M(f)− 1

(2πf)2Cvv(f)

]−1

(A.1)

where Cvv is the interfacial compliance obtained from theoretical solution, (3.24), and M(f)

is the loading-plate transfer function, (3.21). To obtain ν and G, this quantity was fitted to

the accelerance function, (3.20), obtained from experimental measurements.
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Figure A.1: Location of the center of the loading plate in the small container

A.3 Results

In the fitting procedure, software Matlab 7.0.1 was used. At each frequency point where the

experimental data was measured, the theoretical value of the ordinary accelerance A(f) was

computed by minimizing a misfit-type objective function for different initial guess values

of ν and G. Two different fitting schemes were applied: in the first, the minimization was

performed for both parameters ν and G; in the second, a realistic mean value of ν = 0.25

was assumed. A built-in MATLAB algorithm was used based on an unconstrained nonlinear

optimization. The algorithm uses the simplex search method of Nelder and Mead [29].

The objective function, D, was defined as a cumulative squared difference between the

experimental and analytical values of A(f) in terms of its real and imaginary parts. Figures

A.2, A.3, and A.4 illustrate typical results of the ordinary accelerance fitting procedure when

minimizing both ν and G for one location of the exciter and different average contact pressure

q in the small container. The results for the large container are shown in Figs. A.5, A.6,

A.7.
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Figure A.2: Experimental and fitted ordinary accelerance functions for small container, q =
2.72 kPa

Figure A.3: Experimental and fitted ordinary accelerance functions for small container, q =
4.07 kPa
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Figure A.4: Experimental and fitted ordinary accelerance functions for small container, q =
6.31 kPa

Figure A.5: Experimental and fitted ordinary accelerance functions for small container, q =
6.31 kPa
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Figure A.6: Experimental and fitted ordinary accelerance functions for large container, q =
9.29 kPa

Figure A.7: Experimental and fitted ordinary accelerance functions for large container, q =
8.18 kPa
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Figures A.8, A.9 and A.10 show the results of minimization with respect to G for = 0.25

in the small container. The results for the large container are shown in Figs. A.11, A.12

and A.13. When comparing the ordinary accelerance function obtained from the tests in

Figure A.8: Experimental and fitted ordinary accelerance functions for small container, q=
2.72 kPa

the small and large containers, it is evident that the local fluctuations (caused primarily by

the container dimensions) are greater in the case of the small container. However, the fitted

ordinary accelerance functions were nearly identical for both tests. In addition, the computed

values of the equivalent shear modulus G were practically independent on the location of

the exciter on the surface of the sand in the box. This implies insignificant influence of the

boundaries of the containers on the values of G. Figure A.14 shows the equivalent shear

modulus G as a function of the average contact pressure q. The results can be approximated

by the expression

G = G0
q

q′

0.58

(A.1)

where q
′
= 1 kpa is the reference pressure, and G0 = 4.23MPa. The values of the equivalent
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Figure A.9: Experimental and fitted ordinary accelerance functions for small container, q =
4.07 kPa

Figure A.10: Experimental and fitted ordinary accelerance functions for small container, q
= 6.31 kPa
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Figure A.11: Experimental and fitted ordinary accelerance functions for large container, q
= 10.61 kPa

Figure A.12: Experimental and fitted ordinary accelerance functions for large container, q
= 9.29 kPa
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Figure A.13: Experimental and fitted ordinary accelerance functions for large container, q
= 8.18 kPa

Figure A.14: Equivalent shear modulus vs. average contact pressure
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shear modulus G were used to calculate the vertical static stiffness of the circular loading

plate/elastic half-space system given by

kv =
4Ga

1− ν
(A.2)

Figure A.15 shows the computed vertical static stiffness for ν = 0.25. In the tests conducted

Figure A.15: Normal static stiffness vs. average contact stress for various locations of the
exciter (small container and large container)

on Silica Sand by Guzina [18], a similar relationship (Eq. A.1) between the equivalent shear

modulus and average contact pressure with n = 0.5 was obtained. As shown in Fig. A.16,

the difference in data fit for Play Sand assuming n = 0.58 and n = 0.5 is small.
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Figure A.16: Equivalent shear modulus vs. average contact pressure
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Appendix B

Soil Information



B.1 Soil A

Figure B.1: Soil A (MnROAD) Proctor curve
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Table B.1: Soil A (MnROAD) Proctor table

Figure B.2: Soil A (MnROAD) sieve analysis curve
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Table B.2: Soil A (MnROAD) sieve analysis table

Table B.3: Soil A (MnROAD) classification
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B.2 Soil B

Figure B.3: Soil B (TH 23) Proctor curve

Table B.4: Soil B (TH 23) Proctor table
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Figure B.4: Soil B (TH 23) sieve analysis curve

Table B.5: Soil B (TH 23) sieve analysis table
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Table B.6: Soil B (TH 23) classification
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B.3 Soil C

Figure B.5: Soil C (TH 58) Proctor curve

Table B.7: Soil C (TH 58) Proctor table
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Figure B.6: Soil C (TH 58) sieve analysis curve

Table B.8: Soil C (TH 58) sieve analysis table
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Table B.9: Soil C (TH 58) classification
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B.4 Soil D

Figure B.7: Soil D (TH 32) Proctor curve

Table B.10: Soil D (TH 32) Proctor table
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Figure B.8: Soil D (TH 32) sieve analysis curve

Table B.11: Soil D (TH 32) sieve analysis table
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Table B.12: Soil D (TH 32) classification
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Appendix C

Fine-Grained Soil Preparation in
Steel Container Procedure



1. Pass the desired soil through 1 in. sieve. Place the desired soil in a tray (24 in. x 12

in. x 6 in.). Dry the soil in the tray in an oven for 24 hours at 250oF. Remove the soil

from the oven and pulverize it using the Mn/DOT Pulverizer.

2. Select the moisture content of the soil from Table 2.

Table C.1: Soil Descriptions

* Sample A, 7.5% target moisture content was wOPT ∗ 50%

3. Determine the mass of soil and the volume of water to be mixed for the sample to

attain the desired density and moisture content. The sample is required to have a

volume of 3.2 ft3 to fill up the steel container to 10.5 in. depth.

4. Mix the correct amount of water and soil using an industrial size blender.

5. Take approximately 300 g of soil and place in three moisture cups (100 g each). Place

the moisture cups in the oven for 24 hours at 260oF [2].
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6. Remove the cups from the oven and calculate the moisture content. If the moisture

content is lower than the target, add water to the soil and mix again. Repeat moisture

determination. Place the soil in large plastic buckets, seal the buckets with plastic foil

and leave in humidity controlled room for 24 hours to allow the soil to temper.

7. Install the aluminum hoisting beam with a rolling cart underneath the MTS 810 load-

frame crosshead. Connect the hoisting beam and the 3.2 ft3 steel container by three

chains. Raise the crosshead until the bottom of the steel container is slightly above the

actuator in the MTS loadframe. Slide the steel container over the actuator and lower

it until it sets. Remove the aluminum hoisting beam.

8. Attach the square steel plate to the circular plate using steel straps and bolts. Connect

the loading plate with knobs and the particle-board plate to the square steel plate using

another set of steel straps and bolts. Place planks across the steel container to hold the

form stationary, lower the crosshead with the steel plate and attach it to the loading

plate with knobs.

9. Raise the crosshead so the first lift of loose soil can be poured into the steel container.

10. Determine one-third of the total weight of the soil required for the appropriate density.

Fill up a 5-gallon bucket resting on a scale with soil to the required weight. Repeat the

operation two more times to obtain three lifts of soil, each of which will be compacted

to a thickness of 3.5 in for a total thickness of 10.5 in.

11. Place the first lift in the steel container and level it. Use a flat, 10 to 15 lb weight to

lightly compact the lift by dropping it 3 in. over the entire surface of the lift.

12. Open the TestStar file “Rocklab810100KN”.

13. Open the TestWare file “compactionstroke”.

14. Lower the sheepsfoot loading plate until first contact with the soil and lock the crosshead

in place. Slide the sheepsfoot plate to one edge of the steel container until it is 0.5 in.
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Figure C.1: Side view of steel container with first lift of soil

away from the side while neither one of the remaining sides is not in contact with the

steel container.

15. Measure the distance from the top of the particle-board plate to the top edge of the

steel container, Fig. C.1 (Distance “A”). Add 3 in. to this distance. This extra

distance accounts for the thickness of the particle-board plate and the loading plate

with knobs. Subtract the obtained distance from 15 in. The resulting distance defines

the thickness of the first lift of the un-compacted soil in the steel container.

16. As the compacted lift requires a thickness of 3.5 in., subtract this value from the thick-

ness of the un-compacted soil determined in step 15. The result defines the distance

required for the MTS actuator in the base of the loading frame to rise for the target

unit weight.

17. Convert the actuator rise distance into millimeters. Input the result in the TestWare

program “compactionstroke” window “Ramp up”. Next, enter the same distance as

negative in the “Ramp down” window. Save the input values before running the test;

otherwise, the test will not run with the new input. The compaction sequence run by

the “Ramp up” “Ramp down” compaction stroke program is displacement controlled,
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and the corresponding force history is recorded.

18. Input the maximum force and maximum displacement interlocks in TestStar. Choose

reasonable settings for the system. For lower moisture contents, the actuator force

required to reach required unit weight will increase significantly (as much as 4 times

when compared to higher moisture contents).

19. Run the compaction stroke program.

Figure C.2: Top view of compaction plate location in first and second step of compaction

20. When the first compaction sequence is complete and the actuator has returned to the

initial height, slide the sheepsfoot loading plate 2 in. away from the initial distance of

0.5 in (see Figs. C.1 and C.2). Sliding the sheepsfoot loading plate by 2 in. shifts the

knobs, thereby covering the entire surface of the lift with knobs.

21. Run the compaction sequence again.

22. Compact the soil around the edges of the steel container with a steel block to level the

surface over the whole container. Scratch the surface with a shovel and fill the steel
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container with the second lift of soil.

23. Repeat steps 14-22 for the second and third soil lift.

24. After the 3rd lift, remove the sheepsfoot compaction plate, particle board plate, and

the steel plate. Attach the aluminum hoisting beam to the crosshead and attach the

chains to the steel container. Lift up the steel container, move it outside the loading

frame, and lower the container onto the floor. Make sure that the steel container is

stable on the floor. Use steel shims if necessary.

25. Close out of the TestWare and TestStar software without saving.

26. Trim the soil surface by sliding a metal block with sharp edges and corners over the

surface to eliminate irregularities on the surface.

27. Measure the distance from the top of the soil to the top of the steel container in each

corner. Weigh the soil that was trimmed out of the container and subtract it from the

total weight of the soil. Determine the unit weight of the soil in the container.

28. Cover the steel container with a plastic foil.
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Appendix D

Resilient Modulus System Calibration



D.1 LVDTs

The 6 mm (0.236 in) LVDTs with the 6 mm range were calibrated using a Vernier scale and

a voltmeter. The LVDT was mounted on the Vernier scale and a voltmeter was connected

to the LVDT signal conditioner. As the Vernier was adjusted, the induced voltage from the

LVDT conditioner was recorded. Fig. D.1 shows Vernier displacement and output voltage.

The slopes of the lines were evaluated and input into LabView [13].

Figure D.1: LVDT calibration

D.2 Load Cell

The range of the load cell was 22.2 kN [5000 lb]. It was calibrated using a 22.2 kN [5000

lb] capacity proving ring. To calibrate the load cell, an initial load of 0.044 kN (10 lb) was

applied to the proving ring. The load was increased on 0.445 kN (100 lb) increments to a

maximum load of 6.23 kN (1400 lb). The corresponding force was calculated knowing the
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displacement of the proving ring. The slope of the line in Fig. D.2 was input into TestStar

[13].

Figure D.2: Load cell calibration
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Appendix E

Field-Type Testing Procedures



E.1 Percometer Testing Procedure

Figure E.1: Percometer testing locations (top view)

1. Turn the Percometer on.

2. Perform validation checks with the Percometer on verification blocks that come with it.

The dielectric constant is written on the blocks. Hold the surface probe on one block

at a time and press #4 on the keypad to take a measurement. Record the validation

measurements every day of use.

3. Percometer will be run on the soil in the steel container in locations specified in Fig.

E.1.

4. Place the probe of the Percometer onto the designated 1 location and hold it in place

firmly with approximately 5 lb of force to maintain 100% contact with the soil. Press

the #4 button.

5. Record the temperature, dielectric value, and electrical conductivity measurements.
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6. Pick up the probe and re-set on the surface.

7. Repeat steps 3-6 three times at each of the three locations on the sample subgrade in

the steel container.
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E.2 GeoGauge Testing Procedure (** With Sand)

Figure E.2: GeoGauge testing locations (top view)

1. Remove the GeoGauge from the case and turn it on. Set the GeoGauge to read S.I.

units by pressing the “units” button until SI-S is displayed and erase the memory.

2. Place the GeoGauge onto the verification mass and press the “test” button.

3. The display first shows the signal to noise ratio, then the density, and finally the

stiffness. The stiffness value should range -8.8 to -9.8 MN
m

. If it is out of this range, seek

directions from Humboldt. If the stiffness is in the allowable range, set the GeoGauge

onto the surface of the sample subgrade in the steel container at location 1 specified

in Fig. E.2. More than 60% [41] or 80% [42] of the GeoGauge foot must be in contact

with the soil surface otherwise place an 1/8 in. lift of damp sand between the foot and

the soil surface [43].
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4. Press the test button and allow 90 seconds for the test. After the test, press the ’save’

button and write down the data displayed. Pick the GeoGauge up, reset it, and repeat

the measurement process.

5. Repeat step 4 for the locations 2 and 3 shown in Fig. E.2 with two tests at each

location.

6. Utilize the GeoGauge Data Download Guide supplied in the user’s manual to store the

data for future use.

7. Turn off the GeoGauge.
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E.3 Portable Vibratory Deflectometer Testing Proce-

dure

Figure E.3: PVD testing locations (top view)

1. Place the PVD with accelerometers, load cell and loading plate on location 1 (Fig.

E.3) on the sample soil subgrade in the steel container.

2. Level the PVD by adjusting its feet.

3. Connect the accelerometer cables to the PCB piezotronics signal condition channels 1

and 2.

4. Connect the signal conditioner cables to the Siglab console channels 2 and 3.

5. Connect the load cell cable to the Kislter amplifier.

6. Connect the Kistler amplifier cable to the Siglab console channel 1.
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7. Connect the Rockford Fosgate 150a1 power amplifier to the PVD.

8. Connect the Rockford Fosgate 150a1 power amplifier to the Siglab console channel

“output.”

9. Attach the positive and negative power clamps from the Rockford Fosgate 150a1 power

amplifier to a 12 volt battery.

10. Plug in the signal conditioner and the Siglab console to power outlets.

11. Connect the Siglab console to a personal computer with MATLAB 7.0 and Siglab

software. Now the setup should be connected as shown in Fig.E.4.

12. Turn on the PCB piezotronic amplifier.

13. Turn on the Siglab console.

14. Turn on the personal computer, open Siglab, and type “.vna” in the command line

and press enter.

15. Check the calibration numbers and channel configurations for the load cell and ac-

celerometers in Siglab.

16. Reset the Kistler dual mode amplifier.

17. Click the “run” button and the test will automatically stack 150 trials. Check the

coherence curve in the Siglab display as it should read 1. If it does not, stop the test,

and reset the PVD on the sample surface.

18. Save the test as B 22 98 1. The letter B represents the soil type, the second number

is the moisture content of the sample, the third number is the percent Proctor unit

weight of the sample, and the last number is the location number.

19. Repeat steps 15-17 for the other two locations.

E-6



Figure E.4: PVD connection schematic
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20. When finished, close out of Siglab and MATLAB. Shut off the personal computer.

Disconnect the positive and negative clamps from the 12 volt battery. Remove the

PVD from the sample surface and place it on the cart.
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E.4 LWD Testing Procedure

Figure E.5: Light Weight Deflectometer testing locations (top view)

The PRIMA 100 comes with software that needs to be installed on the computer. The

software installation procedure is found in the user’s manual [20].

1. Set the LWD with 200 mm diameter plate on location 1 shown in Fig. E.5.

2. Connect the LWD control panel to a communications port in the back of the computer.

3. Turn on the LWD.

4. Open the program “Data Acquisition.” Enter your name and the main LWD menu

will come up. Click the “save” button, input the file name, e.g. “soilC13 98 1.txt”

(C13 98 1 implies soil with 13% moisture content at 98% Proctor unit weight testing

at location 1 as shown in Fig. E.5), and select the location where the file is to be saved.

Click OK.
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5. Three different drop heights are used at each location: 100 mm, 500 mm, and 900 mm.

Set weight release mechanism to a height of 100 mm. Lock the 10 kg falling weight to

the release mechanism.

6. Press the “Test Run” button on the right side of the LWD panel.

7. The ”Ready for Next Drop” message will appear on the LWD panel. Press the “Test

Run” button.

8. The panel will read, “SAMPLING”.

9. The LWD shaft should be perpendicular to the plane of the soil; the shaft has a little

play in it.

10. Wrap one hand around the grip on the shaft of the LWD to steady it, and slowly

depress the small, black handle with the free hand to drop the weight.

11. The graph on the computer screen will plot two lines indicating the force and displace-

ment versus time, and several numbers will appear in the table on the upper right hand

side of the screen. Copy the peak load and displacement to a hard-copy.

12. The gauge will prompt you to save or delete the data.

13. Press the “Test Run” button on the LWD display panel for 0.5 seconds to save it or

press and hold it for 2 seconds to delete it.

14. The old data will disappear and the “Ready for Next Drop” button will appear.

15. Lift the mass and lock it in place.

16. Perform four more drops repeating steps 6-15. Drops one and two are seating drops

and drops three, four, and five are measurement drops.

17. Repeat steps 4-16 for the other heights (500 mm, 900 mm) for location number one.
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18. Move on to locations 2 and 3 repeat steps 6-17.

19. After the last drop for location 3, turn off the LWD display panel. Close out of the

computer program.
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E.5 Modified LWD Testing Procedure

Figure E.6: Modified LWD testing locations (top view)

1. Remove the sliding handle and falling mass by unscrewing three screws (Alan wrench

required) in the from the LWD impact cap.

2. Proceed with steps 1-8 in the LWD Testing Procedure.

3. Hold the LWD lower unit with one hand to ensure no movement at the loading

plate/soil surface.

4. Tap the loading cap with a rubber mallet lightly enough for the load cell to trigger.

5. Proceed with steps 11-14 in the LWD Testing Procedure.

6. Repeat steps 3-5 four more times.

7. Move onto locations 2 and 3 and repeat steps 3-6.
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E.6 Dynamic Cone Penetrometer Testing Procedure

Figure E.7: DCP testing locations (top view)

1. Remove the Dynamic Cone Penetrometer (DCP) from the carrying case and assemble

by screwing the two portions together.

2. Tighten the DCP tip to the lower half of the apparatus to maintain a strong connection

during the test. This has been known to loosen as it is used. Hold the DCP vertically

in one of the locations specified in Fig. E.7. Two tests will be performed using the

DCP.

3. Record in an EXCEL spreadsheet the initial reading on the measuring stick following

cone seating instructions in ASTM D 6951 - 03. Lift the hammer to the handle at the

top of the DCP.

4. Drop and record the depth of the drive by reading the displacement from the measuring

scale.
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5. Repeat step 4 until 10.5 in. (270 mm) has been reached. Disregard the last reading.

6. Remove the DCP from the location by pulling it upwards and repeat steps 2-4 in the

other location specified in Fig. E.7.

7. Clean the DCP and place it back into the case.
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Appendix F

Fine-Grained Soil Specimen
Extraction Procedure



1. Attach the aluminum hoisting beam to the MTS 810 crosshead and attach the chains

to the steel container. Lift up the steel container, move it inside the loading frame,

and lower it onto the actuator. Detach the chains from the steel container.

2. Fasten the 100 mm (4 in.) in diameter stainless steel tubes into the holes in the circular

plate under the crosshead using bolts.

3. Open the TestStar file “Rocklab810 100KN”.

4. Open the TestWare file “compactionstroke”.

5. Spray a non-stick chemical, i.e. PAM Cooking Spray or silicone, inside the steel tubes.

6. Lower the MTS 810 crosshead until the steel tubes contact the soil.

7. In the TestWare file “compactionstroke,” input 139 mm in the box “Ramp Up” and 0

mm for “Ramp Down.” Input the interlock limits.

8. Run the program.

9. Unscrew the bolts holding the steel tubes from the circular plate.

10. Lower the actuator back to its initial position by entering 139 mm in the “Ramp Down”

box and zero in the “Ramp Up” box.

11. Lower the MTS 810 crosshead to reattach the steel tubes.

12. Repeat steps 8 and 9.

13. Detach the steel tubes from the circular plate.

14. Close out of the TestStar and TestWare programs.

15. Attach the aluminum hoisting beam to the MTS 810 crosshead and attach the chains

to the steel container. Lift up the steel container, move it outside the loading frame,
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and lower the container onto the floor. Make sure that the steel container is stable on

the floor. Use steel shims if necessary.

16. Extract 1.5 in. thin wall samples for the Soil Science Department of the University of

Minnesota for Mn/DOT contract 81655#103 and CFMS#A5762.

17. Excavate around the perimeter of the steel container at 51 mm (2 in.) intervals with

a tiling spade.

18. Place the excavated soil back into sealable containers to prevent drying.

19. Use the extruder to vertically extract the specimens from the steel tubes.

20. Weigh the specimens and determine its volume to calculate the unit weight. Place the

specimens into 152 mm x 304 mm (6 in. x 12 in.) sealed plastic cylindrical containers

and label them accordingly for resilient modulus testing. Label the specimen as, for

example, B 1 16 103 where the letter defines the soil type, the first number is the

specimen number, the second number is the target moisture content, and the third

number is the target percent Proctor unit weight of the specimen.

21. Store the specimens in a humidity controllable environment for no more than 90 days

to reduce aging affects in the specimens.

22. Create a table with “Sample ID”, “Date Soil Compacted”, “Date Container Tested”,

“Date Mr Tested”, “Measured Average Density”, and “Measured Average Moisture

Content” as headings.
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Appendix G

Fine-Grained Soil Resilient Modulus
Testing Procedure



1. Remove the cylindrical specimens from the storage container.

2. Trim the specimen to a length of 203 mm (8 in.). Verify that the ends of the specimen

are flat and perpendicular to the specimen’s axis of symmetry by placing the specimen’s

end on a flat surface and check for rocking. If there is rocking, trim.

Figure G.1: Specimen for bender element notch location (end view)

3. Scratch a 12.7 mm x 8 mm notch, 8 mm deep (0.5 in. x 0.25 in., 0.25 in. deep) in

both ends of the specimen as shown in Fig. G.1: these notches will house the bender

element fins. Weigh the specimen and record the final volume dimensions.

4. Fill the notch with 2 g of petroleum jelly to ensure bender element contact to the

specimen.

5. Place the 101.6 mm (4 in.) in diameter, 6 mm (0.25 in.) thick stainless steel spacer

on the bottom platen housing the lower bender element. Place the specimen on the

stainless steel spacer aligning the bender element fin in the 12.7 mm x 8 mm (0.5 in.

x 0.25 in.) notch.

6. Place a 101.6 mm (4 in.) in diameter latex membrane inside the 101.6 mm (4 in.)

in diameter aluminum membrane mold and wrap 25.4 mm (1 in.) of the latex mem-

brane around the ends of the mold. Apply suction to the membrane mold. Place the

aluminum membrane mold with the latex membrane over the specimen.
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7. Unwrap the latex membrane from the mold and slide it over the bottom bender element

platen. Unwrap the top and remove the mold.

8. Repeat steps 6 and 7 for one more latex membrane.

9. Roll two 101.6 mm (4 in.) O-rings onto the aluminum membrane mold. Place the

aluminum membrane mold over the specimen with two latex membranes. Roll the

two O-rings onto the bottom bender element platen and place them into the machined

groves. Roll two more O-rings onto the specimen for the upper platen.

10. Place another 101.6 mm (4 in.) stainless steel spacer on top of the specimen aligning

the bender element fin in the notch. Put the upper platen on top of the 101.6 mm

(4 in.) stainless steel spacer, wrap the membranes over the upper bender element

platen, and secure the membranes in place by rolling up the O-rings from the top of

the specimen.

11. Place the 101.6 mm (4 in.). thick aluminum spacer on the bottom plate of the triaxial

apparatus.

12. Place the specimen assembly in the center of the triaxial apparatus on top of the 101.6

mm (4 in.) thick spacer. Use caution when handling the specimen.

13. Attach the air hoses from the triaxial apparatus to the upper and lower bender element

platens.

14. Slide the three-LVDT holder into place over the specimen surrounded by the mem-

brane. Make certain that there is no space between between the LVDT holder and the

membrane. Check that the three LVDTs are resting evenly on top of their pedestals

and that none of the lead wires in the cell are impeding their movement. Close the

three-LVDT holder using rubber O-rings.

15. Remove the spacers from the LVDT holder.
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16. Connect the interior load cell lead wire, the three LVDT lead wires, and both of the

bender element lead wires to their respective LEMO connectors on the base of the

triaxial apparatus.

17. Place a steel ball bearing on top of the upper bender element platen. Carefully slide

the plexiglass chamber over the prepared specimen and LVDT holder until it rests on

the base of the triaxial apparatus.

18. Place the triaxial apparatus inside of the MTS 858 table top system loading frame.

19. Place the triaxial apparatus top plate with the load cell attached to the shaft above the

plexiglass chamber and screw the shaft to the actuator. Press the triaxial apparatus

top plate down into the triaxial chamber. Align the triaxial apparatus holes with the

three columns that are connected to the triaxial apparatus base. Secure the triaxial

apparatus top plate with three bolts.

20. Lock the plexiglass chamber onto the triaxial apparatus by screwing down the circular

plates that are on the triaxial apparatus top plate.

21. Attach all of the external wiring to the back of the triaxial apparatus and the two air

hoses to the front of the triaxial apparatus.

22. Look over the entire system to double check everything is connected properly.

23. Turn on the air to the system; open the valve on the triaxial apparatus top plate briefly

to make certain that air is flowing.

24. Close the valve and listen for leaks in the system.

25. Pressurize the cell to 8 psi (55.2 kPa).

26. Open the TestWare program “Final Mr Testing Procedure - External” on the loading

frame computer. Also open the LabView program named “Mr Data Collection” on the

laptop.
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27. Define the data channels in LabView and make certain that it records at least 400

points per second.

28. Lower the actuator with the load cell attached down onto the steel ball bearing.

29. Run the resilient modulus testing procedure following NCHRP 1-28a.

30. After the conditioning cycle is finished, open the data file for the conditioning cycle

in a spreadsheet. Plot the LVDTs vs. force and check for specimen rotation. Smooth

ovals should be seen in the plots; irregular ovals indicate specimen rotation. If they are

not, remove the triaxial apparatus from the loading frame, re-position the specimen,

and place the specimen back in the loading frame. When lowering the actuator onto

the steel ball located on the upper platen of the 101.6 mm (4 in.) specimen, watch the

actuator to prevent bending of the specimen. Run the conditioning cycle again and

check for specimen rotation again.

31. Open the Mr Data Collection screen. Run the data collection; save data under file-

names created in TestWare, for example, A 1 15 100 7, where the letter defines the

soil type, the first number is the specimen number, the second number is the target

moisture content, the third number is the target percent Proctor unit weight of the

specimen, and the last number refers to the step in the sequence. Start the data

collection at the same moment as the resilient modulus test.

32. After the NCHRP 1-28a protocol is finished, the TestWare program will automatically

run a shear strength routine unless stopped. Do not run this portion of the test.

Acceptable criteria for the specimen are:

2 Load Signal-to-Noise Ratio (SNR) ≥ 10

2 Deflection Signal-to-Noise Ratio (SNR) ≥ 3

2 Mr COV [%] ≤ 10%

2 Rotation Angle < 0.040
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33. Disconnect the load cell from the steel ball bearing by moving the actuator up.
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Appendix H

Bender Element Testing Procedure



1. Place a 101.6 mm (4 in.) in diameter, 6 mm (0.25 in.) thick stainless steel spacer on

the bottom specimen platen.

2. Place a 98.4 mm (3.88 in.) cylindrical soil specimen on the steel spacer.

3. Place two rubber membranes over a 98.4 mm (3.88 in.) diameter cylindrical soil spec-

imen.

4. Place a 101.6 mm (4 in.) in diameter, 6 mm (0.25 in.) thick stainless steel spacer on

top of the specimen.

5. Set the top specimen platen on the steel spacer on top of the specimen followed by

setting 4, 101.6 mm (4 in.) rubber O-rings for the machined grooves in the top and

bottom specimen platens.

6. Seal the cylindrical specimen by rolling the 4 O-rings into the platen machined grooves.

7. Place the bottom triaxial apparatus platen on the MTS 858 loading base.

8. Set the 101.6 mm (4 in.) thick aluminum spacer on the bottom triaxial apparatus

platen.

9. Put the specimen on top of the aluminum spacer.

10. Connect the bender element cables to the electrical feed-throughs and air pressure

tubes to the bottom triaxial apparatus platen.

11. Place the plexiglass chamber over the specimen. Make sure the chamber slips over the

large rubber O-ring in the bottom triaxial apparatus platen.

12. Open the GDS bender element program on the laptop.

13. Enter the parameters shown in Table H.1.
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Table H.1: GDS Bender Element input parameters

14. Loosen the set screw on the top triaxial apparatus platen to allow it to slide along the

load cell extension.

15. Lower the actuator enough to allow the top triaxial apparatus platen to be fastened

to the three steel columns protruding from the bottom triaxial apparatus platen.

16. Connect the air pressure line to from the pressure regulator to the bottom triaxial

apparatus platen.

17. Manually adjust the confining pressure to 8 psi (55.2 MPa).

18. Execute the bender element test at confining pressures 55.2, 41.4, 27.6 and 13.8 MPa

(8, 6, 4 and 2 psi) without a vertical contact stress. Record the name of the saved

files. The cables from the GDS signal conditioner to the bottom triaxial apparatus

platen need to be switched when changing from a P-wave test to an S-wave test and

vice versa.

19. Run and stack a sufficient number of P and S-wave tests to obtain a clear signal (usually

10-50). Save the signals and exit the program.
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20. Shut off the data collection when the bender element test is completed.

21. After the test is completed, remove the specimen from the chamber and return all

components in their proper locations.
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Appendix I

Strength Testing Procedure



1. Place a 101.6 mm (4 in.) in diameter, 6 mm (0.25 in.) thick stainless steel spacer on

the bottom specimen platen.

2. Place a 98.4 mm (3.88 in.) cylindrical soil specimen on the steel spacer.

3. Place two rubber membranes over a 98.4 mm (3.88 in.) diameter cylindrical soil spec-

imen.

4. Place a 101.6 mm (4 in.) in diameter, 6 mm (0.25 in.) thick stainless steel spacer on

top of the specimen.

5. Set the top specimen platen on the steel spacer on top of the specimen followed by

setting 4, 101.6 mm (4 in.) rubber O-rings for the machined grooves in the top and

bottom specimen platens.

6. Seal the cylindrical specimen by rolling the 4 O-rings into the platen machined grooves.

7. Place the bottom triaxial apparatus platen on the MTS 858 loading base.

8. Set the 101.6 mm (4 in.) thick aluminum spacer on the bottom triaxial apparatus

platen.

9. Put the specimen on top of the aluminum spacer.

10. Connect the bender element cables to the electrical feed-throughs and air pressure

tubes to the bottom triaxial apparatus platen.

11. Place the plexiglass chamber over the specimen. Make sure the chamber slips over the

large rubber O-ring in the bottom triaxial apparatus platen.

12. Place a steel ball in the top specimen platen.

13. Turn on the MTS hydraulic pump.

14. Turn on the MTS controller.
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15. Screw the load cell into the extension shaft. Slide the extension shaft through the top

triaxial apparatus platen.

16. Screw the extension shaft and top triaxial apparatus platen into the MTS 858 actuator.

17. Connect the load cell extension cable to the load cell.

18. Loosen the set screw on the top triaxial apparatus platen to allow it to slide along the

load cell extension.

19. Lower the actuator enough to allow the top triaxial apparatus platen to be fastened

to the three steel columns protruding from the bottom triaxial apparatus platen.

20. Connect the air pressure line to from the pressure regulator to the bottom triaxial

apparatus platen.

21. Lower the actuator to the specimen. Exercise care to place the specimen in-line with

the actuator.

22. Manually adjust the confining pressure to 55.2 or 27.6 kPa (8 or 4 psi).

23. Open the LabView program named “Mr Data Collection” on the laptop. Set channel 0

to stroke, channel 1 to load cell, and a sampling rate of at least 400. Filenames created

for the strength test are named, for example, A 1 15 100 shear8psi, where the letter

defines the soil type, the first number is the specimen number, the second number is

the target moisture content, the third number is the target percent Proctor unit weight

of the specimen, and the phrase indicated a shear test performed at 4 or 8 psi.

24. Open the TestWare program “4 inch Final Shear Strength” on the loading frame com-

puter.

25. Lower the actuator and apply a small contact load on the specimen.

26. Begin recording data with LabView.
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27. Run the TestWare shear strength routine.

28. After the specimen has failed, stop the TestWare and LabView routines.

29. Dismantle the triaxial apparatus.

30. Record the angle of the shear plane on the specimen.

31. Take one moisture sample from the shear plane of the specimen.
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Appendix J

Resilient Modulus Data and Resilient
Modulus Data with QC/QA



J.1 Resilient Modulus Data [SI]
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Table J.1: Resilient modulus data (A 2 135 105)
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Table J.2: Resilient modulus data (A 1 105 105)
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Table J.3: Resilient modulus data (A 2 105 105)
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Table J.4: Resilient modulus data (A 1 75 105)
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Table J.5: Resilient modulus data (A 2 75 105)
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Table J.6: Resilient modulus data (A 3 15 100)
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Table J.7: Resilient modulus data (A 4 15 100)
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Table J.8: Resilient modulus data (A 1 12 100)
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Table J.9: Resilient modulus data (A 2 12 100)
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Table J.10: Resilient modulus data (A 1 9 100)
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Table J.11: Resilient modulus data (A 2 9 100)
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Table J.12: Resilient modulus data (B 1 24 103)
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Table J.13: Resilient modulus data (B 2 24 103)
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Table J.14: Resilient modulus data (B 1 195 103)
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Table J.15: Resilient modulus data (B 2 195 103)
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Table J.16: Resilient modulus data (B 1 16 103)

J-17



Table J.17: Resilient modulus data (B 2 16 103)
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Table J.18: Resilient modulus data (B 1 27 98)
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Table J.19: Resilient modulus data (B 2 27 98)
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Table J.20: Resilient modulus data (B 1 22 98)
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Table J.21: Resilient modulus data (B 2 22 98)
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Table J.22: Resilient modulus data (B 1 16 98)
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Table J.23: Resilient modulus data (B 2 16 98)
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Table J.24: Resilient modulus data (C 1 12 103)
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Table J.25: Resilient modulus data (C 2 12 103)
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Table J.26: Resilient modulus data (C 1 95 103)
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Table J.27: Resilient modulus data (C 2 95 103)
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Table J.28: Resilient modulus data (C 1 8 103)
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Table J.29: Resilient modulus data (C 2 8 103)
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Table J.30: Resilient modulus data (C 1 13 98)
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Table J.31: Resilient modulus data (C 2 13 98)
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Table J.32: Resilient modulus data (C 1 10 98)
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Table J.33: Resilient modulus data (C 2 10 98)
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Table J.34: Resilient modulus data (C 1 8 98)
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Table J.35: Resilient modulus data (C 2 8 98)
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Table J.36: Resilient modulus data (D 1 16 103)
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Table J.37: Resilient modulus data (D 2 16 103)
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Table J.38: Resilient modulus data (D 1 13 103)
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Table J.39: Resilient modulus data (D 2 13 103)

J-40



Table J.40: Resilient modulus data (D 1 11 103)
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Table J.41: Resilient modulus data (D 2 11 103)
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Table J.42: Resilient modulus data (D 1 18 98)
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Table J.43: Resilient modulus data (D 2 18 98)
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Table J.44: Resilient modulus data (D 1 14 98)
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Table J.45: Resilient modulus data (D 2 14 98)
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Table J.46: Resilient modulus data (D 1 11 98)
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Table J.47: Resilient modulus data (D 2 11 98)
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J.2 Resilient Modulus Data [US Customary]
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Table J.48: Resilient modulus data (A 2 135 105)
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Table J.49: Resilient modulus data (A 1 105 105)
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Table J.50: Resilient modulus data (A 2 105 105)
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Table J.51: Resilient modulus data (A 1 75 105)
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Table J.52: Resilient modulus data (A 2 75 105)
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Table J.53: Resilient modulus data (A 3 15 100)
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Table J.54: Resilient modulus data (A 4 15 100)
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Table J.55: Resilient modulus data (A 1 12 100)
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Table J.56: Resilient modulus data (A 2 12 100)
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Table J.57: Resilient modulus data (A 1 9 100)
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Table J.58: Resilient modulus data (A 2 9 100)
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Table J.59: Resilient modulus data (B 1 24 103)
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Table J.60: Resilient modulus data (B 2 24 103)
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Table J.61: Resilient modulus data (B 1 195 103)
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Table J.62: Resilient modulus data (B 2 195 103)
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Table J.63: Resilient modulus data (B 1 16 103)
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Table J.64: Resilient modulus data (B 2 16 103)
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Table J.65: Resilient modulus data (B 1 27 98)
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Table J.66: Resilient modulus data (B 2 27 98)
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Table J.67: Resilient modulus data (B 1 22 98)
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Table J.68: Resilient modulus data (B 2 22 98)
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Table J.69: Resilient modulus data (B 1 16 98)
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Table J.70: Resilient modulus data (B 2 16 98)
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Table J.71: Resilient modulus data (C 1 12 103)
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Table J.72: Resilient modulus data (C 2 12 103)
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Table J.73: Resilient modulus data (C 1 95 103)
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Table J.74: Resilient modulus data (C 2 95 103)
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Table J.75: Resilient modulus data (C 1 8 103)
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Table J.76: Resilient modulus data (C 2 8 103)
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Table J.77: Resilient modulus data (C 1 13 98)
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Table J.78: Resilient modulus data (C 2 13 98)

J-80



Table J.79: Resilient modulus data (C 1 10 98)
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Table J.80: Resilient modulus data (C 2 10 98)
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Table J.81: Resilient modulus data (C 1 8 98)
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Table J.82: Resilient modulus data (C 2 8 98)
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Table J.83: Resilient modulus data (D 1 16 103)
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Table J.84: Resilient modulus data (D 2 16 103)
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Table J.85: Resilient modulus data (D 1 13 103)
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Table J.86: Resilient modulus data (D 2 13 103)
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Table J.87: Resilient modulus data (D 1 11 103)

J-89



Table J.88: Resilient modulus data (D 2 11 103)
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Table J.89: Resilient modulus data (D 1 18 98)
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Table J.90: Resilient modulus data (D 2 18 98)
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Table J.91: Resilient modulus data (D 1 14 98)
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Table J.92: Resilient modulus data (D 2 14 98)
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Table J.93: Resilient modulus data (D 1 11 98)
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Table J.94: Resilient modulus data (D 2 11 98)
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J.3 Resilient Modulus Data With QC/QA [SI]
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Table J.95: Resilient modulus data with QC/QA(A 2 135 105)
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Table J.96: Resilient modulus data with QC/QA(A 1 105 105)
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Table J.97: Resilient modulus data with QC/QA(A 2 105 105)
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Table J.98: Resilient modulus data with QC/QA(A 1 75 105)
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Table J.99: Resilient modulus data with QC/QA(A 2 75 105)
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Table J.100: Resilient modulus data with QC/QA(A 4 15 100)
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Table J.101: Resilient modulus data with QC/QA(A 3 15 100)

J-104



Table J.102: Resilient modulus data with QC/QA(A 1 12 100)
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Table J.103: Resilient modulus data with QC/QA(A 2 12 100)

J-106



Table J.104: Resilient modulus data with QC/QA(A 1 9 100)
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Table J.105: Resilient modulus data with QC/QA(A 2 9 100)
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Table J.106: Resilient modulus data with QC/QA(B 1 24 103)
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Table J.107: Resilient modulus data with QC/QA(B 2 24 103)
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Table J.108: Resilient modulus data with QC/QA(B 1 195 103)
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Table J.109: Resilient modulus data with QC/QA(B 2 195 103)
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Table J.110: Resilient modulus data with QC/QA(B 1 16 103)
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Table J.111: Resilient modulus data with QC/QA(B 2 16 103)
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Table J.112: Resilient modulus data with QC/QA(B 1 27 98)
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Table J.113: Resilient modulus data with QC/QA(B 2 27 98)
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Table J.114: Resilient modulus data with QC/QA(B 1 22 98)
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Table J.115: Resilient modulus data with QC/QA(B 2 22 98)

J-118



Table J.116: Resilient modulus data with QC/QA(B 1 16 98)
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Table J.117: Resilient modulus data with QC/QA(B 2 16 98)
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Table J.118: Resilient modulus data with QC/QA(C 1 12 103)
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Table J.119: Resilient modulus data with QC/QA(C 2 12 103)

J-122



Table J.120: Resilient modulus data with QC/QA(C 1 95 103)
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Table J.121: Resilient modulus data with QC/QA(C 2 95 103)
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Table J.122: Resilient modulus data with QC/QA(C 1 8 103)
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Table J.123: Resilient modulus data with QC/QA(C 2 8 103)
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Table J.124: Resilient modulus data with QC/QA(C 1 13 98)
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Table J.125: Resilient modulus data with QC/QA(C 2 13 98)
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Table J.126: Resilient modulus data with QC/QA(C 1 10 98)

J-129



Table J.127: Resilient modulus data with QC/QA(C 2 10 98)
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Table J.128: Resilient modulus data with QC/QA(C 1 8 98)
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Table J.129: Resilient modulus data with QC/QA(C 2 8 98)
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Table J.130: Resilient modulus data with QC/QA(D 1 16 103)
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Table J.131: Resilient modulus data with QC/QA(D 2 16 103)
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Table J.132: Resilient modulus data with QC/QA(D 1 13 103)
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Table J.133: Resilient modulus data with QC/QA(D 2 13 103)
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Table J.134: Resilient modulus data with QC/QA(D 1 11 103)
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Table J.135: Resilient modulus data with QC/QA(D 2 11 103)
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Table J.136: Resilient modulus data with QC/QA(D 1 18 98)
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Table J.137: Resilient modulus data with QC/QA(D 2 18 98)

J-140



Table J.138: Resilient modulus data with QC/QA(D 1 14 98)
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Table J.139: Resilient modulus data with QC/QA(D 2 14 98)

J-142



Table J.140: Resilient modulus data with QC/QA(D 1 11 98)
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Table J.141: Resilient modulus data with QC/QA(D 2 11 98)
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J.4 Resilient Modulus Data With QC/QA [US Cus-

tomary]
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Table J.142: Resilient modulus data with QC/QA(A 2 135 105)
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Table J.143: Resilient modulus data with QC/QA(A 1 105 105)
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Table J.144: Resilient modulus data with QC/QA(A 2 105 105)
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Table J.145: Resilient modulus data with QC/QA(A 1 75 105)
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Table J.146: Resilient modulus data with QC/QA(A 2 75 105)
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Table J.147: Resilient modulus data with QC/QA(A 3 15 100)
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Table J.148: Resilient modulus data with QC/QA(A 4 15 100)

J-152



Table J.149: Resilient modulus data with QC/QA(A 1 12 100)
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Table J.150: Resilient modulus data with QC/QA(A 2 12 100)
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Table J.151: Resilient modulus data with QC/QA(A 1 9 100)
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Table J.152: Resilient modulus data with QC/QA(A 2 9 100)
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Table J.153: Resilient modulus data with QC/QA(B 1 24 103)
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Table J.154: Resilient modulus data with QC/QA(B 2 24 103)
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Table J.155: Resilient modulus data with QC/QA(B 1 195 103)
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Table J.156: Resilient modulus data with QC/QA(B 2 195 103)
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Table J.157: Resilient modulus data with QC/QA(B 1 16 103)
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Table J.158: Resilient modulus data with QC/QA(B 2 16 103)
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Table J.159: Resilient modulus data with QC/QA(B 1 27 98)
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Table J.160: Resilient modulus data with QC/QA(B 2 27 98)
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Table J.161: Resilient modulus data with QC/QA(B 1 22 98)
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Table J.162: Resilient modulus data with QC/QA(B 2 22 98)
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Table J.163: Resilient modulus data with QC/QA(B 1 16 98)
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Table J.164: Resilient modulus data with QC/QA(B 2 16 98)
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Table J.165: Resilient modulus data with QC/QA(C 1 12 103)
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Table J.166: Resilient modulus data with QC/QA(C 2 12 103)
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Table J.167: Resilient modulus data with QC/QA(C 1 95 103)
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Table J.168: Resilient modulus data with QC/QA(C 2 95 103)

J-172



Table J.169: Resilient modulus data with QC/QA(C 1 8 103)
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Table J.170: Resilient modulus data with QC/QA(C 2 8 103)
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Table J.171: Resilient modulus data with QC/QA(C 1 13 98)
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Table J.172: Resilient modulus data with QC/QA(C 2 13 98)
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Table J.173: Resilient modulus data with QC/QA(C 1 10 98)
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Table J.174: Resilient modulus data with QC/QA(C 2 10 98)
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Table J.175: Resilient modulus data with QC/QA(C 1 8 98)
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Table J.176: Resilient modulus data with QC/QA(C 2 8 98)
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Table J.177: Resilient modulus data with QC/QA(D 1 16 103)
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Table J.178: Resilient modulus data with QC/QA(D 2 16 103)
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Table J.179: Resilient modulus data with QC/QA(D 1 13 103)
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Table J.180: Resilient modulus data with QC/QA(D 2 13 103)
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Table J.181: Resilient modulus data with QC/QA(D 1 11 103)
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Table J.182: Resilient modulus data with QC/QA(D 2 11 103)
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Table J.183: Resilient modulus data with QC/QA(D 1 18 98)
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Table J.184: Resilient modulus data with QC/QA(D 2 18 98)
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Table J.185: Resilient modulus data with QC/QA(D 1 14 98)
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Table J.186: Resilient modulus data with QC/QA(D 2 14 98)
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Table J.187: Resilient modulus data with QC/QA(D 1 11 98)
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Table J.188: Resilient modulus data with QC/QA(D 2 11 98)
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Appendix K

GeoGauge Results [SI]



K.1 Soil A
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Table K.1: GeoGauge results for A 13.5 105 and A 10.5 105 at loc. 2
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Table K.2: GeoGauge results for A 7.5 105 and A 15 100 at loc. 2
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Table K.3: GeoGauge results for A 12 1005 and A 9 100 at loc. 2
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K.2 Soil B
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Table K.4: GeoGauge results for B 24 103 and B 19.5 103 at loc. 2
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Table K.5: GeoGauge results for B 16 103 and B 27 98 at loc. 2
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Table K.6: GeoGauge results for B 12 98 and B 16 98 at loc. 2
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K.3 Soil C
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Table K.7: GeoGauge results for C 12 103 and C 9.5 103 at loc. 2
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Table K.8: GeoGauge results for C 8 103 and C 13 98 at loc. 2
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Table K.9: GeoGauge results for C 10 98 and C 8 98 at loc. 2
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K.4 Soil D
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Table K.10: GeoGauge results for D 16 103 and D 13 103 at loc. 2
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Table K.11: GeoGauge results for D 11 103 and D 18 98 at loc. 2
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Table K.12: GeoGauge results for D 14 98 and D 11 98 at loc. 2
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K.5 Soil D With a Thin Layer of Sand
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Table K.13: GeoGauge results for D 16 103 and D 13 103 at loc. 2 with a thin layer of
compacted sand
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Table K.14: GeoGauge results for D 11 103 and D 18 98 at loc. 2 with a thin layer of
compacted sand
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Table K.15: GeoGauge results for D 14 98 and D 11 98 at loc. 2 with a thin layer of
compacted sand
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Appendix L

Modified LWD Results



This appendix contains information regarding Modified LWD analysis.
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Figure L.1: Modified LWD (mobility, real part) (B 24 103) for loc. 2

Figure L.2: Modified LWD (mobility, imag. part) (B 24 103) for loc. 2

Median Stiffness = 10.76 MN/m; Median Young’s Modulus = 115 MPa

L-2



Figure L.3: Modified LWD (mobility, real part) (B 19.5 103) for loc. 2

Figure L.4: Modified LWD (mobility, imag. part) (B 19.5 103) for loc. 2

Median Stiffness = 14.26 MN/m; Median Young’s Modulus = 152 MPa
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Figure L.5: Modified LWD (mobility, real part) (B 27 98) for loc. 2

Figure L.6: Modified LWD (mobility, imag. part) (B 27 98) for loc. 2

Median Stiffness = 14.7 MN/m; Median Young’s Modulus = 157 MPa
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Figure L.7: Modified LWD (mobility, real part) (C 12 103) for loc. 2

Figure L.8: Modified LWD (mobility, imag. part) (C 12 103) for loc. 2

Median Stiffness = 11.16 MN/m; Median Young’s Modulus = 119 MPa
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Figure L.9: Modified LWD (mobility, real part) (C 9.5 103) for loc. 2

Figure L.10: Modified LWD (mobility, imag. part) (C 9.5 103) for loc. 2

Median Stiffness = 13.25 MN/m; Median Young’s Modulus = 141 MPa
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Figure L.11: Modified LWD (mobility, real part) (C 8 103) for loc. 2

Figure L.12: Modified LWD (mobility, imag. part) (C 8 103) for loc. 2

Median Stiffness = 18.47 MN/m; Median Young’s Modulus = 197.5 MPa
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Figure L.13: Modified LWD (mobility, real part) (C 13 98) for loc. 2

Figure L.14: Modified LWD (mobility, imag. part) (C 13 98) for loc. 2

Median Stiffness = 7.74 MN/m; Median Young’s Modulus = 83 MPa
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Figure L.15: Modified LWD (mobility, real part) (C 10 98) for loc. 2

Figure L.16: Modified LWD (mobility, imag. part) (C 10 98) for loc. 2

Median Stiffness = 9.3 MN/m; Median Young’s Modulus = 99 MPa
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Appendix M

Compaction Stress
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Table M.1: Maximum compaction stress for each lift
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Table M.2: Maximum compaction stress for each lift
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Appendix N

Surface Plot Information



A Loess smoother within SigmaPlot was chosen to generate surfaces for the 3D plots.

The Loess model is a local smoothing technique with tri-cube weighting and polynomial

regression. The sampling proportion was 1.0 with and a one degree polynomial. The resilient

modulus data for the plots were subjected to the UM SNR and rotation criteria.
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Appendix O

PVD Results



Figure O.1: PVD result at loc. 2 (B 24 103)
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Figure O.2: PVD result at loc. 2 (B 19.5 103)

Figure O.3: PVD result at loc. 2 (B 16 103)
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Figure O.4: PVD result at loc. 2 (B 27 98)

Figure O.5: PVD result at loc. 2 (B 22 98)
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Figure O.6: PVD result at loc. 2 (B 16 98)

Figure O.7: PVD result at loc. 2 (C 9.5 103)
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Figure O.8: PVD result at loc. 2 (C 8 103)

Figure O.9: PVD result at loc. 2 (C 13 98)
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Figure O.10: PVD result at loc. 2 (C 10 98)

Figure O.11: PVD result at loc. 2 (C 8 98)
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Figure O.12: PVD result at loc. 2 (D 16 103)

Figure O.13: PVD result at loc. 2 (D 13 103)
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Figure O.14: PVD result at loc. 2 (D 11 103)

Figure O.15: PVD result at loc. 2 (D 18 98)
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Figure O.16: PVD result at loc. 2 (D 14 98)

Figure O.17: PVD result at loc. 2 (D 11 98)
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Appendix P

DCP Results



Figure P.1: DPI vs. Depth for soil A at 105% target Proctor
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Figure P.2: DPI vs. Depth for soil A at 100% target Proctor

Figure P.3: DPI vs. depth for soil B at 103% target Proctor
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Figure P.4: DPI vs. depth for soil B at 98% target Proctor

Figure P.5: DPI vs. depth for soil C at 103% target Proctor
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Figure P.6: DPI vs. depth for soil C at 98% target Proctor

Figure P.7: DPI vs. depth for soil D at 103% target Proctor
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Figure P.8: DPI vs. depth for soil D at 98% target Proctor
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Appendix Q

Post Test Specimen Pictures



Figure Q.1: Specimen picA 1 9 100
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Figure Q.2: Specimens A 2 12 100, A 1 10.5 105, and A 1 9 100
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Figure Q.3: Specimen B 1 16 103

Figure Q.4: Specimen B 1 16 98
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Figure Q.5: Specimen B 1 19.5 103

Figure Q.6: Specimen B 1 22 98

Q-4



Figure Q.7: Specimen B 1 24 103

Figure Q.8: Specimen B 1 27 98
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Figure Q.9: Specimen B 2 16 98

Figure Q.10: Specimen B 2 19.5 103
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Figure Q.11: Specimen B 2 22 98

Figure Q.12: Specimen B 2 24 103
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Figure Q.13: Specimen B 2 27 98

Figure Q.14: Specimen C 1 12 103
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Figure Q.15: Specimen C 1 13 98

Figure Q.16: Specimen C 2 12 103
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Figure Q.17: Specimen C 1 8 103

Figure Q.18: Specimen C 2 10 98

Q-10



Figure Q.19: Specimen C 1 8 98
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Figure Q.20: Specimen C 1 9.5 103
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Figure Q.21: Specimen C 2 13 98
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Figure Q.22: Specimen C 2 8 103

Figure Q.23: Specimen C 2 8 98
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Figure Q.24: Specimen D 1 13 103

Figure Q.25: Specimen D 1 14 98
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Figure Q.26: Specimen D 1 16 103

Figure Q.27: Specimen D 2 18 98

Q-16


