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ABSTRACT

The characterization of the oil based clay response used as a backing chatega
ballistic impact of light armor testing is essential in assessmentafdépotential injury, and
effectiveness and certification of the body armor. The current standaydaotification of level
of impact relies on the permanent imprint of the impact on clay backing ma@ariagnt
investigations are in progress for the measurement of magnitude and ratenaf Bitesses
within clay due to ballistic projectile impact. A finite element model ofpfugectile impact is
developed. The dynamic characteristics of the oil based clay backingaiate assessed
through resonant column tests. The frequency dependent moduli and damping charseterist
determined under various confining pressures and temperatures. The straigaencire

dependency are characterized through appropriate hyperbolic fits.
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Chapter 1 INTRODUCTION

The safety and protection of the individuals dedicated to the defense of our nation is a
priority of the national research agenda. Body armor and other protectivarg@aportant in
preventing damage to the human body. In order to evaluate the effectiveness ohtmgaar
standardized method for testing Body Armor Protection Systems (BAP& teebe developed.
The United States National Institute of Justice (NI1J) has developed a stanale@dure for
testing the BAPS. The test setup consists of the body armor backed by claymbhnes fired
pn and removed at the conclusion of the test to examine clay. The ballistic srgefotmation
of the clay is used to assess the severity of the impact and the effectoftiesarmor. The
clay used as backing is Roma Plastillina No. 1 oil based modeling clayTRPglay and its

properties are the main focus of this paper.

1.1 ROMA PLASTILLINA CLAY

Little research has been conducted on RP, the backing material used for testing.
Typically, oil based modeling clays consist of oil, waxes, and clay min@tadsexact
composition of this clay is unknown due to the privacy rights of the manufacturer. Inarder t
assure the consistency of the material, the clay used was the sanandgborchased from the
same warehouse.

Modeling clay provides several benefits compared to other materialse alikstic
gelatin, which does not provide a deformation to assess, the RP is left with assiopror
deformation due to the impact. Ballistic gelatin is more commonly used to méasure
penetration of bullets on human tissue, so it is useless for assessing the tamagatsed by

impact. An advantage to using RP is that it is homogenous, so consistent sampleseated
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with relative ease. Another advantage is that, since the clay is oil basgctceraent or rather
water evaporation is not a concern like it would be in other soils.

While the oil based clay is an advantage for testing and reproducing samplass|idn
disadvantage when it comes to deriving the properties of the clay. Traditiclagityare
classified using their particle distribution and Atterburg limits. Neitdiehose two concepts can
be applied to this clay. In addition, other important soil properties such as void ratiat@nd w
content could not be determined. Void ratio could not be determined because attemptsat burnin
off the oil were unsuccessful, which made it difficult to apply some relationships tday and

limited some of our initial testing.

Several general observations were made about the clay prior to testirgjayreeemed to
be very susceptible to temperature change, becoming more malleable wieenainelatven
liquefying at higher temperature. It was also observed that at high teéorpsréne sulfur in the
clay would burn off. Vice versa the clay seemed to become slightly stiffeoldr temperatures.

Handling or disturbing the samples also seemed to cause the clay to be meablmall

1.2 NEED FOR STUDY

NIJ provides criterion for what deformation would constitute a “kill shot” on the clay
backing (44 mm indentation). There has been a movement to not only focus on the deformation
created by the impact, but also the stress wave created by the ballstat. Previous studies
conducted (Carrol & Soderstrom, 1978) & (Moseley & Doty, 1969) suggest that though the
penetration of the bullet is prevented by the body armor, damage can still be catised b
impact and concurrent stress wave. These studies state that though the hopeer, she

concurrent stress wave can lead to internal damage to the lungs, liver,gleantasnd spinal
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cord. For this reason, the event of a ballistic impact needs to be numerioallgted in order to

assess the stress values.

Assessing the impact is currently done by measuring the depth of the inderftatitimea
impact and using high speed cameras to measure the impact velocities. Tiesanreathen
used to construct a numerical model. The modeling is important in identifyingahgtrains
and stresses. The accuracy of these values are unconfirmed due to the toasttyrately
record internal stress values during an event. Furthermore, without lab tedidai® the
properties used for the modeling, the accuracy of the results is alaiagstg be in question.
The proposed solution to this issue is to use fiber optic sensors to take real sisoeements of
the event. Through a combination of accurate numerical modeling and correspdraiing s

measurements, an accurate depiction of the ballistic impact can be created.

Fiber optic sensors provide an unconventional method for measuring strain. Trégjtiona
strain gauges are intrusive and require flexible backing. Though traditicanal ghuges can
provide good measurements for strain at the back of the clay layer, they ardt ddfinstall in
a manner that does not alter the clay. Whether they have the capabilitiato hesimpact and
capture the signal is also of concern. In contrast, fiber optic sensorglgrdueable, especially
in tension. Due to their physical characteristics (diameters @fipSiber optic sensors are not
as intrusive and should have minor effects on the clay. Capturing the signal, hovilever, st
remains a concern. Once installed in the clay, the fiber optic sensorslefirtiere for the
entire extent of testing. Another benefit of fiber optic sensors is that éimelyeclayered and
continuous. As a result, fiber optics can provide measurements that allow us to map toainthe s
throughout as opposed to other sensors that usually only provide point measurements.
Eventually, fiber optic layering can provide a better three dimensionaniagof the strains

4
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occurring in the clay. This three dimensional rendering can be compared t@acalimodel in
order to verify or establish relationships between the two. This is another reasancuhate

soil properties need to found.

1.3 BALL DROP TEST

NIJ provides an outline for testing the oily clay which does not require body armor or an
actual ballistic impact (i.e. shooting gun). The impact testing isreeféo as the “ball drop” test.
The test was created as a calibration procedure in order to verify whetbkytinas suitable
for backing material. This test is also used to derive the properties thaedr®uge numerical
model. An additional benefit to this test is that it can easily be conductedarsetieng. This

test is a huge asset and was frequently used in our lab in order to verify the model.

The test is simple so that it can easily be reproduced. Firstly, the packagbdaks are
heated to a temperature of about 40° C. This is done to make the clay more workable and to eas
the sample preparation process. The clay is then hammered flat with tamdliaolded into
tray 305 x 305 x 102 mm (12 x 12 x 4 in), as shown in figure 1.1. The dimensions provided are
the ones used for this test, however tray size may vary. After the clakedpéuee tray is placed
back in the oven and reheated to about 40° C. The prepped sample is then ready to be tested. A
steel sphere, with a diameter of 63.5 mm and a mass of 1043 g, is dropped from variosis height
(typically about 2 meters); the setup for this is shown in figure 1.2. In the imagédltise ba
dropped from the top of the frame through a PVC pipe, which served as a guide for the sphere.
The maximum deformation allowed for these test is 44 mm. This is the impawioilldt cause
a fatal blow behind a BAPS. If the clay deforms more than the limit, the sarapldetermined

to be unsuitable for testing. Also, this test is used to predict initial soil prexparttil lab tests
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Figure 1.1- Testing Tray Packed with clay and Fiber Optic grid

Figure 1.2- Frame used to drop steel ball onto the clay sample.
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are conducted. This is done by recording the deformations, and alteringpleeties of the

models until the deformations match.

1.4 FOCUS OF RESEARCH

The purpose of this research is to provide accurate dynamic soil propertiesfilvitehe
element modeling. Without accurate soil properties, there is no verification obthed or the
measurements taken by the sensors. Typically, dynamic soil properteefuaction of strain
amplitude, effective stress, and number of loading cycles (Hardin & Dime&stear Modulus
and Damping in Soils: Design Equations and Curves, 1972). Low strain test are ¢herefor
conducted on the clay at varying confining pressures and with increasimgastiplitude. The
results of these tests are then interpreted using predictive equations Vi fire strain
dependent behavior. Also an attempt is made to relate the laboratory data to kex Prager
yield criterion that is used to simulate the event. By the end of this stuelgradepiction of the

clays dynamic clay properties and their interpretation will be shown.
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Chapter 2: BACKGROUND

2.1 DYNAMIC SOIL PROPERTIES

Dynamic soil properties are used in geotechnical engineering for bttlywake and soil
dynamic problems. Since, at low strains, the stress-strain relationshestfitths linear the
theory of viscoelasticity is used to describe the dissipation of energy inrsough wave
propagation. Soil dynamic properties are found by applying a harmonic osniliatsamples.
The harmonic motion applied to the sample creates a hysteresis loop (figure 2hlaldws us
to calculate both the shear modulus (G) and damping gtiBigure 2.1 shows the reversal of

the harmonic strain that is applied on the sample.

Shear modulus and damping ratios are important when calculating dynamic response
soils or solil structures. The size of the loop varies according to strairtaepln figure 2.1, the
area within the loop, A is the amount of energy dissipated by the soil during cyclic loading.

The area under the triangley,As the peak energy during a cycle of excitation.

Shear modulus is the relationship between shear strain and stress. It is fagrttieusi
hysteresis loop. This is done by drawing a line through the endpoints (strasatgyef the
hysteresis loop and finding the slope. The shear modulus and strain allow us tacttmstr
stress curve referred to as the backbone curve. The damping ratio can alsorbmeethy
using the hysteresis loop. The damping ratio is used to describe the ossllatagnitude of
decay after a disturbance. By comparing the amount of energy dissipgtaddAhe peak
energy, A, the hysteresis loop can give the damping ratio. Both dynamic propeetideesfore

a function of strain amplitude.
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Figure 2.2Degradation of Shear Modulus with Increasing Shear Strain

www.manharaa.com




Soils at low strains behave linearly, meaning that properties like G amdconstant low
strains (elastic). As the strain amplitude increases, the shear mahdegd decrease. This is
shown in figure 2.2 with normalized shear modulus (&4 The maximum value for shear
modulus is found at low strains and is called the initial tangent shear modwhis (G
Conversely, the damping ratio increases with strain. The initial valuafoping ratio is called

the minimum material damping ratié..).

2.2 YOUNG’'S AND SHEAR MODULUS

The moduli of material are used to describe the stress strain relationshipriténel.
For dynamic soil problems, elastic and shear modulus are a point of emphasizasiibe el
modulus is used to describe the relationship between normal stress and normé#l chiraioe
found using a resonant column or, more commonly, a triaxial machine. The followirtgpequa

describes elastic modulus:

E=2"27% (2.1)

€Aaxial

In equation 2.5 represents the normal stresgrepresents the confining stress of the testiand
is Poisson’s ratio of the material. Elastic modulus can be conveniently deriveth&@tness

strain curve created by the triaxial test.

10
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Figure 2.3-Typical StressStrain Graph Produced from triaxial test
Shear modulus relatetear stress and shear strain. It can also beeddbiyn the

(2.2)

following equation:

Poisson’s ratio relate$astic modulusto shear modulus. Poisson’s ragdhe ratio oa material

contraction to the extension under an applied |3&aé. equations reling G and E are below:
(2.3

(2.4)
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2.3 WAVE PROPAGATION

Dynamic disturbances in soils are characterized by the perspective oprogagation.
Wave velocity and wave attenuation (damping) are two of the most tellinchso#dcteristics. In
order to understand wave propagation, the analogy of an infinitely long rod is commahlif use
one looks at the rod, it can have three types of vibration (Steven L.Kramer, 1996). One is whe
the particles experience longitudinal displacement, the other is when trenasdl
displacement, and the third is flexural displacement. Flexural displacéeehttle application
in soils and is typically ignored. Most resonant column tests are conductedsfonal
displacement (focus of this study), but they are also capable of longitudiratiams so both are

covered.

7 dx
i
g Yodx

<« >

Figure 2.4- Constrained Rod with a Longitudinal Stress Wave

2.3.1 LONGITUDINAL WAVE

The infinitely long rod analogy helps when envisioning longitudinal waves. Figure 2.4
shows the rod, fixed at both the top and bottom so that no radial displacement can occuar. Particl
displacement can only occur along the axis which is what constitutes a longituaualin
order to derive the wave equation for a longitudinal wave, aspects of the rgsisgbh
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characteristics such as rod densptygross sectional area, A, and constrained modulus, M, must
be known. Also, the assumption that stress is evenly distributed throughout the d¢ros$ec

the rod must be made. The initial stress traveling along the spdsisown at the beginning of

the rod in figure 2.4. The rod is continuous so that the stress at any point along the rod can be

described by:
0y + 22+ dx (2.5)

The strain at the arbitrary point is equal to the initial stress plus theechrasgess with
respect to the change in distance, shown in figure 2.4. We get the following equesiosebihe
external force (i.e., Stress) has to be equal to inertial force that is indutieglibternal mass
acceleration and, according to dynamic equilibrium, the rates of the tbamdrthe reverse

reactions most be equal:

2
(al- + Z—z * dx) A— 0, A=pAdx ZTZ (2.6)
Equation 2.6 simplifies to:
20 _ p 2 2.7
ox P o (2.7)

Equation 2.7 is the one-dimensional equation of motion for a longitudinal wave through an

infinitely long rod. Furthermore, stress can be related to strain by eqza8:
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o = Me (2.8)

u
2 (2.9)

In the equation of motion, equation 2.8 and 2.9 are used to replace stress. Simplifying eve

further to:

0%u _ Mo?u

atz ~ pox?

(2.10)

Using material properties for wave velocity the constrained modulus and they @dusie can

be replaced:

9%u 5 0%u
m =V ﬁ (211)

Wherev, is the velocity of the longitudinal wave through the solid material.

v, = \/g (2.12)

Similar to elastic modulus, constrained modulus is the stress strain rdlgiioha material due
to its normal stress and axial strain. The difference is that constraineduscitdr a

continuous rod while elastic modulus is for a rod with a fixed boundary. In a lab settng, thi
not easy to test, so we must relate the elastic modulus to the constrained modglBsisson’s

ratio:

. E(1-v)
M= (1+v)(1-2v)

(2.13)
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2.3.2 TORSIONAL WAVE

Torsional waves, or shear waves, involve a rotation about the axis of the rod. @&hss me
that the particle motion is perpendicular to the axis instead of along it. Mpethe wave
equation of a torsional wave is exactly like deriving the wave equation to tiet loingitudinal

wave. Ifg; is replaced with a torque; ih figure 2.4 then equation 2.5 becomes:
aT
Ti+——xdx (2.14

Equation 2.14 gives the torque at a point, dx, away from the initial torgugmilar to deriving
the longitudinal wave equation, dynamic equilibrium is also applied for the tdrgiama. The

external torque applied on the rod has to be equal to the internal rotation of the system.

(Ti + Z—z * dx) —T; =pJ, dx %6 (2.15)

at2

Equation 2.6 and 2.15 are very similar. From mechanics the following equation is truguer tor
20
T = G]ZE (2.16)

In equation 2.16, G is shear modultiss the angle of twist,;ds the polar moment of inertia,
and x is length of the object to which the torque is applied. Like the longitudinaileequhe

torsional equation simplifies to:

2 2
¢Ll=p L8 (2.17)

dx?2 at2

The following equation relates shear modulus and density in equation 2.17 to theasleear w

velocity through a solid:
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v = |£ (2.18)

Plugging in shear wave velocity.} as described in equation 2.18 to equation 2.17 the final

derivation:

2 2
050 — 2 28 (2.19)

a2 S gxz

2.3.3 Rayleigh Waves

Rayleigh waves are acoustic surface waves that occur in .sdllusy are produced in
earthquakes and other dynamic loading making them an interggiotechnical engineering.
Rayleigh waves are unique in that they only travel along thacsuof a solid. They can be
loosely described as a combination of longitudinal and torsional wangseR2.5 shows how
particle displacement begins to occur in a circular motion asvéive extends away from the
point of origin. The image below shows the circular motion of ddRgly wave as it moves in a
planar direction. Rayleigh wave velocity is related to torsionaleway equation 2.20 in which

Kg Is the ratio of Rayleigh wave velocity to shear wave velocity.

vR = KRSvS (220)

Equation 2.20 is important because it relates the shear wave, whielasity be tested in a lab,
to Rayleigh wave velocity. Another way of finding Rayleigh waedocity is by the following

equation:
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Figure 2.5- Rayleigh Wave

— (2.21)

In the equation aboveztands fotthe wave number dRayleigh waves anad for the harmonic

frequency.
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2.4 DAMPING/ATTENUATION

Attenuation of stress waves or damping refers to the fact that the amplitsidessfwaves
decays as they propagate away from the source through soil. Damping can bedl&sctivo
mechanisms; material damping and geometric damping. The former is t&fr gng@ortance to
us. Material damping in coarse grained soils occurs because of two mechdtisrfrgtion
caused by soil particles rubbing against each other is the first of these rmethdrtie second
which typically happens in saturated soils is the interaction between the(florgswater
pressure) and the solids. Pore pressure disturbance can cause the fluidbtscabsaf the

energy transmitted by the wave.

To mathematically explain material damping in soils, the analogy of anastamper is

used. In viscoelastic wave propagation, soils are modeled using the Kelvina\amigt.
r=Gy+nZ (2.22)

Equation 2.22 describes the stress strain relationship of the Kelvin-Voigt solicaimtsbeshear
stressy is shear strain anglis the viscosity of the material. The first term in equation 2.22
refers to the elastic properties of the material, and the second term isciesvypart of the

material. If a harmonic shear strain was applied:
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Y =Y, Sinwt (2.23)
Equation 2.22 can be combined with the equation 2.23 resulting in:
T = Gy, Sin wt + wny, cos wt (2.24)

Equation 2.24 produces an elliptical stress strain loop, the hysteresis loop. Theeaksty

dissipated in a single cycle is the area within the ellipse. This is shown nasitadin by:
to+2"/g _dy 2
AW = fto T dt = Twy; (2.25)

Equation 2.25 indicates that the energy dissipated is dependent on the frequency of the loadin
As implied above, this is not necessarily true for coarse grained soilssbeslastic energy can

be dissipated through the friction caused between soil particles. Howeveisirsoils or fine
grained soils this relationship is true. As stated above the dynamic loadsegsthe pore water
pressure to fluctuate. This is referred to as “squirting”. Due to the fregquiependent nature of
soil-fluid interaction, squirting is a frequency dependent behavior. Using therdsis loop the

following is true.

f= 2 (2.26)

Y174
Where W is peak energy stored in a cycle. The area of the triangle in theebigstoop is:

w = (2.27)

Material damping then simplifies to:
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(2.28)

While material damping absorbs some of the load caused by the stress Wags, bt entirely
account for its dissipation. The remaining energy is dissipated thgaaghetric damping.
Geometric damping is simple; imagine a stress wave beginning at antepiand propagating
through the solid in a spherical manner. As the stress wave moves through tied, rtreger
energy of the wave never changes yet the area to which the stresteid eppiinues to grow.
Eventually, the stress will spread throughout the media and become small enougjadb ne

This is geometric or radiation damping.
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2.5 RESONANT COLUMN
A resonant column is tool designed to test soil samples in a non-destructive marsmer. Thi
makes it effective for measuring soil dynamic properties. The resonamrmcdlinctions by
applying a harmonic cyclic load to a sample. Since this is a low strain tesantipdes are
barely damaged and can be reused in other laboratory tests. Resonant colums tessied) on
the theory of wave propagation, in which a cylindrical specimen is subjected tmeni@exial

or torsional load. For this study, only torsional loads were applied.

The properties can be derived by controlling the frequency and amplitude afsibedb
load applied to the sample. For this test, a Drnevich Resonant column was used.tf cbasis
free-fixed specimen setup where the top, or free end, applies the load. This is shgumein f

2.6. The load applied to the top of the specimen creates a torque which can be described by

20 1 06
T=6l5.=655 (2.29)

Equation 2.29 is based on the elastic resistance of the sdrigpthe mass moment of the
specimen’s inertia. In order for our analysis to make sense, the torque on thehtoppEdimen
has to be equal to the torque of the loading system, in other words there should be no loss
between the sample and the cap. This coupling between loading system and specimen is
important. The torque of the loading system can be described using Newton’s secand |

changing it for torsion:

T =—Il%> (2.30)
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2
Wherel, is the mass polar moment of inertia for the top loading systen%—tg\riﬂdthe angular

acceleration. The rotation applied by the top cap is harmonic. So its rotation aschbet! by

using the following equation:

0(x,t) = 0(x)(C, cos wt + C, sin wt) (2.31)
0(x)is the shape function for the sample harmonic torsion.

O(x) = C5coskx + C, sin kx (2.32)

The bottom of the specimen is fixed thereby making the rotational boundary conditen of
bottom zero. The bottom is taken to be our starting point (z=0) in order to drop oytthe C
term. Setting the torsion of the sample’s top (2.29) and the loading systeme@ialjo each

other and inserting equation 2.31 for the rotation into both produces the following equation:

106 226
G ﬁ C4k cos kz (C; cos wt + C, sin wt) =1yl(C, sin kx)w? (C; cos wt + C, sin wt) (2.39

This equation is then solved forat the fundamental or natural frequenoy,= k., vs. Equation

2.34 then simplifies to:
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= Onlpap @nl (2.35)

1
Io Vs Vs

In 2.35, three of the variables are knowyi, [), the otherw,, is found experimentally through

the resonant colummg can be found using equation 2.35is then related to shear modulus

using equation 2.18.
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Chapter 3: LABORATORY TESTING

Dynamic soil properties can be determined in both lab and in-situ settingsstliels as
the Seismic Cross-Hole and Seismic Cone measure shear wave velocitipgicgmaterial.
Data from the Cone Penetration Test (CPT) and Standard Penetration Tgsta($He
empirically related to values such as shear modulus. For the RP clay #tasesrare not

required, because the application of the test is experimental.

Lab tests are divided into two groups. The first group consists of low stranThsse
tests include resonant column, ultrasonic pulse test, and the piezoelectric bemeet &st.
Tests such as these provide the low strain properties of the geologic haaietiae elastic
properties of the soil. The second group is comprised of high strain tests. Theseafdhsi
cyclic shear test and cyclic torsional test. As implied by categorse tiests apply higher strains
on the samples which typically result in an increase in porewater pressutigesetests it is
important to monitor the volumetric strain in drained conditions and the increase irapmrew
pressure in undrained conditions. In low strain tests, this is not required becausdghe loa

applied are low and are not enough to induce a significant increase in porewateepressur

3.1 RESONANT COLUMN EQUIPMENT

Tests were conducted on a Drnevich Resonant column. The equipment was purchased
from Soil Dynamics Inc. It consisted of a fixed-free experimentalpsased for cylindrical
specimens, as shown in figure 2.6. The top (free-end) provides a torque on the top of the
cylindrical specimen. The dynamic soil properties can be accuratehedevith appropriate
coupling between the top of the sample and the loading system. The resonant columio@llows
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several diameter samples. The various setups include a 35.7mm, a 71mm, or a spekimen wit
71 mm outside diameter and 35.7 mm inside diameter (i.e. hollow sample). The setup used for

our experiment was the 71 mm. The schematic of the resonant column is show in figure 3.1.

3.1.1 TORSIONAL DRIVE COILS AND MAGNET

In figure 3.1 and 3.2, the torsional drive coils are attached to the coil support brackets.
Each of the four coils is numbered. The numbers correspond to the support brackets.elThe dri
coils slide on the support brackets and are fastened in place. Care needs to bedgaken wh
fastening the coils because they damage easily. In figure 3.1, the tbdsiveaoils fit right
next to the torsional magnet. Figure 3.2, shows clearly how the magnet and driite colil f
together. The magnet fits inside of the gap in the torsional drive coils. The gephetiveen
the magnet and the drive coils should be uniform in all four which may require somengdjus

the torsional drives.

The torsional magnet is actually part of the top platen system. The top platn sist
on top of the specimen and delivers the torsion on the specimen. So, the torsional magnet and the
drive coils provide torsional excitation to the specimen. The shear strain amplitgleed can

be controlled by varying the amplitude of the voltage delivered to the drive coils.

3.1.2 LONGITUDINAL DRIVE COILS AND MAGNET

Figure 3.1, also shows the placement of the longitudinal drive coil as well a$ that
longitudinal magnet. The longitudinal drive coil is located above the top platen system. T
longitudinal magnet is large and fits over the drive coil. Similar to the torsiloival coils and

magnet, the longitudinal drive coil and magnet provided a compression wave in thesspecim
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Figure 3.1-Schematic of Resonant Column

Figure 3.2- Sample Setup
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Note that the longitudinal magnet and coil are not shown in figure 3.2. This is becausephe se

was only for torsional excitation, the focus of this study.

3.1.3 TOP PLATEN SYSTEM

The top platen system provides the stress wave in the sample. It consists of tw
accelerometers, torsional magnets, longitudinal drive coils, top platen and porass $he top
platen is different from the top platen system. The top platen system is thesgsti@. The top
platen, on the other hand, is the removable piece that corresponds to the type or size of the
specimen that is being tested. Placement of the accelerometers is shigwrei3.b. The
accelerometers are Colombia Research Laboratories, Inc. model 200hgiHpdrpose is to
measure the reflected wave response. Each accelerometer correspondaddené
displacements, torsional or longitudinal. The LVDT is a Scheavitz model;ahrsected to the
top platen system in figure 3.4. The LVDT measures longitudinal displacement aodrista to

within 0.01 mm.

3.1.4 BOTTOM PLATEN SETUP

The base supporting the sample is rigidly fixed to maintain the fixed conditioessaeg
for the assumption of wave propagation. The bottom platen has a porous stone that allows for
drainage. Additionally the bottom platen has inlets for vacuum, water and a ptesssdeicer
(measures porewater pressure). It is important to note that the chambebpibafitied entirely.
The porewater transducer is a P SI-Tronix, Inc. Model LC-0100-G11-111. The transduc
located under the specimen. The porewater pressure was not measured becatseidhexm

guestion was comprised of oil based clay.
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Figure 3.3- Top Platen
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Figure 3.5- Top Platen System Top View
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3.1.5 OTHER

The chamber that surrounds the sample is an acrylic tube. Silicon jell iglggpkfced
around the ends of the tube in order to prevent pressure from escaping the chamber. Also, the top
is sealed off with metal chamber lid. The lid provides connections for the L\2&lesiometers,
drive coils. It also supplies an inlet from which to apply pressure to the spedimechamber

allows for pressures up to 700 kPa (100 psi). The building pressure had a limit of 175 kPa (25

psi).
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3.2 ELECTRICAL EQUIPMENT/AUXILIARY EQUIPMENT

Besides the resonant column, there are other external apparatuses tmatdigdpting
data, applying shear strain, and controlling both the shear strain amplitude andubadyeof
the excitation applied to the sample. The Drnevich resonant column comes with almmntrol
which is constructed by Soil Dynamics Inc. The control box serves as the ayutes f
electronics. It also provides a control for the modes of excitation, eithertaksir longitudinal.
The connections are shown in the wiring schematic (figure 3.6). It is impartaotd that the
switch box in the image is actually incorporated in the Drnevich control box. Titoh $x is
the part of the control box that allows us to switch from torsional to longitudiogatans and
controls what voltage reading is displayed on the Digital Multimeter, Fluke 8@MigAd]
Voltmeter). By setting the switch, the voltmeter can display eithercteerometer reading
(output) or the power delivered to the drive coils (input). The power supply amplifier is a
Techron Model 5507. It has two channels available. For this setup, channel one is used for

longitudinal excitation, and channel two for torsional excitation.

A function generator is used to control the frequency of the excitation and ¢heftyp
wave used for the signal. Two BK Precision 3011B 2MHz function generators are nged. O
function generator controls the torsional excitations and the other the longituditatiens.
The function generator is capable of creating square, triangular, and dalwsaves. Typically,
tests are conducted using a sinusoidal signal. The accuracy of the freqaebeyrecorded up

to 0.1 Hertz.

The function generator and the power amplifier deal with the input signabutpet
signals (accelerometer readings) must be amplified to be used. This is doheon@olumbia
Research Laboratories, Inc. Model 4102 charge amplifiers. The final piece of eqtiprthe
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oscilloscope. The one used in this setup is a Hameg HM 205-3. Both the input and output are
displayed on the oscilloscope. The oscilloscope shows the signal in both time domain and X-Y

mode. Channel one of the oscilloscopes displays the output signal and channel two tisplays t

input signal.
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Chapter 4 : DATA ANALYSIS AND INTERPRETATION

The auxiliary equipment assists in collecting and attaining data froregbeant column
apparatus. The data needs to be converted into more understandable valuess&geuesal
provide guidelines for data reduction (ASTM D4015, Drnevich, Hardin, & Shippy, 1978, Hardin
& Drnevich, 1972). The results of the data reduction are fitted using predictivéoagletd

comparisons are drawn.

41 DATA REDUCTION

Several preliminary measurements need to be taken prior to running the test. As
previously stated, cylindrical samples are used for testing. Typidadlyehgth of the sample
should be about twice its diameter. There is some leeway for this but the saoydkenot be
used if its length is less than 1.5 the diameter. Since physical propé&sidgtisity §) are used
to determine constants for the data reduction, accurate measurements ndaleo pegor to
testing. Before every test the diameter (d), lendthafd Mass (m) are taken. Metric units are

used in data reduction equations (meters and Kg).
dZ
V=2n—I1 (4.1)

To determine the constants used to arrive at shear modulus and damping, physical
properties are used. The properties that need to be calculated are volume (dh dglpt
density, and the rotational mass polar moment of inggfialhe equations for density and

rotational mass polar moment of inertia are provided below:
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p="1 (4.2)

(4.3)
Js is used to calculate the active-end inertial factor for torsional eracitat

Tp =7 (4.4)

T+ denotes the active-end inertial factor for torsional excitation. The othiabhg/,, is the top
platen’s rotational mass moment of inertiaisitypically calculated experimentallf, (=
0.003 kg/m?) with the use of a calibration rod with known material properties. This process is

shown in appendix A.1. The rotational apparatus damping faidi;, is calculated as:

ADCor

ADFT - 2nfr]s

(4.5)

ADC,r, a system constant, is calculated during the calibration process. This is shown in
appendix A.3. The value used for the apparatus damping coeffidie€yf;, was0.004 kg —
m? /sec. The other value;f is the resonant frequency for torsion of the test at that strain

amplitude. Shear modulus can be determined using the following equation:

G = p(2ml)? (lf:—:)2 (4.6)

Resonant frequency for torsion is determined during the test by plotting the gmalt\vs.
output signal on the oscilloscope, in other words the X-Y mode of the oscilloscope. The

frequency on the function generator is increased until a clear cir¢clews1sn the X-Y mode of
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the oscilloscope. This is shown in figure 4.1. The image in figure 4.1 is circularmgehat the
input and output signals are 180° phase. When the signal is in 180° phase the corresponding
frequency is taken to be the resonant frequengis the dimensionless frequency factor found
using figure 4.2. The frequency factor is a function gfwhich is the ratio of the polar mass
moment of inertia of top platen to the sample. It is important to note that in figure 422,iAD
assumed to be zero and damping is less than 10 %. Sinceig\Bpically rather small the
assumption is justified and damping typically stayed below 10%. The next imponamteper

that needed to be calculated was shear strain ampljtude,
y = (0.4 %) (RCF)(RTO) (4.7)

RCF is the rotational motion transducer calibration factor. It is dependem galtbration of

the accelerometer.

RCF =

acceleration calibration factor (4 8)
2nfr )

The acceleration calibration factor is a constant found during calibration.dlbenkla
Research Laboratory found the calibration of the accelerometers to be 28.E. gt¢ithe
following units Pk-rad/Vokus. RTO is the output reading from the resonant column apparatus

or the accelerometer reading.

Torsional magnification factor, MMFis necessary in order to determine damping ratio

and is defined as follows:

38

www.manaraa.com



2 I
=0
[ 1l
| o5
—————— |
L5
2
] 4
D ==Hu}
F R —— '2% P
N
. y - X
a.l —— e e
i a == = 150
] . 200,
D=0 I =
005 ADF =0 1] 500
I i T 1oo0.
1‘\:.-
- y 5 5000,
[0 20 a0 100 200 500, {olala}
T
FlG. 2 |ai Cimensionless Fraquency Footors®
3
_:‘“"':::
) | 3 : BE 035
Fol = L P
- — =H 2.
D<ol ¢ 1
05 ADF =0 l = S
, = [l o)
T
03— >
al 0z 05 . 2 5 10,

FIG. 2 (1) Dimsnsinniess Fregusncy Faslors® (contigiad)

Figure 4.2- Dimensionless Frequency Factor Graph from ASTM D4015

39

www.manharaa.com




_ (RCF)(RTO)Js(2mfT)*
MMFy = (TCF)CRT (4.9)

CRy being the measured voltage associated with the current to the torsional drivenpot!$o(i
resonant column system). TCF is the torque calibration factor and is determimegd duri

calibration shown in Appendix A.2. Damping rat{o,is computed by:

f=—1 (4.10)

= AmMmFD)

A is the amplification coefficient found in figure 4.3. Like the dimensionle=giency factor it

is also a function of 1.
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4.2 CURVE FITTING

In processing resonant column data it is common practice to fit the nachsliear
modulus with the hyperbolic model that predicts the reduction of modulus as a functi@inof s
Using the low strain data collected, shear modulus can be predicted for |eaipe. st
Additionally, allows us to compare trends of different soils or samples. Thedawttrends of
the reduction of normalized shear modulus in soils have been heavily researched (ithrdin a

Drnevich 1972, Stokoe 1999, Zhang 2005).

When interpreting resonant column results many issues arise. Mostagsadsom the
variability of the soil properties. The clay used removes some of thess Ezaise it is almost
completely homogeneous. Other issues, such as Plasticity index, can be ignoradinrhe
concerns when testing RP clay were temperature monitoring, and samplatmapa
Temperature, as originally stated, caused the clay to become morebheabsadid remolding.
In order, to simplify the results, they are separated by confining ,steegserature, and

preparation method.

4.2.1 Reference Strain ¢, ):
Hardin and Drnevich stressed the importance of normalizing the strain. tranabgsis
this step is ignored as strain is an already dimensionless parameter. iHdrDimavich define

their reference straip, as:

Yy = max (4.11)

Gmax
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Figure 4.4-Shear Stres-Strain Graph (Hardin & Drnevich, 1972)

Reference strain ithe point where a line with a slope extends from the origi

and interceptthe maximum shear stre: . This is clearly shown in figure 4.Stokoe’s

concept of reference strain was different. In Sedk@pproac the static value, does not

need to béound. Stokoe defines hi as the point whea— . Ours—— remains greater

than 0.5 so applying Stokoe methodology was simptypossible

Both and , can be determined experimentally. Though, nadt loah be foun:

using the resonant column.  canbe determined using a traditional undraitriaxial shear

test. valuegan be found using t resonant column test.
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4.2.2 NORMALIZED SHEAR MODULUS

Fitting normalized shear modulus with hyperbolic curves is an effectiveaool f
interpreting the stress strain relationship of the RP clay. It also helpsdictghe behavior of
the soil after its initial elastic range at low strains. Once theemregerstrain, as defined by
Hardin and Drnevich, is found one can proceed interpreting the data. The basic hystmsdi

strain relationship is as follows:

T=—71 — (4.12)

Gmax Tmax

Equation 4.12 gives what is typically referred to as the backbone curve. The backbong curve
the stress curve of the soil. Using the shear modulus relatiofshkip,/y , in equation 4.12 a

normalized relationship can be expressed.

o= T (4.13)
Yr

Equation 4.13 is only true if the stress strain relationship is hyperboliccallyghis is not the
case. Therefore, the relationship needs to be modified in order to account forahiityaFor
this Hardin and Drnevich introduced hyperbolic stpgjnHyperbolic strain distorts the strain

scale in order to accurately fit data. Hyperbolic strain is given:
_p(X
Vi = %[1 tae ”(w)] (4.14)

Hyperbolic strain incorporates two constants, a and b, that modify the nowhsthaim in order

to get a more accurate fit. Hyperbolic strain is used in equation 4.13 to replaeietbece

strain ratio =

VYr
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- (4.15)

Gmax 1+yp

4.2.3 DAMPING FIT
Once the coefficients for hyperbolic strain are defined similarioeksttips can be used to

predict damping in soils. Normalized damping is described as follows:

f = I (4.16)

$max 1+vh

Equations 4.15 and 4.16 are very similar. Equation 4.16 relates the constants found in the

previous section to damping. Basically, equation 4.16 is the saine Q;(G . This
max

relationship is convenient and gives a clear hyperbolic curve. The only issuigfjsthes found
using empirical correlations. Since there is no data existing for the sgrthidtased clay,, .

remained undefined.

Stokoe used another method for determining the relationship between normalized shear
modulus and damping ratio (Stokoe, Darendeli, Gilbert, Meng, & Choi, 2004). Insteduhgf fit
a hyperbolic equation to damping data usipg, he established a fit that incorporatégl;,,

instead. The advantage was tfaf, can be determined during resonant column test.

§=1 (%5 )+ bmin (4.17)

Zhang (Zhang, Andrus, & Juang, 2005) further modifies this approach by subtéagtirfigom

the other damping ratio:
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¢ &min=f (%, ) (4.18)

Typically, f (G/Gmax) can be defined using a quadratic equation. Like the one below:

§= émn=A(C /Gmax)z +B(6f )+cC (4.19)
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4.3 DRUCKER-PRAGER CAP MODEL

Currently the dynamic impact of the ballistic impact is modeled usingkertPrager
yield criterion. Drucker-Prager a constitutive model for the behavior of geotat material is
widely used in finite element stress analysis. Drucker-Prager providagh@matical model of
the behavior of granular or frictional material. The model is an elastiegbigrplastic model
(bilinear relationship). The yield surface on the model is dependent on the hydiosssure
and the associated flow rule. Hydrostatic pressure is in turn highly dependent ortviclum
strain. For our purpose, Drucker-Prager with cap (hardening) is used insteallooft wit
hardening. The difference is that the cap model includes a second yield functiciace tuat
closes the cone in the principal stress space. The cap better simulatedeéhabdsoftening in

soils) in the numerical model.

It is important to compare the resonant column results to the results of thelémene
or numerical solution. In this section the stress matrix using Drucker+Rudigeia is reduced to
its one dimensional equation. By deriving the one dimensional stress straomstigtia
comparison of the predicted shear modulus values of the numerical solution to the predictive

eqguations developed by Hardin and Drnevich can be drawn.

4.3.1 GENERAL THEORY PLASTICITY
Drucker-Prager is a plasticity model that provides an inviscid relationshiedrestress
rate,do;;, and strain rateje;;. For multiaxial loading, general strain rate can be decomposed

into its elastic and plastic components:

47

www.manaraa.com



dej = defj + def; (4.20)

&{; is the elastic component of strain a;ﬁ’pis the plastic component. Assuming that the elastic

behavior is isotropic, the elastic strain can be defined by:

def; = —ds,

—dsy; (4.21)

S;j is the deviatoric stress component and is defined by the following equation:

Okk

Sij = 01j =30

The plastic strain increment or plastic strain rate is given by the atesbtiow laws for the

active yield surface:

de?, = dA 2L (4.22)

a()'ij

f in equation 4.22 is the function that describes the yield surfacélaisdhe plastic non-

negative multiplier, with

=0whenf <0of f=0butdf <0

d’l{> 0 when f = 0 and df = 0

Using Hooke’s law for the strain rate:
of
dO'l'j = Ci]'kl(dgkl - d&']l:l) = Cijkldgkl - dACijkl _ao'kl (423)

Cijriis the stiffness or elastic modulus tensor. In isotropic media the stitbress relates the
resulting internal stresses with the resulting strains or deformatiorstifiness tensor is given

by:
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2
Cijin = K861 + G (6ikSj1 + 618k — 5 61j611) (4.24)

K is the bulk modulus of the material and G is shear modulus. The other term introduced here is

the Kronecker deltas(;). Plugging equation 4.24 into the previous equation 4.23 gives:

do-ij = ZGdSU + Kdgkk5ij —dA [(K — %G)aa—f&mné‘u + ZG% (4.25)

Omn
The above gives change of stress as a function of shear and bulk modulus.

4.3.2 YIELD SURFACE FOR DRUCKER PRAGER WITH CAP
Chapter SNow that the stress rate is defined in terms of shear modulus and bulk modulus the
yield function needs to be derived for the Drucker-Prager cap model. Tduyetion in a

Drucker-Prager cap model isféo;, ef’j, k)=0. The constant k is defined by:

3ccos¢@

= oo (4.26)

¢ andgp are the cohesion and the friction angle of the material that is being ugedtinedy.
These values are easily be determined using a triaxial test. The@otisondition is assumed

to be:

df =L doy + L del, + Lk = 0 (4.27)
ij

6JU

This ensures the plastic process and that the stress and strain remain eld twefgice. The

general form for the yield function for isotropic hardening in Drucker-Priage
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f(aij, ep) = a(sp)ll +./J2 — k(sp) =0 (4.28)

Equation 4.28 is a function of stress apduniaxial effective strain. The constantan also be

defined using triaxial test results by the following equation:

2sing

a = m (429)

For simplicity, assume that the loading surque—(\/z) is constanta(ep) = . This allows us
to assume the hardening behavior of the material to be dependent on the singlesireasial

strain relation through the hardening parameter Kk,

f(al-j, ep) =al, +./J, — k(sp) =0 (4.30)

To derive the Drucker-Prager isotropic-hardening elastic-plastic tuthatirelationship one

must find the increment for isotropic hardening, dk:

dk
dle = - de, (4.31)

This is obtained from equation 4.30. The following equation gives the increment of uniaxial

effective strain in terms of C:

de, = C ’defjdefj (4.32)

Combining the above equation with equation 4.31 it can be simplified to:

_ 4k P gD
dk = 2, C /ddeijdsij (4.33)

Applying the associated flow laws from equation 4.22 it can further be sindpiifie
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_ ak o [3F oF
dle = 5.-C J5o-50-dA (4.34)

Combining equation 4.34 with the consistency equation (4.27) reduces the later to:

of

dA =20

d d d daf dk af o0

UKL gy da;j  dkde, |0y day;

— af of a_f_a_fa_f_a_fﬂ faf of
daf = Cll"’de"l dA <6ai] Cijit doi 3¢l 0y 6kdspC 90y, aou> 0 (4.35)

The part of 4.35 that is within the parenthesis is represented by the scalamfumctor

simplicity:

_ o Of _of o _9F dk /a_fa_f
h - aJij Cl]kl aO'kl 68 60” 6kdspC aO'L'j aO'L'j (436)
Solving equation 4.35 for the scalar functidi, gives:

of
aaijcukldskl  Hydey

dA = =
h h

(4.37)

H,,; is a second order tensor that is associated with the yield function and is defined as
Hy = afi Cira (4.38)

Taking the derivative of the Drucker-Prager yield function from above wedpect tas;; gives:

O — a8 +——5..
;ij = a6u + ZESU (439)

Equation 4.39 is combined with the second order tensor from equation 4.38 and 4.24 to the
second order tensor in terms of G and K:
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of

Hy = —
ki da,;

1 2
Cijri = <a5ij + _Sij> <K5ij5kl + G(6ik6j1 + 6udjr — §5ij5kl))

2yI2

G
Hkl = 3Ka’6kl + \/—]_Z.S'kl (440)

The loading function, f, is not expressed as a functimﬁ}cﬁxplicitly, so;g—{, = 0. In order to
i

determine the scalar function, h, we obtain the fun%%ferand the parameter C. The hardening
P

parameter, k, can be expressed using the effective styeés; Drucker-Prager material.

_ \3Blali+/])
e =T (4.42)
Then:
1+/3,
k = T“ae (4.42)
From here combine with equation 4.31:
dk _ 1+V3adge _ 1+V3a
a0 = 4, B H, (4.43)

Hp is determined from a uniaxial tension stress-strain cdiwes H,de. Hypis the modulus of

the material up to its plastic yield point. The effective strgjnis defined as:

_ AWy _oudely _ . [oF of
dep ==t =—4=C |5 o (4.44)

Now parameter C can be defined as:
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p P
opdey, kg

C =

= (4.45)
of of of of
€ aﬂijao'i]' Oe aﬂijao'i]'

h is found by combining equations 4.39, 4.40, 4.41, 4.43, and 4.45 in equation 4.36:

2
h=G+9Ka? + P (14 V3a)’H, = G+ 9Ka? + (a + =) H, (4.46)
Using equation 4.37 plastic strain increment is then given as:
of p
p Of  Oomn Comnstdése of  Hgdey, Of
de;; = dA = =
J aO'l'j h anj h aO'l'j
Again applying Hooke’s law:
_or C. td st 9 of C
omn mns S f omn mnst g f
doij = Ciji <d€kl — fomn 66k1> = Cijk (5sk5tz - %;}d) deg =
O _¢,C
omn ijkl“mnst af HgeHjj
(Cijkl5sk5tl — 9 h 60k1> dgst = (Cijst - th ]) dgst
HgtHjj
doy; = (Cyjoe — =271 deg, (4.47)

Now the most general form of the Drucker-Prager isotropic-hardeninggdésttic constitutive

relationship is formed:

& Sii+3Kadi;
(s ' (ismn +3Ka6mn>] denn (4.48)

2

G+9Ka2+[(a+%)2Hp]
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Equation 4.48 gives the change in shear stress by making i=m=1 and j=n=2. Also the &roneck

delta allows us to cancel out many of the parameters.

[ 2 <\/%> 512 + 3K(X612 G ]
d0'12 = 26611622 + (K - 56)612612 - 2 1 2 \/7512 + 3Ka’612> d€12
G +9Ka? + [(a + ﬁ) Hp] z
G 2
—] S$128
doy, = |26 - () S5 de., (4.49)

G+9Ka2+[(a+%)sz]

Equation 4.49 defines the shear stress-strain relationship. In other words, it caucttmest
backbone curve. The backbone curve can then be used to plot normalized shear modulus to
strain. We can see whether Drucker-Prager can effectively modeathleyccomparing this to

the measured normalized shear modulus values.
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Chapter 5: DATA ANALYSIS AND INTERPRETATION

5.1 SAMPLE PREPORATION

5.1.1 UNDISTURBED SAMPLES

The behavior of the synthetic oil based clay is mostly dependent on the temgaral
preparation method of the samples. Special care needs to be taken when the Fapatizg
A method for preparing the cylindrical test samples needed to be established m#ting in
order to minimize human error and increase the reliability of the samplgsligtorbances to
the clay may cause it to become more malleable. Remolding and variationpénaeme are
considered disturbances because they also have an effect on the clayiaFtestst samples
were constructed directly from packaged clay bricks with minimal distuebagierred to as
undisturbed samples. The undisturbed samples were initially constructed by bsedra
bricks together. The layers were cut out using a mold that had a 71.1 mm diameter.dlbe sam
layers were then scarred and compressed together. Several issues arasagtoucting this
way. The bonding between layers wasn’t strong enough to resist the torsion andhmegriei
sample would break apart. Also, the layering caused damping to increase and shaas modul
values to decrease, similar to a softening affect. This was due to the metheaused by the
weak bonding between layers.

In order to correct these issues samples were constructed from a lsipndieak. By
constructing samples from a single clay brick, the layering mechan@nsle excluded as a
discrepancy. The clay bricks were trimmed to a 64 mm diameter (largegtéigrossible for

the samples). A molding ring of the one dimensional consolidation test was usedrfang.
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Figure 5.1- Circular Clay Layers

Figure 5.2- Whole Clay Sample
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5.1.2 REMOLDED SAMPLES

As stated throughout this paper, the clay in question can either stiffen or becogne mor
malleable depending on the conditions applied. Initially, the tests were conducted turbedis
samples (continuous samples). However, the clay used as the backing for theldespibal
actually rolled and hammered into the box prior to testing. In order to construciuaatac

numerical model of the ballistic event, the clay should be tested under similararmndi

It is important to keep the remolding process constant throughout testing. The method
developed in our lab was very simple in order to assure this. Firstly, the clalaitersed] using
a roller. The flattened clay was then rolled into long slender cylinders aoeldpinto molds. The
sample molds had an inside diameter of 72 mm and a height of 144 mm. The molds were then
filled to about a quarter of their length and compacted using a standard compactioerham
Each layer was given 10 blows by the hammer. Typically, it took 5 layers toletety fill the

mold and create a sample. Using the following equation the energy deliveret taysa can be

determined:
[# of Blows][# of Layers|[Weight of Hammer][Drop Height of Hammer]
Energy =
Volume of Mold
[10 blows][5 layers] [% kN] [0.305 m] 5
Energy = T70 X 10613 ~ 656 kN —m/m

These samples are referred to as remolded samples. The clay did show sigosnaf adter
initial disturbance. Due to the rebound, the decision was made to test the remolded aample
finite time after they were created. This was set to 48 hours after disturikeghe undisturbed
samples these were tested in both heated and non-heated conditions at varying confining

pressures.
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5.1.3 HEATED SAMPLES

Besides remolding the clay the DOD also heats the clay in an oven. TyyplealDOD
wants the clay to be arouf@°F, which is around the lab’s room temperature. The temperature
was maintained by heating the claylt@)°F and limiting the time a sample could be used to 30
minutes. The clay is very susceptible to temperature so the heating pratésdbdasimulated
during lab tests. Samples were heatetil®°F in the oven for at least 8 hours, in order to assure
the entire sample was properly heated. Certain modification had to be made ldarstgge of
testing. Since resonant column test can take several hours to transpire, due tootitatonof
samples as the test is run, an effective manner of heating the sample throlgldowation of

the test needed to be developed.

When running similar triaxial tests a circulation system was used thahelgintain the
required temperature. This was not possible for the resonant column due to imguffiets.
Instead, hot water was placed in the chamber prior to testing and was replacgtddbt the
test. The tap water used for heating Wa8°F when placed. The temperature within the cell was
carefully monitored using thermostats inside the chamber. Additionally, tiee was removed
after the tests to verify that the temperature had not dropped below the integdedrtae
temperatures of the samples were taken prior to and after the testondtmled. The goal was
to maintain a temperature abd@°F. Both the remolded and undisturbed samples were heated

in this manner.
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5.2 RESULTS

Four sets of samples were created using combinations of the previously mentioned
sample preparation methodology. They will be referred to as undisturbed, undistiateet] he
remolded, and remolded heated. The samples were also subjected to varying confining
pressures. A summary of the important properties are shown in table 5.1. As prestiatesly
Gmax @aNd&nim represent the elastic behavior of the clay. Undisturbed samples were éxpecte
be the stiffest and this is shown in that it has the highgst value and lowes,,,;, value.
Comparing undisturbed samples to remolded samples shows that the clay losearadargeof
strength during the remolding process. More strength is lost remolding thargtieatsamples.
This is shown in that the undisturbed heated samples hgyg.af 41 MPa compared to
remolded sample’s 35.2 MPa. The disturbed sample loses close to 40% of its streagth we
heating only causes it to lose 28%. Surprisingly, the loss of shear modulus for hewiled $a
similar to that of their non-heated counterparts, 27% for disturbed and 28% for undisiirbe
ranges for shear modulus show a lot of overlap for the shear strains testednples saem to
overlap in the 10-30 MPa range except for the undisturbed samples, which cdpstigat
above. Figures 5.3 through 5.7 show the effects of confining pressure on shear modulus. As
anticipated the increase of confining pressure causes an increase in sheas nbodblesides

that no definitive pattern was determined.

Damping is shown in table 5.1, as well as figure 5.8. It's difficult to distinguigh a
trends in damping due to confining pressure (figures 5.9 through 5.12). Looking at damping by
comparing the preparation method does show some distinctive characteristiemdlued
samples have higher initial values of dampifig,,, than the undisturbed samples. This is

attributed to the mechanisms of the remolded clay. The remolding process leavesigdadme
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Table 5.1- Summary of Test

Non-Heated Heated
Undisturbed Disturbed Undisturbed Disturbed
$min (%)
i 4.21 8.52 5.35 8.82
§ (%)
4-9 5-10 8-13 8.5-14
G (MPa)
max 56.9 35.2 41.0 25.7
G (MPa)
33-57 13-35 17-41 4-26
70 ;
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© Undisturbed Heated
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Figure 5.3- Shear Modulus by Preparation Method
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layering. The layering likely plays a large role in the dissipation ofggriarthe clay. In figure
5.8, the undisturbed and remolded look almost identical except that the remolded datalis shifte
up. Other more significant interpretations of the damping data are done latehelzralytical

predictive equations are used.
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5.3 ANALYSIS USING PREDICTIVE EQUATION
Section 4.2 describes the analytical methods that are applied to the resonant column

results. In this section it is explained that certain variables are aeges®r to the analysis of
the data. For example, the triaxial test needs to be conducted in order to deteemine t
maximum shear stress of the clay for all four of the sample types. 3.2hbeovides the
necessary properties from both the static test,) and the dynamic tes€f,,,). The reference
strain of the samples at their corresponding cell pressure is also givbleib.ta Reference
strain is found using equation 4.11. Figure 5.13 shows all the normalized shear modulus
reduction curves. The appendix shows more detailed figures of each tesh¢ldec
undisturbed, etc,). Typically, confining pressure had little significance ordoetron curves;
this is also shown in figure 5.13 were most of the curves overlap except for a fevsoltlie
order to simplify the congestion the averages of the reduction curves wemeigmoring
confining pressure. This is shown in figure 5.14 where the data is separatefddratioa

method.

Looking at figure 5.14, the undisturbed samples decrease in normalized shear modulus at
an earlier shear strain than the other three samples. This means that thaiis®iitsestrength
longer as the shear strain amplitude increases for undisturbed heated saahjleth heated
and unheated remolded samples. Also the difference between the two remoldedatetssof
very small compared to the two undisturbed samples. The most important trend showre# figur
5.13 and 5.14 is that the shear modulus degrades later than typical clays. This behavilar is si
to non-Newtonian fluids. If the backbone curve were reconstructed it would show tR& the
clay is very stiff. Whereas typical clays, studied by Hardin & Drnevich (1$hm@Ww a softer

relationship. The reconstruction of the backbone curve is done later.
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Table 5.2- Summary of Static and Dynamic Properties

Non Heated Sample (Undisturbed)

0 psi 1 psi 5 psi 10 psi 20 psi
Tay (kP3)
max 46 46 46 46 46
G (MPa)
max 44.6 53.8 53.8 56.2 56.9
Y, 1.031 x 103 | 855 x10~% | 855 x10~% | 8.185 x 10~* | 8.084 x 10~*
Heated Sample (Undisturbed)
0 psi 1 psi 5 psi 10 psi 20 psi
T kPa
max (kPa) 25.1 25.1 25.1 25.1 25.1
G (MPa)
max 32.7 30.1 33.1 33.2 41.0
Yr 7.676 x 10~% | 8339 x10~% | 7583 x10~% | 7.56 x10~% | 6.122 x 10~*
Non Heated Sample (Disturbed)
0 psi 1 psi 5 psi 10 psi 20 psi
Toay (kP2)
max 44 44 44 44 44
G MPa
max (MPa) 26.5 29.1 32.0 34.7 35.2
Y, 1.66 x 1073 | 1.512 x 1073 | 1.375 x 1073 | 1.268 x 1073 | 1.25 x 1073
Heated Sample (Disturbed)
0 psi 1 psi 5 psi 10 psi 20 psi
T kPa
max (kPa) 25.1 25.1 25.1 25.1 25.1
G.,0x (MPa)
max 15.5 19.6 25.2 21.8 25.7
Yr 1.619 x 1073 | 1.281 x 1073 | 9.96 x10~% | 1.151 x 103 | 9.767 x 10~*
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Figure 5.13- Modulus Reduction Curves
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Figure 5.14- Average Modulus Reduction Curves
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5.4 PREDICTIVE CURVES FOR DAMPING

Damping is frequency dependent according to the Kelvin-Voigt model. To compare
damping from a resonant column test, it is looked at as a function @£ 3IG8ing G/Gnax
allows for the data collected from samples of different dimensions to be cainipaseally
normalizing frequency. Since empirical correlations could not be used for thay Ehel
method laid out by (Zhang, Andrus, & Juang, 2005) was used. Using equation 4.19, theaqquadrati

curve was used to fit the data. These are the results:

£ — Emin = 17.31 (G/Gmax)2 -47.98(6/; ) +309 (5.1)
§ = Emin = 2.433 (G/Gmax)2 -1339(0/; ) +1137 (5.2)
§ = Emin = 3.655 (G/Gmax)2 -1838(0/; )+1497 (5.3)
£~ nn=3115(6/ ) —1543(C/; ) +1233 (5.4)

Equation 5.1 is the damping fit for undisturbed samples, equation 5.2 is for the heated
undisturbed samples, equation 5.3 is for remolded, and equation 5.4 is for heated remolded.
Figure 5.15 graphically shows all of the equations. The undisturbed sample shows aastare dr
increase in damping as the normalized shear modulus decreases. Lookingsatfigy6rand

5.17, there are no dramatic variations. Specifically both of the heated samplednsbsiv a
identical trends, figure 5.16. In table 5.1, the fits are used to predict valdgg, fothough the
heated remolded sample and the heated undisturbed sample show similar treégls,tivailue

is different due td,,;,. As stated before damping is not a function of confining pressure. The

fact that the trends in damping support the trends found in the normalized shear modulus fits
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with the fact that the clay behaves more similar for heated undisturbed than tleenoided

samples.
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5.5 COMPARISONS TO DRUCKER PRAGER CAP MODEL

Now the results from the resonant column can be compared to the one dimensional
equation derived for the Drucker-Prager cap model. Only the samples with no confessgrp
applied were compared to the 1D equation (equation 4.49). The parameters used for the Drucker-
Prager cap model were directly taken from the model created through thg/taditoration
method. The properties of which are listed in table 5.3. It is important to note thatnsitkdus
was never inputted to the finite element program. The program assigns fovsthear modulus
using elastic modulus and Poisson’s ratio (equation 2.3). The shear modulus that the finite
element model uses is therefore smaller than the one measured usingrihatreslumn, 1.388
MPa to 44.6 MPa. Equation 4.49 is also very dependent osedond invariant of deviatoric
stress. This value is dependent on the yield stress of the clay. In order to skenstiheity of
the model, the yield stress and modulus are varied. The matlab program is incltiaed |

appendix.

Figure 5.18 and 5.19 compare the data from the currently being used for aoalysis
one measured. In the graphs the yield stress was varied in order to showctseoaftbe shear
modulus reduction curves. Due to the lower shear modulus values and higher yislthetres
strain at which the material becomes plastic is shifted further to thamigbth figures 5.18 and
5.19. Also, in figure 5.19 we can see that the Drucker-Prager model predicts arstess s
relationship that is on a different scale than the Hardin/Drenvich predictiome 5@ shows
the stiffer stress strain relationship of the Hardin/Drnevich when comparee othiers. Also
notice that the yield stress needed to be reduced by a factor of ten irodrdexdmparable to

the predictive curve.
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Figures 5.21 and 5.22 were constructed using a higher elastic modulus (132.908 MPa).
Figure 5.21 looks like it gives a better prediction for yield strain; stilicRer-Prager is going to
predict a material that is stiffer than the measured results. This is shomore detail in Figure
5.23. It is determined using figure 5.23 that a yield stress of 5 kPa would give a siredar
strain relationship to the measured data. Obviously a higher elastic maduwilgsalso have to

be used in order to get the best fit possible with the collected data.
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Table 5.3- Model Values

Finite Element Model Parameters

Friction Angle (@) 60°

Cohesion (c) 46 kPa

E (Elastic Modulus) 4.136 MPa

Yield Stress 60 kPa
Poisson’s Ratio (v) 0.49
J2 34.641 kPa
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5.6 CONCLUSSION/RECOMMENDATIONS

In conclusion, this paper presented shear modulus values for four sets of samples;
undisturbed, remolded, undisturbed heated and remolded heated. The study detertrtimed tha
clay is considerably affected by remolding and temperature. It behrawedike a non-

Newtonian fluid when heated. These results show a material that is thi#fetypical clays.

The study also offers a comparison of the behavior of Drucker-Prager iyiettba with
a cap to the experimental results of our resonant column. The results of ourdeststaige
difference between the models that is currently being used. With someresjtssthe model
though could be made to match our measurements pretty closely. Drucker-Ayegdyt
predicts soils to be stiffer or have a more constant shear modulus, our clay alsdhsltoins
stiffer than typical clays. Additionally, the study provides values forimam shear modulus as

well as ranges for damping and maximum damping.

In order to gain a greater understanding of the material tests needoiodoeted at
higher strains. Though the predictive equations assist in characteriziraylshgesavior at such
strains running a high strain test would reduce the error in these estimateshé resonant

column test should be compared to other constitutive models such as CAM Clay, and Von Mises
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Appendix A. CALIBRATION

In order to accurately measure dynamic soil properties, it is necésdasy calibrate the
resonant column. Calibrating the resonant column allows us to provide assurdiee of t
recorded; also it allows us to become intimate with both the equipment and thepgsstedpure.
It's also important to take an inventory of the equipment prior to beginningataibiprocess in
order to assure everything is accounted for and functioning properly. It's gdsaamt to oil

and clean pieces in order to prevent loss created by the friction of the rublues pie

A.1 POLAR MASS MOMENT OF INERTIA FOR TOP PLATEN

Polar mass moment of inertia for the top mass of the resonant column is aal integr
property for determining dynamic properties of soil using the equipmentallyppolar mass
moment of inertia can be determined by the physical properties of the objeetrésdmant
column though, the complex shape of the top mass makes it difficult to accuratelyrenthe
physical properties. It then becomes easier and more accurate to nieasalee, 4,
experimentally instead of using physical measurements this is dinextly'Drnevich Resonant
Column Apparatus Operating Manual”. This method is also briefly described in ABIOS.

In order to begin the calibration process it's necessary to have a calibcatjavhich is usually
provided by the company that produces the resonant column. In this calibration the rodmeeded t
be manufactured. The manufactured rod is based on the description provided in ASTM D 4015.
It is recommended that a calibration rod with a known stiffness be usecd bsad in our

calibration process was aluminum alloy 2024. The aluminum rod has a known shear modulus
2.646 GPA. The rod is used to perform standard test at very low strain amplitudes. From

dynamics the following relationship is known:
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=1 [Ker
fo=547 Al

WhereK_, is the torsional spring constant of calibrating rod (N-m/Rad) @isdtlde polar mass
moment of inertia (Kg-f). Equation A.1 can be rearranged in order to find the polar mass

moment of inertia of the top platen. This is shown below:

— Ker
(2mfn)?

o A2

Torsianal spring constant can be accurately solved because the vaheafamedulus of the

rod is known:

K, == A3

lp in the equation above stands for the polar moment of inertia for the rddsati@ length of

the rod.

nd*

32

In order to authenticate the calibration process, two rods were used to findathenasst
moment of inertia. The length of both rods varied, one was 134 mm and the other 119 mm. Both
rods had a diameter of 9.525 mm (0.375 in). The rods were placed in the fixed on the resonant
column using screw to attach them to the top and bottom platen. A sketch of the calibration rods
can be found on figure A.1. Using the large rod the resonant frequency was found to be 37.65

Hz. The resonant frequency of the smaller rod was about 39.6 Hz. The results of tha resona
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column test on the two calibration rods is also shown in figure A.2 where the independent
variable is the approximate equivalent shear strain for the aluminum rods usaay étien

Drnevich created for soil samples.

The polar mass moment of inertia were experimentally determined2t83&e x
1073 m2kg and2.893 x 1073 m?kg, for the large and small rods respectively. For the final
value of polar mass moment of inertia the polar mass moment of inertia of theatbpresnt of
the calibration rod needs to be subtracted. Then by adding the polar mass momerid off inert
the copper porous stone for soil testing results in our final values, final valferisdeo asal
These values ai2935 x 1073 m2kg and2.87 x 1073 m?kg . Both numbers are very close.
Due to some modifications to the porous stone to increase the friction between thestop plat
system and sample the value used was actBdlly 1073 m?kg. A set of sample calculations

are included below.
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Hardin Calibration Method (Directly from Manual):
Physical Characteristics of Sample (Large Aluminum Rod):

G:=2.646 1d-kPa=2.646< 10.MPz  Based on Tatsuoka and Silver paper and some online research.

Drnevich uses a G of 23.7 GPa but

4
.D _
D := 0.375in lpi= - =808k 10 °m'
Glp
|1 = (5.764in— 2:0.25in) = 0.134r Ker = - 159.919Nm
1
For Natural Frequency | used an average value
K
) . cr ~3 2
frq = 37.65Hz Jo1:= — - 2.858 10 “m’-kg
(2-n~fn1)
Small Aluminum Rod:
4
n-D ~10 4
D := 0.375n I = =8.081x 10— m
AAN/ /VB\ 32
Glp
|5 == (5.2in— 20.25in) = 0.1197 Ken= '_2 =179.109Nm
For Natural Frequency | used an average value
K
] , cr ~3 2
fo = 39.6Hz Jop = — = 2.893 10 “m"-kg
(2~n~fn2)

Both Rods give a close estimate for polar mass of inertia

=5 2 2 :
IaTop =4-301 10 i kg Jplaten= 0-0001199mkg  Directly from manual

=3 2
JAl = JOl - JATOp + Jplaten: 2935« 10 m kg

-3 2
JA2 = J02 - JATOp + JPIaten: 297x 10 m kg
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Besides using different calibration rods the polar mass moment of inestialsoa
verified using alternative methods. The second method used to calguate thken from
(Tatsuoka & Silver, 1980). This method has some advantages over the other. The mogttimporta
being that material properties, such as shear modulus, are not needed in ondek tolfiis
important to note that this method was used as verification of the previous omatltliscussed
in the ASTM standards for resonant column so it was used to verify whether the siumber
resulting from the previous method were reasonable. In order to use this niéshotportant to
understand some the derivation. Firstly, the following relationship is known to be triredor s

modulus:

G=p (Z”Tf"l)2 A.5

In equation A.5, fis the resonant frequendyis the lengthp is the density and F is the
dimensionless frequency factor. This equation is the same as 4.6 in the datarreshation.
Dimensionless frequency factor can be read of a chart provided in ASTM D&&LE @lso

shown in figure 4.2).Dimensionless frequency factor is also described by therglleguation:

FtaanéKS A.6

]A_(Zﬂ-'fn)z

J, in equation A. 6, is the total rotational moment of inertia of a samgis tike spring constant.

Spring constant can be related to the resonant frequency of the system, f
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1 K
for==— |— A.7

2| Ja

Equation A.7 is then solved forsKthe spring constant, and then plugging that into equation A.6,

for dimensionless frequency factor. This gets ride of the spring constaptahan A.6.

FtanF = ;2 A.8
Ja[1-2ez]

For this method two calibration samples with different rotational momentsrafineed to be
tested. The calibration samples basically consist of rods and top and bottors. imefsgere
A.3 this is shown more clearly. As you can see in figure A.3 both of the rods of thetalibra
samples need to have the same physical properties (i.e. length, rotationait rmbimertia, and
density). Also the rods should have the same shear modulus value. Then equation A.5 can be
made equal to each other because they have the same shear modulus. That gives use the

following relationship:

p (M)Z ~p (w)z A9

F F

As seen in equation A.9, most of the terms are the same and can actually be dropped out.

Dropping those like terms leaves the following:

Fy F fnz B2

fu _fz  fu_R A.10

This equation shows that the rods have linear relationships with each other. (T&tSimMe,

1980) Using this relationship the following is established:
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Ja= # A1l
Fn2

Equation A.11 is pretty straight forward and convenient. Basically, two rodsheitaime
properties are tested. By adding more weight to the top of one, thereforsimgieamass
moment of inertia and reducing its natural frequengygah be experimentally determined. For
my calibration, the same rod was used, one without a mass attached and atiothenags
attached. As previously stated this changes the mass moment of inertiarabeitladso by
using the same rod we reduce the possibility of having different physical pespeitich was a

point of emphasize for the author.

Figure A.4 shows the test results for each rod. The rod without a mass has a higher
frequency than the rod with the mass, which was expected. It was recommendeth®mest
linear part of the data. Most materials are linear frofitd@@ strain range. This range was
extrapolated from then data and interpreted using a linear equation. This msisidathcad on
the following page. In the calculations the following relationship was used in@géatll,
A] =], —J;, this basically ends up being the mass moment of inertia of the copper porous stone,
which is1.199 x 1073 m2kg (value has been used throughout text and is taken from

Drnevich’s manual).
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Using Tatsuoka and Silver Method:

fny(y) = 37.841- 3084:8 AJ = 0.0001199 - kgm2

fny(y) := 37.079- 39185

I AJ - 2.849x 10 Sm’-kg

fn,(0.00001105

2
[fn 1(0.00001105 ] .
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This value does not include the mass moment of inertia of the copper porous stone. If the
porous stone is included the final value becom@69 x 103 m%kg. This values measures up
favorably with the previous method for measuring mass moment of inertia, shisvis in table

A.1l. There is about a 0.5% error between the values.

ASTM D4015 (Tatsuoka & Silver,
(Average Value) 1980)

Ja, mass moment of | 2.952 x 1073 m?kg | 2.969 X 1073 m?kg
inertia of top platen

Table A.1- Polar mass moment of inertia of top platen
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A.2  Torque Calibration Constant

Besides mass moment of inertia of top platen there are other system cdhstamed
to be determined during the calibration process. In this section the constastigtarmined is
the Torque Calibration Constant (TCF). ASTM D4015 describes the process fomegtiifgi
TCF. The method consist of taking two measurements one at 0.707 time the resonant frequency
of the rod, the other being at 1.414 times the resonant frequency of the rod. The resonant
frequency of the rod used was 37.6 Hz (average value for the larger rod). Teenemnts
were taking at 26.6 Hz (0.707 timg¥ &nd 53.2 Hz (1.414 timeg) f The measurements were
made on varied amplitude of power delivered to the drive coils or CRT in order to verify the
results. Using these measurementsa@ G (constants used to find TCF) can be found. C
corresponds to the 0.707 reading anddthe 1.414 reading. The constants are defined by the

following equations:

_ RCF*RT00I707

C; = A.12
2CRTo.707
RCF+RTO
C, = —2A A.13
CRT1.414

RCF is a calibration factor that is given for the accelerometer. The@uimt RCF is given in
chapter 4 (equation 4.8). RTO is the accelerometer reading in voltage dnd tBR power

delivered to the drive coil, this is explained in chapter 4.

_(C1+CK

TCF A.14

In equation A.14 the constant K is the stiffness of the rod that is being useithtatedahe
equipment. For this phase of the calibration process the larger rod was usethetsssirhs
159.91 N-m (using equation A.3). ASTM does stipulate that the C values cannot be more than
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10% apart. Also it states that the voltage readings should be ten times hightetegnal

when the machine is off, in other words the noise of the signal (which is about 0.0&GLjpso a

make sure that the instrumentation is measuring the forcing function. A sdtuhtons are

included on the next page. This number is lower than any previous ones. | repeated the test

several times.

Current Calibration

Previous Calibration

TCF, Torque 0.03
Calibration Factor

0.049

Table A.2- Torque Calibration Factor comparison

93

www.manharaa.com



Torque Calibration Factor using ASTM D4015

fn = 36.7H: f0707= 26.6H: f1414= 53.1H:
4.4723 _3 4.4723 3

RCRy707=— , = 6321« 10 RCA 414= — > =1.586¢ 10

fo.707°s f1.414°S

0.5RT C RT RC

c 9707707 1808 15 c,m ©1.41RCh 414 L1996 16

CRTp.707 CRTy 414

CL+ C)K
1

TCF:= % =0.03
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A.3  Apparatus Damping Coefficient for Torsion

The final constant that needs to be verified is the apparatus dampingieoefic
torsion. This is basically done by conducting what is typically referred ad'fase vibration”
test. Basically, the rod is excited and allowed to vibrate freely. In théstbascalibration rod is
excited at its resonant frequency and then shut it off. That is shown in figure Alfe Ri§
takes the data from A.5 and plots the peaks versus No. of cycles in order to processrtiwralat
efficiently. The data from these graphs are used in the following equation tiemsfrom

ASTM D4015.
ADCOT = 2fOT]A6T A15

Mass moment of inertiaa,Jwas found earlier in the calibration process. The other parameter,
for, IS the torsional motion resonant frequency measured during damping detemmiimatinis
case that was taken to be the resonant frequency of the rod. The other pasameter i
logarithmic decrement for torsional motion. Logarithmic decremenbfsran is given by the

following equation:

5 =~log (j—;) A.16

In equation A.16, the A values refer to the amplitude of the cygles the notation for the
amplitude of the first cycle and,Ahe amplitude of the"hcycle. The results using figure A.6
give aé; = 0.01933 . This value is plugged into equation A.15. AlR@hen is about 0.004

which matches the number that is on the calibration sheets.
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Figure A.6- Peaks versus number of cycles
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A.4  Sample Test

Now that | have the three system constants, shown in table A.3. A test was rum to orde
verify whether the calibration yielded reasonable results. Usiaod with known properties a
frequency sweep was conducted in order to determine the resonant frequencypafthe r
varying strain amplitudes. Some assumptions needed to be made. For example, the
dimensionless frequency factors actually fall out of the range that is proindeder to use the
charts that are provided for F (Dimensionless frequency factor) and A (Dafaping, ADF
has to be equal to zero. This is not the case here but in order to continue it was necessary t
ignore this rule and just assume that ADF is about zero (the other option would have been to us
a program that is giving in ASTM but the program makes some assumptions in order tfgeonve
that | was not sure about). Also, damping factor was out of the range of the charts, but in
Drnevich’s manual he states that A can be assumed to be twice the vajuéctivie-end factor
for torsional motion for most cases. This resulted in shear modulus values idcinean 2.81 x
10* - 2.69 x 10 MPa. As previously mentioned aluminum alloy has a shear modulus of about
2.646 x 18 MPa. The slight variance could be attributed to two reasons; dimensionless
frequency factor being slightly off, or the material might have a higtifémness than we
predicted. Also the Damping ratio matched pretty closely for both free vibratibsteady state

damping.
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Ja, mass moment of inertia of TCF, Torque Calibration ADC,r, Apparatus damping
top platen Factor coefficient for torsion
2.952 X 1073 m?kg 0.03 0.004
Table A.3- Summary of Calibration
ft (Hz) | Jm (kg/m2) Tt ADFt| TCF| y (Shear Strain) G Dt (damping rati)  FV Damping dErr
38.2 0.0029 983523 56.52  0.03 0.00029% 2.81E+10 809%. 0.75% 6.29%
37.7 0.0029 983523 57.2f 0.08 0.00456% 2.74E410 299%. 0.29% 1.75%
375 0.0029 983523 57.58 0.03 0.01104% 2.71E410 359%. 0.40% 16.04%
37.4 0.0029 983523 57.78 0.08 0.01281% 2.69E+10 519. 0.77% 49.27%

Table A.4- Results of Aluminum Rod
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Appendix B. DATA REDUCTION CURVES

B.1 UNDISTURBED
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1.2 —— S —

¢ Measured (20 psi)
Predicted (20 psi)

Average Shear Strain

Normalized Shear Modulus (G/Gmax)

o

101

www.manharaa.com




B.2 UNDISTURBED HEATED
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B.3 REMOLDED

o)

1.2 } — —

+ Measured (0 psi)
g ***** Predicted (O psi)
i o T + .
+ S
~— f#\ .
2 =+
=) *+
3 0.8+ A,L\\ -
3 h
§ 0.6 ]
D .
e .
) o4r . -
%‘ 0.2 -
|-
O O il L L L Coaaa | L L L Lol L L L TR L
Z 10° 10° 10" 10° 10°
Average Shear Strain

/N

1-2“ T T T T T T T T T T T r r T

* Measured (1 psi)
o — - - Predicted (1 psi)
B 1%@—%5%% ~~~~~ s}e‘%_ag__%‘ié\ B
N’ “ek R
s
g .
S 0.8} &\ -
'8 N
= 0.6 , . -
ol \
q) \
5 os \
' \

-8 AN
% 0.2 N
|-
O OH\ L L Lol L L Lol L L PR R | L L P
Z 10° 10° 10° 10° 10?

Average Shear Strain

105

www.manharaa.com




1.2 T T T T T T T Uy T T T L T T T UL L | T T T AL
A Measured (5 psi)
Predicted (5 psi)

0.8+

0.4

0.2+ -

Normalized Shear Modulus (G/Gmax)

Owwi L T S RN | L T SR | N R SRR | N P S S S
10 10° 10* 10 10

Average Shear Strain

12 T T T T AL T T T T T T T T T T T T T T T T T T LA
X Measured (10 psi)
Predicted (10 psi)

O\\\} L C ol L R S TR | L R S R |
10° 10* 10°

Average Shear Strain

Normalized Shear Modulus (G/Gmax)

10

106

www.manharaa.com




1.2 T T T T L | T T T L L | T T T T T T U T T T T LA
— - — Predicted (20 psi)
€ Measured (20 psi)

e ¢¢ e+ N

Average Shear Strain

Normalized Shear Modulus (G/Gmax)

o

107

www.manharaa.com




B.4 REMOLDED HEATED
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Appendix C.  DATA SHEETS

C.1 UNDISTURBED

M L D ft RTO CRT \% p Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.648 0.134 0.064 65.5 0.00% 0.010 4.31E-p4 1502 328304 | 9.05| 2.93E-02 1.04E-08 9.76E-01 0.82 9.9BE}0 44.6E+6 19 5.40%
0.648 0.134 0.064 65.9 0.010 0.020 4.31E-D4 1502 328304 | 9.05| 2.93E-02 1.04E-08 9.76E-01 0.82 1.99E0 44.7E+6 19 5.40%
0.648 0.134 0.064 65.3 0.021 0.041 4.31E-D4 1502 328304 | 9.05| 2.94E-02 1.05E-08 9.99E-01 0.82 8.22E}0 44.3E+6 19 5.27%
0.648 0.134 0.064 64.1 0.054 0.127 4.31E-P4 1502 328304 | 9.05| 3.00E-02 1.09E-08 8.30E-01 0.82 2.68E1042.7E+6 19 6.34%
0.648 0.134 0.064 63.2 0.165% 0.391 4.31E-D4 1502 328304 | 9.05| 3.04E-02 1.12E-08 8.23E-01 0.82 8.3BE0 41.5E+6 19 6.39%
0.648 0.134 0.064 60.5 0.227 0.687 4.31E-D4 1502 328304 | 9.05| 3.17E-02 1.22E-08 6.45E-01 0.82 1.60E;0 38.1E+6 19 8.16%
0.648 0.134 0.064 56.8 0.339 1.624 4.31E-P4 1502 328304 | 9.05| 3.38E-02 1.39E-08 4.07E-01 0.82 4.30E0 33.5E+6 19 12.92%

M L d ft RTO CRT \Y p Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.648 0.134 0.064 71.9 0.00% 0.010 4.31E-D4 1502 32304 9.05 2.67E-02 8.65E-04 9.76E-Q1 0.82 8.2BE;053.8E+6 19 5.40%
0.648 0.134 0.064 71.7 0.012 0.026 4.31E-D4 1502 32304 9.05 2.68E-02 8.70E-04 9.01E-Q1 0.82 1.99E053.5E+6 19 5.84%
0.648 0.134 0.064 70.9 0.026 0.063 4.31E-D4 1502 32304 9.05 2.71E-02 8.90E-04 8.05E-Q1 0.82 1.09E}052.3E+6 19 6.54%
0.648 0.134 0.064 70.0 0.102 0.254 4.31E-D4 1502 32304 9.05 2.74E-02 9.13E-04 7.84E-Q1 0.82 4.43E[051.0E+6 19 6.72%
0.648 0.134 0.064 68.9 0.212 0.523 4.31E-04 1502 32304 9.05 2.79E-02 9.45E-04 7.91E-01 0.82 9.48E1049.2E+6 19 6.65%
0.648 0.134 0.064 68.3 0.291 0.740 4.31E-04 1502 32304 9.05 2.81E-02 9.59E-04 7.67E-01 0.82 1.36E+048.5E+6 19 6.86%
0.648 0.134 0.064 67.9 0.369 0.943 4.31E-04 1502 32E304 9.05 2.84E-02 9.82E-04 7.63E-01 0.82 1.74EL047.4E+6 19 6.89%
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M L d ft RTO | CRT v p Js Tt ADFt RCF MMFt Ft ¥ G A | Dt (%)

0.648 0.134 0.064 71.9 0.005 0.01 4.31E-p4 1502 328304 9.05 2.67E-02 8.65E-04 9.76E-(Q B2 8.2BE{0 53.8E+6 19 5.40%

0.648 0.134 0.064 71.8 0.010 0.02 4.31E-p4 1502 328304 9.05 2.67E-02 8.68E-04 9.76E-(Q B2 1.66E:0 53.6E+6 19 5.40%

0.648 0.134 0.064 71.8 0.020 0.04 4.31E-P4 1502 32E304 9.05 2.67E-02 8.68E-04 9.76E-( B2 6.63E10 53.6E+6 19 5.40%

0.648 0.134 0.064 71.6 0.041 0.09 4.31E-P4 1502 32E304 9.05 2.68E-02 8.72E-04 8.79E-(

0.648 0.134 0.064 71.0 0.096 0.22 4.31E-p4 1502 328304 9.05 2.70E-02 8.87E-04 8.25E-( B2 3.85E10 52.4E+6 19 6.38%

0.648 0.134 0.064 70.2 0.17y 0.44 4.31E-P4 1502 32E304 9.05 2.74E-02 9.08E-04 7.85E-( B2 7.683E10 51.2E+6 19 6.71%

N O N[ »[ O] o] ©
= R Rl P R R =

0
0
0
0.82 1.52E0 53.3E+6 19 5.99%
0
0
0

0.648 0.134 0.064 68.0 0.369 1.0§ 4.31E-P4 1502 32E304 9.05 2.82E-02 9.67E-04 6.83E-( B2 1.95E0 48.1E+6 19 7.71%

M L d ft RTO | CRT v p Js Tt ADFt RCF MMFt Ft v G A | Dt (%)

0.648 0.134 0.064 73.5 0.005 0.01 4.31E-P4 1502 32E304 9.05 2.61E-02 8.28E-04 9.76E-( B2 8.3BE}0 56.2E+6 19 5.40%

0.648 0.134 0.064 72.9 0.012 0.02 4.31E-p4 1502 328304 9.05 2.63E-02 8.42E-04 8.89E-( B2 1.98E0 55.3E+6 19 5.92%

0.648 0.134 0.064 72.9 0.021 0.04 4.31E-P4 1502 32E304 9.05 2.63E-02 8.42E-04 8.99E-( B2 7.40E0 55.3E+6 19 5.85%

0.648 0.134 0.064 72.4 0.048 0.10 4.31E-p4 1502 328304 9.05 2.65E-02 8.53E-04 8.92E-(

0.648 0.134 0.064 72.2 0.12 0.27 4.31E-P4 1502 32E304 9.05 2.66E-02 8.58E-04 8.75E-( B2 4.45E10 54.2E+6 19 6.01%

0.648 0.134 0.064 70.9 0.224 0.53 4.31E-p4 1502 328304 9.05 2.71E-02 8.90E-04 8.15E-( B2 9.13E{0 52.3E+6 19 6.45%

O o N[ 0] o N P
= R Rl R R P P

0
0
0
0.82 1.73E;0 54.5E+6 19 5.90%
0
0
0

0.648 0.134 0.064 69.6 0.345 0.92 4.31E-p4 1502 328304 9.05 2.76E-02 9.23E-04 7.25E-( B2 1.64E:0 50.4E+6 19 7.26%

M L d ft RTO CRT \ p Js Tt ADFt RCF MMFt Ft Y G A Dt (%)

0.648 0.134| 0.064| 74.0 0.006 0.01d 4.31E104 1%02.32E304 | 9.05 2.60E-02 8.17E-04 1.05E+( B2 90BE 56.9E+6 19 5.02%

B2 1@8E- 56.8E+6 19 5.20%

8
0.648 0.134 0.064 73.9 0.011 0.0208 4.31E04 1502.32E304 9.05 2.60E-02 8.19E-04 1.01E+(
4

0.648 0.134| 0.064| 73.7 0.021 0.043 4.31E104 1%02.32E304 | 9.05 2.61E-02 8.23E-04 9.49E-(Q B2 6.83E 56.5E+6 19 5.55%

B2 1.85E(0 55.7E+6 19 5.79%

0.648 0.134| 0.064| 73.1 0.115 0.243 4.31E-D4 1%02 328304 | 9.05 2.63E-02 8.37E-04 9.23E-0 B2 3.89E}0 55.6E+6 19 5.70%

0.648 0.134 0.064 72.4 0.242 0.53f 4.31E-D4 1502 328304 9.05 2.65E-02 8.53E-04 8.79E-0 B2 8.75Er0 54.5E+6 19 5.99%

0
0
1
0.648 0.134 0.064 73.2 0.054 0.11p 4.31E-D4 1502 32304 9.05 2.62E-02 8.35E-04 9.08E-01
1
1
1

ol ol o o| o] o ©

0.648 0.134 0.064 70.8 0.39y 0.99p 4.31E-D4 1502 328304 9.05 2.71E-02 8.92E-04 7.81E-Q B2 1.69E0 52.1E+6 19 6.74%
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M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.658 0.135 0.064 63.3 0.004 0.010 4.34E-D4 1516 37B304 8.90 2.98E-02 1.12E-08 8.33E-01 0.82 8.8BPE{0 42.7E+6 19 6.32%
0.658 0.135 0.064 63.2 0.008 0.020 4.34E-D4 1516 37B304 8.90 2.99E-02 1.12E-08 7.78E-01 0.82 1.66E:0 42.5E+6 19 6.77%
0.658 0.135 0.064 63.1 0.011 0.029 4.34E-D4 1516 37E304 8.90 2.99E-02 1.12E-08 7.53E-01 0.2 6.1BE{0 42.4E+6 19 6.99%
0.658 0.135 0.064 63.1) 0.020 0.054 4.34E-D4 1516 37B304 8.90 2.99E-02 1.12E-08 7.35E-01 0.82 1.15E10 42.4E+6 19 7.16%
0.658 0.135 0.064 62.9 0.044 0.116 4.34E-D4 1516 37E304 8.90 3.00E-02 1.13E-08 7.53E-01 0.82 2.48E(0 42.1E+6 19 6.99%
0.658 0.135 0.064 61.9 0.106 0.289 4.34E-D4 1516 37B304 8.90 3.05E-02 1.17E-08 7.28E-01 0.82 6.4DE{0 40.8E+6 19 7.23%
0.658 0.135 0.064 60.2 0.232 0.663 4.34E-D4 1516 37E304 8.90 3.14E-02 1.23E-08 6.94E-01 0.82 1.56E:0 38.6E+6 19 7.58%
0.658 0.135 0.064 58.1 0.325 0.978 4.34E-D4 1516 37E304 8.90 3.25E-02 1.32E-08 6.59E-01 0.82 2.48E}0 36.0E+6 19 7.98%

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.658 0.135 0.064 68.0 0.004 0.010 4.34E-D4 1516 37B304 8.90 2.78E-02 9.67E-04 8.01E-01 0.82 7.7DE{0 49.3E+6 19 6.57%
0.658 0.135 0.064 68.3 0.008 0.021 4.34E-D4 1516 37B304 8.90 2.77E-02 9.59E-04 7.90E-01 0.82 1.48E0 49.7E+6 19 6.66%
0.658 0.135 0.064 68.1 0.015 0.039 4.34E-D4 1516 37E304 8.90 2.77E-02 9.64E-04 7.72E-Q1 0.82 7.18E;0 49.4E+6 19 6.81%
0.658 0.135 0.064 68.1 0.026 0.067 4.34E-D4 1516 37B304 8.90 2.77E-02 9.64E-04 7.70E-01 0.82 1.23E10 49.4E+6 19 6.84%
0.658 0.135 0.064 67.5 0.071 0.186 4.34E-D4 1516 37E304 8.90 2.80E-02 9.82E-04 7.57E-Q1 0.82 3.46E0 48.5E+6 19 6.95%
0.658 0.135 0.064 66.3 0.14y 0.396 4.34E-D4 1516 37B304 8.90 2.85E-02 1.02E-08 7.36E-01 0.82 7.68E{0 46.8E+6 19 7.15%
0.658 0.135 0.064 63.8 0.339 0.954 4.34E-D4 1516 37E304 8.90 2.96E-02 1.10E-08 7.05E-01 0.82 1.99E:0 43.4E+6 19 7.47%

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.658 0.135 0.064 66.4 0.004 0.011 4.34E-D4 1516 37E304 8.90 2.84E-02 1.01E-08 7.72E-Q1 0.82 8.0BE}{0 47.0E+6 19 6.82%
0.658 0.135 0.064 66.9 0.010 0.024 4.34E-D4 1516 37E304 8.90 2.82E-02 9.99E-04 8.41E-Q1 0.2 1.89E:0 47.7E+6 19 6.26%
0.658 0.135 0.064 66.5 0.01% 0.039 4.34E-D4 1516 37B304 8.90 2.84E-02 1.01E-08 7.63E-01 0.82 7.48E10 47.1E+6 19 6.90%
0.658 0.135 0.064 66.1 0.03b 0.090 4.34E-D4 1516 37E304 8.90 2.86E-02 1.02E-08 7.72E-Q1 0.82 1.75E:0 46.5E+6 19 6.82%
0.658 0.135 0.064 64.9 0.102 0.271 4.34E-D4 1516 37304 8.90 2.91E-02 1.06E-08 7.47E-01 0.82 5.46E10 44.9E+6 19 7.05%
0.658 0.135 0.064 62.5 0.310 0.869 4.34E-D4 1516 37E304 8.90 3.02E-02 1.14E-08 7.08E-01 0.82 1.89E:0 41.6E+6 19 7.44%
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M L d ft RTO | CRT v p Js Tt ADFt RCF MMFt Ft ¥ G A | Dt (%)
0658 | 0135| 0064] 674 0004 0011 434ED4 1516 378304 | 8.90| 281E-02] 9.93E-04 7.72E-01 0B2 7.91EJ048.0E+6 | 19| 6.82%
0658 | 0135| 0064 674 0010 0046 434ED4 1516 370304 | 8.90| 280E-02] 9.84E-08 7.82E-01 0B2 1.98E|0484E+6| 19| 6.73%
0658 | 0.135| 0064 67d 0020 0041 434ED4 1516 370304 | 8.90| 2.82E-02] 9.96E-04 7.78E-01 0.2 9.6@E|047.8E+6 | 19| 6.76%
0658 | 0135| 0064] 666 0042 0110 434ED4 1516 370304 | 8.90| 284E-02] 1.01E-03 7.58E-01 082 2.1BDEJ047.2E+6 | 19| 6.95%
0658 | 0.135| 0.064] 658 0108 0245 4.34ED4 1516 370304 | 8.90| 2.87E-02] 1.03E-08 7.43E-01 0B2 5.39E[046.1E+6 | 19| 7.08%
0658 | 0135| 0064 640 0208 0566 434ED4 1516 370304 | 8.90| 2095E-02] 1.09E-03 7.12E-01 0B2 1.14EJ0436E+6 | 19| 7.40%
0658 | 0.135| 0064 614 0310 00994 434ED4 1516 370304 | 8.90| 3.08E-02] 1.19E-08  6.45E-01 0.2  2.16E|040.2E+6 | 19| 8.16%

M L d ft RTO | CRT Vv ) Js Tt ADFt RCF MMFt Ft v G A Dt (%)
0.658 | 0.135| 0.064] 68.4] 0004 0010 4.34E[04 15016 37E304| 890 | 2.76E-02 O.56E-04 8.33E-DL 032  7.6LH-010.8E+6| 19 6.32
0658 | 0135| 0.064] 67.9] 0012 0031 4.34E[04 15016 376304| 890 | 2.78E-02 O.70E-U4 7.36E-D1 032 2.1@H-G19.1E+6| 19 7.15%
0658 | 0135| 0064] 675/ 002 0.077 4.34E[04 1506 37E304| 890 | 2.80E-01 9.82E-04 7.21EDPI 0342 143E-G185E+6| 19 7.30%
0658 | 0.135| 0.064] 655 0.10] 0.301 4.34E[04 15016 3/E304| 890 | 2.88E-02 1.04E-U3 6.66E-D1 032 5.95H-015.7E+6] 19 7.91%
0658 | 0135| 0.064] 60.6] 0297 00981 4.34E[04 1516 3/6304| 890 | 3.12E-02 1.22E-03 6.01E-D1 042 2.24H-B9.1E+6| 19 | 8.76%

M L d ft RTO CRT v p Js Tt| ADFt RCF MMFt Ft v G A | Dt (%)
0.653| 0.134] 0.064 641 0.007 0.011 431E[04 1514348304 | 898 297E-02 1.09E-U3 1.25E+D0 032 146E-O 43.1E+6| 190 | 4.21%
0.653| 0.134] 0.064 64.1 0.013 0.021 431E[04 1814348304 | 898 297E-02 1.09E-U3 1.22E+D0  0.32 2.70E-0 43.1E+6| 19 | 4.32%
0.653| 0.134] 0.064 63.9 0.028 0.046 431E[04 1514348304 | 898 298E-02 1.10E-U3 1.20E+D0  0.32 0.6BE-0 42.8E+6| 19 | 4.40%
0.653| 0.134] 0.064 625 0.089 0.181 431E[04 1514340304 | 8.98| 3.06E-02 1.14E-U3 9.67E-01 032 3.96E-0 40.9E+6| 19 | 5.44%
0.653| 0.134] 0.064 617 0.142 0.305 431E[04 1814340304 | 8.98| 3.09E-02 1.17E-03 9.15E-01  0.32 6.85E-0 39.9E+6| 19 | 5.75%
0.653| 0.134] 0.064 58.0 0.238 0.727 431E[04 1514348304 | 8.98| 3.29E-02 1.33E-U3 6.44E-01  0.32 1.85E-0 35.2E+6| 19 | 8.18%
0.653| 0.134] 0.064 56.2 0.297 0.943 431E[04 1514340304 | 8.98| 3.39E-02 1.42E-U3 6.19E-01  0.32 2.55E-0 33.1E+6| 19 | 8.50%
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M L d ft RTO CRT v p Js Tt| ADFt RCF MMFt Ft ¥ G A | Dt (%)
0.653| 0.134] 0.064 64.6 0.006 0.011 431E[04 1514348304 | 898 295E-02 1.07E-U3 1.07E+D0 032 1.08E-0 43.7E+6| 19 | 4.91%
0.653| 0.134] 0.064 644 0.011 0.021 431E[04 1514348304 | 898 296E-02 1.08E-U3 1.03E+D0 032 2.26E-Q) 43.5E+6]| 19 | 5.11%
0.653| 0.134] 0.064 635 0.030 0.059 431E[04 151434B304| 898 3.00E-02 1.11E-03 1.00E+P0  0.32 1.25E-0 42.3E46] 19 | 5.26%
0.653| 0.134 0.064 624 0.052 0.121 431E[04 1514348304 | 898 3.05E-02 1.15E-03 8.45E-01  0.32 2.66E-) 40.8E+6| 19 | 6.23%

M L d ft RTO CRT vV p Js Tt]| ADFt RCF MMFt Ft v G A | Dt (%)
0.653| 0.134] 0.064 656 0.006 0.010 431E[04 1514348304 | 898 290E-02 1.04E-03 1.18E+D0  0.32 1.I®E-Q 45.1E+6| 19 | 4.46%
0.653| 0.134] 0.064 654 0.012 0.023 431E[04 1514348304 | 898 291E-02 1.05E-03 1.03E+D0  0.32 2.40E-) 44.8E+6| 19 | 5.13%
0.653| 0.134] 0.064 647 0.023 0.051 431E[04 1514348304 | 898 295E-02 1.07E-03 8.87E-D1  0.32 1.08E-0 43.9E+6| 19 | 5.94%

115

www.maharaa.com




C.2

UNDISTURBED HEATED

M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Y G A Dt (%)
0.648 | 0.134| 0.064 56.1 0.005 0.010 4.31E;04  150232E304 | 9.05| 3.42E-02 1.42E-Q 9.76E- 32 1.36E-0 32.7E+6 19 5.40%
0.648 | 0.134| 0.064 55.2 0.010 0.021 4.31E{04  150232E304 | 9.05| 3.48E-02 1.47E-Q 8.83E- 32 2.66E-Q 31.7E+6 19 5.96%
0.648 | 0.134| 0.064 54.8 0.019 0.044 4.31E;04  150232E304 | 9.05| 3.50E-02 1.49E-Q 8.43E- 32 1.25E-0 31.2E+6 19 6.25%
0.648 | 0.134| 0.064 54.2 0.047 0.108 4.31E{04  150232E304 | 9.05| 3.54E-02 1.52E-Q 8.49E- 32 3.18E-Q 30.5E+6 19 6.20%
0.648 | 0.134| 0.064 53.0 0.101 0.243 4.31E;04  150232E304 | 9.05| 3.62E-02 1.59E-Q 8.11E- 32 7.38E-Q 29.2E+6 19 6.49%
0.648 | 0.134| 0.064 49.9 0.288 0.762 4.31E{04  150232E304 | 9.05| 3.85E-02 1.80E-Q 7.37E- 32 2.4E-Q 25.9E+6 19 7.14%
0.648 | 0.134| 0.064 46.Y 0.455 1.327 4.31E{04  150232E304 | 9.05| 4.11E-02 2.05E-Q 6.69E- 32 5.20E-Q 22.7E+6 19 7.87%

M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Y G A Dt (%)
0.648 | 0.134| 0.064 53.8 0.005 0.010 4.31E{04  150232E304 | 9.05| 3.57E-02 1.55E-Q 9.76E- 32 1.48E-) 30.1E+6 19 5.40%
0.648 | 0.134| 0.064 53.0 0.011 0.023 4.31E;04  150232E304 | 9.05| 3.62E-02 1.59E-Q 9.33E- 32 3.35E-(Q 29.2E+6 19 5.64%
0.648 | 0.134| 0.064 52.4 0.022 0.051 4.31E{04  150232E304 | 9.05| 3.66E-02 1.63E-Q 8.42E- 32 1.59E-() 28.6E+6 19 6.25%
0.648 | 0.134| 0.064 51.b6 0.072 0.169 4.31E{04  150232E304 | 9.05| 3.72E-02 1.68E-Q 8.31E- 32 5.42E-Q 27.7E+6 19 6.33%
0.648 | 0.134| 0.064 50.6 0.143 0.344 4.31E;04  150232E304 | 9.05| 3.80E-02 1.75E-Q 8.11E- 32 1.15E-() 26.6E+6 19 6.49%
0.648 | 0.134| 0.064 48.4 0.285 0.749 4.31E{04  150232E304 | 9.05| 3.97E-02 1.91E-Q 7.42E- 32 2.78E-(Q 24.4E+6 19 7.09%

M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Y G A Dt (%)
0.648 | 0.134| 0.064 56.4 0.005 0.010 4.31E{04  150232E304 | 9.05| 3.40E-02 1.41E-Q 9.76E- 32 1.38E-( 33.1E+6 19 5.40%
0.648 | 0.134| 0.064 56.4 0.011 0.024 4.31E{04  150232E304 | 9.05| 3.40E-02 1.41E-Q 8.94E- 32 2.95E-(Q 33.1E+6 19 5.89%
0.648 | 0.134| 0.064 56.2 0.044 0.099 4.31E;04  150232E304 | 9.05| 3.42E-02 1.42E-Q 8.67E- 32 2.68E-(Q 32.8E+6 19 6.07%
0.648 | 0.134| 0.064 55.8 0.118 0.274 4.31E{04  150232E304 | 9.05| 3.44E-02 1.44E-Q 8.40E- 32 7.52E-(Q 32.4E+6 19 6.26%
0.648 | 0.134| 0.064 54.4 0.246 0.602 4.31E;04  150232E304 | 9.05| 3.53E-02 1.51E-Q 7.97E- 32 1.74E-) 30.8E+6 19 6.60%
0.648 | 0.134| 0.064 52.4 0.391 1.029 4.31E{04  150232E304 | 9.05| 3.66E-02 1.63E-Q 7.41E- 32 3.20E-( 28.6E+6 19 7.10%
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RTO CRT Js Tt ADFt RCF MMFt G Dt (%)
4 0.005 0.010 02 32B304 | 9.05| 3.40E-02 1.41E-03 9.76E-DP1 33.1E+6 5.40%
4 0.009 0.0211 02 32B304 | 9.05| 3.40E-02 1.41E-03 8.36E-pP1 33.1E+6 6.29%
5 0.019 0.04f7 02 32E304 | 9.05| 3.40E-02 1.40E-G3 7.89E-P1 33.2E+6 6.67%
A 0.065 0.16/1 02 32B304 | 9.05| 3.42E-02 1.42E-03 7.88E-P1 32.7E+6 6.68%
.8 0.200 0.523 02 32B304 | 9.05| 3.50E-02 1.49E-03 7.46E-D1 31.2E+6 7.05%
B 0.388 1.104 02 32B304 | 9.05| 3.67E-02 1.64E-03 6.86E-DP1 28.4E+6 7.68%
4 0.567 1.765 02 32B304 | 9.05| 3.89E-02 1.83E-03 6.27E-D1 25.4E+6 8.40%

ft RTO CRT Js Tt ADFt RCF MMFt G Dt (%)
62.8 0.005 0.011 02328304 | 9.05| 3.06E-02 1.13E-03 8.87E-D1 .32 41.0E+6 5.93%
62.8 0.011 0.025 02328304 | 9.05| 3.06E-02 1.13E-03 8.58E-D1 .32 41.0E+6 6.13%
62.8 0.037 0.080 02328304 | 9.05| 3.06E-02 1.13E-03 9.02E-D1 .32 41.0E+6 5.83%
62.8 0.107 0.234 02328304 | 9.05| 3.08E-02 1.15E-03 8.92E-p1 .32 40.4E+6 5.90%
61.0 0.240 0.582 02328304 | 9.05| 3.15E-02 1.20E-03 8.48E-D1 .32 38.7E+6 6.20%
51.8 0.824 2.5700 02328304 | 9.05| 3.71E-02 1.67E-03 6.43E-D1 .32 27.9E+6 8.18%

RTO CRT Js Tt ADFt RCF MMFt G Dt (%)
¥ 0.004 0.010 16378304 | 8.90| 3.80E-02 1.81E-03 7.94E- 32 26.3E+6 6.63%
Aq 0.008 0.021 16378304 | 8.90| 3.77E-02 1.78E-03 7.56E- 32 26.7E+6 6.96%
A 0.017 0.047 16378304 | 8.90| 3.77E-02 1.78E-03 7.18E- 32 26.7E+6 7.33%
.0 0.045 0.121 16378304 | 8.90| 3.78E-02 1.79E-03 7.38E- 32 26.6E+6 7.13%
.0 0.171 0.492 1637304 | 8.90| 3.93E-02 1.94E-03 6.90E- 32 24 5E+6 7.63%
2 0.410 1.285 16378304 | 8.90| 4.18E-02 2.19E-03 6.33E- 32 21.8E+6 8.31%
5 0.564 1.973 1637304 | 8.90| 4.55E-02 2.60E-03 5.67E- 32 18.3E+6 9.28%
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M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Y G A Dt (%)
0.658 | 0.135| 0.064 47.5 0.004 0.010 4.34E;04  131637E304 | 8.90| 3.98E-02 1.98E-03 7.94E- 32 1.50E-() 24.0E+6 19 6.63%
0.658 | 0.135| 0.064 47.5 0.008 0.020 4.34E;04  131637E304 | 8.90| 3.98E-02 1.98E-03 7.94E- 32 3.08E-(Q 24.0E+6 19 6.63%
0.658 | 0.135| 0.064 47.0 0.016 0.049 4.34E{04 151637B304 | 8.90| 4.02E-02 2.02E-03 6.48E- .32 1.88BE-() 23.5E+6 19 8.12%
0.658 | 0.135| 0.064 46.9 0.045 0.147 4.34E;04  131637E304 | 8.90| 4.03E-02 2.03E-03 6.07E- 32 5.69E-(Q 23.4E+6 19 8.67%
0.658 | 0.135| 0.064 46.1 0.126 0.379 4.34E{04 151637B304| 8.90| 4.10E-02 2.10E-03 6.60E- .32 1.54E-) 22.6E+6 19 7.98%
0.658 | 0.135| 0.064 42.8 0.293 0.975 4.34E;04  131637E304 | 8.90| 4.41E-02 2.44E-03 5.96E- 32 4.54E-(Q) 19.5E+6 19 8.83%
0.658 | 0.135| 0.064 40.6 0.403 1.432 4.34E{04 151637B304 | 8.90| 4.65E-02 2.71E-03 5.58E- .32 7.34E-(Q 17.6E+6 19 9.43%

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Y G A Dt (%)
0.658 | 0.135| 0.064 52.6 0.004 0.010 4.34E;04  131637E304 | 8.90| 3.59E-02 1.62E-Q 7.94E- 32 1.28E-Q 29.5E+6 19 6.63%
0.658 | 0.135| 0.064 52.6 0.009 0.025 4.34E104 151637E304| 8.90| 3.59E-02 1.62E-Q 7.14E- .32 2.76E-(Q 29.5E+6 19 7.37%
0.658 | 0.135| 0.064 52.5 0.022 0.061 4.34E;04  131637E304 | 8.90| 3.60E-02 1.62E-Q 7.16E- 32 1.8BE-( 29.4E+6 19 7.36%
0.658 | 0.135| 0.064 51} 0.073 0.219 4.34E{04 151637E304| 8.90| 3.65E-02 1.67E-Q 6.61E- .32 6.95E-(Q 28.5E+6 19 7.96%
0.658 | 0.135| 0.064 48.8 0.266 0.821 4.34E{04 151637E304| 8.90| 3.87E-02 1.88E-Q 6.43E- .32 2.92E-Q 25.4E+6 19 8.19%
0.658 | 0.135| 0.064 44.0 0.513 1.840 4.34E;04  131637E304 | 8.90| 4.29E-02 2.31E-Q 5.53E- 32 8.06E-( 20.6E+6 19 9.52%

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Y G A Dt (%)
0.658 | 0.135| 0.064 53.4 0.004 0.010 4.34E;04  131637E304 | 8.90| 3.54E-02 1.57E-Q 7.94E- 32 1.18E-( 30.4E+6 19 6.63%
0.658 | 0.135| 0.064 53.4 0.008 0.022 4.34E{04 151637E304| 8.90| 3.54E-02 1.57E-Q 7.21E- .32 2.3BE-(Q 30.4E+6 19 7.30%
0.658 | 0.135| 0.064 53.4 0.023 0.063 4.34E{04 151637E304| 8.90| 3.54E-02 1.57E-Q 7.24E- .32 1.89E-( 30.4E+6 19 7.27%
0.658 | 0.135| 0.064 52.8 0.079 0.213 4.34E;04  151637E304 | 8.90| 3.58E-02 1.60E-Q 7.36E- 32 6.48E-(Q 29.7E+6 19 7.15%
0.658 | 0.135] 0.064 50.6 0.255 0.740 4.34E{04 151637E304| 8.90| 3.73E-02 1.75E-Q 6.84E- .32 2.45E-Q 27.3E+6 19 7.70%
0.658 | 0.135| 0.064 48.8 0.481 1.521 4.34E;04  131637E304 | 8.90| 3.91E-02 1.92E-Q 6.27E- 32 5.58E-( 24.9E+6 19 8.39%
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M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Y G A Dt (%)
0.658 | 0.135| 0.064 57.8 0.004 0.010 4.34E;04  131637E304 | 8.90| 3.27E-02 1.34E-03 7.94E- 32 1.02E-( 35.6E+6 19 6.63%
0.658 | 0.135| 0.064 58.6 0.010 0.026 4.34E;04  131637E304 | 8.90| 3.22E-02 1.30E-03 7.63E- 32 2.49E-(Q 36.6E+6 19 6.90%
0.658 | 0.135| 0.064 58.3 0.018 0.050 4.34E{04 151637B304 | 8.90| 3.24E-02 1.32E-03 7.14E- .32 1.25E-() 36.2E+6 19 7.37%
0.658 | 0.135| 0.064 58.5 0.073 0.194 4.34E;04  131637E304 | 8.90| 3.23E-02 1.31E-03 7.47E- 32 4.83E-() 36.5E+6 19 7.05%
0.658 | 0.135| 0.064 57.8 0.175 0.454 4.34E{04 151637B304 | 8.90| 3.27E-02 1.34E-03 7.65E- .32 1.16E-() 35.6E+6 19 6.88%
0.658 | 0.135| 0.064 55.5 0.352 0.952 4.34E;04  131637E304 | 8.90| 3.40E-02 1.45E-03 7.34E- 32 2.62E-(Q 32.8E+6 19 7.17%
0.658 | 0.135| 0.064 52.4 0.607 1.778 4.34E{04 151637B304| 8.90| 3.60E-02 1.63E-03 6.77E- .32 5.49E-(Q 29.2E+6 19 7.77%

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Y G A Dt (%)
0.653| 0.134| 0.064 51.8 0.005 0.010 4.31E;04  151434E304| 8.98| 3.71E-02 1.70E-Q 9.83E- 32 1.62E-() 27.6E+6 19 5.35%
0.653| 0.134| 0.064 515 0.010 0.024 4.31E{04 151434E304| 8.98| 3.70E-02 1.69E-Q 8.19E- .32 3.22E-(Q 27.8E+6 19 6.42%
0.653 | 0.134| 0.064 50.6 0.032 0.086 4.31E;04  151434E304| 8.98| 3.77E-02 1.75E-Q 7.32E- 32 2.89E-(Q 26.8E+6 19 7.19%
0.653| 0.134| 0.064 47.6 0.107 0.313 4.31E{04 151434E304| 8.98| 4.00E-02 1.97E-Q 6.72E- .32 1.18E-) 23.7E+6 19 7.83%
0.653| 0.134| 0.064 43.9 0.307 0.971 4.31E{04  151434E304 | 8.98| 4.34E-02 2.32E-Q 6.22E- .32 4.30E-() 20.2E+6 19 8.47%
0.653 | 0.134| 0.064 40.6 0.538 1.849 4.31E;04  151434E304 | 8.98| 4.69E-02 2.71E-Q 5.72E- 32 9.58E-( 17.3E+6 19 9.20%

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Y G A Dt (%)
0.653 | 0.134| 0.064 51.5 0.005 0.010 4.31E;04  151434E304 | 8.98| 3.70E-02 1.69E-Q 9.83E- 32 1.68E-Q 27.8E+6 19 5.35%
0.653| 0.134| 0.064 51.2 0.010 0.023 4.31E{04  151434E304| 8.98| 3.72E-02 1.71E-Q 8.55E- .32 3.26E-(Q 27.5E+6 19 6.16%
0.653| 0.134| 0.064 50.4 0.034 0.090 4.31E{04 151434E304| 8.98| 3.78E-02 1.76E-Q 7.43E- .32 3.08E-(Q 26.6E+6 19 7.09%
0.653 | 0.134| 0.064 46.9 0.130 0.384 4.31E;04  151434E304| 8.98| 4.06E-02 2.03E-Q 6.66E- 32 1.49E-() 23.0E+6 19 7.91%
0.653| 0.134| 0.064 43.4 0.312 0.978 4.31E{04 151434E304| 8.98| 4.39E-02 2.37E-Q 6.27E- .32 4.44E-) 19.7E+6 19 8.39%
0.653 | 0.134| 0.064 40.y 0.561 1.906 4.31E;04  151434E304 | 8.98| 4.68E-02 2.70E-Q 5.79E- 32 9.88E-(Q 17.4E+6 19 9.09%
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M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Y G A Dt (%)
0.653 | 0.134| 0.064 55.8 0.005 0.010 4.31E;04  151434E304 | 8.98| 3.45E-02 1.46E-Q 9.83E- 32 1.40E-() 32.0E+6 19 5.35%
0.653 | 0.134| 0.064 55.0 0.011 0.024 4.31E;04  151434E304 | 8.98| 3.46E-02 1.48E-Q 9.01E- 32 3.14E-Q 31.7E+6 19 5.84%
0.653| 0.134| 0.064 54.4 0.025 0.055 4.31E{04 151434E304| 8.98| 3.50E-02 1.51E-Q 8.94E- .32 1.59E-() 31.0E+6 19 5.89%
0.653 | 0.134| 0.064 52.y 0.083 0.218 4.31E;04  151434E304 | 8.98| 3.62E-02 1.61E-Q 7.49E- 32 6.74E-(Q 29.1E+6 19 7.03%
0.653| 0.134| 0.064 50.4 0.225 0.627 4.31E{04 151434E304| 8.98| 3.78E-02 1.76E-Q 7.06E- 32 2.14E-(Q 26.6E+6 19 7.46%
0.653 | 0.134| 0.064 47.0 0.434 1.359 4.31E;04  151434E304 | 8.98| 4.05E-02 2.02E-Q 6.28E- 32 5.26E-(Q 23.1E+6 19 8.38%

M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Y G A Dt (%)
0.653| 0.134| 0.064 50.9 0.005 0.010 4.31E{04  151434E304| 8.98| 3.74E-02 1.73E-Q 9.83E- .32 1.66E-Q 27.1E+6 19 5.35%
0.653| 0.134| 0.064 51.1 0.009 0.020 4.31E;04  151434E304 | 8.98| 3.73E-02 1.71E-Q 8.85E- 32 2.9E-Q 27.4E+6 19 5.95%
0.653| 0.134| 0.064 49.6 0.026 0.067 4.31E{04 151434E304| 8.98| 3.84E-02 1.82E-Q 7.63E- .32 2.3BE-( 25.8E+6 19 6.90%
0.653 | 0.134| 0.064 47.5 0.081 0.235 4.31E;04  151434E304| 8.98| 4.01E-02 1.98E-Q 6.78E- 32 8.9DE-( 23.6E+6 19 7.77%
0.653| 0.134| 0.064 44.9 0.225 0.681 4.31E{04  151434E304 | 8.98| 4.24E-02 2.22E-Q 6.50E- .32 2.89E-(Q 21.1E+6 19 8.10%
0.653| 0.134| 0.064 40.4 0.494 1.634 4.31E{04  151434E304 | 8.98| 4.72E-02 2.74E-Q 5.94E- .32 8.55E-(Q 17.1E+6 19 8.85%

M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Y G A Dt (%)
0.653| 0.134| 0.064 58.y 0.005 0.010 4.31E{04 151434E304| 8.98| 3.25E-02 1.30E-Q 9.83E- .32 1.28E-() 36.1E+6 19 5.35%
0.653 | 0.134| 0.064 58.6 0.010 0.022 4.31E;04  151434E304 | 8.98| 3.25E-02 1.30E-Q 8.94E- 32 2.48E-(Q 36.0E+6 19 5.89%
0.653| 0.134| 0.064 58.2 0.037 0.086 4.31E{04  151434E304| 8.98| 3.27E-02 1.32E-Q 8.46E- .32 2.15E-(Q 35.5E+6 19 6.22%
0.653| 0.134| 0.064 57.4 0.122 0.281 4.31E{04 151434E304| 8.98| 3.32E-02 1.36E-Q 8.54E- .32 7.29E-(Q 34.5E+6 19 6.17%
0.653 | 0.134| 0.064 54.6 0.383 1.013 4.31E;04  151434E304 | 8.98| 3.49E-02 1.50E-Q 7.43E- 32 2.99E-(Q 31.2E+6 19 7.08%
0.653| 0.134| 0.064 515 0.551 1.722 4.31E{04 151434E304| 8.98| 3.70E-02 1.69E-Q 6.29E- .32 5.585E-( 27.8E+6 19 8.37%
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C.3 REMOLDED
M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Ft % G A Dt (%)
0.859 | 0.137| 0.072 62.5 0.004 0.011 557E{04  154357E04 | 5.39| 1.83E-02 1.14E-03 1.04E+DO 0.41 8.4AE-Q 26.5E+6 11 8.72%
0.859| 0.137| 0.072 62.4 0.008 0.025 5.57E;04 1954357504 | 5.39| 1.83E-02 1.15E-03 1.05E+DO 0.41 1.99E-0 26.4E+6 11 8.67%
0.859| 0.137| 0.072 62.8 0.021 0.068 5.57Ef04  154357E04 | 5.39| 1.84E-02 1.15E-03 1.01E+DO 0.41 1.65E-Q 26.3E+6 11 8.98%
0.859| 0.137| 0.072 619 0.044 0.143 5.57E;04 195435704 | 5.39| 1.85E-02 1.17E-03 1.01E+DO 0.41 3.5 E-Q 26.0E+6 11 9.02%
0.859 | 0.137| 0.072 61.2 0.070 0.233 557E{04  154357E04 | 539 1.87E-02 1.19E-03 9.84E-01 0.41 5.86E-J 25.4E+6 11 9.24%
0.859| 0.137| 0.072 60.4 0.180 0.601 5.57E;04 1954357504 | 5.39| 1.89E-02 1.23E-03 9.81E-p1 0.41 1.56E-Q 24.7E+6 11 9.26%
0.859| 0.137| 0.072 59.b 0.303 1.041 5.57E{04 1543 57B504| 5.39| 1.92E-02 1.26E-03 9.54E-01 0.41 2.74E-J 24.0E+6 11 9.53%
0.859 | 0.137| 0.072 58.8 0.345 1311 5.57E{04  154357E504| 5.39| 1.96E-02 1.32E-03 8.62E-01 0.41 3.68E-J 23.0E+6 11 10.549
0.859| 0.137| 0.072 56.Y 0.418 1.653 5.57E{04 1543 57E504| 5.39| 2.02E-02 1.39E-03 8.28E-01 0.41 4.84E-0 21.8E+6 11 10.979
M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft % G A Dt (%)
0.859| 0.137| 0.072 65.4 0.004 0.011 5.57E;{04  154357E504| 5.39| 1.75E-02 1.05E-03 1.04E+PO 0.41 7.70E-Q 29.0E+6 11 0.08720%
0.859| 0.137| 0.072 655 0.008 0.027 5.57E{04  134357E504| 5.39| 1.75E-02 1.04E-03 9.71E-01 0.41 1.76E-Q 29.1E+6 11 0.09364
0.859 | 0.137| 0.072 65.8 0.019 0.062 5.57E{04  154357B504| 5.39| 1.75E-02 1.05E-03 1.00E+PO 0.41 1.35E-Q 28.9E+6 11 0.09054
0.859| 0.137| 0.072 65.8 0.047 0.155 5.57E{04  1354357E504| 5.39| 1.75E-02 1.05E-03 9.93E-01 0.41 3.42E-Q 28.9E+6 11 0.09150
0.859 | 0.137| 0.072 647 0.134 0.442 557E;04  154357B504| 5.39| 1.77E-02 1.07E-03 9.93E-01 041 9.98E-Q 28.4E+6 11 0.09152
0.859| 0.137| 0.072 617y 0.254 0.932 5.57E{04  1354357E504| 5.39| 1.85E-02 1.17E-J3 8.93E-01 0.41 2.34E-Q 25.8E+6 11 0.10181
0.859 | 0.137| 0.072 61.8 0.366 1357 557E04  154357E504 | 5.39| 1.87E-02 1.19E-03 8.84E-01 041 3.40E-Q 25.5E+6 11 0.10287
0.859 | 0.137 0.072 60.8 0.467 1.765 557E04  154357E504 | 5.39| 1.90E-02 1.23E-03 8.67E-01 0.41 4.54E-Q 24.6E+6 11 0.10486
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M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.859 | 0.137| 0.072 68.y 0.004 0.011 5.57E;04  154357B504| 5.39| 1.66E-02 9.48E-04 1.04E+DO 0.41 6.9BE-Q 32.0E+6 11 0.08720%
0.859 | 0.137| 0.072 68.5 0.014 0.043 5.57E{04  154357B504| 5.39| 1.67E-02 9.53E-04 1.07E+DO 0.41 2.83E-Q 31.8E+6 11 0.08522
0.859| 0.137| 0.072 68.3 0.032 0.103 5.57E;04  154357B04| 5.39| 1.67E-02 9.59E-04 1.02E+PO 0.41 2.0BE-Q 31.6E+6 11 0.08931
0.859 | 0.137 0.072 67.4 0.110 0.347 557E;04  154357B504| 5.39| 1.70E-02 9.84E-04 1.04E+DO 0.41 7.19E-Q 30.8E+6 11 0.08753
0.859| 0.137| 0.072 66.4 0.258 0.831 5.57E;{04  154357E04| 5.39| 1.72E-02 1.01E-O3 1.02E+PO 0.41 1.74E-Q 29.9E+6 11 0.08937
0.859 | 0.137| 0.072 63.} 0.424 1.61‘6 5.57Et04  154357E504 | 5.39| 1.80E-02 1.10E-03 8.60E-01 041 3.75E-Q 27.5E+6 11 0.10575

M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Ft % G A Dt (%)
0.859| 0.137| 0.072 715 0.004 0.011 5.57E;04 1954357504 | 5.39| 1.60E-02 8.75E-04 1.04E+DO 0.41 6.4BbE-Q 34.7E+6 11 8.72%
0.859| 0.137 0.072 71.1 0.009 0.033 557E{04  154357E04 | 5.39| 1.61E-02 8.85E-04 8.44E-01 0.41 1.58E-Q 34.3E+6 11 10.779
0.859| 0.137| 0.072 711 0.018 0.069 5.57E;04 1954357504 | 5.39| 1.61E-02 8.85E-04 8.55E-01 0.41 1.29E-Q 34.3E+6 11 10.649
0.859 | 0.137 0.072 70.8 0.039 0.155 557E{04  154357E04 | 5.39| 1.62E-02 8.92E-04 8.24E-01 0.41 2.9E-J 34.0E+6 11 11.039
0.859| 0.137| 0.072 70.3 0.115 0.461 5.57E;04 1954357504 | 5.39| 1.63E-02 9.05E-04 8.17E-p1 0.41 8.78E-J 33.5E+6 11 11.129
0.859| 0.137| 0.072 68.9 0.205 0.84 5.57E104 1543 7B | 5.39| 1.66E-02 9.42E-04 8.00E-01 0.41 1.67E-0432.2E+6 11 11.379
0.859 | 0.137| 0.07Z 67| 0.379 1628 5.57E:04 1543 B®F| 539 1.71E-04 9.96E-04 7.63E-Q1 0.41 3.41E-04 30.4E+6 11 11.929

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.859 | 0.137 0.072 71.9 0.004 0.011 557E{f04  154357E504 | 5.39| 1.59E-02 8.65E-04 1.04E+D0O 0.41 6.37E-Q 35.0E+6 11 8.72%
0.859| 0.137| 0.072 719 0.008 0.035 5.57E;04 195435704 | 5.39| 1.59E-02 8.65E-04 7.49E-01 0.41 1.46E-Q 35.0E+6 11 12.149
0.859| 0.137| 0.072 72.1 0.037 0.157  5.57E;04 1954357504 | 5.39| 1.59E-02 8.60E-04 7.72E-p1 0.41 2.88E-J 35.2E+6 11 11.779
0.859 | 0.137| 0.072 715 0.115 0.515 557E{04  154357E04| 539 1.60E-02 8.75E-04 7.32E-01 0.41 9.489E-(J 34.7E+6 11 12.439
0.859| 0.137| 0.072 70.3 0.192 0.873 5.57E;04 195435704 | 5.39| 1.63E-02 9.05E-04 7.21E-p1 0.41 1.66E-Q 33.5E+6 11 12.629
0.859 | 0.137| 0.072 68.6 0.323 1504 5.57Et04  154357E504| 5.39| 1.67E-02 9.50E-04 7.04E-01 0.41 3.04E-J 31.9E+6 11 12.929
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M L d ft RTO CRT v p Js Tt] ADFt RCF MMFt Ft v G A | Dt(%)
0.877| 0138 0.074 54. 0.003 0.011 5.61E[04 1564698504 | 528 2.05E-02 150E-03 9.13E-pD1 041 9.41E-) 20.8E+6| 11 | 9.96%
0.877| 0138 0.074 55. 0.008 0.032 5.61E[04 156469504 | 528 2.01E-02 145E-03 8.37E-DL 041 2.4@E-) 21.6E+6| 11 | 10.879
0.877| 0.138] 0.074 55. 0.025 0.104 5.61E[04 15646985504 | 5.28] 2.02E-02 1.46E-43 8.04E-D1  0.41 3.1BE-0 21.3E+6| 11 | 11.309
0.877| 0138 0.074 54. 0.098 0.414 5.61E[04 1564698504 | 528 2.06E-02 151E-03 7.92E-p1 041 1.34E-Q 20.6E+6] 11 | 11.489
0.877| 0.138] 0.074 52 0.197 0.871 5.61E[04 1564698504 | 5.28| 2.13E-02 1.62E-3 7.57E-DL 041 2.04E-0 19.3E+6| 11 | 12.019
0.877| 0138 0.074 49. 0.340 1.612 5.61E[04 1564698504 | 528 2.26E-02 1.83E-03 7.06E-D1 041 6.16E-0 17.1E+6| 11 | 12.889
M L d ft RTO CRT v ) Js Tt] ADFt RCF MMFt Ft v G A | Dt (%)
0.877| 0.138] 0.074 50. 0.003 0.011 5.61E[04 1564698504 | 5.28] 1.87E-02 1.25E-03 O9.13E-pD1  0.41 7.8AE-0 24.9E+6| 11 | 9.96%
0.877| 0138 0.074 50. 0.007 0.026 5.61E[04 1564698504 | 528 1.89E-02 1.27E-03 9.01E-pD1 041 1.85E-Q) 24.6E+6] 11 | 10.099
0.877| 0.138] 0.074 50. 0.023 0.087 5.61E[04 156469504 | 5.28] 1.89E-02 1.27E-43 8.85E-D1  0.41 2.3E-0 24.5E+6| 11 | 10.289
0.877| 0138 0.074 58. 0.083 0.345 5.61E[04 1564698504 | 528 1.91E-02 1.31E-03 8.05E-p1 041 9.4BE-) 23.9E+6| 11 | 11.299
0.877| 0.138] 0.074 57. 0.160 0.689 5.61E[04 15646985504 | 5.28] 1.93E-02 1.33E-43 7.77E-pL 041 1.92E-Q 23.4E+6] 11 | 11.709
0.877| 0.138 0.074 56. 0.227 1.003 5.61E[04 15646985504 | 5.28] 2.00E-02 1.42E-43 7.57E-pD1 041 2.9BE-0 21.9E+6| 11 | 12.009
0.877| 0138 0.074 53. 0.345 1.501 5.61E[04 1564698504 | 5.28) 2.08E-02 155E-03 7.26E-D1 041 5.E-) 20.2E+6| 11 | 12.539
M L d ft RTO CRT v p Js Tt] ADFt RCF MMFt Ft v G A | Dt(%)
0.877| 0138 0.074 61 0.003 0.011 5.61E[04 1564698504 | 528 1.82E-02 1.18E-03 9.13E-D1 041 7.3DE-) 26.5E+6| 11 | 9.96%
0.877| 0.138] 0.074 6L 0.009 0.035 5.61E[04 1564698504 | 5.28] 1.83E-02 1.20E-43 8.60E-D1  0.41 2.25E-0 26.0E+6| 11 | 10.579
0.877| 0.138] 0.074 0. 0.039 0.160 5.61E[04 15646985504 | 5.28| 1.85E-02 1.22E-03 8.16E-D1  0.41 4.06E-Q) 25.6E+6| 11 | 11.159
0.877| 0138 0.074 50. 0.140 0.566 5.61E[04 1564698504 | 528 1.87E-02 1.25E-03 8.28E-D1 041 1.48E-() 24.9E+6] 11 | 10.989
0.877| 0.138] 0.074 58. 0.227 0.943 5.61E[04 15646985504 | 5.28] 1.92E-02 1.32E-43 8.05E-D1  0.41 2.50E-0 23.7E+6| 11 | 11.299
0.877| 0138 0.074 56. 0.394 1.693 5.61E[04 1564698504 | 528 1.99E-02 1.41E-03 7.79E-p1 041 4.9BE-) 22.2E+6| 11 | 11.679
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M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.877| 0.138| 0.072 63.8 0.003 0.011 5.61E{04  156469E504 | 5.28| 1.76E-02 1.10E-03 9.13E-p1 0.41 6.8BE-() 28.4E+6 11 9.96%
0.877| 0.138| 0.072 63.} 0.007 0.024 5.61E{04  156469E504 | 5.28| 1.76E-02 1.10E-03 9.76E-p1  0.41 1.68E-(Q 28.3E+6 11 9.31%
0.877| 0.138| 0.072 63.p 0.021 0.085 5.61E;04  156469E504 | 5.28| 1.76E-02 1.11E-Q3 8.27E-p1  0.41 1.96E-(Q 28.2E+6 11 11.009
0.877| 0.138| 0.072 63.8 0.056 0.221 5.61E{04  156469E504 | 5.28| 1.77E-02 1.12E-03 8.48E-pP1 041 5.16E-) 27.9E+6 11 10.729
0.877| 0.138] 0.072 618 0.181 0.707 5.61E;04  156469E504 | 5.28| 1.81E-02 1.17E-Q3 8.57E-p1 0.41 1.78E-() 26.6E+6 11 10.619
0.877| 0.138| 0.072 61.0 0.378 1.547 5.61E{04  156469E504 | 5.28| 1.84E-02 1.20E-03 8.18E-p1 0.41 3.89E-() 25.9E+6 11 11.129

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft b G A Dt (%)
0.877| 0.138| 0.072 66.2 0.003 0.011 5.61E;04  156469E504 | 5.28| 1.69E-02 1.02E-03 9.13E-p1  0.41 6.4DE-) 30.6E+6 11 9.96%
0.877| 0.138| 0.072 66.2 0.007 0.025 5.61E{04  156469E504 | 5.28| 1.69E-02 1.02E-03 8.70E-P1  0.41 1.39E-( 30.6E+6 11 10.459
0.877| 0.138| 0.072 65.9 0.038 0.146 5.61E;04  156469E504 | 5.28| 1.70E-02 1.03E-03 8.71E-p1  0.41 3.18E-) 30.3E+6 11 10.449
0.877| 0.138| 0.072 65.2 0.113 0.431 5.61E{04  156469E504 | 5.28| 1.72E-02 1.05E-03 8.77E-p1  0.41 9.48E-() 29.6E+6 11 10.369
0.877| 0.138] 0.072 63.3 0.235 0.955 5.61E;04  156469E504 | 5.28| 1.77E-02 1.12E-Q3 8.23E-p1 0.41 2.28E-) 27.9E+6 11 11.049
0.877| 0.138| 0.072 62.0 0.377 1.555 5.61E;04  156469E504 | 5.28| 1.81E-02 1.16E-03 8.11E-p1 0.41 3.78E-) 26.8E+6 11 11.219

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft b G A Dt (%)
0.851| 0.136] 0.072 51.9 0.003 0.011 5.53E104  1%4052E504 | 5.44| 2.22E-02 1.66E-Q3 8.85E-p1  0.409 106E-| 18.0E+6| 11.1 10.189
0.851| 0.136| 0.072 51.8 0.007 0.027 5.53E{04  154052E504 | 5.44| 2.25E-02 1.70E-03 8.42E-P1  0.409 206RE-| 17.6E+6| 11.1 10.709
0.851| 0.136] 0.072 51.8 0.016 0.065 5.53E104  1%4052E504 | 5.44| 2.25E-02 1.70E-Q3 7.99E-p1  0.409 2@3E-| 17.6E+6| 11.1 11.279
0.851| 0.136] 0.072 50.9 0.042 0.169 5.53E104  1%4052E504 | 5.44| 2.27E-02 1.73E-03 8.07E-p1  0.409 608E-| 17.4E+6| 11.1 11.179
0.851| 0.136| 0.072 49.9 0.103 0.418 5.53E{04  154052E504 | 5.44| 2.31E-02 1.80E-03 8.00E-P1  0.409 168E-| 16.7E+6| 11.1 11.269
0.851| 0.136] 0.072 48.p 0.214 0.910 5.53E104  154052E504 | 5.44| 2.40E-02 1.94E-03 7.63E-p1  0.409 308E-| 15.4E+6| 11.1 11.809
0.851| 0.136| 0.072 44.6 0.366 1.695 5.53E{04  154052E504 | 5.44| 2.59E-02 2.25E-03 7.01E-P1  0.409 809E-| 13.3E+6| 11.1 12.859
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M L d ft RTO CRT v p Js Tt] ADFt RCF MMFt Ft v G A | Dt(%)
0.851| 0.136] 0.074 56.9 0.003 0.011 553E[04 1540526504 | 5.44| 203E-02 1.38E-G3 8.85E-P1 0409  8OUBE-| 21.7E+6| 11.1| 10.189
0.851| 0.136] 0.074 575 0.008 0.029 553E[04 184052E504 | 5.44| 201E-02 1.35E-G3 8.40E-pP1 0409  206E-| 22.1E+6| 11.1| 10.739
0.851| 0.136] 0.074 57.2 0.020 0.077 553E[04 154052504 | 5.44| 202E-02 1.37E-03 8.43E-P1L 0409  2@3E-| 21.9E+6| 11.1| 10.689
0.851| 0.136] 0.074 56.7 0.054 0.211 553E[04 1540526504 | 5.44| 204E-02 1.39E-G3 8.31E-P1 0409  6@3E-| 21.5E+6| 11.1| 10.849
0.851| 0.136] 0.074 555 0.133 0.536 553E[04 154052504 | 5.44| 208E-02 145E-G3 8.05E-P1 0409  1OBE-| 20.6E+6| 11.1| 11.189
0.851| 0.136] 0.074 53.9 0.240 0.993 553E[04 1540526504 | 5.44| 2.14E-02 154E-G3 7.85E-D1 0409  3Q4E-| 19.5E+6| 11.1| 11.489
0.851| 0.136] 0.074 51.8 0.371 1.626 553E[04 154052504 | 5.44| 225E-02 1.70E-G3 7.41E-P1 0409  5@6E-| 17.6E+6| 11.1| 12.169

M L d ft RTO CRT v p Js Tt] ADFt RCF MMFt Ft v G A | Dt(%)
0.851| 0.136] 0.074 587 0.003 0.011 553E[04 1540526504 | 5.44| 1.97E-02 1.30E-G3 8.85E-P1 0409  8@BE-| 23.1E+6| 11.1| 10.189
0.851| 0.136] 0.074 58.7 0.007 0.027 553E[04 154052504 | 5.44] 1.97E-02 1.30E-G3 8.42E-P1I 0409  10GE-| 23.1E+6| 11.1| 10.709
0.851| 0.136] 0.074 587 0.019 0.074 553E[04 1540526504 | 5.44| 1.97E-02 1.30E-G3 8.33E-P1 0409  208E-| 23.1E+6| 11.1| 10.819
0.851| 0.136] 0.074 581 0.065 0.251 553E[04 154052504 | 5.44] 1.99E-02 1.32E-G3 8.41E-P1 0409  7OBE-| 22.6E+6| 11.1| 10.729
0.851| 0.136] 0.074 56.1 0.166 0.668 553E[04 15405204 | 5.44| 206E-02 1.42E-G3 B8.07E-P1I 0409  204E-| 21.1E+6| 11.1| 11.179
0.851| 0.136] 0.074 54.6 0.272 1122 553E[04 1540526504 | 5.44| 211E-02 1.50E-G3 7.87E-P1 0409  3BFE-| 20.0E+6| 11.1| 11.450
0.851| 0.136] 0.074 515 0.434 1.915 553E[04 154052504 | 5.44| 224E-02 1.69E-G3 7.36E-P1 0409  6@BE-| 17.8E+6| 11.1| 12.259

M L d ft RTO CRT % p Js Tt]| ADFt RCF MMFt Ft Y G A | Dt (%)
0.851| 0.136] 0.074 61.6 0.003 0.011 553E[04 154052504 | 5.44| 1.87E-02 1.18E-G3 8.85E-P1 0409  7BDE-| 25.4E+6| 11.1| 10.189
0.851| 0.136] 0.074 61.8 0.008 0.030 553E[04 154052504 | 5.44| 1.88E-02 1.19E-G3 8.66E-P1 0409  20RE-| 25.2E+6| 11.1| 10.419
0.851| 0.136] 0.074 61.8 0.018 0.071 553E[04 1540526504 | 5.44| 1.88E-02 1.19E-G3 8.23E-P1 0409  109E-| 25.2E+6| 11.1| 10.959
0.851| 0.136] 0.074 61.2 0.048 0.185 553E[04 154052504 | 5.44| 1.89E-02 1.19E-G3 8.42E-P1I 0409  4@B9E-| 25.1E+6| 11.1| 10.709
0.851| 0.136] 0.074 601 0.141 0.550 553E[04 1540526504 | 5.44| 1.92E-02 1.24E-G3 8.32E-P1 0409  1@4E-| 24.2E+6] 11.1| 10.839
0.851| 0.136] 0.074 585 0.237 0.960 553E[04 154052504 | 5.44] 1.97E-02 1.31E-G3 B8.01E-P1 0409  2O6E-| 22.9E+6| 11.1| 11.249
0.851| 0.136] 0.074 555 0.430 1.863 553E[04 1540526504 | 5.44| 208E-02 145E-G3 7.49E-D1 0409  504E-| 20.6E+6| 11.1| 12.029
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M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.851| 0.136] 0.072 63. 0.003 0.011 5.53E104  154052E504 | 5.44| 1.82E-02 1.12E-03 8.85E-p1 0.4|09 7QDE-| 26.8E+6| 11.1| 10.189
0.851| 0.136] 0.072 63.6 0.009 0.034 5.53E104  154052E504 | 5.44| 1.81E-02 1.11E-Q3 8.59E-p1 0.4|09 208E-| 27.1E+6| 11.1| 10.489
0.851| 0.136] 0.072 63. 0.020 0.076 5.53E104  154052E504 | 5.44| 1.81E-02 1.11E-03 8.54E-p1 0.4|09 10BE-| 27.1E+6| 11.1| 10.559
0.851| 0.136] 0.072 63. 0.045 0.169 5.53E104  154052E504 | 5.44| 1.82E-02 1.12E-03 8.64E-p1 0.4|09 400E-| 26.8E+6| 11.1| 10.429
0.851| 0.136| 0.072 62.5 0.144 0.547 5.53E104  154052E504 | 5.44| 1.85E-02 1.14E-03 8.55E-p1 0.4|09 138E-| 26.2E+6| 11.1| 10.549
0.851| 0.136] 0.072 60. 0.282 1.114 5.53E104  154052E504 | 5.44| 1.90E-02 1.21E-Q3 8.22E-pP1 0.4|09 2@6E-| 248E+6/ 11.1| 10.969
0.851| 0.136] 0.072 57. 0.424 1.846 5.53E104  154052E504 | 5.44| 2.00E-02 1.34E-03 7.46E-p1 0.4|09 5Q6E-| 22.3E+6| 11.1| 12.089
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C.4 REMOLDED HEATED

M L d ft RTO CRT % p Js Tt| ADFt RCF MMFt Ft y G A | Dt (%)
0.919| 0.146] 0072 4538 0.003 0.011 5.06E[04 1541958504 | 5.04| 2.36E-01 2.18E-03 956E-D1 0415  10®E-| 155E+6] 105| 9.97%
0.919| 0.146] 0072 441 0.007 0.027 5.06E[04 1341958504 | 5.04] 2.42E-03 2.30E-U3 9.08E-P1 0415  306E-| 14.7E+6| 10.5| 10.489
0919 | 0.146] 0072 433 0.022 0.091 5.96E[04 1541958504 | 5.04| 247E-03 239E-U3 B8A47E-PI 0415  4Q9E-| 14.2E+6] 105 11.249
0.919| 0.146] 0072 42.7 0.070 0.294 5.906E[04 1341958504 | 5.04] 250E-02 2.45E-03 B8.34E-D1 0415  1@2E-| 13.8E+6] 10.5| 11.429
0919 | 0.146] 0072 416 0.148 0.635 5.96E[04 154195804 | 5.04| 257E-03 258E-U03 B8.17E-P1 0415  3Q8E-| 13.1E+6] 105| 11.669
0919 0.146] 0074 40 0.238 1.086 506E/04 1941 05| 504| 2.67E-04 2.80E-083 7.68E-01 0415  597E-0412.1E+6| 10.5| 12.409
0.919| 0.146] 0074 37.1 0.354 1.763 5.06E[04 1341958504 | 5.04| 2.88E-02 3.25E-03 7.04E-D1 0415  103E-| 10.4E+6] 10.5| 13.549

M L d ft RTO CRT % ) Js Tt| ADFt RCF MMFt Ft Y G A Dt (%)
0.919| 0.146] 0072 50.6 0.003 0011 5096E[04 1541 95604| 504] 2.11E-02 1.75E-03 9.56EDL  0.415 108E- | 19.4E+6] 105| 9.97%
0919 | 0.146] 0072 505 0.007 0.030 5.096E[04 154195604 | 504] 2.12E-02 1.75E-03 8.18E-D1  0.415 2@4E- | 19.3E+6] 105| 11.659
0.919| 0.146] 0072 509 0.019 0074 5.096E[04 1941 956504| 5.04] 2.10E-02 1.73E-03 9.00EPL  0.415 26AE-| 19.6E+6] 10.5| 10.599
0.919| 0.146] 0072 50.6 0.055 0220 5.096E[04 1941 95604| 5.04] 2.11E-02 1.75E-03 8.76EPL  0.415 7OBE- | 19.4E+6] 10.5| 10.879
0919 | 0.146] 0072 49.6 0.144 0588 5.96E[04 1541 95604 | 504] 2.16E-02 1.82E-03 858EDL  0.45 200E- | 18.6E+6] 105| 11.109
0.919| 0.146] 0072 48.6 0.220 0926 5.096E[04 1941 956504| 5.04] 2.20E-02 1.89E-03 8.32EDL  0.415 3@BE-| 17.9E+6] 10.5| 11.449
0.919| 0.146] 0072 457 0.344 1567 5.096E[04 1541 958504 | 5.04| 234E-02 2.14E-03 7.69E-p1 04[5 6GOE- | 15.8E+6] 10.5| 12.389

M L d ft RTO CRT % p Js Tt| ADFt RCF MMFt Ft v G A Dt (%)
0.919| 0.146] 0072 57.7 0.003 0011 5.096E[04 1941 95604| 5.04] 1.85E-02 1.34E-03 9.56EDL  0.415 7OBE- | 25.2E+6] 105| 9.97%
0919 | 0.146] 0072 57.5 0.008 0.030 5.096E[04 1541 95604 | 504] 1.86E-02 1.35E-03 9.34ED1  0.4[5 20BE- | 25.0E+6] 10.5| 10.199
0.919| 0.146] 0072 57.6 0.019 0074 5096E[04 1941 95604| 5.04] 1.86E-02 1.35E-03 9.00EPL  0.415 1@GE- | 25.1E+6] 10.5| 10.599
0919 0.146] 0074 56.4 0.069 0276 5.96E[04 1541 95604 | 504] 1.900E-02 1.41E-03 8.76ED1  0.415 7@BE- | 24.1E+6] 105| 10.879
0.919| 0.146] 0074 556 0.125 0535 5.96E[04 1941 956504 | 5.04] 1.92E-02 1.45E-03 8.19ED1  0.415 1G2E- | 23.4E+6] 105]| 11.639
0919 0.146] 0074 54.4 0.260 1144 5096E[04 1541 95804 | 504] 197E-02 151E-03 7.96E-p1 04[5 3@OE- | 22.4E+6] 105| 11.969
0919 0.146] 0072 52.7 0.372 1702 5.096E[04 1541 95804 | 5.04] 2.03E-02 1.61E-03 7.66E-p1 04[5 5@OE- | 21.0E+6| 105 | 12.449
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M L d ft RTO CRT % p Js Tt| ADFt RCF MMFt Ft v G A Dt (%)
0919 0.146] 0074 534 0.003 0011 5096E[04 154195604 | 504] 2.00E-02 157E-03 956EDL  0.415 O@BE- | 21.6E+6] 105| 9.97%
0.919| 0.146] 0072 53.6 0.012 0.048 5096E[04 1541 95604 | 504] 2.00E-02 156E-03 8.76EDL  0.415 3@6E- | 21.8E+6] 10.5| 10.879
0.919| 0.146] 0074 53.8 0.036 0.146  5.096E[04 1941 956504| 5.04] 2.01E-02 157E-03 8.64EDL  0.45 4GRE- | 21.5E+6] 10.5| 11.029
0919 | 0.146] 0072 52.7 0.139 0569 5.96E[04 1541 95604 | 504] 2.03E-02 161E-03 856EDL  0.415 1BOE- | 21.0E+6] 105| 11.139
0.919| 0.146] 0074 51.2 0.244 1023 5.096E[04 15941 95504 | 5.04] 2.09E-02 1.71E-03 8.36E-PL  0.4[5 3@8E- | 19.9E+6] 10.5| 11.409
0919 | 0.146] 0072 488 0.375 1691 5.096E[04 1541 95804 | 504] 2.19E-02 1.88E-03 7.77E-p1 04[5 6QBE- | 18.0E+6] 105| 12.269

M L d ft RTO CRT Vv p Js Tt| ADFt RCF MMFt Ft Y G A Dt (%)
0.919| 0.146] 0074 57.9 0.003 0011 5.96E[04 15941958504 | 5.04| 1.85E-02 1.33E-03 9.56E-D1  0.415 7@7E-| 25.4E+6] 105| 9.97%
0.919| 0.146] 0072 57.8 0.009 0.033 5.96E[04 1541958504 | 504 1.85E-02 1.34E-03 9.56E-D1  0.415 206E- | 25.3E+6] 10.5| 9.97%
0.919| 0.146] 0074 5838 0.035 0119 G5.096E[04 1941955504 5.04| 1.83E-02 1.32E-03 1.03E+p0 O0.415 30BE- | 25.7E+6] 105 9.24%
0919 | 0.146] 0072 562 0.104 0441 5096E[04 154195804 | 504| 1.90E-02 1.42E-03 8.26E-p1  0.415 1@BE- | 23.9E+6] 105 | 11.539
0.919| 0.146] 0074 552 0.212 0973 5.96E[04 15941958504 | 5.04| 1.94E-02 1.47E-03 7.63E-D1  0.415 2@AE- | 23.1E+6| 10.5]| 12.489
0.919| 0.146] 0072 52.9 0.391 1827 5.096E[04 15941956504 | 504] 2.02E-02 1.60E-G3 7.50E-01  0.4[5 SOAE-| 21.2E+6| 10.5| 12.709

M L d ft RTO CRT % ) Js Tt| ADFt RCF MMFt Ft Y G A | Dt (%)
0.923| 0.147] 0072 37.8 0.003 0.011 5.96E[04 154898504 | 5.01| 2.81E-02 3.13E-03 B8.00E-DI 0418  1G@E-| 10.7E+6] 10.5| 11.909
0.923| 0.147] 0072 380 0.009 0.048 5.96E[04 154898804 | 5.01| 2.80E-03 3.10E-03 6.60E-DI 0418  5@BE-| 10.8E+6| 105| 14.439
0.923| 0.147] 0072 37.6 0.042 0.223 5.96E[04 154898504 | 5.01| 2.83E-02 3.16E-03 6.63E-DL 0418  1BOE-| 10.6E+6| 105| 14.369
0.923| 0.147] 0072 36.0 0.103 0.641 5.96E[04 1548985504 | 5.01| 2.96E-02 3.45E-G3 5.66ED1 0418  4BBE-| 9.7E+6| 10.5| 16.839
0.923| 0.147] 0072 33.0 0.226 1525 5.96E[04 154898804 | 5.01| 3.22E-01 4.11E-G3 522ED1 0418  1@3E-| 8.2E+6| 105| 18.259
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M L d ft RTO CRT % p Js Tt| ADFt RCF MMFt Ft v G A | Dt(%)
0923 | 0.147] 0072 443 0.003 0.011 5.96E[04 154898804 | 5.01| 2.40E-03 2.28E-03 960E-DI 0418  1G@E-| 14.7E+6| 105| 9.92%
0923 | 0.147] 0072 437 0.009 0.035 5.96E[04  154898E04 | 5.01| 243E-03 2.34E-03 9.05E-D1 0418  408E-| 14.3E+6] 105| 10.529
0.923| 0.147] 0074 434 0.038 0.153 5.96E[04 154898504 | 5.01| 2.45E-034 2.37E-03 B8.75E-D1 0418  708E-| 14.1E+6] 105| 10.899
0923 | 0.147] 0072 418 0.141 0.598 5.96E[04 154898804 | 5.01| 2.55E-034 256E-03 B8.30E-DL 0418  30AE-| 13.1E+6| 105]| 11.479
0.923| 0.147] 0072 40.0 0.242 1.081 5.96E[04 154898504 | 5.01| 2.66E-02 2.80E-G3 7.88E-D1 0418  5O4E-| 12.0E46] 105| 12.089
0923 | 0.147] 0072 375 0.383 1.829 5.96E[04 154898804 | 5.01| 2.84E-03 3.18E-03 7.37E-D1 0418  103E-| 10.6E+6| 105| 12.929
M L d ft RTO CRT % p Js Tt| ADFt RCF MMFt Ft y G A | Dt (%)
0.923| 0.147] 0072 502 0.003 0.011 5.96E[04 154898804 | 5.01| 2.12E-03 1.77E-3 9.60E-DI 0418  106E-| 18.9E+6] 105| 9.92%
0923 | 0.147] 0072 5038 0.013 0.049 5.96E[04 154898804 | 5.01| 2.12E-03 1.77E-03 934ED1 0418  4BRE-| 19.0E+6] 105| 10.199
0.923| 0.147] 0072 50.0 0.049 0.186 5.96E[04 154898504 | 5.01| 2.13E-024 1.79E-3 928E-DL 0418  6OBE-| 18.8E+6] 105| 10.279
0923 | 0.147] 0072 491 0.131 0523 5.96E[04 154898804 | 5.01| 2.17E-03 1.86E-03 B8.82E-DL 0418  1O4E-| 18.1E+6| 105| 10.809
0.923| 0.147] 0074 474 0.252 1.053 5.96E[04 1548985504 | 5.01| 2.24E-03 1.99E-03 B843E-DL 0418  402E-| 16.9E+6] 105| 11.309
0.923| 0.147] 0072 452 0.386 1.724 5.96E[04 1548985504 | 5.01| 2.35E-02 2.19E-03 7.88E-D1 0418  7@2E-| 15.3E+6| 105| 12.089
M L d ft RTO CRT % p Js Tt| ADFt RCF MMFt Ft y G A | Dt (%)
0.923| 0.147] 0072 481 0.003 0.011 5.06E[04 154898804 | 5.01| 2.21E-03 1.93E-G3 O.60E-DI 0418  108E-| 17.4E+6] 105| 9.92%
0.923| 0.147] 0072 47.6 0.011 0.043 5.96E[04 154898804 | 5.01| 2.24E-03 1.97E-03 0.01E-DI 0418  4QGE-| 17.0E+6] 105| 10.579
0.923| 0.147] 0072 47.8 0.051 0.193 5.96E[04 154898504 | 5.01| 2.25E-02 2.00E-G3 9.30E-DI 0418  7BBE-| 16.8E+6] 10.5| 10.249
0.923| 0.147] 0072 467 0.104 0.404 5.96E[04 1548988504 | 5.01| 2.28E-02 2.05E-03 9.06E-DI 0418  1B8E-| 16.4E+6| 105| 10.519
0923 | 0.147] 0072 448 0.227 0.923 5.96E[04 154898804 | 5.01| 2.38E-03 2.23E-03 B8.66E-DL 0418  404E-| 151E+6| 105]| 11.009
0.923| 0.147] 0072 433 0.318 1.334 5.96E[04 154898504 | 5.01| 2.46E-03 2.39E-03 B8.39E-DL 0418  6@6E-| 14.1E+6| 105| 11.359
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M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.923| 0.147| 0.072 50.4 0.003 0.011 5.96E{04  154898E504 | 5.01| 2.11E-02 1.76E-03 9.60E-P1  0.418 108E-| 19.1E+6| 10.5 9.92%
0.923| 0.147| 0.072 50.4 0.014 0.052 5.96E{04  154898E504 | 5.01| 2.11E-02 1.76E-03 9.48E-P1  0.418 4@6E-| 19.1E+6| 10.5| 10.059
0.923| 0.147| 0.072 50.4 0.060 0.219 5.96E104  1%4898E504 | 5.01| 2.11E-02 1.76E-Q3 9.65E-p1  0.418 7BBE-| 19.1E+6| 10.5 9.87%
0.923 | 0.147| 0.072 485 0.132 0.555 5.96E{04  154898E504 | 5.01| 2.19E-02 1.90E-03 8.37E-p1  0.418 204E-| 17.7E+6| 10.5| 11.379
0.923| 0.147| 0.072 47.8 0.226 0.980 5.96E:04  154898E504 | 5.01| 2.25E-02 2.00E-Q3 8.12E-p1 0.418 3B5E-| 16.8E+6| 10.5| 11.739
0.923| 0.147| 0.072 45.1 0.342 1.582 5.96E{04  154898E504 | 5.01| 2.36E-02 2.20E-03 7.61E-P1  0.418 6@4E-| 15.3E+6| 10.5| 12.519

M L d ft RTO CRT \Y Js Tt ADFt RCF MMFt Ft % G A Dt (%)
0.889| 0.142] 0.072 32.8 0.004 0.011 5.77E;04  134076E504 | 5.21| 3.42E-02 4.29E-03 1.08E+D0  0.41 3.06E-Q 7.8E+6| 10.5 8.82%)
0.889 | 0.142| 0.072 32.9 0.009 0.030 5.77E;04  134076B504 | 5.21| 3.36E-02 4.13E-03 1.02E+p0 041 7.55E-Q 8.1E+6| 10.5 9.36%
0.889| 0.142| 0.072 32.8 0.034 0.122 5.77E{04  154076E504 | 5.21| 3.42E-02 4.29E-03 9.45E-01 0.41 1.06E-Q 7.8E+6| 10.5| 10.089
0.889 | 0.142| 0.072 31.4 0.083 0.325 5.77E{04  154076E504 | 5.21| 3.52E-02 4.54E-03 8.66E-01 0.41 2.99E-Q 7.4E+6| 10.5| 10.999
0.889| 0.142| 0.072 28.p 0.174 0.735 5.77E{04  154076E504 | 5.21| 3.86E-02 5.47E-03 8.03E-01 0.41 8.16E-(Q 6.1E+6| 10.5| 11.869
0.889| 0.142] 0.072 26.9 0.234 1.037 5.77E{04  154076E504 | 5.21| 4.11E-02 6.18E-03 7.65E-01 0.41 1.3BE-Q 54E+6| 10.5| 12.449
0.889 | 0.142| 0.072 22.9 0.389 1.978 5.77Et04  134076E504 | 5.21| 4.82E-02 8.53E-03 6.67E-01 0.41 3.43E-Q 3.9E+6| 10.5| 14.289

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.889 | 0.142| 0.072 43.1 0.004 0.011 5.77E;04  1%4076B504 | 5.21| 2.56E-02 2.41E-03 1.08E+D0 0.41 1.74E-Q0 13.9E+6| 10.5 8.82%
0.889| 0.142| 0.072 429 0.015 0.052 5.77E;04  1%4076B504 | 5.21| 2.57E-02 2.43E-03 9.78E-p1 0.41 7.40E-Q 13.7E+6| 10.5 9.73%
0.889| 0.142| 0.072 42y 0.050 0.174 5.77E;04  1%4076B504 | 5.21| 2.59E-02 2.45E-03 9.75E-p1 0.41 8.65E-0 13.6E+6| 10.5 9.77%
0.889 | 0.142| 0.072 41.9 0.098 0.349 5.77E{04  15%4076E304 | 5.21| 2.64E-02 2.55E-03 9.52E-01 0.41 1.84E-Q 13.1E+6| 10.5| 10.009
0.889| 0.142] 0.072 38.1 0.263 1.061 5.77Et04  1%4076B504 | 5.21| 2.90E-02 3.08E-03 8.41E-p1 0.41 6.64E-0 10.8E+6| 10.5| 11.339
0.889 | 0.142| 0.072 35.} 0.374 1.632 5.77E{04  15%4076E304 | 5.21| 3.09E-02 3.51E-03 7.77E-01 0.41 1.18E-Q) 9.5E+6 10.5| 12.259

130

www.manaraa.com



M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.889 | 0.142| 0.072 495 0.004 0.011 5.77E;04  1%4076B504 | 5.21| 2.23E-02 1.83E-03 1.08E+P0  0.41 1.39E-Q 18.3E+6| 10.5 8.82%
0.889 | 0.142| 0.072 495 0.010 0.032 5.77E;04  1%4076B504 | 5.21| 2.23E-02 1.83E-03 1.06E+P0  0.41 3.7E-Q 18.3E+6| 10.5 8.99%
0.889| 0.142| 0.072 48.9 0.052 0.180 5.77E;04  15%4076B504 | 5.21| 2.26E-02 1.87E-03 9.80E-01 0.41 6.88E-0 17.8E+6| 10.5 9.72%
0.889 | 0.142| 0.072 47.0 0.135 0.495 5.77E104  1%4076E304 | 5.21| 2.35E-02 2.02E-03 9.25E-01 0.41 2.04E-0 16.5E+6| 10.5| 10.309
0.889| 0.142| 0.072 45.4 0.223 0.841 5.77E;04  15%4076B504 | 5.21| 2.43E-02 2.17E-03 8.99E-01 0.41 3.74E-Q 15.4E+6| 10.5| 10.599
0.889 | 0.142| 0.072 41.9 0.420 1.696 5.77E104  1%4076E304 | 5.21| 2.64E-02 2.55E-03 8.40E-01 0.41 8.74E-Q 13.1E+6| 10.5| 11.349

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.889| 0.142| 0.072 487 0.004 0.011 5.77E;04  1%4076E504 | 5.21| 2.27E-02 1.89E-03 1.08E+p0  0.41 1.33E-Q0 17.7E+6| 10.5 8.82%
0.889 | 0.142| 0.072 49.4 0.009 0.031 5.77E104  1%4076E304 | 5.21| 2.24E-02 1.83E-03 9.85E-01 0.41 3.35E-Q 18.2E+6| 10.5 9.67%
0.889| 0.142| 0.072 48.9 0.024 0.084 5.77E;04  15%4076B504 | 5.21| 2.26E-02 1.87E-03 9.69E-01 0.41 3.19E-0 17.8E+6| 10.5 9.83%
0.889 | 0.142| 0.072 48.1 0.081 0.283 5.77E104  1%4076E304 | 5.21| 2.30E-02 1.93E-03 9.71E-01 0.41 1.14E-Q 17.2E+6| 10.5 9.81%
0.889| 0.142] 0.072 45.9 0.204 0.775 5.77E;04  15%4076B504 | 5.21| 2.41E-02 2.12E-03 8.93E-01 0.41 3.34E-Q 15.7E+6| 10.5| 10.679
0.889| 0.142| 0.072 43.p 0.332 1.340 5.77E;04  15%4076B504 | 5.21| 2.57E-02 2.42E-03 8.40E-01 0.41 6.58E-0 13.8E+6| 10.5| 11.339

M L d ft RTO CRT \% Js Tt ADFt RCF MMFt Ft Y G A Dt (%)
0.889| 0.142| 0.072 54.0 0.004 0.011 5.77E;04  1%4076E504 | 5.21| 2.05E-02 1.53E-03 1.08E+p0  0.41 1.09E-0 21.7E+6| 10.5 8.82%
0.889 | 0.142| 0.072 53.9 0.017 0.058 5.77E104  1%4076E304 | 5.21| 2.05E-02 1.54E-03 9.94E-01 0.41 5.3E-Q 21.7E+6| 10.5 9.58%
0.889| 0.142] 0.072 525 0.067 0.233 5.77E;04  15%4076B504 | 5.21| 2.10E-02 1.62E-03 9.75E-01 0.41 7.68E-0 20.6E+6| 10.5 9.76%
0.889| 0.142] 0.072 50.p 0.195 0.763 5.77E;04  15%4076B504 | 5.21| 2.21E-02 1.79E-03 8.67E-01 0.41 2.74E-Q 18.6E+6| 10.5| 10.999
0.889 | 0.142| 0.072 47.1 0.379 1.562 5.77E104  1%4076E304 | 5.21| 2.35E-02 2.02E-03 8.23E-01 0.41 6.40E-Q 16.5E+6| 10.5| 11.579
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