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ABSTRACT

Many research engineers over the years have reported various problems with the resilient modulus test
for soils. Some of these problems are associated with the testing setup, some with the testing procedure.
In particular, researchers have observed significant differences in the estimations of the moduli when
comparing results from the field with those obtained under laboratory conditions. Thus, the purpose of
this study was to develop a reliable resilient modulus test for subgrade and non-granular subbase materi-
als for use in routine pavement design.
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SUMMARY

In its 1986 guidelines for the design of pavement structures, the American Association of State Highway
and Transportation Officials (AASHTO) endorsed the resilient modulus concept as the basis for the char-
acterization of pavement materials, recommending in particular AASHTO T-274-82, the “Standard Method
of Testing for Resilient Modulus of Subgrade Soils.” But since its introduction, AASHTO T-274 has been
widely criticized. Problems in the setup and testing process have prompted concems regarding the reli-
ability, repeatability, and efficiency of the test method.

This report, in documenting a specific response to these concems, describes the development of a reli-
able resilient modulus testing method for subgrade and non-granular subbase materals for use in routine
pavement design. In outlining this development, the report documents the state of knowledge regarding
the dynamic behavior of soils, as well as the available state-of-the-art equipment used in assessing soil
behavior, Equipment used to provide testing configuration guidelines are also described.

After examining available testing procedures, a prototype testing procedure was developed. Then, each
aspect and stage of this protolype procedure was thoroughly evaluated in experiments aimed at identify-
ing the most efficient and reliable procedure. To validate this testing procedure and the guidelines to be
recommended, moduli results obtained through our experimental programs were compared with results
obtained through other laboratory and field tests. Finally, through this extensive investigation, a new resil-
ient modulus testing method has been successfully developed and is herein proposed—one that is reli-
able, repeatable, and efficient.

Keywords: Resilient modulus, laboratory testing, soil dynamics, subgrade, subbase, flexible pavement,
pavement design

IMPLEMENTATION STATEMENT

This project recommends use of the alternative resilient modulus testing method described in Chapter
13. This method, as the report details, is particularly effective in determining, for pavement design pur-
poses, the stiffness characteristics of subgrade and non-granular subbase materials. The report also pre-
sents moduli prediction models that can provide the engineer with a quick and early estimate of the resil-
ient moduli for use in pavement design and pavement evaluation.
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CHAPTER 1.

BACKGROUND

Years ago engineers had to rely on either expe-
rience or some type of index to guide them in the
design of pavement thicknesses. In general, the
approach chosen attempted to control pavement
layer thickness and layer material quality, the as-
sumption being that the primary source of defor-
mation occurs in the subgrade. In this way, allow-
able deformations were controlled primarily by
defining the pavement thickness, with such defini-
tions seeking to reduce the resulting subgrade
stress to a level that yielded a permanent deforma-
tion representative of a “failed” condition after so
many stress repetitions.

However, new design and construction practices
recognize that several distress modes (e.g., rutting,
shoving, and cracking) contribute to pavement fail-
ure. For instance, experimental studies, such as
those conducted by the California Division of
Highways, have demonstrated that repeated load
applications induce repeated deformations that can
cause cracking of asphaltic surfacing.

The need to predict the physical response of
pavement structures to repeated loads has led to
the application of methods based on multi-layered
elastic theory. Because they are capable of assess-
ing the magnitude of the strains developed in the
subgrade and pavement layers, such methods are
now considered necessary for assessing pavement
service life. Making use of elastic and/or viscoelas-
tic structural analyses, these methods rely heavily
on proper characterization of the stress-strain be-
havior of the materials comprising the pavement
structure. This combined stress-strain behavior is
expressed in terms of modulus.

The major component of deformation—or
strain—induced into a pavement structure under
wheel loading is not associated with either plastic
deformation (permanent deformation) or rupture.
Rather, it is an elastic deformation referred to as re-
coverable or resilient deformation. The resilient
modulus is therefore considered the required input
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for determining the stresses, strains, and deflections
in a pavement structure subjected to traffic loadings.

The other parameter needed for mechanistic
analysis is Poisson’s ratio. It has been demonstrated
that pavement responses are not especially sensi-
tive to variation of this parameter, and that they
can be estimated with reasonable accuracy. There-
fore, one of the main problems in predicting pave-
ment deflections is the determination of the resil-
ient or elastic moduli of the pavement compo-
nenis.

A successful mechanistic design relies on a
proper characterization of the pavement materials,
taking into account all the factors affecting their
deformational characteristics. This is perhaps the
most difficult part in the design and evaluation of
pavement structures, since soil properties are likely
to differ at each construction site.

Richard and Hall (Ref 44) reported that the dy-
namic response of a given soil depends not only
on the loading conditions, but also on the strain
distribution developed in the soil mass. In 1962,
Seed (Ref 5) listed the following factors that influ-
ence the resilient modulus of soils: (1) the number
of stress applications; (2) the age at initial loading;
(3) the stress intensity; {4) the method of compac-
tion; and (5) the compaction density and water
content.  Accordingly, measurements must be
taken using samples obtained from the construc-
tion site and tested under conditions expected to
occur during the service life of the pavement
structure.

While field tests can be used to determine the
dynamic behavior of soils, most engineers favor
laboratory tests. Such a preference is based on the
fact that field tests are limited (e.g., constraints as-
sociated with relatively small loading magnitudes,
accessibility to construction site, an already exist-
ing pavement structure, and favorable weather).
Laboratory tests, on the other hand, are less con-
strained because of their carefully controlled con-
ditions. Most researchers agree that laboratory test-
ing is more appropriate for design, while field



tests are more appropriately used in the evaluation
of pavement structures. Many types of laboratory
tests have been developed for a wide variety of
materials. One common type is the repeated load
triaxial compression test, frequently called the re-
silient modulus test.

In 1986, the American Association of State High-
way and Transportation Officials (AASHTO)
adopted in their guide for the design of pavement
structures the use of the elastic or resilient modu-
lus as the basis for the characterization of pave-
ment materials (Ref 1). The AASHTO Guide speci-
fies that, for roadbed soils, laboratory tests of
resilient modulus should be performed on repre-
sentative samples under stress and moisture condi-
tions that simulate actual field conditions. For this,
the AASHTO Guide suggests using AASHTO T-274-
82, the “Standard Method of Testing for Resilient
Modulus of Subgrade Soils” (Ref 2). Additionally,
the AASHTO Guide suggests using empirical corre-
lations to estimate approximate resilient moduli
values based on several soil properties, including
fine-grain content, moisture content, plasticity in-
dex, and CBR values of the test materials.

REPORTED PROBLEMS

Since its introduction, AASHTO T-274-82 has
been the target of widespread criticism. For in-
stance, Vinson (Ref B), in citing the major disad-
vantages of this testing procedure, notes that it re-
quires that all specimens be heavily conditioned
prior to the actual test; by then, he argues, the
sample may have undergone a substantial variety
of stress states for both cohesive and cohesionless
soils,

Other researchers have criticized the laborious
process of sample conditioning and testing. Most
of them (Refs 9, 31, 29, 43) questioned the validity
of and need for such an extensive process. Ho
(Ref 9), in particular, has documented his unsatis-
factory experience with AASHTO T-274. In testing
several subgrade soils collected across Florida, Ho
observed that the resilient modulus (Mg) values
seem to be independent of the number of repeti-
tions (up to 10,000), and that the conditioning
stage, as suggested by AASHTO T-274, was very
severe for many of their soils. In addition, he
found that his results had a pronounced variability
on the moduli, depending on the position of the
transducers within the testing setup. Presently, he
is developing a test method and measurement de-
vice that he believes will lead to a more reliable
system,

In another instance, the Washington experience
with AASHTO T-274 has been well-documented by

Jackson (Ref 31), who stated that “the description
of the preparation procedure is difficult at best,
while the description of test sequence is nothing
short of a maze.” He expressed concem over
whether AASHTO T-274 should be adopted as the
primary test for characterizing subgrade soil stiff-
ness. He stated that for cohesionless materials, the
large number of conditioning and test sequences
specified exceeds the stresses expected in any ac-
tual pavement section. Moreover, during the test-
ing some of their compacted cohesive samples
broke under the unconfined compressive stress.
Jackson questioned the need to condition all
samples at the full range of deviator and confining
pressures. He explained that the Washington DOT
operates with a modified testing procedure for
both cohesive and cohesionless soils. Nevertheless,
he recognized that those modifications were but
crude attempts to make the test more rational, and
that more effort was needed to refine the test pro-
cedures.

Dhamrait (Ref 29), in describing the experience
of the lllinois DOT with the resilient modulus test
for soils, explained that they used their own test-
ing procedure. That procedure differs from
AASHTO T-274 in that the sample conditioning
and testing sequences are performed without lat-
eral confining pressures and with a much lower
number of stress applications. In addition,
Dhamrait explained that they selected the modulus
at O-psi deviator stress as the modulus of the ma-
terial for design purposes. However, he recognized
that some of his results did not follow the “ex-
pected” trend of the moduli, which, according to
Thompson and Robnett (Ref 19), is influenced by
the magnitude of the repeated compression stress
(or what is referred to as deviator stress) and char-
acterized by a “presumed” break point at a §-psi
deviator stress. Dhamrait reported that some of his
results have little or no break at all, with virtually
no downward slope (an upward slope was evident
in some results).

Cochran (Refl 43) documented the experience of
the Minnesota DOT with the laboratory resilient
modulus test. He described comparisons of labora-
tory with field tests, undertaken by the Minnesota
DOT, that led to very disappointing results. He ex-
plained that their field values were thought to be
the correct ones and their laboratory values the in-
correct ones; the fact is, as he later recognized,
they were not able to identify which values were
really correct. Finally, he reported that the failure
of the method used to compare the moduli ob-
tained from in situ and laboratory testing has
forced the Minnesota DOT to re-structure their
laboratory system.



In comparing predicted and measured pavement
deflections in two sections of the San Diego Test
Road, Dehlen (Ref 21), in 1969, observed that the
pavement deflections obtained by his theoretical
analyses (linear and non-linear elastic) were much
larger than those measured in the field under simi-
lar conditions. In listing probable reasons for such
a large difference in the results (e.g., material
anisotropy not taken into account, laboratory
samples with large disturbances, and non-uniform
loading system in field tests), he clearly recognized
that, whatever the reason, none of his hypotheses
could have been verified with his data, and that,
for all his efforts, such a discrepancy must unfortu-
nately remain unexplained.

To summarize, many researchers over the years
have reported various problems with the resilient
modulus test of soils. Some of the problems are
associated with the testing setup, some with the
testing procedure. In particular, significant differ-
ences in the estimations of the moduli have been
observed when comparing results obtained from
the field with those obtained under laboratory
conditions. Such discrepancies do not conduce to
accurate pavement evaluations.

OBJECTIVES OF THE STUDY

The purpose of this study is to develop a reli-
able resilient modulus test for subgrade and non-
granular subbase materials for use in routine pave-
ment design. To achieve this broad objective, the
following specific tasks were established:

(1) review the state of knowledge regarding the
behavior of soils subjected to dynamic load-
ing;

(2) revise resilient modulus testing systems to de-
fine limitations and to improve instrumenta-
tion and calibration;

(3) develop a prototype resilient modulus testing
method for subgrade and subbase materials;
evaluate that prototype so that a more reliable
and efficient testing procedure can be recom-
mended;

(4) compare the modulus results obtained with
resilient modulus tests with other laboratory
and in situ tests to validate further the testing
procedures and the guidelines that are to be
recommended;

(5) evaluate factors (e.g., plasticity index, mois-
ture conditions, density, and age-hardening)
that affect the resilient modulus of soils;

(6) formulate more appropriate empirical models
that can be used in routine design and peri-
odic evaluation of pavements.

SCOPE OF THE STUDY

This research project is concerned with the de-
velopment of a reliable and efficient resilient
modulus test of subgrade and subbase materials,
In recounting this development, this research re-
port has been divided into fourteen chapters. As
an introduction to this effort, this first chapter has
described a few of the problems associated with
the current testing setup and method used in de-
termining the resilient modulus of soils. Chapter 2
presents a literature review that describes both the
resilient modulus concept and the state of knowl-
edge regarding the behavior of soils subjected to
dynamic loading. The characteristics of the resilient
modulus testing system are described in Chapter 3.
Also discussed are a revision of the available in-
strumentation, the characteristics of the testing sys-
tem used, the calibration process using synthetic
samples of constant properties, and the limitations
of the testing system,

A prototype resilient modulus test for subgrade
and subbase materials is developed and proposed
in Chapter 4. The procedures used by several
highway agencies are also described in this chap-
ter. The aspects of the materials collected for ex-
perimentation and the process followed in the
preparation of the test samples are included in
Chapter 5.

An experimental assessment of the effect
of grouting the specimens to the end platens
is described in Chapter 6. Also explained are
such concems as the minimum amount of time
necessary for the grout to cure and the proper
water-cement ratio of the grout. Chapter 7 pre-
sents an experimental evaluation of the effect of
sample conditioning, including the design of the
experiment, the collection, and the data analysis.
An experimental evaluation of the effect of num-
ber of stress repetitions is presented in Chapter 8,
along with an explanation of the process involved
in the collection and analysis of the data. Chapter
9 documents an experimental comparison of re-
silient moduli of soils obtained by different labo-
ratory tests. The determination of the elastic
thresholds of soils are also discussed in that
chapter.

A case study comparison of laboratory tests and
field measurements of moduli is presented in
Chapter 10. A description of the field testing con-
figuration is also included.

An assessment on the importance of testing rep-
licate samples, along with an estimate of the vari-
ability of results owing to sample preparation, is
described in Chapter 11. An experimental evalua-
tion of several factors affecting the moduli of soils



is presented in Chapter 12. The development of
empirical equations useful in the design and evalu-
ation of pavements is also described.

The proposed revised resilient modulus testing
method for subgrade and subbase materials is

presented in Chapter 13, including all aspects of
the testing setup and procedures found to be most
appropriate. Finally, the summary, conclusions,
and recommendations of this research effort are
presented in Chapter 14.



CHAPTER 2.

INTRODUCTION

This chapter summarizes the results of a litera-
ture review of the fundamentals of resilient modu-
lus testing; this review is followed by a general
overview of the non-linear stress-strain behavior of
dynamically loaded soils. The factors affecting the
deformational characteristics of soils are also de-
scribed.

THE RESILIENT MODULUS CONCEPT

Ideally, to estimate the resilient moduli of pave-
ment materials in the laboratory, one would apply
stress-state histories to a specimen simulating a
moving wheel load passing over the representative
element at some depth in the structure. In such a
setup, the elements in a pavement structure are sub-
jected to a series of rapidly applied and rapidly re-
leased stresses on vertical and horizontal planes.
While the magnitudes of the stress variation will dif-
fer between points in the same layer, the basic pat-
tern is similar throughout the pavement structure.

Seed and McNeill (Ref 56) made one of the ear-
liest attempts to duplicate the stress-state history
by considering the actual variation in vertical stress
on a soil element at a depth of 27 inches below
the surface of the pavement at the Stockton test
track (see Figure 2.1). Owing to the limitations of
their test equipment, they did not use the actual
form of the vertical stress that was observed,
rather, they chose to use a square wave in their
laboratory investigations. Figure 2.1 shows the
changes in soil element stress caused by a moving
load, as reported by Seed and McNeill in 1958.

Barksdale (Ref 57) observed that vehicle speed
and depth beneath the surface of the pavement
are of great importance in selecting the appropri-
ate vertical compressive stress pulse time for use
in repeated load testing. Using the results of a lin-
ear elastic finite element representation of a typical
pavement, he established that for full-depth con-
struction with 5 to 12 inches of asphalt concrete
and with vehicle speeds of 50 to 60 mph, pulse
times of 0.03 to 0.05 seconds are appropriate.
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Figure 2.1

Terrel (Ref 58) observed that, since asphalt
mixes are viscoelastic materials, a computed value
of modulus will be dependent upon the rest period
between individual pulses, and that the viscoelastic
response must be included as a parameter in the
material characterization. Terrel concluded that,
from the influence of the shape of the wave pulse,
either the triangular or the sinusoidal stress pulse
produces similar effects on the resilience character-
istics of the materials, and that a resting time be-
tween the individual pulses of about 0.7 to 2 sec-
onds was a reasonable approximation of the actual
conditions within a pavement layer,

Traditionally, the resilient moduli of cohesive
and cohesionless materials have been determined
in a repeated load triaxial compression test known
as the resilient modulus test (or Mg test). The
equipment used in this type of test is similar to
that used in common triaxial testing, though in this
case some modification was required to facilitate
the internally mounted load and deformation trans-
ducers. Because transducers are located inside the
triaxial chamber, air is generally used as the cell
fluid to provide confinement to the test samples. A
triaxial cell considered suitable for use in repeated
load testing of soils is shown in Figure 2.2
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During the My test, specimens are subjected to
testing sequences that consist of the application of
different repeated axial deviator stresses (G y) un-
der different confining pressures (03). Also during
the test, the recoverable induced axial strain (€,)

considered suitable for My testing

is determined by measuring the resilient deforma-
tions of the sample across a known gauge length.
Figure 2.3 illustrates the typical pattern of soil
deformation, with the number of load applications
and the sustained confining pressure observed in
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this type of test documented by Vinson (Ref 8).
First, there is a small volumetric compression of
the specimen when the confining pressure is first
applied. Applying the deviator stresses results in
an immediate axial deformation followed by a
plastic deformation while the load is sustained,
with a rebound occurring once the load is re-
moved. The rebound or resilient deformation re-
mains about the same during the testing process
and throughout a large number of applications.
The axial deviator stress is defined as the rela-
tion between the applied axial load (P) over the
cross-sectional area of the sample (A):
O4 = P/A 2.1
The axial strain is defined as the relation be-
tween the axial deformation (A) over the gauge
length (Lp that such deformation refers to. It is
expressed as:
g, = A/Ly 2.2
Thus, the resilient modulus (My), which is an
estimate of the dynamic Young's modulus (the dy-
namic secant Young’s modulus), is defined as the
ratio of the applied repetitive axial deviator stress
to the recoverable or induced elastic axial strain:
Mg = 04/¢, 2.3
Resilient modulus tests made on cohesionless
materials have demonstrated the highly significant
effect of confining pressure on modulus results.
Traditionally, a number of different expressions
have been proposed to represent the influence of
such stresses on the moduli. These expressions in-
clude:

1. Modulus dependent on confining pressure:
MR = KIU;:E (2.4)

2. Modulus dependent on the first stress invari-
ant:

My = K, 0%z 2.5
3. Modulus dependent on mean normal stresses:
My = Kl(o(,)x’ (2.6)

where

resilient modulus determined from
repeated load test,
= total confining pressure,

Mg

Q
w
I

8 = first stress invariant, or sum of
principal stress, Og4 + 3 O3
O, = mean total normal stress, 8/3, and
K;, K; = experimental constants determined
from a set of test results, with the
use of statistical regression tools.

Figure 2.4, taken from Monismith (Ref 27),
shows typical test results that illustrate these rela-
tionships for cohesionless soils. The relatively high
degree of scattering in the testing data observed in
this figure generated concerns about the repeat-
ability of the testing approach.

MR = 3468 §0.65
Coefficient of Correlation = 0.96

100 Standard Error of Estimate = 0,123

Resilient Modulus {10 3 psi)

10

10 100
First Stress Invariont, 8 (psi)

Figure 2.4 Typical test results of medulus
versus sum of principal strasses
{base course material], as shown
by Menismith (Ref 27)

Unlike granular materials, the deformational
characteristics for cohesive soils are somewhat in-
dependent of the confining pressure (Refs 6, 19,
27, 45); in addition, it has been documented that
the most significant effect on the moduli of fine-
grained soils is caused by the axial deviator stress
applied to the specimen during the test,

To interpret test results for cohesive soils, re-
searchers have used Equation 2.7 (below) to ex-
press the resilient moduli obtained in a repeated
load triaxial test,

MR = Kodn (27)

where

K, n= experimental constants determined
(using statistical tools) from a set
of test results.



Figure 2.5, taken from Thompson (Ref 54), illus-
trates a typical test result for this type of relation-
ship between the resilient moduli and the applied
deviator stresses. As can be noted in this figure,
the influence of the deviator stress on the fesilient
modulus of a subgrade soil is plotted on an arith-
metic scale.
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Figure 2.5 Typical variation of modulus
versus deviator stress on cohesive
soils, as shown by Thompson (Refs
19, 54)

Thompson explained that these graphs were de-
veloped based on an extensive resilient testing
program carried out at the University of illinois.
He proposed the use of “Eg” (shown in Figure
2.5) as an effective indicator of a soil’s resilience
behavior, and added that Ey; (the resilient modulus
at interception) is typically associated with a re-
peated deviator stress of about 6 psi.

However, because the parameter Ep is not
based on any fundamental concept of the behavior
of dynamically loaded soils, the introduction of
this term by Thompson has met with some opposi-
tion. Furthermore, the slopes K; and K,, which
have generally been reported by several research-
ers (Refs 5, 6, 19, 27, and 45), are also highly
questionable and deserve a thorough examination.

For instance, the presence of a higher slope
(K} at lower magnitudes of deviator stresses may
be only apparent, since the variability of the My
values used to determine this slope is extremely
high. In addition, it seems that such variability is

more likely to be caused by the limitations of the
measuring devices and/or by compliances of the
testing equipment, rather than by any fundamental
behavior of soils. Perhaps the presence of an Ey
corresponding to a 6-psi deviator stress may actu-
ally be an indication of the limitations of such a
testing device in obtaining reliable measurements
of modulus.

From another point of view, the resilient modu-
lus is still observed as a stress-dependent factor,
rather than as a strain-dependent parameter. Yet it
is now strongly believed that what actually gov-
erns the dynamic behavior is the induced elastic
strain amplitudes experienced by the materials as
responses to applied loads or stresses, and not the
magnitudes of such loads or stresses,

Accordingly, it would be useful to include in
this report the fundamentals of the non-linear
stress-strain behavior of dynamically loaded soils, a
topic which is discussed below.

FUNDAMENTALS OF THE NON-LINEAR
STRESS STRAIN BEHAVIOR OF SOILS

Whether obtained from triaxial or torsional
types of tests, or from cyclic or dynamic tests, the
non-linear stress-strain behavior of soils can be ob-
served to have a particular shape, as shown in
Figure 2.6. Thus, in dynamic problems, either in
compressional or torsional types of motions, this
curve is represented by: (1) the initial tangent
modulus, Ep,,.; (2) the stress at failure, O ., and
(3) the curve linking FE,.x and O p.5, which is
called the “backbone curve.”
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Initial Loading Curve
["Backbone Curve”)
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Omox = Moximum Stress
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Strain {g)

Figure 2.6 Non-linear stress-strain behavior
of soils

From the initial loading curve, the initial tan-
gent modulus and the secant moduli of the mate-
rials are defined (see Figure 2.6). Then, a plot is



developed showing the variation of the secant
moduli with the strain amplitudes, €. For an un-
derstanding of the dynamic behavior of soils, the
most commonly used plot in geotechnical engi-
neering practice is presented in arithmetic scale
for the modulus, and in logarithmic scale for the
strains, as illustrated in Figure 2.7.

€ ot = Amplilude Sensitive Threshold
€ ot = Cydic Threshold
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Figure 2.7 Variation of the modulus versus
log strain amplitude—the key plot
for understanding the dynamic
behavior of sojls

To understand the dynamic behavior of soils,
the plot presented in Figure 2.7 can be divided
into the following three ranges: (1) the small-strain
range, (2) the non-linear elastic range, and (3) the
non-linear range.

(1) The small-strain range is demarcated by a
strain threshold called the amplitude sensitive
threshold, €,, as an upper bound. This range
is characterized as having a constant value of
the modulus equal to Eg,x. Within this
scheme, the soil exhibits linear-elastic behav-
ior in which the moduli are independent of
the strain amplitudes. In addition, because the
induced strains are very small, there is no in-
crease in pore water pressures affecting the
stress measurements, Furthermore, field seis-
mic measurements of dynamic soil properties
operate best at this specific strain range.

(2) The non-linear “elastic” range is demarcated
by the €, and by a second threshold strain
that is related to cyclic loading. This second
threshold, which can be seen as the strain at

1 I 1 [

yield of the material, is called the cyclic
threshold, or simply the strain-elastic thresh-
old, &.; however, this threshold is not well
defined and depends on several factors and
soil characteristics. Within this range, it is ex-
pected that neither changes in the material
behavior, nor developments of pore water
pressures in the soil structure will be ob-
served. In general terms, this strain-elastic
threshold is defined when E is approximately
90 to 95 percent of E;,y, which may occur
within strains of roughly 0.001 to 0.01 per-
cent, as shown in Figure 2.7.

(3) The non-linear range is demarcated by the
strain-elastic threshold, €., as a lower bound.
In this range, the material behaves non-lin-
early, resulting in degradations in the moduli
of clays and saturated sands; in addition, pore
water pressures are generated, with hardening
in dry sands also occurring. This is the range
in which most of the severe changes in
modulus occur; it is also the range in which
the resilient modulus test performs best.

A nommalized modulus is another way of pre-
senting the stress-strain behavior. Seed et al (Ref
55) was the first to use this type of plot in which
the shear modulus, G, was normalized and plotted
against the log of the shear strains, Yy, as illus-
trated in Figure 2.8.
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Figure 2.8 Typical variation of the normalized
shear modulus with the log of
shearing strains, as shown by
Seed and Idriss (Ref 55)

This normalized behavior is easily determined
using laboratory testing as long as the maximum
modulus of the test material is also defined. (In
My tests, the maximum modulus value is hardly
ever detected because testing is carried out in the



non-linear range of the material.) The usefulness
of this type of information is that, once the maxi-
mum modulus of the material is obtained from
field (seismic) tests, any modulus at any strain am-
plitude can be easily estimated.

The deformation characteristics of soil materials
will be the same for either dynamic or cyclic load-
ing, as long as they operate within the low-to-
intermediate strain amplitudes. And while damping
is another important parameter that is involved in
cyclic loading, it is of no interest in present resil-
ient modulus tests. For this reason it is excluded
from further consideration in this report (although
more study of the material damping factor is rec-
ommended).

Several researchers (Refs 52 and 55) have pro-
posed analytical methods to predict the non-linear
stress-strain behavior of soils. Kim et al (Ref 60)
documented the proposed models in terms of the
shear modulus.

One of the well-accepted expressions capable
of modeling soil behavior precisely is the Ramberg
and Osgood expression (Ref 52). This expression
was first used in the non-linear analysis of struc-
tural frames for modeling the degree of ductility of
the elements. Applied to soils, the Ramberg and
Osgood expression was first used by Anderson
(Ref 18) to describe the variation in normalized
shear modulus with shearing strain. The general
form of the Ramberg and Osgood relationship is
presented as:

G 1
Gmax x r-1
1+ * [ — 2.8
T
y
where
G = the shear modulus,
Gmax = the maximum shear modulus at
yield,
T = the applied shearing stress,
Ty = the shearing stress corresponding
to the yield, and
o, r = regression coefficients.

Although Equation 2.8 shows the Ramberg and
Osgood expression in terms of the normmalized
shear modulus, it is quite feasible to formulate a

11

similar expression in terms of a normalized
Young's modulus. This will be applicable in cases
where the material is subjected to a dynamically
axial type of motion, which is the case in the resil-
ient modulus test.

However, in order to apply the Ramberg and
Osgood expression it is necessary to identify the
maximum modulus and the stress at yield. This is
critical in the Mg test because the elastic threshold
that defines those parameters is located at very
small strain amplitudes strain amplitudes that are
beyond the capacities of the measuring devices
generally used in My systems.

PARAMETERS AFFECTING THE MODULUS OF
SOILS

Several researchers have identified factors influ-
encing the modulus. In particular, Seed et al (Ref
5) listed the following: (1) the number of stress
applications; (2) the stress intensity; (3) the age at
initial loading; (4) the stress intensity; (5) the
method of compaction; and (6) the compaction
and water content.

A more comprehensive list of the factors affect-
ing the dynamic modulus of soils is the one pro-
vided by Richart et al (Ref 44), who explained the
dynamic behavior in terms of the shear modulus.
The most important factors listed were: (1) strain
amplitude; (2) mean effective principal stress; (3)
void ratio; (4) number of cycles of loading; (5) de-
gree of saturation; (6) overconsolidation ratio; (7)
loading frequency; (8) thixotropy; and (9) natural
cementation. These factors, obviously, affect in the
same degree the resilient modulus of the material.

Figure 2.9 presents the typical trends of the
modulus variation with the logarithmic of the elas-
tic strain amplitude for the main influencing fac-
tors. Shown in this figure are the following: (a) as
the strain amplitude increases, the modulus of the
material decreases; (b) as the mean effective prin-
cipal stress increases, the modulus increases; (c) as
the void ratio of the sample decreases, the modu-
lus increases; (d) as the number of stress repeti-
tions increases, at lower strain amplitudes, there is
no effect on the modulus, but at larger strain am-
plitudes, the modulus values vary uncertainly; (e)
as the degree of saturation of the sample in-
creases, its modulus decreases; and (f) as the time
increases, the modulus increases as well.
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Regarding the degree of saturation of the mate-
rial, it can be added that such an effect, observed
mainly on cohesive materials, is caused by nega-
tive capillary stresses that influence the values of
the mean effective principal stresses, even at con-
stant total stress conditions. Elfino (Ref 7), when
modeling field moisture conditions in resilient
modulus testing, observed that (1) the soil grada-
tion influences the soil-water retention characteris-
tics and the capillary saturation height of the soil
materials, and (2) that the greater the height, the
higher the capillarity suction and negative pore
water pressures, and hence, the stiffer the soil
mass. In sands, it has been demonstrated that this
factor has very little effect.

Regarding the time effect on the moduli, it can
be added that this factor is mainly significant on
clayey soils (and can be quite large in soft clays).
Anderson (Ref 18), who studied the long-term time
effect on stiffness of soils, explained that this ef-
fect is caused by the regain in strength and stiff-
ness of the material with time at a constant confin-
ing pressure, and that this factor can be quite
important when comparing field with laboratory
measurements.

Regarding the effect of the overconsolidation ra-
tio, Hardin and Black (Ref 59) reported that the
modulus increases as the overconsolidation ratio of
the material increases. In addition, they suggested
that such a relation is controlled mainly by the
plasticity index of the material.
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The loading frequency effect, which should be
termed more properly the strain rate effect, has
been demonstrated to be unimportant for sands;
but for clays, it has a minor effect, as explained
by Kim (Ref 60). He documented that several re-
searchers have found that an increase in excita-
tion frequency from 1 to 10 Hz caused an in-
crease of the order of 10 percent in modulus, and
that the effect increases as the plasticity index
and water content of the fine-grained soils in-
crease.

The effect of the number of stress repetitions on
the moduli at larger strain amplitudes is generally
uncertain. Nevertheless, several researchers (Refs
18, 55, 59) have stated that at those large strain
amplitudes, the moduli of cohesionless materials
increase with loading cycles. This behavior has
been explained by fabric reorientation and particle
relocation of these types of materials. In contrast,
it has also been observed that the moduli of cohe-
sive soils decrease when induced at large strain
amplitudes with number of stress repetitions. The
behavior has been explained by the continuous
development of excessive pore water pressures in
the soil mass during the repetitions of the stress
cycles.

Finally, the natural cementation, which appar-
ently causes shifts of the non-linear stress-strain
curve, causes drastic reductions of the moduli
once the induced strain amplitudes exceed the
amplitude-sensitive threshold.



CHAPTER 3.

CHARACTERISTICS OF RESILIENT MODULUS

TESTING SYSTEMS

INTRODUCTION

This chapter describes (1) current state-of-the-art
equipment used for resilient modulus testing, (2)
the resilient modulus testing system used in this
study, and (3) the development of synthetic
samples for equipment evaluation. The chapter
concludes with an evaluation of the resilient
modulus testing system itself.

EVALUATION OF EQUIPMENT USED FOR
RESILIENT MODULUS TESTING

In summarizing and comparing equipment avail-
able for resilient modulus testing, this section ad-
dresses the following specific items: (1) loading
systems, (2) system instrumentation, and (3) data
acquisition and control systems. Additional com-
ments on the testing system are also provided.

Loading Systems

AASHTO T-274 prescribes a load waveform that
is either a sinusoid or a pulse. The waveform
should have a duration of 0.1 to 0.4 seconds and a
cyclic period of 1, 2, or 3 seconds. Load magni-
tudes can range from 10 Ib for soft soils in the
triaxial test, to over 2,000 1b for stiff bound materi-
als in the diametral test (ASTM Designation 4123).
Equipment manufacturers have relied exclusively
on fluid power to apply repeated loads in both
triaxial and diametral testing.

While suitable for static or slow displacement
testing, mechanical testers employing cams, levers,
gear or screw drives have proven unsuitable for re-
peated loads, especially in a load-controlled mode.
Similarly, electromagnetic drive systems, while well
suited for metal fatigue testing at frequencies
higher than 10 Hz, are not suitable for any aspect
of Mg testing (the high currents needed to produce
repeated loads create an environment that is not
only affected by electronic noise, but is disruptive
to other nearby electronic instrumentation).

As for fluid power options available for My test-
ing, air and hydraulic oil are the most appropriate.
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And of these, compressed air is the most popular,
inasmuch as it is non-toxic, easy to operate, rela-
tively inexpensive, and available in most laborato-
ries. There are, however, certain disadvantages
associated with this load source. These disadvan-
tages relate to the compressibility of the air (which
limits the quickness of the load application), the
large amounts of energy required to cycle high
loads continuously, and the need to limit loads to
approximately 2,000 Ib.

Hydraulic oil, the other source of load power,
also has its advantages and disadvantages. The ad-
vantages include quick response, almost no limit
of load sizes (limit depends only on the size of
the actuator, with actuators of different stroke size
and load capacity readily available), and the abil-
ity to apply and remove the loads at any fre-
quency. Disadvantages include oil-leakage prob-
lems, its relatively high cost, its greater complexity
(as compared with pneumatic systems), and its re-
quirement for external cooling systems and noise-
reduction chambers. Typical plots of a load appli-
cation in a time domain using compressed air and
a hydraulic oil system are presented in Figure 3.1.

There are two types of control modes for the
load application in hydraulic and air systems:
open-loop loading and closed-loop loading. Figure
3.2 illustrates schematically the open- and closed-
loop loading control systems.

Repeated load modulus systems of the open-
loop variety use a source of constant pressure (o
derive their load pulses. Typically, the actuator
cylinder is toggled by a valve between a high
pressure source and a low pressure source to gain
the desired train of load pulses. Its main advan-
tages include simplicity, reliability, and low cost.
The valves used are rugged on/off devices that are
easy to service and replace; the actuator can be
single acting (unidirectional). Pressure regulators
with output gauges (which give the operator a
rough idea of applied loads) can supply the high
and low pressure.

Closed-loop loading systems employ a sensor at
the actuator output that can monitor the desired
variable, either load or displacement. That signal,



which reports the current output status, is called
the feedback signal. It is compared to another sig-
nal, the input command, at a summing point. The
difference between the input command and output
status is the error that is used to drive the actuator
control valve to minimize error. The main advan-
tage of closed-loop control is its ability to follow
command signal input changes within the speed
and amplitude capabilities of the actuator. A large
industry has evolved in the field of structural-
response testing (both destructive and non-
destructive) based on the capabilities of these ex-
pensive and complex closed-loop systems.
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tional), and the fAluid must be ported by a double-
acting servo valve (a proportional, electrically
driven metering valve manufactured to fine toler-
ances). A servo-amp drives the servo valve; dy-
namic response of the complete system with feed-
back must be optimized or “wned” for the
materials and load frame used. Performance of an
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output status of the load or the displacement of
the actuator. The command input itself is a con-
stant speed setting; once started, the platen moves
until shut off, requiring no self-adjusting to main-
tain speed.

Table 3.1 includes a list of the names and ad-
dresses of several U.S. manufacturers of different
types of resilient modulus testing equipment.

System instrumentation

In addition to dynamic load and pressure, resil-
ient modulus testing of diametral and triaxial
specimens requires that displacement measure-
ments be recorded electronically. Accordingly, a
transducer is used to convert a measurable vari-
able (e.g., load, pressure, deformation) into some
sort of electrical signal.

A signal conditioner, used in conjunction with
the transducers, is also required in these types of
tests. This apparatus first accepts the signal from a
transducer and then amplifies it to provide an out-
put voltage signal; this signal varies linearly (with
the input measured quantity) and spans a specified
full range (e.g., 0 to 10 volts, -5 to +5 volts, 0 to 5
volts).

In resilient modulus systems, load monitoring is
most often achieved by strain-gauge load cells.
There is a wide selection of load cells, each vary-
ing in profile, ruggedness, environment capability,
mounting, and, of course, price. Since samples
must be stressed axially, it is not difficult for the
designer to find space in the “load line” for a load
cell.
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Figure 3.2 Schematic of the load-control

modes. Shown are the open-loop
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Table 3.1 M; equipment manufacturers

Name

Mailing Address

Telephone

Interlaken Technology
Corporation

James Cox & Sons

MTS Systems Corporation

Structural Behavior Engineering

Laboratories

Digital Control Systems

H & V Material Research
and Development, Inc.

6535 Cecilia Circle
Minneapolis, MN 55435

P. O. Box 674
Colfax, CA 95713

P. O. Box 24012
Minneapolis, MN 55424

P. O. Box 23167
Phoenix, AZ 85063

2409 College Ave., Suite 9
Berkeley, CA 94704

3187 N. W. Seneca Pl.
Carvallis, OR 97330
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(612) 949-1340
(916) 346-8322
(612) 937-4000
(602) 272-0274
(415) 644-3134
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A load cell consists of structures that perform in
a predictable and repeatable manner when force is
applied. This force is translated into signal voltage
by the resistance change of strain gauges applied
to the transducer structure. The change in resis-
tance indicates the degree of deformation and, in
turn, the load applied. A fixed excitation voltage is
applied to the load cell bridge to obtain the
changes in resistance.

Displacement measurements are most commonly
carried out by linear variable differential transform-
ers (LVDT’s); these devices feature little or no hys-
teresis, “infinite resolution,” good stability, and rug-
gedness. Ordinarily, there is no physical contact
between the movable core and the coil structure,
thus making the LVDT a frictionless device. The ab-
sence of friction and contact between coil and core
serves to extend the mechanical life of the LVDT.
The frictionless operation, combined with the in-
duction principle by which the LVDT functions,
gives the LVDT an “infinite resolution.” This means
that even the most minute motions of the core can
generate output; the readability of the external elec-
tronics represents the only limitation on resolution.

Both diametral and triaxial testing invariably use
two LVDT’s whose outputs may be summed in the
signal path; a third or fourth LVDT may be used to
read other deflections to estimate the Poisson’s ra-
tio or cumulative permanent deformations. The
most convenient form of LVDT is the gauge head,
which packages body, spring-loaded core, and tip
all in one unit, as shown in Figure 3.3. Small
gauge heads with precision ball-bearings—ideal for
My, tests—can be found for AC and DC current.

Pressure transducers for triaxial testing may em-
ploy either Bourdon gauges or mercury manom-
eters for high or low cell pressures, respectively.
Altematively, transducers of the variable reluctance
or strain-gauge type may be employed with suit-
able signal conditioning.

Signal conditioners are used to condition, am-
plify, filter, and transmit the signal from the trans-
ducer to the data-recording device. Because a sig-
nal conditioner should be selected according to
the type of transducer to be used, the operator
must make electronic adjustments to get meaning-
ful dynamic data. In the case of the LVDT chan-
nels, interactive mechanical and electronic adjust-
ments are usually necessary. Any design that
blends convenience with operator confidence will
increase efficiency. Calibration with laboratory
standards should be easy and performed periodi-
cally.

Manufacturers can supply conditioning in the
following packaging: (1) stand-alone cabinet;
(2) multi-channel cabinet with plug-in modules;
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(3) modules to be installed in users’ cabinet; and
(4) printed circuit cards requiring mounting and
power supply.

Data Acquisition

Data acquisition and control systems are rapidly
replacing strip charts and clipboard recorders a re-
sult of recent developments in microprocessor
technology that have expanded the capabilities of
data acquisition units to the extent that they are
now highly accurate (with a faster sampling rate),
easier to configure for different sampling modes,
inexpensive, and have computational and control
capabilities. It is this last feature that has enabled
the personal computer to become the control cen-
ter of a very powerful, configurable laboratory
data system. Hardware and software have prolifer-
ated in recent years, with each year bringing
newer developments in the data acquisition field.

The basic elements of an automated data acqui-
sition system include: (1) time-varying signals; (2)
an analog-to-digital converter that can digitize the
sampled voltages into binary form for all channels
simultaneously; (3) a buffer to hold the rapidly
sampled set of voltages; and (4 a controller with
clock to transmit the necessary commands to the
converter and buffer, Figure 3.4 illustrates these el-
ements and their interactions in an automated data
acquisition system.

Data acquisition systems, although available in a
variety of configurations, are most commonly em-
ployed using a host computer (IBM, IBM compat-
ible, Apple, HP, or other). Some of these comput-
ers are equipped with a card that fits into an
expansion slot, while others have a module cabi-
net that communicates with the computer via a
cable data link.

It should be emphasized here that sampling
rates in excess of 1,000 samples per second per
channel, which are quite adequate for modulus
testing, are widely available in data acquisition
add-ons for personal computers at an economical
price. Full scale resolution of 12-bits (1 part in
4,096) or 16-bits (1 part in 65,536) provides ample
resolution of the sampled signal.

The host computer or microprocessor controls
the data acquisition section of the system. Its out-
put includes: a graphic display of sampled dy-
namic load and displacement waveforms, along
with initial data processing to obtain preliminary
results; file generation to record and retrieve the
testing data; and report generation at the end of
the test. In addition, the host computer can be
programmed to communicate interactively with the
operator at every step of the testing process.
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Conirol Systems

It is now well within the capabilities of the
faster personal computers (286- and 384-based) to
control closed-loop servo feedback systems. Such
high-speed machines can be programmed to (1)
scan analog input channels, (2) digitize the signal
data, (3) compare the most recent data with the
most current value of intended signal, and (4) cor-
rect the analog error signal appropriately (output
analog from a digital-to-analog converter) in a
fraction of a millisecond.

This corrective analog-signal process can be
easily used to drive the closed-loop servo valve, as
schematically illustrated in Figure 3.5. Several
variations of this configuration are possible, with
the computer tied either directly to the actuator
control duty, or indirectly, commanding and moni-
toring an analog closed-loop controller.

turn-key operation, and even training, the testing
process has been made both more reliable and
less complex.

Digital Control Systems, Inc., (DCS) has devel-
oped testing control systems that take significant
advantage of today’s technology. With greater use
of menus, graphics, and interactive screen prompt-
ing, DCS offers a complete control and data acqui-
sition for servohydraulic systems. Moreover, the
DCS control system is designed in such a way that
signal functioning, data acquisition, function gen-
eration, closed-loop servo-control and hydraulic-
pressure control are all provided within a single
unit; in addition, the user interacts with the control
console entirely through the keyboard of a per-
sonal computer. For example, the new DCS soft-
ware and hardware installed in the laboratories of
the Texas Department of Transportation (TxDOT)
allow the structuring of a computerized testing
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Figure 3.5 Testing configuration using a personal computer directly for closed-loop control

Additional Comments

The complexity of the equipment used for resil-
ient modulus testing, especially in the triaxial
setup, can intimidate and frustrate some users. But
with personal computers steadily gaining ground
as the central instrument of measurement, control,
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environment that can be used not only for resilient
modulus testing, but for many other laboratory
tests as well.

Hydraulic resilient modulus equipment (with
wholly automated computerized control) ranges in
cost from $60,000 to $80,000 and is available from
such manufacturers as Interlaken, Cox, and SBEL.



Equipment costs increase according to the number
of transducers and other features installed.

Pneumatic equipment with a closed-loop system
(a good solution if only soil is to be tested) is
generally less expensive. For old or out-of-date hy-
draulic systems, some manufacturers offer—for
$20,000 to $30,000—an upgrade package that in-
cludes the installation of a computer-based control
system.

While recent improvements to the Mg system
have mostly involved the data acquisition function,
further efforts to refine the system should concen-
trate on its accuracy and repeatability, ease of use,
ruggedness and dependability, and maintainability;
the system should also be offered at a reasonable
cost. Diligent design and application of the most
up-to-date measurement technology can assist
manufacturers in achieving these goals.

THE RESILIENT MODULUS TESTING SYSTEM
INSTALLED FOR THIS STUDY

Figure 3.6 illustrates the system developed and
assembled in the laboratories of the Department of
Civil Engineering at The University of Texas at
Austin. This resilient modulus testing equipment,
set up according to the previous evaluation of
state-of-the-art equipment, included the following;:

(1) A hydraulic loading system capable of apply-
ing repeated dynamic loads controlled under
an MTS closed-loop system. The shape and
the amplitude of the cyclic loading waveform
are set by a function generator, with the load-
ing function continuously monitored by an os-
cilloscope and a plot-strip chart. The loading
pulse duration and the cyclic loading were set
at 0.10 and 1.00 second, respectively, with a
haversine loading waveform.

(2) Two LVDT's (Lucas Schaevits LBB-375-TR-020,
with a calibration range of +0.02 inches),
mounted on opposing sides of the triaxial
chamber, were used to monitor axial deforma-
tions for the whole length of the specimen
(located at the top of the samples). All mea-
surements from the LVDT's are referenced
from the base of the triaxial chamber; the av-
erage of the two signals is used in the estima-
tion of the strain value, which in tumn is used
for computing the resilient modulus of the
Specimen.

(3) A 100-pound load cell (Lebow 3397) mounted
inside the triaxial chamber and attached to the
loading piston was used to monitor the actual
deviatoric force.

(4 An air pressure panel was installed t0 mea-
sure the confining pressures.
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Figure 3.6 Skelch of the resilient modulus testing equipment developed at The University of

Texas at Austin
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(5) A data acquisition system was developed to
record the signals emitted by the transducers.
A data acquisition board was mounted inside
an IBM XT. This computer was used to host
the data acquisition board, which converts
the analog signal to digital data for all the
transducers (i.e., it was not used to drive the
MTS equipment). The software was devel-
oped for monitoring, acquiring, plotting, stor-
ing, and computing the Mg values of the test
samples. To take full advantage of its sam-
pling capabilities, we set this data acquisition
system to record 1,000 records per channel
per second, so as to improve the accuracy of
the results.

It should be noted that higher variability in the
results was obtained when the resilient axial
strains were smaller than 0.01 percent. Conse-
quently, it was estimated that this system was un-
able to measure accurately elastic axial strains
smaller than 0.01 percent, owing to the resolution
limits of the transducers installed and to the par-
ticular characteristics of the system itself. This is a
factor common to all resilient modulus testing
equipment: when the sample undergoes smaller
strains, erratic My values are calculated.

DEVELOPMENT OF SYNTHETIC SAMPLES
FOR EQUIPMENT EVALUATION

One method of evaluating the performance of
My equipment is to use the equipment to test
specimens with known stiffness characteristics.
(Such specimens are hereafter referred to as cali-
bration specimens.) Values of My determined with
the equipment can then be compared with
stiffnesses of the calibration specimens that have
been established by independent tests. If differ-
ences between the measured and calibration
stiffnesses are found, then modifications to the
equipment and/or procedures can be undertaken.

Synthetic samples were made from urethane
elastomers rather than from actual soils. The
stiffnesses are conveniently evaluated in temns of
Young’s modulus, E, which is taken to be equal to
My for this material. The use of synthetic samples
has the following advantages: (1) they are easy to
construct and handle; (2) they have stiffness prop-
erties that can be determined by independent
tests; and (3) they can be tested numerous times
by different laboratories.

Calibration Specimens

Calibration specimens were constructed using a
two-component urethane elastomer resin system
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manufactured by Conap, Inc., of Olean, New York.
The first component consisted of dicyclo-
hexylmethane-4,4'-diisocyanate for all specimens.
The second component consisted of diethyltoluene
diamine and methylenedianiline.

One key characteristic of urethane elastomers is
their latitude of hardness, which can range from
that approximating a very soft subgrade to that ap-
proximating a stiff, uncemented base. Other ben-
eficial properties include their toughness, durabil-
ity, and high resistance to the effects of abrasion,
weather, ozone, oxygen, and radiation.

Three individual mixtures were used to create
synthetic samples for this research effort. They
have been identified (from soft to stff) as TU-700,
TU-900, and TU-960. Following the casting proce-
dures outlined by the manufacturer, each compo-
nent was measured according to the specified ac-
curacy and mix ratio. After casting, the specimens
were cured in the mold for 7 days at atmospheric
pressure.

Metal pipe molds having diameters of 1.4, 2.0,
and 2.8 inches, with lengths 2 to 3 times the diam-
eter, were used (though for this study the majority
of the specimens were 2.8 inches in diameter and
5.6 inches long). These pipes were equipped with
an extruder that pushed the specimens out of the
molds. The finishing of the urethane specimens
consisted of cutting off the top inch and machin-
ing the end flat.

Measurements of the Properties of the
Calibration Specimens

Several testing methods, including the static un-
confined compression, torsional resonant column,
and cyclic torsional tests, were used (1) to estab-
lish the stiffness characteristics of the three calibra-
tion specimens, and (2) to evaluate the variables
affecting them.

Static measurements of Young's modulus and
Poisson’s ratio were determined by applying axial
loads on top of each urethane specimen. Axial and
radial deformations were measured using proxi-
meters located near the middle and on opposite
sides of the specimens. The testing procedure in-
volved simply adding a load and measuring the re-
sulting deformation. The static Young’s modulus
was calculated by dividing the axial stress by the
axial strain; Poisson’s ratio was determined from
the ratio of the radial strain to the axial strain. Fig-
ure 3.7a shows the variation in static Young's
modulus with axial strain from the unconfined
compression tests. The average values of Young's
modulus and Poisson’s ratio for the soft (TU-700),
medium (TU-900), and hard (TU-960) specimens
were:



Young's Modulus Poisson’s Ratio

Soft (TU-700) 1,670 psi 0.48
Medium (TU-900) 6,550 psi 0.50
Hard (TU-960) 32,300 psi 0.47

Dynamic measurements of shear modulus with
the shearing strain of the three synthetic samples
were detemined using resonant column equip-
ment of the torsional fixed-free type. Appendix A
includes the basic principles, the characteristics of
the equipment used, and the general procedures
involved in performing these types of tests. Once
the shear modulus, G, and its comresponding shear-
ing strain, Y, were determined, the equivalent dy-
namic Young's modulus, E, and axial strain, &,,
were estimated by using the following expressions:

E=2*G=*{+V) G.D

g, = Y/(+n) 3.2

Torsional resonant column and torsional shear
tests were performed to determine the effects of:
(1) isotropic confining pressure, (2) strain ampli-
tude, (3) loading frequency, and (4) temperature
on the dynamic behavior of the three urethane
samples. To determine the repeatability of the
measurements, we tested each specimen twice; we
found that the modulus values for the two test se-
ries were within 3 percent—a demonstration of the
high degree of repeatability of these tests.

(1) The influence of isotropic confining pressure
on small-strain Young’s modulus determined
by the resonant column tests for the three
urethane specimens is shown in Figure 3.7b.
All moduli measurements were performed at
an equivalent axial strain of about 0.00067
percent after 50 minutes at each pressure. Be-
cause the test used log-log plots, moduli cor-
responding to zero confining pressure are not
presented. However, essentially the same
moduli were measured at zero confining pres-
sure. Average Young's moduli for the soft,
medium, and hard specimens were 2,430 psi,
10,070 psi, and 52,000 psi, respectively. Note
that Young's moduli determined by the reso-
nant column are somewhat greater than those
determined by the static testing (because of
the effect of loading frequency).

The effect of strain amplitude was investigated
by testing the specimens at shearing strains
ranging from 0.0005 to 0.3 percent. Convert-
ing the shearing strains to equivalent axial
strains, and shear modulus to equivalent
Young’s modulus using Equations 3.1 and 3.2,

@
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respectively, demonstrated the variation of the
Young's modulus with axial strain, as shown
in Figure 3.8a. The modulus is observed to be
essentially constant over the range of strains
tested for all the samples. To obtain a per-
spective on how the strains used in these tests
compare with those generated in Mg testing,
the range in strains in the Mg test are also in-
cluded in this figure for materials, with
stiffnesses ranging from 1,000 to 100,000 psi.
(3) The effect of loading frequency was evaluated
by using a combination of resonant column
and torsional shear tests. Moduli determined
by the resonant column test are based on
first-mode resonant frequency, which depends
on the stiffness of the specimen and on the
characteristics of the testing device. For the
soft, medium, and hard specimens, resonant
frequencies were 27, 56, and 127 Hz, respec-
tively. In the torsional shear test, as in the Mg
test, the loading frequency can be vared by
changing the input frequency. Moduli deter-
mined by the resonant column and torsional
shear tests at various loading frequencies and
strain amplitudes are plotted in Figure 3.8b. It
is interesting to note that while Young's
modulus increases with increasing loading fre-
quency, it is independent of strain amplitude.
To obtain a perspective on the degree of in-
fluence of the loading frequency, all moduli
were normmalized using the modulus of each
specimen (determined at 0.01 Hz) as the basis
for normalization, as shown in Figure 3.9a.
The effect of temperature on the urethane
specimens was also investigated by testing
them at different temperatures. Results
showed that the deformational characteristics
of the three calibration specimens were highly
influenced by the temperature, although lesser
effects were evident at low loading frequen-
cies. For instance, Figure 3.9b shows the
variation in Young’s modulus with tempera-
ture and loading frequency for specimen TU-
900.

@

Because the urethane specimens showed stiff-
ness characteristics that are independent of confin-
ing pressure, strain amplitude, and stress history,
they are thus considered appropriate specimens
for use in the evaluation of Mg equipment. But be-
cause they showed dependency on loading fre-
quency and temperature, frequency and tempera-
ture must be selected for comparing these values
of Young's modulus with those to be obtained un-
der the Mg method. For complete information on
the properties of these calibration specimens, refer
to Stokoe (Ref 11).
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EVALUATION OF THE RESILIENT MODULUS
TESTING SYSTEM

As with all cyclic loading equipment, Mg equip-
ment requires careful calibration of each of the
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deformational and loading transducers. In addition,
and equally important, the evaluation of the com-
plete testing system is advisable if accurate results
are to be determined. In general, calibrations of
the individual transducers are standard procedures,
but an evaluation of the entire testing system re-
quires more than routine adjustment of its indi-
vidual parts. In this study, the evaluation of the Mg
testing system was undertaken using the three syn-
thetic samples of known properties previously de-
scribed.

This evaluation proved to be an involved task,
with several problems having to be overcome be-
fore a satisfactory state was achieved. Indeed, it
was this evaluation that revealed the need for
substantial modification of the testing configura-
tion before further testing was possible. (It should
be emphasized here that the My testing equip-
ment described in the previous section, particu-
larly the configuration of the triaxial chamber,
was not the original testing configuration used,
but, rather, the final setup suggested by this
evaluation.)

To evaluate the equipment performance, the fol-
lowing steps were performed: (1) preliminary test-
ing of the synthetic samples, (2) inspection of the
Mg equipment, (3) modification of the My configu-
ration, and (4) final testing of the synthetic
samples.

Preliminary Testing of the Synthetic
Samples

The triaxial chamber for AASHTO T-274 has two
different layouts, allowing the measurement of the
resilient deformation using internal or extemally
mounted LVDT’s. It has been documented that the
use of internal LVDT’s clamped to the test speci-
men increases the variability of results (because of
the difficulty in securing such clamps to the speci-
men). This is further complicated by the fact that
the sample has an outer membrane that can slip,
inducing small clamp movements that can com-
pletely change the estimations of the resilient
moduli. On the other hand, soft soils with large
permanent deformations make the internal LVDT’s
go out of range, forcing one to stop the test to re-
adjust the position of the LVDT.

For these reasons, our initial configuration had
only one externally mounted LVDT for monitoring
the movement of a bracket attached to the piston
of the triaxial cell during the action of the loading
pulses (see Figure 3.10). Obviously, this configura-
tion assumes that such a movement represents ex-
clusively the axial deformation experienced by the
sample.
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The synthetic samples were initially tested by
the Mz method to compare results with the reso-
nant column and torsional shear tests. Since the
Mg test is set at a loading frequency of 10 Hz and
at a laboratory temperature of about 74°F, the ex-
pected values of the TU-700 (soft), TU-900 (me-
dium), and TU-960 (hard) were 2,220 psi, 8,921
psi, and 44,197 psi, respectively (see Figure 3.8b).

However, preliminary testing on the three syn-
thetic samples provided unsatisfactory results. For
instance, sample TU-960 showed much lower
modulus (around 50 percent) than was expected.
Samples TU-900 and TU-700 also showed reduced
moduli (around 15-20 percent).

It was then concluded that these initial results
were not correct because the movements of the
LVDT bracket included not only the induced resil-
ient deformation of the test sample, but also some
deformations related to deflections of the intemal
load cell and to movements caused by imperfect
contacts between the specimen and the end caps.

Inspection of the Resilient Modulus
Setup

The initial results obtained from the testing of
the three synthetic samples suggested that better
locations of the deformational transducers within
the testing configuration were required for reliable
estimations of the moduli. Accordingly, we decided
to inspect vertical movements at four points within
the triaxial chamber while performing the Mg test.

Using the TU-700 synthetic sample (preferred
for its low modulus of elasticity), the testing
equipment was arranged so that the transducers
could be placed at four different locations: (1) the
base of the triaxial chamber, (2) the top of the
triaxial chamber, (3) the top of the specimen, and
(4) the external bracket (LVDT clamp). Figure 3.10
shows these selected locations.

The low-modulus sample was used because it
allowed us to record the vibrations within the reli-
able measurements of the transducers used. These
transducers included one proximeter and one
microproximeter hooked onto a computerized ana-
lyzer that received all the voltage signals sent by
the transducers. Under no confining pressure, the
TU-700 was subjected to three sets of deviator
stresses: 2.42 psi, 5.12 psi, and 8 psi.

The vertical displacements were estimated by
first digitizing the signals emitted by the
proximeters, and then converting them to absolute
displacements using appropriate calibration formu-
las. Figure 3.11 shows the variation of the vertical
movements with deviator stress for the four se-
lected points of the triaxial cell.
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It is interesting to note in Figure 3.11 that more
vertical movement is experienced at the LVDT
bracket than at the top of the specimen. This ob-
servation suggests that the use of an extemal
LVDT can result in misleading estimations of the
moduli, and that a more appropriate alternative
would be the use of intenal LVDT’s. Furthermore,
it clearly appears that this deviation will be even
more significant for samples having higher elastic
moduli, since the deformations of the internal load
cell and the ones caused by the imperfect contacts
of the test sample with the end caps will become
more predominant when total movements are
smaller.

Figure 3.11 also shows that the variation of the
vertical movements of the top and base of the tri-
axial chamber with deviator stress is almost the
same. This clearly suggests that either the base or
the top of the triaxial chamber is a good reference
point for these measurements. Using these obser-
vations, we then modified the initial testing con-
figuration.

Modifications of the Resilient Modulus
Setup

Since monitoring the deformations at the top of
the specimen eliminates the possibility of including
errors caused by deformations of the load cell, the
piston, or the connections of the triaxial chamber,
we therefore decided to monitor the vertical move-
ments of the sample at this point. In addition, we
decided to reference such movements from the
base of the triaxial cell.



Two LVDT’s (instead of one) were placed inside
the triaxial chamber diametrically opposite one an-
other at the top of the specimen, This arrangement
allowed the deformation readings to be averaged
so as to estimate more reliably the resilient strains
and, hence, the moduli of the samples. In addi-
tion, each LVDT was then supported by a steel bar
attached to the base of the triaxial chamber.

Finally, modifications in the geometry of the top
cap were also made to facilitate both the operation
of the transducers and the setting of the test
sample into the triaxial cell. Figure 3.12 shows the
final configuration of the triaxial cell.

Final Testing of the Synthetic Samples

Once the final arrangement was selected, we
performed more testing with synthetic samples.
The new results, though closer to the moduli than
those previously obtained, were still not close
enough. In particular, values for the TU-960 speci-
men (the stiffest sample) were still approximately
50 percent lower. At this point, hydrostone paste
was used to improve the connections between the
specimen and the top and bottom platens.

By carefully grouting the connections, we were
able to achieve an even contact surface—and a

/<<\ | Loading Piston
To DCI'D l
Acquisition Ball Bushin
System : Piston Guicﬂn
|
|
|
: Cover Plate
|
|
I — Allen Head Screw
Allen Head Screw
| e | I | e |
N
Load Cell Leads P
O - Ring Seal
TopCap____ - “———— Load Cell
T VDT Clamp

Sample Membrane

Test Somple

Chaomber hamasnnas o

L ANE R AR N A )
,
{

\

wT
» VDT Leads
Hydrastone Grout

et Stoel Rod
Tie Rod = / %
@ T _‘___F_r_l_'é f/ Tie Rod
. LY ca,
I Ig E é |n|:I we
pd = |
Base Plate —| / I—Tl—l I 5 l }__ﬁ. _/
0- Ri{g Seal Not to Scale

Figure 3.12 Final configuration of the triaxial cell



solid, continuous connection—between the top
and bottom steel platens and the synthetic
samples. Then, the three synthetic samples of
known properties were tested again, [Testing con-
sisted of 200 applications of several levels of
deviator stresses at a 10 Hz haversine loading
waveform under no confining pressure and a tem-
perature of 74°F.] Several repetitions were per-
formed so as to gain a better statistical representa-
tion of the values.

Finally, this arrangement yvielded new My values
that were very close to those expected for the
three synthetic samples. Table 3.2 shows the com-
parison of moduli of synthetic samples determined
by both resilient modulus and torsional testing
techniques. Figure 3.13 compares modulus means
and deviations obtained with ungrouted samples.
It is interesting to note in this figure that the de-
viations in the moduli caused by not grouting the
samples to the end platens are significant for ma-
terials having a resilient modulus greater than
9,000 psi.

With this calibration, it was felt that there were
no significant discrepancies in the comparisons of
the resilient modulus with the torsional testing
techniques for the synthetic samples, and that this
final arrangement of the My testing configuration
was capable of providing accurate, repeatable, and
reliable measurements.

In general, it can be stated that all My measure-
ments are sensitive to the location of the deform-
ational transducers; moreover, they are sensitive to

the top and bottom cap connections. For stiff mate-
rials, these factors are particularly crucial and can
lead to erroneous estimates of moduli. Thus, ex-
treme care must be taken to ensure that the
hydrostone paste provides a uniform contact be-
tween the test specimen and end caps, eliminating
additional movement at these points.
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Table 3.2 Comparison of moduli of synthetic samples

Resilient Modulus Test Observations
Standard Torsional
Mean Deviation 90% C.1. Tests
Synthetic Mg Mg Mg E Ewithin  Means Ratio  Deviation
Sample Grouting  (psi) (psd (psi) (psD) 90% C.I. EE/ E of Means
No 1,888 61 [1,788 1,988] No 0.850 -0.150
TU-700 2,220
Yes 2,252 54 {2,163 2,340] Yes 1.014 +0.014
No 6,550 289 [6,076 7,024] No 0.734 -0.266
TU-900 8,921
Yes 8,880 227 [8,507 9,252] Yes 0.995 +0.005
No 22,410 1,223 [20,404 24,415] No 0.490 -0.510
TU-960 45,735
Yes 44,197 931 {42,670 45,724] Almost Yes 0.966 -0.034



CHAPTER 4. PROTOTYPE RESILIENT MODULUS
TESTING PROCEDURE

INTRODUCTION

This chapter describes the development of a
prototype resilient modulus testing procedure.
First, we survey and discuss the different Mg test-
ing procedures used by the various highway agen-
cies—procedures that include AASHTO T-274,
SHRP P-46, ASTM, and other modified methods.
Then, we describe the prototype Mg testing proce-
dure completed for use in this study.

As previously noted, AASHTO T-274 has at-
tracted much critical opposition since its introduc-
tion in 1986. At issue is its requirement that all
specimens be heavily conditioned prior to actual
testing. By then, critics argue, the sample is sub-
jected to a substantial variety of stress states. Com-
pletely different stress states are specified based
on the type of soil (cohesive or cohesionless), but
with little consideration of the actual stresses act-
ing on the pavement layer.

The main objective of this test is to simulate
field conditions in the laboratory—not to look into
the deformational characteristics of soils subjected
to much higher stress states than observed in regu-
lar pavement structures. Accordingly, several high-
way agencies, in examining the problems with
AASHTO T-274, have developed their own specific
testing procedures.

SEVERAL TESTING PROCEDURES

Table 4.1 outlines seven published Mg testing
procedures, including (1) AASHTO T-274; (2) SHRP
Protocol P-46; (3) the Florida method; (4) the Illi-
nois method; (5) the Washington method; (6) the
New York method; and (7) the ASTM method
(draft). Specifications of each, including the confin-
ing pressure, O3, the deviator stress, 04, and the
number of stress repetitions required on the stress
conditioning and the testing sequence stages are
also presented in Table 4.1.

The report specifications detailing how to
present the testing results of each of the testing
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procedures are also included in Table 4.1, fol-
lowed by an estimate of the minimum time re-
quired to perform each of the tests specified by
the different procedures, and by the maximum
principal total stress ratio calculated from the
specified stress states.

Stress Conditioning

AASHTO T-274 specifies one stress conditioning
for cohesive soils and another for cohesionless
soils. For cohesive soils, the highest deviator stress
is 10 psi, while the cell pressure specified is 6 psi.
For cohesionless soils, the highest deviator stress
specified is 20 psi, while the highest confining
pressure is 15 psi. For either soil type, samples
must be subjected to 200 repetitions at each of the
deviator stresses specified. This clearly appears to
be excessive, particularly for a process that has a
very questionable purpose.

Ho (Ref 9), Jackson (Ref 31), and Seim (Ref
41), in documenting their problems regarding the
AASHTO T-274 conditioning stage, reported that
their soil samples broke at this stage, and that,
consequently, the actual testing sequence had to
be discontinued. Ho described the Florida-modi-
fied method that is applicable to all types of
soils. His method specifies that the conditioning
stage consists of static loading of three 10-minute
cycles of each of the stress states prior to the dy-
namic stress state. Although this stage is less se-
vere than that of AASHTO T-274, it cannot be re-
garded as practical because it delays the testing
process, with no guarantee that it is even effec-
tive.

The Illinois method, which is also applicable
for all types of soils, specifies that the condition-
ing stage consist of only 200 applications of a 6-
psi deviator stress under no confining pressure.
This appears to be adequate as long as the mate-
rial has cohesive properties capable of withstand-
ing extremely high values of principal stress ra-
tios.
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Table 4.1 Resilient modulus testing procedures
Testing Procedure
Minimum Time Maximum
Stress Conditioning Testing Sequence Required w0 Principal
o o Number o Number Perform Total Stress
3 d of Stress 3 %a of Stress the Test Ratio
Agency (psi) (psi) Repetitions  (psi) (psi) Repetitions Report (sec) 01/93
AASHTO T-274
(a) Cohesive 6 1,24,8 10 200 630 1,2 4,8 10 200 each Plot Log (Mp) vs Log (64) 4,000 o
(b) Cohesionless 5 5,10 200 each 20 1,2, 5,10, 15, 20 200 each Plot Log (Mp) vs Log (8) 6,800 11
10 10, 15 15 1,25, 10, 15, 20 Model:
15 15, 20 10 1,2,510,15 Log (Mp) = a + b* Log ()
5 1,25 10,15
1 1,2,5 75,10
SHRP P46
(a) Soil type 2 (cohesive) 6 4 200 6, 4,2 2,4,6,8 10 100 each Plot Log (M) vs Log (64) 1,700 6
Model:
Log (Mp) = a + b* Log (64)
(b) Soil type 1 (granular) 15 15 200 3 3,69 100 each Plot Log (Mp) vs Log (8) 1,700 4
5 5,10, 15 Model:
10 10, 20, 30 Log (Mp) = a + b* Log (8)
15 10, 15, 30
20 15, 20, 40
Florida DOT 1 2 stalic 1 2 10,000 Plot Log (Mp) vs Log (8) 59,000 3
(as described by Ho, Ref 9) 2 2 loading 2 2 maximum
* For all types of soils 2 4 30 minutes 2 4 each
It requires one test 5 2 each prior 5 2
sample far each 5 5 to each 5 5
stress state stress state
llinois DOT 0 6 200 0 2,4,6,8, 10 each Report Mg (64 = 6 psD 270 w
(as described by Dhamrait, 10, 14, 18

Ref 29)

« For all types of soils
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Table 4.1 (continued)

Testing Procedure
Minimum Time Maximum
Stress Conditioning Testing Sequence © ipal
o o Number . . Number Perform Total Stress
3 d of Stress 3 d of Stress the Test Ratio
Agency (psi) (psi) Repetitions  (psi) (ps) Repetitions Report (sec) 01/93
Washington DOT
(as described by Jackson, Ref 31)
» For all types of soils 6 8 1,200 1,2 1,2 4,6 200 each Models: 5,200 7
4 1,24,6,8 if cohesionless
6 1,246,810, 12 Log (MR) = a + b* Log (@)
Report MR (8 = 25 psi)
if cohesive
Log (MR) = a + b* Log (o)
Report MR (od = 10 psi)
New York DOT - 5MB
(as described by Seim, Ref 41)
(a) Cohesive 6 1,2,3,4,5 200 each 6,30 1,234,567 200 each  Plot Log (MR) vs Log (o) 8,000 o
6,7,8,9, 10 prior to each 8,9 10
stress state
(b) Cohesionless 5 5,16 200 each 200 1,2,510,15 20 200 each  Plot Log (MR) vs Log (8) 6,600 11
10 10, 15 15 1,2,5,10, 15,20 Model:
15 15, 20 10 1,25 10,15 Log (Mp) = a + b* Log (8)
5 1,2,5,10, 15
1 1,2,575,10
ASTM Method (draft)
« For all types of soils 6 1 1,000 6,31 1,2,510 200 each  Plot Log (Mp) vs Log (ad) 3,400 11



The Washington method, also applicable for all
types of soils, specifies that this condition consist
of 1,200 applications of an 8-psi deviator stress un-
der a 6-psi confining pressure. In contrast to the II-
linois method, this condition appears to be general,
in the sense that samples are not driven to high
principal stress ratios. Nevertheless, the large num-
ber of stress applications makes it less practical.

The New York method specifies one condition-
ing stage for cohesive soils and another for cohe-
sionless soils (and includes AASHTO T-274). For
cohesionless soils, the specifications are similar to
those of AASHTO T-274, meaning that it carries
the same chronic problems. For cohesive soils, the
conditioning stage consists of 200 applications of
each of the stress states prior to their particular
applications. The highest deviator stress is 10 psi,
and the all-around cell pressure specified is 6 psi.
Again, this process, plagued by ineffectiveness,
fails to demonstrate the validity of its results.

The ASTM method (draft), also applicable for all
types of soils, specifies that sample conditioning
consist of 1,000 applications of a 1-psi deviator
stress under an all-around cell pressure of 6 psi.
The same comments are applicable to this method;
that is, it appears that the 1,000 applications of a
very low deviator stress represent nothing more
than wasted time for the machine and the techni-
cian. In other words, this type of conditioning
stage is unnecessary.

Finally, SHRP Protocol P-46 specifies one condi-
tioning stage for cohesive soils and another for co-
hesionless soils. For cohesive soils, the condition-
ing stage consists of 200 applications of a 4-psi
deviator stress under a confining stress of 6 psi;
for type 1 soils (granular), this stage consists of
200 applications of a 15-psi deviator stress, also
under a 15-psi confining stress. Of all the condi-
tioning stages, this appears to be the most ad-
equate, primarily because it is not excessive and
because the principal stress ratio specified is rela-
tively low, assuring that the test sample will not
fail during the process.

Testing Sequence

The AASHTO T-274 specifies one testing se-
quence for cohesive soils and another for cohe-
sionless soils. For cohesive soils, the critical state
(maximum principal stress ratio) occurs at a 10-psi
deviator stress under no confining pressure. For
cohesionless soils, there is an extremely large vari-
ety of stress states, which appears to be out of
perspective. In this case, the critical state occurs at
a 10-psi deviator stress under a confining stress of
1 psi. In general, the critical states for both types
of malerials are quite severe—particularly for the
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cohesionless material that has to undergo higher
values of principal stress ratio—triggering in the
process imminent failures of the test samples.

The Florida testing sequence specifies the same
state stresses used in conditioning the sample.
However, it requires the application of a maximum
of 10,000 applications at each of the deviator
stresses. This is quite excessive.

The 1llinois testing sequence, as described by
Dhamrait (Ref 29), specifies that deviator stresses
of 2, 4, 6, 8, 10, 14, and 18 psi be applied only 10
times at atmospheric pressure. This specification is
practical in the sense that few stress states are ap-
plied and repeated; however, it is unrealistic in
that it uses no confining pressure and, thus, can-
not represent conditions that exist in the lower
pavement layers. Such an omission limits the se-
quence to the testing of materials that have cohe-
sive properties capable of withstanding extremely
high values of principal stress ratios.

The Washington testing sequence specifies 200
applications at deviator stresses of 1, 2, 4, 6, 8, 10,
and 12 psi. These deviator stresses are applied at
different confining pressures (e.g., 1, 2, 4, and 6
psi). While this method avoids subjecting the test
material to very high values of principal stress ra-
tios, the process is still somewhat protracted and
cumbersome.

The New York method testing sequence speci-
fies that, for cohesive soils, 200 applications of the
following deviator stresses be applied under 6, 3,
and O-psi confining pressures: 1, 2, 3, 4, 5, 6, 7, 8,
9, and 10 psi. The use of a 1-psi deviator stress
renders the testing sequence impractical.

The ASTM (draft) testing sequence specifies 200
applications at deviator stresses of 1, 2, 5, and 10
psi and at confining pressures of 6, 3, and 1 psi.
This is quite practical in the sense that few stress
states are used. In addition, the fact that the low-
est confining pressure specified is not 0 psi pre-
vents in some degree the failure of samples of re-
duced cohesive properties.

Finally, the SHRP Protocol P-46 testing sequence
specifies that, for cohesive soils, 100 applications
of the following deviator stresses be applied under
confining stresses of 6, 4, and 2 psi: 2, 4, 6, 8 and
10 psi. This testing sequence appears to be ad-
equate, since stress states are within normal ranges
of stresses observed in actual pavements; it is also
more efficient because it requires fewer stress ap-
plications.

The SHRP P-46 testing sequence for granular
materials specifies the application of a substantial
variety of stress states, with the critical state occur-
ring when a 30-psi deviator stress is applied to a
sample subjected to 10-psi confining pressure. This
testing sequence appears to be more appropriate



for granular base and subbase materials than for
subgrade and non-granular subbase layers.

Testing Report

In general, most of the testing procedures
specify that the testing results be reported in a
tabular form and in plots of logarithmic graphs
that show the variation of the Mgy versus the o4
for a given confining pressure. In some cases, the
plots required are logarithmic graphs showing the
variation of the Mg versus the sum of principal
stresses, B. The selection of either of these graphs
depends highly on the soil type of the test sample.
A typical plot is illustrated in Figure 4.1. In this
example, the pavement engineer was able to select
a particular Mg value for the design of pavements
either from the logarithmic plots (Figure 4.1) or
from the tabular forms.
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Figure 4.1 Typical plot showing the variation
of the resiliant modulus with the
deviator stress (taken from SHRP
P-46, Rof 13)

To refine this selection, some testing procedures
have also required the development of regression
equations that can predict the moduli. These re-
gression equations consider the moduli the depen-
dent variable and the stress states the regressor
factors. Some researchers, including Thompson
(Ref 19), Monismith (Ref 27), and Vinson (Ref 8),
have suggested that the deviator stress be used as
the predictor variable when the material is cohe-
sive, and that the confining pressure (or even the
sum of principal stresses) be used as predictors
when the material is cohesionless.
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We found that AASHTO T-274, SHRP Protocol P-
46, the Washington method, and the New York
method followed those suggestions to some de-
gree. For cohesive soils, the models can be ex-
pressed as follows:

el odb
4.1

Ln(My) = a+b*Ln(0y), or Mg

where

My = the predicted resilient modulus,
O4 = the applied deviator stress, and
a, b = regression coefficients.

For cohesionless soils, the regression models
can be found expressed in terms of the sum of
principal stresses, or in terms of the confining
pressure:

In(Mg) = a+b*Ln(8), or My = e**8° (4.2)

b

Ln(Mg) = a+b*Ln(0y) or My = e’ *0; (4.3)

where

© = the sum of principal stresses, and
O3 = the all-around confining pressure.

Other procedures have gone even further in the
specifications. For instance, both the Washington
and Illinois methods require that the value of the
Mg be calculated, using the 64 or 8 criteria, by
applying either one of the developed regression
models. The Illinois method specifies that the re-
ported My value would correspond to a 04 equal
to 6 psi, while the Washington method specifies
that if the material is cohesive, the reported My
would correspond to a 64 equal to 10 psi; if it is
cohesionless, however, the My value would corre-
spond to a © equal to 25 psi.

All of these reporting techniques appear to be
useful. Nonetheless, the fact that the main varia-
tion, which is the variation of the moduli versus
the resilient axial strains, is not plotted has led to
some controversy; that is, we may be overlooking
the real behavior of the material. Thus, it is impor-
tant to include this plot type in the testing reports.

Regarding the specified regression models, they
all miss the point in that they do not identify the
resilience characteristics of the material, avoiding
as they do any mention of their workable strain
range. In effect, such regression models are biased
and mislead the estimates of the coefficient of de-
termination (R2Z) because the resilient modulus
(Mp) is calculated and not directly measured. For



instance, for cohesive soils, the model suggested
in Equation 4.1 actually means the following;

Ln(o, /€,) = a+b*Ln(oy) 4.9

The above equation leads to a situation that en-
sures that errors associated with the regressor will
be directly associated with the predicted values
(regressor term in both sides of the regression
model).

This situation is not resolved if we follow the
recommendations of Boateng-Poku (Ref 17), who
suggests developing the following regression
model:

E, *0y a+b*o,, which actually means

a4 /€ = a+b * 0y 4.5)

From a statistical point of view, this model is
biased.

For cohesionless soils, the situation has been
somewhat attenuated, since the moduli have been
regressed in terms of the sum of principal stresses,
which means:

Ln(0yg/€,) = a+b * Ln(og+3 * 0;) 4.6)

ADDITIONAL COMMENTS

Table 4.1 includes estimates of the minimum
time required to perform each of the testing pro-
cedures. This time requirement, determined by
considering the total number of stress states and
number of stress repetitions specified by each pro-
cedure, is referred to as “minimum” because it
represents only the time required for performing
the entire test. This minimum does not include any
additional time that may be required by the opera-
tor for changing the gauge settings and pressures;
nor does it include time required for attending to
other factors that delay the testing process. In
other words, this minimum time can be under-
stood as the time required to perform the test us-
ing a fully automated system.

As Table 4.1 shows, the Florida method has the
longest minimum time for performing the test, with
59,000 seconds of testing time specified. In con-
trast, the New York method for cohesive samples
requires only about 8,000 seconds, followed by the
AASHTO T-274 method for cohesionless samples
with 6,600 seconds, and by the Washington method
with 5,200 seconds. SHRP P-46 and the lllinois pro-
cedure require the shortest test times.

From a practical and economical point of view,
it seems reasonable to expect that the method hav-
ing the shortest duration will be the one favored
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for use in routine design of pavements. Based on
this criterion, either SHRP P-46 or the Illinois
method could be used in the development of a
prototype testing procedure.

Table 4.1 also includes estimates of the maxi-
mum principal total stress ratio that samples expe-
rience if subjected to the various testing proce-
dures. As can be noted, many of these testing
procedures, including AASHTO T-274 and the Illi-
nois, New York, ASTM, and Washington methods,
account for high ratios. Since this ratio controls, to
some degree, the strength capacities of the materi-
als, it appears that many of these testing proce-
dures have clearly overlooked the magnitude of
this important parameter. Moreover, it seems obvi-
ous to expect that samples having few cohesive
properties would fail under those critical states
with higher ratios. Consequently, from all the test-
ing procedures herein revised, it appears that only
SHRP P-46 and the Florida method limit this pa-
rameter to a more conservative degree.

PROTOTYPE TESTING PROCEDURE

Since the main objective of this project is to
propose an efficient and reliable My testing proce-
dure for subgrade and non-granular subbase mate-
rials, we decided to assemble a new prototype
procedure that can be evaluated through several
experiments. Based on the previous discussion, a
prototype procedure, consisting of the stress con-
ditioning, the testing sequence, and the testing re-
port, was defined.

Stress Conditioning

Since the subgrade materials are subbases (con-
sisting of locally available compacted materials)
and untreated natural or compacted subgrades, the
stress conditioning selected was that specified by
SHRP P-46 for cohesive soils. Such conditioning
subjects the sample first to a confining stress of 6
psi, followed by 200 applications using a 4-psi de-
viator stress under that confining pressure.

Testing Sequence

The testing sequence selected was also that
specified by SHRP P-46 for cohesive soils. This
testing sequence consisted of 100 applications at
deviator stresses of 2, 4, 6, 8, and 10 psi under 6,
4, and 2-psi confining stresses. The maximum
principal stress ratio for this type of material is
limited to a value of 6. In addition, the entire pro-
cedure would involve only 1,700 seconds of test-
ing time. And finally, the stress states used are the
most common stress states observed in traditional



pavements, which assures an adequate simulation
of the field conditions,

Testing Report

In general, the methods of reporting the testing
results do not address completely the deforma-
tional characteristics of the materials. Stress-strain
behaviors are controlled by the level of strain to
which the material is subjected, and not by the
level of stress that induces such strain level. Thus,
it would be necessary to include plots showing the
variation of the resilient modulus with the axial
strain and cell pressures.

From a practical point of view, the data sheets
should include all the basic properties of the test
material, including the plastic index, liquid limit,
dry density, moisture content, sample age at test-
ing, and all the information conceming its loca-
tion, its classification, and its purpose.

Because My tests measure resilient axial strains
produced under different levels of deviator stresses
and confining pressures, a more reliable and gen-
eral regression model can be developed using the
same set of data collected from the test:

Ln(e,)

€

a+bsLn(oy)+c*Ln(a;), or

b 4.7

tq;

it

a
a € *Gd

By definition, we know that the secant resilient
modulus is defined as My = @4/ £,; then, by
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manipulating these expressions, we can express
Mg in terms of either the @4 or £, Once that is
done, the following expressions for Mg can be re-
ported:

Mg = e sa,"P 0,75, or K1*a,¥?sa,"
(4.8)
My = e?Pag P lag P or
4.9
MR = Nl * E.Nz * 03N3

With only one coefficient of determination (R2)
value, Equations 4.8 and 4.9 can be considered the
most adequate models for predicting the moduli of
subgrade and subbase materials with high or low
cohesive properties, or under dry or wet condi-
tions. It should, however, be stated that the work-
able range of these equations is defined by the
strain amplitudes greater than 0.01 percent.

It has been generally found that soils with low
plasticity index behave like cohesionless materials,
meaning that the confining stress is the main con-
tributor to the explanation of the stiffness behavior
of such material, and that for high or even moder-
ate plastic soils, the elastic properties are insensi-
tive to the cell pressure but sensitive to the devia-
tor stress. Consequently, the regression model
expressed in Equation 4.7 appears to be the most
general and the most adequate for use in this
study.



CHAPTER 5. MATERIALS AND PREPARATION

This chapter describes the processes of selecting
materials, preparing test samples, and placing
those samples into the triaxial chamber of the MR
testing equipment.

SOILS FOR TESTING

This study used fifteen soil samples from across
Texas. In collecting the soils, we took care to en-
sure that the samples represented a wide range of
soil characteristics. The Texas county outline map
illustrated in Figure 5.1 shows the origin (shaded
areas) of the soil samples. The Texas DOT provided
the soil samples, which were obtained from com-
pacted subgrades of actual pavement projects that
had already been constructed and put in operation.
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Figure 5.1 Texas county ouline map. Shaded

counties indicate the origin of the
soils used in this study

Soil samples were usually accompanied by a
summary of their basic properties, including the
Atterberg limits, the fine content, the specified or
“actual” field density, and the optimum moisture
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content. For those samples that did not include a
basic properties list, we performed the appropriate
tests to determine those basic characteristics. No
attempt was made to verify TxDOT’s analysis of
soil properties.

The plasticity index (PD of the soils was the
other parameter considered during the acquisition
of the soil samples. Use of this index could assist
in establishing some inferences regarding its effect
on the resilient modulus. In this way, soils range
from highly plastic to non-plastic materials.

Table 5.1 summarizes the basic properties of
these soils. From left to right, they are: (1) Soil 1D,
which includes the code used both to identify the
soils and to indicate the order in which the soils
were received; (2) District - County - Highway,
which documents the geographic origin of the soils;
(3) AASHTO class, which documents the soil’s clas-
sification according to AASHTO; (4) Pass #200,
which includes the soil’s fine grain content; (5) Lig-
uid Limit, which reports the soil's liquid limit; (6)
Plastic Index, which reports plasticity index; (7) Opt
Moisture Content, which documents the value re-
ported as the optimum moisture content to be com-
pacted in the field; and (8) Actual Dry Density,
which presents the specified dry density of the
compacted soil to be achieved in the field,

Most TxDOT district laboratories use Test
Method Tex-114-E for determining desirable densi-
ties and moistures. This test method states that,
with the specified density and moisture, the mate-
rial will have adequate strength to support the de-
sign wheel load and be in a condition less subject
to detrimental volume changes caused by fluctua-
tion of the moisture content during the life of the
pavement structure. In addition, this test method is
characterized by its use of a compaction ratio that
relates loose to dense conditions of the soil. For
example, loose density is determined by rodded
unit weight or by the soil pat density, while dense
densities are determined by dropping a 10-pound
hammer 18 inches to effect a total compacting ef-
fort of about 30 ft Ib per cubic inch. The proce-
dure used to arrive at the optirmum moisture con-
tent and dry densities is, however, outside the



scope of this study; for more information on this
test method, the reader should refer to TxDOT’s
manual of testing procedures (Ref 15).

As shown in Table 5.1, a wide range of PI values
is represented. Such a distribution is important be-
cause Pl is a significant soil parameter in pavement

design. It is a common belief, for example, that high
PI soils will create many problems in the pavement
structure because of the dramatic variations in vol-
ume, strength, and stiffness that result from moisture
and seasonal changes; low PI soils, on the other
hand, present more stable characteristics.

Table 5.1 General characteristics of soils for testing

District
County

ID Highway class

(%)

Passing
AASHTO No.200 Liquid

Optimum  Actual
Moisture Dry
Content Density

(%) (pcf)

Plastic

Limit Index

18
1 Rockwall A-7
FM 550

14
2 Travis
Mopac-183

18
3 Denton
SH 121

14
4 Travis A4
Mopac-Parmer

21
5 Starr A4
FM 755

5
6 Hockley A-6 100
uUs 62
4
7 Potter A-6
Spur 951
7

8 Glasscock A-6 80
RM 2401

4
9 Gray
SH 70

5
10 Lubbock A4 91

FM 835

24
1n El Paso
UTEP

20
12 Jasper
FM 252
20
13 Jefferson
Us 69

.
15 Tom Green
Us 67

8
16 Haskell
Abilene

94.0
A-7-6 87.3
A-7-6 99.0

49.0

34.9

A-7-6

A-7-6 77

A-7-6

A-7-6 96

A-7-6

98.4

A-7-6 97

37

85 55 21.6 96.2

56 29 19.3 93.9

50 33 18.9 104.2

23.5 4.1 11 122

25 9.5 10.6 119.5

30 15 12.7 115.85

37.6 16.5

37.1 18.1 14.2 117.58

52 34 19.2 96

20 4 10.6 123.7

44.1 23.6 16 107

79.3 52.1 19.9 101.5

54.1 35.9 18 103.5

58 40 20.1

102.4

51 29 16.2 109.7



To evaluate the effect of the plasticity index on
the dynamic behavior of the materials, we decided
to group the soils according to their PI values. This
grouping resulted in five PI groups differing from
one another in the magnitude of a PI range. The
five PT groups were: (1) 0-10, (2) 11-20, (3) 21-30,
(9 31-40, and (5) 41- up. Thus, soils of PI values
between 0 to 10 percent are nested (grouped)
within the 0-10 PI group, and so on. In this way,
three soils are nested within each PI group. Table
5.2 shows the grouping of the soils according to
their PI and to their AASHTO classification.

Soils #7 and # 15, though nested, failed to meet
the PI criterion. Soil #7 had a PI of 20.4 percent
and was nested in the 11-20 PI group; soil #15,
having a PI of 40 percent, was nested in the 41-up
PI group. These circumstances did not affect the
inferences made in this study.

PREPARATION OF THE TEST SAMPLES

Because they were taken directly from the field,
most of the soil samples were received in a damp
condition. And since all the soil samples were dis-
turbed samples, Test Method Tex-101-E - Part II,
“Preparation of Soil and Flexible Base Materials for
Testing” (Ref 15) was followed for the preparation
of all soil samples used in this study. (This test
method is specified by TxDOT for the preparation
of disturbed soil samples for mechanical analysis
and for physical, moisture-density relations, tri-
axial, and stabilization tests, For out-of-state read-
ers, Test Method Tex-101-E is in close agreement
with AASHTO Designation T 146-86 and T 87-86;
see Ref 2.)

Once the soil was air dried and crushed to pass
the No. 10 sieve, its moisture content was mea-
sured. Then, about 10 kg of the material—enough
to prepare four companion specimens per batch—
was placed into a 20-rpm mixer. (Companion
specimens, which are defined here as samples
having similar characteristics, were prepared so
that the soil properties could be monitored and
evaluated against time and preparation process,
and so that they could be tested simultaneously
under different laboratory tests for comparison

purposes.)

Since the optimum moisture content and the air-
dried conditions of the soil sample had been de-
termined, the process of adding the proper
amount of distilled water to the soil sample was a
straightforward operation. The mixing process con-
tinued until a relatively homogeneous material,
free of lumps, was achieved. Precautions were
taken to prevent any moisture loss,

Compactive Effort

At this point, it is important to mention that
Seed et al (Ref 5) recommended the use of two
compaction methods for the preparation of the test
specimens: (1) kneading or impact, and (2) static.
In the past, these methods were considered impor-
tant for simulating the behavior of materials com-
pacted at water contents below the optimum
value. But such materials are far more susceptible
to changes in strength and stiffness (resulting from
increases in the water content) than materials com-
pacted at optimum water contents and at water
contents above the optimum value. Clearly, a more
practical approach is necessary. In this study, only
one compaction method—the impact compaction
method—is used for the preparation of the test
specimens.

An impact compactor, Soiltest model CN-4230,
was used for densification. This compactor was
designed to perform AASHTO Designation T-99
and T-180 test methods (Ref 2). Since a 4-inch di-
ameter mold is used in this test, the test specimens
were prepared to that diameter. In addition, be-
cause test specimens should be 2.8 inches in di-
ameter and 5.6 inches in height to be tested in our
resilient modulus system, an extra piece of the
standard mold was used to compact samples 4
inches in diameter and 6 inches in height. Figure
5.2 shows the mold in position ready for material
compaction.

To prepare the test specimens, the compactive
effort specified in Test Method Tex-113-E was ap-
plied (Ref 15). This particular test method, used
for determining the relation between the moisture
content and density of soils, is actually a modifica-
tion of ASTM D 1557 (Ref 3) and AASHTO Desig-
nation T-180 methods.

Table 5.2 Grouping the soils according to their Pl

AASHTO

Class A-4 A-6 A-7-6
PI Group 0-10 11-20 21-30 31-40 > 40
Solid ID 4 510 6 7 8 nm 1 3 9 13 1 12 15



Figure 5.2 Steel mold in position ready for material compaction

To obtain triaxial results with reduced swelling,
Test Method Tex-113-E specifies different com-
pactive efforts, depending on the PI of the materi-
als. For instance, for soils having a PI less than 20,
it specifies the use of 13.26 ft Ib per cubic inch;
for soils having a PI from 20 to 35 and a high per-
centage of soil binder, the use of 6.63 ft b per cu-
bic inch is specified. In this way, the number of
blows per layer was adjusted according to the
drop height, number of layers, weight of the ham-
mer, and volume of the specimen, thus assuring
that the specified compactive effort was effectively
applied.

Moisture Content

For many years, it has been standard practice in
design testing to use samples in a soaked or
nearly saturated condition. In many cases, cer-
tainly, this has led to the overdesign of pavements,
since subgrade materials do not always become
saturated in practice,

Thus, the selection of representative samples in
actual field conditions becomes a challenging un-
dentaking; accordingly, the resilient modulus values
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to be used in the design of pavements should be
based on the results of a thorough analysis of the
moisture-density-modulus relationships of the
pavement materials. In this study, because most of
the factors that contribute to the final in situ water
content of the material (e.g., level of water table,
source of percolating water, soil suction character-
istics, in situ water content, etc.) are unknown, we
decided to prepare the test samples at optimum
water contents, which are referred to as opt, and
at water contents above the optimum value, which
are referred to as wet, though all were prepared
with the same compactive effort.

In general, it was observed that opt specimens
achieved dry densities similar to those determined
by the Test Method Tex-114-E conducted by
TxDOT district laboratories.

Dry densities of opt samples, which are referred
to as the actual dry densities, are actually, in Texas,
the densities provided the contractor as target den-
sities for the construction site. On the other hand,
wet samples were prepared so as to achieve 95 per-
cent of dry densities achieved on the opt samples.

Because it deals with just one compaction
method, this approach is thought to be more



practical than that recommended by Seed (Ref 5).
It also appears to be conservative because, as
shown by Seed, samples compacted at high de-
grees of saturation by either the kneading or im-
pact compaction methods had lower modulus val-
ues than those samples soaked to a high degree
of saturation after being compacted to a low de-
gree of saturation by the static compaction
method.

Trimming

Immediately after compacting the soil speci-
mens, we carefully extruded them from the steel
mold using a mechanical extruder. Figure 5.3 illus-
trates the soil specimens just after extrusion from
of the mold. But because the so0il specimens were
prepared at sizes larger than those required for
testing in our system, they had to be trimmed.

The trimming process consisted of carefully re-
ducing the dimensions of the samples until they

were about 2.8 inches in diameter and 5.6 inches
in height. Thus a height-to-diameter (H/D) ratio of
2 was provided for all test specimens used in this
study. (This ratio was in accordance with much of
the literature on triaxial tests; e.g., see Bishop, Ref
16.)

A trimming frame manufactured by the project
team allowed the samples to be manually rotated
as they were trimmed. Figure 5.4 shows a soil
specimen, along with the resulting soil debris, in
the trimming frame. Immediately after trimming,
the top and bottom surfaces of the sample were
flattened; the test specimen was then weighed,
measured for its final dimensions, wrapped, and
stored in a special room of constant humidity and
temperature. Only on its testing day was the soil
specimen taken out of that room.

It is important to mention that the time required
for two testers to prepare a test specimen (includ-
ing compaction, trimming, weighing, wrapping,
and storing) was generally 1 hour.

Figure 5.3 Soil specimen after being extruded from the steel mold
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Figure 5.4 Soil specimen being trimmed

PLACEMENT OF THE TEST SAMPLES INTO
THE TRIAXIAL CELL

Before being placed into the triaxial cell, the test
specimen was weighed and its dimensions were
again measured to calculate and verify its density.
The specimen was then installed in the triaxial cell.

Fach specimen was grouted to the top cap and
base pedestal of the triaxial chamber using a
hydrostone paste. The use of such a hydrostone
paste facilitated the sample location process in that
the levelness of the top cap and base pedestals
could be easily adjusted to accommodate and
eliminate any unevenness (imperfections) in the
end surfaces of the test specimens.

Grouting was used because we had already dem-
onstrated (during the evaluation of the resilient
modulus testing equipment using synthetic samples)
that strong contacts between the test specimen and
the end caps are required for an accurate and reli-
able estimation of the My values (see Chapter 3).

Test specimens were placed in a manner similar
that used by masons in building a brick wall; end
caps were leveled and aligned to assure ortho-
gonality in the installation. The joints were then
finely arranged so that there were no paste
lumps (which could puncture holes in the rubber
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Figure 5.5 Test specimen grouted te the end
caps

membranes). Figure 5.5 shows a test specimen
grouted to the end caps.

Afterwards, hydrostone debris was removed and
the entire setup was cleaned. Vacuum grease was
placed on the sides of the end caps so that the
rubber membranes could be easily attached to
them. Then, two (.014-inch-thick Soiltest rubber
membranes were placed around the test specimens
to prevent both moisture loss and gas leakage. Be-
cause the water content values of the samples be-
fore and after testing were extraordinarily similar,
we concluded that the membranes were successful
in retaining specimen moisture. (The fact that the
room temperature was kept at a constant 74°F per-
haps contributed to the similarity in values as
well.) Gas leakage was also reduced to a mini-
mum. Kane et al (Ref 50) reported that, for par-
tially saturated soils (using two 0.002-inch-thick
membranes and nitrogen gas as the fluid of all-
around confining pressure), the pore air pressure
changed at a rate of 0.7 psi/min for 100-psi confin-
ing pressure. If that relation is directly proportional
to the confining pressure and testing time, and
inversely proportional to the thickness of the



membranes, it would be expected that, in our Mg
tests, specimens that were subjected to a 6-psi con-
fining pressure for 30 minutes could have experi-
enced a 0.18-psi change in confining pressure, Yet
a 0.18-psi change in the applied confining pressure
would only represent 3 percent of the total applied
confining pressure. Thus, for all practical purposes,
this deviation is negligible and can be tolerated.

It is important to emphasize that because the
Mg test is an undrained test performed generally
on partially saturated soils, we made no effort to
measure pore waler pressures or Lo estimate states
of effective stresses; rather, we used the total-state-
of-stresses approach to estimate the stress-strain
behavior of the test materials.

After the test specimen was installed, its ends
grouted, and the membranes secured with O-rings
at each end, two linear variable differential trans-
formers (LVDT’s) clamped on steel bars fixed to
the base of the triaxial cell were installed diametri-
cally opposite one another. Each LVDT was posi-
tioned by pointing the steel wings that were
clamped to the top cap. In this way, the axial de-
formations were measured from the total height of
the specimen rather than from a small part of the
sample. Figure 5.6 presents the top portion of the
sample covered by the membranes (the LVDT’s are
already installed). Once the LVDT's were posi-
tioned and the rubber membranes perfectly sealed,
the body of the triaxial chamber that provides con-
finement to the specimens was mounted and as-
sembled (under air-tight conditions).

Finally, after waiting 2 more hours to allow the
hydrostone paste (used to grout the test samples
to the end caps) to reach its full strength and
stiffness properties, we decided to start the test.

Figure 5.7 shows the setup of the triaxial chamber
during the testing operation.

- = >

Figure 5.7 Final setup of the triaxial cell as
seon during the testing operation

Figure 5.6 Top portion of the setup of the test specimen



CHAPTER 6.

IMPORTANCE OF GROUTING TEST SPECIMENS

TO THE END CAPS

As discussed in Chapter 3, the use of synthetic
samples of known properties is essential in deter-
mining the status of My testing equipment; addi-
tionally, we found that the most reliable method
for consistently obtaining the expected values of
moduli was to grout the test specimens to the end
caps. The objective of this chapter is to verify the
importance of this grouting procedure in the Mg
test. After providing some background on the sub-
ject, this chapter describes and explains the results
obtained by testing actual soil samples, with and
without grouting,.

BACKGROUND

Seed (Ref 5) recommended sample conditioning
as a way of improving the contacts between the
end caps and the test specimens. In addition, he
stated that sample conditioning may also serve to
eliminate the time effects created by the interval
between compaction and loading, and between
loading and reloading. For these reasons, AASHTO
T-274 specifies that samples be conditioned prior
to testing.

If the end platens or sample ends are not per-
fectly flat (i.e., the contact is uneven), the normal
stresses applied to the ends of the specimen will
vary across the core, causing a loss of uniformity
in both the applied compressive stress and the in-
duced axial strain. Grouting not only resolves this
problem, but reduces the effect of the sample con-
ditioning as well.

In conventional triaxial tests, the cylindrical sur-
faces of the test samples are subjected to uniform
radial stresses (though not to shear stresses). Be-
cause the end platens are usually made of materi-
als considerably stiffer than the specimen, re-
searchers assume the test induces equally normal
displacements over these end surfaces, which may
remain plane. In addition, if those interfaces are
frictionless, no shear stresses are applied; in such
an ideal circumstance, the normal stresses and
strains will be uniform throughout the height of
the test specimens.
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In the past, it was thought that if the interfaces
were rough or grouted, radial displacements at the
ends would be restricted, causing the specimen to
take on a barrelled shape when loaded. Today we
know that this is true only in conventional triaxial
tests, where the sample is driven to failure (with
axial deformations above 4 percent) in order to es-
timate its strength capacity. This, however, is not
the case with samples used in the Mg test, where
test samples are never loaded to failure and where
the induced axial strains are much lower (from
0.001 to 0.5 percent). Accordingly, shear contact
stresses can be considered negligible, and the nor-
mal stresses and axial strains throughout the
sample can, for all practical purposes, be consid-
ered uniform.

In researching the effects of rigid restraints of
triaxial specimens, Dehlen (Ref 21) addressed in
particular the effects of (1) using frictional end
platens, (2) installing rigid extensometer clamps on
the sides of the test specimens, and (3) unevenly
trimming the sample ends.

Regarding the effects of frictional end platens,
Dehlen documented that many researchers, includ-
ing Edelman (1949), D'Appolonia and Newmark
(1951), and Balla (1960), have theoretically mod-
eled this problem, showing that the effect of end
restraint is to reduce the change in length and, ex-
cept for short cylinders, to increase the change in
diameter at mid-height of an axially-loaded speci-
men. These theoretical studies indicate that an
overestimation on the order of 5 percent of the
moduli could be obtained in tests where strains
are measured between the end plates. Dehlen ana-
lyzed this problem using a finite element ap-
proach.

Figure 6.1, taken from Dehlen’s dissertation,
shows his analytical model of the triaxial samples
with stiff extensometer rings and frictional caps
and bases. His results indicated that an increase in
specimen height resulted in an increase in the ac-
curacy of the results for Young’s modulus and
Poisson’s ratio provided by all techniques of mea-
surement. In addition, he showed that for samples



with a 2:1 height-diameter ratio, Young's moduli
and Poisson’s ratios may, because of cap and base
friction, be in error by only 1 or 2 percent, and
that measuring the strains with bonded strain
gauges at mid-height was slightly more accurate,
with errors less than 1 percent.

Consequently, his theoretical results showed
that the use of frictional end caps will not affect,
for all practical purposes, the estimations of the
moduli (no matter what the position of strain mea-
surements).

Loading 'm" Plunger

middle-half height of the specimen; in addition, it
showed that measurements of the axial strains at
the specimen ends are free of this potential prob-
lem,

Regarding the effects of unevenly trimming the
sample ends, Dehlen explained that the imperfect-
contact model had to be axi-symmetric; that is, the
load was applied concentrically over a circular
area with a radius half that of the sample. His re-
sults showed clearly that when the axial strain is
computed from the relative displacements of the
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Figure 6.1 Analytical modsl of the Iriaxial samples with stiff extensometer rings and frictional
caps and bases, as used by Dehlen (Ref 21)

In researching the effects of installing rigid ex-
tensometer clamps around the test samples at the
quarter and three-quarter height to measure the
axial strain, Dehlen used a finite element analysis.
His results showed that the errors in Young's
modulus caused by rigid clamps are much greater
than those caused by cap and base friction, and
that the two effects combined would result in an
overestimate on the order of 10 percent in a typi-
cal test. This particular analysis performed by
Dehlen demonstrated the risk of using inappropri-
ate clamps for measuring axial strains at the
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end platens, imperfect contact could cause an
underestimation of Young's modulus and Poisson’s
ratio by 30 percent, and that errors are much
lower when the axial strain is measured at the
middle-half height of the specimen.

In summary, Dehlen’s theoretical analyses
clearly demonstrated the advantages and disadvan-
tages of measuring the relative displacements at
different points of the specimen subjected to re-
petitive axial loading. Two points are particularly
relevant: (1) It is evident that the greatest source
of error is related to imperfect contact between the



test samples and the end platens; and (2) the risk
of error is increased if the axial strains are mea-
sured at the ends rather than at the half-middle
height of the sample.

In assessing the most appropriate altemative for
achieving reliable estimations of the moduli,
Dehlen recommended measuring the axial strains
at the half-middle height of the sample. While this
recommendation has found suppont from Seed and
others (Ref 5), several researchers over the past
decade (Refs 9, 10, 42) have begun to question
this alternative—particularly since during the appli-
cation of the loading pulses the two reference
points (on which the relative displacements are
measured) move, thereby losing track of the actual
strains. Compounding the resulting uncertainty is
the fact that the installation of clamps around the
sample can cause disturbances that obstruct the
sample’s dynamic behavior during the test.

For these reasons, grouting the specimens to the
end platens appears to represent the best method
for obtaining reliable estimations of the moduli.
This was demonstrated experimentally during the
calibration of the testing system by using synthetic
samples, as explained in Chapter 3. During that
calibration (in which axial deformations were re-
corded at the ends of the samples) the expected
or known moduli for the three synthetic samples
were consistently achieved only in those cases
where the specimens were grouted to the end
platens, as illustrated in Figure 3.13 of Chapter 3.

The following testing results show the effect
of grouting on the resilient moduli of compacted
cohesive samples. These results underscore the
importance of grouting when seeking reliable esti-
mations of the resilient modulus.

THE EFFECT OF GROUTING ON THE
RESILIENT MODULUS

While calibrating the resilient modulus testing
equipment, we learned that strong contacts be-
tween the end caps and the specimen are required
for an accurate and reliable estimate of the resil-
ient modulus. In this experimental exercise, each
sample was first tested ungrouted; then, under the
same stress conditions, the sample was tested
grouted.

The compacted sample of soil 1 (131 days old,
high PI) used for this exercise had a moisture con-
tent of 21.2 percent and a dry density of 93.6 pcf.
The second sample was a specimen of soil 4 (low
PI, compacted 188 days before testing); this sample
had a moisture content of 10.2 percent and had
124.4 pcf of dry density. These soils were chosen
because they represented a wide range of PI.
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The stress conditions applied to the two
samples included a confining stress of 6 psi and a
deviator stress of 10 psi repeated 2,000 times.
These stress conditions were applied to both
ungrouted and grouted samples; seating pressure
was kept below 1 psi during the entire operation.

These stress conditions were chosen to repro-
duce the experience presented by Seed (Ref 5)
and to examine the importance of grouting—par-
ticularly since Seed concluded that sample con-
ditioning (1) corrected the imperfect contacts
between the specimen and end caps and (2) at-
tenuated the effect of time on the moduli of the
samples. Seed’s results (see Figure 6.2) show that
the effect of thixotropy on the resilient deforma-
tions was apparently canceled by the deformations
induced by the repeated loading; a marked degra-
dation of their resilient moduli for loading repeti-
tions below about 2,000 was evident.

Although these results have been published in
several papers and reports (Refs 4, 5, 6, 21), they
are nonetheless questionable in that the resilient
deformations were measured at the half-middle
height of the sample—an approach that has been
highly criticized as inefficient and unreliable.

Figures 6.3a and 6.3b compare the resilient
modulus with the induced permanent deformations
for the ungrouted and grouted sample of soil 1
throughout the 2,000 loading repetitions. Figures
6.4a and 6.4b show the same information for the
soil 4 sample.

EXPERIMENTAL OBSERVATIONS

Figures 6.3a and 6.4a indicate the importance of
grouting when estimating resilient modulus. For
the soil 1 sample, the resilient modulus of the
ungrouted sample is about 30,000 psi, while with
the grouted sample the modulus is 20 percent
higher, or roughly 36,000 psi. This discrepancy is
even greater when the sample is stiffer. Figure 6.4a
shows the resilient modulus of an ungrouted
sample to be about 40,000 psi for soil 4, while
with the sample grouted, the modulus is 25 per-
cent higher, or roughly 50,000 psi. This indicates
that weak contacts between the test specimen and
end platens result in errors in the estimation of the
resilient modulus.

Although much greater differences in the
moduli were expected (based on experience with
the synthetic samples), it appears that top and bot-
tom surface imperfections complicate the task of
estimating the moduli of samples. Such imperfec-
tions may cause variations on the caps/specimen
contact pressure distributions, which can lead to
axial deformations that register higher than they
actually are, as pointed out by Dehlen.
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Figure 6.2 Effect of thixotropy on resilient characteristics—AASHO Road Test subgrade soil (Ref 5)

Furthermore, it appears that neither the seating
pressure nor the conditioning stage can resolve the
problem created by such surface imperfections.
This is, in fact, a problem encountered in the test-
ing of other materials. For instance, the standard
method for testing the compressive strength of
portland cement concrete requires that the top and
bottom surfaces of the specimen be capped before
any testing takes place. Regarding the incurred
permanent deformations, Figures 6.3b and 6.4b
show the marked difference between the two con-
ditions. When the specimen is ungrouted, any
loading application will tend to compress the
specimen, causing larger permanent deformations
and, hence, greater changes in the volume and
density of the samples. This means that during the
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test, specimens may change their original proper-
ties or control conditions—something that is ex-
tremely undesirable from an experimental point of
view. Thus this method indicates the importance
and necessity of grouting the samples to the end
platens. (NOTE: The discontinuity on the perma-
nent deformation observed in Figure 6.4b was
caused by the readjustment of the recording LVDT,
which was out of the calibration range. This dis-
continuity is not part of the soil behavior.)

Finally, regarding the sample conditioning sug-
gested by Seed (Ref 5), it appears that such condi-
tioning is ineffective. As shown in Figures 6.3a and
6.4a, there is not a sharp degradation in the
moduli; rather, they are constant throughout the
2,000 loading repetitions.
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ADDITIONAL QUESTIONS ABOUT
GROUTING

While it has been demonstrated that grouting is
necessary in efforts to obtain reliable estimations
of the resilient modulus, its use raises further
questions: What is the appropriate cement? What is
the proper water-cement ratio? What is the mini-
mum amount of time necessary for the grout to
cure, assuring that it is strong enough to perform
the Mg test? And what is the effect of having a
thick grout between the specimen and the end
caps? This section will attempt to answer these
questions.

Throughout this experimental study, a hydro-
stone cement was used to prepare the grout.
Hydrostone was considered suitable because its
paste is highly workable, it has a rapid setting
time, and, once cured, it is very strong. Formulat-
ing the specifications to this paste required that
we monitor, as in concrete, the water-hydrostone
cement (W/C) ratio by weight. Thus, after prepar-
ing several pastes of different W/C ratios, and after
comparing them in terms of workability and set-
ting time, we concluded that the most suitable W/
C for use in the Mg test was 0.40.

A hydrostone paste sample 2.8 inches in diam-
eter and 5.6 inches in height (with W/C of 0.40)
was next prepared to: (1) estimate its deforma-
tional characteristics in terms of the My and uncon-
fined compression tests versus time, and (2) deter-
mine the minimum time required for the paste to
cure to a point that permitted the application of dy-
namic loadings. This sample was cast directly into
the triaxial chamber with the end caps (to avoid
having the same problem of imperfect contacts).

Mixing water with the hydrostone cement in-
duced the hydration that allowed the paste to gain
consistency. Fifieen minutes later the paste, now at
the proper consistency, was ready for use. We
then cast the paste into a steel mold. After another
15 minutes, we stripped the mold from the paste
sample. Then, 15 minutes more were required to
arrange the testing setup. Thus, with 45 minutes of
hydration time, the solid sample made of
hydrostone paste was ready for the repetitive load-
ing applications. The same loading pulse specified
in the Mg test was used for the 100 applications of
a 15-psi deviator stress, and for each application
the induced resilient strain was recorded.

By averaging the last five loading applications,
the Mg of the hydrostone sample was computed
and recorded with its hydration time. At different
intervals, this process was repeated to develop the
curve My versus hydration time for this hydrostone
sample. This curve, illustrated in Figure 6.5a,
shows the increase of the My versus time.

After 250 minutes of hydration time, the sample
was then taken out of the triaxial chamber and
placed into a standard unconfined compression
frame. After 270 minutes of hydration time, the
sample was tested by the unconfined compression
test. Figure 6.5b shows the results of this test.
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Figure 6.5 Properties of the hydrostone
sample: {a) variation of the
resilient modulus versus hydration
time, and (b} stress-strain behavior
in the unconfined compression test

It was then estimated that the minimum hydra-
tion time required for the grout to cure to suffi-
cient strength for My testing would be 120 min-
utes, at which time the hydrostone sample had a
modulus of about 200,000 psi, as shown in Figure



6.5a. It was then clear that the effect of having the
grout between the specimen and the end caps
(with that modulus as part of the Mg setup)
needed to be analyzed in order to determine if the
presence of the grout may be affecting the estima-
tions of the resilient modulus of the soil samples.

An elementary model based on spring stiff-
nesses was used to check the influence of the
grout. Because the direction of the acting force in
the Mg test is longitudinal to the sample, this
model, illustrated in Figure 6.6, was considered
appropriate. In addition, because the induced
strain is very small, any shear stress acting or-
thogonally would be close to negligible,

The equivalent stiffness (K.q) of the system
should be similar to the stiffness of the soil sample

(K,) to assure that the estimations of the moduli
will be accurate. Two cases were considered: (1)
testing a soft soil sample with Mg = 5,000 psi; and
(2) testing a stff soil sample with Mg = 50,000 psi.
The analysis of this elementary model was con-
ducted using the equations included in Figure 6.6,
where the different modulus and spring stiffness
values of the steel caps, the grout layers, and the
soil sample are also presented.

In the first case (soft soil) the ratio of the
equivalent stiffness (K.q) to the true stiffness of
the sample (K, was 1.00; in the second case (stiff
soil) the ratio was 0.99. These results indicate that
after 120 minutes of hydration time, the strength of
the grout is such that it can withstand the Mg test
without risk of yielding inaccurate measurements.
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Figure 6.6 Analytical model of the grouted soil samples with the end caps



CHAPTER 7.

EVALUATION OF THE EFFECT OF

SAMPLE CONDITIONING

INTRODUCTION

As mentioned in Chapter 4, several My testing
procedures specify that the soil samples be first
subjected to several stress stages before the actual
testing operation is performed. This process is re-
ferred to as sample conditioning (also called
“stress conditioning” or simply “conditioning”). The
variations of the stress-strain behavior experienced
by the sample throughout the entire conditioning
process are not required to be recorded or re-
ported. In the past, those variations have been un-
derstood to represent a researcher’s compromise,
and not a reflection of the general behavior of the
pavement materials.

AASHTO T-274-82 is explicit on the objectives
of the conditioning stage: (1) to eliminate the ef-
fects of the interval between compaction and
loading; (2) to eliminate the effects of initial load-
ing and reloading; and (3) to correct the imper-
fect contacts between the specimen and end
caps.

Figure 6.2 illustrates a specific result obtained in
1962 by Seed (Ref 5), showing what appears to be
the main reason for the implementation of the
conditioning stage in the different testing proce-
dures. Basically, his results showed that the effect
of thixotropy was destroyed by a marked degrada-
tion of the resilient moduli for loading repetitions
below about 2,000.

Nevertheless, it was also observed in Chapter 6
that such conditioning was ineffective (i.e., no
sharp degradations in the moduli, with a constant
response throughout the 2,000 loading repetitions).
We therefore decided to evaluate experimentally
the importance of the conditioning stage in the Mg
testing procedure.

OBJECTIVES AND EXPERIMENTAL
APPROACH

The objective of this chapter is to present an
experimental evaluation of the effect of the condi-
tioning process on the resilient moduli of com-
pacted samples. For this evaluation, an experiment
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using the soils collected was designed, performed,
and statistically analyzed.

Before proceeding to the experimental sewp, a
data acquisition program capable of monitoring si-
multaneously and continuously the variation of the
deformational parameters of the test sample
throughout the entire conditioning process was de-
veloped and implemented in the Mg system,

It was also necessary to select the factors and
levels to be used in the experiment. Additionally,
we defined the type and characteristics of the soil
samples to be tested to determine the size and
complexity of the experimental design factorial.

DESIGN OF THE EXPERIMENT

In the design of any experiment, the factors and
levels to be used, along with the variables to be
measured in the experiment, need to be defined.
In our case, the factors of interest were: (1) the
plasticity index, (2) the soil, and (3) the condition-
ing state.

Previously, three different soils were grouped
into each of the five established PI groups so as to
evaluate the effect of the plasticity index of the
soils, as shown in Table 5.2. Using the same ar-
rangement, this experiment (see Table 7.1) in-
cluded the testing of two soils (selected at ran-
dom) out of the three soils available in each of
the five PI groups. Thus, the experiment tested ten
different soil samples.

Because the soils are nested within the PI
groups, this experiment was treated as a nested
factorial with blocking at the soil level. The condi-
tioning state had two levels: initial and final. The
initial level corresponded to the state of the
sample prior to the action of conditioning, while
the final level corresponded to the state of the
sample after the action of conditioning.

Four testing parameters were monitored: devia-
tor stress, axial strain, resilient modulus, and per-
manent deformations. However, only resilient
modulus was used in the analysis, since the objec-
tive of this experiment was to determine the effect
of conditioning on that parameter. The other three



parameters were recorded to check the results and
the entire testing operation,

The conditioning process herein considered was
the one specified in our prototype testing proce-
dure described in Chapter 4, This procedure speci-
fies that the test sample submit to 200 applications
at a deviator stress of 4 psi under a 6-psi confin-
ing pressure. It should be pointed out that this
particalar conditioning is somewhat less severe
than the hammering specified by the AASHTO T-
274 for cohesive soil samples, or by the ASTM
method, or even by the Washington procedure.
Therefore, we emphasize here that our conclusions
about sample conditioning are framed within our
own prototype procedure. Additionally, we point
out that, because the collected soils were only
subgrade soils (and mainly fine grain), the infer-
ence space and, obviously, our conclusions refer
only to these soil types.

Blocking is always very important because it re-
moves the variance from the experimental error
and helps to detect significant differences (in this
case with the conditioning state and the shown in-
teractions). However, there was some confusion
regarding the error term and the interactions, as
explained by Anderson (Ref 46), because repeti-
tions of the experimental units per treatment com-
bination were not performed.

The model for such an analysis is:

Mg,

a = u+Pl; +Soil (Pl)(‘)i + State ) + PI * State

+ Sail (PT) » State ;3 + Error (i
where

M = resilient modulus of the sample of
the jh soil of ith plasticity index at
the kth conditioning state,

Table 7.1 Design of the experiment

21-30 > 40

Fnal | @ | @ | @

To define a broader inference space and to per-
mit more general conclusions, we decided that test
samples would be prepared under randomly cho-
sen moisture conditions, and that the samples
would be tested at randomly chosen sample ages.

This nested factorial experiment with blocking
at the soil level has a restriction on randomization.
The inferential unit was the soil, and thus the soil
is the critical factor in all the tests (i.e., effect of
the plasticity index, effect of the conditioning
state, and all important interactions as shown in
the expected mean square algorithm presented in
Table 7.2).

u = overall mean,

PL; = the effect of the ith plasticity index,
Soil(PDgy = the effect of the jth soil,
Statey = the effect of the conditioning state,
PI « Statey, = the effect of the interaction of the
ith plasticity index with the kt
conditioning state,
Soil(PD
* Stateg, = the effect of the interaction of the
jh soil with the kb conditioning
state, and
Errorgy = the experimental error (random).
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Table 7.2 Expected mean square algorithm

Item Expecied Mean Squares
Pl 02 +10° 9% (S0l (PD) + 20° SCPD
Soil @) o2 + 10+ o (soil (@1
S(alek 6+ 50° $(State)
PI* State 02 + 5° 02 (Soil (Pswate) + 10 * 62 (PI'State)
Soil @D * State (., ( 02 + 5+02 (soil (PD'State)
Error Gl 62

COLLECTION OF THE DATA

Ten soil samples were first prepared and
rimmed according to the sample preparation de-
scribed in Chapter 5. These samples were then in-
dividually placed in the triaxial chamber. Each test
sample was grouted to the end caps and, after
curing for 2 hours, was subjected to the sample
conditioning as specified by our prototype testing
procedure.

The test samples were prepared from soils 4
and 10 of PI group 0-10, from soils 7 and 8 of P1
group 11-20, from soils 2 and 11 of PI group 21-
30, from soils 3 and 9 of PI group 31-40, and from
soils 1 and 15 of PI group > 40. Table 7.3 summa-
rizes their basic characteristics.

Table 7.3 Basic characteristics of the test
samples
Moaisture Dry  Sample
PI Soil Content Density Age
Group ID (9%) (pcf)  (days)
0-10 4 16.90 11741 198
10 10.80 123.05 2
11-20 7 17.00 107.00 69
8 13.70 113.10 2%
21-30 2 19.30 90.56 2
11 16.00 110.00 159
31 - 40 3 18.40 101.90 2
9 25.00 98.50 30
> 40 1 21.20 93.62 131
15 20.70 10590 2

The data collected from the testing of these ten
soil samples are illustrated in Figures 7.1 through
7.10, which present the variation of the deviator
stress, the resilient axial strain, the resilient modu-
lus, and the permanent deformations of the
samples throughout the entire conditioning stage.
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This was considered important, since in that way
the magnitude of the applied stress and induced
strains were continuously checked (machine mal-
functioning may cause an irregular loading appli-
cation, creating apparent degradations or changes
in the moduli).

EXPERIMENTAL OBSERVATIONS

Figure 7.1 illustrates the results obtained from
the testing of the compacted sample of soil 4. A
constant 4-psi deviator stress applied 200 times
and a consistent induced resilient axial strain can
be observed in Figures 7.1a and 7.1b, respectively.
While the calculated resilient modulus (see Figure
7.1c) oscillates slightly owing to the small value of
the axial strain (close to the axial strain limitation
of the equipment), it shows a uniform pattern—
that is, no degradation, but rather a consistent
modulus throughout the 200 loading repetitions.
Finally, Figure 7.1d shows that only the permanent
deformation changes increasingly with the number
of stress repetitions.

Results obtained from the testing of the com-
pacted sample of soil 10 (see Figure 7.2) revealed
the same behavior: the value of the resilient
modulus remains constant throughout the 200
loading repetitions; only the permanent deforma-
tion changes.

The same can be said for Figure 7.3, emphasizing
that the resilient modulus value varies somewhat pe-
riodically. Such variation is explained by the fact
that the induced resilient axial strain (quite low)
bordered on the measuring limits of the equipment
(0.01 percent of axial strain); but again, the perma-
nent deformation appears to be the only parameter
that varies throughout the entire conditioning stage.

Figure 7.4 shows the results of soil 8, a very
strong sample. With an even higher deviator stress
(5 psi) the moduli were obviously oscillatory ow-
ing to the small level of strain induced; but the
moduli did not change and no permanent defor-
mation was detected.



Figure 7.5 shows a typical instance of machine
malfunction in which the magnitude of the applied
deviator stress did not remain constant. As shown
in (2), a 6-psi deviator stress was initially applied
to a compacted sample of soil 8; over the condi-
tioning stage, that load, unexpectedly, was gradu-
ally reduced. That sitnation induced a low axial
strain, as shown in (b), causing the slight vpward
tendency of the magnitude of the resilient modu-
lus, as shown in (c). This is explained as being re-
lated to the non-linear stress-strain behavior of the
material, and not to the conditioning stage itself,

Figure 7.6 shows the same constant loading ap-
plication, the same response, and the same resil-
ient modulus of the compacted sample of soil 11
throughout the entire conditioning stage. This
time, however, high permanent deformation values
were recorded.

In general, these experimental observations are
reinforced by the other testing results of compacted
samples of soils 3, 9, 1, and 15, as shown in Fig-
ures 7.7, 7.8, 7.9, and 7.10, respectively. These re-
sults indicate that the 200 loading applications of
the stress conditioning specified by our prototype
procedure have no effect on the magnitudes of the
resilient modulus; rather, they cause unnecessary
permanent deformations to the test samples.

ANALYSIS OF THE EXPERIMENT

The analysis of the experiment was performed
using the personal computer version of the statisti-
cal analysis software (SAS), with all the experimen-
tal data to be analyzed arranged and processed as
required by SAS.

Because a large amount of information was col-
lected, we selected only the most representative resil-
ient modulus values from the test results for analysis.
Accordingly, the initial state of the sample was de-
fined from the first five computed resilient modulus
values of the conditioning process, with the final state
defined from the last five resilient modulus values.

Tests for homogeneity of variance and normality
were first performed, as suggested by Anderson (Ref
46). Because these tests demonstrated that there was
no need for transforming the data, the data were
therefore analyzed in their original units (i.e., psi).

Table 7.4, which includes the factors and their
interactions, their degrees of freedom, sum of
squares, mean squares, and “F” values, summarizes
the results of the analysis of variances (ANOVA).

The effect of the soil type is reflected in the “F”
value of the Soil (P} factor. While an “F” value of
5147.81 is quite high, this was expected, since the
soil samples were not only compacted at different
densities and moisture contents, but were tested at
different times as well. And because the soil
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samples were different (even very different within
the PI group), the effect of the plasticity index
could not be estimated.

The effect of the conditioning was evaluated,
with the effect expressed in terms of an “F" value
of the State factor in the ANOVA analysis. An ex-
tremely low “F” value of 0.11 was computed to
measure this effect. The F lests at 5 and 25 per-
cent significance levels revealed that the condition-
ing process had no effect on the resilient modulus
of compacted samples—even when test samples
were prepared at different moisture conditions and
tested at different sample ages.

This analysis indicates that the effect of thixot-
ropy on the resilient deformations of the com-
pacted samples is neither canceled nor destroyed
by such a conditioning stage. Thus, we can con-
clude that the conditioning stage is unnecessary
and can therefore be eliminated from the Mg test-
ing specifications.

SUMMARY

The objective of this chapter was to describe
the experimental evaluation of the effect of the
conditioning process on the resilient moduli of
compacted samples. Conclusions drawn from this
evaluation are as follows:

1. Where strong contacts exist between the test
samples and end caps, the conditioning pro-
cess specified in the prototype testing proce-
dure has no effect on the resilient modulus of
compacted samples of cohesive soils, even
when test samples were prepared under dif-
ferent moisture conditions and tested at differ-
ent sample ages. Therefore, it can be con-
cluded that the effect of thixotropy on the
resilient deformations of the compacted cohe-
sive samples is neither canceled nor destroyed
by such a conditioning stage.

2. Although these conclusions appear to be
framed within the conditioning type used, they
clearly reflect a general pattern in the material
in which no degradation of the moduli is de-
tected. Appendix B, which presents the test re-
sults of a sample of soil 2 under three condi-
tioning types, serves to reinforce further the
observations in this evaluation.

The conditioning stage specified by AASHTO

T-274 for cohesive samples requires higher

magnitudes and many more deviator stress ap-

plications than the used prototype procedure.

Of course, it might be argued that the condi-

tioning 'stage used was insufficient for repro-

ducing Seed’s behavior; that issue is fully ad-
dressed in the next chapter.



10 B Soil 4 60,000 sol
s |- |
s " 40,000 -
8 6 2
o =
2 g PVSAAAAAMMAMAMMAM AL
L 4 -
o
3 | ;_?; 20,000
4 3
2 b o
o ] . | 0 . | . |
0 100 200 0 100 200
Load Repetitions Load Repetitions
()
o
0.0010 Soil 4 0.0010 Soil 4
0.0008 £ 0.0008 |-
S
B 0.0006 E 0.0006 |-
5 L2
il ]
o o
3 0.0004 z 0.0004 |-
c
o
0.0002 E 0.0002 |- o an————
— " o -
0.0000 ] ] 0.0000 " | . |
100 200 0 100 . 200
Load Repetitions Load Repetitions
(b) [d)
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Shown are: (a) the applied deviator stress, (b) the induced axial strain, (¢) the

resilient medulus, and {d) the permanent deformation of the sample
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Table 7.4 Analysis of variance

Item

Pl;
Soil (PD) Wj
State Kk

PI * State Dk

Soil (PI) * State ik

Error

Gikl

DF

4
5

Mean

Sum of Squares Squares F
7180570444 1795142611 1.22
7341803362 1468360672  5147.81
32400 32400 0.11
3596951 899238 1.06
4221044 844209 2.96

22819012 285238 =
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CHAPTER 8.

EXPERIMENTAL EVALUATION OF THE EFFECT

OF NUMBER OF STRESS REPETITIONS

This chapter evaluates the effect of the number
of stress repetitions specified in the MR testing
procedure. The same methodology used in the
previous chapter to evaluate the effect of condi-
tioning was applied in this evaluation.

INTRODUCTION

As described in Chapter 4, several My testing
procedures specify that soil samples be subjected
to a wide variety of stress states and stress repeti-
tions. For instance, the AASHTO T-274 testing se-
quence for cohesive soils requires the application
of 6, 3, and 0 psi confining pressures at each of
the 200 repetitions of 1, 2, 4, 8 and 10-psi deviator
stresses. The procedure further specifies that the
axial resilient deformation at the 200th repetition
be recorded to compute the resilient modulus of
that specific stress state.

In contrast, the testing sequence of the proto-
type procedure consists of the application of 100
repetitions at deviator stresses of 2, 4, 6, 8, and 10
psi at each of the confining pressures of 6, 4, and
2 psi. In all cases, the strain values of the last 5
cycles of the 100 repetitions are recorded and av-
eraged to calculate the resilient modulus values.

Why does AASHTO T-274 specify 200 stress
repetitions? And why do other testing procedures
(e.g., Washington procedure, Florida method)
specify other varieties of stress states and, again, a
different number of stress repetitions? Probably be-
cause it was thought in the past that, after so
many stress repetitions, the material somehow sta-
bilizes. Beyond that, there are no real answers to
these questions. These specifications thus appear
to be based more on hypothetical conditions than
on an experimental evaluation,

The objective of this chapter is to evaluate the
effect the number of stress repetitions has on the
resilient modulus, with such an evaluation hope-
fully determining precisely the necessary number
of loading applications to be specified in the My
test.
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DESIGN OF THE EXPERIMENT

As in the previous experimental evaluation, this
experiment is treated as a nested factorial with
blocking at the soil level, since the soils are nested
into the PI groups (as explained by Anderson, Ref
46). The factors of interest were: (1) the plasticity
index, (2) the soil, (3) the deviator stress, and (4)
the number of stress repetitions. Table 8.1 presents
the arrangement of this particular experiment.

The plasticity index, PI, had five levels (the five
PI groups). The soil factor, expressed as Soil (PD),
had two different soils (selected at random) in
each of the PI groups. The deviator stress, Dev,
had five levels; the number of stress repetitions,
Rep, had five levels also.

The testing sequence used in this evaluation
consisted of applying, 200 times, 5 different devia-
tor stresses under a single confining pressure (to
reduce the number of units within the experi-
ment). The deviator stresses used were 2, 4, 6, 8,
and 10 psi, as specified in our prototype method,
under a 6-psi confining pressure.

The four testing parameters (deviator stress, resil-
ient axial strain, resilient modulus, and permanent
deformation) were monitored throughout the testing
sequence. This meant that the total testing data
would have 200 records per deviator stress, per
deformational parameter, and per test sample; in
other words, an ample amount of information. Con-
sequently, only resilient modulus values were used
in the analysis, since the objective was to determine
the effect of the number of stress repetitions on
that particular parameter. The other three param-
eters were recorded to check the results and the
testing operation, as was described in Chapter 7.

Five stress repetition levels were defined: the
5th, the 25th, the 50th, the 100th, and the 200th
loading applications, This is the essence of this ex-
periment, insofar as the effect of the number of
stress repetitions on the moduli can be evaluated
and the number of stress repetitions actually nec-
essary in the Mg test can be determined.
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The model of this experiment is:

Mpg, = u+P1,+50i1(1>1:](i)i+13evk+P1foc--.v,k

+ Soil (PI) » Dev ), + Rep| +PI * Rep,

+ Dev * Rep,, + Soil (PI) * Re P + P

* Dev * Re py, + Soil (PI) * Dev
* Rep(i)j + ErTOr (5)m

where

Mnmm

u-=
P
SOil(PI)(])]
. Devy
PI«Devy,
Repy

Pl- Repll

SOil(PI)‘ Rep(i)”

Dev + Repy =

resilient modulus of the sample of
the jth soil of ith plasticity index at
the kth deviator stress and Ith
loading application,

overall mean,

the effect of the ith plasticity index,
the effect of the ph soil,

the effect of the deviator stress,

the effect of the interaction of the
ith plasticity index with the kth
deviator stress,

the effect of the Ith loading appli-
cation (stress repetition),

the effect of the interaction of the
ith plasticity index with the [t
loading application,

the effect of the interaction of the
jth soil with the Ith loading appli-
cation,

the effect of the interaction of the
kth deviator stress with the Ith
loading application,
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PI+Dev * Repiu
= the effect of the interaction of the
ith plasticity index with the kth devi-
ator stress and with the Ith loading
application,
Soil(PI) » Dev
*Repmiki = the effect of the interaction of the
jth soil with the kth deviator stress
and with the Ith loading applica-
tion, and
Errorkym = the experimental error.

To define a broader inference space and to per-
mit more general conclusions, we prepared test
samples under randomly chosen moisture condi-
tions and tested them at randomly chosen sample
ages. However, it should be pointed out that, be-
cause the soil types used were only fine-grain
soils, the inference space of our conclusions refers
only to this soil type.

It should also be recognized that this complete
nested factorial experiment with two- and three-
factor interactions has a restriction on randomiza-
tion, since the soil is nested into the PI group.
And because replicates of the experimental units
were not considered, the error term and the inter-
actions may be affected to some degree. Accord-
ingly, the expected mean square algorithm of this
experiment was developed (as shown in Table
8.2).

COLLECTION OF THE DATA

All data collected in this experiment were ob-
tained from the testing of samples that were
grouted to the end caps. After these samples were



subjected to the sample conditioning, they were
subjected to a sequence of stress states. Based on
the conclusions drawn from the previous evalua-
tion, it is clear that such a conditioning stage does
not affect the quality of the data collected in this
particular experiment,.

The testing sequence consisted of 200 applica-
tions of 2-, 4-, 6-, 8-, and 10-psi deviator stresses
to the test sample that is subjected to an all-
around confining pressure of 6 psi during the en-
tire testing operation.

Ten soil samples were used in this experiment:
soils 4 and 10 of PI group 0-10, soils 6 and 7 of P1
group 11-20, soils 11 and 16 of PI group 21-30,
soils 9 and 13 of PI group 31-40, and soils 1 and
15 of PI group >40. Table 8.3 summarizes their ba-
sic characteristics.

EXPERIMENTAL OBSERVATIONS

Figures 8.1 through 8.10 present the results ob-
tained from the testing of 10 different compacted
samples. In all cases the results show a well-
defined, non-linear stress-strain behavior of the
material: as the deviator stress and resilient strain
increase, the resilient modulus decreases; and as
the number of stress applications increases, the cu-
mulative permanent deformation also increases.

Figure 8.1 shows the results obtained from the
testing of the compacted sample of soil 4, with
Figure 8.1a illustrating each of the five deviator
stresses at 200 applications. It should be empha-
sized that in some cases the magnitude of first de-
viator stress applied was higher than 2 psi, since
the induced resilient axial strains caused by such a

Table 8.2 Expected mean square algorithm

Item Expected Mean Squares
PI, a2+ 25+ 02 (soil (PI)) + 50°¢(PD
soil (PD(y; (02 +25* 02 (soil (PD)
Devy 02 +50° ¢ (Dev)
PI* Dcv(-ok

Soil (P1) * Dev o

RCPI

PI* chn

Soil(PD) * Rep(i)il

Dev * Rep,

Pl * Dev * Repud
Soil(PI) * Dev * RcP(i)ikl (

2
Error( iikDm o

Table 8.3 Basic characteristics of the test

sample
Moisture Dry Sample
Pl Soil Content Density  Age
Group ID (%) (pcf) (days)
0-10 4 14.10 122.41 188
10 10.10 125.20 6
11-20 6 11.80 117.30 2
7 20.10 104.40 2
21-30 11 16.00 110.10 159
16 20.10 106.89 64
31-40 9 20.10 103.04 6
13 18.00 100.20 2
> 40 1 21,20 93.62 131
15 21.20 104.10 69
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02+ 5°* 02 (Soil (PD*Dev) + 10 ‘02 (PI'Dev)
(02 + 5 02 (soil (PD*Dev)

02 +50° ¢ (Rep)

a2+ 5+02 (Soil (PD*Rep) + 10 *0 2 (PI'Rep)
(02 + 5 * g2 (50il (PD*Rep)

a2 + 10 * $(Rep)

02 + 02 (soil (PD*Dev*Rep) + 2 * a2 (PI*Dev*Rep)
a2 + a2 (Soil (P)*'DevRep)

deviator stress were much lower than the mini-
mum reliable value that can be recorded by our
Mg system, as shown in Figure 8.1b. Thus, higher
variations in the resilient modulus values com-
puted from resilient axial strains close to 0.01 per-
cent can be observed; but once the value of the
axial strain is greater than such a limit, the vari-
ability of the resilient modulus values is reduced
and appears to remain constant, as shown in Fig-
ure 8.1c. Finally, Figure 8.1d shows that only the
permanent deformation generated during the entire
testing sequence changes with the number of
stress repetitions. Figures 8.2 and 8.3 show similar
results obtained from the testing of compacted
samples of soil 10 and soil 6, respectively.



Figure 8.4 illustrates the testing results of the
compacted sample of soil 7. Again, a well-defined
stress-strain behavior is observed, with negligible
variations of the responses to the applications of
the different deviator stresses evident. The same
comments are applicable to the results obtained in
the testing of compacted samples of soils 11, 16,
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9, 13, 1, and 15, as shown in Figures 8.5, 8.6, 8.7,
8.8, and 8.9, respectively.

The results thus indicate that the number of ap-
plications (200) of the different deviator stresses
required to compute the resilient modulus at the
200th repetition (or even at the 100th repetition)
may be unnecessarily high.
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Deformational characteristics of a compacted sample of soil 4 (188 days) tested

under a 6-psl confining stress and under 200 applications of a 2-psi, 4-psi, 6-psi,
8-psi, and 10-psi deviator stress. Shown are: (a) the applled deviator stresses,
(b) the resitient axlal strains, {¢) the computed resilient meduli, and

(d) the permanent deformations
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Figure 8.2 Deformational characteristics of a compacted sample of soil 10 (6 days) tested under
a &-psi confining stress and under 200 applications of a 2-psi, 4-psi, 6-psi, 8-psi, and
10-psi deviator stress. Shown are: (a) the applied deviator stresses, (b) the resilient
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Figure 8.9 Deformational characteristics of a compacted sample of soil 1 (131 days) tested
under a 6-psi confining stress and under 200 applications of a 2-psi, 4-psi, 6-psi,
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ANALYSIS OF THE EXPERIMENT

The analysis of this experiment was also per-
formed using the statistical analysis software
(5AS). However, in this case the mainframe ver-
sion was used to perform the analysis of vari-
ances of our experimental model of four main ef-
fects, five 2-factor interactions, and two 3-factor
interactions. Because there was an overwhelming
amount of information, we decided to select only
the most representative resilient modulus values
for analysis. Consequently, the levels of two
factors were reconsidered: (1) the deviator stress
factor, and (2) the number-of-stress-repetitions
factor.

Deviator stresses were, in reality, numerically
different from one test to another; therefore, to
identify properly the levels of this factor, it was
necessary to define the first applied deviator stress
as “Dev 1" level, the second applied deviator
stress as “Dev 2" level, the third applied deviator
stress as “Dev 3° level, and so on,

Since 200 stress repetitions of each deviator
stress were applied, five levels of this factor were
defined: the first five repetitions as “Rep 5,” the
second set of five repetitions (21-25) as “Rep 25,
the third set of five repetitions (46-50) as “Rep 50,”
the fourth set of five repetitions (96-100) as “Rep
100, and the fifth set of five repetitions (196-200)
as “Rep 200.”

First, we performed tests for homogeneity of
variance and nommality, as suggested by Anderson
(Ref 46) and Wonacott (Ref 47). We found from
those tests that there was a need for transforming
the data. The logarithmic function was the trans-
forming function selected; thus the data were ana-
lyzed using such transformed units (log, psi).

Table 8.4 summarizes the results of the analysis
of variances obtained on a mainframe computer
(such analysis required 40 minutes). Table 8.3 in-
cludes the main factors, the 2- and 3-factor interac-
tions of the model, their degree of freedom, sum
of squares, mean squares, “F" values, and their “F"
tests at 5 and 25 percent significance levels.

Table 8.4 Analysis of variances

Sum of Mean :
Item DF Squares Squares Computed o =0.05 a =0.25

PI; 4 190.811 47.702 0.895 5.19 1.89
Soil(PD;y 5 266.404 53.281 4,440.01 2.21 133
Dev, 4 8.825 2.208 185.61 2.37 1.35
PI* Dev, 16 711 0.442 4.89 2.19 1.37
Soil(PD) * Dev,, 20 1.888 0.089 7.58 1.57 119
Rep, 4 0.041 0.010 0.84 237 1.35
PI* Rep, 16 0.134 0.008 0.57 219 137
Soil (PD * Rep,y, 20 0.288 0.014 1.18 1.57 119
Dev * Repy 16 0.226 0.014 1.18 1.65 1.22
PI* Dev* Rep, 64 0.607 0.010 0.70 1.45 1.17
Soil (PD) * Dev * Rep ;) 80 1.136 0.014 1.195 1.28 11
ErTor GikDm 1,000 11.880 0.012 - - =
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The effect of the soil type is reflected in the “F”
value of the Soil(PI) factor. Its “F" value of 4,440
indicates that the soil type significantly affects the
resilient modulus. This was expected, since the
soil samples were prepared differently and tested
at different times.

The effect of the deviator stress is reflected in
the “F" value of the Dev factor. Its “F” value of
185.61 indicates that there is, as expected, a clear
and significant effect of the deviator stress level on
the resilient modulus. This analysis, however, does
not allow us to say anything about which deviator
stress has the greatest effect on the modulus,
though intuitively it appears that the highest stress
has the greatest effect. In any case, the Newman-
Keuls test could have been used for this particular
purpose.

The effect of the number of stress repetitions
is reflected in the “F” value of the Rep factor. Its
“F” value of 0.84 indicates that the number of
stress repetitions does not have a significant ef-
fect on the resilient modulus at any deviator
stress level used. This is a very important find-
ing, one that can be used to modify the My test-
ing procedures. Thus, there is no need for 200,
100, 50, or even 25 applications of the deviator
stresses in computing the My values; rather, our
tests indicate that a reliable resilient modulus can
be estimated from only the first five loading
cycles.

Nevertheless, in looking at the actual testing
operation, its practicality, and at the steps re-
quired in performing the test, we recommend us-
ing 25 stress repetitions would not result in a sig-
nificant increase in machine and operator time
costs. Additionally, it is interesting to note that all
the higher factor interactions that include the
number of repetitions present low “F” values.
This indicates that, in general, there is not a sig-
nificant effect of such interaction on the resilient
moduli of the test samples. Similar conclusions
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are found in the analysis of the effect of the
other high factor interactions.

SUMMARY

This section discussed an experimental evalua-
tion of the effect of the number of stress repeti-
tions on the resilient moduli of compacted
samples. The number of stress repetitions has little
effect on the resilient moduli of compacted soils,
provided strong contacts between the test samples
and end caps are obtained.

From a practical point of view, however, it
should be recognized that during the testing op-
eration an initial checking is required to establish
the proper level of stress and/or strain to be ap-
plied. Therefore, it is estimated that 25 cycles are
sufficient for accurate measurements of moduli.
Moreover, 25 stress repetitions are sufficient to
permit the strain values of the last 5 cycles to
be recorded and averaged in the calculation of the
Mg values at the different stress states of the test.

Since the testing sequence used in this ex-
perimental evaluation is similar to the condition-
ing stage specified by AASHTO T-274 for cohe-
sive soils, these findings also demonstrate that the
AASHTO T-274 conditioning stage has litde effect
on the moduli of compacted samples, provided,
again, strong contacts are obtained.

Finally, it should be pointed out that, depend-
ing on the level of strain amplitude, the number of
stress repetitions can be important, as explained in
Chapter 2. Accordingly, this experiment was car-
ried out on samples that experienced a wide range
of elastic axial strains (0.01 percent to 0.20 per-
cent) subjected to stress states commonly found in
existing pavement layers. Consequently, the con-
clusions obtained from this investigation are also
framed within the range of the operating strain
amplitude, which is actually the workable strain
range of the Mg test.



CHAPTER 9. EXPERIMENTAL COMPARISON OF RESILIENT
MODULI OF SOILS OBTAINED BY DIFFERENT LABORATORY TESTS

This chapter documents the experimental com-
parisons made using various laboratory tests. Fol-
lowing a brief introduction, the objectives and the
experimental approach of this comparison are pre-
sented. An explanation of the design of the experi-
ment, the collection of the data, and the experi-
mental observations are also provided. Finally, the
chapter presents the determination of the elastic
thresholds of the test materials, followed by a
summary of this experimental comparison.

INTRODUCTION

Laboratory measurements of the deformational
characteristics of subgrade materials can be quite
complex, owing to the smallness of the strains that
are typically involved in such pavement compo-
nents. Moreover, experience has shown that ex-
treme care must be exercised when evaluating the
deformational characteristics of soils, particularly at
small to intermediate strain levels (e.g., 0.001 to
0.1 percent).

Other popular techniques used to measure the
dynamic properties of soils in this strain range in-
clude the torsional resonant column test and the
torsional shear test—herein refetred to collectively
as torsional testing techniques.

Because torsional testing techniques differ from
the resilient modulus test in the way they charac-
terize materials, certain assumptions were made to
make this experimental comparison possible. For
example, it was assumed that the test material is
homogeneous, isotropic, and behaves elastically
across the range of strain amplitudes. Such as-
sumptions, frequently used in geotechnical engi-
neering, were felt to be equally applicable in the
comparison of the results of this study.

It is therefore our conviction that this experi-
mental comparison is important, particularly inso-
far as the My testing procedures developed herein
can be validated and the guidelines and recom-
mendations supported.

79

OBJECTIVES AND EXPERIMENTAL
APPROACH

The objective of this chapter is to compare the
results obtained under the resilient modulus (Mg)
tests, the torsional resonant column (RC) tests, and
the torsional shear (TS) tests, with such a compari-
son seeking to validate the My testing procedures
to be proposed in this study. In addition, this
chapter presents a rational approach that focuses
on the characterization of materials, in the sense
that the complete dynamic behavior of the material
expressed in terms of modulus versus strain ampli-
tudes is determined by the overlapping of results
obtained from the three laboratory tests. The im-
portance of this is such that the axial-strain-elastic
thresholds of the test materials can also be de-
fined.

The experimental approach of this study covers
the testing procedures, the preparation of the test
specimens, and the process involved in comparing
the test results obtained by the three laboratory
tests. At the time this experiment was pro-
grammed, we decided that our prototype testing
procedure, as detailed in Chapter 4, would be the
procedure used in performing all the Mg tests.
This meant that the test samples used in this tech-
nique were subjected first to a conditioning stress
and then to a sequence of different stress states.
Most of the test data obtained under the Mg test
are included in Appendix C.

The basic principles of the torsional testing tech-
niques, RC/TS, have been extensively documented
over the years. For instance, in Vibrations of Soils
and Foundations, authors Richart, Woods, and Hall
(Ref 44) document the basic principles and applica-
tions of these types of tests. Appendix A includes a
brief summary of their basic principles, some char-
acteristics of the equipment used, the procedures
involved in performing these types of tests, and the
computational process followed in relating the cy-
clic triaxial and resonant column results.



As previously mentioned in the discussion of Mg
testing with synthetic samples (Chapter 3), good
agreement was found between the moduli of the
synthetic samples determined by both types of
equipment. The synthetic specimens were easy to
work with and test because their properties re-
mained constant with time, were independent of
strain amplitude and confining pressure, and could
be repeatedly tested. In contrast, the comparison
of the testing results for actual subgrade soils was
far more complicated.

In the comparison (for which it was assumed
that the material is homogeneous and isotropic),
the shear moduli (G) obtained under the RC/TS
tests were converted to equivalent Young’s moduli
(E)—called in this case resilient moduli— as fol-
lows:

E =20+V)G o.n

Similarly, the axial strain (&,) compatible with
the shearing strain (y) of the RC/TS tests was esti-
mated as follows:

Y
(1+v)

g, =
9.2

where

€, = the axial strain amplitude,

v = the Poisson’s ratio which was
assumed to be 0.45 in all cases,

E = the Young’s modulus, and

G = the shear modulus.

In addition, because all three laboratory tests
operate at different frequencies, their results had
to be adjusted to one particular excitation fre-
quency in order to make a proper comparison.
Therefore, we decided to adjust the modulus val-
ues of the RC/TS tests to an excitation frequency
of 10 Hz, since this is the frequency established in
Mg measurements.

But because of the availability constraints of the
RC/TS testing apparatus, it was not possible to
perform as many tests as we would have liked. It
was for this reason that RC/TS tests were per-
formed using only a 6-psi confining pressure. In
addition, because the apparatus lacked sufficient
power to subject stiffer samples to higher strain
amplitudes, few TS tests were performed. Conse-
quently, the comparison of results between the My
test and the torsional testing techniques sometimes
includes the three modulus results, while on other
occasions the comparison includes only the results
obtained by the My and the RC tests.
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In comparing the resilient modulus values ob-
tained from different testing equipment, it was
necessary to prepare two specimens with identical
characteristics (i.e., similar moisture content, com-
pacting effort, and density). Both specimens were
tested simultaneously, one with the Mg testing
equipment, and the other with the RC/TS testing
apparatus. These specimens with identical charac-
teristics are also referred to in this report as com-
panion specimens.

These companion specimens were prepared fol-
lowing each of the steps detailed in Chapter 5,
“Materials and Preparation.” It should be empha-
sized that in both the Mg test and in the RC/TS
tests the test specimens were grouted to the end
caps to assure strong contacts and to eliminate any
slippage (a chronic problem encountered in RC/TS
tests performed at low confining pressures).

DESIGN OF THE EXPERIMENT

Because the selection of the soil types, along
with their particular characteristics, needed to be
defined for this experimental comparison, we
again applied the design-of-experiments concepts.

This particular experiment uses the same ar-
rangement of soils shown in Table 5.2, in which
three different soils were grouped into each of the
five PI groups. To reduce the amount of testing,
we decided to select at random only two of the
three different soils available in each of the PI
groups; thus only ten different soils were to be
used in this experiment. Table 9.1 presents the de-
sign of this experiment.

To extend our inferences, we decided that the
companion specimens would be prepared under
randomly chosen moisture conditions and tested at
randomly chosen sample ages.

Finally, our experiment involved testing one
companion specimen under the My test, while the
other was tested under the RC/TS test (to compare
the results without concern for time effects).

Since the primary purpose of this chapter is to
present the experimental comparisons, neither the
model nor a statistical analysis was programmed
for this study.

COLLECTION OF THE DATA

Ten pairs of soil samples were prepared and
trimmed according to the sample preparation sec-
tion in Chapter 5. Each pair of soil samples corre-
sponded to the companion specimens as previ-
ously referred to. Companion specimens were
prepared from soils 5 and 10 of PI group 0-10,
from soils 6 and 7 of PI group 11-20, from soils 2



Table 9.1 Design of the experiment

%
B\,
2N\ 2
Q’% 0-10 11-20 21-30 31 - 40 > 40
<&
Jb% 5 10 6 7 2 16 9 13 12 15

MR

RG/TS

and 16 of PI group 21-30, from soils 9 and 13 of
PI group 31-40, and from soils 12 and 15 of PI
group >40.

The basic characteristics of these companion
samples were recorded. Unfortunately, the list of
characteristics of samples tested by the RC/TS
technique was lost. For that reason, only the list of
characteristics of samples tested by the My ap-
proach is herein reported and included in Table
9.2.

Table 9.2 Basic characteristics of the test

samples
Moisture Dry Sample
PI Soil Content Density Age
Growp ID (%) (pcD_  (days)
0-10 5 10.40 120.74 99
10 14.00 118.20 36
6 11.80 117.30 2
11 -
20 7 20.10 104.40 6
) 2 39.80 77.90 6
A-30 6 w10 10689 64
. 9 25.30 97.15 6
31-40 13 18.00 100.20 6
>4 12 20.60 85.60 2
15 20.70 105.90 6

The experimental comparison collected from the
testing of these ten companion specimens is illus-

81

trated in Figures 9.1 through 9.5, all of which
present the variation of the resilient modulus to
the axial strain amplitude determined by the differ-
ent testing methods.

EXPERIMENTAL OBSERVATIONS

Figure 9.1 presents the test results of soils hav-
ing a very low plasticity index (PI group 0-10),
with soil 5 in (a) and soil 10 in (b). Figure 9.2
presents the test comparison corresponding to soils
of low plasticity index (PI group 11-20), with soil
6 in (a) and soil 7 in (b). Figure 9.3 shows the test
results of soils with intermediate plasticity index
(PI group 21-30), with soil 2 in (a) and soil 16 in
(b). Figure 9.4 shows the test results of soils with
high plasticity index (PI group 31-40), with soil 9
in (a) and soil 13 in (). And finally, Figure 9.5
presents the test comparison corresponding to soils
of very high plasticity index (PI group >40), with
soil 12 in (a) and soil 15 in (b).

It is interesting to note that, in general, all the
Mp testing results fall into a range of small to in-
termediate resilient axial strain amplitudes (0.01 to
0.1 percent), while the experiment performed us-
ing the RC/TS test falls into a much wider range of
very small to intermediate strain amplitudes (0.001
to 0.1 percent). This is because the Mg test is set
up as a stress-controlled system, while the RC/TS
is operated as a strain-controlled system.
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The fact that the My test is based on magni-
tudes of stress applications rather than on induced
resilient axial strain measurements means that only
part of the stress-strain behavior of the material
can be determined under this type of test.
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Nevertheless, it seems that if the My testing
method were a strain-controlled test, the test could
not simulate properly the actual field conditions.
Thus, to define the complete deformational charac-
teristics of the material, the measurements would
have to be taken under stresses that induce resil-
ient axial strain amplitudes that cannot be re-
corded accurately (g, < 0.01 percent). Accordingly,
it is our recommendation that the My testing pro-
cedure remain a stress-controlied test, and that any
modulus value obtained from axial strain measure-
ments lower than 0.01 percent be ignored.

Figures 9.1 through 9.5 show an encouraging
overlap of the moduli for all the companion
samples tested under both the My method and the
RC/TS techniques. Based on this type of compari-
son, we felt that there was sufficient evidence to
conclude that a reliable resilient modulus system
for measuring the elastic properties of subgrade
materials had been developed.

The key elements for such encouraging overlaps
of moduli rely on the facts that: (1) the companion
specimens were grouted to the end platens in the
Mg equipment and in the RC/TS apparatus; (2) ex-
treme care was taken during the preparation and
handling of the companion specimens; and (3) My
tests and RC/TS tests on companion specimens
were performed simultaneously.

Although Figures 9.1 through 9.5 present the
same type of information, each is very useful in
that they permit estimations of the axial-strain-elas-
tic threshold, which can also be related to basic
properties of the soils tested.

DETERMINATION OF THE ELASTIC
THRESHOLDS

The axial-strain-elastic threshold, as explained in
Chapter 2, defines the limit at which the material
passes from a linear elastic behavior to a non-lin-
ear elastic one. In other words, this threshold is
the point at which the modulus of a material
changes from a non-strain (nor stress) dependent
to a strain (or stress) dependent.

Because good agreement was found between
the moduli of the compacted soils with My tests
and RC/TS tests, the complete stress-strain behav-
iors of each of the samples tested were defined
(as illustrated in Figures 9.1 through 9.5), with the
axial-strain-elastic thresholds of each of the test
samples then estimated.

Table 9.3 includes the PI group in which the
tested soils are nested, the soil identification num-
bers with their plasticity index values, and the



axial-strain-elastic thresholds estimated from Fig-
ures 9.1 through 9.5.

Using these data, we attempted to observe
trends of the axial-strain-elastic thresholds in terms
of soil properties through a correlation analysis.
This analysis was performed with the following
factors: (1) axial-strain-elastic threshold, €..; (2)
plasticity index, PI; (3) the moisture content, ®;
(49 sample age, N; and (5) dry density, Y4. Based
on the results obtained from this analysis, we
found that the PI factor was highly correlated with
the €,e, while the other factors presented very
poor correlations. The implications of these results
are that neither variations in the sample’s moisture
content and soil density nor its increase of age
may influence the position of the €,q; the plastic-
ity index is the only factor that appears to influ-
ence significantly the position of the €, of the
soil samples.

Table 9.3 Axial-strain-elastic threshelds

Axial Strain
Elastic
o § Threshold
Group SoilID  PI(%) (%)
0 10 5 10 0.0011
10 4 0.0008 .
11-20 6 15 0.0014
7 20 0.0020
21-30 2 27 0.0030
16 29 0.0034
31- 40 9 34 0.0048
13 36 0.0031
> 40 12 52 0.0048
15 40 0.0043

Accordingly, a regression model was then devel-
oped to estimate this fundamental parameter based
on the plasticity index of the soil. The regression
analysis, performed using SAS in a personal com-
puter, had (once transformed) the following out-
put:

Byn = e—845 4 pr0-7®
SEE = 0.0006 ©.3)
R? = 0916
where
Eqet = the predicted axial-strain-elastic
threshold, in percent,
PI = the plasticity index of the soil, in
percent,
SEE = the standard error of the estimate

of the model, and
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R2 = the coefficient of determination.

With a high coefficient of determination value,
this regression model appears to be statistically
sound. Thus, its use in the analysis of pavement
materials is recommended. '

SUMMARY

This chapter presented an experimental com-
parison of the results obtained with resilient
modulus (Mg) tests, torsional resonant column (RC)
tests, and torsional shear (TS) tests,

Ten different soils were used in the preparation
of ten pairs of test samples. Each pair of samples
having identical characteristics were tested at the
same time, one with the Mp equipment and the
other with the RC/TS testing apparatus.

In making that comparison, moduli obtained un-
der the resonant column and torsional shear tests
were converted to the equivalent resilient moduli
by assuming that the materials were homogeneous,
isotropic, and had a Poisson’s ratio of 0.45. In ad-
dition, the moduli were further adjusted to a fre-
quency of 10 Hz, which is the frequency of the My
test.

In general, all the results show extraordinary
overlaps of the moduli obtained with the different
testing techniques. Based on this type of compari-
son, we believe strongly that there is sufficient evi-
dence to suggest that our Mg testing system is very
reliable in measuring the deformational characteris-
tics of the compacted soils within the range of
small to intermediate strain amplitudes (0.01 to 0.1
percent).

The key elements for such comparisons rely on
the facts that: (1) the test specimens were grouted
to the end platens in the My equipment and in the
RC/TS apparatus; (2) extreme care was taken in the
preparation and handling of the test specimens;
and (3) the tests were performed simultaneously in
order to exclude time effects in the results.

Because these comparisons presented the com-
plete stress-strain behavior of the test samples, it
was possible to define their axial-strain-elastic
thresholds. This fundamental parameter was found
to be predominantly related to the plasticity index
of the soils tested. In general, it can be expected
that soils with high PI's will also have higher €,
values. Consequently, a regression equation was
developed aimed at predicting the position of this
elastic threshold.

Nevertheless, it should also be recognized that
because this empirical model was developed from
tests performed at a 6-psi confining stress only,
the applicability of this model is therefore limited
to that confining stress.



CHAPTER 10. COMPARISON OF LABORATORY AND
FIELD MEASUREMENTS

This chapter describes a case study in which the
moduli of several laboratory and field measure-
ments were compared, The objectives and the ex-
perimental approach are discussed, along with the
actual data collection and comparisons.

INTRODUCTION

Several reports have documented comparisons of
the theoretical and experimental responses of pave-
ments subjected to traffic loading (Refs 21, 43). In
one such report, Dehlen (Ref 21) compared strains
and deflections measured on sections of a San Di-
ego test road with analytical computed values.
Field measurements were performed under normal
passing traffic using LVDT’s and a Benkelman
beam. For his theoretical analyses, Dehlen first col-
lected soil samples for laboratory testing in order
to assess the stiffness characteristics of the pave-
ment components; the values obtained were then
used for linear and non-linear analyses of the
pavement structure. By comparing the results ob-
tained from the linear and non-linear analyses with
the field measurements, he found that his analyses
predicted higher deflections than the deflections

recorded in the field. Figure 10.1 shows the com-
parison between the analytical and measured
vertical deflections presented by Dehlen (Ref 21).

In his agempt to explain the large discrepancy,
Dehlen suggested that there were: (1) non-uniform
normal stresses imposed by the tire in the field
tests; (2) anisotropy effects not considered in his
theoretical analyses; or (3) some effects related to
the method of measurement in the field tests, e.g.,
disturbances near the holes where the transducers
were located. Whalever the reason, he recognized
that none of these hypotheses could have been
verified from the data collected, and that such a
difference had to remain unexplained.

From the experience gained in the present
study, it appears that Dehlen’s discrepancy may
have been caused by erroneous modulus assess-
ments of each of the pavement components tested
in the laboratory; that is, the moduli obtained by
Dehlen in the laboratory could have been underes-
timated because of disturbances to the samples or
because of a lack of testing system compliance.

In contrast to Dehlen's approach, this study
compared only the moduli obtained by laboratory
tests with those obtained by field tests (since
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Figure 10.1 Theoretical and measured vertical compression within asphalt concrete layers of the
San Diego road test reported by Dehlen (Ref 21)
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comparing actual pavement responses to analytical
predictions of such responses constitutes in itself
a large and complicated study).

On October 30, 1990, our field team took mea-
surements on FM-971, located 5 miles from
Granger, Texas (about 60 miles northeast of Aus-
tin). Because the site had been periodically moni-
tored for variation of the moduli of the pavement
layers at this location for more than 13 years, it
was considered an ideal site.

OBJECTIVES AND EXPERIMENTAL
APPROACH

The objective of this exercise was to test the va-
lidity of the laboratory Mg test by comparing—
through both field and laboratory tests—the modu-
lus of a subgrade and subbase layer of an
in-service road. For the field measurements, we
decided to use the crosshole method (Ref 53),
since that method tests the material using a very
small strain amplitude, and because only one
modulus value (generally the maximum one) is
estimated.

Laboratory tests, characterized by larger strain
amplitudes, were performed to determine the non-
linear behavior of the material. Additionally,
in comparing the moduli, we took care to consid-
er the proper strain amplitudes and confining-
pressure levels.

CROSSHOLE MEASUREMENTS

The crosshole method, ASTM Designation 4428M-
84, was used to measure the time required for com-
pression and shear waves to travel between several
points located at similar depths from the surface
within a soil mass. Once the travel times were de-
termined, wave velocities were calculated.

Next, two boreholes, one for the source and
one for the receiver, were constructed and spaced
about 7.38 feet apart on the surface of the road.
Soil samples at several profile depths were taken
from the boreholes for laboratory testing using 3-
inch-diameter shelby tubes. Field testing began
once the equipment setup was installed and the
transducers were placed in their proper orienta-
tion. Compression and shear waves in the soil
mass were generated by a hand-held hammer that
was used to strike the source system placed inside
the source borehole. Measurements for a given
depth were taken and travel paths determined
down to a depth of 20.3 feet.

The source system consisted of steel rods con-
nected to one another and to an end element.
The number of steel rods used depended on the
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profile depth of measurements; the type of end
element used depended on the wave type
selected for measurements.

A solid steel rod with a diameter of 3 inches
and a height of 6 inches was the end element
used in the source system to generate compression
waves that could be clearly defined by the record-
ing system; in addition, a shelby tube having di-
mensions similar to those of the solid-steel rod
was the end element used to generate shear
waves. A layout of the soil profile and the testing
configuration is presented in Figure 10.2 (the soil
profile is taken from Stokoe; see Ref 53).

Figure 10.3 shows a typical record of travel
times collected from the vertical velocity trans-
ducer for the initial wave arrivals of the shear
wave and the compression wave. Only direct
travel times, ty, were recorded, since only one re-
ceiver was used. Each direct travel time represents
the time elapsed between the triggering and the
arrival at the receiver in the borehole of either the
shear wave or the compression wave. In addition,
the striking time was monitored (time zero) by a
transducer that sent signals to an analyzer, as
shown in Figure 10.2.

Total travel times, t, for the S-waves and P-
waves at each measurement depth were deter-
mined using information similar to that presented
in Figure 10.3. Proper calibration factors and plot
scales were considered to determine such travel
times. The total travel times recorded are associ-
ated with total travel distances that include the
length of the steel rod at each depth of measure-
ments (S;) plus the travel distance into the soil
media (S, measured from the end element of that
steel rod to the position of the receiver located in-
side the receiver borehole.

Furthermore, because of the inclinations of the
boreholes, travel distances into the soil media (Sy)
had to be corrected using simple principles of ge-
ometry. In fact, that travel distance turned out to
be different at each measurement depth; thus, it
was not equal to the distance measured at the sur-
face.

The time traveled by the waves through the
source system and the soil media had to be accu-
rately defined. Since the compressional wave ve-
locity of the steel rod (V) was known to have a
value of about 16,400 ft/sec, the time traveled by
the waves in the rod (t,) was therefore determined
by using the equation:

t, =S, /V, 10.D

In this way, the velocities of either the compres-

sion waves or shear waves at each profile depth
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of measurements were determined by using the
following equation:
V=5/-t) (10.2)
Additionally, Poisson’s ratio (v) at each mea-
surement depth was also determined by applying

the following equation (assuming that the materials
are isotropic):

1-v.2
* 2
A

v 0.5 (10.3)

\Z

Figure 10.4 shows the variation of the velocities
of the compression and shear waves along the
profile depth. As shown in that figure, the com-
pression wave had lower values than 5,000 ft/sec,
which indicates that the soil profile measured was
partially saturated, as explained by Stokoe (Ref
53). Moreover, it is interesting to note that the
band of shear wave velocities, ranging from 400 to
600 ft/sec, was narrower than the band of com-
pressional wave velocities.

LABORATORY MEASUREMENTS

Field work concluded with the collection of the
soil samples from the two boreholes inside the

89

shelby mbes; once brought to the surface, these
tubes were sealed with wax to prevent any mois-
ture loss in the soil samples. Samples were then
transported to the laboratory, where they were ex-
truded from the shelby tubes. Unfortunately, some
soils crumbled, losing their consistency and shape.
This occurred especially in the samples obtained
from the upper layers of the pavement (i.e., the
granular base). No attempt was made to recon-
struct this sample in the laboratory—its granulo-
metry would have required samples too large to
be tested in our My testing system.

The samples that withstood extrusion with the
fewest problems were the clayey specimens ob-
tained from depths of 7 and 12 feet. These robust
samples were coded in this project as soil 14. The
7-foot sample was a compacted stiff clay having a
moisture content of 30 percent, a dry density of
93.2 pcf, a total unit weight of 121.2 pcf, a liquid
limit of 66 percent, and a plasticity index of 43
percent.

The 12-foot sample was also a compacted clay
having a moisture content of 23.1 percent, a dry
density of 98.3 percent, a total unit weight of 121
pcf, a liquid limit of 66.7 percent, and a plasticity
index of 43.6 percent. Then, the in situ confining
pressure was considered so as to reproduce the
field conditions in the laboratory. The in situ con-
fining pressure is routinely estimated as follows:
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rest.

By assuming that the material had an isotropic
confining pressure, K, = 1, the confining pressure
was then estimated as the overburden stress at
the measurement depth. In this way, it was
estimated that the 7-foot sample had a confining
pressure of about 6 psi, and the 12-foot sample
had a confining pressure of about 10 psi.
Although it is recognized that confining pressure
time affects the modulus of soils, as demonstrated
by Anderson et al (Ref 18), this factor was not
considered in this study because Anderson’s
results showed that the effect is significant only
over long periods of time and for confining
pressures higher than 10 psi.

Prior to laboratory testing, the two samples
were grouted to the end platens to assure strong

While water in the soil mass has little effect on
the shear wave velocity, it can have a significant
effect on the compressional wave velocity deter-
mined from first time arrivals, as explained by
Stokoe (Ref 53). Consequently, only the S-waves
measured in the field tests were used in this com-
parison.

Using Figure 10.4, we estimated the shear wave
velocities, V,, of the soil profile at 7 feet and 12
feet. With the total unit weight, v,, of the material,
the shear modulus at each depth was determined
using the following equation:

AL

g (10.5)

where



G = the shear modulus,
V, = the shear wave velocity,
Y. = the total unit weight, and

the acceleration of gravity.

Then, in the comparison of moduli, the material
was assumed to be homogeneous and isotropic; as
in Chapter 9, the shear modulus was converted to
an equivalent Young’s modulus, E, as follows:

E =20+V)G (10.6)

The value of the Poisson’s ratio used, 0.46, was
the one determined by the field tests (though the
analysis is not sensitive to the Poisson’s ratio). The
shearing strains in field tests were determined us-
ing such figures as 10.3, in which the amplitude of
the first shear wave arrival was measured and then
related to the calibration factors of the transducers.
Once the shearing strain, 7y, was obtained, the
axial strain, £,, was estimated as follows:

Y

Ea=_

(10.7)
1+v

Although the My test works at the 10 Hz fre-
quency and the crosshole method works at a vari-
able frequency, we decided to omit consideration
of the loading frequency in these comparisons,
principally because this factor has little effect on
the modulus of clayey soils, as explained by
Stokoe (Ref 53).

Figures 10.5 and 10.6 compare the results ob-
tained by field and laboratory tests of the soils lo-
cated 7 feet and 12 feet below the surface of the
Granger site, respectively. As shown in the two
figures, the modulus values obtained by the labo-
ratory tests are lower and within the 0.01 to 0.1
percent of axial strain amplitude, while the modu-
lus values obtained by the field tests are higher
and within strain amplitudes below 0.001 percent.

Using the regression equation developed in
Chapter 9, and considering the PI of this soil, we
estimated the value of its axial-strain-elastic thresh-
old, £, to be 0.00417 percent. Defining this im-
portant factor helps to clarify this comparison, in-
asmuch as the results from the two approaches
differ in strain range and in magnitude.

Figures 10.5 and 10.6 also show the trend, rep-
resented by dashed lines, of the modulus esti-
mated from the Mg test. Each dashed line is in-
tended to represent the non-linear stress-strain
behavior of the material over the entire range of
axial strain amplitudes. Accordingly, at strain am-
plitudes lower than the E.q, the dashed lines are
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horizontal lines, representing the linear elastic
variation of the modulus; at strain amplitudes
higher than the E,q, the dashed lines are curvilin-
ear, representing the variation of the modulus and
its dependency on the strain amplitudes.

Based on that observation, the maximum Mg
that can be measured in the laboratory will be
lower than the modulus measured in the field.
This discrepancy may be caused by disturbances
affecting the soil specimens during sampling, or
even by the effect of confinement time, neither of
which was considered in this comparison. Because
the boreholes were only 3 inches in diameter
(leaving barely enough material for trimming), it is
possible that the soil specimens were disturbed.

The effect of time of confinement, though not
considered here, is certainly an influencing factor.
As reported by Anderson (Ref 18), the testing site
embankment was built in 1977, making the pave-
ment structure 13 years old at the time of our field
testing. It is very likely that the drilling for, and
the collection of, the soil samples destroyed the
effect of 13 years of confining pressure. Thus,
samples taken for laboratory testing were, in ef-
fect, 1-day-old samples.

Whatever the causes of such discrepancies,
laboratory tests underestimate the modulus of ex-
isting pavement layers, as Dehlen concluded in
1969. There is therefore a need to (1) develop a
laboratory technique that can take into account the
time of confining pressure of the soil samples in
the field, to compensate for their losses of stiffness
caused by the sampling process; or (2) improve
the sampling technique.

SUMMARY

This study compared the moduli of soils deter-
mined by laboratory and field testing methods.
The laboratory testing method used was the Mg
test; field testing employed the crosshole method.
Because the objective of this exercise was to test
the validity of our laboratory Mg test, it was inter-
esting to note that the moduli obtained in field
tests were generally higher than those obtained in
laboratory tests. This was explained by the differ-
ent strain amplitude levels at which field and labo-
ratory tests operate.

Nonetheless, the My test demonstrated typical
trends of the non-linear elastic behavior of soils at
low to intermediate strain amplitudes (0.01 to 0.1
percent). Conversely, the crosshole method proved
to be a useful technique for the in sftu determina-
tion of the elastic properties of soils at very low
strain amplitudes (below 0.001 percent).



Though the pattern of the variation of
the modulus versus strain was clearly identified,
‘some discrepancies were found in the compari-
son of moduli determined by the laboratory and
field techniques. As this situation suggests, much
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Figure 10.5 Comparison of the resilient
modulus obiained by field and
laboratory tests of soil 14 {from
a depth of 7 feet)

work is still required in the effort to provide a
correct estimation of the actual field conditions,
specifically with respect to the process of sampl-
ing and preparing traly representative specimens
for testing.
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CHAPTER 11.

INTRODUCTION

This study has investigated several aspects of
the My soil test, including the effect of equipment
compliances and sample setting in the triaxial cell,
the effect of stress conditioning, and the effect of
number of stress repetitions. In addition, we have
demonstrated the benefits of comparing Feld with
laboratory tests. This chapter discusses the results
obtained in testing replicate samples used in the
estimation of My values of compacted soils.

EXPERIMENTAL APPROACH

First, it must be understood that the process
used to remold (reconstitute) in-laboratory soil
samples representing field conditions influences to
some degree the deformational characteristics of
the compacted soils. For that reason, we decided
in this investigation to use two different soils: soil
1, having a high PI, and soil 10, having a low PIL
From each of these soils, three test samples were
prepared at one time using the same method (Tex-
113-E) so as to control other influencing factors of
the moduli (e.g., age-hardening and moisture con-
tent). Thus, a total of six My tests were performed
to assess the importance of testing replicate speci-
mens.

Table 11.1 contains the basic properties of the
three compacted specimens of soils 1 and 10,

IMPORTANCE OF TESTING REPLICATE SAMPLES

including their moisture content, density, dry den-
sity, and degree of saturation. As can be seen,
their properties differ somewhat. In addition, it
should be stated that for samples of soil 1, their
densities were 12 percent lower than the maxi-
mum density reported by TxDOT, while for
samples of soil 10, each was near the maximum
value. All three samples of soil 1 were tested 8
days after compaction; samples of soil 10 were
tested after 9 days of compaction.

All samples were grouted to the end caps of the
triaxial cell prior to testing. The My test consisted
of delivering 100 applications of 2-, 4-, 6-, 8-, and
10-psi deviator stress to a sample subjected to cell
pressures of 6, 4, and 2 psi.

EXPERIMENTAL RESULTS

An My testing report was obtained from each of
the My tests performed on each of the test speci-
mens. Using this information, plots were devel-
oped to compare the testing results of the three
samples of each of the soils used in this study.

Figure 11.1 presents the comparison obtained
from the testing of the three companion samples
of soil 1 in three plots corresponding to the differ-
ent confining stresses used. It is interesting to note
in this figure that the My values range from 16,000
to 10,000 psi within 104 to 103 of resilient axial
strain range.

Table 11.1 Basic characteristics of the compacted samples

Dry Degree of

PI Sample Moisture Density Deasity Saturation
SoilID (%) No. (%) (pch) (pch) (%)
1 18.83 100.78 B4.81 53.8
1 55 2 19.36 101.71 85.21 55.9
3 X 103.20 86.65° 57.0
pot 19.09
1 10.92 138.75 125.09 94.6
10 4 2 11.30 13856 12449 97.9
3 11.13 138.84 124.93 96.4
pot 11.40

* Dry density was calculated using moisture content of the pot.
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Figure 11.1 Comparison of results obtained
from the testing at confining
stresses of (a) 6 psi, (b) 4 psi,
and (¢} 2 psi of three companion
samples of soil 1 tested 8 days
after their compaction

In general, it can be observed that the My val-
ues corresponding to samples #1 and #2 were
quite similar, but not those for sample #3. Sample
#3, though having a higher density than the other
two companion samples, had the highest degree
of saturation among the three samples. Thus
sample #3 demonstrated lower My values. In any
event, it is estimated that the variations observed
among the properties of the replicate samples
may have been associated with variabilities inher-
ent in the process used for preparing the test
samples.

Figure 11.2 compares results obtained from the
testing of the three companion samples of soil 10
(as does Figure 11.1). It can be noted in this case
that the My values ranged more widely from
15,000 to 6,000 psi within the 10-4 to 10-3 strain
range. Moreover, it is encouraging to note that the
My values corresponding to the three test samples
were quite similar at all levels of confining pres-
sure and axial strain amplitude.

ANALYSIS OF RESULTS

A multi-linear regression analysis, using SAS on
a personal computer, demonstrated the degree of
variability within this data set. Because each of the
six Mg test reports included fifteen different stress
conditions, a total of ninety stress-strain states
were merged into one data file for the subsequent
statistical analysis. The induced axial strain, €,,
was taken as the dependent variable, while the
deviator, 04, and confining, o, stresses were
taken as the independent parameters. The other
factor included in the model was the soil identifi-
cation, S, which was used to differentiate the soil
types. Consequently, the regression model had the
following form:
In(e,) = a+b*In(og)+c*In(oc)+d*S (LD

Because they are of no interest in this investiga-
tion, the regression coefficients (a, b, ¢, and d) are
excluded here. Because the purpose of the coeffi-
cient of determination, R2, is to indicate how well
the model fits the test data, having a high R? en-
sures the effectiveness of the model. But the main
parameter in this investigation is the standard error
of the estimate, SEE. This is the case because SEE
indicates the variability of the model and allows
the development of confidence intervals of the
measurements at a given significance level. Thus,
the output of interest obtained from SAS was:

SEE = 0.139
RZ = 0.958
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Obviously, this SEE reflects the variability
of the transformed measurements of the resil-
ient axial strains. Moreover, it is believed that
this error corresponds mainly to the pure error of
the experiment, and not to any other factor that
was left out of the regression model (e.g., lack of
fit).

It is believed that the variabilities inherent in
the test sample preparation process are the main
factors responsible for this pure error. Errors of
measurements, though probable, are not believed
to be relevant in this case, inasmuch as the My
testing system had demonstrated its ability to pro-.
duce accurate, repeatable, and consistent results
during its calibration process, as described in
Chapter 3.

The value obtained in the SEE of the model
represents a variability in the estimations of the
Mpy values. With the proper conversions, this SEE
corresponded to a coefficient of variation of
about 13 percent in terms of moduli. This indi-
cates that, for an individual sample tested, the Mg
values reported are likely to have a variability of
+22 percent, with a 90 percent confidence inter-
val,

This analysis underscores two points: (1) the
importance of testing replicate samples, and (2)
the fact that, no matter how accurate our testing
setup, there will always be some variability in the
estimations of the moduli.

Formulating policy on this subject is very diffi-
cult. Obviously, the higher the number of replicate
samples tested, the more reliable the estimations
of the moduli, For instance, if our tolerance is +5
percent and our confidence interval is 90 percent,
we will be required to test at least 20 replicate
samples under the same conditions and at the
same time. At the moment, such an approach is
unfeasible and excessive. Even if we are required
to test three replicate samples, our tolerance must
be equal to the coefficient of variation (13 per-
cent) for the same 90-percent confidence interval.
We do not therefore consider even this approach
worth the effort. However, if we test only two rep-
licate samples—an approach that is more reason-
able—our tolerance will be on the order of +15
percent.

Thus, it is more reasonable to specify the test-
ing of at least two replicate samples in the My
method, and to acknowledge a variability (toler-
ance) in the estimations of the Mg values on the
order of +15 percent.



CHAPTER 12.

EXPERIMENTAL EVALUATION OF SEVERAL

FACTORS INFLUENCING RESILIENT MODULI

INTRODUCTION

This chapter presents an experimental evalua-
tion of several factors that influence the resilient
moduli. Specifically, the effects of plasticity index,
percent of fines, time, moisture content, and dry
density on the resilient modulus of compacted soil
samples are discussed. In addition, this chapter
will present empirical equations developed using
the testing data obtained from this experiment. Be-
cause these equations are based on reliable testing
data, we believe they represent an improvement
over those previously published.

EXPERIMENTAL APPROACH

To determine the variation of the Mg values of
samples tested at different times, two samples with
identical characteristics (companion specimens)
were prepared for each of the treatment combina-
tions. All test samples were prepared as described
in Chapter 5.

In the first case, a sample—tested 2 days after
compaction—was trimmed and measured for final
dimensions, water content, and density. The speci-
men was then placed in the triaxial cell with its
ends grouted to the end caps; only when the
grout reached its full strength and stiffness did the
testing of the sample begin. Following the test, the
sample was retained for 4 more days in the triaxial
chamber at 0-psi confining pressure. Six days after
compaction, the sample was again tested.

In the meantime, the second sample was stored
in a constant temperature and humidity chamber,
More than 30 days after compaction, this sample
was tested under the prototype Mg procedure. In
this way, the thixotropy effect of the soils could
be assessed quantitatively.

The prototype testing procedure, as detailed in
Chapter 4, was the procedure used in performing
all Mg tests. This meant that all test samples were
first subjected to a conditioning stress of 200 ap-
plications of a 4-psi deviator stress under a 6-
psi confining pressure. The specimens were then

subjected to 100 applications of 2-, 4-, 6-, 8-, and
10-psi deviator stress at each of the confining pres-
sures of 6, 4, and 2 psi.

To evaluate the effect of moisture content
changes on the resilient moduli of compacted
samples, companion specimens were prepared at
their optimum moisture content and at a moisture
content higher than their optimum.

DESIGN OF THE EXPERIMENT

As with the previous experimental evaluations,
this experiment was treated as a nested factorial
with blocking at the soil level. The factors of in-
terest were (1) the plasticity index, (2) the soil,
(3) the moisture condition, and (4) the sample
age.

Table 12.1, illustrating the arrangement of this
particular experiment, shows that all soils were
used, that test samples were prepared at their opti-
mum moisture content (opt), and that they were
tested 2, 6, and 30-plus days after compaction.
Test samples compacted at moisture contents
higher than optimum (wet) were also prepared,
though from only one of the three different soils
available in each of the PI groups. A total of 60
Mg tests were thus performed.

Because a partial number of treatment combina-
tions were used, the statistical analysis of this ex-
periment differs in some degree from the analyses
performed in previous chapters. Accordingly, this
experiment was treated as a fractional factorial ex-
periment.

COLLECTION OF THE DATA

Test samples were prepared at optimum mois-
ture conditions from soils 4, 5, and 10 of PI group
0-10; from soils 6, 7, and 8 of PI groups 11-20;
from soils 2, 11, and 16 of PI group 21-30; from
soils 3, 9, and 13 of PI group 31-40; and from
soils 1, 12, and 15 of PI group > 40.

Test samples prepared at wet moisture condi-
tions were from soil 10 of PI group 0-10, from soil



Table 12.1 Design of the experiment

NG
BN,
FONDONL
BN\,
SO
%
S\, 0-10 [11-20 [21-30 |31-40 | >40
$o \%
QO
? sio|6|7]|8|2|11|16[3 |9 13| 1[12]15
2|97 |e|@|0|0|0|0|0|0|®|0|c|0|00|®
WET o |8 |® @] |®
s> |ejelolelololo(o/e|ele|o|oe]e
WET e| |o |® e |®
>300fT|@|® 00|00 0|00 000|000
WET o] |® |® 0] |©
7 of PI group 11-20, from soil 2 of PI group of 21- 25,000 Soil 15 - Opt
30, from soil 9 of PI group 31-40, and from soil 1 Somple Age = 6 Days
of PI group > 40. Thus, as indicated earlier, a total E_ ° Moisture Content = 20.7%
of 60 My tests were performed in this experiment. Dry Densily = 105.92 pcf
All testing data obtained from each of the treat- -2 g e
ment combinations were collected and stored 73
properly for later analysis (testing results are in- = 20,000 |- @ °
cluded in Appendix C). ;C_, 3
Typical variations of the resilient modulus ver- <5 Re g gP*!
sus the axial strain amplitudes are illustrated in & 3 o 2::;
Figures 12.1 through 12.8. In this case, the log of fa
the induced resilient axial strains was used instead
of the applied deviator stress (as commonly used 15,000 |-
in the past), so that the dynamic behavior of soil 0 | sl
samples could be better represented. 104 03 102

X
o

[ Soil 10 - Wet
— | @ Somple Age = 36 Days
a | Moisiure Content = 14 %
o L e Dry Densily = 118.2 pcf
3 [
= 15,000 o
% [ A ®
'510000' 4 A®
= - o
3 | A ® 6 pii
o 3 o A A 4 psi
b o [m] u] Zpsi
L o
5,000 |
0- 1 . NP |
104 103 102

Axial Strain (in./in.)

Figure 12.1 Variation of the resilient modulus
with the induced resilient axial
strain of compacted sample of seil
10 tested 36 days after compaction

97

i
Axial Strain [in./in.)

Figure 12.2 Variation of the resilient modulus
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EXPERIMENTAL OBSERVATIONS

Figure 12.1 illustrates the results obtained from
the testing of a compacted sample of soil 10. This
specimen had a moisture content of 14 percent
(wet of optimum), a dry density of 118.20 pcf, and
was tested 36 days after compaction. The testing,
which showed that the confining pressure acting
on this low-PI soil had a significant effect on the
resilient moduli, suggested a trend: as the confin-
ing pressure increases, the resilient modulus of the
soil sample also increases. This observation also
indicates that we cannot eliminate different confin-
ing pressures from the testing procedures, in con-
trast to what Thompson suggests (Ref 19).

Figure 12.2 illustrates similar results obtained
from the testing of a sample of soil 15.. This
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sample had a moisture content of 20.7 percent
(optimum), a dry density of 105.92 pcf, and was
tested 6 days after compaction. Unlike the above
case, the confining pressure did not have an effect
on the resilient moduli of this high-PI-value soil.
Figure 12.3 illustrates the results obtained from
the testing of compacted samples of soil 13 at a
confining stress of 6 psi. These companion samples
had a moisture content of 17.8 + 0.2 percent (opti-
mum), a dry density of 102.1 £ 0.2 pcf, and were
tested 2, 6, and 50 days after compaction. Although
the companion specimens were subjected to the
same level of stress states, their dynamic responses
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Figure 12.5 Variation of the resilient modulus
with the induced resilient axial
strain of samples of soil 1 com-
pacted at optimum and wet of
optimum moisture contents, and
tested 6 days after compaction
and at 6-psi confining pressure
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Figure 12.6 Variation of the resilient modulus
with the induced resilient axial
strain of samples of soil 10 com-
pacted at optimum and wet of
optimum moisture contents, and
tested 6 days after compaction
and at 4-psi confining pressure

differed. Our tests showed that time has an effect
on the resilient moduli; that is, as time increases,
the resilient modulus of compacted samples (under
control conditions) also increases. This tendency,
however, was more pronounced at early ages; after
about 6 days the effect loses its significance.
Another example of this effect is shown in Fig-
ure 12.4, which presents results obtained from the
testing of compacted samples of soil 7 at a 4-psi
confining stress. These companion samples had a
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moisture content of 21.1 + 0.5 percent (optimum),
a dry density of 103.6 £ 0.6 pcf, and were tested
2, 6, and 34 days after compaction. In this case, it
is interesting to note that the effect of time is also
significant on the resilient moduli of this soil type.
However, the increase of the moduli is not as pro-
nounced as in the case shown in Figure 12.3 (per-
haps a consequence of this soil’s relatively low PI
value). These results indicate that time effects are
more significant for soils having a high PI than for
soils having low PI

It should be emphasized that throughout the
testing program, all test samples prepared from the

15 different soils collected from across Texas were
indeed affected, to some degree, by the phenom-
enon known as thixotropy.

Figure 12.5 illustrates the results obtained from
the testing of compacted samples of soil 1 at a
confining stress of 6 psi 6 days after compaction.
The first sample had a moisture content of 21 per-
cent (optimum) and a dry density of 90.21 pcf.
The second sample had a moisture content of 22.4
percent (wet of optimum) and a dry density of
83.9 pcf. It was observed that a small increase in
the moisture content of the soil sample caused
high reductions in the dry density of the soil
sample, as well as a significant decrease of resil-
ient moduli. While this trend was expected, the
situation nonetheless demonstrated that the moduli
of high-Pl-value soils have greater variability as a
result of small increases in the water content.

Figure 12.6 illustrates the results obtained from
the testing of compacted samples of soil 10 at a 4-
psi confining stress after 6 days of compaction.
The first sample had a moisture content of 10.5
percent (optimum) and a dry density of 123.8 pcf.

The second sample had a moisture content of
15.1 percent (wet of optimum) and a dry density
of 118 pcf, It is interesting to observe in this case
that a large increase in the water content of the
soil specimen caused a relatively small reduction
of the density of the sample, and, hence, a moder-
ate decrease of its resilient moduli. Although this
trend was, again, expected, the results indicate
that, for soils of low PI, an increase of the water
content causes a reduction of the resilient modu-
lus—though not as great a reduction as would oc-
cur in soils of high PI experiencing the same in-
crease in water content. Indeed, this observation
confirms the common perception that soils of low
PI are more stable than soils of high PL

Figure 12.7 illustrates the results obtained from
the testing of compacted samples of soils 5 and 9 at
a 4-psi confining stress 2 days after compaction. The
sample of soil 5 had a moisture content of 10.6 per-
cent (optimum) and a dry density of 124 pcf, while
the sample of soil 9 had a moisture content of 19.8
percent (optimum) and a dry density of 104 pcf. Al-
though the two soils were compacted according to
specifications, and the samples were at “optimum,”
their resilient moduli differ, as shown in Figure 12.7.
However, it is interesting to note that in this case,
the soil with the high PI has a higher modulus,
even with its much lower density.

Figure 12.8 illustrates results obtained from the
testing of compacted samples of soils 4 and
12 tested 6 days after compaction and at a 2-psi
confining stress. The sample of soil 4 had a mois-
ture content of 10.2 percent (optimum) and a dry
density of 124.4 pcf, while the soil 12 sample had



a moisture content of 20.6 percent (optimum) and
a dry density of 85.6 pcf. In contrast to the find-
ings presented in Figure 12.7, the sample of soil 4,
having a low PI, appears to have higher resilient
moduli than the sample of soil 12, which has a
high PIL,

In general, Figures 12.1 through 12.8 demonstrate
that the dynamic behavior of materials cannot be
explained by simply recording and comparing test
results randomly. Thus, it was determined that the
effects of the influencing factors and their interac-
tions would require a more in-depth evaluation.

ANALYSIS OF THE EXPERIMENT

The analysis of this experiment was performed
using the mainframe version of the statistical
analysis software, SAS, available at The University
of Texas. A data file was created containing all 60
Mg testing reports collected in this experiment,
with each report including the 15 different stress
states applied to the specimen (as specified in our
prototype testing procedure). In addition to spe-
cific information on each of the soil specimens
and their corresponding testing reports, character-
istics such as the moisture content, dry density,
and age at testing of the samples—as well as the
AASHTO classification, plasticity index, and per-
cent of fines of the soils—were included.

Thus the factors considered in the analysis of
this experiment were: (1) the AASHTO classifica-
tion; (2) the plasticity index, PI, in percent; (3) the
percent of fines, ®, in percent; (4) the moisture
content, @, in percent; (5) the dry density, Y4, in
pcf; (6) the percent of the sample density with re-
spect to the maximum specified density, A, in per-
cent; (7) the sample age at testing, 7, in days; (8)
the confining pressure, O, in psi; (9) the seating
pressure, O, in psi; (10) the deviator stress, Gg,
in psi; (11) the axial strains, E,, in inch/inch; (12)
the permanent deformations, 8, in inches; and
(13) the resilient moduli, Mg, in psi.

After performing the tests for homogeneity of
variances and normality, we determined that there
was a need for transforming the data. Accordingly,
we selected the logarithmic function as the trans-
fotming function; thus, all data are analyzed in
transformed units,

We next performed a correlation analysis in
which all numeric factors having high correlations
with the axial strains (resilient) were searched. Axial
strains were selected because they are actual mea-
sured values, unlike resilient modulus values that
are calculated from two measured values (the devia-
tor stress and the axial strain). The entire analysis
followed the same principle, in which the resilient
axial strain was the main factor under study.

This correlation analysis proved to be useful in
determining several trends in the dynamic behav-
ior of the test materials. From the analysis of signs
of the correlation values and their level of prob-
ability, the following conclusions were drawn:

(1) As the plasticity index of the soils increases,
the induced axial strain (resilient) appears to
be somewhat lower. This means that we may
expect higher values of Mg for soils of high
PL

(2) As the moisture content of the test samples
increases, the induced axial strain definitely
decreases. This means that we should expect
lower My values in soils that have high mois-
ture contents (a well-known fact).

(3) As the dry density of the test samples in-
creases, the induced axial strain decreases.
This means that we should expect higher My
values in soils that have high dry densities.

(4) As the percent of the sample density with re-
spect to the maximum specified density in-
creases, the induced axial strain definitely de-
creases. This parameter was found to have the
highest correlation.

(5) The older the sample at the time of testing,
the lower the axial strain. This means that we
should expect higher My values in older soil
samples.

(6) As the applied confining pressure increases,
the axial strain definitely decreases. This
means that we may expect higher My values
when testing the samples at higher confining
pressures,

(D As the applied deviator stress increases, the
axial strain definitely increases; we should
consequently expect lower Mg values (another
well-known fact).

(8 The other factors (the dry density, the
AASHTO classification, the permanent defor-
mations, the seating pressures, and the per-
cent of fines) were found not to correlate
with the resilient axial strain. This means that
they do not contribute significantly to the ex-
planation of the dynamic behavior of the ma-
terials. Therefore, they were not considered in
further analyses.

Resilient Modulus Prediction Model

The model selected to represent the dynamic
behavior of the subgrade and non-granular sub-
base materials was a multi-linear regression model
containing all the factors studied. Thus, the most
significant factors correlating with the resilient
strain were used in this analysis, including: (1) the
plasticity index, PI; (2) the moisture content, ©;
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(3) the dry density, 7q; (4) the confining pressure,
o (5) the deviator stress, 04; (6) sample age, n;
and (7) the percent of the sample density with re-
spect to the maximum specified density, A.

Many models were developed using different
factor combinations. We then evaluated the models
for their coefficient of determination, R2, in an at-
tempt to identify the most efficient. Because we
found that dry density contributed the least to the
regression models, we decided to drop this factor.
Thus, the regression model, once transformed, had
the following form:

£, = € #(0g)® * (0. * (@7 * (W) » () » (P1)E
2.1

0.106
0.803

SEE
R2

Since we know by definition that My = 04/€,,
a secant Mg model can be formulated as follows:

Mg = €™ #(04) " # (o)™ * (o) » (4]

* ()« (e)”®

To facilitate its use, we arranged this equation
in a way such that some of the terms of the model
would be expressed as correction factors, Such
correction factors were tabulated and are included
in Table 12.2. Thus, the final form of the model
was:

12.2)

Mg = 9800 *F, #F, #F; #F, #Fs #F,  (12.3)

where

Mg = the predicted resilient modulus, in
psi,

F; = the correction factor function of
the moisture content,

F, = the correction factor function of
the percent of dry density, with
respect to the maximum density,

F3 = the correction factor function of
the plasticity index,

F4; = the correction factor function of
the sample age,

Fs = the correction factor function of
the confining pressure, and

F; = the correction factor function of
the repeating deviator stress.

The correction factors shown in Table 12.2 were
developed in a form that facilitated identifying
within the model the effects of each of the factors
on the resilient moduli of soils. Thus we determined

Table 12.2 Correction factors

Moisture T4 Plasticity
Content ¥4 (max) Index
& R w 2 F3
10 4.00 100 1.00 10 1.00
15 2.00 95 0.90 20 1.50
20 1.00 %0 0.80 30 2.00
25 0.50 85 0.70 240 2.50
Sample O¢ od
Age (psh) Py (psD) Fg
(days)  F4 2 1.00 2 100
2 1.00 4 1.05 4 0.98
10 1.10 6 1.10 6 0.96
20 1.15 8 0.94
230 1.20 100 092

that, within the model, moisture content is the factor
having the greatest effect on the moduli, followed
by the plasticity index, percentage of dry density
(with respect to the maximum density), age of the
sample, and the confining stress. The factor having
the least influence within the model, with respect to
the overall modulus spectrum, is the deviator stress.

The value obtained in the SEE, which reflects
the variability of the transformed measurements of
the axial strains, also represents the variability of
the Mg values estimated from this model. Thus,
making the proper conversions, the SEE obtained
for the model corresponded to a coefficient of
variation of about 11 percent in terms of the
moduli. This indicates that any engineer who uses
Equation 12.3 must be aware that at a 90 percent
confidence interval, his/her My prediction falls
within a range of +17 percent of tolerance.

The coefficient of variation obtained in this ex-
periment was, throughout its many observations,
only 2 points lower than that obtained in Chapter
11. Unquestionably, this experiment had some hid-
den replications. But the fact that the coefficients
of variation of the last two experiments were very
similar indicates that such variability is related to
the test sample preparation process. Consequently,
obtaining reliable estimations of the moduli re-
quires testing replicate samples.

Although Equation 12.3 fits the experimental
data remarkably well, it should be mentioned that
its applicability falls also within the ranges where
such data were collected. These ranges were: (1)
from 10 to 35 percent of moisture content; (2) from
100 to 80 percent of percent of dry density with
respect to the maximum density; (3) from 4 to 52
percent of plasticity index; (4) from 2 to 188 days
of sample age; (5) from 1.6 to 14.9 psi of deviator
stress; and (6) from 2 to 6 psi of confining stress.



Thus, the resulis indicate that Equation 12.3 will
provide to the engineer a reliable preliminary esti-
mate of the Mg of compacted soils. But because the
model was developed using laboratory data col-
lected under controlled conditions, it cannot provide
precise assessments of actual field conditions.

Ramberg and Osgood Prediction Model

Laboratory tests alone cannot account for all
variables affecting pavements during their service
lives. In addition to lab tests, field tests must be
undertaken. Some field tests commonly used to
evaluate pavement structures involve the applica-
tion of relatively small loading magnitudes that in-
duce in the soil mass very small strain amplitudes.
Examples of such tests include the Dynaflect de-
flection, SASW, and crosshole techniques. Other
test methods involve the application of loads com-
parable to actual traffic loads. An example of this
method is the falling weight deflectometer (FWD).

When comparing laboratory with field measure-
ments, we must make some kind of judgment
about the modulus to use in the mechanistic
evaluation of pavements. (A typical example of
this was presented in Chapter 10.) Yet because
field methods mainly work in very small strain am-
plitudes, only one modulus value is determined,
which is the maximum modulus for that particular
condition. On the other hand, the My test works in
small-to-intermediate strain amplitudes. It is there-
fore necessary to relate field testing data with
laboratory measurements using some kind of mas-
ter curves. Thus we decided to develop those mas-
ter curves by analyzing, in different ways, all test-
ing data obtained in this experiment.

Ramberg and Osgood (Ref 52) presented a nor-
malized curve for London clay, expressing its gen-
eral non-linear, stress-strain behavior in the form
of a hyperbola. Because their testing data came
from the torsional resonant column test, the model
had the following form:

G _ 1
G max { c ]" (12.4)
1+a | —
g
where
G = the shear modulus,
Gmax = the maximum shear modulus at
yield,
Tt = the applied shearing stress,
Ty, = the shearing stress corresponding
to the yield, and
o, r = regression coefficients.

Applying the same principle in our case, the
general non-linear stress-strain behavior should
have the following form:

M r-1
Rmax 1+a*[ad] (12.5)
Odet
where
Mg = the resilient modulus,

Mpmax = the maximum resilient modulus
corresponding to the axial-strain-
elastic threshold,

o4 = the applied deviator stress,

O4e = the deviator stress corresponding
to the axial-strain-elastic threshold,
and

o, r = regression coefficients.

It should be pointed out here that the My test
rarely defines Mgy, inasmuch as most of our
measurements fall within axial strains of 0.01 to
0.1 percent. We therefore decided to perform the
following:

1. Estimate the axial-strain-elastic threshold, € .,
for each of the soils using the regression
equation “€,, vs PI” developed in Chapter 9
(recognizing, however, that the equation was
developed for those cases in which soils are
subjected to a 6-psi confining stress).

Develop Mg N; » €,N2 models using only
data at 6-psi confining stress for each of the
60 Mg tests.

Estimate the Mgm.x Of each of the 60 My tests
by using those models with the corresponding
€ .e¢ Of the soils.

Estimate the Oge of each of the 60 My tesis
by using 04 Mg+ E,.

Finally, normalize each of the 5 axial strains
and 5 deviator stresses recorded in each of
the 60 Mg tests at 6-psi confining stress with
their corresponding €., and O g4,. In addition,
we included in that data file the ten normal-
ized testing results performed under the reso-
nant column tests described in Chapter 9 in
order to mitigate possible problems of hetero-
skedasticity.

The Ramberg-Osgood curve, which measured
the degree of ductility of the material, is generally
modeled as follows:

m[

&

€

Oq

o)

Gdet

L/
a+b*ln|:ode‘} 12.6)

aet
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Because our materials were prepared and tested
under different conditions, our model is a multi-
linear model having the following form:

m[-'iﬂ——"—d} = a+b-1n[—°d—]+c-1n[m]+

Eaet  Taee O e
d*n[A]+e*In[PI]+f*In[n]+
g*ln[oc]

First, different combinations with these factors
were developed. Then, an evaluation was made in
terms of their corresponding coefficients of deter-
mination, R2, in order to select the most efficient
one. It was found that only the plasticity index
factor contributes significantly to the explanation
of the dependent variable. The other factors (such
as moisture content, percent of dry density with
respect to the maximum density, and sample age)
were found to have negligible contributions. This
is a very important finding in the sense that those
factors appear to have no effect on the normalized
modulus. Thus, the regression has the following

form:
In li_eﬂ_-_.ci] = a+b=xln [2‘-‘-]4-(:' In [PI]
eaet O e B et
az.n
SEE = 0.036
RZ2 = 0.872

In order to predict the normalized resilient
modulus, Mp/Mg.x, the equation had to be ar-
ranged as follows:

—a_ 9
O det

b
} «[m]° 28
eaet
Since we know that by definition My = G4, €,
manipulating those equations yvields the regression
model:

Mg _ 1
", 145
M e . [c_dJ » p1%7 (12.9)
I gt

Developing functional graphs that can be used
efficiently to relate field data with laboratory test-
ing data required additional work on the equa-
tions. Since we have determined (Equation 9.3)
that

o845 4 pp0.79
saet = 160
then
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Mg 1
- 145
MR max 1+e Y o [ £, * Mg J « p1%7
Eaer * Mkm 12.10)

Mg

Finally, after several manipulations, the equation
e~817 4 p930 4 [1 -

became
JD«@‘
[ My ]1.69
Mkmax

which facilitates the development of an empirical
family of curves, as illustrated in Figure 12.9. Fig-
ure 12.9 presents the influence of both the axial
strain amplitude and the plasticity index on the
normalized resilient modulus of the soils subjected
to a 6-psi confining stress.

- Rmax

eﬂ
(121D

SUMMARY

Several factors that influence the resilient
moduli, such as the plasticity index, the percent of
fines, moisture content, dry density, and age of the
soil sample at the time of testing were investi-
gated. An experiment was designed and under-
taken in which a total of 60 My tests were per-
formed on samples prepared from 15 different
soils, compacted at different moisture conditions,
and tested at three different sample ages.

Qur analysis of this experimental data indicated
the following:

(1) As the PI increases, the My value slightly in-
creases for samples tested shortly after com-
paction (see Figures 12.7 and 12.8);

(2) As the moisture content increases, the My
value decreases (this was true for those cases
in which the moisture content was greater
than optimum; see Figures 12.5 and 12.6);

(3) As the dry density increases, the My value in-
creases;

(#) The longer the sample ages, the more the My
value increases;

(5) As the confining pressure increases, the Mg
value increases; and

(6) As the deviator stress increases, the My value
decreases.

The other factors considered in this analysis—
dry density, the AASHTO classification, the perma-
nent deformations, the seating pressures, and the
percent of fines—were found not to correlate with
the moduli,
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Figure 12.9 Influence of the axial strain amplitude and the plasticity index on the normalized
resilient modulus of the soils subjected to a 6-psi confining stress

The implications of determining significant ef-
fects of time on the resilient moduli are controver-
sial. Many researchers argue that this effect exists
only in the laboratory, i.e., it could never be ex-
pected in the field (because laboratory conditions
do not have major changes in temperawre and hu-
midity, while field conditions may be variable).
Nevertheless, the significant increase in stiffness in
young samples (between 2 and 6 days), and the
not-so-significant increase in older samples (after 6
days) that our tests revealed cause us to question
this belief.

Empirical regression equations were developed
for use in the design of pavements, while other
equations were developed for use in the evalua-
tion of pavement structures. The first provides to
the pavement engineer a reliable and quick esti-
mation of the resilient modulus of compacted ma-
terials, based on such properties as the moisture
content, the percent of dry density with respect to
the maximum density, the plasticity index, and the
age of the sample at the time of testing. In this
equation, the most significant parameter is the
moisture content of the sample.

Other equations developed in this chapter in-
clude a family of curves that provide the pavement
engineer with a powerful tool for evaluating the
stiffness characteristics of the pavement layers by
relating field with laboratory testing data. This
family of curves was defined by applying the same
principle of non-linear stress-strain behavior (char-
acterized by a normalized modulus) presented by
Ramberg and Osgood. Empirical models were
studied to identify the influences of moisture con-
tent, density, plasticity index, and age. It was
found that only the plasticity index factor contrib-
utes significantly to the explanation of the normal-
ized behavior.

In addition, the finding that neither the moisture
content nor the age of the sample affects the nor-
malized behavior indicates that the empirical equa-
tions can be used independent of the moisture
condition and age of the samples, and that by de-
fining the PI of the soil—and, through field tests,
the in situ elastic modulus (which is actally
MRrmax)—any Mg at any axial strain amplitude can
be easily estimated.
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CHAPTER 13. PROPOSED RESILIENT MODULUS
TESTING METHOD

This chapter presents the laboratory testing
method proposed for determination of the resilient
modulus, Mg, of subgrade soils and non-granular
subbase materials. This test method, which is a
modification of AASHTO T 274-82, features a test-
ing setup and procedure we have found to be
more reliable.

This modified test method, then, specifically
outlines the procedures for preparing and testing
untreated soils used for determining dynamic elas-
tic modulus. Most importantly, this determination
is made under conditions that represent a reason-
able simulation of the physical conditions and
stress states of subgrade materials placed beneath
flexible pavements subjected to moving wheel
loads. The test method is applicable to undis-
turbed samples of natural and compacted soils and
to disturbed samples prepared for testing by com-
paction in the laboratory. Finally, the values of re-
silient modulus determined with these procedures
can be used in the available linear-elastic and non-
linear elastic layered system theories used to calcu-
late the physical response of pavement structures.

SUMMARY OF THE TEST METHOD

A repeated axial deviator stress of fixed magni-
tude, duration, and frequency is applied to an ap-
propriately prepared cylindrical test specimen.
During and between the dynamic deviator stress
applications, the specimen is subjected to a static
all-around stress provided by a triaxial pressure
chamber. The induced resilient axial strain is mea-
sured and used to calculate the dynamic secant re-
silient moduli.

SIGNIFICANCE AND USE

The resilient modulus test reveals the basic con-
stitutive relationship between stress and deforma-
tion of flexible pavement construction materials—
information which is necessary for a structural
analysis of layered pavement systems. It also pro-
vides a means for characterizing pavement materi-
als under a variety of environmental and stress

conditions that simulate the field conditions of
pavements subjected to moving wheel loads.

BASIC DEFINITIONS

(1) o, is the total axial stress (major principal
stress).

(2) o5 is the total radial stress; that is, the
applied confining pressure in the triaxial
chamber (minor and intermediate principal
stresses).

(3) 64 = O - G4 is the deviator stress; that is,
the repeated axial stress for this procedure.

(4 e, is the resilient axial strain induced by G4.

(5 Mg = o4/ &, is the secant resilient modulus.

(6) Load duration is the time interval during
which the specimen is subjected to a deviator
stress.

(7 Cycle duration is the time interval between
applications of a deviator stress.

(8) Subgrade material consists of the natural or
compacted soils on which the pavement struc-
ture rests.

(9) Subbase material consists of locally available
compacted materials (non-aggregate) compris-
ing a layer between the base and the sub-
grade layers of a flexible pavement.

APPARATUS

(1) Triaxial pressure chamber: The pressure cham-
ber is used to contain the test specimen and
the confining fluid during the test (air is used
as the chamber fluid). A triaxial chamber suit-
able for use in resilience testing of soils is
shown in Figure 13.1. The chamber is similar
to most standard triaxial cells except that it is
somewhat larger (so as to facilitate the inter-
nally mounted transducers) and has additional
outets (for the electrical leads of those trans-
ducers).

(2) Loading device: The extemal loading device
must be one capable of providing varying
repeated loads in fixed cycles of load and
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release. A closed-loop electro-hydraulic system
is required for this operation. A haversine
loading waveform consisting of a load dura-
tion of 0.10 seconds and a cycle duration of 1
second is used.

Load and

equipment;

a. The axial load measuring device should
be an electronic load cell placed between
the sample cap and the loading piston, as
shown in Figure 13.1. The following load
cell capacities are recommended:

specimen response measuring

Maximum Load
(Ibs)
100
200

Sample Diameter
(inches)
2.80
4.00

Test chamber pressures are monitored
with conventional pressure gauges, ma-
nometers, or pressure transducers having
an accuracy within 0.1 psi.

The deformation measuring device con-
sists of two linear variable differential
transformers (LVDT’s) clamped to steel
bars inside the triaxial chamber, as shown
in Figure 13.1. The LVDT's will have a
linearity of +0.20 percent of full range
output, a repeatability of 0.000004 inch,
and a minimum sensitivity of 2mv/v(AC)
or 5 mv/v(DC). The following LVDT
ranges are recommended:

Maximum Load
(inches)
+0.04
+0.06

Sample Diameter
(inches)
2.80
4.00

The characteristics of the deformational
transducers limit the capabilities of the
testing system. For such characteristics, in
general, resilient axial strains below 0.01
percent are not measured accurately.
Suitable signal excitation should be main-
tained so that recording equipment and
measuring devices can be used for simul-
taneous recording of axial load and de-
formation. The signal should be free of
noise. The LVDT’s should be wired sepa-
rately so each LVDT signal can be moni-
tored independently.

f. To minimize errors in testing, the trans-
ducers, along with the entire testing sys-
tem, should be calibrated periodically.
The use of synthetic samples of known
properties is recommended to assess the
accuracy of measurements.

€))

A data acquisition system is required
to record the signals emitted by the trans-
ducers. A data acquisition board mounted
inside a personal computer having com-
putational and control capabilities (with a
test sampling rate of at least 1,000
records per channel per second) is rec-
ommended.

8.

Specimen preparation equipment: A variety of
test specimen preparation equipment is re-
quired to prepare undisturbed samples for
testing and to obtain compacted specimens
that are representative of field conditions.
Such equipment typically includes:

a. Equipment for trimming test specimens
from undisturbed thin-walled tube
samples of subgrade material as de-
scribed in AASHTO T-234-85.

Split molds used to provide either 2.8 or
4.0-inch-diameter samples, with heights of
about 5.6 and 8.0 inches, respectively.
For compaction, an automatic tamper (as
specified in Tex-113-E, which is in close
agreement with ASTM D 1557 and
AASHTO T-180) can be used—provided
that the area of the rammer’s striking face
represents no more than 30 percent of
the specimen area.

Miscellaneous: calipers, micrometer gauge,
steel rule, rubber membranes, rubber O-
rings, membrane expander, scales, mois-
ture content cans, and hydrostone. In ad-
dition, a pedestal for grouting can be used
to expedite the entire testing process.

PREPARATION OF TEST SPECIMENS
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(1) Specimen size: Specimen length should not be

less than twice the diameter. Minimum speci-
men diameter is 2.8 inches, or 5 times the
nominal size (nominal size is the particle size
of the material corresponding to the 95 percent
passing size). The following guidelines should
be used to determine the specimen size:

a. Use 2.8-inch-diameter samples from the
thin-walled-tube undisturbed samples for
cohesive subgrade soils, and from dis-
turbed samples with higher than 70
percent passing sieve No. 10. Use only
the portion of the material passing sieve
No. 10.

Use 4.0-inch-diameter samples for all
subgrade and subbase material types with
a nominal particle size of 3/4 inches.
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Figure 13.1 Triaxial chamber used in My tests of subgrade and subbase soils

Undisturbed specimens: Undisturbed sub-
grade and subbase specimens are trimmed
and prepared as described in AASHTO T-234-
85. Determine the natural water content and
in-place density of the soils according to Tex-
115-E (Tex-101-E is in close agreement with
AASHTO T-146-82), and record the values in
the test report. If thin-walled tube samples do
not provide a good sample for testing, then re-
constitute the specimen as described in item 3.

Disturbed specimens: All disturbed specimens
shall be first prepared according to Tex-101-E,
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which is in close agreement with AASHTO T-
146-82. Then, laboratory-compacted specimens
should be prepared at in situ dry density and
at in situ water content. The compacting ef-
fort specified in Tex-113-E should be used to
compact the samples,

a. The moisture content and the dry density
of the laboratory compacted specimens
should not vary more than 0.5 percent
and *2 percent from the in situ water con-
tent and in situ dry density determined in
‘the field for that layer, respectively. In case
the field data are not available, the actual



b.

dry density and optimum water content of
the material should be determined accord-
ing to Tex-113-E or Tex-114-E.

At least two replicate specimens that rep-
resent actual fn situ conditions should be
prepared for testing.

If the pavement engineer feels it is neces-
sary, more than two replicate specimens
can be used; these should be prepared at
water contents that differ from the opti-
mum water content, using the same com-
pacting effort specified in Tex-113-E. This
may be required by the pavement engi-
neer who aims at simulating more reli-
ably the different seasonal conditions of
the pavement materials.

(4) Compaction method: Tex-113-E is the method
of compaction recommended. However, the
plasticity index of the soil should first be de-
termined in order to select the appropriate
compacting effort, CE, to be applied in com-
pacting the test samples.

a,

To compact the total volume of the soil,
V, five layers are recommended to obtain
a more uniform sample. The surface of
each layer should be scarified before
placing the next layer. Knowing the
weight of the hammer, W, and the height
of drop, H, the number of blows, N, per
layer can be determined as follows:

CE=*V

= SeWeH Q3.1

After specimen compaction has been
completed, verify the compaction water
content of the remaining soil and care-
fully remove the specimen from the
mold. If the compacted specimen does
not have the desired dimensions, trim the
test sample (in accordance with the pro-
cedures described in AASHTO T-234) and
square the end surfaces.

Weigh the test specimen to the nearest
gram, Determine the average height and
diameter to the nearest 0.02 inches and
compute its wet density. The excess ma-
terial trimmed from the sample can also
be used to verify its water content.

Wrap the test samples with plastic sheets
or bags to prevent moisture loss; store
them in a humidity room of constant
temperature for 2 days.

(5) Placement of the test samples into the triaxial
chamber: Undisturbed and compacted samples
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shall be weighed and their dimensions mea-
sured to calculate their initial density and to
prepare them for installation in the triaxial

cell.
a.

All test specimens shall be grouted to the
top cap and base pedestal of the triaxial
chamber using a hydrostone paste having
a thickneéss no greater than 0.12 inches.
The hydrostone paste is useful in that it
allows adjustment of the level of the top
cap and base pedestals to accommodate
or eliminate any imperfections in the end
surfaces of the test specimens. It also
helps to improve both the uniformity of
the applied repeated stress and the accu-
racy of the deformational measurements
of the sample. Figure 13.1 shows a test
specimen grouted to the end caps.

The hydrostone paste consists of potable
water and hydrostone cement mixed in a
0.40 ratio. Once the water is mixed with
the hydrostone cement, the hydration of
the paste begins, with consistency rapidly
obtained. A minimum of 120 minutes
(counting from the moment water is
added to the hydrostone cement) is rec-
ommended as a curing time; this assures
that the grout will be strong enough to
withstand the Mg test without risking the
accuracy and reliability of the measure-
ments.

It is not necessary to grout the test
sample directly in the triaxial chamber.
To expedite this operation, the grouting
process can be perfformed on a pedestal
frame, similar to that used in capping
concrete cylinders, with additional steel
caps that can be bolted to the original
end caps of the triaxial chamber.

After the specimen is installed and its
ends grouted, place vacuum grease at the
sides of the end platens to facilitate the
adherence of the membranes to the end
platens.

Two rubber membranes, 0.014-inches
thick and secured with O-rings at each
end, should be used in order to eliminate
probable gas leakage problems. Seal the
membrane to the top and bottom platens.
Clamp the LVDT's on steel bars fixed in-
side to the base or to the top of the
triaxial cell, The LVDT's should be in-
stalled diametrically opposite to one an-
other and positioned so that they point to
the top of the sample. In this way, axial
deformations can be measured from the
total height of the sample. Figure 13.1 il-



lustrates the final configuration on which
the LVDT’s are finally installed.

g. Once the LVDT’s are positioned, the body
of the triaxial chamber can be mounted.
Tighten the chamber tie rods firmly.

h. Slide the triaxial chamber into position
under the axial loading device. Bring the
loading device down and couple it to the
triaxial chamber piston; apply a seating
pressure of no more than 2 psi to the
sample.

TESTING PROCEDURE

The following procedure used for undisturbed
and laboratory-compacted specimens requires a
minimum of 375 seconds (6 minutes and 15 sec-
onds) of testing time; at least two replicate speci-
mens should be tested 2 days after their compac-
tion in the laboratory.

(1) Apply a confining pressure of 6 psi to the test
specimen.

(2) Apply 25 repetitions of each of the following
deviator stresses: 2, 4, 6, 8, and 10 psi. During
the application of each deviator stress, record
and average the actual applied compressional
force and the induced resilient axial deforma-
tion of the last 5 cycles of the 25 cycles. Re-
port (on a testing form similar to the one
shown in Figure 13.2) the actual confining
pressure, the actual applied deviator stress,
the induced resilient axial strain, and the cal-
culated resilient modulus. Other parameters—
including the seating pressure and the cumu-
lative permanent deformations—can also be
reported.

(3) Apply a confining pressure of 4 psi to the test
specimen and repeat item 2.

(4) Apply a confining pressure of 2 psi to the test
specimen and repeat item 2.

(5) If the axial strain (resilient) is below the 0.01
percent (minimum reliable strain measure-
ment), ignore that particular testing result in
further analysis. If the axial strain (resilient) is
greater than 1 percent, or if the permanent
deformations exceed 1 percent of the sample
height, stop the test.

(6) Upon completion of the test, reduce the con-
fining pressure to zero and disassemble the
triaxial cell.

(? Removing the membranes from the specimen,
take a piece from the core of the specimen
and determine the water content of the

sample after testing; compare this value with
the initial water content.

REPORT

The My testing report consists of three parts: (1)
the basic information of the material and test
samples; (2) the testing results and plots of the
variations of the moduli versus deviator stress and
moduli versus axial strain (resilient); and (3) an
analysis of results. Figure 13.2 illustrates a typical
Mg testing report.

(1) Data sheets shall include the basic information
of the material (e.g., its origin and Atterberg
limits) as well as information related to the
test sample (e.g., the age of the sample at the
time of testing, its dimensions, its water con-
tent, and its dry density). In addition, the fol-
lowing testing results should be included: the
confining pressures, the seating pressures, the
deviator stresses, the axial strains, the perma-
nent deformations, and the calculated secant
resilient moduli of the sample at each of the
stress states of the test.

(2) Two plots are required per test. One arith-
metic plot showing the variation of the resil-
ient modulus with deviator stress for a given
confining pressure, and one semi-logarithmic
plot showing the variation of the resilient
modulus with logarithmic of the resilient axial
strain for a given confining pressure,

(3) The analysis of results consists in developing
a linear regression equation to predict the
deformational characteristics of the material,
suggesting one Mp value for design. Use all
the results obtained from the testing of the
replicate samples in the statistical analysis
a. A regression model accompanied by both

its coefficient of determination, R2, and
the standard error of the estimate, SEE,
should have the following form:

Ine,)

a+b*ln[od]+c*ln(03), or

. = E *04" %0y
(13.2)

By definition: Mg = 64/ €,

Thus, the modulus can be expressed in
two similar equations, in terms of either
the deviator stress or the axial strain:
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e Cd(l—b) * Gs_c, or
K3 (133

Z
=
i

Kl = chZ * 05

=
-]
]

Mg = P ‘cd(l—b)/b ‘cs-c/b' or

13.9)
My = N1=¢ M xg,"
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Based on either stress or strain criteria,
the pavement engineer can estimate a
unique resilient modulus value for use as
an input in the AASHTO pavement de-
sign guide. For example, using the report
illustrated in Figure 13.2, if the 04 were
6 psi, and the G35 were 2 psi, then the
design Mg would be 36,612 psi.
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CHAPTER 14.

SUMMARY, CONCLUSIONS, AND

RECOMMENDATIONS

SUMMARY

In 1986, the American Association of State High-
way and Transportation Officials (AASHTO)
adopted for use in the design of pavement struc-
tures the resilient modulus test for determining
properties of roadbed soil and pavement compo-
nents. For roadbed soils, the AASHTO pavement
design guide specifies that laboratory resilient
modulus tests be performed on representative
samples under stress and moisture conditions that
simulate the actual field conditions. The testing
method they endorsed was AASHTO T-274-82, the
“Standard Method of Testing for Resilient Modulus
of Subgrade Soils.” Since its introduction, however,
AASHTO T-274 has been widely criticized. Prob-
lems in the setup and testing process generated
deep concems regarding the reliability, repeatabil-
ity, and efficiency of the test method. And while a
variety of alternatives have been developed in re-
sponse, none of the proposed methods have been
subjected to rigorous evaluation.

The purpose of this research effort was to
evaluate and, if possible, develop a reliable resil-
ient modulus test for subgrade and non-granular

subbase materials for use in routine pavement de-
" sign. In undertaking these tasks, we investigated
not only the state of knowledge regarding the dy-
namic behavior of soils, but also the characteristics
and limitations of the resilient modulus testing sys-
tem. As a result, guidelines on required instrumen-
tation and calibration of the testing system were
developed. A major breakthrough was the use of
synthetic samples of known elastic properties to
evaluate and calibrate the test equipment. In addi-
tion, alternate testing procedures were examined
to develop a prototype procedure that was then
thoroughly evaluated under many different condi-
tions. To validate the testing procedure and the
guidelines on equipment configuration to be rec-
ommended, we compared modulus results ob-
tained with other laboratory and field tests. Based
on this extensive investigation, a new resilient
modulus testing method has been developed.

Thus, the major contribution of this investiga-
tion is a new resilient modulus testing method, the
application of which will ensure fast, accurate, and
reliable modulus estimates of subgrade and non-
granular subbase materials. Accordingly, the
method represents a testing procedure far more ef-
ficient and reliable than any other alternative pro-
cedure, including AASHTO T-274. Moreover, this
new approach can be used in the evaluation of
several factors (e.g., plasticity index, moisture con-
ditions, density, among others) affecting the resil-
ient modulus of soils. These investigations permit-
ted the formulation of modulus prediction models
that can be used to obtain preliminary modulus
estimates of these pavement materials for use in
the design and evaluation of pavements.

A few caveats are in order, however: Despite
the positive contributions of this study, it should
be recognized that, since this test is a laboratory
test, much effort—specifically in the selection,
sampling, and preparation of truly representative
specimens for testing—is still required by the
pavement engineer attempting to provide a correct
assessment of field conditions. Additionally, a
point of concem in the application of this new
testing method is the 1986 AASHTO pavement de-
sign guide, insofar as the guide includes fatigue
equations that were developed using resilient
modulus estimates obtained from questionable ap-
proaches. Based on the strong evidence presented
in this study, we believe those modulus estimates
are inaccurate. Consequently, there is a need for
revising those equations using reliable modulus es-
timates that can be obtained through the applica-
tion of this testing method.

CONCLUSIONS

To conclude: As long as the guidelines pro-
posed in this report are followed, the laboratory
resilient modulus test can now be used to deter-
mine accurately and reliably the stiffness character-
istics of subgrade and non-granular subbase mate-
rials.
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From the investigations performed on the differ-
ent aspects of the resilient modulus test, specific
conclusions are also drawn. These conclusions are
grouped according to: (1) equipment configura-
tion, (2) testing procedure, and (3) material char-
acteristics.

From the aspect of equipment configuration, the
following conclusions are drawn from this study:

(1) Diligent effort is required in the design, instal-
lation, and use of a resilient modulus testing
system. Loading systems, system instrumenta-
tion, and data acquisition and control systems
must be carefully designed if they are to have
the capabilities and accuracy required in the
resilient modulus test.

(2) Locating two LVDT's inside the triaxial cham-
ber—oriented in the direction of the loading
motion and at the top of the sample, and
clamped to either the top or base of the
triaxial chamber—is the most effective method
for monitoring accurate and reliable resilient
axial deformations.

(3) The entire resilient modulus testing system—
and not merely the individual transducers—
requires calibration. For such calibration, the
testing of synthetic samples of known proper-
ties can be useful in assessing equipment
compliances and system reliability.

(4) Strong contacts between the specimen and the
caps (top and bottom) are very important.
This factor can be particularly crucial for stiff
materials, where poor contact can result in er-
roneous modulus values. Hydrostone paste, or
similar material that provides a uniform and
strong contact, can be used to grout the
specimen to the end caps, thus eliminating
the risk of movement and incompatibility at
these points.

From the aspect of testing procedure, the fol-
lowing conclusions are drawn:

(1) For properly grouted specimens, sample con-
ditioning is an unnecessary process and can
be eliminated from the testing procedure. The
study found that sample conditioning neither
corrects the imperfect contacts between the
specimen and end caps, nor destroys the ef-
fect of thixotropy of the compacted soils.

(2) For properly grouted specimens, fewer stress
repetitions than are customarily used are suffi-
cient for reliable modulus estimates. A maxi-
mum of 25 loading repetitions at the different
stress states in the testing procedure is pro-
posed.

(3) Because the variabilities inherent in the prepa-
ration process of the test samples can affect
the modulus estimates, at least two replicate
samples are necessary so as to increase the
reliability of the modulus estimates,

From the aspect of material characteristics, the
following conclusions are drawn:

(1) The aging of laboratory-compacted soils is an
important factor in laboratory modulus mea-
surements and should therefore be considered
in routine testing. Testing the samples 2 days
after their preparation is proposed.

(2) Based on the evaluation of several factors that
influence the overall modulus spectrum of
compacted soils, moisture content was identi-
fied as the factor that has the largest effect on
the moduli, followed by the plasticity index,
percentage of dry density with respect to the
maximum density, age of the sample, confin-
ing stress, and deviator stress.

(3) The plasticity index—rather than the moisture
content or the age of the samples—is the fac-
tor that contributes most significantly to the
explanation of the normalized modulus-strain
behavior, This implies that the normalized be-
havior is independent of the age and moisture
condition of the samples.

(4) Axial-strain-elastic thresholds were found to
be highly related to the plasticity index of the
material.

(5) Good comparisons were found between the
moduli of compacted soils measured with re-
silient modulus and torsional resonant equip-
ment. An important point in the comparisons
was that moduli had to be compared at the
same frequency and strain amplitude.

RECOMMENDATIONS

This study recommends that any testing labora-
tory that performs or plans to perform the labora-
tory resilient modulus test consider adopting the
resilient modulus testing method described in this
report,

For application, the resilient modulus tests
should, when feasible, be performed using the
new approach described in Chapter 13. If this ap-
proach is not feasible, or when there is a need for
a quick and preliminary modulus estimate of
subgrade and non-granular subbase materials, use
of the resilient modulus prediction models pre-
sented in Chapter 12 is recommended.

Finally, the following are suggested as areas for
future research:

113



(1) More comparisons between laboratory and field the resilient modulus testing method described

modulus measurements should be performed to in this report.

determine the most effective approach for se-  (3) Investigations should be conducted on granu-

lecting, sampling, and preparing truly represen- lar base and subbase materials in order to de-

tative specimens for laboratory testing. velop a reliable testing method for these types
(2) The AASHTO fatigue equations should be of materials. Such investigations will further

revised using reliable modulus estimates that our understanding of the stiffness characteris-

can be obtained through the application of tics of pavement components,
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APPENDIX A. DESCRIPTION OF THE TORSIONAL
TESTING TECHNIQUES

Torsional testing techniques are popular labora-
tory techniques used to measure the deformational
characteristics of materials. Such techniques used
in this study have included the torsional resonant
column test and the torsional shear test. In gen-
eral, they operate best in the shearing strain range
of approximately 0.0001 to 0.1 percent.

TORSIONAL RESONANT COLUMN

Torsional resonant column equipment of the
fixed-free type was used in these tests. In the
fixed-free configuration, the bottom of the test
specimen is held fixed while the top (free end) is
connected to a drive system used to excite and
monitor torsional motion, as illustrated in Fig
A 1(a).

The basic operational principle is to vibrate the
cylindrical specimen in first-mode torsional motion.
Once first mode is established, measurements of
the resonant frequency and amplitude of vibration
are made, as shown in Fig A.1(b). These measure-
ments are then combined with equipment charac-
teristics and specimen size to calculate shear wave
velocity, V,, shear modulus, G, and shearing strain
amplitude, vy (Ref 14).

One-dimensional wave propagation in a circular
rod is used to analyze the dynamic response of
the specimen. The basic data-reduction equaton
is expressed as follows:

1/1, =@, +L/V,»tan(@, +L/V,) A.D
where I is the mass moment of inertia, I, is the
mass moment of inertia of drive system, @, is the
resonant circular frequency, and L is the length of
the specimen., Once the value of shear wave ve-
locity is determined from Eq. A.1, and knowing
the density of the specimen, p, its shear modulus
can be calculated from:

G = p* Vsz (A.2)

The shearing strain, 7y, is calculated from the
peak rotation of the top of the specimen at 0.67

times the radius of the solid sample (Ref 14).

TORSIONAL SHEAR TEST

The torsional shear test is another method for
determining shear moduli using the same resonant
column equipment but operating it in a different
fashion. In this test, a cyclic torsional force with a
given frequency, generally below 10 Hz, is applied
at the top of the specimen while the bottom is
held fixed, as shown in Fig A.2(a). Instead of de-
termining a resonant frequency, the stress-strain
hysteresis loop is determined from measuring the
torque-twist response of the specimen. Proximetors
are used to measure the twist while the current
applied to the coils is calibrated to yield torque.
Shear modulus corresponds to the slope of a line
through the end points of the hysteresis loop as
shown in Fig A.2(b). Using this technique, the
shear modulus defined as the ratio of shearing
stress, T , to shearing strain, is calculated from:

G =1/vA3)

Values of shearing strain are presented as
single-amplitude values and are calculated at 0.67
times the radius of the specimen, just as in reso-
nant column tests.

TORSIONAL TESTING PROCEDURES

Before testing in either the resonant or torsional
shear mode, each specimen was fixed to the base
pedestal and top cap using hydrostone paste and
allowed to cure overnight. This approach was
meant to eliminate any slippage problem that
might occur at low confining pressures. A rubber
membrane was placed around each specimen to
prevent moisture loss or air migration during test-
ing.

Samples 2.8 inches in diameter were tested un-
der similar confining pressures used in My tests. At
each confining stress, low-amplitude resonant col-
umn tests (Y < 0.001 percent) were performed at
10-minute intervals for 1 hour. Upon completion of
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the low-amplitude resonant column tests, a series
of torsional shear tests was also performed, mainly
at a loading frequency of 5 Hz, with varying
shearing strain amplitudes. To check the effect of
frequency on stiffness, loading frequencies of 0.05,
0.1, 0.5, 1, and 5 Hz were used.

High-amplitude resonant column tests were
then performed at each confining stress, changing
the strain amplitude. Finally, low-amplitude reso-
nant column tests were again performed to deter-
mine if any changes had occurred in the low-
amplitude modulus from the torsional shear and
the high-amplitude resonant column tests. In

general, variation in the low amplitude moduli
measured before and after high-amplitude testing
was less than 5 percent. Thus, it was determined
that any changes in the soil skeleton due to high-
amplitude testing were negligible.

On some occasions, these samples (particularly
those presenting higher stiffness characteristics)
were trimmed to 1.5 inches in diameter to facilitate
the testing and measuring of the moduli at higher
shearing strains (due to the capacity limit of the
equipment) of up to 0.1 percent; in this way, the
moduli between torsional and My testing were eas-
ily compared.
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APPENDIX B.

TESTING A SAMPLE UNDER THREE

CONDITIONING TYPES

This section shows the testing results of a com-
pacted sample of soil 2. This sample had a mois-
ture content of 39.8 percent (wet of optimum), a
dry density of 77 pcf, and was tested 288 days af-
ter compaction.

After grouting the sample to the end caps, we
first subjected the sample to the conditioning stage
specified by our prototype testing procedure, fol-
lowed by one specified by AASHTO T-274, and fi-
nally to the stress states used by Seed et al. (Ref
5) in 1962. The testing results of this particular in-
vestigation are presented in Figures B.1, B.2, and
B.3, respectively.

Figure B.1(a) shows a 4-psi deviator stress ap-
plied 200 times; Figure B.1(b) shows the recorded
axial strain induced by the 200 applications of
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such a deviator stress; Figure ‘B.1(c) illustrates a
consistent resilient modulus along those 200 stress
repetitions; and Figure B.1(d) shows the increasing
permanent deformation induced by such loadings.
Similar observations are made in Figures B.2 and
B.3, in which the only parameter that really varies
throughout the different conditioning stages is the
permanent deformation.

These observations demonstrate that none of the
conditioning stages used had an effect on the resil-
ient modulus of compacted samples, and that the
effect of thixotropy on the resilient deformations is
neither cancelled nor destroyed by such condition-
ing types. Thus, it appears that the conditioning
stage is unnecessary and should be eliminated from
the Mp testing specifications when grouting is used.
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Figure B.1 Deformational characteristics of a compacted sample of soil 2 (288 days) tested
under the conditioning stage specified by the prototype testing procedure. Shown
are: (a) the applied deviator stress, (b) %o induced resilient axial strain, (c) the
resilient moduius, and (d) the permanent deformation
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Figure B.3 Deformational characteristics of a compacted sample of soil 2 (288 days) tested
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applied deviator stress, (b) the induced resilient axial strain, (¢) the resilient modulus,
and (d) the permanent deformation
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APPENDIX C.

This section includes the results obtained from
the resilient modulus testing of compacted samples
prepared for the experiment described in Chapter
12, and from the laboratory testing of “undis-
turbed” samples collected for the case study de-
scribed in Chapter 10.

It should be emphasized that all these results
were obtained from samples that were previously
grouted to the end caps in the triaxial chamber
before resilient modulus testing. Such grouting
sought to ensure strong contacts and to eliminate
the probability of movement at these points during
the test.

These testing results include the basic informa-
tion of the material (e.g., its origin and Atterberg
limits), as well as information related to the test
sample (e.g., the age of the sample at the time of
testing, its dimensions, its water content, and its
dry density). Also included in tabular form was
such testing information as the confining pres-
sures, seating pressures, deviator siresses, axial

EXPERIMENTAL RESULTS

strains, permanent deformations, and the calcu-
lated secant resilient moduli at each of the stress
states of the test.

The testing results present two plots. One
arithmetic plot shows the variation of the moduli
with deviator stress for a given confining stress,
while the other shows the semi-logarithmic plot
of the variation of the moduli (with logarithmic)
of the resilient axial strain for a given confining
pressure,

Finally, these results include their testing re-
ports, which consisted of a linear regression equa-
tion for predicting the modulus of these materials.
Using that model, a unique resilient modulus value
is then estimated as an example for use in pave-
ment design. However, it should be recognized
that at the time the experiment was set up, the de-
viator stress was the only regressor variable
thought to be important in the moduli prediction
models. For this reason, the confining pressure
was omitted from such models.
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RESIL IENT NODULUS (HR) TEST RESULTS
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ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN £a <0.0001 MODEL: LOG(Ea) = A + B*LOG (Gd) SAY Od = Spsl

(1) MR=K1 * Gd*?

or
() MR=N1 " £a

WHEN Ea> 0.0001

Nz

R*2 = 0.998 AND SEE = 0.005
{1) K1 = 49310 AND K2 = -0.12
(2) N1 = 15488 AND N2 = -0.107

MRmax = 41032 psi

USING Eqg. (1): MR = 39770 psi
Q: MR < MAmax ? ... No

MR(design) = 39770 psl
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ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN £a <0.0001 MODEL: LOG (Ea) = A +« B*LOG (O'd) SAY (0d = 8psi

(1) MR=K1 * Gd*?

"2 WHEN £a > 0.0001

or
{2) MR=N1 * Ea

R*2 = 0.998 AND SEE =« 0.005
(1) K1 = 52343 AND K2 = -0.128
(2) Nt = 15200 AND N2 = -0.114

MRAmeax = 42512 psi

USING Eq. (1): MR = 41615 psi
Q: MR < MRmax ? ... No

MR{desalgn) = 41615 psl
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RESIL IENT MOOULUS (MR) TEST RESYLTS
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ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) = A + B *LOG (D'd) SAY Od = 6psi

(1) MR=K1 * gd*®

or
2) MR=N1 * Ea

WHEN Ea > 0.0001

A*2 = 0,998 AND SEE =~ 0.005
{1} K1 = 45545 AND K2 = -0.103
(@ N1 = 16706 AND N2 = -0.093

MRmax = 39556 psi

USING Eq. (1): MR = 37902 psi
Q: MR < MRmax ? ... No

MR(design) = 37,802 pal
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RESILIENT MODULUS (MR) TEST RESULTS
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[l 4.000 | (,054 | 6,350864 | 0.02196758 | 0.001875 | 0.002252 | 0.000350 | 18145.689 ||
Il 4.000 | 0,898 | 8.222983 | 0.02197091 | 0.002301 | 0.003110 | 0.000482 | 17052.553 ||
Il 4.000 | 0.759 | 10.089388 | 0.02203560 | 0.003005 | 0.004063 | 0.000530 | 16015.291 ||
Il 2.000 1 1.668 | 2,034227 | 0,02162095 | 0.000496 | 0.000648 | 0.000102 | 19939.043 ||
11 2,000 1.4221 4,449574 | 0,02153825 | 0.001107 | 0,001482 | 0.000231 | 19284.924 |)
11 2.000 | (.,227 | 6.442198 |  0.02146340 | 0.001721 | 0.002310 | 0.000359 | 17924.658 ||
Il 2,000 1.040 | 8.521376 | 0.02141506 | 0.002451 | 0.003267 | 0.000510 | 16720.977 ||
Il 2,000 ] 0.892 [ 10.209670 | 0.02141645 | 0.003119 { 0.004143 | 0.000647 | 15775.114 (I
| |swnnn -----| |
25000 . . 25000 — .
Soil 1 Soil 1 P
2days ® gpsi 2days A 4:I
4 api = + 2psi
3 2psi &
< &
@ o= ]
3 5
= )
g 20000 L *A e - EZOOOO- & A e p
py + €
£ A _§ a
3 4 g 4
o
3 3
] 3
15000 | J 15000} J
he - 4 b
0 9 N i N U."'A " - — a
0 5 10 15 10 10 10
Deviator Stress, ps Axial Straln, inctvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR =« MRmax WHEN €a <0.0001 MODEL: LOG (Ea) = A + B *LOG (Od) SAY Od = @ psi

R*2 = 0.897 AND SEE = 0.010
{1) K1 = 23885 AND K2 = -0.162

ne WHEN £a>0.0001 {@ N1 = 5870 AND N2 = -0.140

MRmax = 20069 psi

(1) MR=K1 * 0d "
or
(2) MR=N1 * €a

USING Eq. {1): MR = 17936 psi
0: MR < MRmax ? ... No

MR(design) = 17936 pal
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1 soll-1wb.out

RESILIENT nOOULUS (MR) TEST

RESULTS

I SANPLE IOENTIFICRTION =

Soll 1-wat

|
|
11
I
11 OESCRIPTION = Dlist,18-Rockwal I-FN550-6 days 1
11 HOISTURE CONTENT - 22.37 percent 1
11 ORY OENSITY = 83.90 pef. 1
1 PLASTICITY INDEX = 55,00 percent I
I SANPLE HEIGHT = 5.610 Inchss 1
11 SRMPLE OIAMETER = 2.810 Inches 11
1 | | | | | | I
I CONFIN, | SEATING | DEV, STRESS | PERAN DEFORHATiON| AXIAL OEFOANATION | STRAIN | nr. I
I (pst) 1 (pal) | (pal) | (inch) I A Cinch) | B (inch) | (in/in) | (pal) 11
i - == ] [J— | | |= al]
I 6.000 | 1.696 | 1.907985 | 0.00042157 | 0.000410 | 0.000471 | 0.000079 | 24292.949 ||
1 6.000 | 1.540 | 3.739937 | 0.00041743 | 0.000700 | 0,000916 | 0.000144 | 25968.781 ||
I 6.000 | 1,358 | 5.995568 | 0,0004442) { 0.001072 | 0.001524 | 0.000231 | 25916.803 ||
11 6.000 | 1172 | 8.172297 | 0.00048940 | 0.001564 | 0.002285 | 0.000343 | 23824.488 ||
11 6.000 | 1,009 | 10.098453 | 0.00056159 | 0.002023 | 0.003009 | 0.000448 | 22518.273 |1
I 4,000 | 1.764 | 1.869251 | 0.00034130 | 0.000389 | 0.000480 | 0.000077 | 24138.768 ||
1 4.000 | 1.550 | 4.660934 | 0.00028136 | o0.000866 | 0.001227 | 0.000186 | 24991.814 ||
1 4,000 | 1.455 | 6.587569 | 0.00026478 | o0.001248 | 0.001819 | 0.000273 | 24103,068 ||
1 4,000 | 1.329 | 8.470687 | 0.00024971 | 0.001654 | 0.002436 | 0.000365 | 23232.324 1]
Il 4.000 | 1.116 | 10.567558 | 0.00022295 | 0.002192 | 0.003197 | 0.000480 | 22002.209 ||
11 2.000 | 1.959 | 2.282887 | -.00013052 | 0.000462 | 0.000600 | 0.000095 | 24130.955 |
] 2.000 | 1.850 | 4,590162 | -.00015763 | 0.000868 { 0.001239 | 0.000188 | 24447.381 ||
11 2,000 | 1.643 | 6.670297 | -.00022836 | 0.001305 | 0.001886 | 0.000284 | 23453.939 ||
I 2.000 | 1.454 | 8.870934 | -.00034076 | o0.001815 | 0.002620 | 0,000395 | 22446.207 |1
11 2.000 | 1.286 | 10.816219 | ~-.00037046 | 0.002342 | 0.003342 | 0.000507 | 21348.730 |1
I 11
30000 T 30000 g T
L ] H n
Soil 1 o opei Soil 1 ® 6psi
6 days 4 psi 6 days & 4psi
— + 2psi + 2psi
[
Q B
g ° n..- L ] L ]
3 * g
§ 25000 A E 3 25000 | A -
+ § +
‘g f’ . < ﬁo
@ . ® 5 o
[+
A 2 A
+ +
20000} 1 20000 f 1
0 ‘ 0 Lo .
0 5 10 15 » 10® 104 10°
Deviator Stress psi Axial Straln, Inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (€a) = A + B * LOG (0d) SAY Od = 6psi

(1) MR=K1 * 03"

or N2 WHEN Ea > 0.0001

(2 MR=N1 * Ea

R*2 = 0998 AND SEE = 0.004

(1) K1 = 32218 AND K2 = -0.158
(2) N1 = 7804 AND N2 = -0.137

MRmax = 25968 psi

USING Eq. (1): MR = 24274 psi
Q: MR < MRmax ? ... No

MR(design) = 24274 pel
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Il Soil-1we.out

RESILIENT HODULUS (MR) TEST RESULTS

Il SRMPLE IDENT IFICATION = 1
il DESCRIPT ION

1l NOISTURE CONTENT

0ist 18 - Rockwail - FN550 - 73 days
22,00 percent

Il DRY DENSITY 82,79 pef. It
Il PLRSTICITY INDEX 55.00 percent 1
Il LIQUID LIMT = $5.00 percent 1
Il SAMPLE HEIGNT = 5.500 inches It
Il SANPLE DIAMETER = 2.810 inchos 1l
1 | | [ | | | 1
11 CONFINE | SEATING | DEVIA STAESS | PER DEFORMATION |  AXIAL DEFORMATION |  STRAIN | e 1l
11 Cpsi) 1 (psl) | (pol) (inch) I A Cnch) | B Cnch) | On/In) | (psl) (1
1 | I | | | | | 1]
Il 6,000 1 0.362 1 2.850023 | -.00011311 | 0.000783 | 0.,000849 | 0.000148 | 19204.766 ||
Il 60001 0.106 | 5021491 } -.00016170 | 0.0015tt | 0,001653 | 0.00028B | 17455.480 |t
Il 6,000 | 0.02¢ | 6.808972 | -.00016469 | 0.002160 | 0.002395 | 0.0004t4 | 16444.951 11
Il 6,000 | 0.030| 6.96¢660 | -.,00013559 | 0.003107 | 0,003507 | D.000601 | 149095.583 1}
I 6.000 | 0.029 | 11.25902¢ ! 0.0000208? | 0.004205 | 0.004801 | 0.000819 | 13752.392 |1
Il 4,000 | 0.575 |  2,2173?5 | -.00061436 | 0.00063? | 0,0006?7 | 0.000120 | 1855¢.855 ||
Il 4.000 | 0.351 |  4.249690 | -.00073240 | 0.001251 | 0.001387 i 0.0002¢40 | 17718.957 ||
Il 4.000 | 0.120 |  6.782671 | -.00080006 | 0.002148 | 0.002¢10 | 0.000414 | 16368.308 ||
Il 4.000 | 0.082 | 6938360 | -.00079¢46 | 0.003067 | 0.003509 ! 0.000598 | 14952.522 ||
Il 4.000 | 0.078 | 11.00271S | -.00077360 | 0.00404¢ | 0.004647 | 0.000790 | 13926.043 ||
Il 2,000 | 0.661 |  2,37278? | -.00122451 | 0.000668 | 0.000740 | 0.000128 | 18548.518 ||
Il 2,000 1 0.410 1 4513174 | -.00136509 | 0.001382 | 0.,001520 | D.00026¢ | 17107.480 ||
Il 2.000 | 0.230 |  6.829534 ) -.00146927 | 0.002243 | 0.002492 | 0.000430 | 15667.818 ||
Il 2,000 | 0.211 | 8.988091 | -.00144502 | 0.003153 | 0.003565 | 0.000611 | 14716.401 ||
Il 20001 0.200 | 11.024233 | -.00144590 | 0.00412? | 0,004707 | 0.000803 | 13728.510 ||
Il 2,000 | 0.19¢ | 12.523842 | -.00144457 | 0.004926 | 0.005645 | 0.000961 | 13031.458 ||
1 1
o Soil 1 * Gpsl - Soil 1 * 6psl
73 da; . 73 days .
A, v A 4psi A, y A 4psi
_ + + 2psi * *+ 2psi
2 . 2 a
- + & +
=]
5 15000 | 4 d g 15000 | 4 J
g I g s
=
5 * 5 *
= =
& J &
10000 | 10000 | :
E ‘>
0 M " [} 'A' n ” " 3 .
1} 5 10 15 10 10 10
Devlator Stress, ps| Axlal Straln, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN E€a <0.0001 |  MODEL: LOG (€a) = A + B*LOG (Gd) SAY Od = 6psi

(1) MR=K1 * 0d*

or
(2) MR=N1 * Ea

WHEN €a > 0.0001

R*2 = 0.997 AND SEE = 0.010
(1) K1 = 23195 AND K2 = -0.206
{2) N1 = 4175 AND N2 = -0.171

MRmax = 19205 psi

USING Eq. (1): MR = 16036 psi
Q: MR < MRmax ? ... No

MR(deeign) = 16036 psl
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AESJLIENT NODULUS (MA) TEST ﬁESI.i.TS

I
11 soll-2ar. 0wt
1
11

SRHPLE IDEHTIFICATION =

11 OESCAIPTION

I HOISTURE COMTENT

1 ORY OENS{TY

t] PLASTICITY INOEX

il Liguio LinIT
1 SANPLE HEIGHT

I SANPLE DIANETER =

Soll 2 - opt

Dist 14 - Travis - Mopac & 183 - 2 days - rep

= 00,56 pef.

19,30 poreent

29.00 pereent

« 36,00 percent

= 3.610
2.840

Inches
inchea

t

| 1 1 | i
11 CONFINE | SEATING | OEVIR STRESS | PER OEFORMATION |  AXIAL OEFORMATION | | ne, 1l
1 Cpal) | dtpal} 1 {psi) ] [ Inch) I A Cinch) | 8 (inch) | {Linfin) | (pal) v
L | | | | | | ] (4
Il 6.000 { D057 1 4264777 | 0.00004135 | 0.000380 | 0.000901 | 0.000114 | 37364.477 i
Il 6,000 | o0.541 |  $5.836331 | 0.0000972¢ | 0.000504 | 0.001269 | 0.000158 1 36928.105 ||
Il 60001 05451 9,152184 | 0,00009724¢ | 0.000935 1 0,002151 | 0.000275 ] 33260.375 |}
Il 60001 0,53 ( 10955001 | ©0.00030055 | 0.001120 | 0,002650 | ©0.000336 | 32599.709 ||
Il 6.000 1 ©0.541 { 12,697428 |  0,00049311 | 0,001327 | 0003177 | 0.000401 | 31620.307 ||
Yl 4.000 [ 0.697 |  6.591057 | 0.00000326 | 0.000457 | 0,001660 | 0.000190 | 36364.293 ||
Il 4,000 1 0.646 | 9.004720 | -,00006054 | 0.000876 | 0,002249 | 0,0002T9 | 32327.619 1]
It 4,000 [ 0,624 | 10.524310 | -,00009649 | 0.001160 | 0,002689 | 0.000349 | 30613.404 ||
11 4,000 1 0,623 | 12.199793 |  -,00006961 | ©0.001376 | 0.003181 | 0.000406 |  30041.084 ||
Il 4,000 1 0,619 [ 3,038209 [ -.000017S4 | 0,001592 | 0.003691 | O0,000471 | 29392.26¢ ||
Il 2,000 | 1.508 1 2.216186 | 0.00641043 | 0.000164 | 0.000555 | 0.000064 | 34586.398 ||
1l 2,000 | 1,337 1 4,534696 | 0.00612605 | 0.000435 | 0.001176 | 0.000144 | 31%08.122 ||
fI 2,000 | 1.082 1  7.691580 | 0.0060055! | 0.000873 1 0.002006 | 0.000264 | 29169.320 |
F1 2,000 | 0,910 |  9.809977 | 0.00585158 | 0.001237 | 0.002773 | 0,000357 | 27674303 ||
Il 2,000 | 0,840 | 11.987722 | ©0.00435400 | 0.002079 | 0,003886 | 0.000332 |}  22%19.207 ||
[RELT] I
40000 T T 40000 ¥ T
Soil2 |*® 6psi Soil 2 % Gpsi
L] 2days . 2 day .
*a A 4psi ¥ ®s | A apai
7 38000 | + + 2psi | — 935000 | + + 2psi
o w
" > [ e M [ ]
g + 4 . E] + A%,
-] A 2 A
30000 | A < B 30000 | A <
£ + A £ + A
£ + € +
3 5
8 25000 “ ? 25000 g
[+ o4 ( o
- +
20000 _} - 20000, 1
v P
0 : : o Lo . o
0 5 10 15 10 10* 10
Devlateor Stress, psi Axlal Strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN £a <0.0001 MODEL: LOG (Ea) = A + B *LOG (Od) SAY Od = 6 pat

(1) MR=K1 * 04"

or
? MR=N1 * €a

N2

WHEN Ea » 0.0001

R*2 = 0.848 AND SEE = 0032
(1} K1 = 48456 AND K2 = 0202
{2) N1 = 7808 AND N2 = -0.168

MAmax = 37103 psi

USING Eq. (1): MR = 33741 psi
Q: MR < MRmax ? ... No

MRi{design) = 33741

psi
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1 m-=e- n

It s0ll-2wc.out RESILIENT nODULUS (MR) TEST RESULTS It
|| men ammmma. ammmmmmmme - e |
1 SANPLE IDENTIFICATION = Soi12 - very wat I
I DESCRIPTION = Diat 14 - Travls - Mopac & 183 - 146 days I
1 NOISTURE CONTENT = 39.8D percent I
I DRY BENS)TY = 78,00 pef. M
I PLASTICITY INDEN = 27.00 percent Il
11 SANPLE HEIGHT = 5,640 inches 11
1 SANPLE DIANETER = 2.830  Inches 11
||==mssesss|ssassanes | saannn= ] IC] =| | 1
I| CONFIN. | SEATING | DEV. STAESS | PERM DEFORMATION|  ANIAL DEFOAMATION | STRAIN | ne. 11
1 Cpsl) 1 (psl) | (psl) [ {inch) I A ¢inch) | B (Inch) | (inZin) | (psi) 1l
| ]- | --| m-m | |--- | -----[ |--------------| |
Il 6.000 | 0.631 | 2.208923 | 0.01706416 | 0.001992 | 0.000839 | 0.000251 | 9122.781 ||
1t 6,000 0.462 | 4.091301 | 0,01702280 | 0,003885 | 0.001794 | 0,000503 | 8026.902 I}
Il 6.000 ] 0.345 ] 5.761672 | 0.01759677 | 0.006151 | 0,003050 | 0.00D815 | 7063.540 [
Il 6,000 | 0.254 | 8.111413 | 0.01939608 | 0.010019 | 0.005613 | 0.001395 | 5815.645 |
Il 6.000 1 o0.216 [ 9.574344 | 0.02166712 | 0.012725 | 0.007992 | 0.001837 | 5212,952 1|
Il 4.000 | 0,968 | 2,041879 |  -.00027657 | 0.001995 | 0.000928 | 0.000259 | 7800.6083 ||
Il 4.000 | o0.708 | 4,000310 | -.00054752 | 0.004534 | 0.002221 | 0,000599 | 5680.025 ||
It 4,000 | 0,559 | 6.210028 | -.00059585 | 0.007727 | 0.004228 | 0.001060 | 5859,306 ||
Il 4.000 | 0.388 | 8.049652 | ~.00062048 I 0.010345 | 0.00634%t | 0.001479 | 5441,796 ||
Il 4.000 | o0.318 | 9.770402 | -.00011451( I 0.013161 | 0.008723 | 0.001940 | 5040.333 ||
Il 2.000 | 0.502 | 2.476091 | -.00206424 | 0.002649 | 0.001176 | 0.000339 | 7301.465 ||
Il 2.000 | 0.314 | 4.399162 |  -.00233255 | 9.005321 | 0,002552 ! 0.000698 | 6302.804 ||
[}l 2.000 | 0.209 | 6.232656 | -.0023967% | o0.008148 | 0.004519 | 0.001123 | 5550.014 ||
11 2,000 1 o0.261 | 8.160444 | -.00240265 | 0.0010212 | 0.00703% | 0.001618 | 5043.648 ||
Il 2,000 | 0.264 | 9.864761 |  -.00221147 | 0.014295 | 0.009589 | @.002117 | 4658.817 ||
| | e s e - | |
10000 v v 10000 v v
[ Soil 2 ® gpsi ) Soil 2 ® 8psi
146 day i
- " S
2psi - (-]
g + s * a + .
3 * E A
> 4 A. > & .A
5000 |} + % J 5000 | S\ J
= + < +
5 $
3 ]
< T
0 . . 0 Loms R
0 5 10 15 10* 10°? 10°
Deviator Stress,
pst Axlal Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) = A + B *LOG (Oq) SAY Od = 6 psi
. X2 R*2 = 0,888 AND SEE « 0.025 USING Eq. (1): MR = 5984 psi
() MR=K1 “ G0 ™ HEN a5 00001 (1) K1 = 10824 AND K2 = -0.335 Q: MR< MRmax? ... No
(2)MR-N1'&"’ 2) N1 = 1081 AND N2 = -0.251
MRmax = 10708 psi MR(deaign) = 5084 psl
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11 ssl)-3¢.0ut RES ILIENT AODULUS (MA) TEST RESWLTS
I

11 SRIPLE (DENTIFI(CATIOH Sell 3 - opt

1 DESCAIPTION Dist 18 - Denton - SHIZ! - B5 days

DAY OENSITY

LIQuip LimiT

AOISTURE COHTENT

PLASTICITY INDEX

102,83 pof.

18.00 percent

32.00 percent

=  50.00 percent

I SATPLE HEIGHT = S.670 Inches 1
I SAPLE DIRMETER = 2.8T0  inches )]
i } 1 i | i | n
|1 CONFIHE | SERTIHG | QEVIA STRESS | PER OEFORMATION | AXIAL OEFORMATIOH | STARIN | e 11
Il (pa1) 1 (ps1) | {pal) | (Inoh) I A {inch) | B Cinch) | (In/in) | (pal) 1
11 | ! ! 1 | | | N
1 6,000 | 0,023 ¢ 6.314093 | 0.00074369 | ©,000863 | 0.000533 | 0.000123 | 51321.980 1|
11 60301 0,027 | 8.205019 | 0,0007S136 | 0.001166 | 0.0008696 | ©0.000164 | 49968.727 ||
|| 6,000 1 0.026 | 10.235762 | 0.000785D4 | 0.00145¢ ( 0.000866 | D.0DD205 | 50026.8%9 ||
11 6,000 | 0,026 | t2.576386 | 0.00083143 | o.00180t (| 0.001123 { 0.0002%% | 4B776.238 ||
11 6.000 ¢t 0.027 | 14.25%198 | 0.000869M | ©0.0D2068 | ©0.001303 | 0,000297 | 47972.484 1|
Il 4,000 | 0,061 | 6.477286 | 0.00072360 | ©0.000894 | 0.000558 | 0.000128 | S0578.473 ||
Il 4,000 | 0.038 | 8,330587 | 0.00072567 1 0.001164 | 0.000T27 [ 0,000167 | S0137.914 ||
Il 4,000 1 0.020 ! 10.139956 | 0.000T2078 | 0.001433 | 0.00DB82 | 0,000204¢ | 49675.180 |l
Il 4.000 | 0.008 | 11,991919 | 0.08072052 | 0.001710 | 0.00t042 | 0.000243 ) 49397.031 )|
Il 40001 0.020 | 13,81133¢ | 0.00072474 | 0.001988 | D0.001220 | 0.,000283 |  48822.30% ||
11 2,000 1 0.157 | 6.834842 | D.00057430 | 0.800951 1 0.00059¢ | 0.000136 | 50165.651 I
11 2,000 1 0,148 1 8.959100 |  0,00057480 | 0.00124% [ 0.000757 | D0.0001?77 | S0637.T1% ||
11 z.000 [ 0,097 ) 11.041642 | 0.00056827 | 0.,001545 [ 0.000937 | 0.00021% | S0463.477 1]
1l 2,000 | 0.122 ) 13.050378 | 0,00055435 1 D.00(BB0 | 0.001170 | 0.000269 |  48524.845 |
11 2,000 1 0.119 ] 15.9067112 | 0.00056079 [ 0,002280 | O.001482 | 0.000332 | 47953.%92 11
11 11
Soll3z | & 6psi Scil3c [ ® Bpai
85 days A 4psi 85 days A 4psi
- + 2psi D + 2psi
a;- ps 2 pst
g . g .
5 A - + > A+,
§ 50000 | * A e o é 50000 | L Y] 4
A A
= A = F Y
5 s, A E $
B [ = o~
)
o &
b P
3
0 t L o0 Lam— i
o 5 10 15 10 10 10?
Deviator Stress, psl Axtal Strain, inch/Inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) = A + B *LOG (Od) SAY Od = Gpsi
ps

(1) MR=K1 * Gd*@
or
(2 MR=N1 " €a

WHEN Ea > 0,0001

R*2 = 0.989 AND SEE = 0.003
(1) K1 = 57286 AND K2 = -0.062
{2) N1 = 30177 AND N2 = -0.058

MRmax = 51322 psi

USING Eq. (1}: MR = 51283 psi
Q: MR < MRmax ? ... No

MR{design) = 51263 pel
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sol1-30.0ut

RESIL{ENT MODULUS (MR) TEST RESULTS

SANPLE IDENTIFICRTION
DESCRIPTION
HOISTURE CONTENT

=3 - opt
= Dist 18 - Denton - SHI2t - 2 days
= 18.40 percent

1 7l
1l 1
Il Il
11 i
I I
Il I
] DRY DENSITY 101.90 pecf. 1]
11 PLASTICITY INDEX =  33.00 percent 1
1 SANPLE HEIGHT = 5.640 Inches 1
I SANPLE DIRMETER = 2.820 Inches I
| [mmmmmmmma] | | | | 1
Il CONFIN. | SEATING | DEU., STRESS | PERM DEFORMATION| AXIAL DEFORMATIDN | STRRIN | e, 1
Il (pst) 1 (psi) | (psi) | (inch) t R (Inch) | B (inch) 1 (inZIn) | (psi) I
I | | | | | | | 1l
1 6.000 | 0.039 | 3.754293 | 0.00004856 | 0.000155 | 0.0007?S | 0.000082 | 45547.391 1]
I 6.000 | 0.030 | 5.37053¢ | 0.00006546 | 0.000229 | 0.001084 | 0.000116 | 46153,063 ||
I 6.000 | 0.016 | 6.706165 | 0.00006154 | 0.000311 | 0.001380 | 0.000150 | 44721.164 ||
11 6.000 | 0.057 | 8.892647 | 0.00003926 | 0.000428 | 0.00193? | 0.000210 | 42407.307 |1
11 6.000 | 0.060 | 11.095273 | 0.00004891 | 0.000691 | 0.002332 | 0.000268 | 41392.37¢ ||
I 4.000 | 0.112 | 4.604671 | 0.00191989 1 o0.000146 | 0.001060 | 0.000107 | 43070.949 11
11 4.000 | 0.102 | 6.319197 | 0.00192187 | 0.000277? | 0.001357 | 0.000145 | 43623.395 ||
11 4.000 | 0.096 | 7.70515?7 | 0.00191950 | 0.000407 | 0.001583 | 0.000176 | 43682.965 {1
I 4.000 | 0.092 | 9.347987 | 0.00192507 | 0.0005?¢ | 0.001874 | 0.,000217 | 43080.600 ||
I 4.000 | 0.092 | 11.397249 | 0.00193454 | 0.000812 | 0.002225 | 0.000269 | 42335.914 ||
11 2.000 | 0.325 | 3.92522¢ | 0.00175043 | 0.000146 | 0.000903 | 0.000093 | 42227.0816 |1
I 2.000 | 0,308 § 5.867656 | 0.00174717 | 0.000202 | 0.001232 | 0.000134 | 43720.75¢4 ||
11 2,000 | 0.297 | 7.431669 | 0.00175363 | 0.000428 | 0.001480 | 0.000169 | 43936.156 ||
11 2,000 | 0.289 | 9.446273 | 0.001753014 | 0.000637 | 0.001822 | 0.000218 | 43332.199 ||
11 2,000 | 0.275 | 11,070i11 | 0.00175208 | 0.000823 | 0.002117 | 0.,000261 | 42473.512 ||
11 2,000 | 0.252 | 12.869151 | 0.00175020 | 0.001060 | 0.002462 | 0.000312 | 41218.199 ||
1 2.000 | 0.218 | 14,573706 | 0.00176204 | 0.001300 | 0.002009 | 0.000364 | 40005.863 ||
1 I
50000 T — 50000 —. r
Soil 3 ® @psi Soil 3 ® 8psi
2days A 4psi 2 days A 4psi
+ 2psi + 2psi
w []
a Q
) . E] .
3 . a2 .
§ 45000 [ . 1 2 45000 . 1
& w2 3 Y-
% X 2 A
& e « i °x
e .,
40000 | 40000 |- + J
t . . R "
0 0 5 10 15 Y10 10° 10“
Deviator Stress, psi Axial Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN £a <0.0001 MODEL: LOG (Ea) = A + B*LOG (O'd) SAY Od = 8psi

(1) MR=K1 * 0d "2

N2 WHEN Ea > 0.0001

or
 MR=N1 * €a

R*2 = 0.997 AND SEE = 0.006
(1) K1 = 51267 AND K2 = -0.083
(2) N1 = 22405 AND N2 = -0.076

MRmax = 45117 psi

USING Eq. (1): MR = 44182 psi
Q: MR < MRmax ? ... No

MR(design) = 44,182 psi
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RESILIENT HODULUS (MR) TEST RESULTS

o0l |-4a.0ut
SAHPLE IDENTIFICATION = Sol|
DESCRIPTIOH = Dle

MOtSTURE CONTENT = 10
DRV DENSITY = 124
PLASTICITY INDEX L] [}

SAMPLE HEIGHT = 5.640 |
SAMPLE DIAMETER = 2.840 |

4 - opt

tr 14 = Travls = Hopac & Pareer - 2 daye
20 porcent

136 pef.

,00 psrcant

nchea

nchea

I Il
I I
1 il
1 Il
I Il
I 1
I 1
I I
I 1]
I I
I ! | 1
Il CONFIN. | SEATING | DEV. STRESS |PERNM DEFORMATION | AXIAL DEFORMATION |  STRAIN | M, I
I Cpal) | {psl) 1 (psl) | {Inch) [ A¢lneh) | B {lneck) | (In/ln) | (psl) 1
| |smemmnnnn | enanama | | | -m --|I-- LI IIIIIIIIII--IIII |
Il 6000 | 0.060 I 3.565971 | -,00003026 | 0.000414 | 0,000286 | 0,000062 | 57736,055 ||
!l 6,000 | 0,061 | 6.181352 | =-,00001?777 | 0,000733 | 0.000512 | 0.000110 | 56030,715 [l
il 6.000 | 0,061 | 8,143806 | 0.00001100 | 0,001027 | 0,000708 | 0,000154¢ | 52945,109 ||
Il 6,000 | o0.061 | 11,012585 | 0,00008416 | 0.001628 | 0.001136 | 0.000245 | 44956.91¢ |i
1] 6.000] 0,061 | 12,639378 | 0,00020889 | 0.002025 | 0.001410 | 0.,000305 | 41505,480 |l
Il 4000 | 0.061 | 4,002150 | 0,00008032 | 0,000541 | 0.,000382 | 0.000082 | 48900,805 ||
[l 4,000 | 0,060 | 6,031079 | 0©,00000878 | 0,000822 | 0.00058% | 0.000125 | 48205,871 ||
11 4,000 | 0,061 | 6,097460 | ©,00008895 | 0.001196 | 0,00083¢ | 0,000180 | 44952,719 |l
Il 4,000 | 0,061 | 10,12¢4516 | 0,00010411 | 0.00158¢ | 0,001106 | 0.000238 | 42489,227 ||
Il 4.000 | 0,058 | 13,12437¢ | 0,00019809 | 0.002223 | 0,001546 | 0,000334 | 39269,602 ||
Il 2,000 ] 0,148 | 3,922565 | -.00007834 | 0.00052¢ | 0.000393 | 0,000081 | 48237.301 |{
Il 2,000 | o0.114] 6,149988 | ~,00009557 | ©.000866 | 0,000635 | 0.000133 | 46233,289 ||
Il 2,000 [ 0,139 | 9.227087 | -.00009088 [ 0.001476 | 0.001044 | 0,000223 | 41288.60% II
[l 2,000 0,098 1 10.935338 | -.0000769t | 0,001827 | 0,000312 | 0.000278 | 39299,406 ||
Il 2,000 | 0.107 | 13.349081 | 0,0000257S | 0,002427 | 0,001730 | 0.000369 | 36223.211 ||
| | T T I
60000 . . 60000 v T -
. Soilda | ® 6psi Soll4a e ® 6psi
55000 b . 2days | o 4psi. 85000 | 2 days . A 4psi
2 * + 2psiy & * *+ 2psl
« 50000 [ - = 50000 . ~
3 & a | E & a
EE + o +
45000 | A . - £ as000 | Ae 1
§ * a [ ] ] E -Q-A ]
2 ¢ [ +* A ?ﬁ 0000 |- +A 1
o 4 [
+ +
35000 | g 35000 | p
50000 } . 30000 | i
[+ i L 0 L "l
0 5 10 15 10°® 107 10
Deviator Stress, pal Axlal Straln, Inctvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS AFPLICATION
MR = MRmax WHEN Ea <0.0001 MOCEL: LOG (€a) = A + B * LOG (0d) SAY (Fd = 6 pai
. K2 R*2 = 0.078 AND SEE = 0.024 USING Eq. (1): MR = 48350 psi
() MA=K1 * G9™  HEN £a5 00001 {1) K1 = 73850 AND K2 = -0.237 Q: MA < MRmax? ... No
@ MR=N1 * €a ™2 : (2) N1 « 8618 AND N2 = -0.162
MRmax » 50324 psi MRidesign) = 48,350 pal
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[1sel1-4b.cut

RESILIENT HODULUS {MR) TEST RESULTS

SAMPLE IDENTIFICATION = 4

1 DESCRIPTION * Dist (4 - Trovia - Mopec & Parmer - & daoys n
11 MOISTURE CONTEHT = 10,20 percent il
1 DRY DENSITY = 124,36 pef. 1]
1l PLASTICITY IHDEX - 6.00 percent ft
I SAMPLE HEIGHT = 5.640 Inchea 1
Il SANPLE DIANETER = 2,840 inches Il
||mmmenennn|anssnanss | axmmn [wes janasma |asassanessnn|sasssnansnanasn}|
I CONFIN. | SEATING | OEU. STRESS | PEAM DEFORMATION|  AXIAL DEFORMATION | STRAIN | He. 1l
I (ps) | (pal) | {pal) | (inch) I A Cneh) | 8 Clnch) | (Infin) 1 (pal) 1
| |mmmmmwann | mmmme | [ECCETY P T ] an|m= | = suman]||
Il 6.000 | 0.060 | 4.29333¢ | , 00003641 | 0.000472 | ©0.000358 | 0.000074 | 58350.238 ||
11 6,000 | 0.06 | ?.172078 | .00010923 | 0.0008117 | 0.000609 | 0.000126 | S56984.801 ||
Il 6,000 | 0,061 | 9.199936 | ,00018127 | 0.001127 | 0.000844 | 0.0000?S | 52641.605 ||
Il 6,000 | 0.061 | 11.351987 | 00029090 | 0,001497 | 0.001093 | 0.000230 } 49149.727 ||
Il 6.000 | ©0.061 | 12.841615 | .0004135% | 0,00183t | 0.001341 | 0.000280 | 45652.922 ||
il 4,000 0.018]| 5.583535 | .00026250 { 0.000663 | 0.000517 | 0.000105 | 53378.531 ||
Il 4.000 | 0.016 | 7.035714 | . 00026540 | 0.0008?8 | 0.000671 | 0.000137 | 51220.64% ||
1} 4000 0.027 | 8.753327 | . 00026932 | 0.000(149 ) 0.000866 | 0.000179 | 48988.07¢ ||
1l 4.000] o0.090 | 11,471362 | 00025241 | 0.001633 | 0.00120¢ | 0.000252 | 45609.762 ||
Il 4.000 | 0.023 | 11.70(4327 | 00021610 | 0.001722 | 0.001256 | 0.000264 | 44341.668 ||
]I 4.000 | 0.015 1 12.289208 | 00019925 | 0.001821 | 0.00(343 | 0.000281 | 439008.898 ||
Il 2.000 | 0.t41 | 5.374744 | ,00037846 | o0.000687 | ©.000526 | 0.0000107 | S0007.770 ||
Il 2000 0.130 | 6.8645180 | .00038232 | 0.000910 | 0.000685 | 0.00014( | 48420.176 |}
Il 2.0001 0.123] 8.572625 | .0003818% | 0.001199 | 0.000892 1 0.000085 | 46254.977 ||
Il 20001 0,114 1 10.049613 | . 00038047 | o0.001460 | 0.001073 | 0.000225 | 44757.703 ||
Il 2.0001 ©0.108 | 12.044370 | 00037308 | 0.00(828 1 0.001353 | 0.000282 | 4270¢.027 ||
T ——— - L
. Soidp | - P Soldb e ® Gpsi
™ 6days | A 4psi 6 days ° A 4psi
% 55000} * 2psi; 3 55000 * 2psi
a a
- A @ A
8 . =) e
) A % A
g 50000} + o 1 £ sooc0} . ]
= . A § LA
8 =
= + A e 3 Ny
-1} 450001 + 1 @ 45000 + b
s A 5
+ +
40000} E 40000 |- 1
b4 P
0 . L 0 bt s
0 5 10 15 1 * 1 0?
Deviator Stress,psi Axial straln, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0,0001 MODEL: LOG (Ea) = A + B*LOG (Od) SAY Od = 8psi

() MR=K1 * 6d'@

ar
(@ MR<N1 * £a

WHEN €a > 0.0001

R*2 = 0.880 AND SEE = 0.017
{1) K1 = 77018 AND K2 = 0.212
(2) N1 » 10745 AND N2 = 0.175

MRmax = 53876 psi

USING Eq. {1): MR = 52860 psi
Q: MR < MRmax 7 ... No

MR(design) = 52,560 psi
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| | =mmmmmssmssssssessessesssm————aEE NS RS EEE EnE =SS MAS ERESARmEEEa =~ amaEEaE=EETASSTSasaaseaaEEsanans | |

RESILIENT HODULUS (MR) TEST RESULTS 11

|120i1-4we. out

SAMPLE IDENTIFICATION =

4-aet 1

1l
1 DESCRIPTION = Diat 14 - Troufs - Hopac & Farmer - 188 days 1
Il NOISTURE CONTENT = 14.1 percent 11
1 DRY DENSITY - 122 pef. 1
i PLASTICITY INDEX - 6.00 parcant 1
11 SANPLE HEIGHT = 5.640  inchea 11
1 SAMPLE DIANETER = 2.820 Inchea 1
| [ Y (ISR [SPSESIEESRET P JRSS SR PP AU IR [SS SRR [P e |
|| CONFIN. | SEATING | DEV, STRESS | PERM DEFORHATION| AXIAL DEFORNATION | STRAIN | He. 1
I (pat) | (pal) 1 (pal) ] (inch) I A (inch) | B (inch) | (in/in) ] (psl) [}l
I L T T e e B LT e EL LT FEr e | |
Il 6.000 ] =0.057 | 6.669601 | -.00005090 | 0.000529 | 0.,001043 | 0.000139 | 47852.418 ||
Il 6.000 | -0.057 | 8,617259 | -.00005020 | 0.000789 | 0.001426 | 0.000196 | 43899.316 |l
Il 6.000 1 -0.057 | 10.450962 | -.00004148 | 0.001065 | 0.001809 | 0.000255 | 410t7,96! ||
Il 6,000 | -0.057 | 12,333570 | 0.00000558 | 0.001383 | 0,002226 | 0.000320 | 38549.324 ||
{1 6,000 1 -0.057 1 13.649731 | 0.00009222 { 0.001680 | 0,0025?3 | 0.000377 | 36199.580 ||
11 4,000 | -0.042 | 5.417066 | -,00010593 | 0.000529 | 0.000984 | 0.00013¢ | 40391.898 |
Il  4.000 | -0.,051 | 7.111175 | -.00011794 | 0.000749 | 0.001319 | 0.000183 | 38786.582 ||
Il 4,000 -0.0541 8,893597 | -.00012519 | 0.001026 | 0.00(694 | 0.000241 | 36882.527 ||
Il  4.000 1 -0,053 1 11.672163 | -.00010795 | 0.001458 | 0,0022?3 | 0.000331 | 35283.711 |}
Il 4,000 | -0.054 | 14.170596 | -.00002927 | 0.001909 | 0.,002858 | 0.000423 | 33531.93 ||
Il 2,000 o0.146 | 5.537192 | -.00015005 | 0.000631 | 0.001008 | 0.000145 | 38097.227 ||
Il 2,000 1 0.139 | 7.362347 | -.00015611 | o0.000911 | 0.001377 | 0.000203 | 36300.035 ||
Il 2.000 | o0.127 | 9,.755371 | -.00015348 | 0.001312 | 0.001907 | 0.000285 | 234190.289 ||
1Y 2,000 1 0.124 | 11.929507 | -.00013717 | 0,0016475 | 0.002393 [ 0.000361 | 33082.898 1|
Il 2.000 [ 0,130 ] 14.764577 | -.00001865 | 0,002235 | 0,003072 | 0.000470 | 31383.604 ||
|| mmm—— m—— - w—a mmmaan mmmaxsan mmmmn] |
50000 T T 50000 T T
Soil 4 ® Bpsi Soil 4 . i
® 130days | A 4; 130 days b A i&:
+ 2psi + 2psi
g 46000} 1 B 45000} 1
@ b < .
32 2
2 L 3 L
E 40000 4 . § 40000 [ A 1
§ « ° . £ A e
F + & . I W4 .
g ss000f ., 4 1 £ 3s000f 2 1
. A 8
- -
30000::’ 30000;?
0 N L o‘.A’ i ‘
0 5 10 15 10 107 10°
Deviator Stress, psi Axlal Straln, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) = A + B*LOG (G SAY Od = 6 psi

() MR =K1 * gd"®
or
2 MR=N1 * Ea

WHEN Ea > 0.0001

R*2 = 0997 AND SEE = 0008
(1) Ki = 55953 AND K2 = -0,087
(2) N1 = 23316 AND N2 = -0,080

MRmax = 48747 psi

USING Eq. (1): MR = 47873 psi
Q: MR < MRmax 7 ... Na

MR(design) = 47,873 pai
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b
11vel1-3a.6ut RESILIENT NODULUS (MA) TEST AESULTS 1
" 1
1l SAHPLE IDENTIFICATION = S-opt It
I DESCRIPTION = Dist 21 - Starr - FH753 - 2 dogs 11
1] NOISTURE CONTENT = 10.40 parcent 11
Il DAY DENSITY = 124.02 pof. I
Il PLASTICITY {NDEX = 9.50 percent )
1 SAMPLE HEIONT = 8,640 Inches I
11 SANPLE DIANETER = 2,020 Inchee 11
I | [ 1 | ] | "
Il €ONFIH, | SEATING | DEU. STAESS | PEAM OEFORMATION| AKIAL DEFORMATION | STRAIR | e, I
1 (pal) | Cpal) 1 (psl) | (neh) 1 R (ineh) | B (ineh) | C/tad | (pal} ]I
n 1 | | ) | I ) 1
Il 8000 | D.0t6 | S.554183 1 D.000&048) ) 0.00142% | 0,000317 | 0,000134¢ ) 33088.%12 ||
Il 6.000 | 0.046 | 7.6500T9 | 0.00043606 | 0.001836 | 0,000575 | 0.000214 | 35780.414 |l
Il 8,000 1 0.050 | 10368821 | 0,00069416 | 0,002397 | 0.000977 | 0.000209 | 34662.32 ||
il 6.000 | 0,050 ) 12,00803 | 0.,00076158 | 0.002779 | 0.001273 | 0,0003%9 | 33704,309 (I
1l 6,000 1 0,030 13.552%90 | D,00086438 | 000341 | 0.001541 | 0.00041% | J2648.197 ||
1 4,000 | o011 I 4.9939 | 0.00055306 { 0,001270 | 0,00027S | 0.000137 | 36063.207 i
11 4000 | 0.008 1 6.402208 | 0.00053150 | 0.001569 | 0.000451 | 0,000179 | 3S7I7.527 I
Il 4000 1 0.008)  B.188511 | D.00053081 | 0.001963 | 0.000712 | 0.000237 | 34338.051 |t
1 4000 ) 0,014 2.,964760 | 0.000346M | 0,002340 | 0,000007 | 0,000208 [ 333,440 |}
1 4,000 | 0.008 | 11.64%100 | 0.000%4229 | 0.002740 | 0.001304¢ | 0.0003%3 | 32483.94% )]
Il 4.000 | ©0.008 | 13,052425 | 0.00086395 | 0,003077 | 0.00133 | ©0.000413 | 31594.02 |
Il 2,000 | 0,182 | 5.557608 | 0.00027666 | 0,001388 | O0.000414 | 0.00018D | IT.OM |
112,000} B.a7T1 | 7,217831 | 0,00025467 | 0.0017T&} | 0,000665 | 0,00021S | 13005,570 |l
11 2000 [ 0,181 | 9.0TT022 | 0.00023381 | 0.,002181 | 0,000981 | 0.000219 | 32507.%51 |1
112,000 ( 0.146 | 10,7771S4 | 0.00022401 | 0.002580 ) 0.001257 | 0.000M0 | 31652,380 ||
Il 2,000 | 0.148 | 12.25997¢ | 0.00022765 | D.092938 | 0.001546 | 0.300397 |  30852.79% |l
12,00 1 0,143 | 13704811 | 0.0002¢894 | D0.003319 | 0.00184¢ | 0.000438 | 29939503 ||
1 "
40000 . v 40000
Soil 5a Soilsa | ® 6psi
2days 2 days A 4pe
2 2 o
g a
5 A.A - 4 bA.
é 35000 | + A ® . g 35000 + .. 1
c
S + [ ] r= + e
5 4 § A
& + A e = + A®
* A & +A
+* +*
P P
o i i 0 A' A A " e
0 5 10 15 o ¢ 10 10
Deviator Stress, ps Axial Straln, inchinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN €a £0.0001 MODEL: LOG (Ea} = A + B *LOG (Od) BAY Od = 8psl

(1) MR=K1 * 0d*@

or
{2) MR=N1 * Ea

WHEN E€a > 0.0001

R*2 = 0882 AND SEE = 0.008
(1) K1 = 44415 AND K2 = -0.128
{2) N1 = 13421 AND N2 = -0.1118

MAmax = 37594 psi

USING Eq. (1): MR = 35445 ps/
Q: MR < MRAmax ? ... No

MR(dealgn) = 35,445 pel
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RESILIENT MODULUS (MR) TEST RESULTS

1 SANPLE IDENTIFICRT |OH

il DESCR!PTION
tl MO ISTURE CONTENT
I ORY DEHSITY
il PLASTICITY IHOEX
I Liguip LT

S - 96 days

Dist 21 - Stare - FA?38 - apt - 1/9
10.40 percont

120,74 pef.
9.50 percont

25.00 percont

I SRNPLE HEIGHT = 5.64%0 Inchos
11 SANPLE OIANETER = 2,855  Inches

] I I I
I| CONFIHE | SEATING | DEVIA STRESS | PER OEFORMATION | RXIAL DEFORMATION | STRAIN [ ne. I
I tesl) | dpst) | (psl) | (inch) I R{inch) | 8 (lnch) | (infiny | (s 1]
1 | == ! 1 | | | I
11 6.000 | ©0.15 |  4.789862 | 0.00007345 | 0.000435 | 0.000656 | 0.000097 | 49522.873 1
Il 60001 0,132 6482950 | 0.00010405 [ 0,000607 | 0.000889 | 0.000133 | 488T7.25¢ ||
11 6.000 | ©0.104 | 8.206419 | 0,00013052 | 0.000803 | 0.001174 | 0.000175 | 46872.293 ||
[l 6.000 | ©0.0S0 | 9.971157 | 0.00015820 | 0.000999 | 0.0014T2 [ 0,000219 | 45511.625 1|
Il 6.000 | -0.020 | 11.941765 | 0.00019583 [ 0.001242 { 0.001795 | 0,000269 ) 44351.757 1|
Il 6.000 | -0.025 1 14.1115635 1 0.00029420 | 0.001544 | 0.002187 [ 0.00033 | 42569.168 1|
1l 4.000 | 0.3 (  4.815045 | 0.00009202 | 0.00044¢ [ 0.000677 | 0.0000%9 | 48502.035 ||
1l 4.000 1 0,350 |  6.593239 | 0.000D5¢40 | 0.000631 | D.000936 | 0.000139 | 47485.082 |
]I 4.000 | 0,30 |  8.335535 | 0.00008136 | 0.0008¢1 | D0,000243 | 0.000185 | 45104.488 |)
Il 4.000 | ©0.224 { 10.187450 | 0.00007107 | 0.D010%0 | 0.001566 | D.00023¢ | 43585.117 1)
[l 40001 ©0.143 | 12.038582 | 0.00006679 | ©.001285 | D0,001868 | 0.000280 |  43068.820 ||
Il 4.000 | 0,086 | 14020643 | 0.00009521 | O0.001585 | 0.002256 | 0.000341 |  41195.496 ||
Il 2.000 1 ©.538 |  4.859347 | -,00004964 | D.000464 | 0.000712 | D.00010¢ |  4627.141 ||
Il 2000 O0.510 1 6.659483 | -.00006576 | D.0U0S58 | 0.000974 | 0.000145 |  46036.941 |
Il 2.000 | ©0.462 | 08.409126 | -.00008170 | 0.00D874 | 0.001299 | 0.000183 |  43859.109 1
11 2,000 ( 0,365 | 10,3000% | -.00009931 | 0.001103 | 0.001623 | 0.000242 | 42620.949 ||
Il 2,000 | ©.278 1 12.15793) | -.00010495 | 0.001343 | 0.001943 | ©0.000291 |  41866.410 ||
11 2,000 1 ©.226 1 14,15695 | -.DO0OSSS3 | 0,001620 | 0.002334 | 0.000351 |  40293.656 |1
I "
50000 T T 50000 T —~—r
) i ) i
* . 5ois 3 Hs Soil § . 3 o
A 96 days 2psi days A 2 pal
@ ]
a A a A
E] + * E] + ®
3 + = +
§ . § .
45000 | A 1 45000 | A 4
3 [} = [}
& 5 +a
2 A K a
2 + . 2 ‘e
+ +
A
40000 * 400001 *
-« ";n
o . [ O ¥ '.-&‘ i i
0 5 10 15 109 10 10°
Deviatar Stress, psi Axlal Straln, Inctvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea < 0.0001 MODEL: LOG (€a) = A + B*LOG (Od) SAY Od = 8psi

(1) MR=K1 * od®®

or WHEN Ea > 0.0001

@) MR=N1 * €a "2

R*2 = 0973 AND SEE ~ 0016
(1) K1 = 85825 AND K2 = -0.138
(2) N1 = 17148 AND N2 = -0.121

MRmax = 52381 psi

USING Eq. {1): MR = 51409 pai
Q: MR < MRmax ? ... No

MR{design) = 51,409 pal
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RESIL1ENT NODULUS (MR) TEST RESULTS

I i1
I 11
1 I
11 SANPLE IDENTIFICATION = Soill 6 - apt - replicate I
11 DESCRIPTION = Dlat 5 - Hackley - US62 - 2 days |
I MOISTURE CONTENT = 11,60 percent 11
11 DRY DENSITY = 120.61 pcf. I
1 PLASTICITY INDEX = 15,00 percent I}
1 LIQUID LIMIT = 30.00 percent 11
I SANPLE MEIGKT = 5,710 Inches 11
1 SANPLE DIAMETER = 2.840  inches 11
||--- |- |--- | | | |--- ||
]| CONFINE | SEATING | DEVIR STRESS | PER DEFORMATION | AXIAL DEFORMATION | STRAIN | Hr. 11
Il (pel) | (pal) | (pel) | (Inch) | A (inch) | B (inch) | (In/In) | (pal) Il
I | |umsssessnmmnna | mm— |wensnnnaane| suumn| i mmmwm | |
Il 6,000 | -0.009 | 4.186598 | -.00006168 | 0.00052% | 0.0007I5 | 0.000109 | 38448.34¢ ||
|| 6.000 | -0.009 | 6.200547 | -.00004740 | 0.000857 | 0.001042 | 0.000166 | 37299.586 ||
11 6.000 1 -0.011 | 8.007109 | -.00002838 | 0.001210 | o0.001380 | 0.000227 | 35307.371 ||
11 6,000 { -0.014 ) 9.792603 | -.00003811 | 0,00159¢ | 0.001766 | 0.00029¢ 1 33281.465 ||
Il 6.000 | -0.013 | 11.879113 | 0.00004325 | 0.002042 | 0.002205 | 0.000372 | 31943.820 |{
Il 4.000 ) 0.126 | 3.806465 | -.00014906 | 0.000523 | 0.00067% | 0.000105 | 36396.387 ||
{1 4.000 | 0.083 1| 5.961326 | -.00016887 | 0.000877 | 0.001020 | 0.000166 | 35891.250 |
1l 4.000 | 0.073 | 7.75416 | -.00016992 | ©0.001216 | 0.001356 | 0.000225 | 34379.781 ||
11 1.000 | 0.067 { 9.509377 | -.00016530 | 0.001603 | 0.00¢723 | 0.000291 | 32655.176 ||
I 4.000 1 0.064 1 11.10995 | -.00016970 | 0.001943 | 0.002055 | 0,000350 | 31728.877 ||
Il 2.000 | 0.306 | 3.843450 | -.00036223 | 0.000569 | 0.000667 | 0.000108 | 35502.574 ||
11 2,000 | 0.265 | 6.242211 | -,00037153 [ 0.000981 | 0.001063 | 0.,000179 | 34866.707 ||
Il 2,000 | 0,243 | 8.045964 | -.00037170 | 0.001342 | 0.001409 | 0.000241 | 33403.738 ||
Il 2.000 0,222 | 9.993905 | -.00036343 | 0.001?55 | 0.001813 | 0.000312 | 31987.176 ||
Il 2,000t ©0.210 | 12.131911 | -.00034601 | 0,002238 | 0.002281 | 0.000396 | 30644.773 ||
| L wmn wmma |
40000 T T 40000 r . ‘
Soie | % ggg Soie | % )
o 2days |+ 2psi o 2days [+ 3o
2 . z .
5 A 2 a
S A A
+ - + -
§ 35000 | + 1 g 35000 - -+ b
= A
=
Ig + . 5 +o
& [ A k: a
L d A '] 0‘
-+ *
<> -
0 3 L 'A'A‘ 'y i
0 5 1 15 . 10°% 10* 10
Deviator Stress, psl Axial Straln, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea < 0.0001 MODEL: LOG (Ea) = A + B*LOG (Od) SAY Od = 6psi

) MA=K1 * Gd"2

Nz WHEN £a > 0.0001

of
() MR=N1 * Ea

R*2 = 0.975 AND SEE = 0.020
(1) K1 = 42812 AND K2 = -0,062
(2) N1 = 22831 AND N2 = -0.059

MPRmax = 39308 ps|

USING Eq. (1): MR = 38285 psi
Q: MR < MRmax ? ... No

MRidesign) = 38,285 pel
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RESILIENT NODULUS (MR) TEST RESULTS

SANPLE HEIGHT
SANPLE DIARETER

= 5.700 Inches
= 2.840 inches

SANPLE IDENTIFICATION = soll 6 - opt - replicote

1

Il DESCAIPTION = Dist S - Hockley - US62 - 6 doys
1 NHOISTURE CONTENT =  11.60 percent

11 DAY DENSITY = 120.61 pcf.

11 PLASTICITY INDEX = 15.00 percent

I LIQUID LIRIT = 30.00 percent

1

Il

| | |
11 COMFINE | SEATING | DEVIA STRESS | PEA DEFORMATION | AXIAL DEFORMATION | STRAIN | e, 1
11 (psl) | (pst) | (psl) | (Inch) I A (inch) | B (inch) | (inZin) | (pal) 1]
I | Ja =us| | | | | 1
Il 6.000 | -0.015 | 3,756375 |  0,00000883 | 0.000349 | 0.000500 | 0.0000?S | 50412.559 ||
Il 6.000 | -0.017 | 5.647670 |  0.00007981 | 0.000561 | 0.000728 { 0.000113 | 49953.820 |}
Il 6.000 | -0.017 | 7.666301 | 0,00020070 | 0.000809 | 0.000959 | 0.000155 | 49429.676 |1
Il 6.000 | -0.017 | 9.285137 |  0.00031151 | 0.001069 | 0.001228 | 0.000201 | 46097.098 ||
Il 6,000 | -0.019 | 11.033180 | 0,00045322 | 0.001350 | 0.001503 | 0.000250 | 44091.918 |}
1l 4.000 | 0.140 | 3.831278 |  0.00020479 | 0.000390 | 0.000499 | 0.000078 | 49141.965 ||
Il 4.000 1 0.114 | 5.953367 |  0.00020311 | 0.000646 | 0.000744 | 0.000122 | 48832.102 ||
{| 4.000 | 0.0931 7.655065 |  0,00020453 | 0.000878 | 0.0009?3 | 0.000162 | 47136.355 ||
1{ 4,000 | 0.083 | 9.258453 |  0.00020888 | 0.00t116 | 0.001213 | 0.000204 | 45329.027 ||
Il 4.000 | 0.071 1 11.,253207 | 0.00022992 | 0.001434 | 0.001524 | 0.000259 | 43377.641 ||
11 4.000 1 0.066 | 12.449780 | 0.00026883 | 0.001634 | 0.001?19 | 0.000294 | 42328.844 ||
Il 2.000 | o0.278 | 3.906181 |  0.00002539 | 0.000439 | 0.000518 | 0.000084 | 46536.871 ||
Il 20001 0.255 | 6.203825 |  0.00000587 | 0.000727 | 0.000792 | 0,000133 | 46559.422 ||
Il 2.000 | 0.234 | 8.138187 | -.00000688 | 0.001011 | 0.001069 | 0.000183 | 44588.051 ||
Il 2.000 ] 0.216 | 9,641863 | -.0000032( | 0.001251 | 0.001292 | 0.000223 | 43220.277 ||
Il 2,000 | 0.198 | 11.80795? | 0.00000576 | 0.001600 | 0.00162¢4 | 0.000283 | 41762.879 ||
LL i1
55000 - v 55000 - -
Soil 6 ® 8psi Soil 6 ® 6psi
6days | A 4§i 6days | A 4335
+ 2psi — + 2psi
= >
a (-8
¢ 50000 [ e . g 50000 [ ® e 1
3 A . 2 A .
] A .g A
-
g A % A
= * + ° r + + .
g a 2 A
= 45000 | . 1 % 45000 | . L
1 . E °
@ + A +A
A A
+ +
40000 | 1 40000 _| E
P =
o 1 s o 'l\' 1 1
0 5 10 15 10°% 10* 10°
Devlator Stress, psi Axlal Strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN E€a <0.0001 MODEL: LOG (Ea) = A + B*LOG (Od) SAY Od = 6psi

(1) MR=K1 * 64"

or WHEN Ea > 0.0001

@ MR=N1 * £a "2

R*2 = 0.974 AND SEE = 0.020
(1) K1 = 61855 AND K2 = -0.097
(2) N1 = 23333 AND N2 = -0.088

MRmax = 52655 psi

USING Eq. (1): MR = 51993 psi
Q: MR < MRmax ? ... No

MR(design) = 51,993 pei
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RESILIENT MODULUS (MR} TEST RESULTS

1 SAMPLE IDEWTIFICATION = 6 - 71 days "
{1 DESCRIPTION = Dlot 9 - Hockloy - US62 - opt 1
11 MOISTURE CDHTEMT = 12.10 porcent "
11 DRY DENSITY = 118.95 pef. 1]
11 PLASTICITY IRDER = 15,00 percent "
11 Lewp LmT = 30.00 percent "
I SAMPLE HEIGNT = 5,640 Inches 1
11 SANPLE DIAMETEA = 2.850  inchos 1
1 1 1 I I 1 [ I
|1 CONFIHE | SEATING | OEUIA STRESS | PER DEFORMATION | "AKIAL DEFOAMATION ] STARIM | LI |
1T dpai) | [Ipat) | {p2l) i {Inch) I A{lnch) 1 B {Inch) | {Infin) ] {pal) 11
1 I I I 1 1 ] 1 1
Il 6.000 { .481 1 4.557518 | -.D00O39?9 [ 0.000377 | 0.000364 ) D.000056 |  69301,3%2 11
1l 6.000 1 0.398 | 6.363509 | 0,00001604 | 0.000521 [ 0.000504 [ 0.000091 | TO043.727 ||
Jl 60001 03351 8.107211 [ 0,00009263 | 0.000680 | 0.00055) | 0.000118 |  68%88.227 i
Il 6.000 | o0.211 1 10.182361 | 0,000190¢6 | 0.000863 | 0.00084) | 0.000151 | 67363.711 11
11 6,000 -0,022 | 12,422990 | 0.00025388 | 0.0D1069 | 0.001035 | 0.000187 |  68%94.516 |1
Il 6.000 | -0.023 | 14.180141 | 0.00038600 [ 0,0012¢40 [ 0.00125) | 0.000221 | 64150.99 ||
11 40001 0.263 1 5.229709 | 0,00021416 | 0.000431 | D.000411 | 0.00007S |  70051.148 ||
Il 40001 0.223 | T.045929 | 0,00021327 | 0.000591 | 0.00055¢ | 0.000102 | 89361.742 I
Il 40001 0.180 |  8.754300 [ 0,00021501 | 0.000749 [ 0.00709 | 0.0001z9 | 6TT17.73¢ Il
Il 4000 1 0.095 ) 10,625372 | 0.00021053 | 0.000927 [ 0.000878 | 0,000160 | 68377.852 ||
Il 4000 1 0.934 | 12.744219 | 0,00021396 | 0.001132 | D.001087 | 0.000197 | 64748.559 ||
I 4000 1 0.018 | 14.509488 | 0.00023550 | 0.001309 | 0.001282 | 0.000230 | 63546.289 [
[l 2,000 1 0.305 |  4,927083 | D.00012274 | 0.000426 | 0.000393 | 0,000073 | 678085,102 ||
11 2,000 | 0,33 | 7.0012) | 0.0001037S | 0.000616 | 0,DADS66 | 0.000105 | 87060,180 ||
1l 2.000 1 0.263 |  8.848202 | 0.00009307 | 0.000789 | 0.0007i4 | D0,000133 | 66432.422 |l
[l 2,000 0.208 1 10.783426 | 0.0000839¢ | 0.000973 | 0.000905 | 0,030167 | 64759.41¢4 ||
Il 20001 0.167 | 12,867409 | 0.00008252 | 0.001792 | 0.001123 | 0,000205 | 62710172 ||
]I 20001 O0.15( ] 14.797053 | 0.0000883% | D0.001369 | D0.001299 | 0.030237 |  62566.48¢ ||
I 1
75000 r v 75000 r Y
Soil 8 ® 8psl Soil 8 ; 8paj
71 days i 7 4 psi
day Q 3&‘. _ days 2psi
2 4
- N A e - . L Ae e
§ 70000 . N g 70000 o A
= - 8 -
+ + A
§ + 4 . § e
— + A . € +A®
-]
'§ 85000 -+ A E = 65000 | +A 1
2 . 4 .
4 A o A
+ - +4
60000 } g 80000 | g
?: 2
2 Ta
o R N 0 Lhow R
0 5 10 15 T 10 10
Devlator Stress, psi Axial Straln, Inchfinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) » A + B*LOG (Gd) SAY Od = Bpsi
MR . K2 R*2 = 0.997 AND SEE = 0,005 USING Eg. (1): MR = 70100 psi
(1) MR =K1 % Gd™  HEN E£a» 00004 (1) K1 = 85520 AND K2 = 0.111 0: MR < MRmax 7 ... No
MReN1 * £a ™2 g (@) N1 = 27505 AND N2 = 0,100
& MR = MRmeax = £9019 pei MR(design) = 69,019 pal
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oll=?a.0ut RESILIENT MODULUS (MR) TEST RESULTS

SRAMPLE IDENTIFICATION = 7-opt

I Il
1 H
Il Il
I I
Il DESCAIPTION = Dlet 4 - Potter - Spur 951 = 2 days Il
Il MOISTURE CONTENT = 16,50 percent Il
[ DAY DENSITY * 106,40 pef, I
Il PLASTICITY IMDEM = 20,40 percent I
I SANPLE HEIGHT = 5,463 (nches Il
Il SANPLE DIAMETER = 2.840  Inches 11
1 | uem| s | sasans|neann ] 11
|| CONFIM. | SEATIHG | DEU. STRESS |PEAM DEFORHATION | RANIAL DEFORNATION | STRAIN | LI 11
” (pel) | (pel) i {pel) : {inch) | A (inch) | B {inch) | {In/ln) : {pei) ”
| == |
11 6,000 | (112 ] 3.451614 | -,0000512¢ | 0.000328 | 0.000794 | 0.000099 | 34848,293 ||
Il e6.000 | 0,927 ] 6.204291 | ~-,00008780 | 0.000633 | 0.00152¢ | 0.000191 | 32321,%?2 ||
Il 6,000 | 0.632 | 9.162016 | ~,00013598 | 0.001006 | 0,002418 | 0,000302 | 30321,2¢42 |}
Il 6,000 | 0.492 | 11,339261 | -,00010694 | 0,001316 | 0.,003167 | 0.000998 | 20704.621 ||
It 6,000 | 0,309 | 13.104242 | -.00005144 | 0,001641 | 0.00383% | 0,000483 | 27111.254¢ ||
i1 4,000 | 1,277 | 3.808189 | -.00017047 | 0.000873 | 0,000906 | 0.000113 | 33693.617 ||
Il 4,000 | 1.078 | 5.914043 |  -,00029062 | 0.0006f2 | 0.001502 | 0.000187 | 31704.46% ||
11 4.000 | 0,870 1 8,277695 | -.00027623 | 0.000012 | 0.00223% | 0,000278 | 29761.892 ||
Il 4,000 | o0.610 | 11,285042 | «.00033%63 | 0.001364 | 0.003246 | 0,000407 | 27731.593 ||
Il 4.000 | 0.454 | 19.146844 |  ~,00034067 ] 0.001605 | 0.003904 | 0.000493 | 266%4.311 ||
I 2,000 | 1,379 | .71 | -,00044119 ] 0.000379 | 0,000937 | 0.,000tt6 | 933s8.055 ||
Il 2.000 | 1,154 | 6,630260 | =,00049544 | 0.000715 | 0.001759 | 0,000218 | 30401.693 ||
Il 2,000 { 0.929 | 9.21911 | -,00054532 | 0,001071 | 0.002591 | 0.000323 | 20925.3%0 ||
Il 2.000 | 0.694 | 1, 770971 | ~,00060482 | 0,001466 | 0.003462 | 0.000433 | 27060.646 ||
“ 2,000 | 0.871 | 13.419308 | -,0006170¢ | 0,001774 | 0.00406t | 0,000514 | 26099.244 ||
esanm mmmen||
28000 - v 25000 . v
Soll 7a ¢ gpsi Soll 7a ¢ gpal
4 2days | o Apal 2daye 4 A 4psi
- + 2pei ° + 2mai
i . E a
i | g
+ [ ] +
g o0 A 1 E 30000 | N ;
5 + e +®
g A A
[
. 2
+ +
25000 ) 25000 F J
L &
[ A e 0 L N
° 5 10 15 10* 10* 10°
Deviator Strees, psl Axjal Straln, inctvinch
ANALYSIS OF ARESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea £0,0001 MODEL: LOG (Ea) = A + B*LOG (O SAY O = Bpal

YK A*2 = 0.908 AND SEE = 0,007
(D MR=K1* 0d™ e £a» 0.0001 (1) K1 = 44044 AND K2 = -0.189
(2) MA = N1 'E&Nz (2) N1 = 8040 AND N2 =« 0.1%9
MRmax = 34782 psi

USING Eq. (1}): MR = 31384 psi
Q: MA< MRmax ? ... No

MR{design) = 31,384 pel
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ool 1=Th, sut RESIL IENT MODULUS (NP} TEST RESULYS
SRMPLE IDENTIFICATION = 7
DESCRIFTION s Dist 4 - Potier ~ Spur 951 » 6 daye
NOISTURE CONTENT = 16,50 percent
DAY DEHS|TY = 106,40 pef.
PLRSTICITY IMDEY = 20,40 parcent

SAMPLE HEIGHT = 5,668  inches
SANPLE DIANETER = 2.340  inchas
i

|
PEAN DEFORMATION]  ANIAL DEFORMATION

I I
i H
i I
H Il
1l I
H {
I |
I 1l
1l H
{1 i
t | i i i 1
f1 COMFIM. | SEATING | DEV. STRESS | i steAIn | ne I
I (pal} | (pet} | (ps} | (inch) I A Cinehy | B (Inch) | (inZin) | (pel) 1
H i | | I i | { 1
Il 60001 0,946 1  2.937%9¢ | 0.00020596 | 0.000209 | 0.0008578 | 0.000070 | 42256.33¢ ||
Il 60001 o0.778 | %.466032 | 0.0002%¢50 | ¢.000431 | 0.001157 | 0.000140 | 36984.288 ||
i1 6000 { O0.674 1 7,005808 | 0.00029558 | 0.000588 | 0.001%46 | 0.000188 | 37651.320 ||
11 so000} 0,492 ] 9.087882 | 0.000%3200 | 0.000819 | 0.002090 | 0.000257 | 35397219 ||
Il 6000 ) 0,324 1 11,139918 | 0,00038613 | 0,0000% | 0,002670 | 0,000330 | 233T48.883 ||
I 4000} 0.9051  5,807870 { 0,00002498 | 0,00033 | 0.000772 | 0.0000%8 | 39007.382 ||
Il 4.000 1 0,87 |  ®.291801 | 0,00001393 | 0.000474 | 0.001103 | 0,000139 | 38028.784 ||
Il 4000 F 0,762 ] 7.092435 | 0,00000062 | 0.000653 | 0.00133¢ | 0.000159 | 3sS0E. 6 ||
Il 4.000 ] 0.616 | §.00289% | -.00001540 | 0.000876¢ | 0.00207% | 0.000260 | 34872.184 il
I 4.000 | 0.436 | 11.2213M4 | ~-.00002128 | 0.00i126 | 0.002630 | 0.000392 | 33847.223 |l
It 2.000 | t.140{ 3.644021 | ~.0002931) | 0.000313 | 0.000748 | 0.000084 | 3&sf3.883 |
[1 2000 t.084{ 9$.59998 | ~.00027%66 | 0.0004%0 | 0.001182 | 0.000148 | 3734%.988 ||
[t 2000 0,945  7.367626 | ~.00029344 | 0.00067T | 0.001633 | 0.000204 | 36150,340 ||
1l 20001 0.767 | §,202927 | ~.00082233 | ©,000903 | 0.002162 | 0.000271 | 34308.422 ||
lll 2,000 | 0,622 | 11,255%48 | ~,00033430 | 0.001113 | 0.002667 { 0.000336 | 3MMT.128 |]
] M awanEn 11
45000 v 48000 Y v v
8ol 7b LT Sofi7e | ® apel
pel
1 g
o« 30000 - i 40000 4
3 4 3 L
E A-Q» . g &c
LA : A
% 4
m.; - m( o
-y >
4] Py i g Laa— "
o 5 10 16 1w0* w 107
Deviator Strass, psl Axial Strain, nchvinch
ANALYSIS OF REBULTS
EXPRESSIONS STATISTICS APPLICATION
MR « MAmax WHEN Ea x 0.0001 MODEL: LOG (E8) = A + B *LOG (Od) BAY Od = 6 pal
- . K2 R*2 = 0,003 AND SEE = 0.008 UBING Eg. (102 MA = 37211 pai
MR !;} Od WHEN Ea s 6.0001 (1) K1 = 48205 AND K2 « -0.147 O: MR« MAmax? ... No
@) MH«N1 * g2 {2 N1 = 12178 AND N2 « -0.128
MRmax = 35556 psi MRidesign} = 37,211 pal
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RESI(L {ENT MODILUS (MR) TEST AESULTS

11 SAMPLE (DENTIFICATION = 7 - 60 days 1
11 GESCRIPTION = Diat 4 - Pettor - SpurdS1 - ept I
11 N0 | STURE CONTEMT = 17,00 porcent "
|1 DRY DENSITY = 107.00 pef. n
J1 PLASTICITY IKDER = 20.40 percent "
I Liguio LiAiT = 37.60 porecent I
Il SANPLE HEIGHT = 5,630 Inches 1l
Il SAMPLE OIRMETER = 2,855 Inches 1
1 | | | | | I 1
|| COMFIME | SEATING | OEVIA STRESS | PER OEFORNMATION |  RAKIAL OEFORMATION | STRAIN | ftr. I
11 (osl) | (pal) | {psl) 1 {Inch} 1 A Cinch) | 8 {Inch) 1 UIn/In} | (psl) 1
1 } | | [ | | ! 1
il 6000 ) o0.7921 3.35284T0 | -.00002941 | 0,000547 | 0.000422 | 0.000086 | 41027.840 ||
Il 6,000 ©.770 | 5.36/495 | -,00000603 | 0.000817 | 0,000653 | 0.000131 | 41068,238 [|
il 6.000 ) ©0.552( 7,763375 | ©0.00002737 | 0.001196 ] 0.001002 | 0.000195 | 239766,500 |f
il 8,000 1 0.310 | 10.477940 | D.DOO0A21) | 0.00164% | 0.001444 | 0.000273 | 38140.941 1|
It 6,000 1 0.148 | 12,257691 | 0,00013392 | 0.00197 | 0.001765 | 0.00033 | 36981.3%9 ||
1| 60001 0.032 | 13,860951 1 0,00019189 | 0.002238 | ©0.00210) | ©.00038% | 25971.0%% )
11 4,000 | 0,943  3.509940 | 0,00000326 | D0.000572 | 0.000451 | 0.000091 | 38601.480 ||
Il 4.000 | 0.863 1} 5.887732 [ -.00000763 | 0.000927 | 0.000785 ] 0.000152 | J38711.223 ||
Il 4,000 | 0.737 ) 8.205301 | -.00002688 | 0.001304 | 0,001158 | 0,000219 | 3752¢.313 |]
11 4,000 | ©0.592 | 10,293571 | -.00004667 | 0.001630 | 0.0DIS24 [ 0.000280 | 36755.047 ||
Il 4,000 1 0.352 ] 12.952774 | -.00008728 [ 0.001994 | 0.091938 | 0.000349 | 35944.136 ||
[l 40001 0.258 [ 14,20801 | -.00007126 [ 0.002283 | ©0.002277 | 0.000403 | 35078.508 |
Il 2.000 | 1.042 1  3.665587 | -.00015358 | 0.000589 | 0.000497 | 0.000096 | 37999.336 ||
]I 28001 1.002 | 5.661208 | -.00015665 | 0.00089¢ | 0.00077TT | ©.000149 | 38095.781 ||
Il 20001 ©0.900 | 8.059014 | -.00017004 | 0.001267 1 0.001188 | 0.0002(8 | 36987.379 ||
)] 2,000 f 0,788 | 10.353519 | -,00019517 | 0.001635 | 0.001614 | D.000289 1 35914,961 ||
[1 20001 0,570 | 12,533782 | -.00022576 | D.001%87 | 0,002018 | 0.000356 | 35240219 ||
11 2,000 0.436 | 14398765 | -.00023843 | 0.002303 | 0.002396 | 0.000417 [ 34503.9T3 (|
11 T}
45000 T T 45000 T Y
Seit 7 ® ¢ poi Soil 7 ® gpsi
6days |A 4psi 69 A 4psi
E. + 2psi B + 2psi
> . . a T ]
5 40000} . 1 é 40000 [ . 4
35
A
i T, i iy
— f A [ ] — eA.
s + A . 5 Py
= N p = L +A o
g 00 4 g = :
x
¥ 7
a 1 4 o Laa.a 2
0 5 10 15 108 10 10?
Deviator Stress, psi Axial Strain, inchfinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN Ea <0.0001 MODEL: LOG (€a) = A + B *L0G (Od) BAY Od = 6psi

{1) MR=K1 * gd*?

o
(@) MR=N1 * €a 2

WHEN Ea > 0.0001

R*2 » 0.985 AND SEE = 0.007
(1] K1 = 48414 AND K2 = -0.118
(2) N1 = 15487 AND N2 = -0,108

MRmax = 40986 psi

USING Eq. (1): MR = 39183 psi
Q: MR < MRmax ? ... No

MR(design) = 39,183 pel
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RESILJENT MOOULUS (MR) TEST RESULTS

MRmax = 14568 psi

MR{design) = 6,714 pal

1 SANPLE (OENTIFICATION = Soll 7 - wet
Il OESCRIPTION = QOist 4 - Potter - Spur 951 - 2 days
il MOISTURE CONTERT = 22.10 percent I
I ORY OEMSITY = 103.24 pef. H]
1 PLASTICITY INOEX = 20.40 percent 1l
Kl LigQulo LIMIT = 37.60 percent "
11 SANPLE HEIGHT = 5.670  Inches 1l
11 SANPLE OIAMETER = 2,840  inches il
I(RELLLLI T |---------|------..-....-|--- |o= mnmwwm] ] I
|1 CONFINE | SEATING | OEVIA STAESS | PEA OEFORMATION |  AX)AL OEFORMATION | STRAtN | nr. 11
11 (pal) | (psi) | {(psl) | (inch) ] A {ilnech) | B (inch) | C(in/tn) | (psi) 1
1 | 1 | senmmmm| mmmen| «| |--------------| ]
Il 6.000 | -0.017 | 2.501285 | 0.00125516 | 0.001145 | 0.001193 | 0.000206 | 12130.272 ||
Il 6.000 | -0.018 | 4.388367 |  0.00144351 ] 0.002114 | 0.002277 | 0,000387 | 11332,345 f{!
Il 6.000 | -0.018 { 6.041848 |  0.00240127 | 0.003372 | 0.003829 | 0.000635 |  9515.168 ||
1l 6.000 | -0.018 | 7.508069 |  0.00411021 I 0.005113 | 0.005982 | 0.000978 | 7673.385 ||
1l 6,000 | -0,019 [ 9.250027 |  0.00816527 | 0.,008261 | 0.009974 | 0.001608 | 5752.23 ||
11 4.000 | 0,137 | 2.578997 |  0.00569135 | 0.001473 | 0.001658 | 0.000276 | 9339,805 ||
Il 4,000 | 0.079 | 4,524598 |  0.00564585 | 0.003114 | 0.003666 | 0.000598 | 7568.167 ||
Il 4.000 | 0.044 | 6,371887 |  0.00569712 | 0.005223 | 0.006349 | 0.001020 | 6244.565 ||
1l 4.000 1 0.042] 7.558160 | 0,00584011 | 0.006847 | 0.00832¢4 | 0.001338 | 5649.743 ||
Il  4.000 | 0.037 | 9,009402 | 0.00637538 | o0,00912¢ | 0.011133 | 0.001786 | 5044.364 ||
11 2.000 | 0,254 | 2,677307 |  0.00497507 | 0.001647 | 0.001866 [ 0.000310 | 8642.844 |
Il 2.000 | 0,183 | 4,53864( | 0,00491984 | 0.003450 | 0.004106 | 0.000666 | 8811.406 ||
Il 2.000 | o0.160 | 6.370950 |  0,00493535 | 0.005836 | 0.007155 | 0.001146 | 5561.12¢4 ||
11 2.000 | 0.149 | 7.857771 | 0.00504014 | 0.008017 1 0,009843 | 0.001575 | 4988.989 ||
Il 2,000 | 0,139 | 10.131069 | 0,00657587 | 0.012577 | 0.015538 | 0,002479% | 4086.319 ||
T —— |
15000 T T 15000 T T
Soll 7 ® Bpsi Soil 7 ® Gps
2days | A 4psi 2days | A 4psi
_ ° + 2psi _ + 2psi
a * a8 ¢
5 10000 | A . - 5 10000 a . 1
+ 3 *
g A . § A ®
- + - +
£ A
2 + A © é A
s S0 | + A 1 5000 | -
g . E: .
1] " i 0 'A‘_ A i
] 5 10 15 104 107 10°
Deviator Stress, pal Axial Strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (€2) ~ A + B *LOG (Od) SAY Od ~ 6psi
(1) MR~K1 * oL R*2 = 0.838 AND SEE = 0.055 USING Eq. (1): MR = 6714 psi
or WHEN Ea s 0.0001 (1) K1 = 17899 AND K2 = -0.547 0: MA < MAmax ? ... No
(2)MR-N1'EAN2 {2 N1 = 561 AND N2 = -0.354
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RESILIENT MODULUS (MR) TEST RESULTS

SANPLE HEIGHT = §.800 (nches
SRHPLE DIANETER = 2,840  [nches

SANPLE JDENTIFICATION = Soll 7 - wet

DESCRIPTION = Diet 4 -~ Poller - Spur 951 - & daye
HOISTURE CONTENT = 20,00 percent

DRY DENSITY = 1041.10 pef,

PLASTIC(TY INDEX = 20,40 percent

LIQUID LINIT =« 37,640 percent

Il 1
I 1
il H
1l 1
Il 11
1 11
I 11
I 1
Il 11
I I
I I
||==mnmmmnn | | sus| us| | walw | {
|| CONFINE | SEATING | DEUIA STRESS | PER DEFORMATION |  AXIAL DEFORHAT|ON |  STRAIN | fe. 11
It (pst) | (pei) | (pol) | ¢ Inch) I AR (inch) | B {Inch) | ¢CIn/ln) | (pel) I
1l | wem| v|wuuas | 1} e ] 11
Il 6.000 | 0.304 | 2.299516 |  0.00009584 | 0.000948 | 0,000873 | 0,000157 | 14649.418 ||
Il 6.000 | o0.204 | 1.573284 | 0.00123197 | 0.002247 | 0.001928 | 0.000380 | 12707.851 ||
Il 6.000 | 0.176 | 5.620884 | 0.00241356 | 0.003215 | 0.002704 | 0.000510 | 11408.521 ||
Il 6.000 | o0.148 | 7.579694 |  0,004008025 | 0,005018 | 0.004064 | 0,000703 | 9680.044 ||
Il 6000 1 0.095 ]| 9.154525 |  0,00894778 | 0.007231 | 0,005655 | 0.00111) | 8210,875 ||
Il 4.000 | 0.556 | 1.971016 | 0.00801774 | 0,001005 | 0.00008] | 0,000161 | 12253,563 ||
Il 4,000 | 0.189 | 3.646361 | 0.00794883 | 0,002100 | 0,001737 | 0,000331 | 11021,468 ||
Il 4,000 0.304 1 5.974641 |  0,0079%239 | 0.003716 | 0.003007 | 0,000580 | 9616.19t ||
Il 4,000 | 0.362 | 6.965492 |  0.00804956 | 0.005186 | 0,004146 | 0.000805 | 2656.047 ||
Il 4.000 | 0.310 ) 8,151765 |  0,00827597 | 0.006458 | 0.005096¢ [ 0,000998 | 2104.,355 ||
Il 2,000 | o0.6101 2.488177 | 0,00708018 | 0.001414 | 0.001198 | 0.000225 | 11049.598 ||
Il 2,000 | 0.5% | 1.398199 {  0.00699281 | 0.002068 | 0.002359 | 0,0004851 | 9761.967 1|
Il 2,000 o0.172 | 6.026397 |  0.006508431 | 0.004444 | ©0.003569 ) 0.000693 | 8702.351 ||
I} 2,000 | 0.123 1 7.327831 | 0.00700261 | o0.005684 | ©0.004703 | 0.000913 | 8029.597 ||
Il 2.000 1 0.37 | 9,010298 |  0.00715614 [ 0.007964 | 0.00629% | @.001231 | 342,178 ||
L{ Ll
15000 < v a 16000 — v
Soll 7 ® &psi Soll 7 ® apsi
6 days 4 psi adays |A 4psi
+ 2psi — + 2
3 A . psi 5 A . psi
i .
,g + A . é + A .
§ 10000 1 + A e ] § 10000 - A e '
8 + & +A
3 +a 0 ] ~
2 + 2 +
saoa;; - 5000 5 -
0 L . o "
0 & 10 1€ T10 10%° 10
Devialar Stress, psi Axial Strain, Inctvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN Ea £0.0001 MODEL: LOG (£4) = A + B*L0G (0d) SAY Od = 6psl

(1) MA=K1 * BOd"

or " WHEN €a> 0.0001
(2) MR=N1 * Ea

R*2 = 0,874 AND SEE = 0031
(1) K1 = 16383 AND K2 = -0.327
(2 N1 = 1532 AND N2 = -0.247

MRmax = 14838 psi

USING Eg. (1): MR = 6303 psi
Q: MR < MRmax ? ... No

MFR{deslgn) = 9,392 psl
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20l [=7we.out

RESILIENT HMODULUS (NR) TEST RESULTS

SANPLE IDENTIFICATION =

DESCRIPTION
HOISTURE CONTENT
DRY DENSITY
PLASTICITY INOEN
LIQUID LINIT

SANPLE HEIGHT =
SANPLE OIANETER =

(pal)

6.000
6.000
6,000
6.000
4.000
1.000
1,000
1.000
1.000
2.000
2.000
2,000
2,000

|
|
|
|
|
|
I
1
|
|
|
I
|
|
|
| 6.000
|
|
|
I
1
|
|
|
|
I
!
|
|
| 2,000

]
I
|
|
|
|
|
|
|
|
l
I
1
I
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

(pal) |

-0,024 |
-0.021 |
-0,021 {
-0,024 |
-0.02¢4 |
-0,022 |
=0,022 |
-0.023 |
-0.022 |
-0.024 |

0,074 |

0.066 |

0,050 |

0,054 |
0,059 |

sseguumns|ssaunanne|eensunnannnnen | aunann

COHFIHE | SEATING | OEVIA STRESS | PER OEFORMATION

Soll 7 = wei
= Dist ¢ - Polter - Spur 951 - 34 daye
= 22,10 percent
= 103,24 pef.
= 20,40 percent
= 37,60 percent
$.660 Inchee
2,810  Inches
| | |me
| AXIAL OEFORANATION | STRAAIN | nr.
{psl)} | (Inch) I Alinch) | B Clneh) | (In/In) | (pal)
| |wmunn |mamann |
2.528437 | 0.00012518 | 0.000802 | 0,000887 | 0.000149 | 16915.205
1.192762 | 0.00035631 | 0.001533 | 0.00i735 | 0.000289 | 15562,438
6.439767 | 0,00069308 | 0.0024¢2 | 0,002858 | 0,000168 |  13754,056
7.978552 | o0,00110119 | 0,003394 | 0.004138 | o0.000665 | 11990,584
9.589430 | 0,00161583 | 0.001696 | 0.005756 | 0.000923 | 10386.138
2,662794 | 0.00020299 | 0.000926 | 0.001053 | ©0.000175 | 15225.631
4.,530213 | 0.00016204 | 0.000769 | 0.002137 | 0.000345 | (3(28.457
6.425255 | 0.00017676 | 0,002001 | 0,003427 | 0.000550 | 11676.750
7.910164 |  0.0001987) | 0.003803 | 0.0046?5 | 0.00074% | 10602.135
9.331952 | 0,00022705 | 0.,004812 | 0,00593¢ | 0.000949 | 9820, 095
2.503158 | -,0006756? | 0.000943 | 0,001075 | 0.000178 | 11039.219
4.292307 | -.0007I516 ] 0.001753 | 0.002084 | 0.000339 | 12515.456
6.261874 | -.00073601 | 0,002884 | 0,003555 | 0.000569 |  (1007.661
7.662087 | -.00075021 | 0.003837 | 0.004735 | 0.000757 | 10118,639
9.,480780 | ~,00073698 | ©0.005215 | ©0.006393 | 0,001025 | 9253.368

Ly Y s L ettt a T PP LR L P E LR RS Y SO T Y T T)

20000 v . 20000 ;
Soll7 [® 6pal Sdll7 [® 6psl
Mcays |A apai Sdays |A apai
@ 'Y + 2psi & L4 + 2psl
a a
L . L
g w0l A 1 g 15000} s *
] + ° 3 + ° W
g 2 : 2
-+ - + L
£ a £ 4
2 ° Q [
= 10000 | + A b = 10000 A b
& i L *
05 1 5 1
0 2 " 0 ;& A 1
0 5 10 18 104 103 102
Devlator Stress, psl Axlal Strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN E£a £0.0001 MODEL: LOG (E2) = A + B *LOG (Gd) SAY Od = 8 psi

(1) MAaK1 * 0d"*

() MR=N1 * Ea

o N2

WHEN Ea > 0.0001

R*2 = 0880 AND SEE = 0.028

{1) K1 = 21818 AND K2 = -0.332

(2) N1 = 1781 AND N2 =~ -0.250
MRmax - 17833 psi

USING Eq. (1): MR = 11814 pal
©: MR< MRmax ? ... No

MR(deeign) = 11,914 pel
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10?

® gpsi
A 4psi
+ 2psi

Hr
[{-"1D]
53832
4340
91083,
418508 .
46019,
48370,
47019,
48080 .
45504,
44490 ,
47013,
46780,
45890 .
44734 .
43014,
42088,
Soil Sb
6 days
.
.
a, *
+ 4+ A
+ A*

10*
Axial Straln, inch/inch
APPLICATION
SAY Od = 6psi
USING Eq. (1): MR = 50464 psi
Q; MA < MAmax ?
MR{design) = 50,464 psl

105

A 0§ 8§

1sd'sninpogy 1uslisey

RX|AL
A (Inch)
000932
001230
001558
001002
002220
001139
od1370
00|02
001087
13
000990
001247
001338
odieal
002001
002357

STATISTICS
152

VERN DEFORMATION
Cinah?
000 (5128
00034940
00043453
000200 (6
000229 17
000034 (@
DOO0433 |
DQDO4 (43
000038 |0
0000423 |
DOD048 13

® gpsi

A 4ps|

+ 2psi
.

A
+*

10.60 parcenl
124.02 pef.

9.50 peresnt

RESILIENT MODULUS (MR) TEST RESULTS
Inchag
Inchas

|
|
|
|
|
|
1
[
|
|
|
|
|
|
|
|
|
|
|
.
A

= Digt 21 - Slarr - FI7TSS - 6 days

(poi?
700828
$82887
826592
959023
a3%013
3I70931
087200
283718
422789

196554
144204
279490
4933507
213727
Soll Sb
6 days
.
A
+

O&V.
1
1
A

-
-
= 5.840

{pal)
(]
(]
(]
(]
(]
(]
(]
(]
(]
-]
(]
(]
(]
-]
(]
-]

SBATIMG

SAMPLE IDENTIFICATION = 3-opt
DESCRIPTION

15

ANALYSI3 OF RESULTS
MODEL: LOG (Ea) = A + B * LOG (Od)
R"2 = D872 AND SEE - 0.017
{1) K1 = 63485 AND K2 = -0.128
(2) N1 = 18072 AND N2 = 0.114
MRmax = 51468 psi

10

Devlator Stress, psl

WHEN Ea <0.0001
WHEN Ea> 0.0001

EXPRESSIONS

501 1-50. out

m.n
me.e.m.e.e.mmmmmz.mz.z.zz. . . .
HHHHHHHHHHHWHHHHHHHHHHHHHHHHHHH m m m m

|sd ‘sninpow Juatisey

MR = MAmax
(1) MA=K1 * 0d"@
or

@) MA=N1 * €a
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RESILIENT MODULUS (MR) TEST RESULTS

SANPLE IDENTIFICATION = 8-opl

(1) MR=K1 * gd*
(2) MR=N1* €a

or WHEN £a> 0.0001

N2

R*2 » 0,088 AND SEE « 0.008
{1) K1 = 54702 AND K2 = -0.058
{2) N1 = 30738 AND N2 = -0.053

MRmax = 50005 psi

I
I
I
I
Il DESCRIPTION = Dlel T ~ Glasecack - RN2401 - 2 daye 11
Il HOISTURE CONTENT = 14,20 percent H
Il DRY DENSITY = M3IT pef. I
Il PLASTICITY INDEX = 18,10 percent 1
I SANPLE NEIONT = 5,600 jnches It
Il SAHPLE DIAMETER = 2.840 inchss Il
1 | I | | | I I
Il CONFIN. | SEATING | DEU, STRESS | PEAM DEFORMATION| AK(AL DEFORMATION | STRAIN | ne. i
” (pel) I (pel) : (psl) | (Inch) | A {Inch) | B {inch) : CIn/in) | (pol) I
| | | | 1l
|| 6.000 | 0,035} 4.292066 | 00001463 | 0.000319 | o0,000642 | o0.000086 | S50042.863 1|
Il e¢.000 1 0,097 | 6.466453 | ,00000942 | 0.000%528 | 0.00090% | 0.000126 | 50419.3%1 |l
[l 6,000 0,036 ) 8,6985%% | 00000023 | 0.000768 | 0,001206 | 0.000176 | 49346,758 ||
]l 6,000 | 0,039 ] (1.197028 | ,00001488 | 0.00108%9 | 0,001%%7 | 0.000234¢ | 4794),160 ||
Il ¢6.000 | 0,040 | 13.261340 | .00003360 [ 0,00132¢6 | 0.001881 | 0,000285 | 46597.463 ||
Il 4.000 | 0.051 | 4.200026 | ,00021598 | 0,000311 | 0,000680 | 0,000086 | 49672,957 ||
11 4.000 | 0,095 | 6.520756 | ,00022778 | ©0,000532 | 0.000808 | o0.000129 | S0719.607 ||
Il 4.000 | 0.034 | 8.343703 | ,00023636 | 0.000734 | 0.001160 | 0.000189% | 49339.862% ||
{I 4,000 | 0.035]| 10.402125 | . 00023662 | ©0.000862 | 0.001438 | 0.000216 | 40144.387 ||
Il 4,000 0.042] 12507381 | .00022960 | 0.001249 | 0.001738 | 0.000267 | 46921.452 ||
Il 2,000 o0.174 | 4.216481 | 00034692 | ©0.000320 | 0,00065¢ | 0.000088 | 40680,852 ||
11 2,000 0.181 | 5.600808 | ,00033533 | 0.,000551 | 0.000923 | 0.000132 | S0181.590 ||
Il 2.000 | o0.156 | 8,337617 | 00093638 | 0.000739 | 0.001153 | 0.000169 | 49338.32¢ ||
[l 2.000 1 0,185 | 10.526649 | ,000353%5 | 0.001011 | 0,001457 | 0,000220 | 47755.301 ||
Il 2.000] 0,176 | 13.093354 | . 00035068 | 0.001343 | o0,001811 | 0.,000262 | 46205.594 ||
1 1
Soll 8a ® gpsi Soil 8a ® apsi
2days A 4psi 2days A apsi
+ 2psi - + 2psl
E g
: ¢ i ¢
i 50000 |- 2 - § 50000 ' 1
= an »
5 + S +
A
- 1 ’
A
: 3
45000::> - 450005 "
0 1 i ] At L
0 5 10 15 10 10* 10°
Devilator Stress, psl Axial Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN €a <0.0001 MODEL: LOG (Ea) = A + B*LOG (Gd) SAY Od = 8psl

USING Eq. {1):°MR = 48469 ps|
C: MR < MAmax 7 ... No

MR{doslgn) = 49,408 pel
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| |am [T [TTTT]
|eo] [=8b,0ut RESILIENT HODULUS (KR) TEST RESULTS
LI TRl ]] am

SANPLE IDENTIFICATION = 8-opt

DESCRIPTION = Diet T - Glasscock ~ AN2101 - & days

NOISTURE COHTENT = 14,20 percent

DRY DENSITY = 113,17 pef.

PLASTICITY INDEX =  10.10 percent

SANPLE HEIGHT = 5.600 Inchee
SANPLE DIAHETER = 2,840  Inchee
|

|
PERM DEFORMATION|  AXIAL DEFORAMATION

I
| 1
Il |
I H
11 1l
1l I
11 H
11 I
I 11
I i
11 | | | 11
|| COMFIN. | SERTING | DEU. STRESS | | STRAIN | He. Il
Il {pal) | {pal) | (pal) | {Inch) | A (ineh) | B {Ineh) | CinZin) | {psl) I
I | mea| | =n | mmun | | | 1
[l 6000 | 0,03 | 3.098690 | 00000937 | 0,000217 | 0,00052% | 0,000086 | 39003,707 ||
Il 6000 | 0,042 ] 6.8528437 | ,0000308%¢ | 10,0004 | 0,000777 | 0,000109 | §9666,957 ||
Il 60001 0,031 8.609609 | 00007008 | 0,00084¢ | 0,001014 | 0,000148 | 86163.703 |l
Il 6.000 1 0,044 | 10,084026¢ | 00011961 | 0,00067% | 0.001278 | 0,000192 | 8643t 219 ||
I e6.000 | 0.0435 12,517661 | L00017S70 | 0.001063 | 0,00146% | 0,000226 | 5%021.441 ||
Il 4.000 | o0.007 | 1,181448 | ,00002646 | ©.000249 | 0,000550 | 0,000071 | 50603.941 ||
1 4.000 | 0,073 | 6.104855 | ,00002971 | 0.,000446 | 0.000774 [ 0,000109 | S6796.16¢ ||
Il 4.000 | 0,067 | 0.170022 | ,00002589 | 0,000610 | 0.000971 | 0.000141 | 57852.223 ||
{1 4,000 | 0,060 | 10.004670 | ,00002657 | 0.000791 | 0.001160 | 0.000176 | 56852,5%5 ||
Il 4.000 | 0,051 | 11.959167 | .00002255 | 0.000998 | o0.001411 | 9.000215 | 55604.766 ||
[l 2.000 1 0,239 | 1.523660 | 00016734 | 0,000293 | 0.000881 | 0.000078 | 57928.,016 ||
[l 2.000 | 0,225 | 6.443514 | 100014323 | 0.000453 | 0,000772 | 0.000109 | $8923,848 ||
1l 2,000} 0,217 | 0,294625 | ,00014541 | o0.00062{ | 0,000980 | 0.000143 | 37617.988 ||
H 2,000 ] o0.206 1 10,917962 | .00014198 | 0,000003 | 0.00419¢4 | 0.000176 | S€742.539 ||
I} 2.000 ] 0.200 | {2,108038 | 00014474 | 0,001020 | 0.004441 | 0,000220 | S3082,910 ||
Il 11
88000 r v 63000 T r
Soll 8 ® Bpsl Soil 8 ® 8psi
8days a 4pol Oday | A 4pai
_ * 2psi| | _ + 2psi
-4 2
1 g
3 5
g 60000 - . 1 g 60000 [ . 1
a ] e [
E A 5 a 2
3 + ‘. z + ‘
A, 4
A A
mié +e o m--? - 4
] i i ()1'r " :
0 3 10 15 . 105 10 4 109
Deviator Stress, psl Axlal Strain, inctvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN £a < 0.0001 MODEL: LOG (Ex) = A + B*LOG (09 SAY Od « 6psi
(1) MR=K1 * OdK2 R2 = 0,969 AND SEE = 0.004 USING Eq. (1): MR = 58374 psi

or w2 WHEN Ea>0.0001
(2 MR=N1 * Ea

{1) K1 = 64605 AND K2 = -0.057
{2 N1 = 35691 AND N2 = -0.054
MRmax « 58460 psi

0: MA < MAmax 7 ...

No

MRideaign) = 56,374 psl

154




CENTER FOR TRANSPORTATION RESEARCH
THE UNIVERSITY OF TEXAS AT AUSTIN

soll-8c.out

RESILIENT MODULUS (MR) TEST RESULTS

Il
11
I
11 SANPLE IDENTIFICATION = Soll 8 - opt
11 DESCRIPTION = Dist 7 - Glasscock -~ RM2401 - 96 days
il MOISTURE CONTENT = 13.70 percent 1]
I DRY DENSITY = 113,10 pef. 1
1 PLASTICITY INDEX = 18,10 percent 1
I LiQuID LINIT = 37.10 percent 11
1 SANPLE HEIGHT = 5.640 fnches 1
1 SANPLE DIANETER = 2,840 Inches I
1l | | | | | | i
Il CONFINE | SEATING | DEVIA STRESS | PER DEFORMATION | AXIAL DEFOANATION | STRAIN | e, 11
Il (psl) | (psi) | (psl) | (inch) I A (inch) | B (inch) | (inZin) | (psi) 11
K ! | | | | == | t
11 6.000 | 0.356 | 4.952011 | 0.01840947 | 0.000295 | 0.0007S8 | 0,000093 | 53049.250 ||
1 6.000 | 0.263 | 6.919145 | 0.01847118 | o0.000414 | 0.001038 | 0.000129 | 53752.145 ||
I 6.000 | -0.020 | 9.t07711 | 0.01852671 | 0.000532 | 0.001392 | 0.000171 | 53395.504 ||
1 6.000 | -0.024 | 11.342155 | 0.01863125 | 0.000692 | 0.0017?S | 0.000219 | 51852.746 |1
1 6.000 | -0.025 | 13,486245 | 0.01873822 | 0.000839 | 0.002t63 | 0.000266 | 50671.305 |1
M 6.000 | -0.024 | 15.503472 | 0.01885159 | 0.000985 | 0.002576 | 0.000316 | 49114.480
I 4,000 | 0.039 | 6.612980 | 0.01862594 | o0.000381 | o0.001046 | 0.000127 | 52262.46t ||
1 4.000 | 0.025 | 8.886747 | 0.01860414 | o0.000528 | 0.001451 | 0.0001?S | 50654 .t41 ||
il 4.000 | 0.013 | 11.540646 | 0.01860483 | 0.000698 | 0.0019t3 | 0.000231 | 49865.852 |
1 4.000 | -0.009 | 14.504925 | 0.01863327 | 0.000905 | 0.002372 | 0.000291 | 49925.871 ||
1] 2.000 | 0.116 | 5.716019 | 0.01849229 | 0.000334 | 0.0009t6 | 0.000111 | 51598.934 ||
1l 2.000 | 0.126 | 8.025366 | 0.01844906 | 0.000466 | 0.001279 | 0.000155 | 51874.766 ||
1 2.000 | 0.134 | 10.357654 | 0.01845304 | 0.000608 | 0.001676 | 0.000203 | 51145.508 ||
1 2.000 | 0.143 | 13,007807 | 0.01844977 | 0.000791 | 0.002137 | 0.000260 | 50107.199 ||
11 2.000 | 0.152 | 15.551224 | 0.01847302 | 0.000971 | 0.002556 | 0.000313 | 49729.938 ||
T T
55000 T T T " 55000 T T n
sois A Sl Soil 8 a5
® . 96days | + 2psi 96 days ® . + 2psi
B ® B ®
a A a A
g‘ " + [ ) g‘ + v °
2 a’ 2 st e
g 50000 [ A Y A, E § 50000 b A"'A,, J
5 . F .
2 3
§ &
45m°1'> h mo:i h
0 . . . 0 laau :
0 5 10 15 20 105 10 * 10
Deviator Stress, psi Axial Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRAmax WHEN E£a < 0.0001 MODEL: LOG(Ea) = A + B*LOG (Gd) SAY Od = 6psi

(1) MR=K1 * Gd '@
or WHEN £a > 0.0001
2 MA=N1 * €a

R*2 = 0.998 AND SEE = 0.005
(1) K1 = 58660 AND K2 = -0.060
(2) N1 = 31622 AND N2 = -0.056

MRmax = 53101 psi

USING Eq. (1): MR = 562715 psi
Q: MR < MRmax ? ... No

MR(design) = 52,715 pel
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I il
I1e0i1-9a. out AESILIENT MODULUS (NA) TEST RESULTS 1l
Il I
Il SAMPLE IDENTIFICATION = § "
{1 DESCRAIPTION u Dlst 4 ~ Gray - SHT0 - 2 daye 1l
Il MOISTURE CONTENT = 19,80 percent Il
11 DRY DENSITY = 104,03 pef, [l
Il PLASTICITY INDEX = 34,00 percent I
Il SANPLE HEIGHT = S$,600 Inches [
Il SRMPLE DIRMETER = 2,840 Inches I
] |---------]------'.-| |m—- mmw| 1 | uses] |
I1 ¢ONFIN, | SERTING | DEU, STRESS | PEAM DEFORNATION| AWIAL DEFORMATION I STAAIN | ne, I
I (pol) | (pat) | (pal) | (Inch) | A Cinch) | B {ineh) | (infln) | (pel) 1
||= | | { wam | sjesennmnsusas| wan| 1
[l 6000 0.5 | §,17374 | 0,0190(865 | 0.,00071% | 0.00l080 | 0.000161 | 40296.184 ||
Il 6,000 0.55 | 0.1468487 | 0.01908635 | 0.000953 | 0.001371 | 0.000208 | 39262,578 ||
Il 6.000{ 0,568 | 9.754215 | 0.0(915678 | 0.001163 | 0.001707 | 0.000256 | 38071.668 ||
[t 6,000 | 0,719 | 11.122595 | 0.01934066 | 0,001397 | 0.002022 | 0,000305 | 36411, 05 ||
11 6,000 1 0,798 | 12,446301 | 0,01917871 | 0.001587 | 0.00227% | 0.0003% | 2605%.381 ||
Il 4,000 1,090 | 8,077527 | -.00150009 | 0,000651 | 0,000993 | 0,000147 | 39984, 742 |!
Il 4,000 1 1,029 j  7.647108 | -.00150947 | 0.000078 | 0,001288 | 0.000193 | 39%599.28% ||
Il 4,000 1 0,971 1  9,4729% | -.00149378 | 0,001127 | 0,001626 | 0.000246 | 38513,880 ||
Il 4.000 0.9508 | 11,4020 | =-.00147717 | 0.001398 | 0.002002 | 0.000304 | 37382.383 |l
il 4,000 | 0,877 | 13056962 | -.,00143595 | 0.001666 | 0.002%37 | 0,000360 | 36262,125 ||
Il 2,000 | 1,220 1 5803146 | -.00137906 | 0.000642 | 0.000975 | 0.000144 | 40718.70% ||
Il 2,000 1.166 1 7.745416 | =-.00157751 | 0.000878 | ¢.001299 | 0.000194 | 939845.891 ||
Il 2,000 | 1.112 ] 9,700500 | -.00(57372 | 0,001155 | 0,001678 | 0.000253 | 30660.410 ||
Il 2000 1.066 | 11,615550 | -.00157006 | 0.001428 | §,002035 | 0,000309 [ 37559.582 ||
Il 2.000 1 1,006 13,20005 | -.00157138 | 0.,001650 | 0.002403 | 0.000365 | 36228,875 ||
| IlIIIII ame Smmm sans h
Solga [® epsl Soiiga [® Bpd
2 days A apsi 2 days A apsi
+ 2psi + 2psi
a e F el
= . g .
5 A ‘. = A+
3 40000 | . A 4 40000 | ¢ A 4
§ ™ z. g . &
=3 [ =4
§ - 2 4
Z -~ ;.:? -
- .b "
35000 b J 35000+ j
b pd
0‘ " 1 0 Tq'ﬂ 3 1
0 8 10 16 103 0 * 10
Devlator Stress, psi Axial Straln, Inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) = A + B*LOG (0d) SAY Od = 6psi
() MR=K1 * 0" R*2 = 0,938 AND SEE = 0.004 USING Eq. (1): MR = 40758 psl
o WHEN Ea > 00001 (1) K1 = 82641 AND K2 = -0.143 Q: MR < MAmax ? ... No
@ MR=N1* Ea ™2 : (2) N1 = 13534 AND N2 = -0.125
MAmax = 42776 psi Mfidesaign) = 40,758 psi
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eoli<9b.out

RESILIENT MODULYS (MR) TES

T RESULTS

Il I
H Il
Il Il
11 SANPLE IDENTIFICATION = Soll 9b = opt I
Il DESCRIPTION = Dist ¢ - Gray ~ SH?0 - 6 daye I
I HOISTURE CONTENT = 20,00 percent 1
I DRY DENSITY = 103,04 pef, I
11 PLASTICITY INDEX = 34,00 percent 1
I LIQUID LINIT = 52,00 percent I
I SANPLE HEIGHT = 5,630 Inches Il
I SAMPLE DIANETER = 2,840 Inches it
1 | | | | | | I
|1 CONFINE | SERTING | DEVIA STRESS | PER DEFORHATION | AXIAL DEFORMATION | STRAN | ftr. 11
Il (psl) | (pal) | (psl) | (inch) | A Cinch) | B (inch) | (in/in) I (psl) I
I | | | | | | | Il
Il 6,000 | 0.112 | 4.608862 | 0,01408551 | 0,000752 | 0,000435 | 0,000105 | 43748.121 ||
It 6,000 | =0,001 | 6.949575 | 0,01414203 | 0,001164 | 0,000661 | 0,000162 | 42873.898 ||
Il 6,000 | =-0,023 | 8.867556 | 0,01422280 | 0.,001504 | 0,000836 | 0,000208 | 42671,461 ||
Il 6,000 | -0,028 | 10.651177 |  0.01426209 | 0.,001847 | 0,001027 | 0,000255 | 41733, 262 ||
Il 6,000 | -0,026 | 13,038704 | 0.01435462 | 0.,002278 | 0,001396 | 0,000326 [ 39957.316 ||
Il 4.000 | 0,122 | 4.417861 | 0,01421965 | 0,000755 | 0.000425 | 0.000105 | 42167.500 ||
Il 4,000 | 0,021 | 6.796960 | 0,01420147 | 0,001130 | 0,000655 | 0,0001S9 | 42861.020 ||
Il 4,000 | 0,006 | 8.94573¢ | 0,01420359 | 0.001517 | 0.000912 | 0.0002t16 | 41477.965 ||
Il 4.000 | =-0.001 | 11,186733 | 0.01422142 | 0.001910 | 0.001189 | 0.000275 | 40647.891 ||
Il 4,000 | -0,010 | 13,455818 |  0.01424370 | 0,002300 | 0.001464 | 0,000334 | 40253,988 ||
Il 2,000 | 0.285 | 4,193620 | 0.01413255 | 0.000720 | 0,000423 | o0.000102 | 41312.578 ||
Il 2.000 | 0.220 | 6.755297 | 0.01414052 ] 0,001124 | 0,000673 | 0,000160 | 42335.094 ||
Il 2,000 0,195 | 8.875045 | 0.01414612 | 0,001485 | 0,000931 | 0,000215 | 41364.023 ||
ff 2,000 1 0,173 | 11,442337 | 0.01415638 | 0.001938 | 0.001259 | 0.000284 | 40298.387 ||
Il 2,000 | 0.158 | 13.100966 | 0,01416840 | 0.002225 | 0.001464 | 0.000329 | 39776.305 ||
1 LL
45000 T v 45000 T T
Soil9 | ® @psi Soil 9 ® gpsi
b 8days | & 4psi 6 days . A 4‘;s|
» + 2psi A + 2psi
— 3 o L ]
a A + 2 A+
5 + L'y o g + ‘.
3 5
° A-5- A o &
g 40000 Mo § o000 ¢ .
& :
35000 % ] 35000 } 1
1> P
0 " " 0 'l\- i i
0 5 10 15 MMETS 104 103
Deviator Stress, psi Axial Strain, Inchv/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN £a <0.0001 MODEL: LOG (Ea) = A + B *LOG (Od) SAY Gd = 6 pei

(1) MR=K1 * 0d*2

or

(2) MR=N1 * €a

WHEN £a > 0.0001

N2

R*2 = 0.998 AND SEE = 0.008
(1) K1 = 48208 AND K2 = -0.05
(2) N1 = 27568 AND N2 = -0.04!

MRmax = 42929 psi

1
8

USING Eq. (1): MR = 42209 psi
Q: MR < MAmax ? ... No

MR(design) = 42,209 psi
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soll=9¢c.out

RESIL{ENT MODULUS (MR} TEST RESULTS

SANPLE {DEHTIFICATION = S-opt

Gray - SHI0 - 52 daye

DESCRIPTION = Dlatt -
NOISTURE CONTENT = 19.40 parcent
DRY DENS(TY = 104.03 pef.

I 1l
I 1
I 1
i |
I 1]
I 1
I 1
Il PLASTICITY INDEX = 34,00 percent 1l
Il SANPLE HEIGHT = 5,600 Inches 1
i SANPLE DIARETER = 2,840  inchss 11
11 | | ] i Jwrnwnn I ]
|| CONFIN. | SEATING | DEU. STRESS | PERM DEFORMATION]I ARIAL DEFORMATION |  STRAIN | Hr. H
il Cpst) 1 (pal) | {pal) I {inch} I & Cneh) & B (Inch) | (Infin) | {pst) I
il i | | [CL T LTy | | | il
Il 6000 0.252] 5.868633 | 0.00000887 | 0.000516 | 0.000929 | 0.000129 | 45486.070 ||
Il 6000 wo.220] 7.301149 | 0,00007486 | 0,000677 | ¢.00116% | 0,000165 | 44302,114 ||
ff 000 0,250] 9.110988 | 0,0001331¢ | 0.000873 | 0,000474 | 0.000210 |  43482.98¢ ||
1 8,000 1 0.223] 10,942630 | 0.0001631S | 0.001075 | 6.,001772 | 0.,00025¢ |  43041.430 ||
Il 6,000 1 0,227 ] 12.25456¢ | 0,00018(42 | 0.001237 | 0,002009 | 0.000290 | 42291.01§ ||
11 4000 0,551 S.713210 | 0,0000296) 1 0.000501 { 0.000896 | 0.000125 | 45814375 ||
It 4.000 | 0,512 ] 7.453165 | 0.00002371 | 0.000886 | 0.001185 | 0.000167 | 44620.938 ||
11 4000 o.489 |  8,88159¢ | 0.00002526 | 0.000847 | 0,001427 | 0.000203 | 43754539 ||
I{ 40001 0.457 1 11.247122 | 0,0000305¢ | 0.00(12( | 0.00162f | 0.000263 | 42818.323 ||
1l 4000 0.445] 12,518726 | 0.00003792 | 0.001267 | 0,002034 | 0.000295 | 42463.176 ||
11 2.000 ] ©.7% | 6.,302802 | -,00009800 | 0.000582 | O0.000908 | 0.000138 | 45530.922 |
It 2,000 1 0.687 | 7.890723 | -,00010853 | 0.000748 | 0.000270 | 0,000180 |  44336.945 ||
Il 2000 ] 0.655 ]  9.693826 | -.00010651 | 0.000941 | 0.001549 | 0.000222 | 43597.355 ||
It 2000] 0,622 11.890M8 | -,00010446 | 0.001201 | o0,00i%18 | ©,000278 | 42704.266 ||
i1 20001 0.608 1 13.,105180 | -.00009874 [ 0.001346 | 0.002138 | 0.0003(1 | 42110.880 [}
[I»mumnn " SEE NN N == I
Soil6b (@ @psl Soligh | ® Gpsi
B2days | A 4psi S2days 1A 4psi
+ 2pei + Zpei
3 -
a 4
gy BN : e
] - 1 asoq0 |- -
| 4 & g 4 &
o A+ = »
i %, § LY
G N =
@ &
W" p m‘.i .
0 i L [+ F.y-) i
0 5 10 15 w0 w0 10
Deviator Stress, psl Axlal Srain , Inchinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MHA = MRmax WHEN Ea 0.0001 MODEL’ LOG(Ea) » A + B LOG {04 SAY (O0d =~ 8 psi
(1} A=Kt * Odl(z A2 = 1.000 AND SEE = 0.001 USING Eq. [1: MR = 45508 psi
o WHEN £a > 0.0001 {1) K1 = 54153 AND K2 « 0087 O MHA < MHmax 7 ... Mo
@ MR=N1 * €a ™ @) N1 = 20543 AND N2 = -0088 ]
MRmax = 48835 psi MR{design) = 45,508 pal

158




CENTER FOR TRANSPORTATION RESEARCH
THE UNIVERSITY OF TEXAS AT AUSTIN

T T T T T T T S I T e T T T T T LY Y
RESILIENT HMODULUS (MR) TEST RESULTS

ool |-9wa,out

1T
[l I
Il I
[l SANMPLE IDENTIFICATION = Soll 9 - wet I
Il DESCRIPTION = Dlet 1 - Gray - SH?0 - 2 daye I
1l MOISTURE CONTENT ® 26,10 percent H
Il DRY DENSITY = 97,92 pef. I
I PLASTICITY |NDEX = 34,00 percent I
I LIQUID LIMT = 52,00 percent I
Il SANPLE HEIGHT = S.700 Inches Il
I} SAMPLE DIAMETER = 2,020 Inchas Il
11 | | 1 =e| ! I
|| CONFINE | SEATING | DEVIR STRESS | PER DEFORMATION |  AXIAL DEFOAMRTIOHN | STRRIN | ne. Il
H (peol) : (pol) | (peol} | (Inch) I A {inch) } B (Inch) I (in/in) : (pel) H
nmEmsnes | . 1 |
Il 6.000 | -o0.01t | 2.420088 | -,00008523 | 0.000990 | 0.001054 | 0.000179 | 13193.696 ||
[l 6.000 1 =-0.011 | 1.12369% | 0,00001198 | 0,001874 | 0,001903 | 0.000331 |  12446.955 ||
[l 6000 -0011] 5.859111 | 0,00078192 | 0.003076 | 0.003026 | 0.000535 | 10947.229 ||
Il 60001 -0.002 | 7.304896 | 0.00189097 | 0,004318 | 0.001231 | 0.000750 | $710.392 ||
Il 6.000 | =0,014 | 8,122114 | 0.00301586 | 0,00842¢ | 0,005295 | 0.000940 |  8957.682 ||
11 4.000 1 o0.229 | 2,165669 | 0.00051683 | 0,001196 [ 0.001299 | 0.000219 | 11264.957 ||
Il 4,000 | 0.221 2.450950 | 0.00044254 | 0.001174 | 0.001277 | 0.000215 | 11399.549 ||
1l 4,000 o0.182 | 1.169769 | 0.00010848 | 0,002552 | 0.002659 | 0.000457 |  9822.381 ||
Il 4.000 | o0.129 | 6.352908 | 0.00047555 | 0.001098 | 0©.004193 | 0,000727 |  8735.931 ||
Il 1.0001 o0.116 | 7.880132 | 0,00082707 | 0.005600 | 0.005657 | 0.000987 |  7988.917 ||
Il 4,000 | 0.101 | 9.265846 |  0.00106893 | 0.007065 | 0.007093 | o0.001242 |  7461.210 ||
Il 2,000 | 0.359 | 2.310107 | -.00015351 | 0.001185 | ©.,001311 | 0.000219 | 10552.725 |]
Il 2,000 0,271 | 1.344953 |  -.00018981 | 0.00267¢ | 0.002644 | 0.000484 | 8972.6714 ||
It 2,000 | o0.25¢ | 6.200810 | -.00016217 | 0,001472 | 0.00163¢ | 0.000799 |  7873.162 ||
It 2,000 1 0,236 | 8,020974 | -,00000039 | 0.006216 | 0,006319 | 0,001105 | 1267.212 ||
Il 20001 0,189 1 9.779586 | 0,0002309¢ | o0.00812¢ | 0.0081S1 | 0.000427 |  6&51.507 ||
il ii
15000 v 15000 v v
Soil 9 . i Scil 9 8 gpsl
. 2days | A 2:: . 2days |A ASi
& + 2psi = 2psi
a L ] a ®
a &
g A L] % A L]
$ ‘ $ :
= 10000 . " = 10000 - . -
é + A . é‘ + .
2 + A 4 +A
= s 4 o A
+* +
5000‘-? - 5000 £ -
0 : * y 0 Ha—iy P 2
D [ 10 15 10 10 10
Deviator Strass, psl Axial Straln, inch/inch
ANALYSI|S OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG {Ea) = A + B*LOG (Gd) SAY Od = Bpsl

(1) MA=K1 * gd*®

N2 WHEN Ea > 0.0001

or
(2) MR=N1 * Ea

R*2 = 0.068 AND SEE = 0.035
{1) K1 = 16216 AND K2 = -0.328
@ N1 = 1471 AND N2 = 0.248

MRmax = 14387 psi

USING Eq. (1): MR = 8892 psi
Q: MR < MAmax 7 ... No

MR{deaign) = 8,892 psl
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RESILIENT NODYLUS (MR) TEST RESULTS

1 [
il Il
11 I
I SANPLE IDENTIFICRTION = Sall 9 = wet I
11 DESCRIPTION = Dlet 4 - Gray - SH70 - 6 daye I
H MOISTURE CONTENT = 25,30 percent 1
11 DRY DENSITY = 97,15 pef. I
I PLRSTICITY INDEX = 34,00 perceni I
I LIGUID LIMIT = 52,00 percont 11
I} SANPLE HEIGHT = 5,720 Inchee 11
I SANPLE DIANETER = 2,870 Inchee 1
N L LTy P —— | | | | ——
|1 COHFINE | SERTING | DEVIA STRESS | PER DEFORMATION | AMIAL DEFORMATION | STRRIH | tr, I
Il (pei) | (pel) | (pel) | (Inch) I Ad{inch) { B Cineh) | (in/in) | (pel) I
Il= | | | [= | mmman | | mamn] |
[ 6.000 | -0.019 | 2,393800 | -.00002094 | 0.000748 | 0.000953 | 0.00014% | 16093.214 ||
It 6,000 | ~0,020 | 4.227804 | 0.00007126 | 0.001438 | 6.00175( | 0.000279 | 15163,005 ||
ItV 6.000 | -0,019 | 6,060135 | 0,00059562 | ©0.002202 | 0.002896 | 0.000435 | 13928.082 ||
Il 6,000 | «0,019 | 7.659057 | 0.00138887 | 0.,003213 | 0,003790 | 0,000812 | 12512,80¢ ||
[} 6,000 | =~0.020 | 9.63433) | 0.00336084 | 0,004646 | 0,005450 | 0,000883 | 10916.992 1|
11 4,000 | -0,018 | 2.661509 | 0,00177593 | 0.,000977 | 0.001168 | 0.000180 | 14191.018 |1
Il 4.000 | -0.018 [ 4.664280 | 0.00174439 }] 0.001924 | 0,002228 | 0.000363 | 12053.345 |1
Il 4,000 | =0,020 | 7.491280 | 0.00179159 | 0.003556 | 0,004136 | 0,000672 | 11341.08( ||
I 4,000 | -0.,018 | 8.921968 | 0.00186766 | 0.004511 | 0.005193 | 0.000848 | 10517.991 ||
Il 4,000 | -0.019 | 10.462214 | 0.00205220 | 0,005590 | 0.006410 | 0.001049 | 9974.031 ||
11 2.000 | 0.068 | 2,760087 | 0.00098419 | o.001078 | 0.001299 | 0.000208 | 132080.520 ||
It 2.000 | 0,053 | 4,7670888 | 0,00093371 | 0.002103 | 0.002423 | 0.000396 | 12050.971 ||
1 2,000 | 0.050 | 6,535045 | 0.00093998 | 0.003167 | 0.003656 | 0.000596 | 10957.390 ||
Il 2.000 | 0.056 | 8,147719 |  0.00095931 | 0.004287 | 0.004908 | 0.000804 | 10136.569 |1
[l 2,000 | 0.064 } 10.034062 | 0.00104131 | 0.005668 | 0.006413 | ©0.001056 |  9501.006 ||
L L
20000 — T 20000 T T
Soil 8 ® Bpsi Soil 9 ® 6psi
6days | A 4‘;; . 6days |A 43:5
E. . + 2pai E . + 2psi
15000 - . 1 g 15000 [ . 1
é A . 5 A .
E o, . § * A,
P + o *
g + A + A e o L -lA}
% 10000 | A - g 10000 2 ]
o
50004-’ 1 5000:;
4] o i Pt N
0 5 10 15 10+ 10°? 102
Devlator Stress, psi Axlal Strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN Ea < 0.0001 MCDEL: LOG (Ea) = A + B*LOG (O'd) SAY Od = 6psi
(1) MR=K1 * 0d"@ R"2 = 0883 AND SEE = 0.024 USING Eqg. (1): MR = 11944 psi
o WHEN Ea > 0.0001 (1) K1 = 10560 AND K2 = -0.276 Q: MR < MAmax ? ... No
(@ MA=N1 * Ea N2 (&) N1 = 2317 AND N2 = -0.218
MAmax = 16923 psi MR(deslgn] = 11,844 psi
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sol |-9wE. out

SANPLE IDERTIFIC
DESCRIPTION

ATION = Sol) 9

RESILIENT HOBULUS (MA) TEST RESULTS

- wat

= Dist 1 = Gray - SH70 - 30 daya

H [}
I 1
1 Il
il 1
I 1
I{  HOISTURE CONTENT » 25,30 percent I
Il DRY DENSITY = 9718 pef. I
Il PFLASTICITY INDEX = 34.00 percent ]
11 Liguin Lt *  %2,00 percent H
I1 SAMPLE HEIGHT = 5.720  Inches ]
[l SANPLE DIANETER = 2,870  Inches i
I I | | |= | | 11
1| COMFINE | SERTING | DEUIA STRESS | PER DEFORMATION |  AKiAL DEFORMATION |  STRAIN | He. 1
H (psi) } (pei) | {pei} | {inch) | R {inch) | B (inch) | (in/ln) : (pat) 1l
i ] | | wwmn | H
Il 6000 ] -0.018 [  2.638130 | o.00011162 | 0.000762 | 0,000970 | 0.000151 | 17425.818 ||
I 6000 ] -0.018 [ 4,526038 | 0.0003045¢ | 0.001481 | o.001812 | o.000288 | 17112.516 |l
It s.000 | -0,020 | s.764249 | 0,00057826 | 0.002193 | 0.002629 | 0.000421 | 16056,570 ||
11 6000 ] -0.021 |  8.463102 | 0,00084911 | 0,002877 | 0.003578 | 0.000573 | 14774.025 ||
It 6,000 ] -0,02¢4 1 10.307732 | 0.00129560 | 0,003%82 | 0.004712 | 0.000760 | 13562.445 ||
[t 4,000 | -0,016 | 2,72018% | 0.0001473¢ { 0.000812 | 0.001020 | 0.000160 | 16987.783 )i
11 s,0001 ~-0,016 1  4.830231 | 0,000192%0 | 0.001557 | 0.001903 | 0.000302 1 15968.974 ||
Il 4,000 | -0.018 ]  6,46353¢ | 0.00022267 | 0.002218 | 0.002686 | 0.000427 | 15141,27% ||
It 4,000 [ 5,017 [  7,847922 | 0,00026450 | 0.002842 ] 0,003438 | o0.000545 | 14295.693 ||
Il 4000 1 -0.018 1  9.64533¢ | 0.00034289 | 0.00373% | 0,004448 | o0.00071¢ | 13475.111 ||
Il 2.000 | 0,065 2.657383 | -,00061411 | ©0.000835 | 90,001052 | ©.000165 | 16115,490 ||
il 2,000 | 0,07t 1 4584525 | ~.00063925 ] ©0,001535 | 0.001888 | 0.000297 | 15410.744 []
Il 2,000 1 0.08¢ | 6619392 | ~-.00085185 | 0.002386 | 0.002846 | 0,000457 | 14472.947 1|
Il 2,000 [ 0,670 6.,296362 | -.00068611 | 0.003(98 | 0.003770 | 0,000609 | 13556.13¢ ||
Il 2,000 | 0,075 10102388 | -.00063515 | 0.004147 | 0,004831 | 0,000785 | 12871.743 [
WET?: S NNSS NN RREEEREN NSRRIy peyyzavsal]
Soil9 ® dpsi Soil & ® gpsi
odays | Ape da  |A Apal
- 2psi 5 + 2ps
2 . & :
?; A » g‘ A .
3 + A . 3 # a0
- -
E 15000 | A - - ;: 16000 b LI
£ * oA 5 *a
= + oaAw = -2
E > é +*
10000 “ 10000 b r
- 3
0 i i ‘A.' " 2.
0 [ 10 16 " yp® 10 10
Deviator Strass, psl Axlal Strain, Inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR « MRmax WHEN Es £ 0.0001 MO%EL: L%G oésﬂgr:oAs* B*LOG (O'd) SAY d w 8 psi
K1t g K2 2 = 0, EE = 0.014 USING Eq. {1): MR = 15028 pai
() MR=KE® O3 ™ WHEN Ea» 00001 {1) K1 « 20431 AND K2 = -0.173 Q: MR < MAmax 7 ... No
@ MR=N1 * £a '@ {2) N1 = 47230 AND N2 = -0.147
MRmax « 18434 psi MR({design) = 15,029 psi
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1
il soli-10a.0ut

RESILIENT NOOULUS (NR) TEST RESULTS

11 SANPLE I10ENTIFICATION

i OESCRIPTION
1 noiSTURE CONTENT
I ORY OENSITY
I PLASTICITY INOEX
1 LIQuUiO LInIT

10

Olst 5 - Lubbock - FI1835 - 2 days

123.05 pef.
4.00 percent
= 20.00 percent

= 10.80 percont

Il SANPLE HEIGHT = $.630 inches 1
Il SAHPLE OIAMETER = 2,840 inches I
1 I | | | I I I
|1 CONFINE | SEATING | OEUIR STRESS | PER OEFORMATION |  AXIAL OEFORMATION | STRAIN | ne. 1l
11 (psi) | (psi) ! tpsl) I (Ineh) I A Cinech) | B (lneh) | (in/In) | (pal) It
1 I ! ! I | I I I
Il 6.000 | 0,53 | 2,840220 | -.00005703 | 0.000651 | 0.000712 | 0.000121 | 23469.918 |{
Il 6.000 | ©0.383 1 4.900983 | -.00008179 | 0.001216 | 0.001283 | 0.000222 | 22078.014 {1
/I 6,000 | 0.182 |  6,850327 | 0.00001027 | 0.001889 | 0.001964 | 0,000342 | 20020.533 ||
1) 6,000 | 0.071 |  8.340895 | 0.00046402 | 0.002636 | 0.002585 | 0.000464 | 17989.764 1|
I} 6.0001 0.030 1 9.798652 | 0.001433862 | 0.003457 | 0.003274 | 0.000598 | 16392.324 ||
{4 6,000 | -0.015 | 11,283636 | ©0.00307487 | 0.004465 | 0.004110 | 0.000762 | 14809.893 ||
I 4,000 ) 0.841 | 2,267682 | 0.00264344 | 0.000768 | 0.000709 | 0.000131 { 17284.596 ||
Il 4000 ) 0.622 1 4.362619 | 0.00253538 | 0.001768 | 0.001603 | 0.000299 | 14574.675 ||
Il 4.000 | 0.45% |  6.211314 | 0,00248746 | 0.002788 | 0.002508 | 0.000470 | 13206.640 ||
Il 4000 | 0.314 1  8.185471 | 0.00262107 | 0.003938 | 0.003523 | 0.000663 | 12351,814 ||
Il 4000 | 0.235 1 9.708807 | 0.00318429 | 0.004862 | 0.004340 | 0.000819 | 11854.553 ||
Il 4.000 | ©0.022 | 11,366032 | 0.00424444 | 0.006300 | 0.005564 | 0.,00105¢ | 10779.563 ||
Il 2,000 0.279 | 2.512052 | 0.00347013 | 0.001281 | 0.001132 | 0.000214 | 11722,003 ||
Il 2,000 | 0.182 |  4.220304 | 0.00331599 | 0.002516 ) 0.002191 | 0.000418 | 10096.2286 1|
|t 2,000 0,158 |  5.855525 | 0.00331567 | 0.003832 | 0.003287 | 0.000632 |  9261.705 ||
Il 2,000 1 0.145 |  8.08305 | 0.00347160 | 0.005546 | 0.004741 | 0.000914 |  8809.491 ||
11 2,000 ] 0.147 | 10.141838 | 0.00429193 | 0.007430 | 0.006079 | 0.001173 |  8645.734 ||
Il 2,000} 0.147 | 11.607124 | 0.00600685 | 0.008467 | 0,007178 | 0.001389 |  8353.932 ||
1 1
30000 T T 30000 T T
Soil 10 [@ gpai Sol 10 [@ @pei
psi 6 psi
2days A 4 psi 2days A 4 psi
—. 25000 | + 2psi | - 25000 | + 2psi |
a . 2 .
@ [ @ [
2 3
':31 20000 [ ] - S 20000 | . -
L § L
: . : : S
$ 15000 | A . 4 S 15000 | A . -
% A = A
5 + A A o + LY
o A 4 A
10000 | + . L 10000 | . L
+ + . * o,
5000 } 1 5000_F g
£ +
[¢] N 1 0 4 ) "
0 5 10 15 10 102 10
Deviator Stress, psi Axial strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN £a <0.0001 MODEL: LOG (€a) = A + B *LOG (Od) SAY Od = 6psi

(1) MR=K1 * 64"

or
@ MR=N1 * €a ™

WHEN €a > 0.0001

R*2 = 0.789 AND SEE = 0.091

(1) K1 = 19788 AND K2 = -0.208

(2) N1 = 3588 AND N2 = -0.172
MRmax = 17593 psi

USING Eq. (1): MR = 13627 psi

Q:

MR < MRmax ? ... No

MR(design) = 13,627 pei
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ool l=10b.out RESILIENT NODULUS {NR) TEST RESULTS

1 i
I 1
I 1
[l SAMPLE IDENTIFICATION = Soll 810 - opt 11
11 DESCRIPTION = Dist 5 = Lubbock - FN335 « 6 days I
Il MOISTURE CONTENT = 10,50 percent I
Il DRY DENSITY = 123,80 pef. Il
] PLASTICITY INDEX s 4,00 percent H
1 LiguID Limiv = 20.00 percent 11
1 SANPLE HEIGHT = 5,820  Inches ]
11 SANPLE DIANETER » 2.840  Inches I
LTy pomspueor PR — | | | 1
|1 CONFINE | SEATING | DEVIA STRESS | PER DEFORMATION I AXIAL DEFORMATION | sTRAIN | np. I
I (pal} | (psi} | (psal) | {Inch) | A linch) | B {Inch) | {In/in) | {psl) I
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllIlllIllIlIIIIIIIIIIIIIIIIIIII | | |
[l 6,000 | -0,023 | 1,204778 0,00006088 | 0,001020 { 0.000640 | 0,000f48 | 28741,197 ||
Il 6,000 | =-0,025 | 6,732825 | 0,00103082 | 0.001812 | 0,001124 | o0.00026 | 25?71.855 ||
Il 6,000 | =0.026 | 0.932158 |  0.0029623" | 0,002697 | 0,001703 | 0.000391 | 22816.771 ||
Il 6,000 | -0.0251 11.092166 |  0.00527744 | 0.003686 } 0.002458 | 0.000547 1 20290,186 ||
Il 6.000 | -0.026 | 12.922605 | 0,00788726 | 0.001568 1 0.003121 | 0.000684 | 18891,811 ||
Il 4.000 1 0.032 | 3,872942 | 0,00742219 | 0.001265 | 0,000779 | 0.000982 | 21299.471 ||
Il 4,000 | o.018 | 6,386400 |  0,00741205 | 0.002254 1| 0,001430 | 0.000328 | 19188.619 ||
Il 4.000 | 0,005 | 0.3%8008 | 0.00746490 | 0.003149 1 0,002007 | 0.000455 | 18309.241 1|
Il 4.000 | -0,004 | 10,150733 |  0.00757454 | 0.003927 | 0.002569 | 0.000578 | 17562.805 ||
Il 4.000 | 0,015 | 12.186683 | 0.00809041 | 0.004603 | 0,003232 | 0.000731 | 16673.865 ||
Il 2.000 | 0,138 | 3.660874 |  0.00754595 | 0.000396 | 0.000873 | 0.000202 | 18135.721 ||
Il 2,000 o0.126 | 6.263274 |  0.00750708 | 0.002577 | 0.001663 | 0.,000377 | 16600,020 ||
11 2,000 0,118 8.518788 | 0.0075249% | 0.003719 | 0.002464 | 0.000550 | 15486.023 ||
{1 2,000 | 0,115 10,228911 | 0,00759366 | 0.004496 | 0.003074 | 0.000674 | 15187.359 ||
Il 2.000 | o0.110 | 9.709743 | 0.00763504 I 0.004287 | 0.002517 | 0.0008641 | 15150.79% ||
1333 i1}
. Soil 10 ® gpei Soll 10 . ® aps
adaye A 4psi 8 days A 4ps)
. + 2psl ] . + 2poi
3 25000 B 25000 [ -
g [ ] 1 _5_’- [ ]
i A . i a
20000 | A e 20000 A [ ] .
= [ ] -t [ ]
& * A c * A
2 A ] A
F ] * A 3 + A
& 18000 A 4 &’ 18000 b e
10000 4 10000 ;- 1
61? ¥
0 5 10 15 T 10* 10°
Deviator Stress, psi Axlal Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN £a <0.0001 MODEL: LOG (Ea) = A + B *LOG (Od) SAY Od = &psi
VK2 A*2 = 0.883 AND SEE = 0.048 USING Eq. (1): MR = 20006 psi
() MR=K1* Gd™"  HEN Eas0.0001 {1) K1 = 28340 AND K2 - -0.208 Q: MR < MAmax ? ... N
@ Mn.m-&ﬂz : (2) N1 = 5004 AND N2 « 0.171
MRmax = 24136 psi MR{design) = 20,006 psl
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11Soti-10¢, out AESILIENT HODULUS (MR) TEST RESULTS

SANPLE IDENTIFICATION = 10

(1) MR=K1 * ag*®

or
@ MR=N1 * £a ™

WHEN Ea > 0.0001

R*2 = 0.875 AND SEE = 0,050

(1) K1 =~ 32992 AND K2 = -0.143

(2) N1 = 8977 AND N2 = -0.125
MRmax = 28415 psi

[
[
i
I 11
I DESCRIPTION » Dlet S ~ Lubboch - FNOIS - 87 daye 11
11 MOISTURE COHTEMT = 10.90 percent I
I DRY DENSITY = 123,05 pef. I
Il PLASTICITY INDER = 4,00 pergent i
I LiQuib LINIT = 20,00 pergent 11
Il SANPLE HEIGHT = 5,630 Inches 11
H SANPLE DIAMETER = 2,810 (Inches 11
1] |= --'--- - - |ammmm wmwn| [ELL L] a|eummaannnnnnnn] |
|| CONFINE | SEATINO | DEVIA STRESS | PER DEFORMATION | AXIAL DEFORMATION | STARIN | nr, 11
Il (pal) | <(pul) ) (pel) | {1noh) I ACinch) | 8 C(Iinch) | (Infin) | (pal) 1
T LTt [ty pay pe— | | | |mmmmwnnnmmnmnn] |
Il 6,000 | -0,040 | 4.685637 | 0.00015821 | 0.,000?749 | 0,000810 | 0.000138 | 33037.600 ||
il 6,000 | -0.04% | 6,549314 | 0.00019194 ] 0,001108 | 0,001164 | 0.00020¢ | 32176.543 |
[l 6.000 | =-0,054] 9.939160 |  0,00020420 | 0,001640 § 0,001702 | 0,000297 | 30120,570 ||
Il 6.000 | -0.053 | 11,121192 | 0.00042196 | 0,002215 | 0.002259 | 0,000397 | 27990,861 ||
Il 6,000 | =-0.053 | 12,896655 |  0,00059371 | 0.002706 | 0.00275¢ | 0,000485 | 266084.750 |[]
Il 4000 ) =0,002] 1.952526 | 0,00007199 | o.00078f | 0,0000¢7 | 0,000145 | 27334.082 ||
Il 4.000 | -0,012 ]| 6.090065 | 0,00005431 | 0.00131% | 0.001371 | 0.000239 | 25528.000 ||
Il 4.000 | -0,011 | 7.951400 |  0.00004456 | 0.00163? | 0.001870 | 0.000329 | 24151.057 ||
11 1.000 | -0.015 | 9,932576 |  0,0000546) | 0.002430 | 0.002427 | 0.000431 | 23030.777 ||
Il 4.000 ] -0,023 1| 12,232561 | 0.0000981& | 0.003088 | 0.003045 | 0.000545 | 22456.557 ||
It 2.000] 0,156 | 4,039134¢ | -,00037591 | 0.0009%9 | 0,001023 | 0.000160 | 22194.371 ||
I 2.000 | o0.142 ] 6,119559 | -,00040922 | 0.,001646 | 0.001830 | 0.000292 | 20982.506 ||
i 2.000 | 0.136 | 8.111972 | -.00042037 | 0.002314 | 0.002267 | 0.000107 | 19937. 412 ||
I 2.000 | 0.133 | 10,034165 | -.00042907 | 0.002912 | 0,00205% | 0,000515 | 19497.756 |1
I} 2,000 | 0.123 | 12.291547 |  -.00036962 | 0,003721 | 0,003573 | 0.000548 | 10974.559 ||
L lesssusensesnsnnnuanunennnnneynosersneyunpnsnuuenuunssusssxrunssunygRaswssnannnnnynnnsuspnyunnnnnnonpupgel] |
4000 ' 40000 Sofl 10
Sall 10 - 1 8 psi
87 days = rdars | A 4ou
35000 | + 2psl | o _ 35000 + 2psl| ]
2 . g .
o ® g- [ ]
E 20000 | . 1 5 o000} . 1
L ] L ]
- A A ® § A A ®
& 2000 a 1 § 2s000p A 4
E . 4 a : .~ e
@ + o +
20000 | v . 1 20000 [ + 4 A
+ +*
'IS(')O‘),..-> < 16000 | N
3 5
1] 3 i o 'A'A_. "
0 5 10 15 1n* 10* 13
Deviator Stress, ps! Axial Straln, Inchinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea < 0.0001 MODEL: LOG (Ea) = A + B *LOG (Gd) SAY Od = 5psi

USING Eq. (1): MR = 25535 psi
Q: MR< MRmax ? ... No

MR{design) = 25,535 pei
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S ——

sol]-10wa, out

RESILIENT MOOULUS (MR) TEST RESULTS

SANPLE 1OENTIFICAT{ON

Sall (0 - wet

1
11
11 .
11 I
] I
I QESCRIPT{ON Oist 5 - Lubbock - FN8I5 - 2 doys I
I NOISTURE CONTENT = 15,10 percent I
| DRY DENSITY = 1(7.96 pef. 11
I PLASTICITY INDEX . 4,00 percent 1
Il LIQuid LImIT = 20.00 percent I
I SRMPLE HEIGHT = 5,680 Inches I
11 SAMPLE DIANETER = 2,840  inches 11
(T iy PR [, |esunan |snmmnnwn | | -
11 CONFINE | SEATING | DEUIA STRESS | PER DEFORMATION | AXIAL DEFORMATION | STRAIN | Hoe. 11
Il C(pal) 1 (pal) | (pal) | (lInch) | R (Inch) | B C(inch) | (Infin) | (pal) 11
I = | |== =|=mnsannannn. | weu | | m=us]|
Il &.000 | 0.203 | 2.040633 | 0.04816192 | 0.001084 | 0.001386 | 0.000217 | 9386. 131 ||
Il 6.000 1 0.113 | 3.916948 |  0,04795244 | 0.002403 | 0.003086 | 0.00048) | 8106.327 (|
|l 6,000 1| 0.048 | 5.947750 | 0.04808686 | 0.004128 | 0.005178 | 0.00081% | 7260.868 ||
Il 6,000 | -0.,002 | 7.503508 | 0.04846220 | 0.005595 | 0.006834 | 0.001094 | 6931.754¢ |1
| s.000 | -0.011 | 9.049192 |  0.04888056 | 0.007048 | 0.008482 | 0.001367 | 6620,329 ||
1} 4.000 | 0,421 | (.847759 | 0.047508357 | 0.001938 | 0.002398 | 0.000382 | 4840.703 |1
It 4.000 | 0,37 | 3.909458 | 0.0475711% | 0.004548 | 0.005467 | 0.000882 | 4434.403 ||
Il 4.000 | 0.284 | 5.950091 | 0,04765140 | 0.00681% | o0.008007 | ©.001305 | 4559177 ||
Il 4000 0,198 | 7.746820 |  0.04784948 | 0.008748 | 0.010098 | 0.00(1659 | 4669.485 |]
Il 4.000 1 o0.156 | 9.358169 | 0,04885074 | 0.010513 | 0.0(1582 | 0,001980 | 4726.023 ||
I{ 2000 | 0.572 ] 1.911425 | 0,0484564) | 0.002834 | 0.00340( | 0.000545 | 3482.728 ||
1l 2.000 ] 0,53 | 3.509¢457 | 0.04504523 | 0.005730 ] D0.006732 | 0.001097 | 3563.832 ||
11 2.000 | 0.479 | 5.747853 | 0.04987992 | 0.007861 | 0.009113 | 0.001494 | 3846.847 ||
Li Ll
10000 y T " 10000 T T 4
. sofio | ® 2;:} e Sailo |2 33!
2day |y opel 2days |y apsi
— L ] — L ]
3 . a .
m_ L ] . w‘ e L ]
3 2
3 3
g g
% 5000 A A A & 4 2 soof A, asa J
] . 8 N
§ + + ] + +
& 2
0 1 L (LY. V- N
0 5 10 15 10* 10° 10 °
Deviator Stress, ps! Axial Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0,0001 MODEL: LOG (Ea) = A + B*LOG (0‘6) SAY Od = 8psi
() MR=K1 * 0% R*2 = 0.741 AND SEE = 0.093 USING Eq. (1): MR = 5054 psi
o WHEN €2 > 0.0001 (1) K1 = 5129 AND K2 = -0.008 Q: MR < MRmax ? ... No
@ MR=N1 * £ @ {2) N1 = 47683 AND N2 = -0.008
MAmax = 5157 psi MR(design) = 5,054 psl
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3¢l 1-10wb.out

RESIL|ENT NOOULUS (MA) TEST RESULTS

SANPLE IDENTIF ICAT jON Seil 10 -

wol

I DESCAIPTION = Dist S - Lubbock -~ FN835 - 6 days I

I MO ISTURE CONTENT = 15.10 percent 1

1 DAY OENSITY = 117.96 pef. I

1 PLASTICITY {MOEX - 4.00 percent {1

N LiQuio LIMIT = 20.00 percent 11

1t SANPLE HEIGHT = 5,670 Inches H

1 SANPLE OIANETER = 2,840 Inches [}

nl | | 1 | | | 1

|1 CONFINE ) SERTING | OEVIA STRESS | PER OEFORMATION | AXIAL OEFOAMAT 0K | STAAIH | nr. I

I Cpsl) | (psl) | (psl) | (inch) I A {ineh) | B Cineh) | CUin/in) | (pai} I

1 | | 1 | I | | I

I 6.000 | 0.293 | 2.477409 | -.00006021 | 0,0006t3 | 0.00083¢ | 0.000128 | 19410.178 11

I 6.000 | 0.169 | 4.401007 | ~.00007760 | 0,001106 | 0.,001505 | 0,000230 | 19114.455 {1

1 6.000 | 0.093 | 6.528247 |  0.00003453 | 0.0018tS | 0.002443 | 0.00037?5 | 17388.152 ||

I 6,000 | 0.028 | 8.155978 | 0.00016798 | 0,002512 | 0.003319 | 0.000514 | 15861.619 ||

" 6.000 | -0.012 | 9.689143 | 0.00036126 | 0,003321 | 0.004277 | 0.000670 | 14460.776 ||

Bl 6.000 | -0.014 | 11.362286 | 0.00064223 | 0.004447 | 0.005532 1 0,000880 | 12912.2% ||

" 4,000 | 0.333 | 2.460556 |  0.00032088 | 0.,000955 | 0.001272 | 0.000196 | 12528.710 ||

't 4.000 | 0.247 | 4.38415¢ |  0,00028428 | 0.001845 | 0.002381 | 0.000373 | 11763.127 |1

1 4.000 | 0.195 | 6.455216 |  0,00026474 | 0,0020668 | 0.003628 | 0,000573 | 11268,783 ||

1! 4,000 | 0.120 | 9.202323 | 0.00024520 | 0,003?761 | 0.004685 1 0.000745 | 11012.599 {1

H 4.000 | 0.096 | 9.77481S |  0.00029515 | 0.004607 | 0,005613 | 0,000901 | 10845.989 ||

H 2.000 | 0.482 | 2,674966 | -.00029797 | 0.00190t | 0.002339 | 0.000374 | 7153.640 |}

Ht 2,000 | 0.403 | 4.587328 | ~.00036805 | 0,003262 | 0.003940 | 0.000635 ! T222.311 1|

I 2,000 | 0.366 | 6.526842 | -,00040068 | 0.00454¢8 | 0.005401 { 0.000877 | 7439.849 |1

H 2,000 | 0.293 | 8.594627 | -.00044347 | 0,005853 | 0.006866 | 0.001122 | 7663.042 !

I 2,000 | 0,248 1 10,347820 | -.00034340 | 0.,007211 | 0.008319 | 0.001369 | 7556.157 |

1] It

30000 T T 30000 T T
Soil 10 ® 6Gpsi Soil 10 ® 6psi
6 days A 4psi 6 days A 4psi
_ + 2psi _ + 2psi
[} [7:]
a a
g w00r o, 1 g W00F o, .
3 [ =] e
3 . § .
= L] .
€ A . € A .
g 4 A A a S A Aaa
‘@ 10000 | 1 ‘» 10000 L
@ Q
o + + + + + o + o+ +HE
0 1 2 0 lAa . )
0 5 10 15 104 10° 10
Deviator Stress, psi Axial Strain, Inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN £a <0.0001 MODEL: LOG (€a) = A + B*LOG (Gd) SAY Od = 6 psi

(1) MR=K1 * 64"

@) MR

or N2 WHEN €a > 0.0001
=N1 * €a

R*2 = 0.713 AND SEE = 0.103
(1) K1 = 13895 AND K2 = -0.117
(2) N1 = 5117 AND N2 = -0.105

MRmax = 13425 psi

USING Eq. (1): MR = 11268 psi
Q: MR < MRmax ? ... No

MR(design) = 11,258 pel
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soll=12a,0ut

RESILIENT MODULUS (MR) TEST RESULTS

L1QuiD LIHIT =
SANPLE HEIGHT = 5,790
SANPLE DIANETER = 2,770

Inches
Inches

Diot 20 = Jasper - FN232 - 2 daye

SANPLE [DENTIFICATION = Soll 12 - opt
DESCRIFTION -

HOISTURE CONTENT = 20,70 percent
DAY DENSITY = 83,97 pef.
PLASTICITY INDEX = 82,10 porcent

79.30 percent

I I
I Il
1 H
11 |
H I
Il 1
I I
Il I
I H
I I
I 1
| |zmmsnunnn|susnnnuns|sensnnunsunnunn|nnnnunn |= sxnjunnn | 11
|1 CONFINE } SEATING | DEVIA STRESS | PER DEFORMATION | AHIAL DEFORMAT!ON 1 STRAIN | nr. il
I Cps1) 1 (poi) | (pal) i {Inch) | A (ilnch) | B (inch) | (In/In) | (psl) |
| |onmsenann] I 1 | |snsnnanannes| N 1
Il 6.000 ]| 0.9(7| 3,433603 | -,00006304 | 0,000285 | 0.000825 | 0,000096 | 387%08.137 ||
Il 6.000 | 0,386 | 5.930937 | ~.00002833 | 0.000447 | 0.001505 | 0.00016% | 35109, 111 ||
Il 6.000 | -o0.016 | 7.59953 | 0.00195115 | o0.000578 | 0.002102 | 0,000231 | 32039,109 1|
1 6.000 | -0.017 | 9.364699 | 0,00219219 | 0,00073¢0 | 0,002707 | 0,000297 | 3179111 )]
[l 6.000 | -0.018 | 11.741554 | 0.00270020 | 0.000990 | 0.003410 | 0,000380 | 230902.736 ||
Il 4,000 | 0,091 | 3.815759 | 0.002432M | 0.000258 | 0.000965 | 0.000106 | 36132.238 ||
1l 4,000 [ 0,058 | 5.801313 | 0,00292382 | 0.000389 | 0.00¥512 | 0.,000164 | 35%67.512 ||
1 1,000 | 0,039 | T.67236) | 0.00242682 | 0.00053 | 0.00210¢ | 0.,000228 | 33620.052 ||
I 1,000 | 0.03¢ | 9.301220 | 0.00295318 | 0.,000693 | 0.002671 | 0.000291 | 32013.598 ||
1 1.000 | 0.021 | 11.450230 | 0.00249205% | 0.000931 [ 0.003420 | 0.000376 | 30478.63 ||
11 2.000 1 o0.271 | 1.285717 | 0.00217203 | 0.000301 | 0.001093 | 0.000120 | .35593.828 ||
Il 2.000 | 0.211 | 6.500175 | 0.00215163 | 0.00094¢ | 0.001727 | 0.000188 | 31649.082 ||
Il 2.000 | 0,192 | 8.352940 | 0.00211243 | 0.000600 | 0.00235¢ | 0.000255 | 2711t.012 |1
Il 2,000 | 0,180 | 9.881800 | 0.00212174 | 0.,000755 | 0.0028¢9 | 0.000313 | 31575.785 |1
” 2,000 | 0.163 | 12.139666 | 0.00207112 | 0.000990 | 0.0031%9¢ | 0.000387 | 31337.080 ”
Soil 12 ® gpsi Soi 12 ® 6psi
2days A 4psi — 2daya A 4psi
ﬁ, + 2psi 2 + 2psi
g E
3 { o4, E 4,
g 35000 *“ 4 35000 | “" J
5 A 2 s
2 . @ .-
-4 o A
st + ¢,
L] L J
A A
m."? b :IDOOOq;
0 : . 0 Wy L
0 5 10 15 > o108 10* 10
Deviator Stress, psi Axial Straln, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea £0.0001 MODEL: LOG (€a) = A + B *LOG (Od) SAY Od = 6 psi

(1) MA=K1 * 0d'®

N WHEN €a> 0.0001

or
@) MR=N1 “ Ea

R*2 = 0986 AND SEE = 0.008
(1) K1 = 40865 AND K2 = -0.108
(2) N1 = 14480 AND N2 = -0.098

MRmax = 35813 psi

USING Eq. (1): MR = 33857 psi
Q: MR < MRmax ? ... No

MR(design) = 33,657 pel
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sol |-10we.out

RESILIENT MODULUS (MR) TEST RESULTS

[ 11
11 11
1 waf]
11 SAMPLE IDENTIFICATION = Soil 10 - wet 11
1 DESCRIPT!ON = Dist 5 - Lubbock - FNB35 - 36 days 1]
I MOISTURE CONTENT = 14.00 percent 1
11 DRY DENSITY = 118.20 pef. 11
11 PLASTICITY INDEX - 4.00 percent 1
11 LIQuUIO LIMT = 20,00 percent 1
1 SAMPLE HEIGHT = 5.810 Inches 11
I SANPLE DIAMETER = 2.840  inches I
| |ana [ma= | | | | I
1| CONFINE | SEATING | OEUIA STRESS | PER DEFORMATION | AXIAL OEFORMATION | STRAIN | Hor I
Il (pai) | (pal) | (pal) | (Inch) I A Cinch) | B (inch) | (inZin) | (psi) 1
I | | | |anauua |aman | | t
Il e6.000 | -0.027 | 2.627684 |  0.00005033 | 0.000883 | 0.0007?6 | 0.000143 | 18384.518 ||
Il 6.000 | -0.027 | 4.614948 | 0.0006792S | 0.001789 | 0.001448 | 0.000279 | 16565.039 ||
{1 6.000 | -0.028 | 6.236125 | 0.00211860 | 0.002802 | 0.002232 | 0.000433 | 14397.710 ||
Il 6.000 | -0.027 | 7.643830 |  0.00514529 | 0.004066 | 0.003158 | 0.000622 | 12294.777 ||
Il 6.000 | -0.026 | 8.630673 | 0.0080463! | 0.005280 | 0.004034 | 0.000802 | 10766.646 ||
Il 40001 0.135 | 2.439022 | 0.00707100 | 0.00129¢ | 0.000994 | 0.000197 | 123868.317 {!
Il 4.000 | 0.084 ) 4.421137 | 0.00707391 | 0.002696 | 0.002050 | 0.000408 | 10823.392 ||
Il 4.000 1 0.053 | 6.064317 | 0.00715333 | 0.004055 | 0.003027 | 0.000610 | 9949.600 ||
11 4,000 | 0.034 | 7.426611 | 0.00749302 | 0.00532¢ | 0.004011 | 0.000803 | 9244.823 |}
1/ 4.000 | -0.005 | 8.743964 | 0.00857603 | 0.006926 | 0.005218 | 0.001045 | 8366.469 ||
Il 2.000 1 0.263 ] 2.278449 | 0.00793365 | 0.001526 | 0.001126 | 0.000228 | 9985.898 ||
Il 20001 o0.218 | 4.205791 | 0.00778463 | 0.003355 | 0.0024?7 | 0.000502 | 8380.019 ||
Il 2.000 1 0.198 | 5.959453 | 0.00774792 | 0.005217 | 0.003864 | 0.000781 | 7626.025 ||
Il 20001 0.167 | 7.596080 | 0.00807752 | 0.007078 | 0.005260 | 0.001062 | 7153.906 |1
Il 2.000 } 0.121 | 9.,203212 | 0.00978673 | 0.000675 | 0.007241 | 0.001456 | 6321.99¢ ||
L1 Ll
20000 v T 20000 r r
° Soil10 | ® 6psi Soil10 | ® 6psi
A 4psi A 4psi
7 . 36days | Z:i 7 R %days |3 2::i
g 1so00r . 1 5 1s0p . ]
T
,§_, A L] g ]
k] A . k] a e
% 10000} + A 1 % 10000 | + A E
D Q A
o + A o + A
* +
+ +
5000 | 1 5000 |, 1
3 3
0 . . 0 tAm-t .
0 5 10 15 104 102 102
Deviator Stress, psl Axial Strain, Inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN €a <0.0001 MODEL: LOG (Ea) = A + B *LOG (Gd) SAY Od = 6psi

(1) MR=K1 * 6d"?
or

@ MR=N1* £a ™

WHEN Ea > 0.0001

R*2 = 0.846 AND SEE = 0.077
(1) K1 = 17616 AND K2 = -0.316
(2) N1 = 1685 AND N2 = -0.240

MRmax = 15377 psi

USING Eq. (1): MR = 10003 psi
Q: MR < MRmax ? ... No

MR(design) = 10,003 psi
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1]
I1nali=-12b,0ut

RES ILIEAT NODUALS (NR) TEST RESULTS

SANPLE DENTIF ICATION = Qoll 12 - opt

1
It
I DESCRIPTION = Dlst 20 - Jasper - FNZ52 - 6 duys 1
Il NOISTURE CONTENT = 20,60 porcent H
Il ORY OEWSITY = 985,60 pel. 0]
Il PLASTICITY IWDEN = 52,10 perosnt 1
1t LIguiD LIt = 19.30 peroent I
{1 SRMPLE HEIOHT = S$.650 Inohes 1
II  SAWPLE OIRNETER = 2,850 Inches 1l
I | | | | i 1 11
11 COMFINE | SERTINO | OEVIA STRESS | PER OEFORMATION | AXIAL OGFORMATION | STRAIN | ne 1l
1 (psl) | (pal) | (psl) | ey | ACinch) | 8 (inch} | Cinsin) | teol) 11
1] | | | | [ | | I
[ 60001 0.278 1 4.4808f4 | -.00010202 | 0,000779 | 0.000508 | 0,000133 | 29532.984 (|
Il 6000 0,182 1  6.613141 | D.00B0099S | 0,001)56 | 0,000783 | 0.000172 | 38537738 |}
11 6,000 1 0,111 8.TITSTS 1 0,0002033 | 0,001594 | 0.001078 | 0,000236 | 38865.527 ||
Il 6.000 | 0.009 | 10.566801 | 0.0003830 | 0,001976 | 0.001366 | 0.000298 | 35726.672 I
Il 60001 -0.017 | 12,155237 | 0.0005602 | 0.002284 | 0,00i667 | 0.000350 | 762,793 ||
Il 6.000 | -0.019 | 13943100 | 0.00087087 | 0,002650 | 0.002085 | 0.000419 | 33273,145 ||
Il 40001 0.533 |  4.28603% | 0,00048291 | 0.000756 | 0,000501 | 0,00011f | 30528.391 |1
I 4,000 | 0,438 | 6.389433 | 0.00045%00 ] o0.001178 4§ o,0007TT0 | 0.000172 | IB211.664 ||
11 4000 | 03341 7271339 | 0.00044789 | D0.001607 | 0.001081 | 0.000238 | 38881.312 ]
Il 40001 0.226 1 10.701612 | 0.,00044559 | 0.001991 | 0.001404 | 0.000%00 |- 35625201 |
Il 4.000) ©.166 1 12,362102 | 0.00044994 | 0,002329 | 0.001714 | 0.000358 | 34530,711 |
(1 4,000 ] ©0.138 | 14.151359 | 0.0004781S | 0,002687 | 0.002088 | 0.000423 | 39487.707 il
Il 2,000 1 ©0.700 |  4.270064 | 0.00022029 | 0.000TSS | 0.000520 | 0.000113 | 37832172 |l
il 2.000 | 0.5TS |  6,604773 | 0.00020186 | 0.00119% | 0.000797 | 0.000175 | 37484.758 ||
Il 2080 | 0.455 | 8.803576 | 0.00018329 | 0.001695 | 0.001135 | 0.000245 | 35913707 1}
Il 2,000 1 0.322 ) 10,898249 | 0.00014974 | 0.002076 | 0.001502 | ©,000317 | 34423518 |]
Il 2,000 1 0.262 | 12.817203 | 0.00015637 | 0.002464 | 0,001862 | ©.000383 | 33475.629 ||
Il 2,000 | 0.255 | 14.833888 | ©0,00016126 | 0,002856 | 0,002245 | 0.0004%1 | 32412975 |1
1 I
40000 . T 40000 T ™~
Soll 12 [® 6ps) Soil 12 ® 6psi
A 2 Bdays (A 4psi & days a g A dpsi
= . + 2psi . 2psl
a + 3 -
s 2 E 2
g + n 3 *l
35000 1 g 35000 | 4
= + A = 2
5 5
= +- =
E # 3 9
+ @ +
30000 &, . 300005 .
o i L o ,ﬂr o 1 N
0 5 10 15 10 10 10
Devlator Streas, psl Axlal Straln, Inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea < 0,0001 MODEL: LOG (€a) = A + B *LOG (Od) SAY Od = 8 psi

(1) MR=K1 * 0d*@
o WHEN Ea > 0,0001
@ MA=N1 * Ea

R*2 = 0.988 AND SEE = 0.006
{1) K1 = 48738 AND K2 = -0.118
(2) N1 = 14975 AND N2 « -0.106

MRmax = 39899 psi

USING Eq, (1): MR = 37805 psl
Q: MR < MAmax ? ... No

MA(deslign) = 37,805 pal
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I1eoli=120.0ut

RESILIENT NOOULUS (MR) TEST RESULTS

Il SRMPLE IDENTIFICRTION = Soll 12 - opt 1
Il DESCRIPTIDN = Dlst 20 - Jasper - FN252 - 61 days 1
Il MOISTURE CONTENT = 20,60 percent 1
Il DRY DENSITY = 85.53 pof. 1
Il PLRSTICITY INOEX = 32,10 percent 1
Il LIQuUiD LIMIT = 79,30 porcent t
Il SRAHPLE NEIGNT = 5.650 Inches I
Il SRAMPLE DIRMETER = 2.856  Inches I
1 i | | | | | I
|| CONFINE | SERTING | DEVIR STRESS | PER DEFORMRTION | RXIRL DEFORMRTION | STRRIN | ne. 1l
11 (psl) | (pol) | (psl) ! (Inch) I R (lnch) | B Cneh) | (InZIn) | (psl) 14
I | | | | | | | {1
Il 6,000 | 0,206 |  4,962413 | -,00012541 | 0,000759 | 0,000523 | 0.000113 | 43733.949 ||
Il 6000 | O0.177 1 7.117517 | -,00008748 | ©0.001111 | 0,000782 | 0.000168 | 42480.133 ||
Il 6,000 | 0.075| 8.61851 | ~.00004645 | 0,001373 | 0.000992 | 0.000209 | 41174.250 ||
Il 6,000 | 0,008 | 10,482195 | 0,00001332 | 0.001605 | 0,001275 | 0.000263 | 39882.645 !
Il 6,000 | -0.014 | 12,332351 | 0,00010855 | 0.002040 | 0.001604 | 0.000322 | 38246.363 !
Il 6,000 | -0.018 | 13,631177 | 0.00018648 | 0.002288 | 0.001850 | 0.000366 | 37216.496 i
Il 4000 1 0.394 | 35.,040045 | 0.00002587 | 0.000792 | 0.000517 | 0.000116 | 43517.141 ||
Il 4000 f 0,309 | 6.997t18 | 0.00002772 | 0.001145 | 0.000764 | 0,000160 | 41416313 ||
Il 4,000 ] ©0.195 |  8.892829 | 0,00002994¢ | 0.001480 | 0.001039 | 0.000223 | 39904.305 1]
Il 4,000 1 ©0.152 1 10.475688 | 0,00003769 | ©0,001758 | 0,001300 | 0.000271 | 38717.4% |
11 4000 1 0.13 { 12,079465 | 0.00005140 | 0.002041 | 0.001377 | 0.000320 | 37727.285 ||
11 4,000 1 0.074 | 12.191961 | 0.00001979 | 0.00207S | 0.001604 | 0.000326 | 37454051 ||
1] 4,000 | 0,038 | 13.442443 | 0.00003301 | 0.002305 | 0.001835 | 0.000366 | 36683.938 ||
1) 2,000 | ©0.641 |  4.077313 | -,00014506 | 0,000662 | 0.000439 | 0.000097 | 41862.723% ||
Il 2,000 | 0.519 1 5.903295 | -.000170t10 | 0.000975 | 0.0006%1 | 0.000142 | 41557.625 ||
Il 2.000 | 0.427 |  7.682326 | -.0001793% | 0.001307 | 0.000888 | 0.000194 | 39544.363 i
Il 2,000 | 0.266 | 9.529225 | -.00020112 | 0.001648 | 0.001164 | 0,000249 | 38292.965 1l
Il 2,000 | 0.221 | 11,10883%2 | -.00020256 | 0.001532 | 0.001428 | 0,000297 | 37361,504 ||
Il 2,000 1 0,190 { 12.543398 | -,00020108 | 0,002179 | 0.001671 | 0.000341 | 36817.125 ||
It 1
45000 T T 45000 v T
Soil 12 ® 6psi Soil 12 ® 6psi
2 61 days A 4psi 61 days * e 4 psi
- + 2psi - 2psi
a . a .
5’- + + A g’ + ‘a
35 * 5 *
b=
S 40000} — 1 $ oo e 1
IS g
k- A 3 a
& + & & A,
+ A L Y
350005 1 350004 1
e <
° L L ° 0 L '
0 5 10 15 10°% 104 10
Deviator Stress, psi Axlal Straln, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN £a <0.0001 MODEL: LOG (€a) = A + B*LOG (Od) SAY Od = 8psi

(1) MR=K1 * 04"
or
() MR=N1 * €a

N2 WHEN €a > 0.0001

R*2 = 0.997 AND SEE = 0.006
(1) K1 = 56792 AND K2 = -0.184
(2) N1 = 12172 AND N2 = -0.141

MRmax = 44480 psi

USING Eq. (1): MR = 42352 psi
Q: MR< MRAmax ? ... No

MR(design) = 42,352 psi
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I1s0il-13a.0ut

RES{LIENT NMOOULUS (MR) TEST RESULTS

(1) MR=K1 * 04 @

o
(2) MRA= N1 Eam

WHEN £a> 0.0001

R*2 = 0.998 AND SEE = 0.006
(1] Kt = 40272 AND K2 -~ -0.090
{2) N1 = 15744 AND N2 = -0.083

MRAmax = 35886 psi

USING Eq. (1): MR = 34260 psi
Q: MR < MAmax ? ... No

MR(deslgn) = 34,260 pal

I
li
il
1 SANMPLE I10ENTIFICATION = Solil 13 = opt Ik
I OESCRIPTION = Dist 20 - Jefferson - US69 - 2 days It
11 NOISTURE CONTENT = 18.00 percent K]
11 ORY OENSITY = 100.20 pef. 11
1 PLASTICITY INDEX = 35.90 percent I
11 LIguin LINT = 54,10 percent I
11 SRMPLE HEIGNT = 5.610 Inches 11
I SANPLE DIANETER = 2.840  Inches 1
| |---------|---------|------- |-------- -----|- ----| | |
11 CONFINE | SERTING | DEVIR STAESS | PER OEFORMATION |  RXIAL OEFORMATION | STRAIN | nr, 11
Il (psi) ) (pab) | (pal) | (Inch) I A (inch) | B Clneh) | Cin/in) | (pai) 1
" m—=} u[mm- | |essemrsnnenn |snnanunwrnen |[amnn 1 1
Il 6,000 | 0,065 | 4.006831 | -.00003857 | 0.000737 | 0.000548 | 0.000115 | 34971,297 ||
Il 6,000 0,011 | 6,620897 | -.00001995 | o0.000174 | 0.00093) | 0.000188 | 35307.637 ||
Il 6.000] 0,035 | 6.882068 |  0.00000708 ] 0.000611 | 0.001329 | 0.000262 |  33903.949 ||
Il 6,000 0,025 10.797236 | 0.00004865 | 0.001995 | 0.001677 | 0.000327 | 32990.789 ||
Il 6.000 1 @G.0011 | 12.888431 [ 0.00010637 | 0.002446 | 0,002107 | 0,000406 ! 31759.867 ||
11 4,000 0.131 | 4.15242¢ | -.00002667 | 0.000757 | 0.000566 | 0.0001(8 { 35201.852 ||
Il 4.000 1 0.124 | 6.579274 | -.00002549 | o0.00117¢ | 0.000926 | 0.0001867 | 35158.961 ||
[} 4.000 | 0,147 ] 8.876450 | -.00001909 | 0.001635 | 0.000334 | 0.000265 | 33544.773 |}
1} 4.000| 0.106 1 10.829070 | -.00000587 | 0.002031 ] 0.001708 | 0.00033) |  32499.207 |}
Il 4.000 | 0,080 | 13.006400 | 0.00001144 | 0.002488 | 0.00215F | 0.000413 | 31456.441 ||
Il 2.0001 0.239 | 4.056922 | -.0001867% ] 0.000746 | 0.000577 | 0.000118 | 31100.422 ||
Il 20001 0.220 | 6.623746 | -,00019512 | 0.001194 | 0,000968 | 0.000193 | 34369.771 |I
Il 2000 | 0.216 | 8.779077 | -.00019239 | 0.001633 | 0.001361 | 0.000267 { 32894.520 |1
Il 2,000 1 0.2031 10.784129 | -.00018655 | 0.00205¢ | 0,000752 | 0.000339 | 3Me13.662 |}
Il 2.0001 0.186] 13.,038705 | -.00017103 | 0.002518 | 0.002205 | 0.000¢21 | 30975.678 ||
I MBI T TN TEIRTE T AR A A0 000G N RN i3 233223
Sail 13 & Gpsi Soil 13 & Gpsi
2 days i H
. ik . 2o |8 452
2 a
m‘ [
3 3
=
£ 36000} é 2 . § 35000 |- & 8 i
— + + = + -
5 2 5 2
? + . g 4+ ®
o A o A
+ +
1 i
30000 E 30000 } p
¥ 3
o 1 N 0 Laaws . i
0 5 10 18 10 10 * 10
Devlator Stress, psl Axial Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MAmax WHEN Ea <0.0001 MODEL: LOG (£2) = A + B*LOG (Gd) SAY Od = 8psi
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11s0li-13b.out RESILIENT POOULLS (MRB) TEST RESULTS 1
11 I
It SANPLE IDENTIFICRATION = Soll 13 - opt N
M DESCRIPTION = 0lst. 20 - Jefferson — US 69 - 6 days 1]
ihl NOISTURE CONTENT = 18.D0 percent I
] ORY OENSITY = 100,20 pef, 1
[} PLASTICITY [HOEX = 35.90 percent 1l
i LiQuip Lt = 54,10 paroont I
1 SRMPLE HEIOHT = 5.610 Inches I
I SANPLE OIANETER = 2.840  Inches 11
1 | | | | | 1l
|1 COMFINE | SERTING | OEUIR $TRESS | PER OEFDRHATION | AXIAL OEFORNATION | STRRIN | nr 1
Il (psh) 1 {psl} | (psl) | (Inoh?} [ ACinoh) | B (inch) | (in/In) | {psi) 11
1 1 I | 1 [ t | 1
b 60001 0,31 4.51051¢ | -.00001609 } 0,000661 | 0.000526 } 0,000108 | 42933.563 ||
Il 6.000 | 0.20¢ | 6,831135 1 0.00001071 | 0.00098) | 0.000822 | 0.000161 |  42457.840 I
I 6.000 { 0.098 | 5,935435 | 0,00005920 ) 0.001325 | 0.001112 | 0.000217 | 41140.145 ||
It 6.000 1 0.067 | 10.916146 | 0.00012267 | 0.001630 | 0.001382 | 0.000273 | 39995.8%2 ||
Il 60001 0.04¢ ) 12,80300 | ©0.00016783 | 0.002013 | 0.001663 | D.000330 | dg241.625 ||
1l 6.000 | Q.03 | 14,186119 | 0.00023107 ) 0.002339 | 0,002005 | 0.000387 ) 385613.730 ||
11 4000 | 0.158 1 4.657049 | 0.0001011¢ | 0.000T06 | 0,000845 | 0.000112 | 41825.t60 |
11 ¢.0001 0.14¢4 1] 6.585572 |  0.00010609 | 0.001010 ! 0.000800 | 0,000182 | 40663.125 ||
11 4.000 | o0.126 | 8.75051% | 0.00011012 | 0.0001389 | 0.0D1141 | 0.000226 | 38799.289 ||
Il 4000 1 0.113 1 10.564285 | 0.00011965 1 0001715 | 0.8014M | 0.000201 | 38003.266 ||
I 4.000 | 0.102 | 12.670276 | 0.00013113 | 0.002062 | 0.001780 | 0.000342 | 38999.215 ||
Il 4,000 0.084 | 14,673438 | 0.00014732 | 0.002430 | 0,002142 | O0.000007 | J8009.37¢ ||
11 2,000 | 0.301 | 4. 479187 | 0.00000425 | 0.000800 | 0.000550 | 0.000111 | 40514.195 |1
Il 2.000] 0.280 | 6.166371 |  0.00000136 | 0.000%62 | 0.000785 | 0.000156 | 39596.387 ||
11 2.000 | 0.2¢8 | 5.562325 | -.000000122 | 0,001346 | 0.001140 | 0.080222 | 30645.082 |l
Il 20001 0,218 | 1036678 | 0,00000182 | 0.001689 | 0.001488 | 0.000201 | 37580.433 ||
Il 2,000 ©0.194 | 12.815088 | -.00000383 | 0.002090 | O.0018%4 | 0.000352 | 35454.2%0 ||
1 2.000 | 0.178 | 14,65907% | -.000D01277 | 0.002¢2¢ | 0.002187 | 0.0004¢11 [ 35672.340 i
1l 1
45000 y T 45000 T y
Soil13 | ® @ps| Soil 13 | ® &psl
A 4psl A 4psl
- + 2psi - + 2psi
— [ ] ) ®
a3 A 3_ A
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g 40000 . g 40000 -
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ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLIGATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) = A + B*LOG (Gd) SAY Od = Gpsi

{11 MR =K1 * 00
of

Na WHEN E£a > 0.0001

{2) MR=N1 * Ea

A*2 = 0995 AND SEE - 0,008
{1) Ki = 49120 AND K2 = -0.104
{2) N1 = 17746 AND N2 = -0.084

MRmax = 42277 pai

USING Eq. (1): MR = 40785 psi
0: MR < MRmax ? ... No

MR(design) = 40,765 pasl
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| laal1-13c ., out

SANPLE IDENTIFICATION =

RESILIENT nODULUS (MR) TEST RESWLTS

Soil 13 - opt

[
1
11
I 11
11 DESCRIPTION = Dist 20 - Jeffersen - US69 - SO daya I
[ HOISTURE CONTENT = 17.00 percent 11
I DRY DENSITY = {05.50 pef. In
I PLASTICITY INDEX = 35,90 percent 11
1 LIguidD LimT = 54,10 percent H
I SAMPLE HEIGHT = 5,760 inches I
11 SANPLE DIANETEA = 2,840  lnches I
(R | =1 | | . | womsnn]| 11
|1 CONFINE | SEATING | DEUiA STRESS | PER DEFORNATION | AKIAL DEFORHATION | STAAIN | e I
1 Cpald) | (psl) | (psi) | {ineh) [ A {ineh) | B Cineh) | (In/in) | (pal) I
1= | | l ] [ECED [m=—— | 1
Il 6.000 1 0.146 | 4.340617 |  0.01086257 | 0.000643 | 0.000382 | 0.000089 | 48778.840 ||
Il s6.000 | 0.092 | 6.676648 | 0.01092253 | 0.001096 | 0.000578 | 0.000445 | 45955.57¢ ||
11 6.000 | 0.043] 8.554834 | 0.01100383 | 0.001593 | 0,000?34¢ | 0.000195 { 43860.59¢ ||
Il 6.000 | -0.021 | 10.332372 | 0.01108046 | 0,001955 | 0.000888 | 0.,000247 | 41871.613 ||
11 6.000 [ -p.021 | 11,99427? | 0.01116085 | 0.002418 | 0.001029 | 0.000299 | 40084.87?5 ||
{[ 4.000 | 0,292 1| 4.036325 { 0.0109?170 { 0.000862 | 0.000369 | 0.000090 |  45087.?77 [}
Il 40001 0,246 | 6.349416 | 0.01097035 | 0.001109 | 0.000S21 | aq.000441 | 44882.652 ||
Il 40001 o0.2131 7.899436 | 0,01097222 | o.00i448 | 0.000650 | 0.000182 | 43358.852 ||
Il 40001 0.163 | 9.437752 | 0.01097651 | o.001812 | 0.000782 | 0.000225 | 41904,781 ||
Il 4.000 1 0.080 | 11.234482 | 0.01098461( | 0.002231 | 0.000942 | 0.000276 | 407?7.473 ||
Il 2.000 | 0.501 [ 3.890731 | 0.01072796 | 0.000663 [ 0.00035? | 0.000089 | 43919.586 |/
Il 2,000 1 0.421 1| 6.,323200 | 0.01072165 | 0.001136 | 0.000526 | 0.000144 | 43840.926 |!
Il 20001 0.39 | ?.965912 | 0.01070533 | 0.0001504¢ { 0.000660 | 0.000188 | 42392.484 ||
Il 2.000 | 0.326 | 9.745790 | 0.01070441 | 0.001915 | 0.000816 | 0.000237 | 41106.496 ||
11 2.000 1 0.238 1 11,782208 | 0.0107094( | 0.002393 | 0.000013 | 0.000296 | 39857.184 ||
1 P p— - - 1
. Sot13 | § &esi e Soil1a |§ Sel
50 days e ;g; sodays | 4 Zﬁi
.g . g [
;45000 | A A b o 45000 | A A -
3 + +* [ ] 3 + + e
3 A 3 A
g Y Ae g e
5 * A 5 *a
=  doooo » b % 40000 | Fi E
Q 1]
: 4 :
35000 [ - 35000 } b
< P
o ) " 0 'AY 2 +
0 5 10 15 108 104 10°
Deviator Stress, psi Axial Strain, Inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN E£a <0.0001 MODEL: LOG (Ea) = A + B *LOG (Gd) SAY Od = 6psi

(1) MR=K1 * Gd*@
of

(2) MR=N1 * ga "

WHEN Ea > 0.0001

R*2 = 0.997 AND SEE = 0.008
(1 K1 = 52034 AND K2 = -0.122
{2) N1 = 16018 AND N2 = -0.109

MRmax - 43508 psi

USING Eqg. (1): MR = 41839 psi
Q: MR <« MRmax 7 ... No

MR(deaign) = 41,830

pai
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Il {2571-10, 0ut

I SANPLE [DENTIFICATION = (4 1

RESILIENT MOOULUS (MR) TEST RESULTS 1

Il DESCRIPTION = Dist 14 - Hil[lamson - FN9T1 = undl = 10 psl I
1 MOISTURE CONTENT = 30.00 psreant 1
1 DRY DENSITY = 93,20 pef, I
] PLASTICITY INDEX = 43,00 percent 11
I LiQuID LINLtT = 66.00 percent Il
1 SANPLE HEIGHT = 5.740  Inches 1l
1 SANPLE DIAMETER = 2.840  Inches 1l
11 | | | | | [ I
|1 CONFINE ) SEATINO | DEUIA STAESS | PER OEFORMATION |  R¥IAL DEFORMATIONM | STRAIN | Hr. 1
1 {pad) 1 (psi) 1| (pal) | (Ineh) I R {inch) | B {ineh) | {(in/in) | {psi) 1]
{{=mcmussna|ssssunsnn [sncnsnnnnsnnen |sasusnasanansann s (nousnnnnannn | ] (e umnasnnannn||
1l 10,000 | 0.125 | 1.714806 |  -,00004919 | 0.000733 | 0.000524 | 0,000109 | 15669,786 ||
11 10,000 | -0.022 | 3.811616 |  -,00008936 | 0,001737 | 0.001200 | 0.000256 | 14897.340 ||
Il 10,000 | -0.028 | 5.848504¢ | -.00004435 | 0.002966 | 0,002009 | 0.00043) | 13495,869 ||
Il 10.000 I -0.027 | 7.687834 |  0,00005342 | 6.,004323 | 0.002578 | 0.00063 | 12088.836 11
Il 10.000 1 -0.027 ) 9.711069¢ | 0.00015740 | 0.006155 | 0.,004326 | 0.00091) | 10701.768 |1
Il 10,000 | -0.026 | 11.386629 | 0.00036358 | o.o07868 | 0.005658 | 0.001178 | 9664.305 |1
I uemm]| |
20000 T T — T 20000 — T
Soil fm 971 ® 10 psi Soil fm 971
7 B
P () a
ﬁ 15000 |- ) E & 15000 - o ® o
3 ® 3 °
=3
g [ ] 3 [ ]
= =
=
2 €
= 10000 | hd o 2 10000 | b “
[ ® = [ ]
= a
[+d
5000 | - 5000 £ -
P ‘?
0 Iy L i i i 0* A,Al i
0 2 4 [ [ 10 12 10* 10? 10°
Deviator Stress, psl Axlal Strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001

(1) MR=K1 * 0d*?

N2 WHEN Ea > 0.0001

or
{Z) MR=N1 * Ea
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f2971-71.out

RES!LIENT noDULUS (MR) TEST RESULTS

11 SANPLE IOENTIFICATION = (w971 - T feel deep 1
Il OESCAIPTION = Dlat 14 - Nlii/aasen - FA9TI - 7 feet - undist 1
Il roISTURE CONTENT = 30,00 porcent 1
11 DAY DENSITY - 93,20 pef. 1
11 PLASTICITY INDEX = 43.0D percent i
11 LIQUio LINIT = 66.00 percont I
1 SAMPLE HEIGHT = 5.750 Inchea 1
il SAMPLE OIAMETER =~ 2.840 Inches 1
I 1 I 1 [ | 1 1
i1 CONFINE | SEATING | OEVIA STRESS | PER DEFORMATION | RKIAL OEFORMATIOR | STRRIN | nr. 1
1 {pal)y { (psi) | (pal) l { Ineh) I Ritlnch) [ B (Iimnch} | (Insln} | (psl) I
| | | 1 | |------'-----[ ] ] ---| |
Il 6,000 | 0.385 | 2.14081S | -.00002358 | 0.001272 | D.000949 | 0.000193 | 11080.229 I
Il 60001 0.292 | 4.357938 | D,00001439 | 0.002992 | 0.002227 | D0.000454¢ |  9603.618 |1
i1 6000 | ©0.1121 6.607831 | D0.00D69132 | 0,00S791 | D0.004058 | D.00DBSS |  T715.203 ||
|1 60001 -0.019 |  ©.686363 | D,00208044¢ | 0.009079 | 0.D06SOS | 0.001355 [  6409.89¢ ||
11 6.000 | -0.027 | 10.59593% | D,0053804¢0 | O0.013103 | 0.00952¢ | 0.001968 |  $385.312 ||
1] 40001 0.52¢ | 2,054209 | D.00546037 | 0,001378 | 0.000983 | 0,000205 | 10008.308 ]
11 4.000 | 0.406 |  4.476378 | D,00543119 | 0.003781 | 0.002667 | D0.000S60 |  7992.054 !}
1| 40001 0.252 | 6.652305 | 0.00S42S00 | D0.006665 | 0.004737 | 0.000991 |  6709.393 1|
I 4,000 | 0.135 1  8.78469¢ | 0.00557073 | D.009894¢ | D0.007136 | 0.001481 |§  5932,359 ||
[l 40001 ©.112 1 10.671307 | 0.00603708 1 0.013176 | 0,009635 | 0.001984¢ |  $5379.826 ||
11 2.000 | ©0.55¢ | 2,145965 | 0.00593720 | 0.001495 | D0.00105¢ | 0,000222 |  9678.741 1]
J1 2,000 1 0.449 | 4537237 | 0.00588552 | ©.00395T | 0.002797 | 0.000587 |  7732.232 ||
Il 2,000 [ 0.321 | 6.618130 | 0.00%90366 | 0.006687 | D0.0047B4 | 0,000998 |  6634.527 ||
{1 2.0001 0.213| B.734601 | 0.00801278 | 0.009505 | 0.007180 | 0.001486 |  %879.283 ||
11 2.0001 ©0.190 | 10.741080 | 0.00632188 | 0.013279 { 0.009737 |} 0.002001 | 386,739 ||
11 2,000 ©.182 | 11.90%332 | 0.00718149 | ©,01572¢ | 0.011680 | 0.00238) |  4996.053 (I
1 1
15000 r v T 15000 v v —r
Soilim871.7f [ @ 6psi Soilfmg71 .10 (@ Bpsi
4psi 4 psi
= + 2psi ‘& + 2psi
a ™ & '
g 100001 A . J g 10000 L A ° J
3 =)
2
§ A o g A e
c A k<] A
E 1 F 2
T 5000 | A, ] w5000 | a, N
[ @
4 [
0 , . : 0 At :
) 5 10 15 10* 10? 10?
Devlator Stress, psi . Axial Strain, inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001

{1} MR=K1 * Gd'@

or
@ MR=N1 * £a @

WHEN Ea > 0.0001
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11
I1s611~15a.0ut

RESILIENT NOQULUS (MR} TEST RESWLTS

Iyl SARNPLE IDENTIFICATION ~ Soll (5 - opt
H BESCRIPTION = Olet 7 - Tom Green - USSY - 2 daye
11 MO ISTURE CONTEHT = 20.70 percent 11
11 DAY OEMSITY = 105.92 pef. [}
11 PLASTICITY INOEX = 40.00 percent 11
1l Liguio LIMT =  58.00 percent 1
I SAAPLE HEIGHT = 35.810 Inches 1
1 SANPLE OIAMETER = 2.040  Inohes "
1 ! | 1 | | ) Nl
|1 CONFINE | SEATING | OEVIA STRESS | PER GEFDRMATION |  AKIAL DEFOARATION I STAAIN | nr, 11
11 {psl) 1 (pal) | (pel) I (1neh) I A {ineh) | B {inch) | {(in/ln) | (pe]) 1
I | I 1 | | | | 11
It &.000 1 -0.0321 J.020¢1¢ | -.00010718 | 0.000828 | 0.001002 | 0.00H170 ) 17791.018 |1
1 6,000 | -0,033 | 4.816249 | -,D0G08S01 ] 0.00146% ( 0.601792 | 0.000290 | 16590.981 11
Il s.000 | -0.033 | §.7248635 | -.00095317 | 0,002259 ( 0.002632 | 0.000436 | 15424.35¢ (I
[l &6.000 1 -0.035 | 8.515979 |  -.0000030% ] ©0.003101 | 0.003508 | 0.000589 | 14483.480 ||
[l 6.000 | -0.037 ! 10.322073 |  0.0001003¢ | 0,00977 | 0.004405 | 0.000747 | 13818.37M 11
I 8000 [ -D.041 | 12.088710 | 0.00037327 | 0.00¢p48 | 0,005408 | 0.000%25 | 13052.772 11
It 4.000 1 -D.012 | 2.546695 | -.00085522 | 0.000730 | 0.000040 | O.000IW | 17011.486 |1
I'F 4.000 | -0.02¢ | 4.0868410¢ | -.00087009 | 0.001488 | 0.001746 | 0.000288 | 16208.902 ||
I 4.000 [ -D.02¢ | 6.702083 | -.000881T1 | 0.002331 | 0.002673 | O0.0004%8 | 14988.617 11
" 4.000 | -D.015 | 8,453716 | -.00087954 ] 0.00323) | 0.003588 | 0,000808 | 13910.563 |1
11 4.000 1 -D.011 | 10. 469088 | -.00064972 ] 0.0042¢¢ | 0.00%63¢ | 0.000791 | 13229.988 ||
It 2.000 ] 0.088 | 2,650818 | -.00123045 | 0.000742 [ 0.000971 | 0,000153% | 17409.900 11
I 2.000 | D.109 | 5.965071 | -.D0122049 [ 0.001540 | 0.00222¢ | 0.000371 | 16074.242 ||
It 2.000 ] D.718 | 6. 787130 | -.0012255% | 0.002¢49 | 0,002789 | 0.0D0%85 | 1459¢4.757 |1
1" 2.000 | D.t16 | 7.26%3370 | -.00121922 | 0.002657 | 0.0030(5 | 0.000509 | 14261.929 |1
{1 2,000 | 011 | 10.4658588 | -.00112353 | 0.00439% (| 0.004787 | 0.000019 | 13019.340 |
11 2.000 | 0.118 | 12.452123 | -.00105228 | ©0.005460 | 0.005898 | 0.001014 | 12279.926 11
It 11
Sail 15 % &pai soi1s |} ges
4 psi 4 psi
2 days + 2psi 2 days + 2psi
— . . .
4 & 2 y 4
"3 @
2 £ + 2 ] +
=] =
g . . § .
£ 5000 Q* . 3 15000 Q*.
E A . 5 Ao
3 A o = de
@ @
+a + T +
10000_- g 10000} y
3 3
D 'l ' o 'I\'A s L
0 5 10 15 10* 10°% 10 *®
Deviatar Stress, psi Axlal Strain, inch/inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (Ea) = A + B*LOG (Ud] SAY Od = 6 pai

(1) MA=K1 * g4
or
) MA=N1 * Ea

WHEN Ea > 0.0001

R*2 = 0.997 AND SEE - 0.009
(1) K1 = 21738 AND K2 = -0.199
(2) N1 = 4138 AND N2 = -0.166

MRmax = 19106 psi

USING Eq. (1): MR = 15212 psi
Q: MA< MRmax 7 ... Ne

MR(design) = 15,212 pei
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T TT
| Isol1-15b.0ut RESILIENT HODULUS (MR) TEST RESULTS 1
11 essn vemerssssmesssssanE 11
Il SAMPLE IDENTIFICATION = Soil 15 - opt i
11 DESCRIPTION * Dist 7 - Tom Green - US67 - 6 days Il
Nl MOISTURE CONTENT = 20.70 percent Il
11 DRY DENSITY = 105.92 pef, 1
I PLASTICITY INDEX = 40,00 percent 1
1 LIQUID LIMT = 58,00 percent 1]
11 SANPLE HEIGHT = 5.610 Inches 11
I SANPLE DIAMETER = 2,840 Inchea I
I =| | | | | ] |
}| CONFINE | SEATIHG | DEUIR STRESS | PER DEFORMATION |  AXIAL DEFORMATION | STRAIN | ne. 1
11 (psi) 1 (pat) | (psl) | { Ineh) I A {Ineh) | B {ineh) | {In/ln) | (psl) 11
| | | | | ....-..---.|------------|-----.------|----.--.-..-|--------.-....| |
1l &.000 | -0.028 | 3.292914 | 0.00002876 | 0.000701 | 0.000899 | 0.000143 | 23089.340 ||
Il 6.000 | -0.004 6.027334 | 0.00015085 ] 0.00144¢ | 0.0018%0 | 0.000279 | 21579.477 ||
Il 6.000 1 -0.033 | 7.845599 | 0.00026338 | 0.00209¢ | 0.002375 | o0.000398 | 19699.072 I
Il 6.000 | -0.036 | 9.508442 | 0.00038306 | 0,002822 | 0.003096 | 0.000527 | 18028.814 ||
Il 6,000 -0.037 | 11.554222 | 0.00055001 | 0.003729 | 0.0040(7 | 0.000690 [ (6737.25¢ ||
Il 4.000 1 -0.028 | 3.295722 | 0.00015563 | 0.000?51 | 0.000960 | 0.000152 | 21614.189 1|
|1 4.000 | -0.028 | 4.917368 | 0.00014413 | 0.001230 | o.001480 | 0.000242 | 20358.953 ||
11 4,000 | -0.029 | 7.000802 | 0.00014828 | 0.001914 | 0.00220t | 0.000367 | 19087.193 ||
Il 4.000 | -0.030 | 8.429841 | 0.00015366 | 0.002463 | 0.002757 | 0.000465 | 18117.85¢ ||
[l 4.000 | -0.031 1 10.301473 { 0.00016757 } 0,003226 | 0.003529 | 0.000602 | 17109.512 ||
1 2,000 0,099 ] 3.25265¢ | -.00022554 | 0.00075¢ | 0.000966 | 0.000153 | 21216.389 ||
11 2,000 0.099 | 4.983845 | -.00023665 | 0,004259 | 0.001508 | 0.000247 | 20210.236 ||
1l 2.000 [ 0.076 | 5.479559 | -.00022201 | 0.001747 | 0.002017 | 0.000335 | 19314.180 ||
Il 2.000 | 9.082 | 7.916756 | -.00021499 ] 0.002293 | 0.002572 | 0.00043¢ | 18258.08¢ ||
Il 2.000 1 9.087 | 9.452265 | -.00021331 ] 0.002910 | 0,003204 | 0.000545 | 17346.561 ||
Il 2,000 | 0.098 1 11.,298(49 | -.00020582 | 0.003688 | 0.003991 | 0.000884 | 16509.523 ||
Id il
25000 - 25000 v -
- * -
sol1s R §Pe Soil 15 p
o 6 days + 2psi 6days o + 2psi
Z Z
1 W
3 : : g L
b=
§ 20000 - 4 . 1 £ 20000 | 4 . .
b ta K] 2
E *A o F e
& . & .
A
?
15000 |- 4 L J
$ 15000?
4] i 0 'Il' i i
0 5 1 10% 10" 10
Devlalor Stress, psi o Axlal Strain, Inchvinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea £0,0001 MODEL: LOG (E2) = A + B *LOG (Od) SAY Od = 6psi

(1) MR=K1 * 0d "

o
2 MR=N1* €a ™

WHEN Ea > 0.0001

R*2 « 0.985 AND SEE = 0.011
(1) K1 = 28542 AND K2 = -0.208
{2) N1 = 4868 AND N2 = -0.172

MRmax = 23821 psi

USING Eg. (1): MR = 19651 psi
Q: MR < MAmax ? ... No

MRy{design} = 18,851 pei
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soll-15¢c.oul

RESILIENT MODULUS (MR} TEST RESULTS

SANPLE IDENTIFICATION = Soll 1S - opl

= Dist 7 - Tom Grean - USE? - 69 daya

OESCRIPTION

NOISTURE CONTENT = 21.20 percent
DRY DENSITY = 104.10 pef,
PLRSTICITY INDEX = 40.00 percent
LiguiD LimIT - 58,00 percent

SANPLE HEIGHT
SANPLE DIRNETER

= 5,390 Inches
= 2.840 Inches

| m—m]

T T
11 1]
I 1
I 1
11 I
11 1
I 1
I 11
11 1t
1l 11
i {1
H 11
|| CONFINE | SERTING | DEVIA STRESS | PER OEFORMATION |  RXIAL OEFORMATION | STRAIN | noer. It
Il (pal) | {pat) |1 (pel) ) (inch) | A (inch) | B (inch) 1| (in/in) | (pal) nl
Il =) | e | == | |= | (eanmm ||
Il 6.000 | -0.020 | 2,537801 | -,00003328 | 0.000700 | 0.,000570 | 0.000118 | 21535.45? ||
Il 6.000 | -0.021 ] 4.574220 | -.00001723 | 0.001313 | 0,000985 | 0.000213 | 21458.895 ||
I 6.000 [ -0.021 | 6.330221 | -.00000181 | 0.001588 | 0.001396 | 0.000314 | 20164.213 ||
Il 6.000 | -0.021 | 7.498706 | -.00002048 | 0.002539 | 0.001723( | 0.000396 | 18931.430 ||
Il 6.000 1 -0.023 | 8.840870 | -.00000926 | 0.003309 | 0.002154 | 0.000507 | (7444.781 ||
Il 6.000 | -0.024 | 10.188652 | 0.00002746 | 0.004184 | 0.002602 | 0,000629 | 16186.434 ||
Il 6.0001 0.029 | 2,386590 | -.00024169 | ©0.000?29 { 0.000560 | 0.000120 | 19950.389 ||
Il 4.000 | 0.040 | 2.360842 | -.00025145 | 0.000?27 | 0.000555 | 0.000¢19 | 19845.801 ||
Il 4,000 0.009 | 4.689383 | -.00025948 | 0.001587 | 0.001080 | 0.,000247 | 1895(,875 ||
1  4.000 | -0.010 ] 6.520756 | -.00025379 | 0.,002387 | 0.001535 | 0.DDO36¢ | 17924,865 ||
Il 4,000 | -0.015] 8.370387 | -.00024453 | 0.003289 | 0,002060 | Q0.000496 [ 16869111 ]
Il 4,000 | =0.017 | 9.974710 | -.00023310 | 0.004115 | 0.002537 | 0.000617 | 16162,580 ||
Il 2,000 | o0.252 ] 2,464302 | -.00050567 | 0.00079¢ | 0.000602 | 0.000130 | 19027,865 |{
il 2,000 | o0.221 | 4.431436 | -.00050888 | 0.001556 | 0,001067 | 0,000243 | 18211.393 ||
Il 20001 0.185 ] 6.740783 | -.00050532 | 0.0025?f | 0.001659 | 0,000392 | 1?7178.545 ||
Il 2,000 | 0.1751] 8.146146 |  -.00049488 { 0.003248 | 0,002067 | 0.000493 | 16520.314 ||
I 2,000 1 0,174 1 9.837077 | -.00048008 | 0.004119 | 0.002598 | 0.000623 | 15788.2?7 ||
Ll & il
25000 T v 25000 v v
Soil 15 ® Gpsi Soil15 ® Gpsj
68 days A 4psi €9 days A 4psi
_ + 2psi - + 2psi
a g
g‘ o . g' . -
2 =2
§ 20000 | 2 ° 4 g 20000 | 2 4 4
g s s e 8 voae
= +* = +
2 a 2 a
-3 A [ -
F; 4
» a
- -
15000 £ 15000_} h
< b
o 1 3 o 0, i Vs
] 5 10 15 T 10* 10°
Devialor Stress, psl Axial Strain, Inch/Inch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea <0.0001 MODEL: LOG (€a) = A + B *LOG (Od) SAY Od » & psi

(1) MR=K1 * Ga'@

or
@ MR-N1* £a ™2

WHEN Ea > 0.0001

R*2 = 0.989 AND SEE = D.018
(1) K1 = 23788 AND K2 = -0.155
(2) N1 = 6123 AND N2 = -0.135

MRmax = 21188 psi

USING Eq. (1): MR = 17999 psi
0: MR < MRmax ? ... No

MR{design) = 17,699 pal
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1l
I1so11-180.0ut

BESILIENT

MOOULYS (MR) TEST RESULTS

I SAMPLE |DENTIFICATION =

I OESCR!PTION

I HOISTURE CONTENT
11 ORY OEM3ITY

1 PLASTICITY INOEK
1 Liovio LimIT

H SANPLE HELGHT

Sefl 16 - ept

= 0lst & - Haskall ~ Rbilene - 2 days
= 20,00 porcent

= 105,96 pef.

= 29,00 percent
= 51.00 psresnt

= 3.600 Inchea

Xl SANPLE OJANETER = 2.820 Inchea

nl |

} 1 ) | |
I| CONFINE | SEATINO | OEWIA $TAESS | PEM DEFOANATION |  AKIAL OEFORMATION | STRAMM | ne. I
Il (pel} | (pal) | tpol} | {inch) | A Cineh) | & Clach) | CIn/ta) | (pel) N
i | 1 | I | i | 1
1 6,000 0,203) 2,622630 | -,00005/76 | 0.000493 | 0.0007S) | 0.000117 | 23570030 (|
il 6,000 | 02201 4.676267 | 0,00002849 | 0.000930 | 0.001320 | 0.000201 | 23293382 I
1l 60001 ©.746 |  6.700465 | 0.00033267 | 0.001499 | 0.002079 1 0.000M19 | 20975.211 I
Il 8,000 0122 | 8.403597 | 0,00082020 | 0.002077 | 0.002082 | 0.000443 | 18980.80% ||
[l 60001 01071 -9,941020 | 0.00147870 | 0,002692 | 0.0037S9 | 0.000576 | 17259699 ||
Il 6,000 1 0.09 | 11,261930 1 0.00215665 | 0,009311 | 0.004649 | 0.000711 | 15845,328 ||
Il 4.000 1 0.3721  2,408460 | 0.00197144 | 0,000505 [ 0.000782 | 0.000113 | 21650.467 |
Il 4,000 | 0.314 1  4.737943 | 0.0019696¢ | 0.001047 1 0.001523 | 0.000229 | 20844.404 |}
{1 4.000 | ©0.2521 6.788780 | 0.00199513 | 0.001842 | 0.002374 | 0,000959 | 10931.859 ||
11 40001 0.197 1  0.396001 | 0.00203M | 0,00215t | 0.003144 | 0.000478 | 17625.027 ||
11 40001 0,184 | 10056398 | 0.00210090 | 0.002818 { 0,003998 | 0.000600 | 16529.398 |
Il 4000 1 0,75 | 11,614712 | 0.00228243 | 0,003481 | 0,004882 | 0.000747 | 15554.382 ||
Il 2,000 0,467 1 2.580104 | 0.00196952 | 0.000%40 | 0.000825 1 0.000122 [ 20930.711 [l
Il 2,000 0.423 1 4.500932 | 0,00195958 | 0.001643 [ 0.00{5(5 | 0.000220 | 20060.411 ||
Il 2,000 1 0,356 | 6774537 | 0.00197202 | 0.001688 | 0.002425 | 0.000358 | 18431.471 ||
[l 2,000 1 0,301 |  8.37131 | 0.00198740 | 0.002238 | 0.603208 | 0.000486 | 17216924 ||
1l 2,000 1 0.2131  9.,900504 | 0.00201283 | 0,002050 | 0.004038 | 0.000815 | 16229.212 ||
Il 2,000 0,25 | 11.757038 | 0.0021(123 | 0.003605 | 0.008043 | 0.000772 | 15270.645 ||
i M
25000 T , T 25000 T v
Soil 16 Soll 16 :
® 6psi ® 8psi
. 2002 | A apai 2dapn A psi
° + 2psi ® |+ 2psi
= -
a a
g " o a
= =
% + A L 5 + A [ ]
g 20000 | + F § 20000 | + o
A e € Ae
5 ¢ 5 4
= 2
© L . ] 4
£ . 4
15000 ¢ 4 - 15000 | z
= 3,
u 'S i o n' i 1.
o 5 10 1 T 10 10°
Devlator Stress, psl 5 Axjal Straln, Inchinch
ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN €a <0.0001 MODEL: LOG (Ea) = A + B *LOG (Od) SAY Gd = Bpsi

{) MR=K1 * Gd ¥

or
) MA=N1 * £a @

WHEN E£a> 0.0001

A*2 = 0989 AND SEE = 0.019
(1} K1 = 27553 AND K2 = -0.200

@

N1 = 5013 AND N2 = -0.187
MRmax = 23270 psi

USING Eq. (1): MR, = 18255 psi
Q: MR< MAmax ? ... No

MR{design) = 19,255 pai
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a2l (-16b,out RES ILIENT MOOULUS (MR) TEST RESULTS 1
1 1
{1 SAMPLE IOEWTIFICATION = Soll 16 - & days 1
1 OLSCAIPTION « Dist 8 - Haskell - Rbileno - opt I
Il TOISTURE CONTENT = 20.00 percent 1
Il DAY DENSITY = 108.96 pof. I
11 PLASTICITY IMDEX = 29,00 percent 1l
(1 LtQuID LT = 51,00 percent 1
I SAMPLE HEIGHT « 5,600 |nches n
Il SAMPLE DIAMETER = 2,820 Inches 1l
1 | [ | I 1 1
Il CONFINE | SEATING | OEUIA STAESS | PEA OCFORMAT|OH | RWIAL DEFORMATION | STRAIN | He 11
Il (pal} 1 (psl) | {psl) | (Inch) I A{ineh) | B {lach) | (lasin) | (pal) 1
I { | | | | 1 ! 1
Il 6,000 | 0.151 |  2.987487 | 0.00000653 | 0.000502 | 0.00076¢ | ©.000113 | 26426,951 |l
Il 6,000 | ©0.10¢1  4.722898 | 0.0000637¢ | 0.00081% | 0,001178 | 0,000178 | 26488.559 ||
Il 6.000 | 0.089 | 6,65785 | 0.00016676 | 0,001268 | 0.001766 | 0.000271 | 24571.828 ]
Il 6.000 | 0.0851 8,419266 | 0.00029033 | 0.001749 | 0,00242¢ | 0.000373 | 22601.344 ||
It 6.000 | 0.082 1 9,979480 | 0.00045482 | 0.002236 | 0.00307¢ | 0,00047¢ | 21045.643 [
Il 6,000 | 0.082 | 11,447560 | 0.00068328 | 0.002803 | 0.003820 | 0.000591 | 153$8.420 ||
[I 4000 | 0,276 |  2.563863 | 0.00049487 | 0.000546 | 0,000838 | 0.000123 | 24161.652 |l
11 4,000 | 0,220 |  4,818810 | 0.0004692¢ | 0,000531 | 0,001341 | 0.000203 | 23751.281 ||
11 4000 | 0.188 1  6.758393 | D.0004T478 | 0.001401 | 0,001976 | 0.000302 | 22411998 ||
Il 4,000 | 0.173 1  8.441563 | 0.00045513 | 0.001693 | 0,002627 | 0.00040¢ | 20919.148 ||
Il 4000 | 0.167 1 9.904460 | 0,00052355 | 0,002330 | 0.003219 | 0.000498 | 19592.87% ||
Il 4000 1 0.160 ( 11,358316 | 0.D005T35 | 0.002800 | 0.003632 | 0,000592 | [9179.555 ||
Il 2,000 | 0,321 | 2.875427 | 0.00032266 | 0.00052% | 0.000826 | 0.000121 | 29778127 |l
Il 2,000 1 ©.28¢ |  5.040070 | 0,00031603 | ©.000997 | 0.001441 | 0.090218 | 23149857 |!
11 2,000 [ 0,25 { 6,814855 | 0,00032027 | 0.001447 | 0,00203¢ | 0.000311 (| 21922.102 ||
1l 2,000 | ©.2451 8395051 | 0,0003247% 1 0,001503 | 0,00265¢ | 0.000407 | 20631.26) ||
[ 2,0001 0,232 10.00559¢ | 0.0003304% | 0.002400 | 0.003319 | D.000S11 | 19594.682 I
|| 2.000 1 0.216 | 11,681165 | 0.00035803 [ 0,002939 | 0.004031 | 0.000622 | t1a7s8.627 (|
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ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN Ea 50.0001 MODEL: LOG (Ea) = A + B*LOG (Td) SAY O0d = 6 psi

(1} MA=K1 * §5d '@

Nz WHEN £a> 00001

or
(2) MR=N1 * Ea

A*2 = 0,885 AND SEE - 0.018
(1) K1 = 30722 AND K2 = -0.169
(@) N1 = 6504 AND N2 = -0.145

MRmax = 28123 psi

USING Eq. (1): MR = 22700 paj
Q: MA < MRmax ? ... No

MR(design) = 22,700 psl
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T T oo o o 0 - ecanw T
| l9ol1=16¢.0ut RESILIENT HODULUS (HR) TEST RESULTS 1
I b1 L =]
I SANPLE IDENTIFICATION = Soll 16 = opt 1
I DESCRIPTIOH = Dlst 8 - Haskell| - Rbliene - 64 daye I
{! HOISTURE CONTENT = 20,1 percent 1
I DRY DEHSITY = 106,89 pcf, I
I PLASTICITY IHDEX = 29,00 percent 11
[}l LIQuID LINIT = 51,00 percent 11
11 SAHPLE HEIGHT = 5,700 Inches M
I SAHPLE DIANETER = 2,840 Inches t
I mmm|mmn |mmmnn |=m mmmmmn|asssnsznEnnsannaes u|umannn | |
I CONFINE | SERTING | DEUIR STRESS | PER DEFORMATION | AKIAL DEFORHATION | STRAIM | Her. I
I C(pal) | (pal) | (pal) | (linch) | A Cinch) | B Cinch) | (in/in) | (pal) I
||vsnussusn|sasuunsnn|ssanasnaananns |sacnnnnnnsnasanng | aanwnnwnnnny| [ELTL | 11
Il 6,000 | 0,557 | 2,79153¢ | -,00003119 | o0.0005¢¢ | ¢,0DD614¢ | o,000101 | 27583.250 ||
I 6.000 | 0.477 | 1,710449 | -.00002326 | 0.000970 | 0.001019 | 0.00017% | 27001,000 ||
Il 6.000 | 0,380 | 6.,611537 | 0.00003760 | o0.00154¢ | 0.001513 | 0.000268 | 24772, 7170 ||
Il 6.000 | 0,343 | 7.919097 | 0.00009542 | 0.0019%1 | 0.001886 | 0,000310 | 232808.15% ||
il 6.000 | -0.020 | 9.757962 |  0.00011868 | 0.002583 | 0.00243¢ | 0,000442 | 220083.271 ||
Il 4.000 | 0,228 | 2,552312 | -.00024879 | 0,000518 { 0.000597 | 0,000098 | 26107.299 ||
Il 4.000 | 0.168 | 1.166209 | -.00025305 | o0.,00096¢ | 0.001020 | 0.00017¢ | 25775.396 ||
I 4,000 [ 0.118 | 6.781043 | -.00025671 | 0.001603 | o0,001611 | 0,000282 | 21054,455 ||
I 1.000 | 0.093 | 7.989786 | -.00025520 ] 0,002004 | 0.0019578 | 0,000349 | 22073,756 ||
Il 4.000 | 0,049 | 9.974710 |  -.00023829 | 0.002732 | 0.002633 | 0.000471 | 21193.096 ||
11 2,000 | 0,371 | 2,916995 | -.00047258 | 0.000631 | 0,000695 | 0.,000116 | 25085.066 ||
Il 2,000 | 0.384 | 2.891994 |  -.00018571 | 0.000618 | 0,000681 | 0,00011% | 253197413 ||
I 2.000 | 0.321 | 1.693596 | -.00018419 | 0.001064 | o0.001098 | 0,000190 | 2471147977 |1
i1 2.000 | 0.271 | 6.837689 | -.00048195 | 0.001684 | 0,001667 | 0,00029% | 23263, 119 ||
11 2.000 | 0.226 | 8.330127 | ~.00047691 | ©0.002182 | 0,002118 | 0.000377 | 22085.998 ||
Il 2,000 | o.180 | 10.,408212 | -,00045942 | 0.002%6¢ | 0.002812 | 0,000507 | 20544.016 ||
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ANALYSIS OF RESULTS
EXPRESSIONS STATISTICS APPLICATION
MR = MRmax WHEN E€a <0.0001 MODEL: LOG (Ea) = A + B*LODG (Ud) SAY Od = 6 psi

(1) MR« K1 * §d'?
or WHEN €a > 0.0001
? MA=NT * Ea

R*2 = 0.8994 AND SEE = 0.012
1) K1 = 32028 AND K2 = -0.164
(@ N1 = 7430 AND N2 = -D.141

MRmax =~ 27185 psi

USING Eq. (1): MR = 23878 psi
Q: MR < MAmax 7 ... No

MR(deslgn) = 23,878 psl
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