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Disclaimer

The contents of this report reflect the views of the authors who are responsible for
the facts and the accuracy of the information presented herein. The contents do not
necessarily reflect the official views of the Oklahoma Department of Transportation.

This report does not constitute a standard, specification, or regulation.
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SUMMARY

A comprehensive laboratory study was undertaken to investigate the effect of
durability, namely, freeze-thaw (F-T) and wet-dry (W-D) cycles on raw and stabilized
aggregate base. Four commonly used aggregates in Oklahoma, namely, Meridian (M),
Richard Spur (RS), Sawyer (S), and Hanson (H), were used in this study. Aggregates
were stabilized with different stabilizing agents. Resilient modulus and unconfined
compressive strength (UCS) were the only measurements used to evaluate the effect of
these actions. Additionally, laboratory tests such as Los Angeles abrasion and moisture-

density were conducted to characterize the aggregates. The study was divided into two

phases.

Phase I consists of evaluating the effect of F-T cycles and W-D cycles on Class C
Fly Ash stabilized Meridian aggregate. One F-T cycle consisted of placing a specimen in
a rapid F-T cabinet, then freezing it at —25°C (13°F) for 24 hours and thawing at 21.6°C
(71°F) for another 24 hours with a relative humidity ranging between 90% and 95%. One
wet/dry cycle consisted of placing a sample' in an oven at 71°C (160°F) for 24 hours,
then placing it in a water bath for 24 hours at room temperature. The effect of F-T/W-D
on stabilized samples was examined on 3-day and 28-day cured samples stabilized with
10% CFA. Two sets of samples were prepared. The first set, called Same Specimen (SS)
set, was subjected to selected sequences of freeze-thaw or wet-dry cycles. The second
set, called Different Specimens (DS) set, was subjected to a given sequence of F-T or W-
D action and tested for Mr, followed by UCS test. The primary goal of this effort was to
optimize/reduce the total number of samples needed for the testing program. The number
of F-T/W-D cycles for the first set of specimens was 0, 4, 12, 30, and 60, while for the
second set they were 0, 4, 12, and 30. Based on the results, it was observed that the
resilient modulus of CFA-stabilized samples increased as the number of F-T/W-D cycles
increased, up to a certain number, beyond which it started to decrease. Also, it was seen

that the same samples could be used to evaluate the effects of F-T/W-D cycles on

' Sample (s) and Specimen (s) are used interchangeably in this report
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resilient modulus of CFA-stabilized specimens as long as the number of Mr tests is low.
In addition, the deleterious effect of W-D cycles on Mr values was higher than the effect
of F-T cycles. And the effect of these actions had more deleterious effects on 28-day
cured samples than on 3-day cured samples. The UCS tests were also used to identify the
effect of F-T/W-D cycles. Tests were conducted on two sets of samples. For the first set
(called Mr samples), tests were conducted on samples after subjecting them to a desired
number of F-T or W-D cycles, followed by Mr testing. For the second set (called virgin
samples), tests were directly conducted on samples after being subjected to 0, 4, 12, and
30 F-T or W-D cycles. It was seen that the unconfined compressive strength and
modulus of elasticity values increased as the number of F-T/W-D cycles increased. It
was also observed that samples subjected to resilient modulus tests had higher UCS and

modulus of elasticity values than samples tested for only UCS.

The effect of F-T and W-D cycles was observed on raw specimens. Specimens
were subjected to 4, 12, and 30 F-T cycles. It was observed that Mr values decreased as
the number of F-T cycles increased. The maximum reduction in resilient modulus values
was approximately 20%. On the other hand, raw samples could not withstand even one
cycle of wetting/drying and Mr testing. From the observations in Phase I, the same
specimens scheme was used in Phase II, in which, specimens were compacted at OAC,

and cured for only 28 days.

Phase II consists of evaluating the effect of F-T cycles and W-D cycles on
Meridian aggregate stabilized with CKD, FBA, and PC.; Richard Spur and Sawyer
aggregates stabilized with CKD, CFA, and FBA; and Hanson aggregate stabilized with
CKD, and FBA. In this phase, one F-T cycle consisted of placing a 28-day cured sample
in a rapid F-T cabinet, then freezing it at —25°C (13°F) for 24 hours and thawing at
21.6°C (71°F) for another 24 hours with a relative humidity approximately 98%. During
this phase, the membranes around the specimens were removed, so that moisture
migration to specimens occurs more readily. One wet/dry cycle consisted of placing a
28-day cured specimen in an oven at 71°C (160°F) for 24 hours, then placing it in a water

bath for 24 hours at room temperature. It was observed that Mr values decreased as the
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number of F-T cycles increased. The percentage decrease varied with the stabilized
agents and aggregate type. CKD-stabilized specimens subjected to F-T/W-D cycles had
the lowest Mr values, followed by CFA, FBA, and then PC. In addition, the performance
of stabilized aggregate base under F-T cycles is a function of aggregate mineralogy. For

example, Meridian, a limestone aggregate, had lower Mr values than Sawyer, a sandstone

aggregate.

A commercially available software, Kenlayer, was used to evaluate the structural
response of pavement as the resilient modulus of base changes due to stabilization and
F-T/W-D cycles. Tensile strain at the bottom of the asphalt concrete layer and the
compressive strain at the top of the subgrade were used to calculate corresponding
allowable load repetitions (i.e., equivalent single axle load (ESAL)) and to evaluate these
effects. Results showed that ESAL increased due to stabilization. It was also observed
that a negative effect of F-T and W-D cycles on Mr produces a negative effect on ESAL
and vice versus. In other words, an increase in Mr due to F-T/W-D cycles produces an
increase in ESAL, while a decrease in Mr due to these cycles decreases the number of
ESAL. In addition, the layer coefficients were determined using the traditional equation
recommend by AASHTO, 1986. The effect of stabilization, aggregate mineralogy, F-T
and W-D cycles, were observed on ESAL and the layer coefficient. Regression equations
in tabular and graphical form are presented for predicting ESAL and layer coefficient of

stabilized aggregate base for practical applications in pavement design. Such applications

illustrated with design examples.

The refefence intensity ratio (RIR) method was employed to identify and quantify
the mass percent of minerals and cementing compounds in the stabilized specimens.
Results show that the cementing compounds such as ettringite, gismondine, straetlingite,
and tobermorite, among others, responsible for modulus increase, were formed and their
amount varied from one stabilized specimens to another. The Mr values correlate fairly
well with the sum of the cementing compounds. Finally, the SEM micrographs show the
same trend as the XRD where the intensity of crystals formation is lower in CKD

specimens than CFA, followed by FBA specimens.
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The cost for constructing a section (1.83 m by 30.48 m; 6 ft by 100 ft), in the area
of Oklahoma City, having an ESAL value of approximately 2,000,000, was determined.
The costs for the materials, hauling, and compaction were provided by the companies.
Results showed that the cost for constructing the section with raw aggregate is more
expensive than a section stabilized with CKD, CFA, FBA, or PC. This due to the fact the
stabilization reduced the thickness of the base layer, and thus, the bulk materials. It was
also found that constructing a section with FBA is cheaper than a section with CFA,

followed by CKD, and then PC.
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CHAPTER ONE INTRODUCTION

1.1 Background

The demand for pavement networks in the United States is greater than ever, and
the conditions of existing roadways are worsening due to heavier vehicles and increased
volume. According to a 1997 Federal Highway Administration report, approximately
49% of rural interstate and approximately 60% of urban interstate pavements are rated
between fair and poor (FHWA, 1997). There are other studies as well that indicate that
the pavement condition of our highways is deteriorating rapidly (Comeau, 2001; Zhu,
1998; NCHRP, 1997; Pandey, 1996). In recent years many efforts have been directed
toward making pavement systems perform better, function more smoothly, and last
longer. One significant attempt was made in 1986 with the release of the AASHTO
Design Guide of Pavement Structure, which intended to improve flexible pavement
design methodology (AASHTO, 1986). Also, in recent years the pavement industry has
focused on and has increasingly moved toward the development of mechanistic-based
approaches of pavement design (Chen, 1994). Many Departments of Transportation have
adopted the use of resilient modulus of associated layers in the design of pavement
structures, rather than subgrade support values (Zhu, 1998). Resilient modulus is an
important parameter in predicting the recoverable stresses, strains, and deflections in a
flexible pavement (NCHRP, 1997). This can be determined using a laboratory cyclic
triaxial test that simulates a repetitive moving traffic load over a pavement.

Aggregate base represents an important element in a flexible pavement structure
(NCHRP, 1992; Uzan, 1999). It provides support for the asphalt concrete (AC) layer and
protects the subgrade from overstressing. It is also believed that the quality of aggregate
base can contribute to deterioration and premature failure of roadway pavements.
Highway engineers have been faced with the problem of diminishing natural aggregate
and good quality resources in Oklahoma. In some areas, the natural aggregate and good
quality aggregate base are either too expensive or inaccessible. While in the other places
aggregate base have to be transported from long distances, and thus, the total cost of the

project increases. For these reasons, several studies have focused on the use of low
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quality, locally available aggregates, via chemical stabilization. As a result, it was found
that chemical® stabilization can be used in pavement construction, helping with the
disposal of industrial wastes, and reducing pavement distresses (Pandey, 1996; Yi, 1995;
Zaman et al., 1998).

The response of a pavement system is influenced by many factors including,
environmental factors, such as freeze-thaw (F-T) and wet-dry (W-D) conditions. In fact,
variations in freeze-thaw and wet-dry conditions can have detrimental effects on the
service life of a pavement system, and should be considered in its design. The AASHTO
Design Guide includes an approximate method of addressing the effect of these factors
on the resilient modulus of subgrade. However, the effects of seasonal factors (i.e., F-T
and W-D cycles) on the aggregate base layer have received very little attention. As such,
data on the variation of resilient modulus of stabilized aggregate base is extremely
limited. Knowledge about the variation in resilient modulus of raw and stabilized
aggregate base due to F-T and W-D cycles is expected to be helpful in the development

of a rational design procedure for better pavement in Oklahoma.

1.2 Need for Durability of Chemically Stabilized Aggregate
It is stated in NCHRP (1992) that for “High Strength Stabilized Base (HSSB)

material durability is a very important property and should be carefully considered in the
HSSB mixture design process (In fact durability requirements may control the mixture
design proportions).”

Zhu (1998) noted that

“From the cited references, it becomes evident that there exists a need to address
research on the resilient modulus versus the durability for stabilized aggregates.
Effects of the number of both freezing/thawing and wetting/drying cycles on the
resilient behavior of an aggregate remain an important area of research.” (p. 19)

Little et al. (2001) reported

“Given that many state DOTs now use compressive strength testing as the sole
criterion for determining cement content in soil-cement, additional research is

? Chemical (ly) and Cementitious are used interchangeably in this report
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needed to ensure that durability is also achieved at the specified strength for a
variety of soil types. New durability tests may need to be developed for this
purpose. A rapid and reliable test for assessing the impact of wet/dry and
freeze/thaw cycles on durability remains a key need as well.” (p. 7)

It 1s clear that the durability of chemically stabilized aggregate base remains a

concern for many highway engineers and transportation agencies, and should be

considered in pavement design. The experimental program undertaken in the present

study is an attempt to address this concern.

1.3 Objectives

The primary objective of this study is to evaluate the effect of durability of
chemically stabilized aggregate bases in Oklahoma. For this reason, four different types
of aggregate, namely, Meridian (Limestone), Richard Spur (Limestone), Sawyer
(Sandstone), and Hanson (Rhyolite) were stabilized with Cement Kiln Dust (CKD), Class
C Fly Ash (CFA), Fluidized Bed Ash (FBA), and Portland Cement (PC). Stabilized
aggregates were subjected to a different number of F-T and W-D cycles. The more
specific tasks include the following:

(1) Identify a suitable laboratory procedure to evaluate the durability of chemically
stabilized aggregates.

(2) Evaluate the deleterious effects of F-T and W-D cycles on the properties of the
selected chemically stabilized aggregates: resilient modulus, unconfined
compressive strength, and the layer coefficient.

(3) Quantify, for selected cases, the relative performance of different aggregate types
(limestone, sandstone, and granite) under the F-T and W-D cycles.

(4) Determine the layer coefficient of the stabilized aggregate bases including the effect
of F-T and W-D actions.

(5) Develop regression models for resilient modulus and layer of coefficients for
potential field application.

(6) Use a commercially available computer program, Kenlayer, to evaluate the effect of

CFA-stabilization on the flexible pavement design, using both fatigue and rutting
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criteria. Also, evaluate the variation of base modulus (Mr) due to F-T/W-D cycles

on the Equivalent Single Axle Load (ESAL).
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CHAPTER TWO MATERIALS SOURCES AND PROPERTIES

2.1 General

This chapter is devoted to presenting the sources of materials that were used in
this study. The coarse aggregates were collected during summer 1999 and the stabilizing
agents were shipped to our laboratory from different agencies. The moisture-density tests
were conducted on raw and stabilized aggregates to determine the optimum moisture

content and maximum dry density. These results are presented in this chapter.

2.2 Aggregate Base

As mentioned previously, four different aggregate bases were used in this study:
1) Meridian (M); 2) Richard Spur (RS); 3) Sawyer (S); and 4) Hanson (H). M and RS
aggregate are limestone aggregate with high percentage of calcium carbonate, and
different mineral and fundamental properties. Conversely, S and H aggregates are
considered as sandstone and rhyolite aggregates, respectively, with high silica content.
Bulk aggregates were collected from different quarries and locations in Oklahoma. More
than 100 bags, each having a weight of approximately 20kgs (44 lbs), were transported to
the Broce laboratory and stored for testing. Figures 2-1 and 2-2 photographically depict
the field sampling and storage of these materials, respectively. The mineralogy of each

aggregate is given in Table 2-1.

2.3 Los Angeles Abrasion

The Los Angeles (L.A.) abrasion test is used to measure the degradation of
mineral aggregates from a combination of actions including abrasion or attrition, impact,
and grinding in a rotating steel drum containing a specified number of steel balls, as
reported in the ASTM C 131-96 method. The L.A. abrasion test was performed on raw
aggregates in accordance with the ASTM C 131-96 method. A total of three tests were

performed on each aggregate type and the average values are summarized in Table 2-1.
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2.4 Moisture Density Test

Moisture-density tests were conducted according to the ASTM 1557-91 method.
This test 1s used to determine the relationship between the moisture content and the dry
density of a soil or aggregate mixture. A mechanical hammer was used for compaction.
It was calibrated according to the ASTM D 2168-90 method, such that the ratio of
maximum dry density (MDD) obtained using a manual compactor to MDD obtained
using a mechanical compactor, was equal to or greater than 98%. Tests were conducted
on raw aggregate and aggregate mixed with different percentages of stabilizing agents. A

summary of the results is given in Table 2-2.

2.5 Stabilizing Agents

Cement Kiln dust (CKD), Class C Fly Ash (CFA), Fluidized Bed Ash (FBA), and
Portland Cement (PC) were the main stabilizing agents used in this study. The difference
among the additive properties brings different stabilization effects with different

aggregate types, including the effect of F-T and W-D cycles.

2.5.1 Cement Kiln Dust

The cement kiln dust used was provided by Blue Circle Cement, Inc. (Lafarge is
the current name of the company). Sealed buckets were shipped to our laboratory from
Tulsa, Oklahoma. The cement kiln dust is collected from the exhaust gases of the cement

kilns using bag houses. The physical and chemical properties are listed in Table 2-3.

2.5.2 Class C Fly Ash

Class C fly ash from Oologah was used in this study. CFA was brought into well-
sealed plastic buckets. It was produced in a coal-fired electric utility plant. It has an
average specific gravity of 2.69 and a loss on ignition (LOI) value of approximately
0.23%. The chemical and physical properties of CFA used in the present study were
provided by Boral Materials Technologies and are well illustrated in Table 2-3.
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2.5.3 Fluidized Bed Ash

Fluidized Bed Ash (FBA) was supplied by the Brazil Creek Minerals, Inc., Fort
Smith, Arkansas. Sealed buckets were shipped to our laboratory. FBA is produced from
the fluidized bed combustion process, in which low quality coal and coal washery wastes

are burned in a fluidized bed combustor (Pandey, 1996). Properties of FBA are presented
in Table 2-3.

2.5.4 Portland Cement

In this study, Type I Portland Cement was used. Portland cement is hydraulic
cement produced by pulverizing clinker, consisting essentially of hydraulic calcium
silicates, usually containing one or more of the forms of calcium sulfates as an integrated
condition. No chemical tests were conducted to determine the PC chemical compounds;

however, Table 2-3 illustrates the maximum values of different compounds, as

recommended by ASTM C 150.
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Table 2-1 Properties of the Aggregates Used in This Study

Aggregates Properties
Percentage per weight, (%)

el St Meridian* | Richard Spur** | Sawyer***| Hanson****
SiO, 0.25-6 953 92-95 60-67
AlL,O3 --- 0.49 - 10-13
Fe,0, - - - 4.5-10
CaCO; 91-98 86.9 - ---
CaO --- - -—- 1.4-2.8
MgO 0.7-1.2 --- - 0.3-0.5
Loss on ignition (LOI) --- - -—- 2-3
Specific gravity 2.67 2.67 2.87 2.65-2.68
Absorption 4-5 34 -—- 0.4-1.0
L.A. Abrasion value 34 26 22 18
* Marshal County
** Comanche County
*** Choctaw County
**** Murray County

Table 2-2 Moisture Density Test Results

Maximum Dry Density, | Optimum Moisture Content,

Agrgegate Type (pcf) W(%)
Meridian raw 140 6.50
Meridian with 15% CKD 131 8.80
Meridian with 10% CFA 138 7.00
Meridian with 10% FBA 134 8.80
Meridian with 3% PC 140 7.40
Richard Spur raw 151 3.34
Richard Spur with 15% CKD 142 553
Richard Spur with 10% CFA 147 4.00
Richard Spur with 10% FBA 144 6.00
Sawyer raw 144 4.00
Sawyer with 15% CKD 139 6.25
Sawyer with 10% CFA 140 5.00
Sawyer with 10% FBA 138 6.80
Hanson raw 144 5.50
Hanson with 15% CKD 137 8.65
Hanson with 10% FBA 138 7.30
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Table 2-3 Properties of Stabilizing Agents Used in this Study

Stabilizing Agents Properties
Percentage per weight, (%)
SEneas CKD CPA FBA PC
SiO, + AlL,O; + Fe,04 19.23 62.1 36:3 -
Calcium oxide (CaO) 44 1 26:53 41.25 -
Magnesium oxide (MgO) 1.46 5.44 2.66 -—-
Sulphur oxide (SO3) 2.49 2 19.31 3-3.5
Calcium carbonate (CaCOs) 64.22 - 41 -
Free lime (CaO) 2-3 - 18.2 -~
Loss on ignition (LOI) 29.38 0.23 5.34 <3
Percent fineness 11.5 59 ---
Specific gravity 2.74 2.69 2.87 --—-
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Figure 2-2 Storage of Meridian Aggregate in the Broce Laboratory
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CHAPTER THREE EXPERIMENTAL METHODOLOGY

3.1 General

This chapter describes the experimental methodology that was followed to
evaluate the effects of Freeze-Thaw and Wet-Dry cycles on the stabilized aggregate
bases. Emphasis in this study is placed on resilient modulus (Mr) and shear strength
presented by Unconfined Compressive Strength (UCS). Also, a description of sample

preparation and compaction methods is included.

3.2 Testing Procedure for Resilient Modulus Laboratory

The resilient modulus tests were performed in accordance with the AASHTO T
292-91 method. The testing sequences were slightly modified, as given in Table 3-1, so
the minimum deviator stress was be 69 kPa (10 psi). This modification is consistent with
the NCHRP (1997) which recommends the minimum deviator stress be 69 kPa (10psi)
when performed on base materials stabilized with lime-fly ash. The test involves
applying between 200-500 cycles of a haversine-shaped load pulse with an amplitude of
130.5 kPa (15 psi), duration of 0.1 seconds and relaxation period of 0.9 seconds, as
shown in Figure 3-1. A haversine load pulse, having the form of ([1-cos (0)]/ 2), is
shown in Figure 3-2 and is recognized as the best pulse shape to simulate the induced
load shape in pavement layers by a moving vehicle (NCHRP, 1997). The above stress
sequence is considered as sample conditioning that aids in eliminating the effect of
interval between compaction and loading, as well as the effect of initial loading versus
reloading (AASHTO, 1999). Subsequently, the sample was loaded following the
sequences shown in Table 3-1. For each sequence, a total of 50 repetitions of the
corresponding cyclic axial load using the same haversine load pulse were applied. The

last five repetitions were recorded and used to determine the average resilient modulus

values.

3.3 Sample Preparation

Two types of samples were prepared: unstabilized and stabilized. Unstabilized
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samples were molded only with raw aggregate, while stabilized specimens were prepared
with aggregates mixed with additives. In both cases, samples were compacted using a
modified vibratory compaction method, described in Khoury (2001), to reach the desired

optimum moisture content (OMC) and the maximum dry density (MDD).

3.3.1 Stabilized Aggregate Mixture

Median gradation for type A aggregate base, recommended by the Oklahoma
Department of Transportation’s standard specification for Highway construction (ODOT.
1996), was used to prepare each sample and is depicted in Figure 3-3. Coarse aggregates,
coarser than No. 4 sieve, were separated from fines, then washed and dried in an oven at
110°C (230°F) for 24 hours. Finer particles were only dried in the oven to make sure that
the mixture was totally dry. After the drying process, the amount of additive was
determined from the dry weight of the raw aggregate. Mixing the aggregate and
additives was done in accordance with the following method to avoid any quick
chemical/cementitious reactions. The method consisted of the following steps. In the
first step, raw aggregates were mixed to uniformity. In the second step, 1/3 of the total
amount of water was added and mixed with the aggregate. The third step consisted of
adding and mixing half of the CFA to achieve a uniform mixture. In the fourth step, 1/3
of water was added and mixed. In the fifth step, the remaining CFA amount was added
and mixed until a uniform mix was obtained. In the last step, the remaining water was
added and mixed properly to obtain a uniform mixture. Figure 3-4 shows the
photographic views of the mixing process. The mixture was then compacted according to
the method illustrated in Khoury (2001). Figure 3-5 shows a photographic view of the
mold assembled on a vibratory table. After compaction specimens were placed in a

humidity room with controlled temperature and humidity, as shown in Figure 3-6.

3.4 Resilient Modulus Testing Apparatus

The resilient modulus test was performed using the MTS system in the Broce
Laboratory. The loading system in MTS involves a servo-hydraulic testing machine

capable of applying cyclic haversine-shaped load having a duration of 0.1 seconds and a
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rest period of 0.9 seconds. A Plexiglas chamber, having an internal diameter of 225 mm
(9 in), was used. A load cell having 22.24 KN (5000 Ibf) capacity was used and mounted
inside the chamber. The load cell has an output of 2-mV/V and a resistance of 350 ohms.
Both NCHRP (1997) and AASHTO (1999) recommended that a 152.4 mm (6 in) sample
should be tested with a load cell having a maximum capacity of 22.24 KN (5000 Ibf).
The confining or cell pressure was provided by compressed air. The cell pressure was
regulated and measured using a pressure gauge having an accuracy of 0.69 kPa (0.1psi)
divisions.

For collecting data, such as load and displacement, a PCI 6052E data acquisition
system, manufactured by National Instrument was used. This system consists of 16
analog input channels that can be used as eight differential input channels, with 16-bit
resolution, and a sampling rate of 333kS/s. Also, it has two 16-bit analog outputs, eight
digital I/O lines, and two 24-bit counters. These two channels can be used to send signal
from the computer. In the current study, only three differential input channels were used:
two for collecting the LVDT signals, and one to record the load applied to the sample.
Also, one output channel was used to send the haversine-load pulse.

Internal linear variable differential transformers (LVDTs) were used to measure
the vertical displacement of the samples. They were attached to two aluminum clamps
that were mounted on the sample at a distance of 76.2 mm (3 in) from both ends of the
sample. The LVDTs had a maximum stroke length of 5.08 mm (0.2 in). A power supply
was used for exciting, and amplifying the LVDT signals. Figure 3-7 shows a
photographic view of the LVDTs mounted on a sample. NCHRP (1997) rated the
accuracy of determining the Mr values from internal LVDTs mounted on sample with
clamps as good, overall. In addition, it was reported by NCHRP (1997) that internal
LVDTs mounted directly on the specimen help reduce the extraneous deformations
occurring outside of the specimen.

To generate the desired haversine-shaped load and to read the load and
displacement signals, a software was written using Labview, G language, as shown in

Figure 3-8. Data were collected and stored in an Excel file. A macro program in Excel
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was written to process these data and evaluate the resilient modulus. This software also
generates graphical plots. The rate of data collection during the application of one cycle,
i.e 0.1 seconds loading and 0.9 seconds rest was 230 points per second. Previous studies
have shown that the use of 205 measurements over a one second interval gives more

accurate results than for either 102 or 666 readings/sec. (NCHRP, 1997).

3.5 Noise Problems and Accuracy in Resilient Modulus Calculations

Noise is an important factor in resilient modulus testing. According to NCHRP
(1997), there are two factors that help increase the noise-level in a resilient modulus test:
(1) Sampling rate; and 2) Cross coupling between channels. One-way to remove or
significantly reduce the noise-level associated with resilient modulus testing is through
filtering, but it is discouraged to use this method. If not avoided, it is recommended that
the frequency of filter be greater than 10 to 20 Hz (NCHRP, 1997; AASHTO, 1999). In
addition, Zhu (1998) noted that the accuracy of resilient modulus results depends on the
resolution of the data acquisition system, and LVDTs. In the current study, using + 2.54
mm (£ 0.1 in) LVDTs and 16-bit data acquisition, the resolution of the measured vertical
displacement was 0.2/2'° = 3 *10° in. The expected displacement for a stabilized
specimen is generally between 25.4*10™ mm (10 in) to 25.4¥10™ mm (107 in). So, the
deviation of displacement or maximum relative error was in the range of 3 *10°/1*10™
and 3 *10°/1*107 (39%-0.3%). Based on this calculation, no filter was needed to filter
data because the possible error associated with the noise problem was considered
negligible. Also, on more than three occasions, voltage values were recorded from
LVDTs; the strain responses were calculated, and the standard deviation was calculated
to verify if the noise levels were within the expected range. A summary of these data

illustrated in Table 3-2 shows that noise signals were not interfering with the actual data.

3.6 Freeze-Thaw and Wet-Dry Cycles

Based on literature, there is no standard laboratory test procedure available to
examine the effect of durability on the resilient modulus of CFA-stabilized aggregate.

Consequently, an ad-hoc laboratory test method was used in this study, in which the F-T
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and W-D cycles were defined as follows:

One F-T cycle consisted of freezing the sample at a temperature of -25°C (-13°F)
for 24 hours and thawing it at 21.6°C (71°F) for 24 hours with a relative humidity ranging
between 90% and 95%. A rapid F-T cabinet, shown in Figure 3-9, was used for
controlled freezing-thawing of samples. The temperature was lowered from 21.6°C
(71°F) 1o -25°C (-13°F) in approximately one hour, and then held constant for 23 hours.
For the thawing phase, the temperature was raised from -25°C (-13°F) to 21.6°C (71°F) in
one hour and held constant for 23 hours. The variations of temperature in each cycle are
shown schematically in Figure 3-10.

One W-D cycle consisted of placing the sample in an oven having a temperature
of 71°C (160 °F) for 24 hours, and then submerging the sample in potable water for 24
hours at room temperature, as shown in Figures 3-11 and 3-12.

F-T and W-D cycles were applied on stabilized and on unstabilized raw aggregate
specimens. The number of F-T or W-D cycles considered in this study was 4, 12, 30 and
60 (Phase I), while the number of cycles was 8, 16, and 30 in Phase 1. At the end of

each specified cycle, samples were tested for Mr, UCS, or both.

3.7 Unconfined Compressive Strength

The unconfined compressive strength (UCS) test was also performed to evaluate
the effect of F-T and W-D cycles on CFA-stabilized aggregate base (Phase 1). The
significance of UCS of stabilized-soil specimens is to determine the suitability of mixture
in pavement base and subbase applications (ASTM, 1998). The ASTM D 5102-96 test
method was used to determine the unconfined compressive strength of CFA-stabilized
aggregate base. The UCS tests were conducted, on a number of samples already tested
for Mr; since the Mr test is a non-destructive test, this scheme is feasible. Also, a number
of samples were tested for UCS on specimens not subjected to Mr testing. Samples were
loaded at a constant strain rate equal to 1% per minute. Typical failure of a sample
stabilized with lime is shown in Figure 3-13; the actual failure of a CFA-stabilized
aggregate base specimen observed in the present study is shown in Figure 3-14. In

addition, the strain values were recorded during testing so that the stress-strain data could



be plotted and used to determine the modulus of elasticity of each sample.

33



Table 3-1 Testing Sequences Used in Resilient Modulus Testing

Confining Cyclic Deviator Contact
Sequence # Pressure Stress Stress Number of
Cycles
kPa (psi) kPa (psi) kPa (psi)
0 138 (20) 104 (15) 27.6 (4) 200-500
| 138 (20) 69 (10) 27.6 (4) 50
. 138 (20) 138 (20) 27.6 (4) 50
3 138 (20) 207 (30) 27.6 (4) 50
4 138 (20) 276 (40) 27.6 (4) 50
5 104 (15) 69 (10) 27.6 (4) 50
6 104 (15) 138 (20) 27.6 (4) 50
7 104 (15) 207 (30) 27.6 (4) 50
8 104 (15) 276 (40) 27.6 (4) 50
9 69 (10) 69 (10) 27.6 (4) 50
10 69 (10) 138 (20) 27.6 (4) 50
1 69 (10) 207 (30) 27.6 (4) 50
12 69 (10) 276 (40) 27.6 (4) 50
13 34.5(5) 69 (10) 27.6 (4) 50
14 34.5(5) 138 (20) 27.6 (4) 50
15 34.5(5) 207 (30) 27.6 (4) 50
16 34.5(5) 276 (40) 27.6 (4) 50
17 0 (0) 69 (10) 27.6 (4) 50
18 0(0) 138 (20) 27.6 (4) 50
19 0 (0) 207 (30) 27.6 (4) 50
20 0(0) 276 (40) 27.6 (4) 50
Sequence # 0 is the specimen conditioning
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Table 3-2 Standard Deviation and Error of Strain During Mr Testing

Trial # Standard Deviation, Strain (in/in)
Sd = 10 psi Sd = 20 psi Sd = 40 psi
1 3.17627E-06 6.14978E-06 | 5.10479E-06
% Error
3.05 2.36 1.26
Sd = 10 psi Sd = 20 psi Sd = 40 psi
2 2.42205E-06 3.32396E-06 | 4.37863E-06
% Error
2.51 1.52 0.78
Sd =10 psi Sd = 20 psi Sd = 40 psi
3 3.63153E-06 4.04013E-06 | 4.84289E-06
% Error
2.91 | 187 0.79
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* Mixing Tray

(a) Photograph of Raw Aggregate, (b) Raw Aggregate Mixed to Uniformity
CFA, and Water Prior to Mixing

(c) Water Added to the Mixture (d) Aggregate, CFA and Water Mixture

Figure 3-4 Mixing Process
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Figure 3-6 Samples Being Moist Cured in the Humidity Room
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Figure 3-9 Photograph Showing Samples in a Freeze-Thaw Cabinet Subjected to
Freeze-Thaw Cycles
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Figure 3-10 Definition of One Freeze-Thaw Cycle
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Figure 3-11 Photograph Showing Drying of T est Samples in an Oven at 71°C
(160°F)
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Figure 3-12 Photograph Showing Wetting of Test Samples in a Water Bath
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Figure 3-14 Actual Failure of CFA-Stabilized Aggregate Sample
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CHAPTER FOUR PRESENTATION AND DISCUSSION OF RESULTS (PHASE 1)

4.1 General

This chapter is devoted to presenting the preliminary results of Phase I of this
study. Resilient modulus (M;), unconfined compressive strength (UCS), and modulus of
elasticity results are presented and discussed in this chapter. Emphasis is placed on
evaluating the effect of CFA stabilization, curing time, and freeze-thaw and wet-dry
cycles on stabilized and raw Meridian aggregate. In addition, the optimum additive

content (OAC) is presented and discussed in this chapter.

4.2 Effect of CFA Content

The resilient modulus was the only property used here to determine the optimum
additive content of CFA. Six samples were molded with 5%, 10%, and 15% of CFA and
moist cured for 28 days following the compaction process. After the desired curing time,
samples were tested for resilient modulus. Results are summarized in Table 4-1 and
graphically presented in Figure 4-1, as a function of deviatoric and bulk stress. The Mr
values of samples stabilized with 5%, 10%, and 15% were in the ranges of 1829-2412
MPa (265-350 ksi), 2445-3740 MPa (354-542 ksi) and 3332-4447 MPa (483-645 ksi),
respectively. Specimens stabilized with 5% CFA had Mr values approximately 250%
higher than those of raw aggregate. For samples stabilized with 10% CFA, the Mr values
were approximately 50% and 425% higher than the 5% CFA-stabilized and raw
specimens, respectively. As the additive content increased from 10% to 15%, the Mr
values increased by only 20%. Thus, as expected, the Mr values of Meridian aggregate
increases as the CFA content increases. Even a relatively small amount (5%) of CFA
was found to increase the Mr values quite significantly. The rate of increase was reduced
with higher amounts of CFA. The difference between the Mr values of 10% CFA-
stabilized specimens and 5% CFA-stabilized specimens is much higher than the

corresponding difference in Mr values between the 15% CFA and 10% CFA-stabilized

specimens.
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4.3 Effect of Curing Time

Effectiveness of chemical stabilization depends on pozzolanic reactions among
the aggregate, stabilizing agent and water. In addition, these reactions are time-
dependent (Zaman et al. 1998: Van Til et al., 1972). The 3-day or 7-day strength is
considered the early strength gain, whereas the 28-day strength is usually considered the
standard strength, and the 90-day strength is regarded as the extra strength development
for long-term utilization. The increase in pozzolanic reactions and curing time causes an
increase in unconfined compressive strength (UCS) and resilient modulus (Mr).

In the current study, the effect of curing time was investigated on Meridian
aggregate stabilized with 10% CFA and cured for 3, 28, and 90 days. Results are
summarized in Table 4-2 and illustrated in Figure 4-2. It is seen that the Mr values of
specimens stabilized with 10% CFA increase with increasing curing time. For example,
the Mr values of 3-day cured specimens were approximately 280% higher than the raw
aggregate. However, the Mr values of 28-day cured samples were only 40% higher than
the 3-day cured samples and 425% higher than that of the raw specimen. In addition, the
resilient modulus values increased only slightly as the curing time increased form 28 to
90 days. The Mr values of 90-day cured samples were approximately 25% higher than
the 28-day cured samples and ranged between 3470-4447 MPa (502-645 ksi).

From these results, it is evident that the resilient modulus of CFA-stabilized
samples is time-dependent. This is due to fact that the cementitious reactions with the
aggregate mix and the existence of moisture increases as the curing time increases, which
improves the quality and properties of stabilized aggregate. 28-day curing time is
considered sufficient for a significant strength gain of CFA-stabilized aggregate base:

periods longer than 28 days did not cause any significant increase in Mr values.

4.4 Effect of Freeze-Thaw and Wet-Dry Cycles

The effect of F-T/W-D cycles was examined on raw and stabilized specimens.
Specimens were subjected to a number of F-T or W-D cycles before testing them for Mr

and/or UCS. F-T specimens were tested after the thawing period and W-D samples were
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tested at the end of the wetting period. Both thawing and wetting are considered the

worst situations, during the service life of a pavement.

4.4.1 Unstabilized Aggregate (Raw Aggregate)

The Mr test was the only measurement used to identify the effect of F-T and W-D
cycles on raw Meridian aggregate. Samples were compacted and placed in a humidity
room for three days before being subjected to F-T/W-D cycles, as shown in Figure 3-6.
The number of F-T cycles was 0, 4, 12, and 30; however, W-D samples were subjected
only to one cycle, because samples failed during the Mr tests. The results for F-T
samples are summarized in Table 4-3 and graphically presented in Figure 4-3. It is seen
that the resilient modulus values decrease as the number of F-T cycles increase. The
resilient modulus values of samples subjected to 4, 12, and 30 cycles of freezing and
thawing were approximately 5%, 15%, and 20% lower than the Mr values of samples
without subjected to any F-T cycles. These values ranged between 449-662 MPa (65-96
ksi), 384-577 MPa (56-84 ksi), and 395-529 MPa (57-77 ksi), respectively. Apparently,
the effect of F-T cycles on raw aggregate is moisture-dependent and also is a function of
sample porosity. During the freezing phase water freezes and expands inside the sample
voids, whereas the thawing phase involves melting of the ice crystals. The deleterious
effects of F-T cycles on raw aggregate samples can be summarized as follows: (1) If
there are not enough voids to let the water particle expand without causing any major
disturbances to aggregate structure, the F-T cycles will have a major impact on the
sample, (2) if the amount of water is large or the sample is saturated, the effect of F-T
cycles will have a significant influence on its properties, and (3) If both points (1) and (2)
are not applicable, it is expected that F-T cycles will not have any major influences on the
properties of raw specimens. The membranes around the specimens were not removed
while subjecting the specimens to F-T cycles. This method, did not allow the migration
of moisture to the specimens due to high humidity, and the moisture content were almost
constant with the number of cycles.

It required a lot of effort to conduct a resilient modulus test on raw aggregate

subjected to one cycle of wetting/drying. Four samples were molded and placed in a
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water bath without any membrane to examine the effect of W-D cycles on the stability of
these samples. After a period of less than 24 hours, all the samples collapsed, as shown
in Figure 4-4. As a result, the resilient modulus test could not be conducted. An
additional two samples were then prepared, and placed in a water bath. But this time the
membranes were not removed, as shown in Figure 4-5. After 24 hours, samples were
tested. However, both tests were abandoned after sequence number two, since the
permanent deformations exceeded 5% of initial sample heights. Please note that external
LVDT’s, having a stroke length of 19.05 mm (0.75 in), were used only for this case. The
increase in moisture content in samples, after being immersed in water, helped reduce the
modulus and the strength of samples. The associated failed samples are shown in Figure
4-6 and the results are graphically presented in Figure 4-7. The resilient modulus values

had an average value of 250 MPa (35 ksi) at a deviator stress of 69 kPa (10 psi).

4.4.2 Stabilized Aggregate with Class C Fly Ash

Mr and UCS tests were used as an indicator to evaluate the influence of F-T and
W-D cycles on Meridian aggregate stabilized with 10% CFA and cured for 3 days and 28
days. Resilient modulus tests were performed on two different sets of samples, referred
here as “Same Sample” and “Different Samples”. Same samples (SS) were the samples
that were subjected to a certain number of F-T cycles, tested for Mr, and then tested for
UCS. Different samples (DS) were used for Mr testing after subjecting them to multiple
sequences of F-T and W-D cycles. The numbers of F-T/W-D cycles subjected to SS and
DS were 0, 4, 12, 30, and 60 cycles and 0, 4, 12, and 30 cycles, respectively. The zero

cycle represents cured specimens that are not subjected to any F-T or W-D cycles.

4.4.2.1 Effect of F-T Cycles on Resilient Modulus of Same Samples

Results given in Table 4-4 show that the resilient modulus values of 28-day cured
specimens increase as the number of F-T cycles increase up to a certain number, beyond
which the resilient modulus exhibits a decrease. For example, the resilient modulus
values of samples cured for 28 days and subjected to 12 F-T cycles were approximately

25% higher than the Mr values of samples without F-T cycles. These values were
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between 3623 and 4350 MPa (525-630 ksi). The resilient modulus values of samples
subjected to 30 and 60 cycles were lower than the Mr values of samples subjected to 12
cycles. and ranging between 3136-4105 MPa (454-596 ksi) and 3111-3807 MPa (451-
552 ksi), respectively. It seems that, cementitious and pozzolanic reactions occurred as
F-T action increased up to 12 cycles causing an increase in Mr values. After 30 cycles,
on the other hand, almost no pozzolanic activities were taking place and the effect of F-T
cycles causes a decrease in Mr values.

The effects of F-T cycles on 3-day cured samples are summarized in Table 4-5. It
is seen that the modulus increases as the freezing and thawing cycles reach 30. For
example, the Mr values of samples subjected to 12 and 30 F-T cycles were higher than
samples without F-T cycles and were in the ranges of 3315-3804 MPa (481-552 ksi) and
3609-4916 MPa (523-712 ksi), respectively. At 60 cycles, however, the Mr values were
slightly lower, approximately 15%, than the resilient modulus of samples subjected to 30
cycles, and ranging between 3171-3638 MPa (460-527 ksi). Apparently, pozzolanic

activities continue to occur and cause an increase in Mr values, until a reduction in Mr

occurred.

4.4.2.2 Effect of W-D Cycles on Resilient Modulus of Same Samples

Wet-Dry cycles had the same qualitative effects on the resilient modulus values of
stabilized samples. The Mr values increased as the W-D cycles increased up to a certain
number, beyond which, the Mr values decreased. For example, the Mr values of 28-day
cured samples subjected to 12 W-D cycles were approximately 15% higher than the
resilient modulus values of samples cured for 28 days and subjected to no W-D cycle.
Beyond 12 cycles, the resilient modulus started to decrease and reached a lower value
ranging between 2395-3559 MPa (347-516 ksi), at 60 cycles. The increase of moisture
content in samples, after being immersed in water, helped the cementation and pozzolanic
reactions to occur and cause an increase in Mr values as W-D cycles increased up to 12.
Results are well illustrated in Table 4-6.

As for 3-day cured samples, the resilient modulus increases as the W-D cycles

increase up to 30 and decrease as the number reached 60 cycles, as listed in Table 4-7.
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Specimens cured for 3 days cured samples subjected to 30 W-D cycles had Mr values
between 2961 and 4160 MPa (429-604 ksi). At 60 cycles, the resilient modulus values
were approximately 25% lower than those subjected to 30 cycles; but 20% higher
compared with the corresponding Mr values of samples without any W-D cycles. The
cementations and pozzolanic were enhanced due to W-D cycles until a reduction in Mr

values occurred.

4.4.2.3 Effect of F-T/W-D on Resilient Modulus of Different Samples

The Mr values versus the stress levels of 28-day cured samples subjected to F-T
cycles are given in Table 4-8. The Mr values increased as the number of F-T cycles
reached 12 cycles and decreased at 30 cycles. The Mr values of samples subjected to 12
cycles were approximately 25% higher than the value for specimens without any F-T
cycles, and ranging between 3452 and 4377 MPa (500-634 ksi). However, samples
subjected to 30 cycles had Mr values 7% lower than samples subjected to 12 cycles, but
approximately 15% higher than the samples without any F-T cycles. The Mr values of 3-
day cured samples subjected to F-T cycles exhibited an increase as the number of cycles
increased up to 30 cycles, as illustrated in Table 4-9. The resilient modulus of samples
subjected to 12 and 30 F-T cycles were approximately 60% and 80%, respectively, higher
than those without any such cycles, and ranging between 3260-4100 MPa (473-594 ksi),
and 3796-4819 (550-698 ksi). In addition, it is observed that the difference between
samples subjected to 12 cycles and samples without any cycles is much higher than the
difference between samples subjected to 12 and 30 cycles.

As for W-D samples, results of both 28- and 3-day cured samples are summarized
in Tables 4-10 and 4-11, respectively. Mr values exhibited an increase and then a
decrease. As an example, the Mr values of 28-day cured samples subjected to 12 cycles
of wetting and drying were around 20% higher than samples without W-D cycles and
were in the range of 3202-4350MPa (464-630 ksi). At 30 cycles, the Mr values
decreased and varied between 2313-3685 MPa (335-534 ksi). As for the 3-day cured

samples, the Mr values exhibited an increase as the number of W-D cycles reached 12
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cycles, beyond that it started to reduce slightly and reached a value between 3061-3904
MPa (444-566 ksi), at 30 cycles.

No tests were performed on samples subjected to 60 cycles. Overall, the trend
lines for resilient modulus of DS specimens are quite consistent with the Mr results for
SS specimens as the number of F-T/W-D cycles increases. A comparison between SS

and DS samples are discussed in the following.

4.4.2.4 Relative Comparison Between Same Samples and Different Samples

Figure 4-8 shows a comparison of Mr values between same and different samples
for 28-day cured specimens subjected to F-T cycles. A similar comparison for the 3-day
cured specimen is shown in Figure 4-9. A corresponding comparison for W-D cycles is
presented in Figures 4-10 and 4-11. Although the level of scatter in Mr values for the W-
D samples is somewhat higher than the F-T specimens, it is within a reasonable range.
Therefore, it is concluded that same specimens can be used to examine the effects of F-T
and W-D cycles on the resilient modulus of CFA-stabilized samples, as long as the

number of Mr tests are relatively low.

4.4.3 Unconfined Compressive Strength

The UCS tests were performed on samples subjected to Mr tests, called Mr
samples (MrS), and on samples that were not tested for Mr, called virgin samples (VS).
Both MrS and VS samples were subjected to 0, 4, 12, and 30 cycles of F-T/W-D action,
zero cycle being the reference samples that are not subjected to any F-T/W-D action.

Results are summarized in Tzble 4-12 and graphically illustrated in Figures 4-12
and 4-13. It is noted that the UCS of samples subjected to F-T or W-D cycles are higher
than the values for specimens not subjected to any cycles. The UCS values in all cases
exhibited an increase as the number of F-T or W-D cycles increased up to 30. As an
example, the UCS values of 28-day cured Mr samples subjected to 0, 4, 12 and 30 F-T
cycles were 2555 kPa (371 psi), 2668 kPa (387 psi), 2987 kPa (433 psi) and 3059 kPa
(443 psi), respectively. Also, the UCS for 3-day cured MrS subjected to 4, 12, and 30 W-
D cycles were approximately 63%, 130%, and 130%, respectively, higher than those for
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samples without any W-D cycles. The average values were 3205 kPa (465 psi), 4525 kPa
(656 psi), and 4531 kPa (657 psi), respectively.

As seen from Figures 4-12 and 4-13, the UCS values of Mr samples exhibited
slightly higher values than those of virgin samples. It appears that Mr tests had a slight
preloading effect that made the samples stronger than their virgin counterparts, which is
consistent with the results presented by Zhu (1998). In addition, laboratory observations
from the present study revealed water at the sample periphery after performing the Mr
test and prior to UCS test. Thus, a decrease in moisture may occur, which contributes to

higher UCS values.

4.4.4 Modulus of Elasticity

Modulus of elasticity or elastic modulus (E) is a material property determined
from the stress-strain data obtained from a UCS test or other tests. It is defined as the
initial slope of the stress-strain curve. The E values obtained from samples subjected to
F-T/W-D cycles are listed in Table 4-12 and graphically presented in Figures 4-14 and 4-
15. Similar to UCS, the modulus of elasticity showed the same trend line. The modulus
values increased as the number of F-T and W-D cycles increased up to 30 cycles.
Beyond 30 cycles no data are available. For example, the E values of 3-day cured
samples subjected to 4, 12, and 30 W-D cycles were approximately 135%, 170%, and
200% higher than the corresponding values for specimens not subjected to any F-T or W-
D cycles. Also, it is observed that the modulus of W-D samples is higher than F-T

samples.

4.5 Determination of Criteria for Defining the Tests Matrix for Phase 11

In view of Phase I results and observations, based on author’s experience, and
other results from Zaman et al. (1998), the following criteria will be used to define the
test Matrix for Phase II of this study.

1) The optimum additive content (OAC) will be used to evaluate the effect of F-T and
W-D cycles on stabilized aggregate bases. OAC of each aggregate type and

stabilizing agent are summarized in Table 4-13.
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2)

4)
3)
6)

Same specimens scheme will be used to evaluate the effect of durability.

Membranes around the specimens will be removed while subjecting them to F-T

cycles.
One curing time will be used, namely, 28 days.
Portland cement will be only used to stabilize Meridian aggregate.

Combination of CFA and PC will not be used to stabilize aggregate, because CFA is

a self-cementing stabilizing agent.
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Table 4-1 Mr Values of Raw and Stubilized Meridian Aggregate with 5%, 10%, and 15% of CFA

: 3 ) 0% CFA 5% CFA 10% CFA 15% CFA

ca(kPa) | o3 (pSi) o (kPa) o (pS1) | 0s (kPa) | o (050) AP a) [ Wir (ksi) [ Mr (MPa) | Mr (ksi) |Mr (MPay| Mr (ksi) |Mr (MPa)| Mr (ksi
138 20 69 10 28 4 622 90 2007 291 3049 443 8332 484
138 20 138 20 28 4 636 92 2186 317 3150 457 3689 535
138 20 208 30 28 4 680 99 2200 319 3611 524 3812 553
138 20 277 40 28 4 711 103 2412 350 3740 543 4029 585
104 15 69 10 28 4 601 87 2015 292 2953 429 3390 492
104 15 138 20 28 4 639 93 2013 292 3055 443 3778 548
104 15 208 30 28 4 674 98 2127 309 3369 489 3989 579
104 15 277 40 28 4 691 100 2181 316 3392 492 4005 581
69 10 69 10 28 4 530 {1 2005 291 2820 409 3408 495
69 10 138 20 28 4 567 82 1972 286 2986 433 3794 551
69 10 208 30 28 4 622 90 2122 308 3301 479 3883 564
69 10 277 40 28 4 648 94 2186 317 3380 491 4447 645
35 5 69 10 28 4 479 70 1829 265 2744 398 3435 499
35 5 138 20 28 4 521 76 1988 289 2933 426 3717 539
35 5 208 30 28 4 582 85 2070 300 3279 476 3862 560
35 5 277 40 28 4 615 89 2164 314 3367 489 4327 628
0 0 69 10 28 4 470 68 1859 270 2445 355 3428 498
0 0 138 20 28 4 520 75 1999 290 2886 419 3785 549
0 0 208 30 28 4 587 85 2036 296 3257 473 3997 580
0 0 277 40 28 4 616 89 2143 341 3313 481 4125 599

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

oq = Dewviator Stress

o3 = Confining Pressure

os = Seating Pressure

Mr = Resilient Modulus
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Table 4-2 Mr Values of Raw and Meridian Aggregate Stabilized with 10% CFA and Cured for 3, 28, and 90 Days

; . Raw 3y Qured Saples | 28-day Oured Sardes | 0y Qured Sares
03 (KPa) (P8)  |oukPa) ou(ps) | )| & () I e T S T i VR | MEGS) | MEVER) Ms) | MO | M(s)
138 20 &0 10 3 4 62 D0 230 34 3049 43 3470 ™
138 . 138 20 3 4 L 242 A9 3150 457 3333 54
138 20 X8 0 2 4 D 244 3D b1 24 3971 576
138 y.0) 277 Q0 s} < 711 108 X0 35 3740 543 A0 585
104 15 5] 10 2 4 a1 87 23 35 253 49 b 4
104 15 18| D 3 4 %3 2212 31 36 43 BB 56
104 15 28 D 2 4 674 B 2312 35 330 480 3B 579
104 15 el L 2 4 1 100 2490 35 332 42 4561 618
& 10 @ 10 s 4 50 77 2179 316 20 40 3478 56
) 10 138 2 3 4 567 & 219 318 25 433 3871 2
& 10 28 & 2 4 62 D0 2307 3H 330 49 4003 1
@ 10 | 4O 2 4 648 A 242 39 3380 41 a4y 645
H 5 ) 10 3 4 479 70 2010 .2 2744 38 3470 4
b 5 138 20 ps] 4 21 75 220 31 33 4% 3872 52
b 2 4B <) 2 4 22 86 230 34 3 476 381 578
b 5 277 0 3B 4 615 8 232 A1 3%7 439 4438 644
0 0 &0 10 s 4 4700 8 21 X8 2445 55 348 58
0 0 138 .y 2B 4 30 75 246 3B 8% 419 K% 56
0 0 2B D s 4 587 86 23 38 3257 473 37 50
0 0 27 | 40 3 4 616 8 239 338 3313 481 497 624
1ps =68kPg 1ksi =680 MPa
o =Devigar Sress
o3 =CQorfining Pressure
q =Sedting Pressure

M =Resiliert Mbduus
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Table 4-3 Mr Values of Raw Meridian Aggregate Subjected to 0, 4, 12, and 30 Cycles of Freezing and Thawing

. ' : 0 F-T cycles 4 F-T cycles 12 F-T cycles 30 F-T cycles
ca(kPa) | o5 (psi) | ca(kPal) o (psi) | o.(kPa) | o (psi) e yMr (ks) | Mr(MPa)| Mr(ks) | Mr(MPa)| Mr(ksi) | Mr(MPa) | M (ksi)

138 20 69 10 28 4 622 90 532 7t 506 73 417 61
138 20 138 20 28 4 636 R 620 90 532 Vi 460 67
138 20 208 30 28 4 680 99 662 96 557 81 505 788!
138 20 277 40 28 4 711 103 646 A 558 81 521 76
104 15 69 10 28 4 601 87 509 74 449 65 398 58
104 15 138 20 28 4 639 93 574 83 493 72 458 67
104 15 208 30 28 4 674 98 629 9N 553 80 497 72
104 15 277 40 28 4 691 100 645 M ST 84 528 i/
69 10 69 10 28 4 530 Vilk 482 70 438 64 395 57
69 10 138 20 28 4 567 82 540 78 487 Tl 449 65
69 10 208 30 28 4 622 90 611 89 525 76 505 73
69 10 277 40 28 4 648 A 655 95 575 83 529 77
35 5 69 10 28 4 479 70 475 69 403 58 401 58
35 5 138 20 28 4 521 76 539 78 457 66 435 63
35 5 208 30 28 4 582 85 601 87 522 76 49 71
35 5 277 40 28 4 615 89 637 93 547 79 529 77
0 0 69 10 28 4 470 68 449 65 384 56 410 59
0 0 138 20 28 4 520 T4S) 527 76 454 66 441 64
0 0 208 30 28 4 587 85 591 86 512 74 497 2
0 0 277 40 28 4 616 89 624 9N 541 78 o113 74

1 psi =6.89 kPa; 1 ksi =6.89 MPa

o4 = Deviator Stress

o, = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus

F-T = Freeze-Thaw
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Table 4-4 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 4, 12, 30, and 60 Cycles of
Freezing and Thawing (Same Samples)

. . T OFTode | 4FToges | BFTodes | RFTods | ®FToges | GFTods

0] La(os) | 28) Chlos) | CLORS) | LS e P o I VP M) | VOV | NEGs) VOV M) | MEQVE)] ME )| M QP M)
138 20 69 10 28 4 2230 4 24 372 3124 453 367 439 385 578 3310 430
B | 2 | B D | B 4| 4v ]| 0| 20| | B | 0| un | 08 | B8 | @1 | 4B | 48
| 2 [ 2B D | B | 4 | a4 | %5 | W64 | 46 | B | 57 | B | 510 | &1 | &% | *06 | 50
138 .0 277 40 28 4 2680 335 X0 | 4/ 3756 5 | 3783 56 4916 714 BB 28
104 15 0 10 2 4 239 5.4 12518 X5 3080 44 | 330 | 483 363 575 £%03) 45
04 | B | B | D | B 4| 20 21 | B8] 30| 26| 46| 30| 42 | B | 50 28 | 4B
0 | 5 [ 2B D | B 4 | B 3B [ 201 | 27 | 4 | %o | 52 | 40 | W | o5 | 4
104 1% 217 40 28 4 2450 6 | 20| 48 47 515 | 34 52 434 633 HN0 518
() 10 69 10 28 4 217 316 | 2476 3D 010 437 | 33D | 456 3766 56 36 433
() 10 138 20 28 4 2191 318 | 245 o) 081 a7 | M3 | 45 4004 31 332 4%
O 0 [ D] B 4] 0| B | 28] 2| 20| &8 | B0 BB | 42| 0| A2 | 48
o 0 [ 27| O B| 4 | e | 0 | 2% | 48 | 38 | 5@ | 30| 57 | @8 | 69| ®61 | 55
% [ 5 | @ | 0] B 4| 00| 2@ | 2a] 30| a1 | 46 | BB B | 34 | 56 | o | 40
¥ | 5 | B 0| B 4| 20| 2 [ 20| & | 38| & | | @ 35| & | 857 | &
% | 5 [ D | B 4| 20| % | 25| 3 | 28 | 40 | 30| 52 | 26 | 58 | #® | 45
H 5 277 40 2 4 232 K74 2745 38 325 43 | B 525 402 el 34 514
0 [ 0 | @] 0] B[ 4] 20 | 28| 2| 3| 10 | w1 | 30| 48 | 38 | o | 20 | 4
0 | 0 [ W[ D[ B 4 26| 3| 26| B4 | 30 | 46 | 35| 40 | 324 | 50| 86| 40
0 [ 0 [ 2| 0| B| 4| 28| 38| 28| 78| 386 | & | 36| 5| B | B | w2 | &
0 0 277 40 28 4 239 3B | 60| IO 2 42 | BB 56 018 50 B3 513

T8 =60k e =60

[y =Deviaar Sress

' =Corfiring Pressure

[[TSeating Pressure

IV =Resllient Mbduus
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Table 4-5 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 3 Days and Subjected to 0, 4, 12, 30, and 60 Cycles of
Freezing and Thawing (Same Samples)

o3 o3 G el & o, | OF-Tcycle |4F-Tcycles |12 F-T cycles| 30 F-T cycles | 60 F-T cycles

(kPa) | (psi) |(kPa)| (psi) |(kPa)| (psi) | Mr | Mr | Mr | Mr | Mr | Mr | Mr | Mr | Mr | Mr
(MPa) | (ksi) |(MPa)| (ksi) |(MPa)| (ksi) | (MPa) | (ksi) | (MPa) | (ksi)

w

138 20 69 10 28 4 2230 | 324 | 2564 | 372 | 3367 | 489 | 3985 | 578 | 3310 | 480
138 20 138 | 20 28 4 2402 | 349 | 2682 | 389 [3472 | 504 | 4348 | 631 | 3433 | 498
138 20 | 208 | 30 28 4 2444 | 355 | 3064 | 445 | 3577 | 519 | 4511 | 655 | 3506 | 509
138 20 =2 R 40 28 4 2650 | 385 | 3282 | 476 | 3763 | 546 | 4916 | 714 | 3638 | 528
104 15 69 10 28 4 2239 | 325 | 2518 | 365 | 3329 | 483 | 3963 | 575 | 3205 | 465
104 15 138 | 20 28 4 2212 | 321 | 2548 | 370 | 3390 | 492 | 3987 | 579 | 3398 | 493
104 15 208 | 30 28 4 2312 | 336 | 2701 | 392 | 3667 | 532 | 4079 | 592 | 3436 | 499
104 15 277 | 40 28 4 2450 | 356 | 2980 | 433 | 3804 | 552 | 4364 | 633 | 3570 | 518
69 10 69 10 28 4 2179 | 316 | 2476 | 359 | 3350 | 486 | 3765 | 546 | 3326 | 483
69 10 138 | 20 28 4 2191 | 318 | 2545 | 369 | 3413 | 495 | 4004 | 581 | 3352 | 486
69 10 | 208 | 30 28 4 2307 | 335 | 2643 | 384 | 3602 | 523 | 4072 | 591 | 3432 | 498
69 10 277 | 40 28 4 2402 | 349 | 2786 | 404 | 3700 | 537 | 4268 | 619 | 3551 | 515
35 5 69 10 28 4 2010 | 292 | 2474 | 359 | 3315 | 481 | 3744 | 543 | 3171 | 460
35 5 138 | 20 28 4 2209 | 321 | 2532 | 367 | 3369 | 489 | 3805 | 552 | 3337 | 484
35 5 208 | 30 28 4 2300 | 334 | 2667 | 387 | 3530 | 512 | 3945 | 573 | 3409 | 495
35 5 277 | 40 28 4 2352 | 341 | 2745 | 398 | 3620 | 525 | 4092 | 594 | 3544 | 514
0 0 69 10 28 4 2021 | 293 | 2445 | 355 | 3359 | 488 | 3609 | 524 | 3242 | 471
0 0 138 | 20 28 4 2246 | 326 | 2505 | 364 | 3436 | 499 | 3724 | 540 | 3305 | 480
0 0 208 | 30 28 4 2263 | 328 | 2603 | 378 | 3605 | 523 | 3831 | 556 | 3412 | 495
4

0 0 277 | 40 28
1 psi = 6.89 kPa; 1 ksi = 6.89 MPa
o4 = Deviator Stress

2329 | 338 | 2689 | 390 (3695 | 536 | 3918 | 569 | 3533 | 513

o3 = Confining Pressure

o, = Seating Pressure
Mr = Resilient Modulus
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Table 4-6 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 4, 12, 30, and 60 Cycles of
Wetting and Drying (Same Samples)

o3 O3 Og T4 o, o 0 W-D cycle 4 W-D cycles 12 W-D cycles | 30 W-D cycles | 60 W-D cycles
(kPa) | (psi) | (kPa) | (psi) | (kPa) | (psi) [ Mr Mr Mr Mr Mr Mr Mr Mr Mr Mr
(MPa) | (ksi) | (MPa) (ksi) | (MPa) | (ksi) | (MPa) | (ksi) | (MPa) | (ksi)
138 20 69 10 28 4 3049 | 443 3400 493 3410 | 495 | 2848 | 413 | 2887 | 419
138 20 138 =20 28 4 3150101457 3491 507 3523 | 511 | 3040 | 441 | 2808 | 408
138 20 | 208 | 30 28 4 2611t 524 3500 508 3911 | 568 | 3448 | 500 | 3224 | 468
138 200127740 28 4 3740 | 543 3950 573 4293 [2623] [935837 ||:520 ;| 3320 | 482
104 45 69 10 28 4 2953 | 429 3100 450 3303 1479 | 2724 |.395 | 2805 | 407
104 15 138120 28 4 3055 | 443 3144 456 3416 | 496 | 2870 | 417 | 2813 | 408
104 1611208 |=-3D 28 4 3369 | 489 3341 485 3822 15655 |[1:8206 [.+465 || 3167 i|” 460
104 150 FR2- 4 28 4 3392 | 492 3941 572 4236 - 15615 [9:3495} ||~507 || 23559 1 517
69 10 69 10 28 4 2820 | 409 3078 447 3154 | 458 | 2690 | 390 | 2657 | 386
69 10 138 20 28 4 2986 433 3256 473 3339 485 2749 399 2723 395
69 104208 -4|--30 28 4 3301 | 479 3290 477 3740 | 543 | 3086 | 448 | 3089 | 448
69 1024 2277 1. 40 28 4 3380 | 491 3708 538 4205 14610 |.-34228 1 =497 113283 i[-477
35 5 69 10 28 4 2744 | 398 3002 436 3069 | 445 | 2656 | 386 | 2521 | 366
35 5 1385220 28 4 2933 | 426 3168 458 3281 | 4762663 | 387 | 2614 |-379
35 3, 208 | 30 28 4 3279 | 476 3264 474 3681 | 634 | 3022 | 439 | 3032 | 440
35 5 277 | 40 28 4 3367 | 489 3426 497 4151 | 602 | 3349 | 486 | 3343 | 485
0 0 69 10 28 4 2445 | 355 2650 385 3008 | 437 | 2605 | 378 | 2395 | 348
0 0 138 | 20 28 4 2886 | 419 2745 398 3228 | 469 | 2684 | 390 | 2484 | 360
0 0 208 /| 30 28 4 3257 | 413 2983 433 3633 | 527 | 2986 | 433 | 2880 | 418
0 0 277 11,40 28 4 3313 | 481 3629 527 4101 | 595 | 3342 | 485 | 3176 | 461
1 psi = 6.89 kPa; 1 ksi = 6.89 MPa
o4 = Deviator Stress
o3 = Confining Pressure
o, = Seating Pressure
Mr = Resilient Modulus
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Table 4-7 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 3 Days and Subjected to 0, 4, 12, 30, and 60 Cycles of
Wetting and Drying (Same Samples)
g3 O3

o4 o4 o, o, 0 W-D cycle 4 W-Dcycle | 12 W-D cycles | 30 W-D cycles | 60 W-D cycles
(kPa) | (psi) | (kPa) | (psi) | (kPa) [(psid | Mr [ Mr [ Mr [ Mr | Mr [ M | Mr [ M | M [ Mr
(MPa) | (ksi) | (MPa) | (ksi) | (MPa)| (ksi) | (MPa) | (ksi) | (MPa) | (ksi)
2230 324 | 2854 | 414 | 3263 | 474 3429 | 498 2640 383
2402 349 | 3026 | 439 | 3497 | 508 3554 516 2878 418
2444 355 | 3057 | 444 | 3802 | 552 3750 544 3137 455
2650 385 | 3083 | 447 | 3883 | 564 4160 604 3225 468
2239 325 2591 376 3136 | 455 3305 480 2442 354
2212 321 | 2861 | 415 | 3449 | 501 3422 497 2691 391
2312 336 | 2992 | 434 | 3554 | 516 3746 544 3030 | 440
2450 356 | 3002 [ 436 | 3720 | 540 4049 588 3109 451
2179 316 2604 378 3090 | 448 3250 472 2328 338
2191 318 | 2805 | 407 | 3420 | 496 3346 486 2595 377
2307 335 | 2918 | 424 | 3445 | 500 3641 528 2944 427
2402 349 | 2975 | 432 | 3603 | 523 3968 576 3093 449
2010 292 | 2604 | 378 | 2908 | 422 3300 | 479 2255 327

138 | 20 69 10 28
138 | 20 138 20 28
138 | 20 208 30 28
138 | 20 277 40 28
104 | 15 69 10 28
104 | 15 138 20 28
104 | 15 208 30 28
104 | 15 277 40 28
69 10 69 10 28
69 10 138 20 28
69 10 208 30 28
69 10 277 40 28
35 5 69 10 28

35 5 138 20 28 2209 321 2732 | 396 | 3242 | 471 3288 477 2528 367
35 5 208 30 28 2300 334 | 2879 | 418 | 3381 | 491 3591 521 2891 420
35 5 277 40 28 2352 341 2826 | 410 | 3538 | 514 3889 564 3003 436
0 0 69 10 28 2021 293 | 2560 | 371 3196 | 464 2961 430 2155 313
0 0 138 20 28 2246 326 | 2706 | 393 | 3398 | 493 3378 490 2435 363
0 0 208 30 28 2263 328 | 2874 | 417 | 3468 | 503 3639 528 2786 404

EN N NN E YR I R IR R R R R R R R IR

0 0 277 40 28
1 psi = 6.89 kPa; 1 ksi = 6.89 MPa
0 = Bulk Stress
oq = Deviator Stress

2329 338 | 2845 | 413 | 3526 | 512 3667 532 2921 424

o3 = Confining Pressure

o, = Seating Pressure
Mr = Resilient Modulus




09

Table 4-8 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 4, 12, and 30 Cycles of
Freezing and Thawing (Different Samples)

. : . 0 F-T cycle 4 F-T cycles 12 F-T cycles 30 F-T cycles
os(kPa) |0y (ps)| oa(kPa) | oa (pSi)| o. (KPa) | 0. (pSi) GaaEe T i (ksi) [V (MIPa)] M (ki) | M (MPa) | M (ksi) | M (MPa) | Mr (k)
138 20 69 10 28 4 3049 443 3097 450 3758 545 3537 513
138 20 138 20 28 4 3150 457 3141 456 3952 574 3711 539
138 20 208 30 28 4 3611 524 3203 465 3974 517 3784 549
138 20 277 40 28 4 3740 543 3544 514 4377 635 3989 579
104 15 69 10 28 4 2953 429 3072 446 3723 540 3360 488
104 1D 138 20 28 4 3055 443 3103 450 3990 579 3637 528
104 15 208 30 28 4 3369 489 3133 455 4142 601 3709 538
104 15 277 40 28 4 3392 492 3439 499 4201 610 3958 574
69 10 69 10 28 4 2820 409 3023 439 3576 519 3111 452
69 10 138 20 28 4 2986 433 3056 444 3629 527 3300 479
69 10 208 30 28 4 3301 479 3077 447 3754 545 3659 531
69 10 2717 40 28 4 3380 491 3363 488 3911 568 3872 562
35 53 69 10 28 4 2744 398 2828 410 3452 501 0 0
35 5 138 20 28 4 2933 426 3027 439 4057 589 0 0
35 5 208 30 28 4 3279 476 3041 441 4172 605 0 0
35 5 277 40 28 4 3367 489 3286 477 4213 611 0 0
0 0 69 10 28 4 2445 365 2810 408 3516 510 0 0
0 0 138 20 28 4 2886 419 2951 428 3566 518 0 0
0 0 208 30 28 4 3257 473 2990 434 3655 531 0 0
0 0 277 40 28 4 3313 481 3225 468 3839 997 0 0
1 psi =6.89 kPa; 1 ksi =6.89 MPa
0 = Bulk Stress
o4 = Deviator Stress
o3 = Confining Pressure
o, = Seating Pressure
Mr = Resilient Modulus
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Table 4-9 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 3 Days and Subjected to 0, 4, 12, and 30 Cycles of
Freezing and Thawing (Different Samples)

. . ; 0 F-T cycle 4 F-T cycles 12 F-T cycles 30 F-T cycles
o3 (kPa) {3 (psi)| oq (kPa)| og (psi) | o (KPa) | o5 (psi) Fu—\pa T M, (ksi) | Mr, (MPa) | Mr, (ksi) | Mr, (MPa)] M (ksi) | Mr, (MPa) | Mr, (ksi)
138 20 69 10 28 4 2230 324 2496 362 3760 546 4056 589
138 20 138 20 28 4 2402 349 3032 440 3868 561 4295 623
138 20 208 30 28 4 2444 355 3238 470 3920 569 4495 652
138 20 277 40 28 4 2650 385 3334 484 4100 595 4819 699
104 15 69 10 28 4 2239 325 2698 392 3693 536 3932 571
104 15 138 20 28 4 2212 321 2725 395 3761 546 4015 583
104 15 208 30 28 4 2312 336 2891 420 3775 548 4212 611
104 15 277 40 28 4 2450 356 2961 430 4002 581 4376 635
69 10 69 10 28 4 2179 316 2522 366 3547 515 3892 565
69 10 138 20 28 4 2191 318 2628 381 3647 529 4025 584
69 10 208 30 28 4 2307 335 2686 390 3726 541 4163 604
69 10 277 40 28 4 2402 349 2919 424 3780 549 4219 612
35 5 69 10 28 4 2010 292 2484 360 3486 506 3796 551
35 5 138 20 28 4 2209 321 2599 377 3531 512 3892 565
35 5 208 30 28 4 2300 334 2648 384 3596 522 4094 594
35 5 277 40 28 4 2352 341 2887 419 3625 526 4170 605
0 0 69 10 28 4 2021 293 2294 333 3260 473 N/A N/A
0 0 138 20 28 4 2246 326 2461 357 3378 490 N/A N/A
0 0 208 30 28 4 2263 328 2646 384 3371 489 N/A N/A
0 0 277 40 28 4 2329 338 2891 420 3507 509 N/A N/A
1 psi = 6.89 kPa; 1 ksi = 6.89 MPa
o4 = Deviator Stress
o3 = Confining Pressure
o, = Seating Pressure
Mr = Resilient Modulus
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Table 4-10 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 4, 12, and 30 Cycles of
Wetting and Drying (Different Samples)

; : : 0 W-D cycle 4 W-D cycles 12 W-D cycles 30 W-D cycles
01 (kPa) | oa(psi)| g (kPa) | 0a(psi)| o (KPa) | 0,080 e T G Tl (WP W el | Wi P | e e [ (WPa) | e Gesi
138 20 69 10 28 4 3049 443 3250 472 3900 566 3197 464
138 20 138 20 28 4 3150 457 3302 479 4090 594 3379 490
138 20 208 30 28 4 3611 524 3456 502 4205 610 3398 493
138 20 AT 40 28 4 3740 543 3462 502 4350 631 3685 535
104 15 69 10 28 4 2953 429 3150 457 3600 522 2991 434
104 y i 138 20 28 4 3055 443 3242 471 3771 547 2736 397
104 15 208 30 28 4 3369 489 3308 480 3793 551 2967 431
104 15 2Tl 40 28 4 3392 492 3427 497 3979 578 3161 459
69 10 69 10 28 4 2820 409 3102 450 3540 514 2374 345
69 10 138 20 28 4 2986 433 3236 470 3607 523 2500 363
69 10 208 30 28 4 3301 479 3250 472 3721 540 2764 401
69 10 277 40 28 4 3380 491 3466 503 3930 570 3025 439
35 5 69 10 28 4 2744 398 2972 431 3275 475 2313 336
35 5 138 20 28 4 2933 426 3153 458 3466 503 2985 433
35 5 208 30 28 4 3279 476 3174 461 3610 524 3141 456
35 5 277 40 28 4 3367 489 3414 496 3890 565 3351 486
0 0 69 10 28 4 2445 355 2870 417 3202 465 0 0
0 0 138 20 28 4 2886 419 3122 453 3376 490 0 0
0 0 208 30 28 4 3251 473 3147 457 3563 517 0 0
0 0 277 40 28 4 3313 481 3283 477 3844 558 0 0
1 psi = 6.89 kPa; 1 ksi = 6.89 MPa
og4 = Deviator Stress
o3 = Confining Pressure
o, = Seating Pressure
Mr = Resilient Modulus
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Table 4-11 Mr Values of CFA-Stabilized Meridian Aggregate Cured for 3 Days and Subjected to 0, 4, 12, and 30 Cycles of
Wetting and Drying (Different Samples)

: : . 0 W-D cycle 4 W-D cycles 12 W-D cycles 30 W-D cycles
o1(kPa) |oa(psi)| oa(kPa) | gapsil| 0. (kPa) | 9. (0si) i roaar T i e [ (MPa) A G T (ipai [ o G L (WPl ok

138 30 | 69. | 10— 26 | 4| 2230 | 824 |l 2620 | 409 | 3125 | 454 | 3305 | 480
138 50 I~ 198 | 20~ |- 28| 4 '| 2408 | 949] || 2680 | #18 | 8280 | 4@/ | 3724 | 540
138 20| (206~ ] 30.] 28 | 4 | 2448 | 855 |l 2087 | 435 | 361 | 530 | 8775 | 548
138 30 .| 277 | 40 | 28 | 4 | 2660 | 385 | 3179 | 461 | 3776 | 548 | 3004 | 567
104 15 | 60 | 10 | 28 | 4 | 2039 | 325 | 2926 | 425 | 3088 | 448 | 3274 | 475
104 15 - 108 |00 1261 .4 | ¢2@ | oo | 2688 | 390 | au5. | o7t | 3584 | 580
104 45 11208, B0 | 28| 4 | 2819 | 380 || 2839 | 411 | @643 | B2p | 3647 | 520
104 15 | 277 | 40 | 28 | 4 | 2450 | 356 | 3061 | 444 | 3916 | 568 | 3799 | 551
69 10 |60 | 10 | 28| 4| 2176 | 316 | 2652 | 285 || 9084 1| A48 | 3208 | 465
69 10 | 1498 | 20| ;28 4 | 2f6s | o4 | 2880 | 75 | 215 | 407 | 0496 | 607
69 10| 208 ] 50 | 28 | 4 | 2307 | 395 | 2756 | 400 | 3529 | 512 9574 ] 519
69 10 | 277 | 40 | 28 | 4 | 2402 | 349 | 3022 | 439 | 3847 | 558 | 3679 | 534
35 5 86" |10 | 28| 4 | 2000 | 292 I 2688 | 86 1| =0iT | A3z | 363 | 455
35 & | 138 | 20 | 28| 4 | 2900 | 328 | 2666 | 571 | 3081 | 4497 | o4d1-| 400
35 5 | 208 | 30 | 28 | 4 | 2300 | 334 | 2748 | 399 | 3451 | 501 | 3582 | 520
35 S0l o777l 4pi | 128 |1 47 | 2860 | 340 | 9025 I[ #59 | Syot -1 %50 | 3673 ) 535
0 0 60 | 0 | 28. | 4 [ 2081 | 203 | 2472 | 350 | 2899, | 421 9061 | 444
0 0 | 138 | 20 | 28 | 4 | 2246 | 326 | 2508 | 367 | 3013 | 437 | 3345 | 486
0 0 | 208 | 30 | 28 | 4 | 2263 | 328 | 2712 | 394 | 3343 | 485 | 3479 | 505
0 0o ] 277 .| 400 [26° | 4 | 200 | S0 | 9006 1 455 | okbe .| 536 | aE51 | /515

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus




Table 4-12 UCS Values of Virgin and Mr Samples of CFA-Stabilized Meridian
Aggregate Cured for 3 Days and 28 Days and Subjected to 0, 4, 12, and
30 Cycles of Freezing-Thawing and Wetting-Drying

y . Mr Samples Virgin Samples
G T e o e E_ |No. cycles| Uc, kPa E

(Daysy |} Cyaes (kPa) | (MPa) (kPa) | (MPa)

0 2555 1562 0 2555 1562

58 5 o 2668 1579 4 2692 1548

12 2987 1805 12 2888 1744

3059 1904 30 2994 1771

0 2555 1562 0 2555 1562

4 3456 2143 4 2866 2013

£ W 12 4537 2567 12 4210 2527

30 4896 2839 30 4662 2770

0 1971 839 0 1971 839

" - 4 2280 1448 4 2141 1351

12 2764 1587 12 2555 1550

30 2864 1755 30 2768 1669

0 1971 839 0 1971 839

: i 4 3205 1760 4 3002 1974

12 4525 2245 12 4234 2267

30 4531 2493 30 4303 2489

1 psi = 6.89 kPa
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Table 4-13 Optimum Additive Content of Stabilized Aggregates

Additive type | Agrgegate Type | OAC
CKD Meridian 15
CFA Meridian 10
FBA Meridian 10

PE Meridian 3
CKD Richard Spur 15
CEA Richard Spur 10
FBA Richard Spur 10
CKD Sawyer 15
CFA Sawyer 10
FBA Sawyer 10
CKD Hanson 15
FBA Hanson 10
OAC; Optimum Additive Content
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Figure 4-1 Mr Values vs the Square Root of Bulk Stress and Deviator Stress of
Raw Aggregate and Stabilized Aggregate with 5%, 10% and 15% CFA
and Cured for 28 Days
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Figure 4-2 Mr Values vs the Square Root of Bulk Stress and Deviator Stress of
Raw Aggregate and Aggregate Stabilized with 10% CFA and Cured
Jor 3, 28, and 90 Days
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Figure 4-3 Mr Values vs the Square Root of Bulk Stress and Deviator Stress of
Unstabilized Specimens Subjected to 0, 4, 12, and 30 F-T Cycles

Figure 4-4 Failure of Raw Samples when Subjected to One W-D Cycle
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Figure 4-5 Raw Sample with Membrane Subjected to W-D Cycle

Figure 4-6 Fuailure of Raw Sample after being Subjected to One W-D Cycle and
Tested for Mr

68



800

700 |-

600 |

500

400 —

log (Mr), MPa

300 e ,

200 : s

100

0 100 200 300 400 500

(6 x 59)'*, kPa
| OW-D=0 BW-D=1 |

Figure 4-7 Mr Values vs the Square Root of Bulk Stress and Deviator Stress of
Unstabilized Aggregate Subjected to Zero, and One Cycle of Wetting

and Drying
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Figure 4-8 Mr Values of Same Samples vs Mr Values of Different Samples Cured
Sor 28 Days and Subjected to F-T Cycles
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Figure 4-9 Mr Values of Same Samples vs Mr Values of Different Samples Cured
for 3 Days and Subjected to F-T Cycles
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Figure 4-10 Mr Values of Same Samples vs Mr Values of Different Samples
Cured for 28 Days and Subjected to W-D Cycles
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Figure 4-11 Mr Values of Same Samples vs Mr Values of Different Samples
Cured for 3 Days and Subjected to W-D Cycles
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Figure 4-12 UCS Values of Virgin and Mr Samples of 3-Day and 28-Day Cured
Samples Subjected to F-T Cycles
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Figure 4-13 UCS Values of Virgin and Mr Samples of 3-Day and 28-Day Cured
Samples Subjected to W-D Cycles
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Figure 4-14 Modulus of Elasticity of Virgin and Mr Samples of 3-Day and 28-Day
Cured Samples Subjected to F-T Cycles Determined by UCS Test
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Figure 4-15 Modulus of Elasticity of Virgin and Mr Samples of 3-Day and 28-Day
Cured Samples Subjected to W-D Cycles Determined by UCS Test
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CHAPTER FIVE PRESENTATION & DISCUSSION OF RESULTS (PHASE II)

5.1 General

The effect of F-T/W-D cycles on the resilient modulus of Meridian aggregate
stabilized with CKD, FBA, and PC is presented and discussed in this chapter. In
addition, resilient modulus results of F-T and W-D cycles of Richard Spur and Sawyer
aggregates stabilized with CKD, CFA, and FBA are presented. The evaluation of F-T
and W-D cycles on CKD- and FBA-stabilized Hanson aggregate are also presented and
discussed herein. In addition, the relative effect of stabilizing agent is presented and
discussed, as well as, the influence of aggregate type (mineralogy) in chemical

stabilization.

5.2 Meridian Aggregate Stabilized with CKD, FBA, and PC

The Mr test was the only measurement used to identify the effect of F-T and W-D
cycles on Meridian aggregate stabilized with CKD, FBA, and PC. Samples were
compacted and molded according to the method described in Section 3.3. After
compaction, samples were placed in a humidity room for 28 days before being subjected
to F-T/W-D cycles, as shown in Figure 3-6. The number of F-T cycles was 0, 8, 16, and
30.

Tables 5-1 and 5-2 present the resilient modulus values of CKD-stabilized
specimens cured for 28 days and subjected to F-T and W-D cycles, respectively. It is
evident that the resilient modulus decreases as F-T and W-D cycles increases up to 16
cycles. For example, the resilient modulus (at S;= 138 kPa and Sy = 69 kPa) of F-T
specimens decreases approximately 40% and 75%, at 8 and 16 F-T cycles, respectively.
At 30 F-T cycles, specimens degraded and the resilient modulus tests could not be
performed. The damages caused by the freeze-thaw cycles could be contributed to the
migration of moisture to the specimens that causes ice formation and disturbance of
aggregate structure, specifically in the matrix of fine particles. Laboratory observation
showed that the samples got wetter as the number of F-T cycles increased. Consequently,

it is also obvious that the voids in the specimens could not accommodate the formation of

74



ice lenses. due to the increase in moisture content after 16 cycles. Figure 5-1 illustrates
the severe degradation of 15% CKD-stabilized aggregate base. From Table 5-1 and
Figure 5-1, it is evident that the pressure caused by the formation of ice lenses is much
higher than the bound between the fines and fly ash particles due to stabilization.

As for W-D specimens, the resilient modulus decreases from 1681 kPa (244 ksi)
to 935 kPa (136 ksi), as W-D cycles increase from 0 to 30 cycles. Results are depicted in
Table 5-2. 1t is likely that the cementitious reactions were not enhanced due to W-D
cycles, and thus reduction in resilient modulus is observed. No tests such as Scanning
Electron Microscopic and X-Ray diffraction tests were conducted to support his idea.

The effect of F-T and W-D cycles on the resilient modulus of FBA- and PC-
stabilized aggregate specimens is presented in Tables 5-3 to 5-6. Results show that the
resilient modulus for FBA-stabilized specimens decreased as F-T cycles increased up to
30 cycles. However, Mr values of PC-stabilized aggregate bases increased as F-T cycles
increases up to 8 cycles, beyond which a reduction is shown. No major degradation of
specimens has been seen. Thus, it is obvious that the bound due to stabilization is higher
than the pressure exerted by the formation of ice lenses, and the voids in the specimens
are not filled with enough water so that the expanding ice runs out of void space.

It is also interesting to note that the percentage decrease in resilient modulus of
PC-stabilized specimens is lower than the FBA-stabilized specimens, but also lower than
the CKD-stabilized aggregate based. For example: the resilient modulus of CKD-
stabilized specimens subjected to 30 W-D cycles is approximately 65% lower than the
corresponding Mr values of stabilized specimen with no such cycles, while Mr values of
FBA-stabilized and PC-stabilized specimens (same stress levels and same number of
cycles) are 40% and 20% lower, respectively, than the corresponding resilient modulus of
specimens without any such cycles. As a result, it is evident that the stabilizing agent
plays a major role in defining and evaluating the effect of durability of stabilized

aggregate base.

5.3 Richard Spur Aggregate Stabilized with CKD, CFA, and FBA

The effect of F-T cycles and W-D cycles on the resilient modulus of Richard Spur
aggregate stabilized with CKD, CFA, and FBA are presented in Tables 5-7 to 5-12.
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Table 5-7 shows the variation of CKD-stabilized Richard Spur aggregate with different
stress state and number of F-T cycles. It is obvious that a decrease in resilient modulus is
observed as F-T cycles increase up to 30. The same trend was observed for W-D
specimens, as given in Table 5-8. However, the effect of F-T cycle is more deleterious
than the effect of W-D cycles. For instance, the resilient modulus of the stabilized
specimens is approximately 88% lower than a specimen with zero F-T cycles, compared
to approximately 35% reduction in resilient modulus of W-D specimens after 30 cycles.
Consequently, the type of durability, either F-T or W-D cycles, could have different
influence on the stabilized specimens.

Tables 5-9 and 5-10 present the resilient modulus of RS aggregate stabilized with
CFA and subjected to F-T and W-D cycles, respectively. Form these results; it is
observed that the resilient modulus decreases with increasing F-T and W-D cycles. The
Mr values (at a deviatoric stress and confining pressure equal to 69 kPa (10psi))
decreased from 4893 MPa (710 ksi) to 794 MPa (115 ksi), due to 30 F-T cycles.
Moreover, Richard Spur stabilized with 10% FBA exhibited a reduction in Mr values as
the number of cycles increasing from zero to 30 cycles. Results are presented in Tables
5-11 and 5-12. The decrease in resilient modulus values of Richard Spur stabilized
specimens is explained by the formation of ice lenses and the void space in the specimens
for the F-T specimens, and by the cementitious reactions enhancement/retardation for W-

D cycles, as discussed previously.

5.4 Sawyer Aggregate Stabilized with CKD, CFA, and FBA

The resilient modulus results of Sawyer specimens stabilized with CKD, CFA,
and FBA, and subjected to different cycles of F-T and W-D cycles are given in Tables 5-
13 to 5-18. Results show that the Mr at a given stress states decreases with the increase
in the number of cycles. All specimens were subjected up to 30 cycles of F-T and W-D
cycles, except for W-D specimens stabilized with FBA. FBA specimens subjected to 30

cycles were not tested due to degradation at the bottom of the specimens.

5.5 Hanson Aggregate stabilized with CKD and FBA

Hanson aggregates were stabilized with only CKD and FBA. Specimens were
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subjected up to 30 F-T cycles. Summary of the resilient modulus values are given in
Tables 5-19 to 5-22. The resilient modulus of Hanson specimens had the same pattern as
the other aggregate specimens. In other words, the resilient modulus showed a decrease
as the number of F-T and W-D cycles increased from zero to 30 cycles. It is obvious
from the tables, that the percentage reduction in resilient modulus due to F-T cycles is

much higher that the corresponding Mr values of W-D specimens.

5.6 Conclusion

From the aforementioned results, it evident that the freeze-thaw damage is
typically caused by the formation of ice lenses within the void space in the specimen.
The severity of damages is a function of the amount of water in the specimens, or the
amount of migrated water to the specimens. The void space in each specimen could play
a major role, it either reduces the severity of ice formation to the specimen structure (high
porosity), or it could increase it (low porosity).

As for W-D cycles, it can be concluded that the damages is a function of the
retardation or acceleration of the cementitious or chemical reaction in the specimens, due
to temperature and moisture content. No attempts were made to exactly examine the
mechanism of cementitious reaction from a microscopic point of view.

In addition, the effect of F-T and W-D cycles can be influenced by the mineralogy
of aggregate and its stabilizing agent. For example: Figure 5-2 compares the effect of
aggregate mineralogy on the durability of CKD-stabilized aggregate base. It evident that
CKD-stabilized Meridian aggregate has the lowest Mr values, followed by Hanson
aggregate, and Sawyer. Richard Spur, on the other hand, has the highest Mr values. No
attempts were made to quantify the effect of aggregate mineralogy on the durability of
stabilized aggregate. Moreover, the stabilized agent could influence the durability of
stabilized aggregate base. As an example; CKD stabilized Meridian aggregate has the
lowest Mr values, followed by the CFA-, FBA-, and PC-stabilized aggregate specimens.

Figure 5-3 illustrates qualitatively the effect of stabilizing agents on Meridian aggregate.
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Table 5-1 Mr Values of CKD-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 8, and 16 Cycles of
Freezing and Thawing.

: ; . 0 F-T cycle 8 F-T cycles 16 F-T cycles
o3 (kPa) |03 (psi)) oq (kPa)|oq (psi)| o, (kPa) | o« (ps)) FgrraBay T Mir (ki) | Mr (MPa) | Mr (ksi) | Mr (MPa) | Mr (ksi)
138 20 69 10 28 4 1681 244 1026 149 417 60
138 20 138 20 28 4 1784 259 1054 153 429 62
138 20 208 30 28 4 2210 321 1101 160 460 67
138 20 277 40 28 4 2277 330 1125 163 513 74
104 15 69 10 28 4 1652 240 922 134 364 53
104 15 138 20 28 4 1718 249 976 142 432 63
104 15 208 30 28 4 1914 278 992 144 518 75
104 15 277 40 28 < 2152 il 1029 149 564 82
69 10 69 10 28 ‘ 1619 235 903 134 394 57
69 10 138 20 28 4 1692 246 945 1.3 446 65
69 10 208 30 28 4 1849 268 960 139 530 il
69 10 25T 40 28 4 2119 308 1019 148 588 85
35 5 69 10 28 4 1609 234 875 127 402 58
35 5 138 20 28 4 1688 245 927 135 456 66
35 5 208 30 28 4 1835 266 933 135 536 78
35 5 277 40 28 4 2368 344 1003 146 596 86
0 0 69 10 28 4 1612 234 859 125 407 59
0 0 138 20 28 4 1673 243 893 130 457 66
0 0 208 30 28 4 1796 261 918 133 533 77
0 0 277 40 28 4 2093 304 997 145 597 87
1 psi=6.89 kPa; 1 ksi = 6.89 MPa
o4 = Deviator Stress
o3 = Confining Pressure
o, = Seating Pressure
Mr = Resilient Modulus
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Table 5-2 Mr Values of CKD-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of

Wetting and Drying.
: : : 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
ga(kPa) |04 (psi)| ou(kPa)| o4 (psi)) 0. (kPa) | 0. (psi) sy T (ksi) |Mr (MPa)| Mr (ksi) | Mr (MPa) | Mr (ksi) | Mr (MPa) I:(/Irjksi)

138 20 69 10 28 4 1681 244 | 1299 | 189 1071 155 935 136
138 %010 128 poo0 28 4 1784 | 259 | 1458 | 212 1183 172 935 136
138 20. | 208 | .30 | .28 4 2210 | 321 | 1550 | 225 1260 183 965 140
138 20 L 277 |2adp 28 4 2277 | 330 |l 1721 | 250 1405 | 204 1019 148
104 15 69 10 28 4 1652 240 | 1363 | 198 1039 151 660 96
104 15 | 138 | 20 28 4 1718 | 249 | 1364 | 198 1041 151 742 108
104 18. ] .208 | @0 | 28 4 1914 | 278 | 1386 | 201 1081 157 835 121
104 15 | 277 | 40 28 4 2152 312 | 1489 | 216 1384 | 201 894 130
69 10 69 10 28 4 1619 | 235 | 1272 | 185 1008 146 624 o1
69 10 138 | 20 28 4 1692 | 246 | 1307 | 190 1018 148 704 102
69 10| 208 | 30 28 4 1849 | 268 | 1346 | 195 1033 150 796 115
69 10 | 277 | 40 | 28 4 2119 | 308 | 1403 | 204 1277 185 868 126
35 5 69 10 28 4 1609 | 234 | 1252 | 182 985 143 603 88
35 5 138 | 20 28 4 1688 | 245 | 1279 | 186 994 144 682 99
35 5 208 | 30 28 4 1835 | 266 | 1331 | 193 1006 146 773 112
35 5 297 P A0 28 4 2368 | 344 | 1375 | 200 1195 173 846 123
0 0 69 10 28 4 1612 | 234 | 1229 | 178 960 139 585 85
0 0 138 | 20 28 4 1673 | 243 | 1260 | 183 969 141 666 97
0 0 208 | 30 28 4 1796 | 261 | 1315 | 191 989 143 757 110
0 0 277 | 40 28 7] 2003 | 304 | 1358 | 197 1151 167 838 122

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

0 = Bulk Stress

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-3 Mr Values of FBA-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of
Freezing and Thawing.

i , . 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
05 (kPa) |05 (psi) | oq (kPa)| oq (psi)| o (kPa) | o (psi) -y i (ksi) | Mr (MPa) it (ksi) | Mr (MPa) W (ksi) | Mr (MPa) i (ks)

138 20 | 69 | 40 | 28 4 4500 | 653 | 3067 | 445 | 1552 | 225 791 115
138 | 38 | 01 o 4 4761 691 3473 | 504 | 1718 | 249 907 132
138 20 | 208 | 30 | 28 4 5039 | 731 4069 | 591 | 2050 | 298 996 145
138 M | 277 | 40 | 98 4 6290 | 913 | 4320 | 627 | 2119 | 308 1077 156
104 15 | 69 | 10 | 28 4 4502 | 653 | 3205 | 465 | 1502 | 218 764 111
104 15 | 138 | 20 | 28 4 4502 | 653 | 3493 | 507 | 1650 | 240 843 122
104 15 | 208 | 30 | 28 4 4732 | 687 | 3057 | 444 | 1728 | 251 873 127
104 15 | 277 | 40 | 28 4 6289 | 913 | 4049 | 588 | 1987 | 288 1051 153
69 1 | 60 | 10 | 28 4 4488 | 651 3185 | 462 | 1582 | 230 771 112
69 10 | 138 | 20 | 28 4 4619 | 670 | 3471 504 | 1503 | 231 825 120
69 10 | 208 | 30 | 28 4 4700 | 682 | 3082 | 447 | 1750 | 254 868 126
69 1 | 27 | 40 o 4 6200 | 913 | 3644 | 520 | 1905 | 276 1030 150
35 5 69 | 10 | 28 4 4445 | 645 | 3181 462 | 1518 | 220 747 108
35 5 138 | 20 | 28 4 4580 | 666 | 2986 | 433 | 1581 | 229 795 115
35 5 | 208 | 30 | 28 4 4746 | 689 | 3507 | 509 | 1763 | 256 877 127
35 5 | 217 | 40 || 98 4 5620 | 816 | 3878 | 563 | 1994 | 289 1016 147
0 0 69 | 10 | 28 4 4438 | 644 | 3057 | 444 | 1443 | 209 735 107
0 0 198 || 90 || 28 4 4553 | 661 2040 | 427 | 1529 | 222 764 111
0 0 | 208 | 30 | 28 4 4726 | 686 | 3298 | 479 | 1616 | 234 824 120
0 0 || 277 | 40 | 20 4 5575 | 809 | 3688 | 535 | 1844 | 268 997 145

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-4 Mr Values of FBA-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of

Wetting and Drying.
: . 3 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
o3 (kPa) o3 (psi)| oq (kPa)| oq (psi)| o, (kPa) | o (psi) =y K/Ir (ksi) | Mr (MPa) yMr (ksi) | Mr (MPa) R/Ar (ksi) | Mr (MPa) Kllr (ksi)

138 20 69 10 28 4 4500 653 4538 659 4057 589 3493 507
138 20 138 20 28 4 4761 691 5462 793 4511 655 3647 529
138 20 208 30 28 4 5039 731 6157 894 5210 756 4118 598
138 20 277 40 28 4 6290 913 6658 966 5575 809 4870 707
104 15 69 10 28 4 4502 653 3948 573 3531 512 3166 460
104 15 138 20 28 4 4502 653 3951 573 3525 512 2714 394
104 15 208 30 28 4 4732 687 4193 609 3735 542 3001 436
104 15 277 40 28 4 6289 913 4297 624 3861 560 3330 483
69 10 69 10 28 4 4488 651 3581 520 3182 462 2876 417
69 10 138 20 28 4 4619 670 3639 528 3307 480 2532 367
69 10 208 30 28 4 4700 682 3942 572 3550 515 2846 413
69 10 277 40 28 4 6290 913 4174 606 3753 545 3240 470
35 5 69 10 28 4 4445 645 3456 502 3115 452 2820 409
35 5 138 20 28 4 4589 666 3518 511 3183 462 2428 352
35 5 208 30 28 4 4746 689 3824 555 3464 503 2775 403
35 L5 277 40 28 4 5620 816 4100 595 3708 538 3202 465
0 0 69 10 28 4 4438 644 3371 489 3022 439 2742 398
0 0 138 20 28 4 4553 661 3427 497 3136 455 2389 347
0 0 208 30 28 4 4726 686 3768 547 3437 499 2753 399
0 0 277 40 28 4 5575 809 4110 597 3696 536 3192 463

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-5 Mr Values of PC-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of
Freezing and Thawing.

X : ; 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
03 (kPa) (a3 (psi)| oq (kPa)| oq (psi) | o, (Pa) | o (psi) sy yMr(ksi) Mr (MPa) yMr(ksi) Mr (MPa) )ll\/Ir(ksi) Mr (MPa) | Mr (ksi)

138 20 69 0 | 28 4 8822 | 1280 | 6637 963 | 4584 | 665 2865 416
138 20 | 138 | 20 | 28 4 9491 | 1377 | 8240 | 1196 | 4567 | 663 2854 414
138 20 | 208 | 30 | 28 4 | 11260 | 1636 | 8804 | 1278 | 5734 | 832 3584 520
138 20 | 277 | 40 | 28 4 | 12579 | 1826 | 10440 | 1515 | 5866 | 851 3666 532
104 15 69 0 | 28 4 8504 | 1247 | 7115 | 1033 | 4011 582 2507 364
104 B 1 8 L 0T & 4 8808 | 1278 | 7934 | 1152 | 4126 | 599 2578 374
104 B | 8 | B | 78 4 9852 | 1430 | 8329 | 1209 | 4435 | 644 2772 402
104 B 1 2i7 | 4 | 28 4 | 11501 | 1669 | 9182 | 1333 | 4704 | 683 2940 427
69 0 | 69 0 | 28 4 8467 | 1229 | 7819 | 1135 | 3911 568 2444 355
69 W | 498 1 20 1 28 4 8583 | 1246 | 7878 | 1143 | 4142 | 601 2589 376
69 ™| 288 | 30 | 28 4 9646 | 1400 | 7933 | 1151 | 4380 | 636 2738 397
69 0 217 | 4| 28 4 | 11013 | 1598 | 8607 | 1249 | 4788 | 695 2993 | 434
35 5 69 10 | 28 4 8427 | 1223 | 7289 | 1058 | 4003 | 581 2502 363
35 5 138 | 20 | 28 4 8582 | 1246 | 7380 | 1071 | 4314 | 626 2696 391
35 5 1 208 1 30 1 28 4 9475 | 1375 | 7530 | 1094 | 4457 | 647 2786 404
35 5 121 | a2 4 | 10561 | 1533 | 8098 | 1175 | 4893 | 710 3058 444
0 0 69 0 | 28 4 8406 | 1220 | 7151 | 1038 | 4000 | 580 2500 363
0 0 9T 2 4 8565 | 1243 | 7215 | 1047 | 4201 | 610 2626 381
0 e 12 4 9672 | 1404 | 7276 | 1056 | 4447 | 646 2780 403
0 T o a1 & 4 | 10394 | 1509 | 7784 | 1130 | 4933 | 716 3083 448

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-6 Mr Values of PC-Stabilized Meridian Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of

Wetting and Drying.
. , : 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
o3, (kPe) Jo3(psh| ay (kPa)| aq (psi) |- o, (kPa} | o, (psi) -prrrasss K/u (ks | Mr (MPa) W (ksh) | Mr (MPa) o (ks)) | Mr (MPa) | Mr (ks)

138 20 69 10 28 4 8822 1280 10581 1536 8048 1168 6530 948
138 20 138 20 28 4 9491 1377 11993 1741 8631 1253 7426 1078
138 20 208 30 28 4 11269 1636 12708 1844 9378 1361 8371 1215
138 20 277 40 28 4 12579 1826 13708 1990 10134 1471 8895 1291
104 15 69 10 28 4 8594 1247 10220 1483 7705 1118 6252 907
104 15 138 20 28 4 8808 1278 11296 1639 7788 1130 6294 914
104 15 208 30 28 4 9852 1430 12022 1745 7919 1149 6480 941
104 15 | 277 | 40 28 4 11501 1669 | 12813 | 1860 | 9024 | 1310 7567 1098
69 10 69 10 28 4 8467 1229 9731 1412 | 7949 | 1154 6671 968
69 10 138 | 20 28 4 8583 1246 | 10064 | 1461 7993 | 1160 6747 979
69 10 208 30 28 4 9646 1400 10066 1461 8088 1174 7255 1053
69 10 277 40 28 4 11013 1598 11428 1659 8511 1235 7637 1108
35 5 69 10 28 4 8427 1223 9528 1383 8046 1168 6746 979
35 5 138 20 28 4 8582 1246 9840 1428 8122 1179 6823 990
35 3 208 30 28 4 9475 1375 9911 1438 8557 1242 7223 1048
35 5 200 40 28 4 10561 1533 10918 1585 8888 1290 7518 1091
0 0 69 10 28 4 8406 1220 9334 1355 7009 1017 5937 862
0 0 138 20 28 4 8565 1243 9448 1371 7076 1027 6211 901
0 0 208 30 28 4 9672 1404 9946 1444 7745 1124 6582 955
0 0 277 40 28 4 10394 1509 10871 1578 8237 1195 7151 1038

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-7 Mr Values of CKD-Stabilized Richard Spur Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles
of Freezing and Thawing.

: : X 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
65 (kRa); |os (psi)f oy (kPa) | oy (psi)) o, (kPa) 1.0 (psi) i i (ks | Mr (MPa) o (ksh | Mr (MPa) T (ki) | Mr (MPa) i ksi)
138 20 | B9 | 01 B | 4 ] 48 | &7 | 2778 | 403. | 1843 | 267 463 67
138 20 | 138 | 20 | 28 | 4 | 4636 | 673 | 2759 | 400 | 1922 | 279 511 74
138 20 | 208 | 30 | 28 | 4 | 4995 | 725 | 3050 | 444 | 2168 | 315 544 79
138 50 | 277 | 40 | 28 | 4 | 5516 | 801 | 4914 | 713 | 2279 | 331 597 87
104 15 | 60 | 10 | 28 | 4 | 4318 | 627 | 2711 | 394 | 1768 | 257 417 80
104 15 | 138 | 20 | 28 | 4 | 4401 | 639 | 2783 | 404 | 1758 | 255 504 73
104 ™ | 508 T 96 1 28 | 4 | 455 F 600 0106|451 | 905 | 767 603 88
104 ® 1 207 1 40 | 28 | 4 | 5121 | 45| 4092 | 725 | 1814 | 269 668 97
69 10 | 69 | 10 | 28 | 4 | 4200 | 623 | 2690 | 390 | 1710 | 248 448 &5
69 10 | 138 | 20 | 28 | 4 | 4332 | 629 | 2823 | 410 | 1708 | 248 516 75
69 10 | 208 | 30 | 28 | 4 | 4671 | 678 | 3076 | 447 | 1920 | 279 612 89
69 10 | 277 | 40 | 28 | 4 | 4969 | 721 | 4779 | 604 | 1787 | 259 687 100
35 5 60 | 10 | 28 | 4 | 3907 | 567 | 2733 | 397 | 1668 | 242 477 69
35 5 | 138 | 20 | 28 | 4 | 4084 | 593 | 2862 | 415 | 1827 | 266 541 79
35 5 | 208 | 30 | 28 | 4 | 4104 | 596 | 3231 | 469 | 1675 | 243 628 91
35 5 | 2IT | 40 25 4 | &% | G- %00 7% | 04 ] & 717 104
0 0 60 | 10 | 28 | 4 | 3968 | 576 | 2713 | 394 | 1625 | 236 476 69
0 0 | 138 | 20 | 28 | 4 | 4191 | 608 | 2699 | 392 | 1787 | 250 533 77
0 0 | 208 | 30 | 28 | 4 | 4198 | 609 | 2006 | 422 | 1653 | 240 635 92
0 0 | 27 | 40 | 28 | 4 | 5145 | 747 | 4516 | 655 1036 | 280 719 104

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus




Table 5-8 Mr Values of CKD-Stabilized Richard Spur Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles
of Wetting and Drying.

: : : 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
o3 (kPa) o3 (psi)| oq (kPa) | o4 (psi)| o; (kPa) | o (psi) - (MPa) yMr (ksi) | Mr (MPa) yMr (ksi) [ Mr (MPa) Knr (ksi) [ Mr (MPa) K/Ir (ksi)

138 20 69 10 28 4 4387 637 4062 590 3012 437 3322 482
138 20 138 20 28 4 4636 673 4248 617 3530 512 3315 481
138 20 208 30 28 4 4995 725 4625 671 5466 793 3547 515
138 20 277 40 28 4 5516 801 5003 726 5970 866 3556 516
104 15 69 10 28 4 4318 627 3877 563 3377 490 2632 382
104 15 138 20 28 4 4401 639 3992 579 3017 438 2787 404
104 15 208 30 28 4 4755 690 4357 632 3564 517 3043 442
104 15 277 40 28 4 5121 743 4792 695 2957 429 3300 479
69 10 69 10 28 4 4290 623 3929 570 3250 472 2557 371
69 10 138 20 28 4 4332 629 3931 571 2916 423 2762 401
69 10 208 30 28 4 4671 678 4194 609 3559 516 2993 434
69 10 277 40 28 4 4969 721 4650 675 2941 427 3284 477
35 5 69 10 28 4 3907 567 3648 529 3408 495 2517 365
35 5 138 20 28 4 4084 593 3656 531 3443 500 2765 401
35 5 208 30 28 4 4104 596 3704 538 2971 431 2965 430
35 5 277 40 28 4 4736 687 4210 611 2943 427 3257 473
0 0 69 10 28 4 3968 576 3527 512 3299 479 2453 356
0 0 138 20 28 4 4191 608 3732 542 3334 484 2739 397
0 0 208 30 28 4 4198 609 3763 546 2904 421 2943 427
0 0 277 40 28 4 5148 747 4737 688 2897 421 3239 470

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-9 Mr Values of CFA-Stabilized Richard Spur Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles
of Freezing and Thawing.

y = ; 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
o3 (kPa) |05 (psi) [ oq (kPa) | oq (psi)| o, (kPa) | o (psi) -y N T W iea) | W (e | e iEa) W (s e )

138 50 ] 828 A | S0 | %7 1297, | 4% | 2006 | 294 881 128
138 20 | 138 | 20 | 28 | 4 | 5520 | 808 | 2031 | 425 | 2336 | 339 922 134
138 20 | 208 | 30 | 28 | 4 | 6199 | 900 | 3147 | 457 | 2806 | 407 957 139
138 20 | 277 | 40 | 28 | 4 | 6579 | 955 | 3376 | 490 | 3530 | 514 | 1001 | 145
104 %1 68 | W01 985 1—4 ) 098] 796 | 6% | 390 | 1968 | 290 773 112
104 % | 9% | 26 26| 4| 5089 | 735 | 2659 | 494 | 2130 | 308 876 127
104 15 | 208 | 30 | 28 | 4 | 5140 | 746 | 3048 | 442 | 2312 | 336 948 138
104 5| 277 | 40-] 28.| 4 | 5377 | 780 | 3504 | 462 | 099 | 450 997 145
69 10 | 69 | 10 | 28 | 4 | 4803 | 710 | 2597 | 377 | 2000 | 290 794 115
69 10 | 138 | 20 | 28 | 4 | 5029 | 730 | 2758 | 400 | 2096 | 304 857 124
69 10 | 208 | 30 | 28 | 4 | 5046 | 732 | 2977 | 432 | 2265 | 329 944 137
69 10 | 277 | 40 | 28 | 4 | 5274 | 765 | 3199 | 464 | 2886 | 419 994 144
35 5 | 69 | 10 | 26 | 4 | 4994 | 725 | 2492 | 362 | 2001 | 290 777 113
35 5 | 138 | 20 | 28 | 4 | 5023 | 729 | 2761 | 401 | 2082 | 302 862 125
35 5 | 208 | 30 | 28 | 4 | 5050 | 733 | 2951 | 428 | 2258 | 328 935 136
35 5 | 277 | 40 | 28 | 4 | 5286 | 767 | 3156 | 458 | 2011 | 422 | 1004 | 146
0 0 | 69 | 10 | 28 | 4 | 4889 | 710 | 2471 | 350 | 2006 | 291 778 113
0 0 | 138 | 20 | 28 | 4 | 4974 | 722 | 2725 | 396 | 2087 | 303 878 127
0 0 | 208 | 30 | 28 | 4 | 5085 | 738 | 2912 | 423 | 2269 | 329 951 138
0 D | 297 | 40 | 28 | 4 | 54 | 747 -5 | 455 || 2em || 410 | Mo | 147

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-10 Mr Values of CFA-Stabilized Richard Spur Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles

of Wetting and Drying
. . ) 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
05 (kP8) |0 (psi)| o (kPa) | oq (psi)| o (kPa) | o, (psi) ey " (ks) | Mr (MPa) T (ksi) | Mr (MPa) T (ksi) | Mr (MPa) " k)

138 20 | 68 | W B | 4 | %08t | 757 4048 | 567 | 3576 | 519 | 3B% | 52
138 20 | 138 | 20 | 28 | 4 | 5529 | 803 | 4632 | 672 | 385 | 560 | 3619 | 525
138 20 | 208 | 30 | 28 | 4 | 6199 | 900 | 5120 | 744 | 4246 | 616 | 3705 | 538
138 20 | 277 | 40 | 28 | 4 | 6579 | 95 | 6125 | 889 | 4391 | 637 | 3867 | 561
104 15 | 60 | 10 | 28 | 4 | 5013 | 728 | 4042 | 587 | 3470 | 504 | 3059 | 444
104 15 | 138 | 20 | 28 | 4 | 5049 | 733 | 4174 | 606 | 3700 | 537 | 3406 | 494
104 15 | 208 | 30 | 28 | 4 | 5140 | 746 | 4328 | 628 | 4193 | 609 | 3654 | 530
104 B | o7z | @] 28 | 4| 8 | 0T | 15 | o |-l e
69 10 | 69 | 10 | 28 | 4 | 4893 | 710 | 4054 | 588 | 3471 | 504 | 3108 | 451
59 10 | 138 | 20 | 28 | 4 | 5020 | 730 | 4102 | 595 | 3767 | 547 | 3364 | 488
69 10 | 208 | 30 | 28 | 4 | 5046 | 732 | 4222 | 613 | 4237 | 615 | 3637 | 528
69 10 | 277 | 40 | 28 | 4 | 5274 | 765 | 4836 | 702 | 4522 | 656 | 3913 | 568
35 5 | 60 | 10 | 28 | 4 | 4984 | 725 | 4067 | 500 | 3418 | 4% | 3049 | 443
35 5 | 13 | 20 | 28 | 4 | 5023 | 729 | 4211 | 611 | 3779 | 548 | 3422 | 497
35 5 | 208 | 80 25— 4 | 5050, | 7351 4263 | 6% | 4179 | 607 | 3711 | 58
35 5 | 277 | 40 | 28 | 4 | 5286 | 767 | 4912 | 713 | 4475 | 649 | 3869 | 562
0 0 | 69 | 10 | 28 | 4 | 4889 | 710 | 4047 | 587 | 3389 | 492 | 2987 | 434
0 0 | 138 | 20 | 28 | 4 | 4974 | 722 | 4080 | 592 | 3819 | 554 | 3338 | 485
0 0 | 208 | 30 | 28 | 4 | 5085 | 738 | 4242 | 616 | 4067 | 500 | 3684 | 535
0 0.l 27 | % | B 4| SMr | Mr | 5B | 752 | e | ®e | a5 | 57

1 psi =6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure
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Table 5-11 Mr Values of FBA-Stabilized Richard Spur Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles
of Freezing and Thawing

! : : 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
o3 (kPa) (o3 (psi)| oq (kPa)| oq (psi)) o5 (kPa) | o (psi) s yMr(ksi) Mr (MPa) yMr(ksi) Mr (MPa) {Vlr(ksi) Mr (MPa) | Mr (ksi)

138 20 69 0 | 28 4 8601 1261 | 5181 752 | 2968 | 431 1704 247
138 20 | 136 | 20| 28 4 8838 | 1283 | 5233 758 | _ade2 | 473 1882 273
138 20 | 208 | 30 | 28 4 9062 | 1315 | 5361 778 | 3494 | 507 2084 302
138 26— 217 -1 40 t 26 4 | 11070 | 1607 | 5406 785 | 3711 539 2259 328
104 15 69 0 | 28 4 8798 | 1277 | 4645 674 | 2863 | 416 1534 223
104 151 496 | 20 | 98 4 8956 | 1300 | 4731 687 | 2908 | 422 1594 231
104 15 | 208 | a0 | 28 4 9404 | 1365 | 7406 | 1075 | 2920 | 424 1630 237
104 5 217 | 40 | 28 4 11675 | 1694 | 6523 947 | 3037 | 441 2396 348
69 10 69 10 | 28 4 8832 | 1282 | 5127 744 | 2963 | 430 1455 211
69 0 438 |90 | =8 4 9120 | 1324 | 5424 787, | 27 | 907 1393 202
69 70 | 208 | 90 | 28 4 9788 | 1421 | 6169 895 | 2827 | 410 1501 218
69 10 | 27| 40 | 2B 4 11987 | 1740 | 6602 958 | 2807 | 407 1559 226
35 5 69 0 | 28 4 8880 | 1289 | 5140 746 | 2852 | 414 1398 203
35 5 138 | 20 | 28 4 9142 | 1327 | 5502 799 | 2740 | 398 1359 197
35 5 208 | 30 | 28 4 9665 | 1403 | 5697 827 | 2725 | 3% 1460 212
35 5 277 .| 40 - 28 4 | 13030 | 1891 | 6657 966 | 2749 | 399 1531 222
0 0 69 10| 28 4 8900 | 1292 | 5271 765 | 2745 | 398 1362 198
0 0 354 90|25 4 9205 | 1336 | 5520 801 2666 | 387 1318 191
0 0 208 | 30|28 4 9803 | 1423 | 6276 911 2673 | 388 1448 210
0 0 o7 | 40 | 28 4 13296 | 1930 | 6731 977 | 2697 | 391 1524 221

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

og4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-12 Mr Values of FBA-Stabilized Richard Spur Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles

of Wetting and Drying
, : ¢ 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
a3 (kPa) fos (psi)) oy (kPa)} oy (psi)} o, (kPa) | o, (psi) - W (ksi) | Mr (MPa) | Mr (ksD) | Mr (MPa) | Mr (ksi) | Mr (MPa) | Mr (ksi)
138 30 | 69 ] 10 | 28 | 4 | 8691 | 1261 | 7979 | 1158 | 5124 | 744 | 5461 | 793
138 20 | 138 | 20 | 28 | 4 | 8838 | 1283 | 8253 | 1198 | 5984 | 860 | 5675 | 824
138 20 | 208 | 30 | 28 | 4 | 9062 | 1315 | 8658 | 1257 | 7128 | 1035 | 6251 | 907
138 20 | 277 | 40 | 28 | 4 | 11070 | 1607 | 9318 | 1352 | 9058 | 1315 | 7617 | 1106
104 15 | 60 | 10 | 28 | 4 | 8798 | 1277 | 7414 | 1076 | 5174 | 751 | 5427 | 788
104 15 | 138 | 20 | 28 | 4 | 8956 | 1300 | 8253 | 1198 | 5761 | 836 | 5700 | 829
104 15 | 208 | 30 | 28 | 4 | 9404 | 1365 | 8708 | 1264 | 7200 | 1058 | 6247 | 907
104 15 | 277 | 40 | 28 | 4 | 11675 | 1604 | 9306 | 1351 | 8780 | 1274 | 7591 | 1102
69 10 | 60 | 10 | 28 | 4 | 8832 | 1282 | 7601 | 1103 | 5247 | 762 | 5485 | 796
69 10 | 138 | 20 | 28 | 4 | 9120 | 1324 | 8378 | 1216 | 5859 | 850 | 5685 | 825
69 10 | 208 | 30 | 28 | 4 | 9788 | 1421 | 8923 | 1295 | 7304 | 1060 | 6248 | 907
69 10 | 277 | 40 | 26 | 4 | 11987 | 1740 | 9321 | 1353 | 8540 | 1239 | 7203 | 1045
35 5 | 69 | 10 | 28 | 4 | 8880 | 1289 | 8101 | 1176 | 5408 | 785 | 5454 | 792
35 5 | 138 | 20 | 28 | 4 | 9142 | 1327 | 8196 | 1190 | 5971 | 867 | 5732 | 832
35 5 1 208 | 30 | 28 | 4 | 9665 | 1403 | 9101 | 1321 | 7279 | 1057 | 6189 | 8%
35 5 | 277 | 40 | 28 | 4 | 13030 | 1891 | 9591 | 1392 | 8358 | 1213 | 7435 | 1079
0 0 | 69 | 10 | 28 | 4 | 8900 | 1292 | 8055 | 1160 | 5473 | 794 | 5400 | 784
0 0 | 138 | 20 | 28 | 4 | 9205 | 1336 | 8307 | 1206 | 6107 | 886 | 5564 | 808
0 0 | 208 | 30 | 28 | 4 | 9803 | 1423 | 8915 | 1204 | 8289 | 1203 | 5804 | 85
0 0 | 277 | 40 | 28 | 4 | 13206 | 1930 | 9644 | 1400 | 9448 | 1371 | 7283 | 1057

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-13 Mr Values of CKD-Stabilized Sawyer Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of
Freezing and Thawing

. . ; 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
o3 (kPa) | o3 (psi){ g (kPa)| o4 (psi)| o, (kPa) | o (psi) =g=rasay yMr(ksi) Mr (MPa) yMr(ksi) Mr (MPa) yMr(ksi) Mr (MPa) | Mr (ksi)

138 20 69 10 28 4 3218 467 2166 314 1403 204 568 82
138 20 138 [ 20 28 4 3646 529 2458 357 1480 215 592 86
138 20 208 30 28 4 4334 629 2641 383 1511 219 608 88
138 20 | 277 | 40 28 4 4820 700 2894 420 1617 235 677 98
104 15 69 10 28 4 3112 452 2175 316 1166 169 488 71
104 15 138 | 20 28 4 3447 500 2260 328 1293 188 512 74
104 15 [ 208 30 28 4 3943 572 2563 372 1500 218 600 87
104 15 277_| 40 28 4 4546 660 2842 412 1668 242 677 98
69 10 69 10 28 4 3123 453 2177 316 1193 173 476 69
69 10 138 [ 20 28 4 3408 495 2208 320 1314 191 526 76
69 10 [ 208 30 28 4 3949 573 2522 366 1517 220 622 90
69 10 277 | 40 28 4 4306 625 2778 403 1701 247 680 99
35 5 69 10 28 4 3141 456 2184 317 1176 171 474 69
35 5 138 | 20 28 4 3338 484 2211 321 1295 188 518 75
35 5 208 30 28 4 4012 582 2527 367 1509 219 609 88
35 5 277 | 40 28 4 4134 600 2762 401 1701 247 708 103
0 0 69 10 28 4 3113 452 2211 321 1158 168 469 68
0 0 138 [ 20 28 4 3377 490 2247 326 1280 186 512 74
0 0 208 30 28 ‘ 3888 564 2515 365 1501 218 604 88
0 0 277 | 40 28 4 4063 590 2532 368 1699 247 679 99

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-14 Mr Values of CKD-Stabilized Sawyer Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of

Wetting and Drying
. ; y 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
o3 (kPa) | o5 (psi)| oq (kPa)| aq (psi) | o (KPa) | o (psi) -z K/Ir (ksi) | Mr (MPa) yMr (ksi) | Mr (MPa) Km (ksi) | Mr (MPa) an (ki)

138 20 69 10 28 4 3218 467 4278 621 3295 478 2812 408
138 20 | 138 | 20 28 4 3646 529 4537 659 3612 524 2938 426
138 20 | 208 | 30 28 4 4334 629 5232 759 4178 606 3765 546
138 20 | 277 | 4 28 4 4820 700 6069 881 4184 607 4355 632
104 15 69 10 28 4 3112 452 4163 604 3346 486 3038 441
104 15 | 188 | 20 28 4 3447 500 4354 632 3552 516 2775 403
104 15 | 208 | 30 28 4 3943 572 4987 724 4550 660 3465 503
104 1B 20 | 4@ 28 4 4546 660 5617 815 5002 726 2782 404
69 10 69 10 28 4 3123 453 4202 610 3430 498 2961 430
69 10 | 155 | 20 28 4 3408 495 4291 623 3606 523 2721 395
69 10 | 208 | 30 28 4 3949 573 4653 675 4953 719 3321 482
69 100 | 29 | 40 28 4 4306 625 5374 780 4972 722 2741 398
35 5 69 10 28 4 3141 456 4348 631 3427 497 2665 387
35 5 138 | 20 28 4 3338 484 4668 678 3598 522 3275 475
35 5 208 | 30 28 4 4012 582 4754 690 4851 704 2683 389
35 5 277 | 40 28 4 4134 600 5252 762 5012 727 2714 394
0 0 69 10 28 4 3113 452 4105 596 3590 521 2597 377
0 0 138 | 20 28 4 3377 490 4638 673 3597 522 3281 476
0 0 208 | 30 28 4 3888 564 4812 698 4767 692 2660 386
0 0 27T | 40 28 4 4063 590 5278 766 4798 696 2692 391

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-15 Mr Values of CFA-Stabilized Sawyer Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of
Freezing and Thawing

: . : 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
0 (kPa) o (pS)| o (kPa) | o ()| o (P2 | o, (0 |- i i Gy | Wi (MFa] | Ve (i | W MP)] Mir (i | e (W) | Wi ()

18| 20 | 69 | 10 | 28 | 4 | 6411 | 930 | 3754 | 545 | 2743 | 398 | 1476 | 214
138 | 20 | 138 | 20 | 28 | 4 | 6667 | 808 | 3786 | 560 | 2980 | 434 | 1548 | 225
138 | 20 | 208 | 30 | 28 | 4 | 4075 | 501 | 3980 | 578 | 3161 | 450 | 1625 | 236
138 | 20 | 277 | 40 | 28 | 4 | 3778 | 548 | 4108 | 506 | 3208 | 479 | 1773 | 257
104__| 15 | 69 | 10 | 28 | 4 | 6253 | 008 | 3145 | 456 | 2472 | 350 | 1207 | 175
104 | 15 | 138 | 20 | 28 | 4 | 3908 | 566 | 3506 | 500 | 2789 | 405 | 1362 | 198
104 | 15 | 208 | 30 | 28 | 4 | 3789 | 550 | 3899 | 566 | 3088 | 448 | 1517 | 220
104 | 15 | 277 | 40 | 28 | 4 | 3603 | 552 | 4440 | 644 | 3320 | 483 | 1665 | 242
69 10 | 69 | 10 | 28 | 4 | 6651 | 965 | 3109 | 451 | 2556 | 371 | 1165 | 169
69 10 | 138 | 20 | 28 | 4 | 3899 | 566 | 3539 | 514 | 2773 | 402 | 1266 | 182
69 10 | 208 | 30 | 28 | 4 | 3797 | 551 | 3897 | 566 | 3083 | 447 | 1393 | 202
69 10 | 277 | 40 | 28 | 4 | 3768 | 547 | 4186 | 608 | 3335 | 484 | 1511 | 219
35 5 | 60 | 10 | 28 | 4 | 5259 | 763 | 3115 | 452 | 2549 | 370 | 896 | 130
35 5 | 198 | 20 ] 28] 4] 9648 | 550 | 3967 | “e2 || 2814 | 408 || 868 | 126
35 5 | 208 | 30 | 28 | 4 | 3670 | 533 | 3874 | 562 | 3088 | 448 | 1042 | 151
35 5 | 277 | 40 | 28 | 4 | 3748 | 544 | 4154 | 603 | 3326 | 483 | 1200 | 174
0 0 | 6 | 10 | 28 | 4 | 5054 | 734 | 2991 | 434 | 2549 | 370 | 661 %
0 0| 198 1 #01] 96 1] 4| 90..] 538 || 3592 || %3 || 2842 || 412 || ge¥ | 106
0 0 | 208 | 30 | 28 | 4 | 3720 | 540 | 3907 | 567 | 3116 | 452 | 784 | 114
0 0 | 20T [ 401 28] 4 | afaa 1543 1| “Wosy || 15 | Wheo || wes || ewb | .o

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-16 Mr Values of CFA-Stabilized Sawyer Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of

Wetting and Drying
: : : 0 W-D cycle 8 W-D cycles 16 W-D cycles 30 W-D cycles
o2 (kPa) o3 (psi)| o (kPa) | o (pSi)| o, (KPa) | o, (0S1) - riam T ir (ks | M (MPa) | Mir (ksi) | MIr (MIPa) | M (ks) | M (MPa) | Mr (ks)

138 20 69 10 28 4 6411 930 3248 471 2596 377 2154 313
138 20 138 20 28 4 5567 808 3656 531 2898 421 2249 326
138 20 208 30 28 4 4075 591 4535 658 2908 422 2465 358
138 20 277 40 28 4 3778 548 5263 764 3006 436 2537 368
104 19 69 10 28 4 6253 908 3222 468 1901 276 1841 267
104 15 138 20 28 4 3903 566 2965 430 2164 314 1955 284
104 15 208 30 28 4 3789 550 3066 445 2582 375 2089 303
104 15 27 40 28 4 3803 552 3190 463 2936 426 2197 319
69 10 69 10 28 4 6651 965 2934 426 1766 256 1701 247
69 10 138 20 28 4 3899 566 2832 411 2094 304 1776 258
69 10 208 30 28 4 3797 551 2951 428 2483 360 1908 277
69 10 277 40 28 4 3768 547 3145 456 2886 419 2032 295
35 9 69 10 28 4 5259 763 2871 417 1683 244 1554 226
35 5 138 20 28 4 3848 559 2748 399 2043 296 1730 251
35 9 208 30 28 4 3670 533 2924 424 2433 353 1853 269
35 9 277 40 28 4 3748 544 3 452 2808 407 1931 280

0 0 69 10 28 4 5054 734 2742 398 1537 223 1395 203

0 0 138 20 28 4 3710 538 2712 394 1895 275 1526 222

0 0 208 30 28 4 3720 540 2902 421 2305 835 1701 247

0 0 277 40 28 4 3744 543 3097 449 2709 393 1853 269

1 psi = 6.89 kPa; 1 ksi = 6.89 MPa

o4 = Deviator Stress

o3 = Confining Pressure

o, = Seating Pressure

Mr = Resilient Modulus
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Table 5-17 Mr Values of FBA-Stabilized Sawyer Aggregate Cured for 28 Days and Subjected to 0, 8, 16, and 30 Cycles of
Freezing and Thawing

: 3 2 0 F-T cycle 8 F-T cycles 16 F-T cycles 30 F-T cycles
o3 (kPa) |03 (psi)| oq (kPa)| oq (pSD)| 0. (kPa) | o (psi) =gz e (ksi) | Mr (MPa) i (ksi) | Mr (MPa) i (ksi) | Mr (MPa) W (ksi)

138 20 69 10 | 28 4 4146 602 4825 700 | 1469 | 213 722 105
138 20 | 138 11220, |«.28 4 4617 670 4312 626 | 1603 | 233 816 118
138 20 208 b W | 28 4 4988 724 3563 517 | 1583 | 230 769 112
138 20 | 277 | 40 | 28 4 5222 758 3162 459 | 1462 | 212 703 102
104 15 69 0 | 28 4 4119 598 3011 430 [ 1313 o8 535 78
104 15 o] 198 1220 |5 28 4 4306 625 2803 407 1310 | 190 554 80
104 15 | 208 | 30 | 28 4 4588 666 2952 429 | 1415 | 205 502 86
104 15 | 277 | 40 | 28 4 5002 726 3078 447 1482 | 215 640 93
69 10 69 10 | 28 4 4113 597 2822 410 | 1270 | 184 467 68
69 0.4 18,104 =28 4 4254 617 2715 394 | 1308 | 190 524 76
69 10 | 208 | 30 | 28 4 4505 654 2922 424 | 1402 | 203 580 84
69 0. 2/7.] 40 |. 28 4 5344 776 3106 451 1507 | 219 630 91
35 5 69 0 |28 4 4128 599 2880 418 | 1288 | 187 367 53
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