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Abstract
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Supervising Professor: Laureano R. Hoyos

Chemical treatment of expansive sulfate-rich soils, particularly lime- and cement-based methods,
had been rather popular due to their relatively low cost and ready availability. However, over the last few
decades, extensively documented pavement failures, mainly caused by excessive heaving and/or
shrinkage of lime- and cement-treated subgrades with moderate-to-high sulfate content, have led to
thorough investigations to assess the actual feasibility and effectiveness of calcium based stabilizers in
sulfate-rich soils. Studies have concluded, with solid experimental evidence, that the calcium present in the
chemical stabilizers react with the sulfate and alumina of the treated soil to form Ettringite, an expansive
mineral that has detrimental effects on the overall performance of the treated soil. Most of these studies
have mainly focused on detrimental effects of lime- and cement-based treatment methods in terms of
Atterberg limits, swell-shrink potential, and unconfined compressive strength.

The present study is aimed at gaining valuable insight into the effects of lime- and cement-based
treatment methods on stiffness of sulfate-rich soils, namely, shear modulus and damping, which are
fundamental properties in the analysis and design of pavement infrastructure. To achieve this goal, a
thorough series of resonant column (RC) tests was conducted on several chemically stabilized specimens
of high-plasticity, sulfate-rich expansive clay from Sherman, Texas. Test results were analyzed to assess
the influence of lime- and cement-based stabilizer dosage, curing time, and confining pressure on the shear
modulus and damping of the treated soil, including 8%lime + 2% fly ash, 6% lime + 4% fly ash, and 3%
cement + 2% fly ash. In general, results show a detrimental effect of all treatment methods on soil stiffness,
only rendering 6% lime + 4% fly ash as a potentially viable treatment method with curing time longer than

14 days.
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Chapterl - Introduction
Background and Importance

In civil engineering, soil definition is a natural material, which is unconsolidated. The three-major
kinds of soil can be named as sand, silt, and clay. It is important to take this fact into consideration that
each kind of soil has its own specific problems since it has its own characteristics like texture, mineral
content, and structure.

Both pre-construction and post-construction problems are observed in the soil. One of the
problematic happenings may be that the soil doesn’t reach the required bearing capacity to bear the
structure above it. As a matter of fact, the soil underneath bridges, dams, highways or other supporting
structures may not be appropriate enough. Indeed, it may become problematic after construction.

The other problem possible at the construction site is settlement, which happens by soil movement
caused by the surcharge or water table change. Indeed, preventing the settlement is very important which
cannot happen unless there is enough recognition of the soil type and the solution appropriate for each
type of soil is prone to settlement.

The ground improvement technics have been developing during time. For instance, in the past if
the soil was not strong enough from bearing capacity aspect, was susceptible to liquefaction, or covered
with soft clay or organic soil, then it was abandoned due to not being practical for construction purposes.
This crisis had led to natural resources scarcity. Nowadays, however, the problematic soils such as soft
clay or organic clay are improved by stabilizers so that they meet the design specifications. As a matter of
fact, there is no construction site ideal for engineering properties without modification.

The stabilization of the soil leads to either the water proofing the particles, bonding them together,
or both functions together. These processes happen by increasing the soil strength and water softening
resistance increasing. All the stabilization procedures are in two categories of mechanical and chemical
stabilization. For instance, two simple ones are compaction and drainage and adding binders to the weak
soil to achieve better particle size gradation.

During the past decades, many pavement failure cases were reported where heaving was the
problem. The soil of these cases was sulfate rich soils stabilized by cement or lime. The main goal of this

study is to assess the improvement in stiffness properties of chemically stabilized sulfate-rich soils



Objective

The primary aim of this study to investigate the stiffness response of chemically stabilized, sulfate rich
expansive clay from Sherman, TX. For this purpose, three kinds of stabilizers, lime, fly ash and cement
were used. A series of free -fixed type of resonant column tests were performed by the Proximitor Resonant
Column Instrument at small shear strain amplitude levels (< 0.0001%) for different stabilizer type, curing
time and confining pressure. The stiffness properties obtained from the test results are linear shear modulus
Gmax and material damping ratio Dmin, which were calculated by means of half-power bandwidth method
(Richart et al. 1970). For studying the effects of torsional shearing on the rate of degradation of normalized
modulus G/Gmax of treated soil, the tests were conducted at the range of 0.0001 to 0.01% or small strain

amplitudes.

Organization

The thesis is organized into six chapters. Chapter 1 is an introduction that has given an overview
of the thesis and states the main objectives of this work.

In Chapter 2, principal concepts of soil stabilization are illustrated by discussing former studies
regarding the subject topic.

In Chapter 3, fundamentals of Proximitor Resonant Column (RC) testing techniques are
demonstrated. This chapter also gives an overview of the RC test device used to accomplish the
experimental program.

In Chapter 4, a brief description of the basic properties of the test soil and the test procedures used
to accomplish this thesis are presented. This chapter also summarizes the experimental variables and
specimen preparation methods.

In Chapter 5, the experimental program and analysis of test results are presented. The chapter
includes all test results and data plots, providing a thorough analysis of all resonant column test results.

Chapter 6 summarizes the main conclusions from this thesis work and provides some

recommendations for future studies.



Chapter 2 - Literature Review
Introduction
The expensive soil issue has always been a concern for geotechnical engineers and has been a
research topic of a lot of researchers which led to a variety of laboratory tests. The current literature survey
is referring to the engineering behavior and properties of sulfate-rich expansive clays found on northeast
Texas. In addition, some case studies regarding soil heaving phenomenon in this region is discussed. On

the other hand, this review mostly focuses on different chemical stabilization methods.

Fundamentals of Soil Stabilization
The concept of stabilizing the soil can go back to 5000 years ago. For instance, the stabilized earth

roads were used in ancient Mesopotamia and Egypt (McDowell 1959). The first test involving soil
stabilization in the United States was performed in 1904 (Clare and Crunchily 1957). Lime was used first in
1924 for purpose of modern construction practice on short stretches of highway (McCausland 1925). Also,
Cement was used as a stabilizer in 1915 on a street in Sarasota, FL (ACI 1997). As mentioned in the study
cases above, lime or cement are used for stabilizing the expansive soil, so that the improved soll
experiences an increase in soil strength, stiffness and durability and experiences a reduction in soil plasticity
and swelling/shrinkage potential (Hausmann 1990; Sherwood 1995; Prusniski and Bhattacharya 1999).

Since Lime has low cost and is available everywhere, it is preferred often. The chemical reaction
due to lime stabilization can be categorized in two kinds of processes: Maodification Reactions and
stabilization reactions. The modification reactions can be named as cation exchange and flocculation.
These two reactions lead to improvement of plasticity, shear strength and workability. These reactions are
short-term ones. The two other kinds of reaction which are long-term are agglomeration and pozzolan. The
function of pozzolan reaction is that, as lime increases the PH to 12.4, the alumina and silica are released
and pozzolanic compounds are formed when combining by water and calcium as shown below:

ca™ + OH™ + Soluble clay Silica — Calcium Sylicate Hydrate (CSH) 1)

ca™ + OH™ + soluble clay Alumina — Calcium Aluminate Hydrate (CAH) (2)
Also, the pozzolonic compound and increase in curing time improve the strength of the clay soil or
sandy or silty soil containing at least seven percent clay because of the release of the existing silica and

alumina in the clay (Talluri 2013).



However, in the recent decades, some pavement failure cases have been reported because of
heave phenomenon that is a probable outcome of stabilizing with lime or cement (Mitchell 1986; Hunter
1988; Little et al. 1989, Perrin 1992; Kota et al. 1996; Ksaibati et al. 1999; Rollings et al. 1999). Also, the
pozzolonic compound and increase in curing time improve the strength of the clay soil or sandy or silty soil
containing at least seven percent clay because of the release of the existing silica and alumina in the clay
(Talluri 2013). The sulfate attack in stabilized soil containing gypsum and sodium sulfate which are sulfate
minerals produces a highly expansive crystalline mineral named Ettringite (Cas[Al(OH)s]2(S04)3.26H20)
and Thaumasite (cas.[Si(OH)s].(SO4).(CO3)2.24H20).These chemicals are unstable sulfate minerals ,that
after being exposed to hydration, expand .Based on this fact, the researchers call the lime treated sulfate-
rich soils as “manmade expansive soil” (Puppala et.al., 2012). This Phenomenon results in differential
heaving and distress-induced cracking of pavements and spread footings. While some protection methods
against sulfate attack have been introduced, based on the sulfate exposure level (ACI 1982; DePuy 1994),
the chemical reactions and products have not completely been investigated.

Although the number of researches on this subject is limited, a little guidance about dealing with
this problem is available. There are some factors effective when stabilized soils are prone to sulfate attack
the same as cement concrete. These factors are the pH value, moisture availability, temperature, sulfate
levels, and clay mineralogy, which should be determined when the sulfate attack is impending in the soil.

In Texas also, there are a lot of cases in which damages have been observed in several roads,
pavement and parking lots, which were the result of some calcium-based stabilizers (Perrin 1992).
Summarizing the damaging outcome of three projects, it is concluded that the areas of poor drainage had
more severe damages. Also, the bumps or ridges caused by heaves were 300 mm deep in both the

transverse and longitudinal directions.

Sulfate Heave Case Histories
Joe Pool Dam, Texas
Many heaving problems were observed in several park roads in Joe Pool Lake during 1988 and
1989 (Perrin, 1992). The area’s soil was clean clays and clayey sand belonging to Eagle Ford Shale
formation with less than 3% swelling clay minerals. The subgrade layers of the pavement were stabilized

with 5-6% lime. Although, the soil barely had sulfate content, the base material was lime-treated and

4



contained 2,000-9,000 ppm sulfate. The heaving phenomenon is obvious in Figure 2-1. It was investigated
later that Ettringite and Thaumasite were the main cause of the heaving. They had recompacted the road,
but the issue kept happening. At last, they have replaced the entire lime treated layer with gravel base and

non-expansive fill ending the problem of heaving.

Figure Error! No text of specified style in document.-1 heaving in lime treated subgrade (Reproduced

from Talluri, 2013)

Sulfate heave issues at DFW airport, Texas

In Dallas/Fort Worth international airport (DFW), one of the taxiway sections depicted signs of
heave. Areas of heave were considered along both shoulders of the taxiway section. The main taxiway
section didn’'t show any signs of heave that is mainly because it was made of rigid reinforced concrete
pavement overlaying a four to twelve-inch lime-treated base course. The natural subgrade was shale made
of clay with sandy seams and occasional Gypsum deposits. The base course consists of the native
subgrade soil stabilized with lime.

Several pavement cracking related to heave distress were observed and their range was 5cm to
30 cm. The heave pattern was that much irregular that sometimes it affected the diameter of one to two
feet in some areas. There were some other cracks observed near the junction between rigid concrete and
asphalt concrete sections. Although, in some locations, considerable lateral movement of edge has
occurred, the rigid pavement was in a good condition with only few minor cracks.

The heave phenomenon in this area was investigated and the reasons were found to be the location
of drainage ditches near the shoulders and the topography of the site. Due to the rain fall in the last six
months of 1996 and early 1997, the increased water level under the pavement section can contribute to

heaving by means of helping chemical reactions needed for formation of Ettringite and Thaumasite

5



compounds. Also, the west shoulder depicted more damage than the east shoulder. One reason for that
can be the water pooling near the west shoulder. Also, the east shoulder was prone to better drainage

because of the special topographical features.

)
Figure Error! No text of specified style in document.-2 heave distress pattern on west shoulder of

taxiway - (Reproduced from Talluri, 2013)

Sulfate Attack on a Tunnel Shotcrete liner, Dallas, Texas (Talluri, N. (2013))
As cracking and water leakage was reported in a tunnel shotcrete in Dallas, Texas, a white powder

material and gel-like substance were observed on the shotcrete liner. (Puppala et al.2010) ( Fig 2-3).

Figure Error! No text of specified style in document.-3 Distress region on tunnel lining (C-3),

(Puppala et al.2010)



The studies depicted the presence of Ettringite and Thaumasite. Since the safety of the tunnel was
threatened due to sulfate presence and continuous moisture leakage, the continuous monitoring of the

tunnel heave and using sulfate resistant cement Type V is suggested.

Stewart Avenue, Las Vegas, Nevada

Two years after construction of Stewart Avenue Street, Las Vegas, NV, severe heaving was

observed, with maximum distress of 30 cm (Hunter 1998).

Figure Error! No text of specified style in document.-4: Stewart Avenue cracks (Hunter 1988)
Based on the forensic investigations, the cause of the heaving was found to be the reaction
between lime and sulfates. Also, the presence of the Thaumasite was observed by means of (XRD) and

(SEM) studies, since it can be formed below 15 degrees Celsius.

Stabilization of High Sulfate Soil

One of the techniques suggested for stabilization of the sulfate-rich soils is pre-compaction
mellowing technique. Mellowing period is an important variable in the low-strain (linear) stiffness response
of chemically stabilized soils (Semane 2014). The reason for success of this method was that, during the
mellowing period all swelling happened. Also, there were no more sulfates after compaction, since all

sulfates were consumed during the mellowing period.

Double application of lime

The double application of lime is effective in some soils since first the lime treatment leads to

Ettringite formation, while the second application forms pozzolanic compounds which help the soil with



stabilization function. However, three days curing between the lime application should be considered. Since
double application resulted in more heaving in some cases, it should be considered that this method is

proved useful just for the soils with sulfate content up to 7000 ppm (Kota et al., 1996; Pas Harris et al.2004).

Combined Lime and Cement Treatment

Based on one study that was performed at the University of Texas at Arlington, the combination of
lime and cement treatment on high plasticity clay soils at Arlington, resulted in increased strength and

reduced shrinkage and swell in comparison with the lime treatment alone.

Stabilization with Low Calcium Based Stabilizers

The sulfate-induced heave is the result of calcium based treatment such as lime and cement. Fly
ash is another calcium-based stabilizer. It is categorized in two classes of C and F, and their main difference
is the availability of free calcium which is higher in class C. For that reason, class F fly ash is more
appropriate for soil stabilization. Overall, the Fly ash usage decrease the plasticity index of the soil which
leads to the swell and shrinkage decrease. Also, some research has been done on non-calcium based
stabilizers, but most of them were found to be expensive, even some more costly than replacing the
subgrade.

One of the stabilizers with no calcium can be named as ground granulated blast furnace, GGBFS.
Replacement of cement or lime with GGBFS has been reported successful by many researchers.
Appropriate added amount of GGBFS can help stabilize the soil by reducing the PH of the system and

improving cementation properties.

Sulfate Heave Mechanism

As mentioned before, Ettringite is formed by reaction of sulfates in the soil and calcium and alumina
existing in clay. This chemical has 26 molecules of water and can expand to 137% of its original volume.
(Little et al.2010). Also, the formation and growth of Ettringite can lead to material softening. Depending
on the time and PH during formation, Ettringite can have needle-like, lath-like, and rod-like shape. Figure
2-5 shows a needle-like structure of Ettringite with SEM. Also, mineral structure of Ettringite is depicted

schematically in figure 2-6.



Figure Error! No text of specified style in document.-5: SEM photograph of needle-like Ettringite

(Mallat, 2006)
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Figure Error! No text of specified style in document.-6: schematic of the mineral

structure of Ettringite (Intharasombat, 2003)



Chapter 3 - Fundamentals of Resonant column (RC) Testing Technique
Basic components of Proximitor-Based Resonant Column device

The way the proximitor RC do the tests is that first a harmonic torsional excitation is applied to the
top of the specimen by a motor, which works as an electromagnetic loading system. Also, the response
curve is generated over a range of frequencies after a torsional harmonic load with constant amplitude is
applied. On the other hand, measuring the first-mode resonant frequency, the shear wave velocity is
measured, from which and the soil density the shear modulus can be calculated. The damping ratio can be
calculated using half-power bandwidth.

The proximitor system is capable of measuring shear modulus from low to high amplitude range
strains. The system includes five major components: 1: the main cell, 2: servo controller and acquisition

system, 3: deformation sensor, 4: resonant column software, and 5: computer unit.

PCP-15U
panel

Hh-414
panel

Main
RC cell

DA/PC
system

Figure Error! No text of specified style in document.-7: General layout of the proximitor-based RC
device (BRAVO, A. (2013))

Resonant column main cell

The resonant column main cell’s four columns are designed for assembly as shown in Figure (3.2).
Two of them has the function as displacement channels both for the driver system and displacement sensor.

The external cell wall is made of transparent acrylic plastic reinforces the cell as shown in Figure (3.4). The
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maximum allowed confining pressure is 1000 KPa. For making connections between the specimen and the
electronic components, which are used for transferring internal angular displacement/velocity, axial
deformation and torque, some feed connecters are utilized, which can be seen in Figure (3.2). Also for
preventing the air entrance into the sample, a drainage system at the top and bottom of the sample was

arranged.

Figure Error! No text of specified style in document.-9: Acrylic plastic reinforcement for the cell
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Electrical Servo motor driver

An electrical servo motor driver is utilized to apply torsional loads with a £2.33 KN-m (peak) capacity
and 300 -Hz frequency. There is a servo amplifier for closed-loop control of torsional load or angular
deformations, which is installed on an internal floating frame for large vertical deformations, as shown in

Figure (3.4).

Figure Error! No text of specified style in document.-10: Electrical servo motor driver

Digital Servo Controller and Acquisition System
The Digital Servo Controller and Acquisition System, which is named GCTS SCON-1500 Digital

System Controller, includes a lot of digital electronics. The software operates the settings and
configurations. Angular and vertical displacement data are controlled, activated and stored by the system.
The SCON-1500 model DA/PC consists of a microprocessor based digital servo controller, data

acquisition, function generator, and a digital I/O unit, as s shown in Figure (3-5).
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Figure Error! No text of specified style in document.-11: GCTS SCON-1500 Digital System Controller

There is a C.A.T.S software, which monitors the performance of the resonant column. Also, the
software registers and stores the data resulted from the tests as shown in Figure (3-6). Indeed, the soil
properties including shear strain, shear modulus and damping ratio can be calculated foe shear strain

ranging from 10 % to 10%, as shown in Figure (3-7).

1 |Test: Resonant Colun_ Confg: Defauit for 15 Pocumatic

Figure Error! No text of specified style in document.-12: C.A.T.S software environment
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Test Results: ,Completed

Axial Deformation:,@.02,mm

Resonant Frequency: ,78.88,(Hz)

Max Shear Strain: ,8.88,(%)

Shear Velocity: ,86.85,(m/sec)

Shear Modulus: ,13.68,(MPa)

Damping Ratio:

Free Vibration Decay: ,N/A

Half Power Bandwidth: ,5.45,(%)

Average Frequency from Free Vibration Data FFT Analysis: ,44.85,(Hz)
Natural Freguency:

from Resonant Frequency and Phase Shift: ,186.08,(Hz)
from Resonant Frequency and Free Vibration Decay,N/A
from FFT Frequency and Free Vibration Decay,MN/A
Tested Freguencies: ,91

Figure Error! No text of specified style in document.-13: Test results obtained from the software

Resonant Column Software

The software is called CATS-RC and its function leads to obtaining dynamic response of soll
specimens that are tested in RC in two ways. One is by assessing the resonant frequency and the other is
by analyzing the data obtained from free vibration decay from which damping ratio can be determined.

The following variables were obtained by using CATS-RC.

a) Resonant frequency (Hz)

b) Shear wave velocity (m/s)

¢) Shear modulus (MPa)

d) Maximum shear strain (fraction)

e) Damping Ratio-Free vibration decay (%)

f) Predominant frequency from free vibration data FFT Analysis

g) Damping Ratio-Half power bandwidth (%)

h) Natural frequency —from resonant frequency and free vibration decay (Hz)

i) Natural frequency —from resonant frequency and phase shift (Hz)

i) Natural frequency —from FFT frequency and free vibration decay (Hz)

Figure 3-8, demonstrates the Frequency response curve obtained by the software.
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Frequency (Hz)

Figure Error! No text of specified style in document.-14: Frequency response curve obtained by the
software
The software inputs which are required are some data regarding soil and specimen properties as
shown in Figure (3.9). Also, some other inputs such as starting frequency, stop frequency, cycles until

steady state and the Torque output amplitude. As soon as a test is performed and the graphs are resulted,

one can import the calculated parameters.

T il
ETT

Project| Sample Specimen |

10: {160 Kpa Number: (1 Date: J0772211 7
Description: |
Container I0; |

Infarmation | Results |
Resonant ColumafTorsional Shear Test Specimen Information

‘\ Height [147 —— fcm) Initial Water Content: o pg
Mass: [1077  fgn Degree of Soturation: [0 pa
Type: ¢ Solid Speciic Gravity: [0
 Hollow R
Dismeter: [72 fem]
| Equivalent Radius Factor: [0.707 I3
o st}

100 [Test Besonant Colun | Config: Default for 15 | Pneumatic Stat: dle

Figure Error! No text of specified style in document.-15: The specimen properties required for the

software
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Pressure control monitoring system

The HM-414 and the PCP-15U pressure panel’s function is to regulate the external and pore-air
pressure conditioning of the sample and as mentioned before the maximum tolerable pressure for the cell
is 1 MPa. The PCP-15U pressure panel is shown in Figure (3-10). Also for removing the air, the panel has

an equipment for flushing the air out of the cell as shown in Figure (3-11).

T
‘q"E
3

Figure Error! No text of specified style in document.-17: The air flushing equipment
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Calculation of Shear Modulus

After the resonant column test the result converted to text file, and imported to excel data to plot
the required graphs. The shear modulus of the soil was calculated by the software using the formula

shown below:
f 2
G = p(2mL)>? [—T]
p(2mL) B

Where: G = shear modulus
L = length of specimen

r = maximum resonant frequency

p = the total mass density of the soll

Calculation of Damping Ratio

The damping ratio of the specimen was calculated using Bandwidth Method (Richard et al.,
1970). For that the half power point (0.707 Ymax), (Fig 3-12). The software calculates the damping ratio,
itself using the following formula:

2 —f1
fr

Where:
fr = the maximum resonant frequency (Hz)

f1 and f2 = Half-power frequencies (Hz)
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Figure Error! No text of specified style in document.-18: bandwidth method determination of damping

ratio (D)

Summery

The basic components of the RC device are: Main Cell of the Resonant Column Apparatus, 2
Proximitor mount 3 Digital Servo Controller and Acquisition System, Resonant Column Software, and
Pressure control monitoring system. The frequency response curve can be obtained as soon as running a
test, and the data can be converted to MS excel text and the required stiffness parameters such as: Shear
modulus (G), can then be obtained. Shear modulus (G), the resonant frequency (fr), and Material damping

ratio (D) can be obtained importing the data resulted from the test.
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Chapter 4 - Test Soil and Experimental Variables
Introduction
The experimental program utilized in this study’s purpose is to analyze the effect of curing time on
the chemically stabilized sulfate-rich clays. Seven specimens and one control specimen, which were all
identical made of highly expansive, sulfate-rich clay from Sherman, Texas were stabilized with three
selected stabilizers discussed in chapter, and then using the Proximitor resonant column device described
in chapter 3, the tests performed. The sections in the following describes the basic engineering properties
of the soil and the physical and chemical properties of the chemical stabilizers, soil preparation method for

RC testing and experimental variables.

Test Soil

The soil used in this investigation was sampled from US-82, Sherman, Texas Figure 4-1. This soil
is a high-plasticity, sulfate-rich clay, with natural moisture content (w) of 24%, and dry density of 91 Ib / ft3,
liquid limit (LL) of 75 %, plasticity index (PI) of 50%, and soluble sulfate content of 52,000 ppm, which is

CH in USCS classification. Table 4-1 summarizes the soil characteristics.

Table 4-1 test soil location and properties

Atterberg Limits
Soil Location Soluble USCS

Sulfates, ppm Classification
LL PL Pl

US-82 (Sherman, Texas) 52,000 75 25 50 CH

Chemical Stabilizers

Two kinds of stabilizers were utilized in this study including lime + fly ash and cement + fly ash.
The fly ash used is class F fly ash, which has low amount of calcium. The soil and stabilizers mixtures were
mellowed for five days following “Pre-compaction mellowing” technique Fig 4-2. The soils were kept in the
moisture-controlled environment. After five days, the soil was compacted and the specimen was prepared.
Then the specimens were cured for 7 days and 14 days curing. Also, one specimen was cured for 3 days.

Overall 8 tests including the untreated (control) soil were conducted.
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Figure Error! No text of specified style in document.-20: Soil mixture wrapped with plastic bag for

mellowing

Specimen Preparation
The required amount of water and the dry soil were mixed together thoroughly. The soil is then

covered with a plastic bag and kept in the moisture room for the desired the mellowing period. After the
mellowing period, all specimens were compacted to 72 mm dimeter and around 142 mm height by means
of a conventional triaxial loading frame Fig 4-3. Then the sample was extruded using Sample Extruder

Device Fig 4-4. After compacting the samples, they were cured for 7 and 14 and one of them for 3 days.

20



4.5 Summary
The soil selected for this study is US-82 which is a high-plastic, sulfate clay from Sherman,
Texas. The reason for choosing Texas is its high plastic and containing high sulfate content soils. These
factors are the most critical ones affecting the potential of sulfate-induced heaving. The stabilization
methods used in this study is two different percentages of lime + fly ash and cement + fly ash. Also, the
experimental variables considered in this work include different stabilizers and different curing time.
Chapter 5 illustrates the experimental procedure utilized in this work and demonstrates an inclusive

analysis of all test results.

Figure Error! No text of specified style in document.-21: Triaxial loading frame
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Figure Error! No text of specified style in document.-22: Extruder device
Chapter 5 - Experimental Program and Analysis of test results
Introduction
Overall 120 resonant column tests were conducted on 10 specimens, which were made of sulfate
rich clay. The experimental program followed in this work is illustrated in this chapter and the soil most
important variable results which are obtained from analyzing the outputs from the test are presented
including the soil’s shear modulus (Gmax), material damping ratio (Dmin) and natural frequency (F»).

Specimen symbolization

For simplifying reading different variables in the running of each RC test specimen, symbolizing the
variables for each specimen was used. Those variables include: Stabilizer type and curing time. On the
other hand, mellowing time was considered constant as 5 days for all the tests. Table (5-1) demonstrates
all the notation symbols used for identifying RC test specimens. For example, the symbol of
6L_4F_5DM_7DC accounts for the fact that the specimen was treated with 6% lime+4% fly ash. Also, the
soil and the water content mixture was kept in the moisture room for 5 days before the preparation of the
sample. On the other hand, the sample was then cured for 7 days in the moisture room. It should be taken
into the consideration that for example 6% lime means 6% lime from the overall dry soil weight. Also, the
specimens were wrapped in the plastic bag and then put in the zip lock before being placed in the moisture
room.

Table 5.1 testing variables and the notation used for specimens

Symbolization Description

22



CONTROL Control Untreated soil

8L-2F-5DM-3DC 8% Lime, 2% Fly ash, 5 Days Mellowing and 3 Days of curing
8L-2F-5DM-7DC 8% Lime, 2% Fly ash, 5 Days Mellowing and 7 Days of curing
8L-2F-5DM-14DC 8% Lime, 2% Fly ash, 5 Days Mellowing and 14 Days of curing
6L-4F-5DM-3DC 6% Lime, 4% Fly ash, 5 Days Mellowing and 3 Days of curing
6L-4F-5DM-7DC 6% Lime, 4% Fly ash, 5 Days Mellowing and 7 Days of curing
6L-4F-5DM-14DC 6% Lime,4% Fly ash, 5 Days Mellowing and 14 Days of curing
3C-2F-5DM-3DC 3% cement, 2% Fly ash, 5 Days Mellowing and 3 Days of curing
3C-2F-5DM-7DC 3% cement,2% Fly ash, 5 Days Mellowing and 7 Days of curing
3C-2F-5DM-14DC 3% cement, 2% Fly ash, 5 Days Mellowing and 14 Days of curing

Experimental Program and Procedure
All 10 RC test specimens of control and treated soil with stabilizers, which are listed above were

tested in the proximitor resonant column. Also, the procedure is summarized below:

Firstly, the specimen is fully compacted with the optimum moisture content and maximum dry
density as it was described in chapter 4. Just after compaction, the sample was kept in a plastic wrap and
a zip lock and placed in the moisture room for curing. After the curing duration, the weight and height of the
sample were measured and the proximitor resonant column instrument was assembled following the same

step by step description in chapter 4. The initial pressure which was applied was 20 KPa for 7 hours, as

shown in Figure 5-1. After this duration constant pressure application, first test was performed.

SWCC Device .
High @
Pressure

Figure Error! No text of specified style in document.-23: Applying pressure of 20 KPa
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Torque value which was applied for all tests was equal to 1 pfs. The input data such as weight and
height of the specimen and diameter of the specimen, a constant radius factor of 0.707 and some other
parameters were defined for the program as shown in Figure (5.2), and then as the test was performed, a
complete frequency response (fr) curve was generated. As a result, after exporting the data, the Gmaxand
fr were reported in a file which could be converted into excel sheet as shown in Figure (5.3). Also, the

damping ratio (Dmin) was calculated using the natural frequency and the frequency response curve.

Project| Sample. Specimen |

Description: |
Container 10; |

10z (160 Kpa Number: [4 Date: [07722/17 l

Infarmation | Results |
Resanant Column/Torsional Shear Test Specimen Information
Height: [14.7  fem) Initial Water Content: [0
Mass: [1077  fa)
Type: @ Solid
£ Hollow Initial Void Ratio: 0
Diameter: (7.2 fem)
Equivalent Radius Factor: [0.707

Iy

Ok

510 [Test Resonant Colun | Config: Default for 15 | Poeumatic Stat: Idle

Figure Error! No text of specified style in document.-24: The specimen information input

Test Results: ,Completed

Axial Deformation:,B.82,mm
|Resunant Frequency: ,78.88, {Hz}|
Max Shear Strain: ,0.88,(%)
Shear Velocity: ,86.85,(m/sec)
|Shear Modulus: ,13.68,(MPa) |

Figure Error! No text of specified style in
document.-25: Gmax and frreported
Just after exporting the output of the test for 20 KPa pressure, a higher pressure with the magnitude of 80
KPa was applied through the pressure control panel and the same test was performed after 7 hours. The

last pressure applied was equal to 160 KPa with the same duration of 7 hours.
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The aim of applying 20,80 and 160 KPa pressure values is to specify the relation between different
isotropic confining pressures and stiffens properties of the treated soil. Also, the values of 20, 80 and 160
KPa Were chosen, since the pavement and shallow foundation in various places are exposed to the same
values of pressures approximately, illustrates typical frequency response curves established for specimen
abbreviated as CONTROL and C3-F2-14D as shown in Figure 5-4 and 5-5. Comparing the results

demonstrates that the resonant frequency (fr) and indeed Gmax increases with isotropic confinement.

Untreated Soil

0.003

0.0025

0.002

0.0015

Shear Strain (%)

0.001

0.0005

0 50 100 150 200
Frequency (Hz)

——20 KPa 80 KPa 160 KPa

Figure Error! No text of specified style in document.-26: Typical Frequency response curves under

different confining pressure for control soil.
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3% cement ,2% Flyash,14 Days
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Frequency (Hz)
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Figure Error! No text of specified style in document.-27: Typical Frequency response curves under
different confining pressure for cement treated soil

As soon as the last RC test was performed by 160 KPa pressure, the pressure was kept constant
and another 10 set of tests with constant 160 KPa pressure were performed by means of applying different
Torques, the values of which were 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 pfs (Figures 5-6 and 5-7). The main goal
of these tests was to approve the relation of increasing torques with depreciation of soil’s stiffness properties
of the control and treated specimen.

All 8 RC test specimen listed in Table (5-1), had been tested by the same steps and methods
illustrated above. Also, the CONTROL soil mentioned above accounts for untreated soil which is the natural

one, which was tested under same circumstance as other treated specimens including confining pressures

and their duration.
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Figure Error! No text of specified style in document.-28: Typical back-bone curve from control soil

3% Cement, 2% Fly ash - 3 Days Curing
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Figure Error! No text of specified style in document.-29: Typical back-bone curve from 3C_5DM_3DC

Linear Soil Response at Low-Amplitude Shear Strain

Threshold strain limit, vy

Low-amplitude shear strains account for the shear strains (y) below one threshold limit. Since the

soils stiffness properties above this threshold limit (yu) would show nonlinear behavior. On the other hand,
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the stiffness behavior below this limit is linear elastic and independent of shearing strain. The most
important fact about this threshold limit shear strain is that, the key soil stiffness properties such as low-
amplitude shear modulus (Gmax), and the low -amplitude (linear or minimum) damping ratio Dmin are

measured at these low amplitude shear levels.

Typical frequency response
Figure (5-8) and (5-9) demonstrates a typical frequency response curve resulted from RC test for

the specimen of the control and C3-F2-14D under 80 KPa confinement pressure and the small Torque as
1 pfs. The linear dynamic properties including fr, Gmax and Dmin are obtained a discussed in chapter 3. For
instance, Gmax is reported directly in test results. On the other hand, Dmin is obtained using the half-power
points (f1 and f2). The natural frequency (f;) is also the point corresponding to the peak of the frequency
response curve.

In this research work, each specimen listed in table 5.1, was tested under three different
confinement and each pressure was held constant for around 7 hours. The reason behind this duration is

that the sample needs to be approximately fully consolidated.

Untreated Soil
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Figure Error! No text of specified style in document.-30: Typical frequency response curve from

control specimen
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3% cement ,2% Flyash,14 Days
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Figure Error! No text of specified style in document.-31: Typical frequency response curve from C3-
F2-14D

Natural (control) sulfate rich soil- Untreated

The natural sulfate-rich soil which has been tested in this study is compacted at its optimum
moisture content, so that the linear dynamic response of it be comparable with the stabilized soil. The soil
specimen was tested for different confinement pressure and 7-hour constant duration for each confinement.
Figure (5-10) and (5-11), show the relation between Gmaxand Dmin with confinement pressure for the control
soil, respectively.

It can be observed that low-amplitude shear modulus Gmaxincrease with increasing confinement pressure.
However, the Gmax didn’t show a substantial change from 80 to 160 KPa. Figure 5-12 and 5-13

demonstrate the variation of Gmax and Dmin With confining pressure for control soil.
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Untreated Soil
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Figure Error! No text of specified style in document.-32: Variation of Gmax with confining pressure for

control soil
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Untreated Soil
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Figure Error! No text of specified style in document.-33: Variation of Dmin with confinement pressure

for control soil
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Untreated Soil
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Figure Error! No text of specified style in document.-34: Variation of Gmax with confining pressure for

control soil
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Figure Error! No text of specified style in document.-35: Variation of Dmin with confining pressure for

control soil
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8% lime, 2% fly ash treated saill,

A series of tests on 8% lime,2% fly ash treated soil has been performed with various confinement
pressures of 20,80 and 160 KPa and each test’s duration was 7 hours to make the sample consolidated
adequately. Also, the tests were performed for different samples of the same stabilizer with three different
curing times, which were 3, 7 and 14 days.

Figure 5-14 shows the variation of Gmax With confinement pressure and curing time. It can be
inferred that the shear modulus Gmax decreases with increasing confinement pressure for 8% lime, 2% fly
ash.

On the other hand, comparing the untreated sample’s Gmax shows that, it is less than the Gmax of 3-
day curing, but more than Gmax 0f 7 days and 14 days curing. Also, 7 and 14-day curing depict higher shear

modulus than the control soil.
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6% lime+4% fly ash treated soll

Figure 5-18 and 5-19 demonstrate the variation of low-amplitude shear modulus Gmax with low-
amplitude damping ratio, Dmin With different confinement pressures and different curing durations. As it is
obvious the shear modulus Gmax increases with increasing confinement pressure for 6% lime+4% fly ash
specimen.

Comparing from the aspect of curing durations. It is obvious that, curing time has a direct relation
with confining pressure for 6% lime +4% fly ash treated soil. That means the shear modulus increase as
curing time increase for 6% lime+4% fly ash treated soil. On the other hand, the damping ratio, Dmin
decreases as curing time increase.

The shear modulus of 6%lime+4% fly ash with 14 days curing demonstrate higher value for

pressure of 160 KPa in comparison with the control soil.

36



6% Lime, 4% Fly ash

40
mUntreated ®m3 Days ®7 Days 14 Days

il L Iel‘

Confinement Pressure (KPa)

35
3

o

2
2
-1

o O O,

.1

o

Linear Shear Modulus, Gmax (MPa)
(8]

o

Figure Error! No text of specified style in document.-40: variation of Gmax with curing time for control

and 6% lime+4% fly ash treated soil for different pressures

6% Lime, 4% Fly ash

14
mUntreared m3 Days m7 Days @14 Days
12
L 10 |
K.
% 8 | |
14
2 6
@ 4 | i
(@)
2
0
20 80 160

Confinement Pressure (KPa)

Figure Error! No text of specified style in document.-41: Variation of Dmin With curing time for control

and 6% lime+4% fly ash treated soil for different pressures

37
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3% cement+2% fly ash treated soil

A set of tests has been performed on three samples with 3% cement +2% fly ash and three curing
durations of 3,7 and 14 days. As shown in figure 5-22 and Figure 5-23, the results demonstrates that the
Gmax increase from 20 to 80 KPa and then decrease from 80 to 160 KPa.

Also, 7day curing shows the most Gmax, while14 day’s Gmax is higher than 3-day curing’s Gmax. The
untreated soil demonstrates a highest Gmax among all soil treated with 3% cement+2% fly ash with different
curing time.

Figures 5-24 and 5-25 show the variation of Gmax and Dmin With oo for 3C-2F-5DM treated soil for

different curing period.
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Curing duration

The effect of curing duration was another parameter which was studied in this project. The
specimens were cured for 3, 7 and 14 days in curing room and the test results for damping ratios and shear
modulus are compared in Figures 5-26 to 5-31. The results show that for 3 days curing 8% lime+2% fly ash
shows the most Gmax. Also, the untreated sample has more Gmax than two other soils.

Comparing the shear modulus of the soils with 7 days curing and the untreated soil depict that, the
untreated soil has the most Gmax, and following that 6% lime+4% fly ash has the highest Gmax among the
other soils.

Also, comparing the treated soils with 14 days curing and the untreated, it can be inferred that the
untreated soil has the highest Gmax except for 6% lime+4% fly ash under 160 KPa confinement pressure,

which has the most Gmax.
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7 Days Curing - Treated and Untreated Soils
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14 Days Curing - Treated and Untreated Soils
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Confinement Pressure

The tests were performed in three different confinement pressures. The pressures were 20, 80 and
160 KPa and the damping ratios and shear moduli results are shown in Figures 5-32 to 5-37. The results
demonstrate that under 20 KPa confinement pressure, 8% lime+2% fly ash with 3 days curing has the most
Gmax. And following that the untreated soil has the most Gmax.

Comparing the soils under 80 KPa, again the soil with 3days curing and 8%lime+2% fly ash has
the most Gmax. On the other hand, the untreated soil and 6% lime +4% fly ash have almost the same and
highest Gmax between the remaining soils.

The shear modulus of the 8% lime+2% fly ash is highest among the soils under 160 KPa. And

following that the soil with 6% lime+4% fly ash has the highest value.
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Normalized shear modulus G/Gmax

Figures 5-38 to 5-41 show the variations of G/Gmax with shear strain (y), for different treatment
method for untreated and three days curing. From these figures, it can be observed that the untreated soil
shows lesser values of induced strain, followed by 6% lime +4% flay ash treated soil, and then 3%
cement+2% fly ash and finally 8% lime+2% fly ash. Therefore, it can be concluded that the untreated
specimen is stiffer than the other three specimens at higher shear strain and between the treated ones

at,6% lime+4% fly ash is the stiffest at high shear strain.
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3% Cement, 2% Fly ash - 3 Days curing
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Figures 5-42 to 5-44 show the variations of G/Gmax with shear strain (y), for different treatment
methods for 7 days curing. From these figures, it can be observed that the6% lime +4% flay ash treated
soil shows lesser values of induced strain, followed by then 8% lime+2% fly ash, and then the untreated
soil and finally 3% cement+2% fly ash. Therefore, it can be concluded that the the6% lime +4% flay is stiffer

than the other three specimens when subjected to higher shear strain.
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3% Cement, 2% Fly ash - 7 Days curing
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Figures 5-45 to 5-47 show the variations of G/Gmax with shear strain (y), for different treatment
methods for 14 days curing. From these figures, it can be observed that the6% lime +4% flay ash treated
soil shows lesser values of induced strain, followed by then 8% lime+2% fly ash, and then the untreated
soil and finally 3% cement+2% fly ash. Therefore, it can be concluded that the the6% lime +4% flay is stiffer

than the other three specimens when subjected to higher shear strain.
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Chapter 6 - Summary, Conclusions, and Recommendations

6.1 Summary
A comprehensive series of resonant column (RC) tests were conducted on several chemically
stabilized specimens of high-plasticity, sulfate-rich expansive clay from Sherman, Texas. Test results were
analyzed to assess the influence of lime- and cement-based stabilizer dosage, curing time, and confining
pressure on the shear modulus and damping of the treated soil, including 8%lime + 2% fly ash, 6% lime +
4% fly ash, and 3% cement + 2% fly ash. RC tests were also conducted at mid- to high-strain levels to study
stiffness degradation effects of torsional shearing.

6.2 Main Conclusions

The main conclusions from the analysis of all RC experimental data can be summarized as follows:

1. In general, results show a detrimental effect of all treatment methods on soil stiffness, namely shear
modulus and damping, which can be possibly attributed to Ettringite formation during curing since
the sulfate content of the test soil was far more than 2,000 ppm. (Further SEM based analyses of
Ettringite formation were beyond the scope of the present work.)

2. The 6% lime + 4% fly ash treated soil, after 14 days curing, yields potentially the best-performing
response in terms of stiffness and damping.

3. “Class F” fly ash contains just 1.1% Calcium oxide (Ca0O), which helps explain the apparently better
performance of 6% lime + 4% fly ash treatment after 14 days, compared to others.

4. Some pavements with chemically treated subgrades have been reported to crack due to a lack of
enough mellowing prior to compaction, which is further substantiated by some of the present results:
more than 5 days of mellowing may be needed.

5. Inall cases, the normalized shear modulus G/Gmax tend to decrease with increasing shear strain (y),

an indication of the modulus degradation beyond a certain threshold. In general, stiffer samples

showed lower threshold strain.
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6.3 Recommendations for Future work

Continuing research efforts are recommended to further advance the understanding of the effects
of the present test variables on stiffness properties of chemically-stabilized soil, including:

1. Investigating the effects of longer mellowing and curing periods, so that the cementation effects
on the strength and stiffness properties can be used to assess the long-term behavior of the treated soils.

2. Further RC testing for thorough regression-based analysis of all experimental data, including
analytical relationships between soil stiffness properties, mellowing period, and confining pressure.

3. Additional RC testing using sulfate-resistant Type V cement based treatment, which may be

more appropriate for high-sulfate soils.

4. Detailed SEM/XRD based analyses and images to investigate the extent of Ettringite formation

during curing and its effects on stiffness of sulfate-rich soil.
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APPENDIX I: “ETTRINGITE” Formation Figures

o

Sample break with the formation of Ettringite because of lime treated soil in the left picture
Source:

Stabilizing soils with sulfates to improve their constructional properties March 8, 2017, PHYS.ORG
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SEM images show cementitious materials and Ettringite development for soil samples cured at 20 °C.

Source: A. Aldaood et al. 2014
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APPENDIX II: C.A.T.S Software Outputs
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Appendix IlI- Typical Test Results

Software: ,GCTS C.A.T.S. Standard,Vversion: ,1.85
Project: ,Azadeh

Sample: ,11

Test: ,Resonant Column/Torsional Shear

Specimen: ,un-20Kpa

Number: ,2
Description: ,_
container ID: ,_

Type: ,Solid

Height: ,14.70,(cm)

Diameter: ,7.20,(cm)

Equivalent Radius Factor: ,0.707

Equivalent Radius: ,2.55,(cm)

Mass: ,1064.40, (gr)

Initial water Content: ,0, (%)

Degree of Saturation: ,0, (%)

Specific Gravity: ,0

Initial void Ratio: ,0

Mass Moment of Inertia: ,689.731,kg-mmA2

Area Moment of Inertia: ,1.31917e-006,mA4
controller ID: ,1539 TSH-100

Resonant Column/Torsional Shear Inputs
,1,Proximitor 10 mm,Mmax: ,5,(mm),Min: ,-5,(mm)
,Gain: ,20.6164

,0ffset: ,0.531265, (Volts)

,DC Excitation: ,Full (x 5 vDC)

,GCTS Board #: ,769

,Digital Filter: ,500, (Hz)

,Software offset: ,1.547,(mm)

,Sensor ID: ,prox_10

,,Sensor Type: ,DC

, ,Model #:

,,Serial #:

68



, ,DC Sensor Output: ,Absolute

, ,Parameter: ,Displacement/Length

, s Range, (mm): ,Max: ,5,Min: ,-5

,,Calibration: ,Date: ,03/20/17

,,Type: ,Non-Linear

, s Non-Linearoutput (mm) = a0 + al*X + a2*Xx? + a3*xs3

, ,Wwhere X is in (volts)

,,a0: ,-8.34169
,,al: ,32.916

,,a2: ,-35.4167
,,a3: ,15.1503

,2,Not Defined

,3,Gauge Deformation,Max: ,6.35,(mm),Min: ,-6.35,(mm)
,Gain: ,2.61576

,0ffset: ,0.0569485, (Volts)

,GCTS Board #: ,981

,Digital Filter: ,50,(Hz)

,Software offset: ,0.62,(mm)

,Sensor ID: ,Gauge Deformation

,,Sensor Type: ,AC

, sModel #: ,MC CD 375-250

,,Serial #: ,_
, ,Parameter: ,Displacement/Length

, s Range, (mm): ,Max: ,6.35,Min: ,-6.35
,,Calibration: ,Dbate: ,03/20/17

,,Type: ,Non-Linear

, yNon-Linearoutput (mm) = a0 + al*X + a2*Xx2? + a3*xs3
, ,where X is in (volts/volt)

,,a0: ,-0.0853838

,,al: ,11.3116
,,a2: ,-0.163608
,,a3: ,0.127634

,4,Not Defined

,5,Controller Tempertr,Max: ,150,(deg C),Min: ,-50,(deg C)
,DC External Excitation:

, ,Max: ,1,(vDC)

,,Min: ,0, (VvDC)
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,Digital Filter: ,0.1, (Hz)
,Software offset: ,0.0,(deg C)
,Sensor ID: ,Controller Tempertr
,,Sensor Type: ,DC

, sModel #: ,AD22100

,,Serial #: ,_

, ,DC Sensor Output: ,Absolute

, ,Parameter: ,Temperature

, ,Range, (°C): ,Max: ,150,Min: ,-50
,,Calibration: ,Date: ,11/21/08
,,Type: ,Linear - Two point

, ,Point,Engineering value (°C),output (Volts)
,,First,-50,0.25

, ,Second,150,4.75

, s Equation: output (°C) = ,44.4444,*(volts),+,-61.1111
,6,Not Defined

,7,Not Defined

,8,Not Defined

,9,Not Defined

,10,Not Defined

Test Configuration

,Combined - Mass Polar Moment Of Inertia of Resonant Column drive System: ,793.8,kg-
mmA2

,Damping of Resonant Column drive System: ,0, (%)
,Distance from Center to Proximitor(s): ,8.07,(cm)
,Torque Output Conversion Factor: ,100.00, (N-m)
,Torque Control oOutput: ,1

,Motor Inhibit Digital Control: ,1

,Inputs

, ,Proximitor(s): ,AI-1: Proximitor 10 mm

, JAcceleration: , (none)

, ,Torque: ,(none)

, ,Axial Load: , (none)

, ,Axial Deformation: ,AI-3: Gauge Deformation
,,Cell Pressure: ,(none)

, ,Pore Pressure: ,(none)

, ,Volume Change: , (none)
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,»Main Angular Displacement Input: ,Proximitor(s)
Test Setup:
,Number of Cycles to Obtain Steady State: ,10

,Torque Output Amplitude to drive System: ,1,(pfs),=>,100.00, (N-m)

Starting Date: ,07/15/17

Starting Time: ,06:42:09

Test Results: ,Completed

Axial Deformation:,-0.54,mm

Resonant Frequency: ,115.00, (Hz)

Max Shear Strain: ,0.00273340, (%)

Shear velocity: ,130.09, (m/sec)

Shear Modulus: ,30.10, (MPa)

Damping Ratio:

Free Vibration Decay: ,N/A

Half Power Bandwidth: ,6.69, (%)

Average Frequency from Free Vibration Data FFT Analysis:
Natural Frequency:

from Resonant Frequency and Phase shift: ,11.00, (Hz)
from Resonant Frequency and Free Vibration Decay,N/A
from FFT Frequency and Free Vibration Decay,N/A

Tested Frequencies: ,73

,5.01, (Hz)

Frequency,Shear Strain,Proximitor(s) Amplitude,Phase shift

(HZ2), (%) ,mm, rad, deg
5.00,0.00059787,0.003,3.03,173.6
7.00,0.00057167,0.003,3.04,174.3
9.00,0.00056805,0.003,3.11,178.1
11.00,0.00055851,0.003,0.01,0.5
13.00,0.00055965,0.003,0.10,5.7
15.00,0.00055114,0.003,0.33,18.8
17.00,0.00056457,0.003,0.55,31.5
19.00,0.00054223,0.003,0.68,38.9
21.00,0.00055412,0.003,0.89,51.0
23.00,0.00054346,0.003,1.25,71.4
25.00,0.00055793,0.003,1.75,100.2
27.00,0.00055704,0.003,1.93,110.7
29.00,0.00055403,0.003,2.22,127.1
31.00,0.00053947,0.003,2.68,153.4
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33.00,0.00053872,0.003,0.04,2.2
35.00,0.00056888,0.003,0.66,37.9
37.00,0.00056529,0.003,0.96,55.0
39.00,0.00057883,0.003,1.44,82.7
41.00,0.00055626,0.003,2.30,132.0
43.00,0.00055394,0.003,2.98,170.9
45.00,0.00054858,0.003,0.65,37.2
47.00,0.00056687,0.003,1.51,86.4
49.00,0.00056247,0.003,1.97,112.7
51.00,0.00056084,0.003,2.56,146.8
53.00,0.00057777,0.003,0.15,8.8
55.00,0.00059118,0.003,0.72,41.3
57.00,0.00059499,0.003,0.98,56.4
59.00,0.00064460,0.003,1.39,79.4
61.00,0.00065696,0.003,2.24,128.4
63.00,0.00063776,0.003,0.39,22.1
65.00,0.00062305,0.003,1.68,96.0
67.00,0.00068695,0.003,2.96,169.8
69.00,0.00067579,0.003,0.78,44.7
71.00,0.00069018,0.003,1.33,76.2
73.00,0.00070081,0.003,2.33,133.2
75.00,0.00071281,0.003,3.12,178.7
77.00,0.00075403,0.004,1.06,60.6
79.00,0.00075077,0.003,1.59,91.3
81.00,0.00075487,0.004,2.05,117.7
83.00,0.00079622,0.004,3.05,174.5
85.00,0.00082232,0.004,1.22,69.8
87.00,0.00083106,0.004,2.80,160.2
89.00,0.00089430,0.004,1.47,84.0
91.00,0.00089082,0.004,0.28,16.2
93.00,0.00102262,0.005,2.11,121.2
95.00,0.00106578,0.005,0.80,45.8
97.00,0.00106067,0.005,2.44,140.0
99.00,0.00115093,0.005,0.76,43.7
101.00,0.00130238,0.006,1.69,96.9
103.00,0.00139062,0.006,2.18,125.0
105.00,0.00148023,0.007,2.02,115.5
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107.
109.

111

121

141

00,0.
00,0.

.00,0.
113.
115.
117.
119.

00,0.
00,0.
00,0.
00,0.

.00,0.
123.
125.
127.
129.
131.
133.
135.
137.
139.

00,0.
00,0.
00,0.
00,0.
00,0.
00,0.
00,0.
00,0.
00,0.

.00,0.
143.
145.
147.
149.

00,0.
00,0.
00,0.
00,0.

00180615,0.
00194626,0.
00209133,0.
00248432,0.
00273340,0.
00265868,0.
00248701,0.
00226952,0.
00207337,0.
00183467,0.
00178520,0.
00149454,0.
00132641,0.
00122744,0.
00114144,0.
00109025,0.
00108678,0.
00096988,0.
00089351,0.
00088158,0.
00076603,0.
00065711,0.

008,0.
009,1.
010,1.
012,3.
013,0.
012,2.
012,0.
011,1.
010,2.
009,0.
008,1.
007,2.
006,1.
006,2.
005,0.
005,1.
005,2.
005,1.
004,3.
004,1.
004,2.
003,0.

59,33.7
67,95.4
95,112.0
02,173.1
69,39.7
34,134.3
81,46.2
32,75.6
50,143.5
26,14.9
71,98.1
75,157.5
22,69.9
14,122.3
47,26.8
18,67.7
21,126.9
48,84.6
14,179.7
83,105.0
83,162.1
85,48.6
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Appendix IV — Variation normalized shear modulus over shear strain for treated and untreated soils for

Normalized shear modulus, G/Gmax

different curing durations
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Normalized shear modulus, G/Gmax
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Appendix V Test Repeatability
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Appendix VI: Class F Fly ash

Property Result
1) )
Strength activity index with cement at 7 days (%) 85.2
Strength activity index with cement at 28 days (%) | 96.2
Required water (%) 97.5
Moisture content (%) 0.2
Loss on ignition (%) 2.2
Retained on No. 325 (%) 29.8
Specific gravity (-) 2.28
Calcium oxide, CaO (%) 1.1
Component Result
1) )
Silicon dioxide, SiO2 (%) 56.7
Aluminum oxide, AlO3 (%) 29.5
Iron oxide, Fe203 (%) 4.9
Calcium oxide, CaO (%) 1.1
Magnesium oxide, MgO (%) 0.8
Sulfur trioxide, SO3 (%) 0.1
Alkalis or equivalent, Na;O (%) 0.3
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