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Abstract
The thesis aims to investigate the potential of using a Paper Sludge Ash-Based
Stabilizer (PSAS) to improve the engineering properties of sand intended for use
as backfill material around underground pipes. The study focuses on enhancing
the swelling potential and strength characteristics of the sand through the
application of PSAS, and a comprehensive set of laboratory tests was conducted
to analyse its performance.

In parallel with PSAS-treated sand. ordinary Portland cement (OPC) was also
utilized as a stabilizing agent to allow for a comparative analysis. Swelling
potential tests were performed on both PSAS-treated and OPC-treated sands at
varying moisture contents. The results indicated that PSAS-treated sand, with a
water content of 0%, exhibited significant expansion during soaking, similar to
the expansion observed in OPC-treated sand. However, the test findings revealed
that controlling the moisture content of PSAS-treated sand can effectively reduce
its potential for expansion, depending on the duration of its temporary placement
at the construction site. This highlights the importance of proper moisture
regulation during construction activities.

Further insights into the strength characteristics were obtained through
unconfined compression tests. Surprisingly, the compressive strength of PSAS-
treated sand was found to be significantly lower than that of OPC-treated sand
under similar mixing conditions, despite the relatively similar chemical
composition between PSAS and OPC. However, the test results also revealed that
the increase in compressive strength with curing time for PSAS-treated sand was
more gradual compared to OPC-treated sand. This suggests that PSAS-treated
sand is more amenable to re-excavation. potentially providing advantages in
certain construction scenarios.

The investigation also extended to analysing the X-ray diffraction profiles of the
treated sands. The findings showed that the dominant formation in PSAS-treated
sand was calcite, ettringite, and there was a possibility that berlinite might be an
additional contributor to the long-term increase in the strength of the PSAS-
treated sand. Understanding the mineralogical changes in the treated sand
provides valuable insights into the mechanisms responsible for its improved
engineering properties.

Moreover, the durability of PSAS-treated sands was scrutinized under dry-wet
curing cycles. Cylindrical specimens of the treated sand were subjected to
different curing temperatures (40°C and 71°C), and the effects of varying

numbers of dry-wet curing cycles on the unconfined compressive strength were

1-3|Page



Swelling and mechanical charactenistics of sand treated with PSAS. Maliki O. Djandjieme (20WA%08)

investigated. The results showed an initial increase in the unconfined compressive
strength of PSAS-treated sand, followed by a subsequent decrease with the
progression of the curing process. The influence of confinement on the behaviour
of PSAS-treated sand subjected to dry-wet curing cycles was also assessed,
revealing its significance in determining the overall durability.

Furthermore, a comparison was made between the results obtained from
consolidated triaxial tests and unconfined compression strength data for PSAS-
treated sand. The treated sand displayed higher deviator stress and lower
volumetric strain compared to untreated Toyoura sand, indicating increased shear
strength and reduced compressibility. Additionally, the treated sand exhibited a
stronger response to changes in normal stress, as evidenced by the shift of the
stress paths. The cohesion and shear resistance of the treated sand were
consistently higher than those of Toyoura sand at all relative densities and curing
periods. However, an interesting finding was observed., as there were no
significant changes in shear strength after 5 days of curing, therefore followed no
gradual improvement with further curing time. The comparison between
consolidated drained triaxial (CDT) and unconfined compression strength (UCS)
test results suggested that the triaxial test provided more realistic stress conditions
and was better suited for evaluating the shear strength of PSAS-treated sand in
field-like conditions.

The investigation in this thesis expands upon evaluating the liquefaction
resistance of the treated sand through cyclic triaxial tests conducted on both
Toyoura sand and Paper Sludge Ash (PSAS)-treated sand at different cyclic stress
ratios. The liquefaction susceptibility was estimated at a double amplitude of
DA=5% for untreated Toyoura sand and DA=0.1% for PSAS-treated sand. The
results provide compelling evidence, confirming that the incorporation of PSAS
significantly enhances the liquefaction resistance of the treated sand. Specifically,
based on the liquefaction results obtained. which include a D4 0f 0.1% for PSAS-
treated sand and DA=0.1%-5% for untreated Toyoura sand, it becomes evident
that PSAS-treated sand demonstrates markedly higher resistance to liquefaction
compared to its untreated counterpart. Remarkably, the research reveals an
intriguing trend - as the duration of curing increases from 4 to 15 days, the
resistance of PSAS-treated sand against liquefaction progressively strengthens.
This discovery underscores the profound impact of curing duration on the
liquefaction resistance of PSAS-treated sand. Consequently, the utilization of
PSAS treatment in sand soil emerges as a promising approach to enhance its
liquefaction resistance, as evidenced by the discernible increase in cyclic stress
ratio. This development holds the potential to significantly bolster soil stability
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in regions susceptible to liquefaction, thereby offering a practical solution to
mitigate associated risks.

The findings underscore the effectiveness of PSAS as a stabilizing agent, not only
in improving the unconfined compressive strength, (g,) and cohesion (c), shear
strength (¢) of the sand but also in mitigating liquefaction hazards. This
comprehensive study sheds light on the versatile benefits of PSAS in geotechnical
engineering applications and provides valuable insights for the construction
industry to pursue more sustainable and resilient practices involving treated
backfill materials around underground pipes.
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CHAPITER 1

1. Introduction

1.1 Problem statement

The construction of public water supplies, waste acquisition systems. pipelines,
and manholes generally require sand backfilling. However, backfilled sand
typically exhibit weakness during significant natural events, such as earthquakes.
In this context, weakness refers to the liquefaction phenomenon. Liquefaction is
a phenomenon where soil loses its strength and stiffness and behaves like a liquid
under cyclic loading. This phenomenon can result in damages to underground
structures such as pipes and manholes. When backfilled sand around underground
pipes and manholes liquefies, it can cause a significant problem as their function
is stopped. and they cannot be used during the period of recovery or damage
restoration (see figure 1-1). This problem was observed during the Great East
Japan earthquake in 2011 (Matsuhashi et al., 2014). According to Matsuhashi et
al. (2014), immediately after the earthquake. 48 plants and 79 stations in sewage
systems were shut down, and 63 plants and 32 stations were partially damaged.
One year later, 2 plants and 12 stations remained shut down, while 12 plants and
25 stations remained partially damaged. Thus, the damage caused by liquefaction
to underground pipes and manholes in sewage systems can significantly affect
their function, and they cannot be used during the recovery or damage restoration
period. To prevent such damage. backfilled sand is often enhanced with other
materials to prevent liquefaction.

To date, various additives have been used to improve or stabilize backfilling sand.
with conventional cement- and lime-based stabilizers being the most frequently
used additives(Mohajerani et al., 2019) (Yuriz et al., 2020). Stabilizers can
significantly increase the liquefaction strength of soils(Toyota & Takada, 2023)
(Keramatikerman et al., 2017). Most soils treated with cement- or lime-based
stabilizers demonstrate significant strength increase, even after 28 days of curing.
However, excessive solidification over time may complicate re-excavation.
Controlled Low-Strength Material (CLSM) can also be used as a substitute for
compacted sand in backfill applications, but it has a limitation in installation,
which requires achieving the required density homogeneously (Nataraja & Rao,
2016). In addition, the high alkalinity of cement or lime-soil mixtures is a concern
(Imai et al., 2020; Inasaka et al., 2021). Furthermore, significant amounts of CO2
emissions during the production of cement and lime are undesirable.
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Figure 1-1 Failure of underground pipes and manholes

1.2 Objectives

The use of stabilisers in backfill materials has been proposed as a solution to
mitigate the effects of liquefaction, but their impact on the re-excavation ability
of the backfill material is not well understood. Re-excavation ability refers to the
ability of backfill material to be easily excavated during maintenance or repair
work. This is an important consideration because underground structures such as
pipes and manholes require regular maintenance and repairs. If the backfill
material is too compacted or difficult to excavate, it can lead to additional
damages or safety hazards during excavation work.

This research aims to investigate the re-excavation ability of backfill sand around
underground pipes and manholes and their resistance to liquefaction triggering.

The study will focus on analysing the effectiveness of stabilizers in mitigating the
effects of liquefaction while also considering their impact on the re-excavation
ability of the backfill material. By understanding the relationship between
stabilizers-excavation ability and liquefaction triggering, this research can
contribute to the development of safer and more effective construction practices
for critical infrastructure such as underground structures.

In Details, this research focuses firstly on the investigation of using a PSAS to
improve the properties of sand proposed to be used as a backfill material around
underground pipes. In this regard, the fundamental properties of sand treated
PSASs, such as the swelling potential and strength, are experimentally
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investigated by performing a series of laboratory tests. For comparison, similar
tests are conducted on sand treated with ordinary Portland cement (OPC). Based
on the test results, alterations are performed to control the swelling potential of
the PSAS-treated sand and to ensure that the strength does not inhibit re-
excavation, secondly on the investigation of long-term durability of Paper sludge
ash treated sand by conducting long-term unconfined compression test. However,
durability of PSAS-treated sands has not been investigated in detail so far, thirdly
on the investigation of the durability of PSAS-treated sands which were subjected
to dry-wet curing cycles. Two curing temperature (40°C and 71°C) were adopted
for drying cylindrical specimens which were used for unconfined compression
tests. In addition to the difference in the drying temperature, the effects of
numbers of dry-wet curing cycles on the g, were examined. Moreover, dry-wet
curing cycles were given to cone index specimens to compare the test results with
the unconfined compression test results. The effect of the confinement of the
PSAS-treated sands on the durability for dry-wet curing cycles is discussed.

In addition, the mechanism causing strength development is discussed based on
X-ray diffraction (XRD) analysis results.

Finally, this research investigates the using of PSAS to improve the liquefaction
resistance of sand proposed to be used as backfill material around underground
pipes and manhole by conduction monotonic and cyclic triaxial laboratory test.

The following section describes how the above objectives will be addressed in
this thesis.

1.3 Thesis Organisation

Chapter 2 provides a comprehensive overview of backfill materials, their
characteristics, and the fundamental properties of soil stabilizers and paper sludge
ash within the wide array of materials used in various industries. The chapter
delves into the main concept of cement hydration and microstructure development,
drawing parallels to a cement, fly ash, gypsum, tyre chips similar material like
PSAS employed in this study. Additionally, it establishes the essential concepts
of mechanical properties for both backfill materials and the treated material,
supported by relevant literature. This comprehensive exploration lays the
foundation for understanding the key elements essential to the study of backfill
materials and their treatment with paper sludge ash.

Chapter 3 of the thesis is dedicated to exploring fundamental properties of the
materials used in the research. Major infrastructure projects often rely on natural
materials, some of which are subsequently stabilized using hydraulic binders.
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This section provides a comprehensive analysis of the physical properties of both
the natural and treated materials. The evaluation encompasses Toyoura sand and
Watoru PSAS., aiming to understand their basic parameters. Additionally, the
chemical properties of PSAS and Ordinary Portland Cement (OPC) are studied to
gain insights into their composition. The research focuses on the soil texture,
which is determined by the proportion of sand, silt, and clay-sized particles, along
with organic matter. The porous structure of sand allows for efficient drainage
and aeration, making it an ideal backfilling material that avoids waterlogging in
winter and drought conditions in summer (Batey & McKenzie. 2006). As a result,
this investigation centres on backfilling sand using Toyoura sand. The subsequent
sections present the particle sand distribution of Toyoura sand and PSAS, as well
as the minimum and maximum density of PSAS and cement-treated sand
(Ishihara et al., 1975).

Chapter 4 focuses on a preliminary step for the use of treated sand as a backfill
material around underground pipes and manholes. The chapter investigates the
premix method as a way to reduce the construction period while also ensuring
that the treated sand has the necessary cohesive strength. Additionally, the chapter
examines the swelling potential of Paper Sludge Ash (PSAS)-treated sand under
different water immersion conditions, in order to determine the most suitable
conditions for using the treated sand. The investigation of these factors is essential
to ensure that the PSAS-treated sand can function effectively as a backfill material
and provide sufficient stability for underground structures.

Chapter 5 of this thesis is dedicated to exploring the deformation and strength
development of paper sludge ash (PSAS) treated sand. A series of unconfined
compression tests were conducted to investigate the short and long-term strength
characteristics of both ordinary Portland cement (OPC) and PSAS-treated sands.
The focus lies on understanding the behaviour of the treated sand under the effect
of traffic load as a subgrade when subbase materials and asphalt mixtures are
placed on top of the backfilled PSAS-treated sand. This understanding is crucial
for ensuring the stability of underground structures, as traffic load can induce
deformation and potentially compromise the integrity of the structure.
Additionally, the chapter delves into the investigation of the effect of PSAS on
the shear strength characteristics of the treated sand. The aim is to evaluate the
enhancements in shear strength parameters, such as cohesion (c¢) and friction
angle (p), as well as volumetric strain changes resulting from the inclusion of
PSAS into the sand matrix. This assessment of changes in shear strength
properties is vital for assessing the stability and performance of buried pipes and
manholes that utilize PSAS-treated sand as a backfill material. Overall, Chapter
5 provides valuable insights into the mechanical properties of the treated sand,
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paving the way for improved design and performance of infrastructure using
PSAS as a stabilizing agent.

Chapter 6 focuses on investigating the durability of Paper Sludge Ash (PSAS)-
treated sands when subjected to dry-wet curing cycles, which can have a
significant impact on the long-term strength and stability of the treated sand. The
chapter examines the effects of two different drying temperatures (40°C and
71°C) on cylindrical specimens that are used in unconfined compression tests.
Additionally, the chapter investigates the effects of dry-wet curing cycles on the
gu parameter and compares the results with those obtained from the unconfined
compression tests. Cone index specimens are also subjected to dry-wet curing
cycles to compare their test results with those of the unconfined compression tests.
The chapter also explores the impact of confinement on the durability of the
PSAS-treated sands during dry-wet curing cycles. Understanding the durability
of the treated sands under different conditions is crucial for assessing their long-
term performance and potential for use as backfill material around underground
pipes and manholes.

Chapter 7 is dedicated to the liquefaction evaluation of Paper Sludge Ash (PSAS)-
treated sand using a series of cyclic triaxial tests. The tests are conducted on the
treated sand based on the recommended PSAS mixture ratio for re-excavation
purposes. The chapter provides important insights into the liquefaction behaviour
of the treated sand and evaluates its resistance to cyclic loading under different
cyclic stress ratio conditions. The results of the tests are presented and analysed
to determine the effects of PSAS treatment on the liquefaction potential and
strength characteristics of the sand. Understanding the liquefaction behaviour of
the treated sand is crucial for assessing its potential for use as backfill material
around underground pipes and manholes, particularly in areas with a high risk of
seismic activity.
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CHAPTER 2

2. Background (literature review)

2.1 Overview of Backfilling material

Backfilling is the process of putting the soil back into a trench or foundation once
excavation, and the related work has been completed. The backfill process
requires skills and heavy equipment as well as knowledge of the specifications,
contract requirements, and soil conditions. Every area of soil has unique
characteristics, requiring different construction techniques to ensure optimum
performance.

Only soil without stones is capable of being compacted, which must satisfy the
same requirements as the covering material, may be used in the region of the pipe
zone. If no soil capable of being properly compacted is available, then provision
must be made for improving the soil by the addition of non-binding material or
by the provision of other suitable soils or materials. In special cases, the pipe can
be partly or completely encased with concrete or similar independent of the
covering materials used for embedment shall be capable of providing permanent
stability and load-bearing capacity for the pipeline buried in the ground. Such
materials shall not be detrimental to the pipe or pipe materials or the groundwater.
Frozen material shall not be used. Materials used for embedment shall conform
to the design requirements. These materials may be either native soil if proved to
be suitable or imported materials for bedding shall contain no particles with sizes
above 22 mm for DN < 200, 40 mm for DN = 200 up to DN < 600.

The selection of backfill material is an important aspect of underground
construction and requires careful consideration of several factors, including
stability, strength, durability, and cost-effectiveness. In this session, we provide
an overview of the types of backfill materials commonly used in underground
construction and their properties.

2.1.1 Types of Backfill materials classified per ASTM D-2321.

There are several types of backfilling materials commonly used in underground
construction, including natural soils, crushed rock, recycled materials, and
stabilized soils. Each type has its advantages and disadvantages. and the choice
of material depends on the specific project requirements. Backfill material is the
material immediately surrounding the pipe, which may be imported, or the
material excavated from the trench to make room for the pipe.
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Pipe embedment materials have been grouped by ASTM D-2321 into five
embedment classes according to their suitability for underground installation of
thermoplastic pipes for sewers and other gravity-flow applications. Soil
descriptions, classifications, and soil group symbols are referred to for
embedment.

Class I and Class II soils provide maximum embedment support and can be
blended to resist migration of finer soils into the backfill zone. Class I material is
generally manufactured aggregate, while Class II materials consist of clean sands
and gravels, and are more likely to be naturally occurring soils such as river
deposits. The maximum aggregate size of Class I and Class IT materials. when
used next to the pipe, should not be larger than those given in Table 2-1. Class III
and Class IVA materials provide less supporting stiffness than Class I or II
materials for a given density or compaction level, in part because of the increased
clay content. Typically, Class IVA material is limited to applications with
pressure pipe at the shallow cover. Class IVB and Class V materials offer hardly
any support for a buried pipe and are often difficult to properly place and compact.

The properties of the in-situ (or native) soil into which the pipe is placed need not
be as demanding as those for the backfill materials. The native soil may
experience additional compression and deformation due to the horizontal pressure
exerted by the pipe and transferred through the embedment material. This is
usually a minor effect, but in some cases, it can result in additional pipe deflection.
Therefore, consideration must be given to the in-situ soil to ensure that it has
adequate strength.

Table 2-1. Maximum particle size and pipe size

Nominal pipe Size (nm) Maximum Particle Size (mm)
50.8 mm to 101.6 mm 12.7
152.4 mm to 203.2 mm 19.05
254 mm to 381 mm 25.4 mm
406.4 and larger 38.1 mm
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Figure 2-1. Important parameters in the selection of backfilled material

2.1.2 Strength of Backfill material

When selecting embedment material. consideration should be given to how the
grain size, shape, and distribution will affect its supporting strength (see figure 2-
1). The following will help guide the designer or installer in making a choice. In
general. soils with large grains such as gravel have the highest stiffness and thus
provide the most supporting strengths. Rounded grains tend to roll easier than
angular or sharp grains, which tend to interlock and resist shear better. Well
graded mixtures of soils (GW, SW), which contain a good representation of grains
from a wide range of sizes, tend to offer more resistance than uniformly graded
soils (GP, SP).

Aside from the grain characteristics, the density has the most significant effect
on embedment’s stiffness. For instance. in dense soil, there is a considerable
interlocking of grains and a high degree of grain-to-grain contact. Movement
within the soil mass is restricted as the volume of the soil along the surface of
sliding must expand for the grains to displace. This requires a high degree of
energy. In loose soil, movement causes the grains to roll or to slide, which requires
far less energy. Thus, loose soil has a lower resistance to change. Loose soil will
permit more deflection of pipe for a given load than dense soil.
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2.1.4 Water in backfill material

Water in backfill material around underground pipes and manholes is a critical
factor that can affect the stability and performance of the structures. The presence
of water can increase the weight and hydrostatic pressure on the underground
structures, leading to potential instability and deformation (Henshell, 2016).
Moreover, water can reduce the strength and stiffness of the backfill material,
making it more susceptible to liquefaction, settlement, and erosion. For example,
studies by (J. Liu et al., 2020)and (J. Wang & Fu, 2021) have shown that the water
content of the backfill material can significantly affect the shear strength and
deformation characteristics of the soil. Therefore, it is crucial to consider the
water-backfill interaction when selecting and designing the backfill material for
underground pipes and manholes. Appropriate drainage systems, such as weep
holes and French drains, should be incorporated to prevent the accumulation of
water in the backfill material and ensure the long-term stability of the
underground structures.

2.1.5 Movement of backfill material

When the pipe is located below the groundwater level, the possibility of soil
displacement and loss of side support should be considered. This can occur when
finer particles from the trench sidewalls are carried by groundwater into the void
spaces of coarser soils. To prevent backfill sand movement, it is important to use
non-erodible soils. Typically, erodible soils include fine sand, silts, and dispersive
clays. However, most clays exhibit good resistance to dispersion. The situation
worsens when there is a significant groundwater gradient from outside to inside
the trench, requiring the trench to act as a drain. To minimize migration, it is
recommended to use angular and graded granular materials (Class I and II).

To enhance the stability of the backfill, the usage of paper sludge ash as a backfill
stabilizer can be considered. Paper sludge ash has been studied as a potential
stabilizing agent due to its properties such as water absorption and retention (Kato
et al., 2005: Mochizuki, 2016; Kawai et al., 2018). It can granulate and adjust the
water content of the sludge, thereby hardening the backfill sand. This can help
protect underground pipes and manholes from liquefaction during events like
earthquakes. Additionally, incorporating geotextile separation fabrics during the
installation process can further improve the effectiveness of the backfill as shown
on figure 2-2. Furthermore, to meet the particle size requirements for grading
adjacent materials and minimize soil buoyancy, the particle size distribution
should be considered. The following requirements are recommended:

a) Df. < 5D4
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b) D&, < 25D4

Here, Dis. Dso. and Dgs represent the particle sizes at 15%, 50%, and 85%,
respectively, from a particle size distribution plot. The subscript "b" refers to the
backfill soil, and "A" refers to the adjacent in-situ soil. Rounded particles tend to
flow more easily when there is a significant amount of water, and materials with
high void content provide space for particle movement. The Army Corps of
Engineers has developed these particle size requirements to accurately grade
adjacent materials and minimize soil buoyancy.

So1l backfill

Geotextile PE Pipe
——p Crushed Stone

Trench Sides

Figure 2-2. Installation of Geotextile Separation Fabrics

2.2 Overview of backfill stabilised sand.

Generally, soil stabilization is a method of improving soil properties by blending
and mixing other materials. Improvements include increasing the dry unit weight,
bearing capabilities, volume changes, the performance of in situ subsoils, grains
of sand, and other waste materials to strengthen road surfaces and other
geotechnical applications in fact to meet an engineering purpose.

2.2.1 Types of additives

Various additives may be used to improve or stabilize the sand. Some of them are
known such as the common additives named cement, lime or by-products of the
industrial process, moreover such as various slags, fly ashes, blast furnace slags,
etc. mostly blinders are classified into two types, primary binders related to the
hydraulic type of binders and secondary binders related to non-hydraulic one. The
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primary binder can be self-curing in contact with water. Consequently, they can
be used alone. Meanwhile, the secondary binder needs a catalyst for the reaction
to start. The catalyst acts as an activator to initiate the reaction. Awareness of the
chemical reactions of binders is considered important to understand the
differences between each binder type, which gives the stabilized soil its strength
and durability as shown in table 2-2.

Table 2-2. Reaction and core agent for different binder types

Binder Reaction Core Agent
Cement Hydraulic Water
Lime Hydraulic Water + Pozzolanic soil or

Pozzolanic additive

Granulated Blast furnace | Latent Water + Ca(0H),
slag hydraulic
Class F fly ash Pozzolanic | Water + Ca(OH)-

2.2 2 Chenucal reaction

When lime is mixed with clayey material in the presence of water, several
chemical reactions take place. They include cation exchange, flocculation-
agglomeration, pozzolanic reaction, and carbonation (Taha Jawad et al., 2014).
Cation exchange and flocculation-agglomeration are the primary reactions, which
take place immediately after mixing. During these reactions, the monovalent
cations that are generally associated with clay minerals are replaced by the
divalent calcium ions. These reactions contribute to immediate changes in
plasticity index, workability, and strength gain. A pozzolanic reaction occurs
between lime and the silica and alumina of the clay mineral and produces
cementing material, including calcium-silicate-hydrates and calcium alumina
hydrates. The basic pozzolanic reactions are as follows:

Ca(OH), + Si0, — Ca0 — Si0, — H,0 Eq. 2-1
Cﬂ(ﬂH)z + AEEUE — Ca0 — AIEU:; — HEU Eq 2-2

Pozzolanic reactions are time and temperature-dependent and may continue for
a long period. The addition of lime to soil increases its pH: studies have shown
that when the pH of the soil increases to 12.4, which is the pH of saturated
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limewater, the solubility of silica and alumina increases significantly. Therefore,
if enough calcium from the lime remains in the mixture, and the pH remains at
least 12.4, the pozzolanic reaction will continue. In some instances, lime reacts
with carbon dioxide to produce calcium carbonate instead of calcium-silicate-
hydrates and calcium alumina hydrates. Such carbonation is an undesirable
reaction from the point of soil improvement.

2.2 3 Cement stabilized sand

Cement stabilization of soil is a useful method to improve the mechanical
behaviors and engineering performance of soils in geotechnical design and
construction projects involving weak or liquefiable soils. (Wei & Ku, 2020)
investigate the effects of water content and water—cement ratio on the unconfined
compressive strength, with good control of the packing density and void ratio of
the tested specimens and it was found that The UCS increases with increasing
cement content. The efficiency of improvement by adding cement can be affected
by dry density and water—cement ratio during compaction. The efficiency
increases with increasing dry density and decreasing water—cement ratio.

As defined in the previous session, one special case of Class II material is Cement
Stabilized Sand. Cement Stabilized Sand, once cured, is generally considered to
give the same or better-supporting strength as compacted Class I material. Cement
Stabilized Sand consists of sand mixed with 3 to 5 percent cement (Peterson,
2014). In order to achieve a high density, the material is placed with compaction
rather than poured as with concrete. The material must be placed moist (at or near
optimum moisture content) and then compacted in lifts as a Class IT material
(Gerasimova, 2016). (The optimum moisture content is that moisture content at
which a material can achieve its highest density for a given level of compaction.)
If desired. deflection can be reduced if the cement sand backfill material can cure
overnight before placement of backfill to grade. If the trench is backfilled
immediately, cement sand will give the same support as a Class II material, but
the lag factor will be reduced.

2.2 4 Potential application of PSAS

Paper sludge ash (PSAS) is the by-product of paper mills, a cinder generated from
the incineration of paper sludge, has been widely an alternative sustainable
material in construction industry. The production of paper has stably developed
for many years producing a stable amount of paper sludge ash as presented in Fig
1.6 and hence. paper sludge ash has a wide potential for the application. Currently,
most PSAS has been disposed of in landfills or used as concrete materials so far
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(Kumar et al., 2016; Mochizuki, 2019). Because PSAS particles have a porous
microstructure with many complex irregularities and voids, PSAS can absorb and
retain excess water in soft soil. Therefore, the application of PSAS to stabilize
muds in construction work such as dredging in harbours, rivers, and lakes or
excavating tunnels and underground pits has been increasing in practice
(Kawasaki & Ishimito, 1992; Mochizuki et al., 2003) like other materials, the
application of PSAS in the construction industry needs to satisfy environmental
regulations in Japan. Because of the heavy metals in original PSAS may cause
harmful impacts on the environment, PSAS was produced as an eco-friendly
material by insolubilizing the heavy metals from PSAS. The advantaged
characteristics of PSAS in soil treatment such as water absorption and retention
performance are remained in PSAS.

Previous studies have focused on the application of PSAS to enhance the strength
of surplus soil. However, its potential as a stabilizer for improving backfill sand
around underground pipes and manholes has not been explored. PSAS
demonstrates water absorption and retention properties (Kato et al., 2005;
Mochizuki, 2016; Kawai et al., 2018), enabling it to granulate and adjust sludge
water content. This has the potential to harden backfill sand and protect
underground pipes and manholes from liquefaction during events like
earthquakes. Consequently, it is crucial to investigate the strength development
and sand liquefaction resistance of PSAS over time.

225 Mechanisms of stabilization
Little (n.d.) summarized the mechanisms of stabilization using cement, lime. or
fly ash as follows:

« Cation exchange: calcium cations from available calcium hydroxide
replace sodium, magnesium, and other cations, leading to enhanced soil
properties.

« Flocculation and agglomeration: the clay particles' flocculation increases
effective grain size, reduces plasticity, and improves matrix strength.

« Pozzolanic reaction: in the high pH environment created by available
calcium hydroxide, silicates and aluminates solubilize at the clay surface
and react with calcium ions to form primarily calcium silicate hydrates or
calcium aluminate hydrates, or both.

« Carbonate cementation: carbon dioxide from the atmosphere reacts with
calcium oxide to form calcium carbonate precipitates. which cement soil
particles.
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« Cementitious hydration reaction: calcium silicates and/or calcium
aluminates, which are chemically combined in the production of Portland
cement clinker or coal-burning (fly ash) process, hydrate rapidly within a
few hours to form calcium silicate hydrates and/or calcium aluminate
hydrates.

The chemical reactions during the hydration procedure include but are not limited
to the reactions listed below:

e 2C:S + 6H:0 — CsS:Hs + 3Ca (OH):

o 2C:S + 4H:0 — CsS:Hs + Ca (OH):

s (A +3(CaS0+2H=0) — 26H-0 — CsA 3CaS0+32H=0

e 2C:A + CsA 3CaS0s 32H:0 — 3[C:A(CaS0s.12H:0)]

e 38+ (Ca (OH): + 12H20) — CsA [Ca (OH)..12H:0]

e CsAF + 3(CaSO0s-2H:0) — 27H:0 —> Cs(AF).3CaS0s.32H:0 + Ca (OH):

* 2CsAF + Cs(AF).3CaS0+.32H:0 + 6H:20 — 3Cs(AF)CaS0s+.12H20 + 2Ca (OH):
e (CsAF + 10H20 + 2Ca (OH): — CsAHs-CsFHs (solid solution)

Le Chatelier's crystalline theory and Taylor's gel theory two popular theories on
stabilization mechanisms. These theories have been integrated into a combined
gel/crystalline theory that describes the different stages of curing. According to
Li et al. (2016), during the hydration process of cement concrete, each cement
particle is covered with water and forms a gel-like film if enough moisture is
available to ensure complete hydration. The coated cement particles then cover
the aggregate or soil particles. At this stage. the cement has not started to set. With
the development of hydration. small single crystals form from the reaction
between water and cement. As hydration proceeds, the single crystals grow and
form a crystalline network.

2.3 Segregation, compaction of backfill materials.

In the realm of backfilling around underground structures, a primary hurdle
revolves around the challenges of segregation and compaction, particularly when
substifuting traditional aggregates. The substitution process introduces
complexities in achieving uniform compaction when replacing natural aggregates
with materials like recycled aggregates or industrial by-products. Segregation, the
undesirable separation of finer and coarser particles. poses a significant threat by
causing variations in the composition and density of the backfill. This non-
uniform distribution jeopardizes the mechanical properties and stability of the
backfilled material. Moreover, achieving consistent compaction energy
throughout the entire backfill volume becomes intricate during the compaction
process. This challenge intensifies when dealing with diverse particle sizes and
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shapes, impeding the effective transfer of load-bearing capacity to the
surrounding underground structures. Addressing these concerns related to
segregation and compaction is pivotal to ensuring the structural integrity and
long-term stability of the backfilled material. playing a crucial role in the success
of underground construction projects.

The assessment of backfill material for stability, durability, and re-excavation
ability stands as a critical aspect of its effective utilization. Figure 2-5 accentuates
the intricate relationship between the strength of improved soil and excavation
capacity. Notably, re-excavation, particularly using a pick. is capped at 500 kPa.
This limitation implies that if the soil layer's strength surpasses 500 kPa, the re-
excavation process with a pickaxe becomes challenging (Hosoya Y et al., n.d.).
Examining durability in Figure 2-3, which delves into the impact of loading rate
on normalized stress-strain relationships of gypsum mixture LRMP1 (B3)-
3Months, reveals significant variations at lower loading rates. These variations
signal potential challenges in the backfill material's ability to withstand long-term.,
continuous loading scenarios (Magsood, Koseki, Ahsan, et al., 2020).
Additionally, addressing segregation and compaction concerns., a detailed
photograph in the document illustrates non-uniformly shaped and sized shredded
rubber tire particles. These irregularities may lead to uneven compaction and
segregation issues within the material. Adding complexity, Figure 2-6's schematic
diagram delves into the micromechanics of rubber-sand mixtures, emphasizing
the influence of the rubber fraction on the coordination number. The figure
strongly suggests that incorporating tire chips in sand backfill may result in a
reduction in the coordination number, ultimately impacting the stability of the
backfill material(Zhang et al., 2018). These multifaceted factors collectively
indicate potential limitations in the utilization of tire chips as backfill material,
encompassing concerns related to stability. durability under continuous loading,
and re-excavation feasibility.
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an effect of rubber fraction on coordination number (Zang et al. 2017).

2.4 Factors affecting the soil-cement and Paper sludge ash strength development.

Like cement stabilization, the use of fly ash is common to improve the strength
and stiffness of soils, reduce the water content, and decrease soil plasticity. Fly
ash is a widely used material to modify soil properties in both the short-term and
long-term, and it has been applied to various types of soils. including clay. silt,
sand, and gravel (Maher et al., 2005).

2 4.1 water content

The water content of soil plays a crucial role in the strength development of
cement stabilized soil. During the hydration reaction, cement requires
approximately 20 percent of its weight of water to fully react (Sherwood, 1993).

2-16 |Page



Swelling and mechanical charactenistics of sand treated with PSAS. Maliki O. Djandjieme (20WA%08)

Insufficient water content can hinder the hydration process and result in reduced
soil strength. On the other hand. adding high free lime content by-product
materials such as class C fly ash to wet soils can effectively reduce the water
content. This reduction occurs mainly due to the reaction between the binder and
water. Additionally, over time, pozzolanic reactions lead to further drying of the
soil (Rossow & Mark, 2003)

242 Soil types

The use of cement and PSAS in soil stabilization is widespread across a range of
soil types, both granular and fine-grained. Hydration is the primary reaction
mechanism in cement stabilization, which relies on water to form a hydrated
compound. The effectiveness of cement stabilization is also dependent on long-
term pozzolanic reactions. These reactions are facilitated by the presence of ions
and silica in cement and PSAS. Recent studies have shown that cement is more
effective in stabilizing well-graded soils than poorly graded ones. Additionally,
coarser soils are more effectively stabilized with cement than fine-grained soils.
A study by Nontananandh and Yoobanpot (2012) investigated the effect of adding
cement on the unconfined compressive strength of various soil types, finding that
cement was particularly effective in sandy gravel soil.

2 4 3 Density requirement

The designer will determine the necessary degree of compaction for installation
based on various factors such as soil properties, height of cover, live loading, and
water table elevation. Misra et al. (2005) studied the impact of adding 10% and
20% of class C fly ash on the compaction properties of clayey silt and silty clay.
The results indicated that adding class C fly ash led to a decrease in maximum
dry density and an increase in optimum moisture content after two hours of
mixing. Similarly, Prabakar et al. (2004) found that adding fly ash (ranging from
9% to 46%) decreased the maximum dry density and increased the optimum
moisture content of low and high plasticity soils. Kolias et al. (2005) observed
that the addition of 5% to 20% of high calcium fly ash to stabilized soil led to a
decrease in maximum dry density and an increase in the optimum moisture
content. Harichane et al. (2011) reported similar results when adding 5% to 50%
of high calcium fly ash to high plasticity soil. Furthermore, Horpibulsuk et al.
(2011) investigated the effects of adding 10% of cement and class F fly ash with
different replacement ratios on the compaction properties of high plasticity clay.
They found that adding cement and class F fly ash increased the maximum dry
unit weight without changing the optimum water content after treatment.
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2 4 4 Strength and deformation charactenistic

Various laboratory methods have been used to assess the improvement in soil
strength over both short- and long-term periods. The unconfined compressive
strength (UCS) and California bearing ratio (CBR) have been identified as easy
methods (Mallela et al., 2004). In addition, the triaxial test and direct shear test
have been employed to predict soil strength improvement (Little, n.d.). Mitchell
(1976) examined the impact of adding different amounts of cement (3% to 16%)
on the unconfined compressive strength of fine-grained and coarse-grained soils
after 28 days of curing. He found that an increase in cement content led to a linear
increase in unconfined compressive strength for both soil types. Coarse-grained
soil showed a more pronounced effect, with an increase in soil strength ranging
from 80-150 times the cement content. For fine-grained soil, the increase in soil
strength varied between 40-80 times the cement content. He also observed that
the unconfined compressive strength of cement-stabilized soil increased over time.

The relationship between unconfined compressive strength of cement-stabilized
soil and curing time can be expressed as:

d
Quigy = Queg,, + K x log [Z] Eq. 2-3

Where:

Quy, - Unconfined Compressive strength at age of d days, kPa.
Quq,, - Unconfined Compressive strength at the age of d, days, kPa.

K=70 C for granular soil and 10 C for fine-grained soil, C= cement content, %
by mass.

Feda (1998) investigated the effect of adding different cement contents (2% to
8%) on the strength properties of sand. He found that the shear strength and
stiffness of sand improved after several treatments with low cement content.
Bennert et al. (2000) observed that adding 8% of Portland cement improved the
strength characteristics of dredged sediments, making them suitable for structural
fill. Chew et al. (2004) investigated the effect of adding various amounts of
cement (5% to 50%) on the stress-strain behaviour of soft marine clay after 28
days of curing. They found that as the cement content increased. the peak strength
also increased. while the failure strain corresponding to the peak stress decreased.
Failure mode changed towards brittle failure with an increase in cement content.
Bahar et al. (2004) found similar observations for low plasticity soil stabilized
with different cement contents (4% to 20%). Ho et al. (2017) researched the
effects of adding 8% cement content on the strength development of two types of
soils, namely sand and sand-loam mixtures. They reported that the compressive
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strength for both soil types increased during the first 28 days of curing. After that,
no further increase in soil strength was observed for the sand, whereas a gradual
increase in compressive strength was noted for the sand-loam mixture. This
increase in compressive strength was attributed to the pozzolanic reaction
between the cement and the clay minerals in the sand-loam mixtures. Zhang et al.
(2017) studied the effect of adding various amounts of Portland cement (7%, 9%,
and 11%) to stabilize high water content waste mud. Their results showed that
both strength and stiffness increased as the cement content was increased.

2.4.5 Required fly ash content.

The fly ash content, expressed as a percentage of the weight of fly ash to the dry
weight of soil. is influenced by various factors such as soil type. fly ash type.
water content, organic content, and targeted soil properties. Generally. the
common range for using self-cementing class C fly ashes is between 12% to 16%
of dry soil weight, while for low cementing fly ash, a higher amount may be
needed with an activator. The reactivity of the binder is affected by the chemical
composition of the by-product materials, and the hydration modulus is used to
quantify it. This modulus is calculated as the percentage of CaO divided by the
sum of the percentages of Si02, A1203, and Fe2O3. To ensure a reaction takes
place. Kamon and Nontananandh (1991) recommended that the hydration
modulus should exceed 1.7 for various by-product materials. The potential
cementing ratio, which is defined as the CaO/SiO2 ratio, is used to evaluate the
hydraulic properties of the binder. A higher Ca0O/SiO2 ratio indicates more
hydraulic properties, as suggested by Janz and Johansson (n.d.).

2 4 6 Relationship between unconfined compressive strength g, and the modulus elasticity Eso
Many investigators have obtained a variable conclusion about the relationship
between the unconfined compressive strength (g,) and the elastic modulus (Esg)
for a wide range of soil types stabilized with cement, lime, and fly ash as
illustrated in table 2-3.

2-19|Page



Swelling and mechanical charactenistics of sand treated with PSAS. Maliki O. Djandjieme (20WA%08)

Table 2-3. The relationship between elastic modulus (E50) and UCS (qu) in
previous studies

Material Upper and Lower References
range of soil stiffness
times
Class F fly ash modified with 4 to 10% Esp = 55q,%%7 (Ghosh & Subbarao,
lime content 2012)

Soft clay at high water content stabilized | E5; = (96 — 129)qy (Kang et al., 2017)
with a mixfure of Portland cement (5% to
35%) and class F fly ash (5% to 30%)

High plasticity Tokuyama manne claym | Espy = (30 — 169)gy (Yamashita et al.,
Japan stabilized with 10 to 30% Portland 2020)
cement

Marine sediments in France freated with | E;; = (60 — 170)q, | (D. Wang et al., 2013)
cement (3%-9%) and class F fly ash (3%-
9%)

Soft Bangkok clay treated with (10% to Esg = (99 — 159)q, (Yoobanpot et al |
13%) of cement and cement kiln dust with 2020)
partial replacement of 10 to 20% fly ash

2.5 Undramed Monotonic and cyclic loading behaviour of sand

The behaviour of saturated clean sand under undrained monotonic and cyclic
loading have been studied extensively, with the resulting behaviour well
described in the literature. the purpose of this section is to provide a complete
review behaviour. but rather to draw out some key features that will subsequently
provide a useful reference for distinguishing the differences in behaviour between
sand-like and clay-like fine-grained soils.

The undrained response of saturated sand to monotonic shear loading is illustrated
by the triaxial compression test results in Figure.2-3 for Toyoura sand with DR
of 16, 38, and 64% under consolidation stresses ranging from 10 to 3000 kPa
(Ishihara et al., 1975). For any given D, the shape of the stress-strain curves and
the stress-paths are affected by the consolidation stress (os.'), but the undrained
shear resistance at large strains are relatively independent of o3.'. The undrained
shear resistance at large strains are, however, very sensitive to Dy, as illustrated
by the order of magnitude differences in the scales used to present the results for
each value of D, The results of these tests are consistent with critical state
concepts, in that the undrained critical state strength is strongly dependent on void
ratio (or D;) and essentially independent of initial consolidation stress.
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Figure 2-5 Monotonic loading response of saturated Toyoura sand in
isotopically consolidated undrained triaxial compression tests: (a) D=16%. (b)
D=38%, (c) D=64% (Ishihara et al.. 1975)

2.6 Re-excavation ability of backfill material and its importance in underground pipes
and manhole.

The importance of backfill materials with good re-excavation ability has been
extensively studied in the field of civil engineering. Several studies have
investigated the factors that influence the re-excavation ability of backfill
materials, including particle size distribution, compaction density, and moisture
content (Gupta et al., 2020; Kevern and Li, 2014). It has been observed that
backfill materials with a higher percentage of fines (i.e., smaller particle sizes)
tend to have better re-excavation ability (Kevern and Li. 2014). In addition, lower
compaction densities and higher moisture contents can also improve re-
excavation ability (Gupta et al.. 2020).

Furthermore, the long-term stability of the backfill material is also an important
consideration. Backfill materials that are too loose or have poor stability may shift
or settle over time, making future excavations more difficult (Bouasker et al.,
2015). Stabilizers have been studied for their potential to improve the re-
excavation ability of backfill materials. For example. Bouasker et al. (2015)
investigated the effect of adding fly ash and cement on the re-excavation ability
of a sandy soil backfill material. They found that the addition of fly ash and
cement improved the re-excavation ability of the backfill material. Hosoya et al.
(1993) conducted excavation experiments on soil treated with cement and lime at
various unconfined compressive strengths gy. As a result, it was demonstrated that
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a gy 0of 500 kPa or less was desirable for efficient manual excavation without using
a pick or breaker Figure 2-4.
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Figure 2-6 Relationships between strength of improved soil and excavation
capacity (Hosoya Y et al.. n.d.)

In conclusion, selecting backfill materials with good re-excavation ability is
essential for the long-term maintenance and accessibility of underground pipes
and manholes. Factors such as particle size distribution, compaction density,
moisture content, and long-term stability should be considered in the selection

process. Additionally, the use of stabilizers can also improve the re-excavation
ability of backfill materials.

2.7 Effects of swelling on backfill material.

Several scientific studies have investigated the effects of swelling on backfill
material and underground structures. For instance, a study by Hussin et al. (2016)
investigated the effect of clay content on the swelling potential of backfill material
and found that as the clay content increased, the swelling potential of the backfill
material also increased. Similarly, another study by Marzouk and Abdelrahman
(2015) found that the type of backfill material significantly affected its swelling
potential, with clay-rich materials exhibiting higher swelling potential than well-
graded granular materials. In terms of the impact of swelling on underground
structures, a study by Abderrahmane et al. (2019) found that the deformation and
potential damage caused by swelling can vary depending on the type and
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condition of the structure. They also highlighted the importance of selecting
appropriate backfill materials and implementing effective drainage systems to
mitigate the effects of swelling on underground structures.

To reduce the risk of swelling and its impact on underground structures. various
measures have been proposed. For example, a study by Karim et al. (2017)
suggested using stabilizers such as lime or cement to improve the stability of
backfill material and reduce its potential for swelling. Another study by Hashim
and Yusoff (2016) recommended the use of pressure relief valves and flexible
joints to accommodate potential deformation caused by swelling. In summary,
understanding the effects of swelling on backfill material and underground
structures, as well as implementing appropriate measures to mitigate its impact,
are critical for ensuring the long-term performance and safety of underground
infrastructure.

2.8 Previous research on the re-excavation ability of backfill material and the effects
of stabilisers on these properties.

Previous research has been conducted on the re-excavation ability of backfill
material and the effects of stabilizers on these properties. The use of stabilizers
has been investigated to improve the re-excavation ability of backfill materials. A
study by Ashour et al. (2016) investigated the effect of using cement and fly ash
as stabilizers on the re-excavation ability of backfill material. The results showed
that the addition of cement and fly ash improved the re-excavation ability of the
backfill material by increasing the compressive strength and reducing the swelling
potential. Another study by Al-Tabbaa et al. (2008) investigated the use of
different stabilizers, including fly ash. cement, and lime, on the re-excavation
ability of backfill material. The results showed that the addition of stabilizers
improved the re-excavation ability of the backfill material by increasing the shear
strength and reducing the potential for settlement.

Furthermore, a study by Kim et al. (2017) investigated the effect of using different
types of stabilizers, including cement, fly ash. and slag, on the re-excavation
ability of backfill material. The results showed that the addition of stabilizers
improved the re-excavation ability of the backfill material by increasing the
strength and reducing the swelling potential. In conclusion, previous research has
shown that the use of stabilizers can improve the re-excavation ability of backfill
materials by increasing strength and reducing swelling potential. Further research
is needed to investigate the optimal type and amount of stabilizer to use for
specific types of backfill materials and applications.
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2.9 Dry-wet cycle curing of backfill sand.

The mechanical behaviour of sand under wetting and drying curing cycles is an
important aspect in geotechnical engineering. particularly in the field of soil
stabilization and slope stability analysis(Rao, 2011). Understanding the changes
in the mechanical properties of sand due to wetting and drying cycles is crucial
for the design and construction of infrastructure projects in regions where such
cyclic environmental conditions are prevalent. This section presents a
comprehensive review of the existing literature on the mechanical behaviour of
sand under wetting and drying curing cycles.

The response of sand to wetting and drying cycles can significantly influence its
engineering properties, including strength, stiffness, permeability, and volume
change characteristics. Several studies have investigated the effects of cyclic
wetting and drying on sand and have provided wvaluable insights into the
underlying mechanisms and resulting changes in soil behaviour. One aspect of
sand behaviour under wetting and drying cycles that has received considerable
attention is the phenomenon of volume change. It is well-established that sand
experiences volumetric expansion upon wetting and subsequent contraction upon
drying(Li et al., 2020). This volume change can induce significant stress changes
within the soil mass, leading to potential instability and deformation(Tang & Shi,
2011).

(J.-J. Wang et al., 2019) (X. Liu et al., 2022) have focused on quantifying the
volume change behaviour of sand under cyclic wetting and drying conditions and
have proposed various empirical models to predict the associated volumetric
strains. In addition to volume change, the strength and stiffness properties of sand
can also be affected by wetting and drying cycles. The cyclic variation in moisture
content and pore water pressure can alter the interparticle bonding and frictional
characteristics, resulting in changes in shear strength and stiffness. (Ishihara et al.,
1975) (Kongsukprasert et al., 2007) have conducted laboratory tests, such as
triaxial shear tests and direct shear tests, to investigate the influence of wetting
and drying cycles on the shear strength parameters of sand. These studies have
provided valuable data on the residual strength, cyclic strength degradation, and
stress-strain behaviour of sand subjected to wetting and drying cycles.

Furthermore, the permeability of sand can be significantly affected by cyclic
wetting and drying. The changes in moisture content and pore water pressure can
influence the soil's hydraulic conductivity, affecting the flow of water through the
soil mass(Abbas et al., 2023);(Bhaskar et al.. 2020). Numerous studies have
examined the permeability variations of sand under wetting and drying cycles and
have proposed empirical relationships to estimate the permeability changes based
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on the number of cycles and other relevant parameters(Ng & Peprah-Manu,
2023):(Yong et al., 2017);.Thus, several factors influence the mechanical
behaviour of sand under wetting and drying curing cycles, including the initial
state of the soil (e.g., density, grain size distribution), environmental conditions
(e.g.. temperature, moisture content), and the characteristics of the applied
loading. It is important to consider these factors when interpreting the results of
various studies and applying the findings to practical engineering applications.

Overall, the literature review highlights the significance of understanding the
mechanical behaviour of sand under wetting and drying curing cycles. The
findings from previous studies provide valuable insights into the changes in
strength, stiffness, permeability, and volume change characteristics of sand
subjected to cyclic environmental conditions. The knowledge gained from this
review will serve as a foundation for the subsequent chapters of this thesis, where
the experimental program, methodology, and analysis will be presented to further
investigate the mechanical behaviour of PSAS-treated sand under wetting and
drying curing cycles.

2.10 Liquefaction study of backfill sand.

Liquefaction of sandy soils is a geotechnical phenomenon that poses significant
challenges to the stability and performance of underground structures.
Understanding the resistance of sand to liquefaction is crucial for assessing the
potential for liquefaction-induced hazards and designing effective mitigation
measures. This section provides a comprehensive literature review on the
resistance of sand to liquefaction based on laboratory cyclic triaxial testing,
focusing on the key parameters such as cyclic stress ratio, double amplitude axial
strain, number of loading cycles, and the estimation of liquefaction failure.

Cyclic triaxial testing is a widely used laboratory method for assessing the
liquefaction resistance of sandy soils. By subjecting a soil specimen to cyclic
loading conditions that simulate earthquake-induced loading, (Wong et al..
1975);(Procter & Khaffaf, 1984) have investigated the response of sands under
various seismic loading scenarios.

The cyclic stress ratio (CSR) is a critical parameter in cyclic triaxial testing as it
represents the ratio of the cyclic shear stress to the confining stress. Numerous
studies have explored the relationship between cyclic stress ratio and the
liquefaction resistance of sands. It has been observed that certain cyclic stress
ratios are associated with the onset of liquefaction. For instance, Seed and Idriss
(1971) reported that cyclic stress ratios in the range of 0.1 to 0.2 are typically
associated with the liquefaction failure of sands. Other researchers, such as
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Robertson and Wride (1998). have proposed empirical relationships between
cyclic stress ratio, double amplitude axial strain, and the number of loading cycles
to estimate the potential for liquefaction failure.

The double amplitude axial strain is another critical parameter in cyclic triaxial
testing. Several studies have investigated the influence of double amplitude axial
strain on the liquefaction resistance of sands. For example, (Ishihara, 1993)Cetin
et al. (2004) conducted cyclic triaxial tests on sands and found that for a specific
double amplitude axial strain, the number of loading cycles required for
liquefaction to occur decreases as the cyclic stress ratio increases. Similarly, Liao
et al. (2005)(Silver & Park, 1976) investigated the effects of double amplitude
axial strain on the liquefaction resistance of sands and observed that higher double
amplitude axial strains require fewer loading cycles to induce liquefaction.

The number of loading cycles is an important factor affecting the liquefaction
resistance of sands. Researchers have conducted cyclic triaxial tests with varying
numbers of loading cycles to investigate the cyclic mobilization of pore pressures
and the resulting liquefaction potential (Erten & Maher, 1995) (Tsukamoto et al..
n.d.). Seed and Idriss (1971) found that liquefaction typically occurs after a
certain number of loading cycles, which is influenced by factors such as soil type,
confining pressure, and the initial state of the soil. The specific number of cycles
needed for liquefaction varies depending on the characteristics of the sand being
tested. In addition to the number of cycles. researchers have also investigated the
cyclic stress ratio required to induce liquefaction for specific double amplitude
axial strains or various double amplitude axial strains. For example, Martin et al.
(2008) conducted cyclic triaxial tests on treated sands and found that a cyclic
stress ratio of 0.2 was sufficient to induce liquefaction for a specific double
amplitude axial strain of 5%. In another study, Chen et al. (2012) investigated the
effect of different double amplitude axial strains on the liquefaction resistance of
sands and proposed a range of cyclic stress ratios (0.1 to 0.3) that can be used to
estimate the liquefaction failure for various double amplitude axial strains.

It is important to note that the resistance of sand to liquefaction is influenced by
various factors, including grain characteristics, particle size distribution,
confining pressure, and initial state of the soil. Different soil types and test
conditions can lead to variations in the liquefaction resistance.

In term of the liquefaction resistance of sand treated with sustainable materials
such as fly ash , tyre chips , (Keramatikerman et al.. 2017) investigated the effect
of fly ash on monotonic triaxial test and indicated that fly ash is effective in
improving liquefaction behaviour of the soil.
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Figure 2-7 Typical undrained shear response for untreated soil and Fly ash
treated SB specimen ((Keramatikerman et al., 2017))

Used tyres have become an increasingly problematic global problem whose
disposal is posing dangers to the environment. Thus. recycling needs to be
considered imaginatively and the solutions must be sustainable. One method of
disposing of tyres is by mixing tyre chips. With soil and using them for landfill
purposes. However, the mixtures of sand rubber composites with similar grain
sizes for each fraction has demonstrated a more gradual build-up of pore water
pressures but actually no sign of increasing the liquefaction strength except for
the 99:1 mixture at 10 and 15 cycles Figure 2-6.

(Uchimura et al., 2007) propose to use a mixture of tire chips and sand as backfill
material for buried pipes. It was found in the authors’ research that a backfill with
a mixture of tire chips and sand has higher liquefaction resistance compared to
sand-only backfill figure 2-7. This implies that use of such materials for
backfilling buried pipes could mitigate floating up damages. The numbers of
loading cycles required before the specimens were liquefied are summarized in
figure 2-8.
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CHAPTER 3

3. Fundamental properties of PSAS-treated sand compared with
OPC-treated sand.

As major infrastructure projects require a significant number of natural materials,
sometimes followed by stabilization using hydraulic binders, this part of the
research focuses on providing physical properties of both natural and treated
materials. Toyoura sand and Watoru PSAS were used to evaluate their basic
parameters. The composition of PSAS and Ordinary Portland Cement (OPC) was
studied to better understand their chemical properties. Naturally, soil texture
refers to the size particles that make up the soil, which depends on the proportion
of sand, silt, and clay-sized particles and organic matter. Sand is used as a
backfilling material due to its porous structure, allowing for quick drainage and
air to enter the soil. It also doesn't get waterlogged in winter or become drought-
prone in summer. Therefore, this research focuses on backfilling sand using
Toyoura sand. In the following sections, you will see the particle sand distribution
of Toyoura sand and PSAS. as well as the minimum and maximum density of
PSAS and cement-treated sand.

3.1 Toyoura sand (TS)

Toyoura sand is a commercially available sand that was used in this study for
laboratory experiments. It has passed the examination conducted by the Japan
Cement Association and is also known as Toyoura silica sand; a rare natural silica
sand found in the Toyoura area of Yamaguchi prefecture. Unlike artificially
formed sand, Toyoura silica sand has not been ground or modified in any way. It
has been washed, kiln-dried, and sifted. The grains of naturally formed sand are
typically smoother due to their formation over time by natural elements, which
reduces variations in test results. Since Toyoura Silica Sand meets the standard
sand test of the Japan Cement Association, it has a stable range of grain
distribution, making it ideal for calibration and comparison tests. The unified soil
classification system (USCS) classifies Toyoura sand as a poorly graded sand,
with a particle density, p.= 2.641 g/cm’. The particle size distribution (PSD) of
Toyoura sand is shown in Figure 3-1.

3.2 Paper sludge ash (PSAS)
The PSAS-based stabilizer used in this study is a commercially available product
that can be obtained in Japan. To determine the particle size distribution of the
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PSAS-based stabilizer, sedimentation particle size analyses were initially
conducted based on the standards set by the Japanese Geotechnical Society
(2015a). However, the results were inconclusive due to the hydration reaction of
the PSAS. Although the reaction was not as strong as with cement, it still affected
the sedimentation process. Kawai et al. (2018) reported that the excess water in
muds could be fixed by both water absorption or retention of PS particles and by
the hydrated compound, ettringite. during curing. Therefore, in this study, laser
diffraction analyses were carried out using alcohol as the medium instead of water
to obtain the particle size distribution. Figure 3-1 shows the particle size
distribution obtained. with a maximum diameter Dpax of 0.52 mm and mean
diameter Dsp of 0.074 mm. The chemical components of the PSAS and OPC (%:
mass ratio) obtained via X-ray fluorescence analysis are listed in Table 3-1.

Table 3-1.Component compositions of the PSAS-based improving material.

Chemical components of PSAS

CaO 5102 AlO3 50; FeO MgO P:0s Others

63.89 13.55 6.89 6.06 327 131 0.95 4.08

Chemical components of OPC

Ca0 5102 Al20; 503 FeO MgO Others
65.57 19.07 5.26 3.98 2.91 1.98 0.25 0.92
lﬂﬂ ¥ LI LS | L | -
Experimental results
| —e— Toyoura sand
g0 .~ PSAS |
& | Calculated results
= - - - PSAS-treated sand
N60F  with Aps=2 5-10.0% :
o
=
E
4{] -
:
-

0.001 0.01 0.1 1
Particles size, D(mm)

Figure 3-1 Particle size distnbutions of Toyoura sand and PSAS
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3.3 Ordinary Portland cement (OPC)

The Portland cement used in this study is a commercial ordinary Portland cement
available elsewhere in Japan. Its particle density is commonly assumed to be
3,150 kg/m® (3.15 g/cm?). The component composition of the PSAS was similar
to that of OPC. The PSAS contains approximately 63.9 % calcium oxide (CaO)
by mass.

3.4 The pH-values of the PSAS and OPC

Using the PSAS alone is expected to induce a hydration reaction when combined
with water, although the reaction is not comparable to that of cement in terms of
strength. (Kawai et al., 2018) reported that the excess water in muds is first
physically absorbed by the porous structure of the PSAS particles and later
chemically absorbed by the hydrated compound ettringite during curing.
Additionally, the pH values of the PSAS and OPC were investigated based on the
Japanese Geotechnical standards (JGS 0211) (Japanese Geotechnical Society JGS
0211-2020, n.d.) using a glass electrode pH meter placed in suspended water
mixed with each stabilizer and distilled water at a mass ratio of 1:5. The PSAS or
OPC was immersed in distilled water for 10 min, and the pH was measured for
each suspended water. The results show that the pH value of PSAS was 11.7,
which was lower than that of OPC (12.7).

3.5 Investigation of alkalinity of PSAS and OPC-treated sand.

Alkalinity is an important factor to consider in the construction of treated sand
with paper sludge ash and ordinary Portland cement. The high alkalinity of the
cement can lead to an increase in pH levels in the soil, which can have negative
effects on the surrounding environment. To mitigate these effects, it is important
to carefully monitor and control the pH levels during a short and long term for
backfill treated sand under the construction process. In this study. the alkalinity
of Paper Sludge Ash treated sand (PSAS) and Ordinary Portland Cement (OPC)
was investigated at different liquid to solid ratios (L/S) of 3 and <3 to evaluate
the impact of curing conditions on strength development over a long period. 5%
PSAS and OPC content was mixed with Toyoura sand to prepare a cylindrical
mould immersed in water as shown in figure 3-2. The study also aimed to assess
the reduction of pH in the PSAS and OPC-treated sand.

In figure.3-3, it was found that the alkalinity of PSAS-treated sand was lower than
that of OPC-treated sand. Additionally, specimens cured under L/S = 3 showed a
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greater stability in the reduction of pH value after 75 days of curing, compared to
those cured at L/S < 3 where the pH value stabilized before 75 days for both PSAS
and OPC-treated sample. These findings suggest that the curing condition, as well
as the liquid to solid ratio, can have an impact on the alkalinity and pH stability
of treated sand with PSAS and OPC. This information is important for the
practical application of this material in construction projects, particularly in
earthquake-prone areas where the stability and strength of soils are crucial for
safety.

pH-meter
Wo=4357 cm3 \ Vit Bt
o i =
V=1 T70cm3 e |:| |:| |:| :| :| |:|
pH-meter
i~
" - -»;'I'
L/5=3 L/5=<3

Figure 3-2 Alkalimty test conditions

I+ i T i T i T i T Y T ' T T T T T

—a— OPC-treated sand —— OPC-treated sand
L g —C—P5AS-meated sand E L . | - — PS4 S-ireated ]
o o waer e . ater

mmm ' '- = n = = o
-E_Il}- S .__h... - E Em_ y J

L/S-3.01ke =3 days LS <3.01kg =3 days
1 1 1 1 1 1 1 1 1 1 1 & " 1 1 1 1 1 1 1 1 1 1
a 5 0 T3 g 125 5 o B A0 =3 00 128 150

Secondary (soaked) curing period, 7, {days) Secondary (soaked) curing period. 1, (days)

(a) L/S=3.0 Vkg (b) L/S< 3.0 Ukg

Figure 3-3. Change m pH of water in which treated sands with cylindrical moulds were
immersed.

3.6 Maximum and minimum density characteristics of treated sands

To investigate the potential application of PSAS-treated sand as a backfill
material. the maximum and minimum densities of the PSAS-treated sand were
compared with those of the OPC-freated sand. The maximum and minimum
densities of the PSAS-treated sand with PSAS addition ratios 4ps of 2.5%, 5%,
7.5%, and 10% were evaluated based on the Japanese Geotechnical Standard
(JGS 0161) (Japanese Geotechnical Society JGS 0161-2009, 2018). Aps is defined
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as the dry mass ratio of the PSAS to sand. The PSD of the PSAS-treated sand for
each Apsis shown in Figure. 3-1. These PSDs were calculated from the PSDs of
the combined PSAS, and sand based on the 4ps. Additionally, the minimum and
maximum densities of the OPC-treated sand samples were evaluated.

To measure the maximum density pamax, the sand or treated sand in the dry state
was poured into 10 individual layers in the mold. For each layer, 100 blows were
applied to the side of the mold by tapping the mold with a wooden hammer to
obtain the densest state of the sand or treated sand. No material separation was
visually observed in any test. Three tests were conducted on the same sample. To
measure the minimum density pamin, air pluviation was conducted to obtain the
loosest state of the sand or treated sand, which was prepared by slowly pluviation
the sand or treated sand into a mold through a long funnel with a small mouth to
obtain the minimum dry density. Three tests were conducted on the same sample.

%1_0 ) ,% 20 o ]
?1_6'.-_ —————— T B - élﬁ ————————— B
é A= - = - = —a,-...___/_‘ ______ PR 1 % B == = e ===l = === he - = = = - FY
g 12 . -’Ef 12 P

= L]

.g 08 'g 0gk

2 £

E 04r E p4t

E E

2 00 T . : . .

E 0.0 25 50 75 10.0 E u'%_n 25 50 75 10.0

Addition ratio of PSAS, Apg (%) = Addition ratio of OPC, Agpe. (%)
(a) PSAS-freated sand (b) OPC-treated sand

Figure 3-4. Maximum and mimmum dry densities of PSAS- and OPC-treated sands
51.2 g 12
jl.ﬂ-— S 1 Ewo o I |
= P, ke — = 4 B 4-=---- -t
E 08| {1 £ osf
i 3 |
gu.ﬁ.: ______ ____h_1‘___-‘___ i gnﬁ,_ _________________ i -
2 | 1 E S
£ 04} = 1 E pal
g | -
Eoz2f . E 02}

"o 25 s0 75 1o 00 25 5.0 75 100

Addition ratio of OPC, 4. (%) Addition ratio of PSAS, A, (%)
(a) PSAS-freated sand (b) OPC-treated sand

Figure 3-5. Maximum and mumimum void ratios of PSAS- and OPC-freated sands
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The maximum pPgmax and minimum pPgmin dry densities plotted against Aps are
shown in Figure. 3-3(a). Meanwhile, the pgmax and pamm plotted against the
addition ratios of OPC, Agpc are shown in Figure. 3-3(b). Here, Agpc is defined as
the ratio of OPC to sand in terms of dry weight. The values of pamsy and Pamin
shown in Figure. 3-3 are the averages obtained from three sets of results for the
same sample. The maximum standard deviations for the three sets of results are
0.009 g/cm? for pamax and 0.019 g/cm? for pgmin, indicating slight scatter. The larger
standard deviation for pamin than for pams may be due to the greater difficulty in
preparing loosest specimens than densest specimens. In addition, no correlation
is observed between the variation degree and stabilizer type or addition ratio. As
shown in Figure. 3-3, the weight of the PSAS-treated sand is slightly lower than
that of the OPC-treated sand when the addition ratios 4pg and Agpc are increased.
as shown in Figures. 3-3(a) and (b), respectively.

The maximum void ratio éms and minimum void ratio emi, are calculated based
ON Pdmin aNd Pamax Shown in Figure. 3-3, as well as the soil particle density ps. The
soil particle density of the treated sand is determined using the particle density
and mixing ratio of Toyoura sand and the stabilizer. The émax and emin of the
PSAS- and OPC-treated sands plotted against Aps and Aoppc are shown in Figures.
3-4(a) and (b), respectively. The emax and emip for the Toyoura sand-only cases are
similar to those of previous studies (Toyota et al., 2004) .Furthermore, the ey, of
the PSAS-treated sand changes slightly as Aps increases, whereas emax increases
gradually, as shown in Fig. 3-4(a). Therefore, the difference ey,,— ey, increases
with Aps. The increase in emax — €min With Aps suggest that the compaction of the
PSAS-treated sand as a backfill material around the manholes and underground
pipes will be successful. Meanwhile, the eps of the OPC-treated sand changes
only slightly, and the emin decreases as Aps increases. The reason contributing to
the difference in trends between the PSAS- and OPC-treated sands is yet to be
determined. However, the difference might be caused by the relative magnitude
relationship between the p, of the two types of stabilizers and the p, of the sand.
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CHAPITER 4

4. Swelling potential of paper sludge ash (PSAS) treated sand.

This chapter explores the swelling potential of paper sludge ash (PSAS)-treated
sand, building upon the geotechnical properties investigated in Chapter 3. The
decision to conduct swelling tests on PSAS-treated sand was motivated by the
notable expansion observed when dry sand and PSAS were mixed with water.
This phenomenon raised concerns about the potential impact on the behaviour of
treated sand. The chapter aims to provide insights into the swelling characteristics
of PSAS-treated sand, offering a comprehensive understanding of its behaviour
under varying conditions.

4.1 Effect of swelling of backfill sand around underground pipes and manhole.

The swelling of backfill soils can affect the surrounding structures over time, such
as underground pipes and manholes. Therefore, in the second step of this study,
the swelling potential of PSAS-treated sand associated with water immersion was
investigated to determine the suitable conditions for using the treated sand as a
backfill material. To control the swelling potential of the PSAS-treated sand, the
water content and primary curing were adjusted during specimen preparation. The
specimen preparation method and test results are presented in Sections 4.2 and
4.3, respectively.

4.2 Specimen preparation and swelling potential test.

The swelling potential test was performed to measure the deformation or strain
resulting from swelling and the stress or pressure required to prevent deformation
due to swelling. The method used in this study involved the complete immersion
of a test specimen in water to measure the change in the height of the specimen
while restraining the specimen sides with a mold. The specimens subjected to this
test method were permitted to swell immediately after immersion. This test was
performed to measure the expansion strain of PSAS-treated sand without any
external overburden pressure when it was submerged in water. In fact, such tests
have also been conducted in the previously published studies to determine the
one-dimensional swelling potential of various types of treated soils [31-34].

To prepare specimens for the swelling potential tests, dry Toyoura sand was first
mixed with the PSAS with Aps = 2.5% or 5.0%. as shown in Figure. 4-1.
Immediately after mixing, the water content w of the treated sand was adjusted to
0%, 10%, 15%, or 20%. as shown in Table 4-1. Subsequently, the specimens were
cured in plastic bags under sealed conditions for 0—7 d. as shown in Table 4-1.
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After the primary curing, the specimens were poured into cylindrical plastic
molds with a diameter of 5 cm and a height of 10 cm. Next, they were compacted
using the wet tamping method based on JGS 0821 (Japanese Geotechnical Society
JGS 0821-2020, n.d.) to achieve a relative density D, of 50% or 90%. Finally, the
molds containing the specimens were immersed in water for secondary curing,
with the top surface of each specimen exposed for 0 to 4 d. as shown in Table 4-
1. Each specimen was removed from the water container after a predetermined
secondary curing period f;, and the change in the maximum height was measured
to calculate the expansion strain &.

Similarly, swelling potential tests were conducted on the OPC-treated sand for
comparison. To prepare the specimens, OPC was added to Toyoura sand at an
Aopc of 2.5% and 5.0%. Subsequently, the specimens with a water content of 0%
were immediately immersed in water (i.e., the primary curing period £, was 0 d).
and the expansion strain & was measured after the soaked secondary curing.

Table 4-1. Conditions of PSAS-treated specimens for swelling potential tests

Addition | Adjusted | Primary curing | paiative | Secondary curing

ratio of water period under density period under
PSAS, 4ps| contentw |sealed condition | soaked condition ¢,
(%) (%) £ (d) D: (%) ()

0,1,2,3.4,5,6,
0, 10, 15, .

25 s 50, 90 0,1,2.3.4
(0 for w = 0%)
0,1,2.3,4,5.6,

5.0 0, 20 7 50, 90 0,1,2.3.4

(0 for w=0%)
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f/l_, Preparation of Tovoura sand n;;\
addition of PSAS with Ap,

Lx’" . : 3
'\_ oyoura sarn PSAS /)

Adjustment of water coutent w

(/1_'. Primary curing under the sezllm_\\
condition

k\ Treated sand in the scaled bag _/

Preparation of cylindrical specimens with wet tapping

/ET. Secondary curing under the mak;\

condition
k Specimens in the water _/”
[ l i
4. Evaluation of expansion strain, &
L. -

Figure 4-1. Process flow from specimen preparation to swelling potential test.

4.3 Swelling potential test results.

The relationships between the secondary curing period #; and expansion strain &
of each specimen of the PSAS- and OPC-treated sands with an 4psof 2.5% and
Aopc of 2.5% are shown in Figures. 4-2 and 4-3, respectively. The & of the
specimens with D;= 50% and 90% are shown in Figures. 4-2 and 4-3, respectively.
The results for the specimens with w = 10%, 15%, and 20% are shown in Figures.
4-2 and 4.3(a), (b), and (c), respectively. The expansion side is indicated by the
positive sign. In each figure, the results for the specimen with w = 0% are shown
for comparison. The figures show that the OPC- and PSAS-treated sands
expanded when soaked in water, where the most significant expansion occurred
when w = 0%. The expansion was particularly evident in the early stages of
soaking, whereas it became milder as the secondary curing period f; continued.
However, the rapid expansion of the PSAS-treated sand in the early stage of
soaking can be suppressed by adjusting w to some extent prior to soaking. The
abovementioned findings were observed regardless of the relative densities of the
specimens.

437 |Page



Swelling and mechanical charactenistics of sand treated with PSAS. Maliki O. Djandjieme (20WA%08)

The relationships between the f; and & of each specimen of the PSAS- and OPC-
treated sands with an A4ps of 5.0% and Agpc of 5.0% are shown in Figure. 4-5.
Similarly, to the results in Fig.4.3, the figures indicate that the OPC- and PSAS-
treated sands expanded when soaked in water, where the most significant
expansion occurred at w = 0%. However, adjusting w to 20% resulted in an & of
less than 1% for D; = 50% and 90%. similar to the results shown in Figs. 4.2(c)
and 4.3(c).

This expansion is attributable the formation of ettringite via the following
reaction:

CaO + H,0 > Ca(OH), (1)
3Ca(OH); + ALO;3 + 3CaS04 + 29H,0 = 3Ca0-A103-3CaS04-32H,0 (2)

Based on the chemical compositions listed in Table 3-1, the PSAS and OPC
contain both CaO and AlyOs;. An analysis of the hydrated PSAS via scanning
electron microscopy indicates the formation of needle-like crystals, as shown in
Figure.4-4. These needle-like crystals are ettringite, which is speculated to expand
the volume of the treated sands. In general, ettringite is formed in the early stages
of hydration, which is consistent with the significant expansion that occurs in the
early stages of hydration of the treated sands. The higher the amount of unreacted
CaO, the higher is the amount of ettringite formed during soaking, which is
consistent with the greater expansion under w = 0%. Mixing at a higher initial
water content resulted in less unreacted CaO, which reduced the amount of
ettringite formed after soaking, and hence less expansion of the treated sand
volume.

The maximum expansion strain that occurred in each specimen during
soaking (& )max Was determined from the results shown in Figures.4-2, 4-3, and 4-
5. The relationship between the obtained (&)max and primary (sealed) curing
period f, for each PSAS-treated sand specimen is shown in Figure. 4.6. The results
for the specimens with 4ps=2.5% and w = 10%, 15%, and 20% are shown in Figs.
4-6(a), (b), and (c). respectively. The results for the specimens with Aps= 5.0%
and w = 20% are shown in Figure. 4-6(d). Regardless of the mixture conditions
of the specimens, the (&) of the PSAS-treated sands decreases as f, increases.
However, the rate of change of (&)max decreases with f, as w increases.
Furthermore, the difference in the magnitude of (&)max between D, = 50% and
90% is negligible as w increases.
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Figure 4-2 . Expansion strain of PSAS-treated sand with 4ps = 2.5%
associated with secondary (soaked) curing period (D, = 50%). Expansion

side is indicated by positive sign.
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Figure 4-5. Expansion strain of PSAS-treated sand with 4ps = 5.0% associated
with secondary (soaked) curing period. Expansion side is indicated by positive

sign.
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Figure 4-6. Relationships between maximum expansion strain of PSAS-treated
sand specimens and primary (sealed) curing period. Expansion side is indicated
by positive sign.

4.4 Tsolines of (&) max determined based on combination of w and f.

According to the results presented in Figs. 4-6(a). (b). and (c). it has been found
that there is no significant difference in the maximum swelling ( &) max between
the specimens with Apg values of 2.5% and 5.0% when the moisture content (w)
is fixed at 20%. To further understand the relationship between (&) max and the
combination of w and the temporary placement duration (7). the isolines of (&)
max Dave been determined and are shown in Figures.4-7(a) and (b). The term
"isoline" refers to the pattern of maximum expansion (&) max and its relationship
with the moisture content (w). The findings of this study suggest that an
appropriate level of moisture content in the sand treated with PSAS can help
reduce the potential for expansion. depending on the duration of its temporary
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placement at the construction site. This information is essential for engineers and
construction professionals in designing and constructing underground structures
using PSAS-treated sand to ensure their long-term performance and stability.
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Figure 4-7. Isolines of (&) max determined based on combination of w and tp.
Expansion side is indicated by positive sign.
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CHAPTER S

5. Deformation and strength development of paper sludge ash
treated sand.

This chapter focuses on the deformation and strength development of paper
sludge ash (PSAS) treated sand, achieved through unconfined compression tests
to assess short and long-term strength characteristics of both ordinary Portland
cement (OPC) and PSAS-treated sands. A key aspect of this investigation is
understanding the behaviour of the treated sand as a subgrade under traffic load,
considering subbase materials and asphalt mixtures placed on top of the backfilled
PSAS-treated sand. This understanding is vital to ensure the stability of
underground structures, as traffic load can cause deformation and potentially
compromise structural integrity. Additionally, the evaluation examines the re-
excavation ability of PSAS-treated sand as a backfill material around
underground pipes and manholes during maintenance works. Furthermore, the
chapter explores the impact of PSAS on shear strength properties, including
cohesion (c¢) and friction angle (¢). as well as changes in volumetric strain
resulting from PSAS inclusion in the sand matrix. This assessment is crucial for
evaluating the stability and performance of buried pipes and manholes that utilize
PSAS-treated sand as a backfill material. Overall, Chapter 5 offers valuable
insights into the mechanical properties of the treated sand, paving the way for
improved infrastructure design and performance through the use of PSAS as a
stabilizing agent.

5.1 Strength characteristics of backfill sand around underground pipes
and manholes.

A series of unconfined compression tests was conducted to investigate the
strength characteristics of the OPC- and PSAS-treated sands.

5.2 specimen preparation of PSAS-treated sand specimen

The mixtures and curing conditions used to prepare the specimens for the
unconfined compression tests are listed in Table 5-1. PSAS-treated sand
specimens were prepared with and without primary curing. Based on the results
presented in Section 4-3, the appropriate mixture conditions were selected to
prevent the excessive expansion of treated sands and an overly high-water content,
regardless of whether primary curing was performed.
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To prepare the specimens for primary curing, the PSAS was mixed with Toyoura
sand at Aps=2.5%, 5.0%, 7.5%, and 10.0%, and the water content w was adjusted
to 10%. Subsequently, the mixtures were placed into cylindrical plastic molds (50
mm in diameter and 100 mm in height) and compacted to achieve D, = 50% and
90%: the molds were sealed for 3 d for primary curing. The specimens in the
molds were cured in water for specified periods after the primary curing, as shown
in Table 5-1. For comparison, OPC-treated sand specimens with Aopc = 2.5%.
5.0%, 7.5%, and 10.0% were prepared under the same conditions. The PSAS was
mixed with Toyoura sand at Aps= 2.5%, 5.0%, 7.5%, and 10.0%. and the water
content was adjusted to 20% to prepare specimens without primary curing.
Subsequently, the mixtures were placed in molds and compacted to achieve D;=
50% and 90%:; next, they were cured in water for specified periods, as listed in
Table 5-1. Three specimens were prepared for each treatment.

In the case of PSAS-treated sand with Apg= 2.5%, the maximum expansion strain
(&) max Was less than 3% when w = 10% and £, = 3 d. as shown in Figure. 4-7.
Meanwhile, the (&) max of the PSAS-treated sand with an A4ps of 2.5% was
approximately 1% when w = 20% and #,= 0 d. According to Japanese standards
and laboratory tests of geomaterials associated with JGS 0721 (Japanese
Geotechnical Society JGS 0721-2009, n.d.), a California bearing ratio (CBR) test
specimen is generally under normal conditions as a subgrade if its expansion ratio
is less than 3%, and in good condition if it is less than 1%. The conditions in Table
5-1 were determined to avoid poor subgrade conditions by referring to the
thresholds above. even though the CBR test conditions were different from those
of the swelling potential tests, and the test results were limited to 4ps= 2.5% and
5.0%, as shown in Figure. 4-6. In the CBR test, the water immersion expansion
of the specimen was evaluated by placing a weight on the top surface of the
specimen and applying overburden pressure. However. the specimens were not
subjected to overburden pressure during the swelling potential tests in this study.
The mixing and curing conditions based on the results of the swelling potential
tests were considered acceptable (not a risk-side evaluation) because the
application of overburden pressure suppresses water immersion expansion more
effectively as compared with the absence of applied pressure.
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Table 5-1. Conditions of treated specimens for unconfined compression tests
Primary Secondary _

curing period | curing period | Total curing

under sealed | under soaked |  9aYs,

D: (%) condition, f, | condition, . t(d)

(d) (d)

0,4, 11,25,

Addition | Addition | Adjusted | Relative

ratio of ratioof | water density,

PSAS Aps | OPC, |content w
(9/:1) Aorc (%) (9/:1)

10 3
25.5.0, o 57, 87,177,357
7.5.10.0 3,7,14, 28,
’ 3.7 1428
20 50,90 0 50196 1320 330 60,
PT 90,180,360
25,50, 0,4, 11,25,
0 7.5,10.0 10 3 57, 87,177,360

5.3 Unconfined compression test results and strength development of PSAS and OPC-

treated sand with w=10% and = 3d

The average unconfined compressive strength g, of the three specimens against
the total curing days ¢ for each treatment condition is shown in Figures.5-1 and 5-
2. Here, the values of gy are plotted on a log scale to ease the comparison of g, of
the PSAS-and OPC-treated sands. The results for the specimens with D= 50%
and 90% are shown in Figures. 5-1 and 5-2, respectively. In each figure, (a) shows
the results for OPC-treated sands with w = 10% and f,= 3 d. (b) shows the results
for PSAS-treated sands with w = 10% and £, = 3 d. and (c) shows the results for
PSAS-treated sands with w =20% and f,= 0 d. The g, of the specimens of PSAS-
and OPC-treated sands increases with 7. However, the g, of the OPC-treated sand
is significantly higher than that of the PSAS-treated sand under the same mixing
conditions.

The g, of the PSAS-treated sand with w = 20% and £, = 0 d is lower than that of
PSAS-treated sand with w = 10% and f,= 3 d. as shown in Figs. 5-1 and 5-2. This
trend is more pronounced at D, = 50%, which suggests that the concentration of
the PSAS in water during compaction may affect the strength of the PSAS-treated
sand. This is similar to the effect of cement paste concentration on concrete
strength.

The gy of the OPC-treated sands with w = 10% and #,= 3 d is compared with that
of the PSAS-treated sands with w = 10% and #,= 3 and 0 d. as shown in Figure.
5-3(a). Similarly, the g, of the OPC-treated sands with w = 10% and f,=3 d is
compared with that of the PSAS-treated sands with w =20% and f,= 0 d. as shown
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in Figure. 5-3(b). The g, of the OPC-treated sands is approximately 7.4 to 14.1
times larger than that of the PSAS-treated sands.

In his chapter (Kohata, 2006) regarding liquefied stabilized soils, Kohata stated
that when liquefied stabilized soils are used as backfill for open-cut tunnels, the
unconfined compressive strength is often set to 490 kPa or less because of the
possibility of re-excavation. Meanwhile. in a previous study (Hosoya Y et al.,
n.d.), excavation experiments on soils treated with cement and lime were
conducted at various unconfined compressive strengths g,. Consequently. a g, of
500 kPa or less is shown to be desirable for efficient manual excavation without
using a pick or breaker. The g, values at 500 kPa are shown as dashed lines in
Figures.5-3 and 5-4. The g, of the OPC-treated sand with 4opc = 5% either
exceeded 500 kPa from the beginning (Fig. 5-2(a)) or exceeded 500 kPa in the
middle of curing (Figure. 5-2(b). Conversely. the g, of the PSAS-treated samples
with Apsas = 5% barely exceeded 500 kPa during 90 d of curing. This indicates
that the PSAS-treated sand may be more easily re-excavated than the OPC-treated
sand. An addition rate of 5% was applied because the minimum addition ratio of
OPC and PSAS in most practical cases is 50 kg/m’ in consideration of mixing
homogeneity, which corresponds to an addition rate of approximately 3.3%.

The relationship between g, and f was investigated to determine the
characteristics of the strength development of the PSAS-treated sand during
curing, as shown in Figures.5-1 and 5-2. The value of g, is approximated as
follows:

g, (kPa) = 10°7Ft (3 < t(d) =90), Eq.5-1
qy (kPa) = 10 (90 < t(d) < 360) where g = 0 Eq. 5-2

where a represents the degree of initial strength, and f the degree of strength
increases after curing. The approximation results are shown in Figure. 5-4.

The relationship between g, and f for the OPC-treated sand was approximated for
comparison using Eq. (5-1). Parameters a and fin Eq. (5-1) were obtained from
the approximation and plotted against Aps and Aopc in Figures. 5-5(a) and (b),
respectively. The PSAS-treated sand shows lower values of f and « than the
OPC-treated sand at the same addition rate. The PSAS-treated sand shows a lower
value fthan the OPC-treated sand for the same value of &, as shown in Fig. 19(c).
For example, when the initial strength of the PSAS- and OPC-treated sands is
approximately gy, = 10’° kPa (i.e., @ = 2.0), the increase in strength with
subsequent curing is more gradual in the PSAS-treated sand than in the OPC-
treated sand. This suggests that the PSAS-treated sand is easier to re-excavate
than the OPC-treated sand because of the slower increase in strength.
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5.4 XRD profiles and hydrates contribution to strength

The strength of the PSAS-treated sand increased gradually with age, as described
in the previous section. XRD tests were conducted on PSAS-treated sand prepared
by mixing the PSAS with Toyoura sand with an 4ps of 10% to investigate the
hydrates contributing to the strength increase with time. The water content of the
mixture was adjusted to 20%. Subsequently, the mixtures were placed in molds
and compacted to achieve D;= 90%; subsequently, they were cured in water for
7. 28,90, and 180 d.

After the prescribed curing, the PSAS-treated sand was crushed in a ceramic
mortar using a pestle and soaked in iso-propanol for 2 h. Next, vacuum filtration
was performed to remove the alcohol, and the sample was placed in a vacuum
oven set to 40 °C for 1 d. Immersing treated sand in alcohol halted the hydration
reaction. The treated sand was passed through a 0.075 mm sieve, and XRD
analysis was conducted on the resulting powders.

The XRD results are shown in Figure. 5-6. The XRD pattern shows that the
formation of calcite (CaCOs3) was dominant in the PSAS-treated sand at curing
periods of 7, 28, 90, and 180 d. By performing soaked curing, some of the Ca
(OH), that can be formed based on the reaction shown in Eq. (1) are expected to
react with CO, dissolved in water to produce CaCOs;, as shown in the following
reaction:

Ca(OH); + CO; — CaCOs + HHO (4)

Similarly, the ettringite produced via the reaction shown in Eq. (2) are expected
to produce CaCOs as follows:

3CaCO; + 2Al (OH); + 3CaSO4 + 29H,0 -  3Ca0-Al,03-3CaS04-32H;0
+3C0: (5)

Subsequently, the generation of CaCOs is expected to reduce the pH of the treated
sands. Therefore, the change in pH of the water in which the PSAS-treated sand
with cylindrical molds was immersed was investigated. The same investigation
was conducted on the OPC-treated sand specimens for comparison. The results
are shown in Fig. 5-7. Although the pH of the PSAS-treated sand was not directly
measured, the pH of the water surrounding the PSAS-treated sand decreased over
time, based on observation.

A detailed analysis of the results in Figure 5.7 indicates that, in addition to CaCOs,
berlinite (A1PO4) may contribute additionally to the increase in strength of the
PSAS-treated sand in the long term. In fact, this was observed previously in soils
treated with coal ash (Ayob et al., 2014) (Zhou et al., 2019).
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Moreover, the primary contributor to the strength development in PSAS-treated
sand is the pozzolanic reaction. PSAS, like other pozzolanic materials, contains
reactive silica and alumina compounds. During curing, water molecules penetrate
the PSAS particles, initiating a chemical reaction with the calcium hydroxide (Ca
(OH)2) released from cement hydration (Eq.5). This reaction forms additional
calcium silicate hydrate (C-S-H) gel and calcium aluminate hydrate (C-A-H)
phases, which act as binding agents within the sand particles (see SEM figure 5-
9)(Kitazume & Okamura, 2010).(Stavridakis, 2005), (Yao & Sun, 2012) This
continuous pozzolanic reaction contributes to the long-term strength of the treated
sand.

As shown in SEM images (fig 5-8), Together with the microstructure refinement
Over an extended curing period, the pozzolanic reaction leads to the formation of
a denser microstructure within the treated sand matrix. The new crystalline phases
fill the voids and pores between sand particles. resulting in a more compact and
interlocked structure. This microstructure refinement enhances the sand's
cohesion and reduces its porosity, which are critical factors for maintaining
strength.

Finally, unlike conventional cementitious materials, where the majority of
strength gain occurs rapidly during the early stages of curing (Ramaji,
2012),(Subramanian et al., 2019) PSAS-treated sand exhibits a more gradual
strength development. This characteristic is advantageous because it allows the
sand to continue gaining strength over time. The slower rate of strength
development indicates that PSAS-treated sand is less prone to early-age cracking
and damage in an environment where the temperature changes is not important,
making it a robust choice for long-term applications.

553 |Page



Swelling and mechanical charactenistics of sand treated with PSAS. Maliki O. Djandjieme (20WAQ08)

| =T day] =28d ays A=Caleite, Cal'll,
. B=Berlinite HF, AIPO,
- 500 - ﬁ:ﬁumMmuﬂm 1 800 CeEwringlie, Ca,310, H,0
5_- | CeEmingii, CaSi0, H 0 E
T -
g o0: . E o0
g | ¢
B b
B 400 - J"i' 4 E 400 |- A
8 E B
: o B
a
200 Bl 4 200 - B Aa,
c Al T A A|lls| |c cE
— ¥ el A c c g C 'J L | 0 A A A
ﬂw'.W'%m—w nijﬁ,m") b fomtade oe T ERE
0 220 30 4 S0 60 0 80 00 0 20 3 40 S0 &0 70 B0 90
Diffraction angle, 16 (deg) Diffraction angle, 1&(deg)
(a) t=7 days (b) =28 days
1.000 T T T T T 100e} T T T T
=00 . =180 days| A=Calcits, Ca0),
;ﬁﬁl m?f;m B=Barlinit HP, AP0,
800 - c*:nmgu.&,mjy} g 200 C=Frimgim, Ca, 560, H0
= E
g - 3 |
= 6o0f 1 B 6001
B A g
i £
E ool g E 400
g B
5 A IE B ]
200 C | T b 204 B A 1 [ (_' A B
A | .EI Bl A& A i H [ I P
o A 2 o R TR n | 2 s
i i i i 1 ﬂ. 1 1 1 1
"% w w0 @ T w0 % 0 o 0 40 s 60 70 B0 90
Diffraction angle, 2&{deg) Diffraction angle, & (deg)
(©)t=90d (@t=1804d
Figure 5-6. XRD profiles of PSAS-treated sand with w =20% and tp=0d
14 T T T T T T T T T T
8 OPC-treated sand
-~ o PSAS-treated sand
g . water
12r H. -
1
] \ L} |
Yo .. EEEE
L 10 f - .':"':1-'-1..... - N
"o . L -
- ]
sk N
L/S =3.0 lkg 1= 3 days
e b 50 S 100 15 150
Secondary (soaked) curing peniod, #, (days)

Figure 5-6 Change in pH of water in which treated sands with cylindrical
moulds were immersed.
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(a) Without Soaking (b) With soaking
Figure. 5-8 SEM images of PSAS-treated sand with and without soaking

Figure.5-9 Formation of needle-like crystals (ettringite) in PSAS.

5.5 Deformation characteristics of Backfilled sand around underground pipes and
manholes

Subbase materials and asphalt mixtures can be arranged on top of the PSAS-
treated sand and accessed by traffic after backfilling is performed around a buried
pipe. In this case, the PSAS-treated sand becomes deformed under the effect of
traffic load as a subgrade. The stress—strain relationships obtained from the
unconfined compression tests for evaluating the deformation modulus of the
PSAS-treated sand are presented in this section.

Bedding errors caused by loose layers of the upper and lower ends of a specimen
can be problematic when evaluating the deformation modulus of cement-treated
sand specimens based on the stress—strain relationship (Tatsuoka et al., 1997).
Therefore, in the unconfined compression tests, a pair of linear variable
differential transformers was installed on the lateral sides of the cylindrical
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specimens (50 mm diameter and 100 mm height) to directly measure the axial
strain (Maqsood, Koseki, Ahsan, et al., 2020) (Maqsood. Koseki, Miyashita, et
al.. 2020). The test specimens were prepared using PSAS-treated sand with w =
20% and £,= 0 d. as listed in Table 5-1. Three specimens were prepared for each
treatment.

The stress—strain curves obtained from the unconfined compression tests of
the PSAS-treated sand with D, = 90% are shown in Figure. 5-8(a). In the figure,
axial strains measured directly on the lateral sides of the specimens are denoted
as “local measurement,” and axial strains measured from the displacements of the
loading rod are denoted as “external measurement.” (Maqgsood. Koseki, Ahsan, et
al.. 2020) (Maqsood, Koseki, Miyashita. et al., 2020) The externally measured
axial strain is higher than that of the local measurement, regardless of the Aps.
thereby confirming the effect of the bending error on the externally measured
axial strain. Therefore, the deformation modulus is evaluated using locally
measured axial strain, as shown in Figure. 5-8(b). The secant deformation
modulus Epgye at an axial strain of 0.02% is evaluated because the strain in a
subgrade owing to traffic loads is often approximately 0.01% (Puppala et al..
2009), as shown in Figure. 5-8. The relationship between Egge and ¢y is
illustrated in Figure. 5-9. The values of Eg 2 and g, are shown in Figure. 5-9 are
the averages values of the three sets of results obtained for the same sample. The
value of Ep 2 is approximately g, * 3000.

regardless of the difference in D,. However, it decreases by 3000 times when g,
is below 100 kPa.
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5.6 Strength increases ratio with curing period.

The assessment of backfill treated sand's improvement using the strength increase
ratio offers several advantages over a direct measurement of compressive strength
at various curing periods. Primarily, the strength increase ratio facilitates a
comparative analysis of treated sand strength at different curing periods (=7, 14,
28. 60, 90, 180, and 360 days) against the strength at =3 days. This method
effectively gauges the efficacy of PSAS in contrast to OPC treatment in enhancing
sand strength over time, aiding in the identification of the most effective treatment
for stabilizing backfill sand strength in the viewpoint of its re-excavation ability.
Secondly, utilizing a normalized strength increase ratio ensures a consistent and
reliable comparison among different types of treated sand. By referencing the
unconfined compressive strength at 3 days curing period., variations in the
strength increase ratio can be attributed to differences in treatment methods rather
than variances in initial sand strength.

In Figure 5-9, depicting the relationships between the strength ratio (SR) and total
curing periods for OPC-treated sand (w = 10%, f, = 3 days), PSAS-treated sand
(w=10%. t, = 3 days), and PSAS-treated sand (w = 20%., f, = 0 days). an upward
trend in the strength ratio with increasing curing periods is evident. Interestingly,
the PSAS-treated sand with 20% water content and no premixing (%, = 0 days)
consistently exhibits the highest strength ratio compared to PSAS-treated sand at
=3 days. w=10%. and OPC-treated sand £,=3 days, w=10%. This observation
contrasts with its strength stabilization characteristics discussed in the preceding
section. This study emphasizes the re-excavation ability of PSAS-treated sand due
to limitations in strength development when the PSAS ratio 4Aps=2.5%-5% to 500
kPa. oreover., Figure 5-10 extends these observations to a higher degree of
saturation (D; = 90%) for the same types of sand. Similar to Figure 5-9, an
increase in strength ratio is noted with prolonged curing periods. The PSAS-
treated sand with 20% water content and f, = 0 days continues to exhibit the
highest SR at all curing periods. Importantly, the values of SR are generally higher
in Figure 5-10 due to the higher D; value (D=90%).

Overall, Figure 5-10 reinforces the efficacy of PSAS treatment. particularly with
higher water content and no premixing. It underscores that enhancing the degree
of saturation further improves treated sand strength. This practical insight from
Figure 5-10 aids specialists and engineers in determining the optimal treatment
combination (sand type, water content, premixing) and curing period to achieve
the desired strength ratio, enhancing the stability and safety of structures on
backfill. In conclusion, the strength increase ratio proves to be a vital tool for
measuring and comparing the effectiveness of various backfill treated sands in
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enhancing sand strength—an essential aspect for ensuring the stability and safety
of structures built on backfill.
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Figure 5-9. Relationships between strength ratio (SR) and total curing
period = t; + fp (Dy = 50%).
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5.7 Shear strength development of PSAS-treated sand

The uses of PSAS in treating sand has shown promising results in improving of
strength and overall performance of the treated soil (Mochizuki et al., 2003),
(Kawai et al., 2018). PSAS is derived from the in solubilization of heavy metals
in paper sludge ash. which is a waste product generated during the incineration of
paper sludge. This eco-friendly stabilizer offers several advantages, including its
potential to reduce CO; emissions compared to conventional cement- or lime-
based stabilizers (Imai et al., 2020) (Trung et al., 2021).

This section focuses on investigating the effect of PSAS on the shear strength
characteristics of PSAS-treated sand. The aim is to evaluate the improvements in
shear strength parameters, such as cohesion (¢) and friction angle (¢), resulting
from the incorporation of PSAS into the sand matrix. Understanding the changes
in shear strength properties is crucial for assessing the stability and performance
of buried pipes and manhole that utilize PSAS-treated sand as a backfill material.

To achieve this objective, a comprehensive experimental program involving
consolidated drained triaxial tests was conducted. The triaxial tests allowed for
the measurement of shear strength parameters under controlled laboratory
conditions. The results obtained from these tests provide valuable insights into
the shear strength behaviour of PSAS-treated sand and contribute to the existing
knowledge in the field of Backfill material.

The triaxial test device was used to subject the treated sand samples to varying
levels of effective stress. including o, = 50 kPa. 100 kPa. and 200 kPa. The
consolidated drained triaxial test was conducted to simulate the behavior of the
treated sand under realistic field conditions. By subjecting the treated sand
samples to different levels of effective stress, the study aimed to assess the
influence of PSAS treatment on the shear strength development of the sand. The
results of the triaxial tests were analyzed to determine the impact of the treatment
on the shear strength parameters of the sand, such as the cohesion and internal
friction angle.

In the following sections, the experimental setup, testing procedures. and the
results of the consolidated drained triaxial tests will be presented and discussed
in detail. The implications of the findings and their significance for geotechnical
practice will be highlighted, followed by suggestions for future research in this
area.
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Table 5-2. Conditions of PSAS-treated specimen for Drained triaxial test

Consolidation | Additio | Adjusted | Relative | Primary | Secondary | Total
stress, 0.’ (kPa) | nratio water density, | curing curing curing
of content, | D (%) | period period days,
PSAS, w (%) under under t(d)
A, (%) sealed soaked
conditio | condition,
n, .tp (d) t (d)
Toyoura sand
50,100, 200 0 20 50, 90 0 0 0
PSAS-treated sand
50,100, 200 5.0 20 50, 90 1 3.7.14 | 4,8, 15

5.6.1 Specimen preparation and test program for CD test

For consolidated drained triaxial (CDT) test specimen preparation, the sample
preparation technique suggested by Ladd (Dobry & Ladd, 1980) was adopted.
Dry Toyoura sand was first mixed with the PSAS with 4ps = 5.0% The Aps was
the dry mass ratio of PSAS to Toyoura sand. Immediately after mixing, the water
content w of the treated sand was adjusted to 20% as appropriate mixture
conditions to prevent the excessive expansion of treated sand and an overly high
water content (Djandjieme et al., 2022).Thus, the mixtures were placed into
cylindrical plastic molds (50 mm in diameter and 100 mm in height) and
compacted to achieve D;= 50% and 90%; the molds were exposed to air-precuring
for fp=1 days before it is remolded for triaxial compression tests. The specimens
in the molds were cured in water for specified periods after the primary curing, as
shown in Table 5-2.

5.6.3 Expernimental set-up for Consolidated drained triaxial test (CDT)

In accordance with the Japan Geotechnical Society standards 0520-0524,
consolidated (CD) triaxial tests were conducted on both traditional Toyoura sand
and treated PSAS sand obtained from remoulded cylindrical specimens, as
described in Section 5.6.1. For the CD test on Toyoura sand, the wet tamping
method was employed for sample preparation. Oven-dried soil was mixed with
distilled water in a weight proportion of 20% and compacted in three layers to
achieve the desired relative densities of 50% and 90% (as presented in Table 5-
2). The D=50% represent the loosest state of treated sand and the D=90% the
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densest state of treated sand. Regarding the treated PSAS sand. after the specific
curing period each specimen was remoulded. it was placed in a triaxial test
pressure chamber and sealed using a rubber sleeve, as depicted in Figure 5-12.
After detaching the mould, the cell was installed, and water was introduced to fill
the cell while simultaneously removing the vacuum. A double vacuum pump was
used to aid saturation. De-aired water was then flushed through the sample, and a
prescribed back pressure was applied to achieve a saturation level of 95% or
higher. Consolidation stress of o, = 50 kPa. 100 kPa. and 200 kPa were applied
for the consolidated drained tests. The drainage water-pressure measurement
route was left open to ensure a drained condition within the specimen. To prevent
pore pressure from developing within the composite structure, the specimens
were subjected to slow shearing at a rate of 0.074 mm/minute. Throughout the
experiment, the values of deviator stress and axial strains and volumetric strain
were continuously recorded. The experiment was concluded upon reaching 15%
axial strain.

6 gears axial

Lopding  contmol

1-HCDPT { High-capacity differential pressure transducer) 2-LCDPT {Low-capacity
differential pressure iransducer) 3- Cell 4- Axial Loading Motor 5-
static and dynamic Load control  6-Burette  7-PC

Specimen in the cell fill with water  B-External Displacement Transducer

Figure 5-11 Tniaxial testing apparatus.

5.6.4 Stress-strain and volumetric strain relationship of PSAS-treated sand
Figures 5-11&5-12 show the deviator stress-strain and volumetric strain

relationship for PSAS-treated sand compacted at D=50% (looses-state of sand)
and D=90% (densest-state of sand), respectively.

The dilation behaviour refers to the increase in volume of the treated sand under
shear deformation. while the contraction behaviour refers to the decrease in
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volume of the treated sand under shear deformation. Increase in confining
pressure increased initial contraction and decreased the residual dilation.

Looking at figure 5-13 where Deviator stress-strain and volumetric-strain
relationships (D,=50%) are plotted for (a)- Toyoura sand, (b)-PSAS-treated sand
t= 4 days, (c)-PSAS-treated sand = 8 days. (d)-PSAS-treated sand = 15 days, we
see that the deviator stress of Toyoura sand and PSAS-treated sand increases
gradually as the axial strain increases. Besides, it was found that there was a
significant increase in the maximum deviatoric stress with an increase in the
confining pressure. However, the deviator stress of PSAS-treated sand is
consistently higher than that of Toyoura sand. Additionally, the treated sand
showed a dilation behaviour as evidenced by the negative volumetric strain curve.
The higher shear strength of the treated sand can lead to a more pronounced
dilation behaviour, as the treated sand can withstand higher shear stresses before
undergoing significant deformation.

In figure 5-14, Deviator stress-strain and volumeftric-strain relationships
(D=90%) are plotted for, (a)- Toyoura sand, (b)-PSAS-treated sand = 4 days.
(c)-PSAS-treated sand = 8 days, (d)-PSAS-treated sand /= 15 days. We see that
the deviator stress-strain relationship for PSAS-treated sand compacted at
D=90% is also higher than that of Toyoura sand. The slope of the stress-strain
curve is steep at the beginning of the test (low axial strain) but decreases as the
axial strain increases. Thus, the PSAS-treated sand has a lower volumetric strain
compared to Toyoura sand at the same axial strain level. This indicates that the
PSAS-treated sand has a lower compressibility than Toyoura sand alone. The
lower compressibility of the treated sand can lead to a more pronounced dilation
behaviour, as the treated sand can withstand higher axial stresses before
undergoing significant deformation.

Figure 5-15 and Figure 5-16 show the effect of the effective stress on the effective
stress path of PSAS-treated sand and Toyoura sand. Figure 5-15 shows the stress
paths for Toyoura sand and PSAS-treated sand compacted at D,=50%. As the
applied stress increased from g, = 100 kPa to 200 kPa, the stress paths for both
materials shifted further to the right on the deviator stress axis. The stress paths
also became steeper. However, it is notable that the stress paths for the PSAS-
treated sand are higher than those for Toyoura sand at all stress levels, indicating
a higher shear strength for the treated sand compared to Toyoura sand. The
effective stress path refers to the path followed by the effective stress during shear
deformation of the treated sand. The effective stress is the stress that is transmitted
between the sand particles, and it is related to the shear strength of the treated
sand.
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Figure 5-16 shows that the effective stress path of the PSAS-treated sand
compacted at D=90% is more linear compared to the effective stress path of
Toyoura sand. This indicates that the PSAS-treated sand undergoes less
deformation under shear stress compared to Toyoura sand. The less pronounced
deformation behaviour of the treated sand can be attributed to the lower
compressibility of the treated sand, which allows it to withstand higher axial
stresses before undergoing significant deformation. The effect of the applied
stress on the effective stress paths is similar to that observed for the smaller
relative density.

The results from Figures 5-15 and 5-16 indicate that PSAS-treated sand has a
higher shear strength and is capable of carrying a higher load than Toyoura sand.
Additionally, when treated with PSAS, the sand shows a stronger response to
changes in normal stress. as evidenced by the shift of the stress paths to the right
as the applied stress increases.
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Figure 5-13 Deviator stress-strain and volumetric-strain relationships (D=90%): (a)-
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Figure 5-14 Stress paths (2:=50%): (a)- Toyoura sand, (b)-PSAS-treated sand /= 4 days, (c)-
PSAS-treated sand = 8 days, (d)-PSAS-treated sand = 15 days
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Figure 5-15 Stress paths (D=90%): (a)- Toyoura sand, (b)-PSAS-treated sand
= 4 days, (c)-PSAS-treated sand /= 8 days, (d)-PSAS-treated sand = 15 days

5.6.5 Effect of curing time on the shear resistance of PSAS-treated sand

Figures 5-17&5-18 show Mohr Coulomb stress circles of (a)- Toyoura sand, (b)-
PSAS-treated sand = 4 days, (c)-PSAS-treated sand = 8 days, (d)-PSAS-treated
sand = 15 days at D=50% and D=90%. Figures shows the increase in cohesion
and shear resistance of PSAS-treated sand when compared to untreated Toyoura
sand.

Figure 5-17 shows the variations of the cohesion ¢ of Toyoura sand and PSAS-
treated sand compacted at D,=50% and cured for /= 4days, 8 days and 15 days.
The results indicate a clear increase in cohesion (c¢) of the treated sand compared
to the untreated sand. As the curing period increased from 4 to 15 days, the
cohesion for both Toyoura sand and PSAS-treated sand showed an increasing
trend. However, the cohesion of treated sand was always higher than that of
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Toyoura sand at all relative densities and curing periods. indicating the
effectiveness of PSAS in increasing the cohesion of the sand.

Figure 5-16 shows the variations of the shear resistance (¢) of Toyoura sand and
PSAS-treated sand compacted at D,=90% and subjected to various curing periods.
Similar to Figure 5-17, the results indicate an increase in shear resistance of
PSAS-treated sand compared to Toyoura sand. As the curing period increased
from 4 to 15 days, the shear resistance for both materials showed an increasing
trend. However, the shear resistance of PSAS-treated sand was always higher than
that of Toyoura sand at all relative densities, however for as the curing periods
increases no significance increase of shear strength could be obtained this
behaviour was also observed for tyre chips sand as aggregate substitution solution
(Mashiri et al., 2015). (Zhang et al.. 2018),

It is reported in previous studies that, in triaxial CD tests on sands with the same
void ratio but different effective confining pressures, the peak points of the stress
paths in the p’—q plane can be connected using a straight line that goes through
the original point, as illustrated in Figure. 5-20a&Db. This line is defined as the
failure line in the p’—q plane expressed as Mohr-coulomb failure line obtained
from Mohr circle(Gao et al., 2019).

Thus, it can be concluded that PSAS treatment has a significant effect in
increasing the cohesion but no significant for shear resistance of the sand. This
result is advantageous for applications in geotechnical engineering where
materials with higher shear strength are required to resist sliding along internal
planes or surfaces when subjected to shear forces.

Figure 5-18a shows the variation of shear strength with curing time for PSAS-
treated sand compacted at D=90%. The graph shows a slight decrease in shear
strength after 5 days of curing. followed by a stability in shear strength with
further curing time. The decrease in shear strength after 5 days of curing can be
attributed to the initial reaction between PSAS and sand particles, which leads to
the formation of a weak bond between them. This weak bond reduces the shear
strength of the treated sand (Xu et al., 2021), (Allam & Sridharan, 1981).
Moreover, the decrease in shear resistance for the sand compacted at D,=90% can
be attributed to the contraction behaviour observed in the deviator stress-strain
and volumetric strain relationships, as shown in Figures 5-13 and 5-14 of the
documents. These figures indicate that, for the sand compacted at D=90%, there
is a significant reduction in the volumetric strain during shearing when compared
to PSAS-treated sand. The reduction in the volumetric strain could be due to the
initial high relative density of the treated sand, which caused significant
compression during the shearing process (Patel & Singh, 2019), (Alshameri et al..
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2017). This contraction behaviour could have resulted in the stability of the shear
resistance of the sand.

However, with further curing time, the reaction between PSAS and sand particles
continues, leading to the formation of a stronger bond between them. This
stronger bond increases the shear strength of the treated sand, which explains the
gradual increase or stability from /=8-15 days in shear strength with further curing
time.

The variations observed in Figure 5-18a can be extended to the analysis of Figure
5-18b, which shows the variation of cohesion with curing time for the PSAS-
treated sand compacted at two different relative densities. The results show that
the PSAS treatment is effective in enhancing the cohesion of the sand, and
increasing the D, led to an increase in cohesion.

Therefore, the behaviour observed in Figures 5-18a and 5-18b indicates that the
compaction method and curing periods play an important role in the shear
resistance (¢) and cohesion (c¢) behaviour of the treated sand. Overall, the PSAS
treatment is effective in enhancing the cohesion of sand but does not have a strong
effect on the shear resistance.
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Figure 5-18 Shear strength and Cohesion parameters of PSAS-treated sand

5.6.6 Effect of confinement pressure on the strength characteristics of PSAS-treated sand
Figure 5-20 shows a comparison of the results obtained from consolidated drained
(CDT) tests at o, = 50 kPa, 100 kPa. and 200 kPa consolidation stress with the
results obtained from unconfined compression tests (UCS). The figure indicates
that for both relative densities of treated sand. the results of the unconfined
compression test are lower compared to the one obtained from the triaxial test.

This difference in results can be attributed to the difference in stress conditions
between the two tests. In the unconfined compression test, the sample is subjected
to a uniaxial stress condition, where the stress is applied in one direction only. In
contrast, in the triaxial test, the sample is subjected to a multiaxial stress condition,
where the stress is applied in three directions. The multiaxial stress condition in
the triaxial test leads to a more realistic representation of the stress conditions that
the treated sand would experience in the field. This is because the stress
conditions in the field are rarely uniaxial and are more likely to be multiaxial.
Therefore, the results obtained from the triaxial test are more representative of the
actual behaviour of the treated sand in the field.

It is also important to note that the tests were carried out at relatively low
consolidation stress, and the behaviour of the treated sand at higher consolidation
stress could be different. However, the results obtained from the tests indicate that
confining pressure plays an important role in the shear strength behaviour of the
treated sand.

Overall, the results suggest that the triaxial test is a more appropriate test method
for evaluating the shear strength of PSAS-treated sand, as it provides a more
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realistic representation of the stress conditions that the treated sand would
experience in the field.
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CHAPTER 6

6. Effects of dry-wet cycles on the mechanical properties of sand

treated with paper sludge ash-based stabilizer.
Backfill sand mixed with various additives changes the engineering properties
during long-term wvariations in meteorological and hydrological conditions.
Therefore, this chapter aims to investigate the durability of Paper Sludge Ash-
Based Stabilizer (PSAS)-treated sands subjected to dry-wet curing cycles. Two
curing temperatures (40°C and 71°C) were adopted for drying cylindrical
specimens which were used for unconfined compression tests. In addition to the
difference in the drying temperature. the effects of a number of dry-wet curing
cycles on the unconfined compressive strength g, were examined. The results
showed an increase in the g, of Paper sludge ash-treated sand at the early stage of
the curing followed by a decrease in g, with the curing process. However, the
comparison of the unconfined compression test results with the cone index test
results show that the confinement of the PSAS-treated sand can be an essential
parameter for investigating the durability of PSAS-treated sands which were
subjected.

6.1 Materials and experiment design of Paper sludge ash (PSAS)-treated sand

6.1.1 Specimen preparation for dry-wet cuning cycle

For unconfined compression test specimen preparation, dry Toyoura sand was
first mixed with the PSAS with 4ps = 5.0% The 4ps was the dry mass ratio of
PSAS to Toyoura sand. Immediately after mixing. the water content w of the
treated sand was adjusted to 20% as appropriate mixture conditions to prevent the
excessive expansion of treated sand and an overly high water content (Djandjieme
etal.. 2022).Thus, the mixtures were placed into cylindrical plastic molds (50 mm
in diameter and 100 mm in height) and compacted to achieve D= 50% and 90%:;
the molds were exposed to air-precuring for f,=1 days before it is remolded for
dry-wet cycle process shown in Figure 6-1. For comparison, OPC-treated sand
specimens with 4opc = 5.0% were prepared under the same condition. The 4opc
was the dry mass ratio of OPC to Toyoura sand.
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Figure 6-1. Specimen preparation flow for unconfined compression test of
treated specimens.
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Figure 6-2. Schematic experimental process of the cycling drying-wetting
treated specimens.

6.1.2 Expernimental design of dry and wet cuning cycle

The presence of dry-wet curing cycles is considered as one of the aggressive
environmental conditions experienced by soils. In this study, the indoor dry and
wet cycle environment was simulated as shown in Figure 6-2. The PSAS- and
OPC-treated sand specimens were dried for 48h in an oven at temperature of 40°C
or 71°C. Subsequently, they were immersed in the water and left for 24h in the
room temperature. The drying and wetting process was repeated. The mass of
each specimen was measured associated with the drying and wetting curing cycles,
and the change in the saturation degree was calculated. Figure 6-3 shows the
examples of the change in the saturation degree with cycles. Finally. unconfined
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compression tests were carried out on the treated sand specimens with 1,2,.3.4.5.6
and 7 cycles.

6.2 Unconfined compressive strength of treated specimens cured under dry-wet cycle
and soaked conditions.

Unconfined compressive strength g, of PSAS-treated specimens is shown in
Figure. 6-4. The g, of PSAS-treated specimens subjected to continuous soaked
curing increased with the curing period. However, the g, of PSAS-treated
specimens subjected to dry-wet curing cycles increased at the initial stage of the
curing, and then, the g, decreased towards zero after several cycles of dry-wet
curing. In Figure 6-5 where g, of OPC-treated sand at 5% mixture ratio is plotted
against the curing period, the g, of treated specimen increased from the 1% to 7%
cycle for each curing condition. The g, of OPC-treated sand specimens
demonstrates the importance of considering higher temperature during the curing
process under dry-wet cycles. When specimens were cured at 7=40°C, Figure 6-
5 clearly shows that the g, of OPC-treated sand under soaked conditions was
lower than the g, obtained under dry-wet cycles. At T=71°C, there was a
disruption in the g, value obtained when number of the dry-wet curing cycles
increased. This might be because moderately high temperatures accelerated the
hydration reaction, whereas excessively high temperatures might also cause loss
of hydrates.

'T=40°C. D=00% +  +  + 1 1 4 |
& Ape=H% O Appe=0%
&0 4 4 & " = " 4 80}
Er [ | I': £ |
w | I| \ e |
| \
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k-] 40 I| i .II II = 40 - |I
g | W ¥ ry .l'l ! ' g | l |
S 20 F | . = gzu L [ i 1y | .
| s & |4 . 4
i 1 i O T=T1C, O=00% & Ap=5% Appc=5%
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Figure 6-3. Change in saturation degree of PSAS and OPC-treated sand during
dry-wet curing.
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Figure 6-4. Relationships between unconfined compressive strength g, and
curing period under dry-wet cycle and soaked conditions for PSAS-treated sand.
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Figure 6-5. Relationships between unconfined compressive strength g, and
curing period under dry-wet cycle and soaked conditions for OPC-treated sand.

6.3 comparison of strength development obtained from cone index test (CIT) and
unconfined compressive strength (UCS)

The Cone index test is a widely used method in Japan for determining the cone
index of compacted treated soils. This test involves the use of a cone penetrometer
equipped with a tip cone, a rod. a jack for penetrating, and a load cell. To obtain
the cone index value. the average force acting on the cone is divided by the bottom
area of the tip cone when it has penetrated 5 cm, 7.5 cm. and 10 cm from the top
surface of the specimen. In this study, cone index tests were performed on PSAS-
treated samples cured under dry-wet cycles. and the results were compared with
those of unconfined compression tests to investigate the effect of confinement on
the strength development. The specimen for the cone index test was prepared
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following the Japanese geotechnical society standard for cone index test on
compacted soil (JGS 0716 & 0711). The dry and wet cycle environment were
simulated such that the specimen was dried for 48h in an oven at temperature of
71°C and soaked in water for one day.

Figure 6-6(a) shows the change in the saturation degree with the dry-wet curing
cycle. Figure 6-6(b) shows the relationship between the cone penetration
resistance and the cone penetration of each specimen at 7=71°C. The cone
penetration resistance increased from the 1% to the 3™ cycle. Followingly, the cone
penetration resistance decreased with the increase in the number of dry-wet curing
cycle. However, the cone penetration resistance obtained at the 7% cycle was
significantly higher than that of untreated specimen. The test results suggested
that the confinement was essential to precisely assess the durability of the PSAS-
treated sands subjected to dry-wet curing.

Moreover, Figure 6-7 (a) shows the change in the saturation degree with the dry-
wet curing cycle. Figure 6-7 (b) shows the cone penetration resistance (g.) of

PSAS-treated sand under dry-wet cycle at a temperature of 40°C. The results in

this figure indicate that g. increased from the first to the 6 dry-wet curing cycle
and then decreased with an increase in the number of dry-wet curing cycles.
However, g. of the PSA-treated sand at the 7% cycle was still significantly higher
than that of the untreated specimen. This indicates that the PSAS treatment has
effectively enhanced the durability and strength of the sand even after undergoing
harsh environmental cycles including seven dry-wet cycles moulded specimen.
This figure supports the discussion for figure 6-6 (b) that suggests that the
confinement during the experiment was essential for accurately assessing the
durability of the PSAS-treated sand under dry-wet curing cycles. Also, the
alternative strength development method using the Cone Index Test (CIT) was an
effective strength characterization method for PSAS-treated sand.

In conclusion, Figure 6-8 shows the relationship between the cone penetration
resistance and the number of dry-wet cycles for PSAS-treated sand at a

temperature of both 40°C and 71°C. The figure suggests that as the number of

dry-wet cycles increases, the cone penetration resistance decreases for both
temperatures. However, the results show that PSAS-treated sand can still retain
higher penetration resistance than the untreated sand even after undergoing harsh
environmental cycles including seven dry-wet cycles. It can be concluded that the
confinement during the experiment was essential for accurately assessing the
durability of the PSAS-treated sand under dry-wet curing cycles, and the
alternative strength development method using the Cone Index Test (CIT) proved
to be an effective strength characterization method for PSAS-treated sand.
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PSAS-treated sand with the number of dry-wet cycles.

6.4 XRD profile of PSAS-treated sand subjected to dry-wet curing.

The g, of the PSAS-treated sand increased gradually at the initial stage of the
curing and then decreased as number of the dry-wet curing cycles increased, as
described in the previous section. Then, the investigation of the crystalline
substance was conducted to understand the hydration process during the dry-wet
cycle by conducting XRD diffraction tests. XRD analyses were conducted on
PSAS-treated sands after the 1%, 3™ and 5® cycle (C1, C3 and C5) of dry-wet
curing (see table 6-1). The PSAS-treated sands were dried for 48h in an oven-dry
at temperature of 71°C. Subsequently, they were immersed below the water
surface and left for 24h in the room temperature. After the prescribed dry-wet
cycle curing at C1, C3, and C5, PSAS-treated sand was crushed in a ceramic
mortar using a pestle and soaked in iso-propanol for 2h. Next, vacuum filtration
was performed to remove the alcohol, and the sample was placed in a vacuum
oven set to 40°C for 1 day. Immersing treated sand in alcohol halted the hydration
reaction. The treated sand was passed through a 0.075 mm sieve and was used for
X-ray powder diffraction in a Rigaku Ultima IV D-5000 Diffractometer using Cu
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K-alpha radiation. The diffractometer was collected in the range of 0-80° 26 Scale,
with a step size of 0.005%/sec.

The X-ray Diffraction (XRD) profiles detailing the impact of dry-wet cycles on
PSAS-treated sand are elucidated in Figure 6-9. Simultaneously. the XRD profiles
of PSAS prior to hydration are provided for reference in the same figure. Notably,
the presence of Ettringite is evident at C1, with a subsequent decrease in counts
observed at C3 and C5 as dry-wet cycles progress. This alteration in Ettringite
counts is presumed to influence the observed variation in unconfined compression
strength (g,) of PSAS-treated sands. At elevated temperatures 7=71°C, a
component of Ettringite transforms into monosulphate during the early stages of
hydration (Nanayakkara, 2011). akin to concrete. Consequently, Figure 6-9
illustrates a noticeable decrease in the Ettringite peak after the fourth cycle, a
phenomenon attributed to the instability of Ettringite at high temperatures
(>70°C). Detailed analysis further reveals an increased presence of quartz and
Calcium oxide components after the fourth cycle, indicating the presence of
Calcium sulfate resulting from the reaction between calcite (CaCO3) and Sodium
sulfate (Na;SOy).

The XRD profile chart in Figure 6-9a&Db, provides a comprehensive view of the
hydrate content variations in treated PSAS-sand under distinct dry-wet cycles,
denoted as cycle 1 (C1). cycle 2 (C2), and cycle 3 (C3). The alterations in hydrate
products are depicted by the relative intensity of each peak, calculated by dividing
the absolute intensity of every peak by the absolute intensity of the most intense
peak and converting it to a percentage(Speakman, 2013). (Takayama et al., 2018).
The outcomes of this analysis reveal a consistent decrease in hydrate content with
an increasing number of dry-wet cycles. This trend is evident for both
temperatures studied (7=71°C and T=40°C) and is visually represented in Figure
6-9c&d, illustrating the percentage of hydrate content during each dry-wet cycle.
These results strongly imply that prolonged exposure to dry-wet cycles adversely
affects the retention of hydrates in treated sand. However, further research is
warranted to elucidate the underlying factors contributing to the reduction in
hydrate content during extended dry-wet cycling.

Table 6.1 XRD test conditions

Temperature Dry-wet cycles comparison
=71 C1.C3 ;
T=40 C3.C5 F
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CHAPTER 7

7. Liquefaction evaluation of paper sludge ash treated sand.
In previous chapters, preliminary tests including unconfined compression
strength (UCS) and isotopically consolidated monotonic drained triaxial tests
were conducted on PSAS-treated sand specimens to evaluate the effect of
treatment on the monotonic strength properties. The results indicated that the
curing period significantly influenced the cohesion, friction angle, and overall
strength development of the PSAS-treated sand.

To further investigate the behaviour of PSAS-treated samples under cyclic
loading, a series of cyclic triaxial tests were conducted. These tests encompassed
a wide range of cyclic stress levels (CSR), relative densities (D;). and
consolidation stress (o.’). The relative density of the PSAS-treated sand
specimens used in the testing was D=50%. and the tests were carried out under a
confining stress of 100 kPa.

7.1 Preparation of sample
In this chapter the sample preparation technique was used as the one explained
in section 5.6.1.

7.2 Test Procedure

The experimental setup for the cyclic triaxial tests in this thesis adhered to the
standard requirements specified for the test equipment (JGS 0541-2009). The
triaxial apparatus consisted of a triaxial pressure cell, a cell pressure and back
pressure supply device, an axial loading device, and various measuring and
recording devices. The apparatus was designed to accommodate the maximum
cell pressure, back pressure, and axial load on the specimen. ensuring sufficient
capacity and load resistance. To induce a friaxial extensile stress state, a rigidly
connected triaxial cell with a load piston and cap was employed. The specimen
was carefully prepared and covered with a cap, pedestal, and rubber sleeve,
enabling the application of cell pressure, back pressure. and axial load. The
volume change of the pore water pressure measurement line was minimized. and
the cap and pedestal diameters matched those of the specimen. During the tests,
continuous application of the required cell pressure, back pressure, and axial
stress within specified ranges was ensured for isotropic consolidation and cyclic
loading phases.
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Notably, for cyclic loading, a controlled load amplitude approach is employed.
where the cyclic axial load is controlled within predetermined maximum and
minimum stress limits. This allows for precise control and measurement of the
cyclic axial load during the test. The equipment has been specifically designed to
accommodate this controlled load amplitude approach. ensuring that the cyclic
axial load remains within the specified stress limits throughout the test.
Additionally, the apparatus enables continuous measurement of pore water
pressure, cyclic axial load, axial displacement, and, if necessary, the cell pressure,
providing comprehensive data for analysis and evaluation

The cyclic loading in the triaxial compression tests was characterized by the
cyclic stress ratio (CSR), which represents the ratio of the maximum cyclic shear
stress (Tey) to the initial Consolidation stress (a.). In this study, cyclic tests were
conducted with CSR values 0of 0.22, 0.30, 0.34, and 0.45 (see table 7-1). In all the
cyclic tests performed in this study, a cyclic shear strain of single amplitude (gsa)
of 5.0% was used as the liquefaction criterion, as suggested by criterion (Du &
Chian, 2015) (Zhu et al., 2021) (JGS 0541-2009). This criterion served as an
indicator of the potential liquefaction behaviour of the PSAS-treated sand
specimens during the cyclic loading.
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Figure 7-1 Schematic diagram of triaxial testing machine in the laboratory.
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Table 7-1 Experimental Program and mixtures characteristics.

Primary | Secondar Cyecli
Additio ] Relativ | curing | ycuring | Total | Consolidat c
n ratio Adjuste e period period | curin | ed stress | stress
of d water density | under under o . ratio
PSAS, | content. . sealed | soaked da;rg_ oc (kPa) | ~ep
Ay @) | Y (%) D (%) | conditio | conditio f{d)f _ Y9a_
1. .tp (d) | n, fs (d 204
Toyoura Sand
0.45
0 20 50% 0 0 0 100 kPa 0.35
0.22
PSAS-treated sand
0.45
5% 20 50% 1 3.7.14 4’2’] 100 kPa 0.35
0.22

7.3 Cyclic liquefaction behaviour of untreated sand and PSAS-treated sand

The undrained cyclic triaxial tests were conducted to evaluate the liquefaction
behaviour of PSAS-treated sand specimens compacted at D=50% under different
cyclic stress ratios. the stress-strain response for different cyclic stress results
obtained from the tests are presented in Figures 7-2, 7-3, and 7-4.in each figure,
(a) shows the results for untreated Toyoura sand. (b) shows the results for PSAS-
treated sands at f =4 days, (c) shows the results for PSAS-treated sand at f =8days,
and (d) shows the results for PSAS-treated sand at =15days.

The stress-strain relationship illustrated in the figures shows that the PSAS-
treated sand exhibits lower strain at a given cyclic stress, indicating a more stable
and liquefaction-resistant soil compared to Toyoura sand. The stiffer sand
structure developed through PSAS treatment allowed it to withstand cyclic
loading without undergoing significant deformations that may lead to liquefaction.
The major difference between the two curves is that the PSAS-treated sand
exhibits a more linear relationship between the stress and strain. This indicates
that the soil is more stable and may not liquefy even under seismic loading
conditions.

Figure 7-2 shows the stress-strain response of Toyoura sand (untreated) and
PSAS-treated sand specimen for CSR=0.22 at D=50%. The plot illustrates that
the PSAS-treated sand exhibits lower strain at a given cyclic stress, indicating a
more stable and liquefaction-resistant soil compared to Toyoura sand. The stiffer
sand structure developed through PSAS treatment allowed it to withstand cyclic
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loading without undergoing significant volumetric straining that may lead to
liquefaction.

Figure 7-3 & Figure7- 4 show the stress-strain response of PSAS-treated sand
specimens with different CSR = 0.35 and 0.45. A comparison with the Toyoura
sand stress-strain plots in Figure 7-2 shows that, under identical CSR values,
PSAS-treated sands have a significantly lower strain compared to untreated sand.
indicating a more stable and liquefaction-resistant soil under cyclic loading.

Figures 7-5, 7-6, and 7-7 show cyclic stress path responses of the untreated
Toyoura sand specimens under different cyclic stress ratios (CSR) and PSAS-
treated specimen. in each figure, (a) shows the results for untreated Toyoura sand.
(b) shows the results for PSAS-treated sands at =4 days, (c) shows the results
for PSAS-treated sand at  =8days, and (d) shows the results for PSAS-treated
sand at =15days.

Figure 7-5 presents the stress path responses of untreated Toyoura sand and
PSAS-treated sand specimens with D~=50% under CSR=0.22. The stress path
curve of PSAS-treated sand is distinctly different from that of untreated Toyoura
sand, with the PSAS-treated sand specimens exhibiting a lower strain at a given
cyclic stress compared to the untreated sand.

Figure 6 shows the stress-path responses of PSAS-treated sand specimens with
different curing periods (=4, 8, and 15 days) and CSR=0.35. Similar to Figure 7-
5. the PSAS-treated sand specimens exhibit lower strain and more linear stress
paths compared to untreated Toyoura sand under the same CSR. As the curing
time of the PSAS-treated sand increases, the stress paths become closer to vertical,
indicating even less plastic deformation and hysteresis.

Figure 7-7 shows the stress-strain responses of PSAS-treated sand specimens with
different curing periods (=4, 8, and 15 days) and CSR=0.45. The stress-strain
plots of the PSAS-treated sand specimens again show lower strain at a given
cyclic stress and more linear stress paths compared to untreated Toyoura sand.
Furthermore, as the curing time increases, the stress paths become even closer to
vertical.

Figure 7-8 shows the liquefaction resistance curves for untreated Toyoura sand
and PSAS-treated sand at double amplitudes of DA4=5% and DA=0.1%,
respectively. The horizontal axis represents the cyclic stress ratio (C'SR), while the
vertical axis represents the number of cycles the specimen can withstand before
liquefaction.

For Toyoura sand, the plot shows that the number of cycles to liquefaction
decreases as the CSR increases. At CSR=0.22, Toyoura sand can withstand
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approximately N:=226 cycles before liquefaction occurs at D4A=5%, and at
CSR=0.45, it can withstand only about N; =2 cycles. This behaviour is consistent
with the typical trend observed in liquefaction resistance curves for sandy soils
(Toyota & Takada, 2023).

In contrast, the liquefaction resistance curve for PSAS-treated sand exhibits a
different pattern. As shown in Figure 8, the PSAS-treated sand specimens with
=15 days and DA4=0.1% exhibit the highest number of cycles values among all
curves. At this double amplitude and with a curing time of 15 days, the PSAS-
treated sand can withstand cycles up to N=220 at a CSR = 0.22 before
liquefaction occurs.

For the same CSR=0.45 for PSAS-treated sand the number of cycles before
liquefaction increase to N.= 11 for DA=0.1% compared to natural Toyoura sand
at DA=5% with N=2. This higher resistance to liquefaction highlights the
effectiveness of the PSAS treatment in improving the cyclic behaviour of the sand.

In conclusion, PSAS treatment served to significantly improve the liquefaction
resistance of treated sand, even with low double amplitudes, when compared to
untreated Toyoura sand.
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Figure 7-2 Undrained cyclic response of (a)stress-strain relationship of
untreated sand (Toyoura sand), (b)stress-strain relationship of PSAS-treated
sand (1.=4 days. D=50%). (c) stress-strain relationship of PSAS-treated sand

(t=8 days. D=50%), (d) stress-strain relationship of PSAS-treated sand (=15
days., D~=50%), for CSR=0.22
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Figure 7-3 Undrained cyclic response of (a)stress-strain relationship of
untreated sand (Toyoura sand), (b)stress-strain relationship of PSAS-treated
sand (=4 days. D=50%), (c) stress-strain relationship of PSAS-treated sand

(t=8 days, D=50%). (d) stress-strain relationship of PSAS-treated sand (=15
days., D=50%), for CSR=0.35
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Figure 7-4 Undrained cyclic response of (a)stress-strain relationship of
untreated sand (Toyoura sand), ). (b)stress-strain relationship of PSAS-treated
sand (=4 days. D=50%), (c) stress-strain relationship of PSAS-treated sand
(t=8 days, D=50%). (d) stress-strain relationship of PSAS-treated sand (=15
days, D=50%), CSR=0.45
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Figure 7-5 Undrained cyclic response of (a)stress path of untreated sand

(Toyoura sand), (b)stress path of PSAS-treated sand (£.=4 days, D=50%).

(c)stress path of PSAS-treated sand (=8 days. D=50%), (d)stress path of
PSAS-treated sand (=15 days, D,=50%), for CSR=0.22.
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Figure 7-6 Undrained cyclic response of (a)stress path of untreated sand

(Toyoura sand), (b)stress path of PSAS-treated sand (1.=4 days, D;=50%).

(c)stress path of PSAS-treated sand (=8 days. D=50%), (d)stress path of
PSAS-treated sand (=15 days, D=50%). for CSR=0.35.
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Figure 7-7 Undrained cyclic response of (a)stress path of untreated sand

(Toyoura sand), (b)stress path of PSAS-treated sand (#.=4 days, D=50%).

(c)stress path of PSAS-treated sand (=8 days. D=50%), (d)stress path of
PSAS-treated sand (£;=15 days. D,=50%). for CSR=0.45.
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CHAPTER 8

8. Conclusions and recommendations

8.1 Conclusions

Throughout this comprehensive thesis, a detailed investigation into the
geotechnical properties of Toyoura sand and Paper Sludge Ash-Based Stabilizer
(PSAS) has been conducted with the aim of assessing their suitability for
backfilling materials around underground pipes and structures. The research
focused on understanding the deformation and strength characteristics of the
treated sand to ensure the stability and integrity of buried pipes. particularly under
the influence of traffic loads and cyclic loading. The results obtained from a wide
range of laboratory tests have provided valuable insights into the behaviour of
PSAS-treated sand in comparison to untreated sand, paving the way for potential
engineering applications. The key findings and implications from each chapter
can be summarized as follows:

(a) Fundamental properties and swelling potential of PSAS-treated sand:

e The results from maximum and minimum density tests showcased that the
incorporation of PSAS increased the difference between emsx and eémin.
which has practical implications for achieving more effective compaction
of PSAS-treated sand as a backfill material around underground pipes.

e Swelling potential tests unveiled that PSAS-treated sand with a specific
water content (w=0%) displayed significant expansion during soaking, akin
to OPC-treated sand.

e However, the test results also revealed that the appropriate w of the PSAS-
treated sand reduced its expansion potential, depending on the duration of
its temporary placement at the construction site.

(b)Deformation and strength development of PSAS-treated sand:

e The comprehensive unconfined compression tests conducted on PSAS-
treated sands revealed intriguing results. While the compressive strength
(gqu) of PSAS-treated sands was comparatively lower than that of OPC-
treated sands under similar mixing conditions, it was observed that the g,
increased gradually with curing time, signifying the ease of re-excavation
for PSAS-treated sands.

e The X-ray Diffraction (XRD) profiles further deepened our understanding,
indicating the presence of CaCO; . Eftringite Ca Al 2(SO 4) 3(OH) 12°26
H>O and AIPO4, which contributed to the long-term enhancement of the
treated sand's strength.
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e Comparison of external and local measurements of axial strain indicated
bedding errors in both the PSAS- and cement-treated sands. The
deformation modulus of the PSAS-treated sand at 0.002% axial strain was
determined via local measurement while considering the strain level in the
subgrade, and it was discovered to be approximately 3000 times the value
of qu.

e The treated sand exhibits higher deviator stress and lower volumetric strain
compared to Toyoura sand, indicating increased shear strength and reduced
compressibility. Additionally, the treated sand shows a stronger response
to changes in normal stress, as evidenced by the shift of the stress paths.

e The cohesion of the PSAS treated sand is consistently higher than those of
Toyoura sand at all relative densities (D~=50% and D=90%) and curing
periods. However, the shear resistance increased remain limited after
curing period after 5 days of curing, followed by no significant
improvement with further curing time.

e The comparison between CDT and UCS results indicates that the triaxial
test provides more realistic stress conditions and is better suited for
evaluating the shear strength of PSAS-treated sand in field-like conditions.

(c) Effects of dry-wet cycles on the mechanical properties of sand treated
with paper sludge ash-based stabiliser:

e The durability of PSAS-treated sands subjected to dry-wet cycles was
investigated for backfilling purposes. The g, of PSAS-treated specimens
initially increased with curing and then decreased towards zero after
several dry-wet cycles.

e Confinement played a crucial role in assessing the durability of PSAS-
treated sands subjected to dry-wet curing.

e XRD profiles demonstrated the changes in eftringite content under
varying dry-wet cycles, indicating the instability of ettringite at high
temperatures.

(d)Liquefaction evaluation of PSAS-treated sand:

e Cyclic triaxial tests revealed distinctive stress paths for Toyoura sand
and PSAS-treated sand. The figure-eight shapes of stress paths for
Toyoura sand indicated significant plastic deformation and hysteresis
during cyclic loading, while PSAS-treated sand exhibited more linear
paths. suggesting minimal plastic deformation.

e Moreover, with increasing curing time, the stress paths of PSAS-treated
sand became closer to vertical, indicating reduced plastic deformation.
These results clearly demonstrate the effectiveness of PSAS treatment
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in improving the cyclic shear behaviour of sandy soil and its potential
for providing a more stable and less plastic response to applied stresses,
making it a reliable and liquefaction-resistant soil for civil engineering
applications.

Throughout this comprehensive thesis, a detailed investigation into the
geotechnical properties of Toyoura sand and Paper Sludge Ash-Based Stabilizer
(PSAS) has been conducted with the aim of assessing their suitability for
backfilling materials around underground pipes and structures. The research
focused on understanding the deformation and strength characteristics of the
treated sand to ensure the stability and integrity of buried pipes. particularly under
the influence of traffic loads and cyclic loading. The results obtained from a wide
range of laboratory tests have provided valuable insights into the behaviour of
PSAS-treated sand in comparison to untreated sand, paving the way for potential
engineering applications.

8.2 Recommendations

Building upon the findings of this research, the adoption of Paper Sludge Ash-
Based Stabilizer (PSAS) as a backfill material around underground pipes is highly
recommended.

e The substantial enhancement of cohesion and shear resistance observed in
PSAS-treated sand makes it an appealing and promising option for
geotechnical engineering applications. The ability of PSAS-treated sand to
resist liquefaction and exhibit improved cyclic performance under varying
stress conditions reinforces its potential as a reliable and durable material.

e In addition to the aforementioned recommendations, there is a need for
further research to investigate the hysteric deformation behaviour of PSAS-
treated sand for its suitability in liquefaction resistance. Understanding how
PSAS treatment impacts the cyclic loading response and hysteresis of the
treated sand is crucial for assessing its performance in seismic-prone
regions. Conducting cyclic triaxial tests with varying stress amplitudes and
loading frequencies will enable a more comprehensive evaluation of the
liquefaction resistance of PSAS-treated sand under realistic seismic
conditions.

e Furthermore., to optimize the implementation of PSAS treatment in
geotechnical projects, it is essential to conduct field-scale studies.
Assessing the long-term performance of PSAS-treated sand in actual
construction scenarios will provide practical insights into its behaviour
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under real-world conditions, considering factors like weathering, moisture
changes, and traffic loading.

e Finally, collaborative efforts between researchers, civil engineers, and
environmental experts are necessary to develop guidelines and standards
for the implementation of PSAS-treated sand in geotechnical engineering
projects. Establishing clear protocols for mixture design, compaction
procedures, and quality control will ensure consistent and reliable
outcomes in various applications.
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A APPENDIX-I Geotechnical properties of materials used.

This first part of the appendix presents the geotechnical properties of materials
used.

A 1 Density of soil Particles
The density of soil particle is the mass per unit volume of the sold part of the soil.

All Equpment

e Pycnometer

¢ Thermometer

e Constant - Temperature drying oven

e Dessiccation

e Apparatus for separating soil particles and for crushing
e Boiling water bath

¢ Distilled water

A 12 Particle density Test methods
The main objective of the tests is to calculate the volume of water displaced inside

the pycnometer.
First, the mass is calculated following this formula:

Myg = Mgy + Mg — Mg,
To find out the mass in the laboratory experiment the following steps has been
achieved:
Steps 1: Measure 5-10 g of oven-dried soil sample passing BS 2mm sieve for
pycnometer of 100ml.
Steps 2: markdown density bottle and stopper numbers.
Steps 3: weight the mass of the bottle including one of the stoppers.
Steps 4: add distilled water about half to three-four of the density bottle.
Steps 5: after distilled water was added, the bottle (without stopper) and its
content were placed in the vacuum desiccator to remove the air inside the total
volume. After placing it was left for at least one hour until no further loss of air

is apparent.



Steps 6: after one hour in the desiccator, the bottle was shacked carefully and then
added distilled water to make it filled, then left for an hour at room temperature.
Steps 7: after one hour in the room temperature place stopper and wipe dry the
bottle, then weight together with the content and stopper W3
Steps 8: remove content, clean and refill with distilled water.
Steps 9: Leave about one hour tapping up the water if necessary.
Steps 10: Weight together with its content and stopper.

A 13 Toyoura Sand Parficle Density

Tablean 1

Table A-a soil Particles density results of Toyoura sand

Soil particle Density ds (glem3)
(zample + distilled water + bicnometer) mass W1 9648 8752 878
the temperature of content when mass is measured 20.5 20.5 205
density of distilled water at (T) 099818 099818 0993813
Dhstille water + pyenometer Wo 90.28 81.38 31.89
pyenometer Number Mo. 61 2 50
mass of sample from sample + pyenometer (2} 4539 38.08 37.72
oven-drned pyenometer weigth () 35.39 2519 28.16
Ms (g) 10 989 9.56
mass of water displaced (z) g 375 3635
volume of water displaced (g} 3806529 3.756837 3656655
soil particle density ds (g/lem3) 2626789 2632533 2614411
Average 2624578013

A 2 Particles size distribution test (PSD)
A21 PSD Test sequence
The test was conducted according to the following sequence.
1. Sieving of a soil sample using a sieve with an aperture width of 2 mm.
2. Sieving analysis of the portion passing a sieve width an aperture width of

2 mm.

A22 Equipment for PSD

The test apparatus was as follows.

1. Sieves: A series of sieves, of metal wire cloth, with the following aperture
widths specified in JIS Z 8801-1: 75um, 106um, 250pm, 425pum, 850pum,
2mm. 4.75mm., 9.5 mm, 19 mm. 26.5mm. 37.5mm. 53mm. and 75mm.

e Sieving of soil sample

The sample was sieved as follows.

1. Firstly, the Toyoura sand was Sieved the oven-dried sample through the



sieves with an aperture width of 75mm. 53mm, 37.5mm, 26.5mm, 19 mm,
0.5mm, and 4.75mm. it was continuously for one minute until portion
passing the sieve becomes approximately 1% or less of the portion
remaining on the sieve. During the sieve operation, the sieve was laterally
and vertically while vibrating the sieve to keep the sample moving
continuously over the surface of the sieve.

2. Secondly, the mass of the sample remaining on each sieve was weighed
and taken, the mass of the sample remaining on the sieve with an aperture
width of di as m(di) (g). Further, the mass of the sample passing the sieve
with an aperture width of 4.75 mm and the mass of the sample remaining
on the sieve with an aperture width of 2Zmm as m (2Zmm) (g) was taken on
each sieve.

e Particles size accumulation curve

Particle size accumulation curve shall be determined as follows.

1. From the particles size accumulation curve, it was ridden the particle size
D(mm) when the mass percentage passing is 10%, 30%,50%. and 60% and
had taken them as particle size at 10% passing by mass D10 (mm). the
particles size at 30% passing by mass D30 (mm), the particles size at 50 %
passing by mass D50(mm) and the particles size at 60% passing mass D60
(mm), respectively.

2. From the particle size accumulation curve, the percentages passing at
particle sizes 2Zmm, 0.425mm, and 0.075mm was ridden.

3. From the particle size accumulation curve, the mass percentage passing of

the following samples was ridden.



Msasgramsir of the welgh of

the mass om each seve

Sieving Vibration appararms

Orven-dried Toyoura sand

Figure A-1 Sieve setting and Mass measurement.

A23 PSD test Results

Table A-b particles size distribution test results of Toyoura sand.

Modules Sieve Dhameter Partial Cumulatrve % Cunmlative %, smallar Observations
AFNOR {mm) refusal refu=als refiusal !

50 80

48 63

43 50 Cobble

47 40

46 315

45 25

44 20

43 16

42 12.5 Gravel

41 10

40 8

3@ 6.3

38 5

37 4

36 3.15

35 25

34 2

33 L&

32 1.25

3l 1

30 0.8

29 0.63 samd

28 05

27 0.425 0l4p 0.1 0.0% 1000.00%

26 0315 0.1 0.0% 100.00%

25 0.25 T1.T6 g 77.9 16.8% 83.27%

4 02 719 16.8% 83.27%

23 0.15 36843 = 4463 96.0% 4.00%

22 0.125 4463 96.0% 4.00%

21 0.106 1514 2 461.5 99.3% 0.75%

20 0.075 242 = 4639 09 8% 0.22%

19 0.063 4639 09 8% 0.22%

18 0.053 lgz 4649 100.0% 0.00%%

17 0.040
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A 3 Mimmum and maximum density tests
¢ Minimum density
For each sample, the test was repeated three times with the same sample of sand
as the following steps.

1. In the beginning. the mass of the mould was measured then after we
placed the funnel in the center of the bottom of the mould and poured
the sample throughout the funnel. During the pouring of the sand, the
sample was poured through the funnel with care so that the sample for
each grain size is not separated. After the material was poured in the
funnel was lifted at a constant rate. The most important point in this step
was to pay close attention so that the bottom end of the funnel was in
constant with the top of the sand in the mould and the flow of the sample
does not stop.

2. Secondly, the knife was placed on the top edges of the mould and
quickly used to level the top edge of the mold. During the sweeping of
the sand on the top edge of the mould the knife was placed so that the
centre of the bounce preventing plate attached to the knife passed there.
At that time. prevent the Mould to be impacted. At the end of the
recommended steps, the mass of the specimen and m; (g) was weighed.

¢ maximum density Test

For each sample, the maximum density test was repeated three times with the
same sample of sand as the following steps.

1. Firstly, the collar was placed on the mould, the sample was divided into
nearly equal 10 parts, and the sample was poured into 10 layers. in each
layer, 100 impacts are applied to the side of the mould while rotating the
mould to compact the sample. After completing the compaction in the 9%
layers, the sand was filled nearly to the top of the mould and overfilled
above the top edge of the mould in the final 10® layer. During the rounded
compaction, one hand was held against the collar and mould and the wood

11



hammer was sided along the table to strike the side of the mould. Secondly,
we stroke the same point on the side of the mould 5 times in about 1 second,
with about 5cm stroke of the hammer. After striking 5 times, rotate the
mould 45-90 degree and repeat the operation. At the end of compaction,
the collar and trim the sand were removed and levelled with the top edge
of the mould with the knife.

2. In the end, the mass of the specimen and mould m; (g) is weighed.

List of
materials

II.""": i:.'r}.l -L-;..!- -
Pouring of the material in the

Mixing of Treated sand with PS Ash Methods of sliding the hammer

Figure A-2 Minimum and maximum test setting up and Measurement.
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A3l

# PSAS treated sand.
Table A-c Results of Minimum and a maximum density of Toyoura sand, PSAS, 2.5% PSAS freated sand.

TOYOURA SAND

TEST1 | TEST2 | TEST 3 TEST 1 TEST 2 TEST 3
mass of mass of
specimen specimen
and 985240 | 984250 | 984.350 1011680 | 1011.070 | 1011.200
mould mould
[£:4]
mass of mass of
minimmm mt:;d 827580 | 827580 | B27.5B0 | Average | maomuwm 1d 827580 827580 827580 | Average
Density Density
[£:4]
weight | 157 660 | 156.670 | 156.770 weight | je1100 | 183.490 | 183.620
| metg) |__oet (=)
the
volime volume
of the 113100 | 113.100 | 113.100 of the 113.100 113100 113.100
mould mould
minimmm density maximum density g
(fem3): 1.394 1.385 1.386 1.388 (gem3): 1.628 1.622 1624 1.625
PSAS
TEST1 | TEST2 | TEST 3 TEST 1 TEST 2 TEST 3
mass of mass of
specimen specimen
and 902180 | 901.500 | 901.720 933340 932350 931.970
mould mould
(&
mass of mass of
minimmm the Average | macmum Average
Density mould 827580 | 827.580 | B27.580 Density mould 827580 827580 827 580
= T
weight Wel
net 2) T74.600 73.920 T74.140 net 2) 105.760 104.770 104.390
volime volume
of the 113100 | 113.100 | 113.100 of the 113.100 113100 113.100
mould mould
munirmm density maximum density
(gfem3): 0.660 0654 0.656 0.656 (gem3): 0935 0926 0923 0928
TOYOURA SAND + 2 5% PSAS
TEST1 | TEST2 | TEST 3 TEST 1 TEST 2 TEST 3
mass of mass of
specimen specimen
and 084135 | 981.490 | 982310 1008710 | 1008530 | 1008.600
mould mould
(=)
mass of mass of
nunimum the Average | maamum Average
Density mould 827580 | 827.580 | B27.580 Density 14 827580 827580 827 580
[£:4]
weight weight
net (=) 156.555 | 153.910 | 154.730 | net (=) 181.130 180950 181.020
volime volume
of the 113100 | 113.100 | 113.100 of the 113.100 113100 113.100
mould mould
munirmm density maximum density
(eem3): 1.384 1.361 1.368 1.371 (em3): 1.602 1.600 1.601 1.601

13




Table A-d Results of Minimum and the maximum density of 5%, 7.5%, 10% PSAS freated sand.

TOYOURA SAND + 5% PSAS

TEST1 | TEST2 | TESTS TEST1 | TEST2? | TEST3
mass of mass of
pecime | ag3n3 | 97873 | 98027 SPecume | 1p11.01 | 101044 | 101207
n and 0 0 0 n and 0 0 0
mould mould
& (g
mass of mass of
minimu the 82758 82758 82758 | Averag maxinm the Averag
- A g p p - - mould | 527380 | 827580 | 827.580 .
Density &) Density [£:4]
weight | 13545 | 15115 | 152.69 weight
net £) o 0 2 net £) 183.430 | 182860 | 184.490
the the
volume | 113.10 | 113.10 | 113.10 volume
e o p p v 113.100 | 113.100 | 113.100
mould mould
mimnmm density g maximum density g
(glem3) : 1.374 1336 1350 1.354 (/em3): 1.622 1.617 1.631 1.623
TOYOURA + 7.5% PSAS
TEST 1 | TEST 2 | TEST 3 TEST1 | TEST2 | TESTS
mas?uf mass of
e | g7951 | 98016 | 97699 speci® | ypi1es | 101271 | 101214
n and 0 0 0 n and 0 0 0
mould mould
(=) (=]
i mass of Avera mai mass of Avera
m ""’” “E‘“ 323'53 32%53 . m mﬂ’:l ;| 827580 | ;27580 | s27580 e
Diensy Deensr
"] @ Y @
weight | 15193 | 15258 | 14941 weight
het ) 0 o o net ) 184.100 | 185.130 | 184.560
volume wvolume
of the ”36-1“ 11%1“ 11%1“ ofthe | 113100 | 113.100 | 113.100
mould mould
mimnmm density g maximum density g n
(elem?) 1.343 1349 1321 1.338 (a3, 1.628 1.637 1.632 1.632
TOYOURA + 10% PSAS
TEST1 | TEST 2 | TEST3 TEST1 | TEST2 | TEST3
mass of mass of
PECme | g7646 | 97489 | 97485 SPeCUDE | 100864 | 100993 | 100786
n and 0 0 0 n and 0 0 0
mould mould
&) (g
minimu mass of Averag marimn mass of Averag
v
m the | 82738 | 82738 | 82738 . m the | gr7580 | 827580 | s27.580 R
Density mould ] L] 0 Densitv mould
&) ' (g
weight | 14888 | 14731 | 14727 weight
net £) g p p net £) 181.060 | 182350 | 180.280
volume wvolume
of the ”351'3 11?]'1':' 11%1“ ofthe | 113100 | 113.100 | 113.100
mould mould
mimmum density g | 5 396 | y302 | 1302 | 1307 | mesmmmdemsityg | o 1612 1504 | 1602
(gfem3): ) - T ) (gfem3) - ’ ’ - )
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¥ Cement-treated sand

Table A-e Results of Minimum and maximum density of Toyoura sand, OPC 2.5% cement, treated sand.

TOYOUFA SAND
TEST 1 | TEST 2 | TEST 3 TEST1 | TEST2 | TEST3
mass of mass of
specimen specImen
and 985.240 | 984.250 | 984.350 and 1011680 | 1011.070 | 1011.200
mould mould
(g (=)
mass of mass of
minimum | the | g0 5gh | 597550 | 827580 | Average | maxmmm | the 827580 | 827.580 | 827.58p | Averase
Density mould : - - Density mould : - :
(] (=}
weight | 57660 | 156.670 | 156.770 weight | 104100 | 183490 | 133620
net g) pet g)
vohmme volume
ofthe | 113.100 | 113.100 | 113.100 of the 113.100 | 113100 | 113.100
mould mould
muninmm density maximum density o
(elem3) 1394 1.385 1.386 1388 "~ (em3) 1.628 1.622 1624 1.625
PORTLAND CEMENT
TEST 1 | TEST 2 | TEST 3 TEST1 | TEST2 | TEST3
mass of mass of
specimen specImen
and 933.890 | 931.740 | 931.960 and 1004 850 | 1005.720 | 1001.300
mould mould
(g =)
mass of mass of
minimum | the | g0y 5gq | 537550 | g27.58p | Average | maxmmum the 827580 | 827.580 | 827.58p | Averase
Density mould = < < Density mould : < =
(g =)
weight | ne310 | 104160 | 104380 weight | 100990 | 178140 | 113720
net E] i 3 - net E’:I i 3 i
vohmme volume
ofthe | 113.100 | 113.100 | 113.100 of the 113.100 | 113100 | 113.100
mould mould
mininmm density o o maxmum density
piy 0.940 0.921 0.923 0.928 (e 1.567 1.575 1536 1.559
TOYOUEA SAND + 2 5% CEMENT
TEST 1 | TEST 2 | TEST 3 TEST1 | TEST2 | TEST3
mass of mass of
specimen specImen
and 985.200 | 986.000 | 985.400 and 1011700 | 1012400 | 1012.900
mould mould
(g =)
mass of mass of
minirmm the Average | maxmum the Average
Density monid | 827580 | 827.580 | 827580 Density mould | 527580 | 827580 | 827580
© @
weight | 50 600 | 158.420 | 157.820 weight | 10120 | 184800 | 185320
net g) pet g)
vohmme volume
ofthe | 113.100 | 113.100 | 113.100 of the 113.100 | 113100 | 113.100
mould mould
muninmm density maximum density
(elem3) 1394 1.401 1.395 1397 (elem3) - 1.628 1.634 1639 1634
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Table A-f Results of Minimum and maximum density of 3%,7.3%, 10% OPC-treated sand

TOYOURA SAND + 5% CEMENT

TEST1 | TEST2 | TEST 3 TEST 1 TEST 2 TEST 3
mass of mass of
specimen specimen
and 9856.000 | 985.600 | 987.100 and 1017900 | 1015600 | 1016.000
mould mould
(=) (=)
mass of mass of
NI the Average | maxmum the Average
Density 14 827580 | 827.580 | 827.580 Density 1d 827.580 827580 827580
wel wel
net 2) 158420 | 159.020 | 159.520 net 2) 190320 18B8.020 188.420
volume volume
of the 113.100 | 113.100 | 113.100 of the 113.100 113.100 113.100
mould mould
munimm density g maximum density g
(glem3): 1.401 1.406 1410 1.406 (lem3): 1.683 1.662 1.666 1.670
TOYOQOURA SAND + 7.5% CEMENT
TEST1 | TEST2 | TEST 3 TEST 1 TEST 2 TEST 3
mass of mass of
Specimen Speclmen
and 988.000 | 987.800 | 987.900 and 1022200 | 1020.100 | 1021.600
mould mould
(=) (=)
mass of mass of
DT the Average | maimmm the Average
Density 1 827580 | 827.580 | 827.580 Density 1d 827.580 827580 827580
(z) (z)
weight welght
net 2) 160420 | 160220 | 160320 net 2) 194 620 192520 194020
volume volume
of the 113.100 | 113.100 | 113.100 of the 113.100 113.100 113.100
maold Mold
(gem3) - 1418 1417 1418 1418 (glem3): 1.721 1.702 1.715 1.713
TOVOURA SAND + 10% CEMENT
TEST1 | TEST2 | TEST 3 TEST 1 TEST 2 TEST 3
mass of mass of
specimen specimen
and 988400 | 987.100 | 985.000 and 1024500 | 1025600 | 1027400
mould mould
(g (z)
mass of mass of
NI the Average | maxmum the Average
ity 827580 | 827.580 | 827.580 ity 827.580 827580 827580
@ @
wel wel
160820 | 159.520 | 158420 196.920 198.020 199 820
net g} net g}
volume volume
of the 113.100 | 113.100 | 113.100 of the 113.100 113.100 113.100
mold mald
(em3) - 1422 1410 1.401 1.411 (em3) - 1.741 1.751 1.767 1.753

A 32 Calculation of void ratio of each treated spectimen
Void ratio is calculated from the value of dry density using equation. However,

the density index is calculated directly from the maximum, minimum and in-situ

of dry density, avoiding the need to know the value of G..

Equation A-a void ratio




Table A-g summary of Physical properties of the materials used.

Maternal Gs Prssas Puis [ Bnis Cu Dy (om)
PSAS 2603 0930 0654 2979 1.800
Cement 3150 1.559 0928 2395 1.020
Toyoura Sand 2641 1.625 1388 0874 0.596 1.470 0.160
PSAS Treated sand
25% DPSAS 2640 1.601 1371 0.926 0649
5% PSAS 2639 1.623 1354 0.950 0.626
T5% PSAS 2638 1.632 1338 0872 0616
107 PSAS 2637 1.602 1307 1.018 0646
OPC-Treated =and
25% Cement 265 1.634 1397 0.900 0.625
5% Cement 2 666 1.670 1.406 0.897 0.596
75% Cement 2679 1.713 1418 0.890 0.564
107  Cement 2692 1.753 1411 0.908 0.536
Dry mix PSAS
treated sand

Adjusted water
content, w

2min Mixing with a

mixer

PSAS-treated
sand

Figure A-3 Mixing condition of PSAS-treated sand.
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B  APPENDIX-II Swelling potential of paper sludge ash (PSAS) treated
sand.

This second part of the appendix presents the swelling potential of paper sludge
ash (PSAS) treated sand.

B.1 Swelling potential measurement set up.

Modified proctor

: o~ \\ Displacement
compaction mould I.-' . }. transducer

=

1|
__/

[:'-"-—_

Water
i Sample

Figure B-1 Swelling measurement using CBR test setting.

Equation B-a Expansion measurement equation

LI—Lu

Expansion(%) =

—x 100

B.2 Swellng test results obtamned using a comparator.
Table B-a Height measure and variation for Specimen at D=50

Measured haizht of the specimen
W0 PRE. 0DAYS IDAYS | 2DAYS | 3DAYS | 4DAYS | SDAYS | 6DAYS | 7DAYS
pavs | vmmG — 25% 25% 15% 25% 25% 25% 25%
UDAYS SRE0% PSA PSA PSA PSA PSA PSA PsA
DRS0% | DRS0% | DRS0% | DR90% | DRS0% | DRS0% | DR90%
0 103485 103.36 103485 | 105395 | 102955 | 103015 | 103165 | 10561 | 102.875
1 114515 103.975 10405 | 105715 | 10326 | 103185 | 103325 | 103.665 | 102.885
2 114.78 104.15 10405 | 105885 | 10338 | 10332 | 103385 | 10372 | 102925
3 114,955 104.21 10424 | 10393 103.4 10339 | 103485 | 103.735 | 10295
4 114,965 104.265 104255 | 10395 | 103405 | 103395 | 105525 | 103755 | 10295
Table B-b Expansion of specimen expressed in mm for specimen compacted at D—=50%
Expansion (mm)
W=0 0DAYS IDAYS | 2DAYS | 3DAYS | 4DAYS | SDAYS | 6DAYS | 7DA¥S
PRE- . 15% 5% 25% 5% 15% 5% 15%
PAYS | Mo | 252 PsA Psa PsA PsA PsA PsA PsA PsA
0DAYS DRS0% | DRS0% | DRS0% | DRS0% | DRS0% | DRS0% | DRS0%
0 0 0 0 0 0 0 0 0 0
1 11.03 0.615 0.565 032 0,305 0.17 0.16 0.055 0.01
2 11.295 0.79 0.605 0.49 0.425 0.305 0.22 0.1 0.05
3 1147 0.85 0.755 0.535 0.445 0375 032 0.125 0.075
4 11.48 0.905 0.77 0.555 0.45 0.38 0.36 0.145 0.075
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Table B-c Expansion of specimen expressed in % for specimen compacted at D,=50%

Expansion (%)
0DAYS IDAYS | JDAYS | 3DAVS | 4DAVS | SDAYS | 6DAYS | 7DAVS
DAYS 2 506 PSA 2.5% 2.5% 25% 2.5% 2.5% 25% 2.5%
Dr30% “DR0% PSA PSA PSA PSA PSA PSA PSA
DR50% | DRS0% | DRS0% | DRS0% | DRS0% | DRS0% | DRS0%
0 0.00% 0.00% 000% | 000% | 000% | 000% | 000% | 000% | 0.00%
1 10.66% 0.60% 055% | 031% | 030% | 017% | 016% | 005% | 001%
2 10.91% 0.76% 058% | 047% | 041% | 030% | 021% | 011% | 005%
3 11.08% 0.82% 073% | 052% | 043% | 036% | 031% | 012% | 007%
3 11.09% 0.87% 074% | 054% | 044% | 037% | 035% | 014% | 007%
Max (Exp) | 11.09% 0.87% 0.74% | 054% | 044% | 037% | 0.35% | 014% | 0.07%
Table B-d Height measure and vanation for Specimen at D,=90
Measured height of the specimen
W-0PRE. | UDAYS | IDAVS [ ODAYS [ 3DAYS | 4DAYS | SDAYs | 6DAYSs | TDAYS
pAYS | MmaNG 25% 25% 25% 25% 25% 25% 25% 2.5%
IDAYS PSA PSA PSA PSA PSA PSA PSA PSA
DR90% | DR9G% | DR90% | DR90% | DR90% | DR99% | DR90% | DR90%
0 103.165 10295 | 104205 | 10325 | 103155 | 103125 | 10363 | 103395 | 10316
1 115.085 10373 | 104755 | 103745 | 10349 | 103445 | 103685 | 10363 103.16
2 114.95 103755 | 10495 10378 | 103585 | 10347 | 103.745 | 103.66 | 103255
3 115.085 103.78 104.93 103.79 103.64 103.48 1039 103665 | 103255
4 115.095 103.8 104995 | 103825 | 103.655 | 10348 103.96 103.67 10326

Table B-e Expansion of specimen expressed in mm for specimen compacted at D=90%

Expansion (mmj)
DAYS | W=0PRE- |ODAYS | I1DAYS |2DAYS |3DAYS |4DAYS |S5DAYS | 6DAYS | 7DAYS
MIXING 15% 15% 15% 15% 15% 5% 25% | 2.5% PSA
ODAYS PSA PSA PSA PSA PSA PSA PSA DR90%
DR90% | DR90% | DR90% | DR90% | DR90% | DR90% | DR90%
0 0 0 0 0 0 0 0 0 0
1 11.92 0.78 0.53 0495 0335 032 0.055 0235 0
2 11.785 0.805 0.125 0.53 0.43 0345 0115 0.265 0.095
3 11.92 0.83 0.705 0.54 0.485 0.355 027 0.27 0.095
3 11.93 0.85 0.77 0.575 05 0.355 033 0.275 0.1
Table B-f Expansion of specimen expressed in % for specimen compacted at D=90%
Expansion (%)
DAYS Dr50% | W-OPRE- | ODAYS | 1DAYS | 2DAYS | 3DAYS | 4DAYS | SDAYS | 6DAYS | 7DAYS
MIXING 15% 15% 15% 15% 15% 5% 15% 15%
O0DAYS PSA PSA PSA PSA PSA PSA PSA PsA
DR90% | DR90% | DR90% | DR90% | DR90% | DR90% | DR90% | DR90%
0 0.00% 0.00% | 000% | 000% | 000% | 000% | 000% | 0.00% | 0.00%
1 1155% 076% | 051% | 048% | 032% | 031% | 005% | 023% | 000%
2 11.42% 078% | 070% | 051% | 042% | 033% | 011% | 026% | 0.0%
3 1155% 081% | 068% | 052% | 047% | 034% | 026% | 026% | 00%
3 11.56% 083% | 074% | 056% | 048% | 034% | 032% | 027% | 0.10%
Max(Exp) 11.56% 083% | 0.74% | 0.56% | 048% | 034% | 032% | 0.27% | 0.10%
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C APPENDIX -III Deformation and strength development of paper

sludge ash treated sand.
C.1 Unconfined compression test of treated specimen

The test is done using the following steps. The test starts promptly after prepanng the spectmen.

Step 1 1s set up in the unconfined compression test apparatus. place the specimen in the center of
the lower pressure plate and bring the upper-pressure plate into contact with the top while avoiding
any compression on the specimen before the test itself Once the specimen 1s 1 place, adjust the
ongin of the displacement gauge and load cell.

In step 2 we apply continuous compression to the specimen at a basic compressive strain rate of 1%
per minute.

Dunng the test, the required apparatus measures the amount of compression, AH (cm), and the
compressive force, P (N). Measurement of compression and force 1s taken at intervals small enough
to allow a smooth stress-strain curve to be drawn.

Stop the compression either when the increase in strain exceeds 2% after the pomt of the maximum
compressive force, or the compressive force reading has fallen 2/3 of its maximum value, or a
compressive strain of 15% has been reached.

Observe and record the deformed shape and fallure mode of the specimen as well as other
observations. Observations must be done from the most charactenistic direction of the specimen.
Also, 1f a slip surface 1s found, 1t might be observed from the direction in which the steepest slope
15 determuned. It must be recorded such that the angle of the steepest slope can be approximately
read. Any heterogeneity in the specimen and the presence of foreign matter shall be observed and
recorded.

Displacement | g

gange

Load cell

Strain controls device

- - Ponarer conral davice
Compréssion

device

Specanen

Computer for data recording
|_:|_‘

L & |
Figure C-1 UCT apparatus setting

C.11 Testrecord for inconfined compression test

The calculation was performed as follows:

The compressive strain of the specimen was calculated using the following equation:

Equation C-a compressive axial stramn

=22 100
Hp
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= The compressive stress at compressive stram £ was calculated using the following equation.
Equation C-b Compressive stress

o=rx[1-Z]x10
=  Draw a stress-strain curve with compressive stramn on the horizontal axis versus compressive stress
on the vertical axis.
=  Using the stress-curve, obtain the maximum value of compressive stress before the pomnt where the
compressive strain reaches 15%. Establish this value as the unconfined compressive strength q,,
(kN/m™ and establish the strain at this point as stram at failure (%). In case there an inflection pomt
in the initial phase of the stress-strain curve, the straight section after the inflection pomnt was
extended and the pomt at which the extended line crossed the honizontal axis shall be established as
the point of origin for correction pf the strain calculation.
The method used to calculate the deformation modulus, Eso(kN/m?) 1s explained as follows.
Equation C-c Deformation modulus, Esp

Where:
E, : deformation modulus (KN/m?)
g, unconfined compressive strength (kKN/m?)
£y - COmpressive stramn (%) at compressive stress @ =qT". If there 15 a presence of an inflection point in the

initial phase of the stress-strain curve, a comection is done in the same manner.

Ll
ia HT T
= L
LS

Standard mould

Filling derection and
reiuined compacEon
effaris

) ET
Ad's I'ﬂﬂlﬂﬂﬂ
by & l. Py

Filling the maserinl in the mould

. _—

= — == == | 100 mm

]

Curing Conlaimer with water

- -
50 mm Snmple hefore the tast

Figure C-2 Specimen preparation flow
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C 2 Unconfined compression test Results

C21 Stress-strain relationship of PSAS treated sand for w=10%, tp=3 days, D=50%
500 . . 500 ; ; ;
[y=30%. 3 curing days D=50% 7 curing days|
400 E 400
Z 15 2 o 15
= V—A1¥h o, w215
= A 50% & & 50%
2 300 o- T5% o 300 1 T5%
E m 100 E w100
w w© =
= Z ..'
2004
E g - .'.l.'ll*..
£ E . e
o L W
1004 [FRE. "'. i
| ]
; L ""Egl.
o T e S "'.F. [L]
0.0 05 10 15 0
Axial strain, £ (%)

(b)
Figure C-3 Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, fp=3days, D:=30% (a) &= Jdays, (b} =7

days

Table C-a UCT data record for PSAS-treated sand for w=10%. tp=3days, Dr=530% at t= 3days,

Spen_cimen Ars(%) Modifier Curing gy 2p Es Lr) . w D,
No. Batch days, ¢t | (EN/m?) (%) {EN/m*) (g/cm’) (%) (%a)
1 25 Batch A 3 Days 12.9 0.768 600 1.458 0.787 20.38% [ 50.12%
2 25 Batch 4 3 Days 0 0 [1] 1.458 0.787 228% [ 50.21%
3 25 Batch A 3 Days 5.8 0.609 660 1.458 0.785 19.25% [ 50.82%
1 5 Batch 4 3 Days 54.9 0.25 23760 1.48 0.785 23.58% | 50.89%
2 5 Batch A 3 Days 0 0 14420 1.458 0.785 21.14% [ 50.95%
3 3 Baich4_| 3 Days 474 0.276 13980 148 0782 | 23.03% | 5101%
1 7.5 Batch A 3 Days 106.5 (.646 25880 1.47 0.796 23.55% [ 49.60%
2 15 Batch 4 3 Days 1059 0.558 24720 1.47 0.792 2209% [ 50.57%
3 7.5 Batch A 3 Days 65.9 0.275 25250 1.47 0.793 21.83% [ 50.43%
1 10 Batch A 3 Days 185.2 0.5%4 19750 1.44 0.829 25.05% [ 50.73%
2 10 Batch 4 3 Days 147.5 0.451 59280 1.44 0.831 2569%% [ 50.13%
3 10 Batch A 3 Days 144.9 0.304 40930 1.44 0.829 25.55% | 50.69%
Table C-b UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=30% at t= Tdays
Specimen 195(%) Modifier | Curing Ju E Esx od . W D
No. ) Batch | days.t | (kN/m?) | (%) | (EN/m?) | (gfem?®) (%) (%@)

1 25 Batch4 | 7 Days 15.79 0.768 600 1.48 0.787 | 2038% [ 30.12%
2 2.5 Batch A | 7 Days 0 0

3 2.5 Batch 4 | 7 Days 8.1 0.600 660 1.48 0.787 ] 20.36% [ 30.20%
1 5 Batch 4 | 7 Days 63.11 0.25 23760 1.48 0.785 ] 23.58% [ 30.80%
2 5 Batch 4 | 7 Days 65.8 0.276 14420 1.48 0.784 ] 23.48% [ 51.35%
3 5 Batch 4 | 7 Days 4.6 0276 13980 1.48 0.784 | 23.49% [ 31.30%
1 1.3 Batch 4 | 7 Days 143.4 | 0.646 25880 1.47 0.789 ] 23.00% [ 31.47%
2 1.3 Batch 4 | 7 Days 1414 | 0.558 24720 1.47 0.794 | 23.46% [ 49.99%
3 1.5 Batch 4 | 7 Days 90.4 0.273 25250 1.47 0.790 ] 23.18% [ 31.10%
1 10 Batch 4 | 7 Days 196.3 0.594 19750 1.44 0.829 | 25.05% [ 30.73%
2 10 Batch 4 | 7 Days 2004 ] 0451 59280 1.45 0.825 | 24.73% [ 31.95%
3 10 Batch 4 | 7 Days 2489 0.304 40930 1.44 0.829 ] 25.07% [ 30.64%
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Figure C-4 Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, ip=3 days, D=30%: (c) = 14days, (d) =
28 days.

Table C-c UCT data record for PSAS-treated sand for w=10%., tp=3days, Dr=50% at t= 14 days

Specimen s (%) Modifier | Curing gy £ Exy £ . " I

Na. P Batch dayst | ENm2) | (%) (N/m2) | (glem3) (%) (%)
1 25 Batch & 14 Days 54.9 0.533 12760 1.48 0.783 21.62% 51.7%%
2 25 Batch & 14 Days 52.1 0384 25790 1.48 0.787 18.94% 50.2T%
3 25 Batch & 14 Days 759 0.551 19970 1.48 0.787 20.66% 50.15%
1 3 Batch & 14 Days 63.13 0.623 21400 1.48 0.784 20.87% 51.20%
2 3 Batch A 14 Days 0.8 0.558 21010 1.48 0.785 19.74% 50.92%
3 3 Batch & 14 Days 776 0.5 21500 1.48 0.787 19.93% 50.53%
1 15 Batch & 14 Days 2019 0.497 34100 1.47 0.791 2347% 50.7T%
2 7.5 Batch & 14 Days 125.1 0.5 27670 1.47 0.793 22 48% 50.24%
3 7.5 Batch & 14 Days 39.7 0.582 37060 1.47 0.792 21 46% 50.74%
1 10 Batch A 14 Days 2074 0368 44120 1.44 0.828 21 65% 50.99%
2 10 Batch & 14 Days 261.6 0.522 45350 1.44 0.831 23.77% 50.15%
3 10 Batch & 14 Days 1969 0464 0040 1.44 0.829 24.00% 50.75%

Table C-d UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=30% at t= 2% days

Specimen | Aps(%) | Modifier | Curing gu 5 Ex P e w D,

Ne. Batch days,e | (0Nim?) | (%) | 0Nw®) | (elem®) (%) (%)
1 25 Batch 4 28 Days 33.6 0494 16750 1.48 0.786 24.61% 50.56%
2 25 Batch 4 28 Days 51 0.381 26280 1.48 0.786 23.16% 5045%
3 25 Batch 4 28 Days 62.3 0402 24920 1.48 0.787 23 4% 50.2T%
1 5 Batch 4 28 Days 99.96 0.538 16720 1.48 0.785 24.61% 50.94%
2 5 Batch A4 28 Days 100.3 0.444 40120 1.48 0.786 23.16% 50.85%
3 5 Batch 4 28 Days 91.68 0227 28830 1.48 0.786 23 4% 50.70%
1 15 Batch 4 28 Days 186.9 0.657 36930 1.47 0.793 23.51% 50.28%
2 7.5 Batch 4 28 Days 105.5 0968 13150 1.47 0.793 25 44% 50.33%
3 7.5 Batch 4 28 Days 128.1 0448 41050 1.47 0.791 24.51% 50.80%
1 10 Batch 4 28 Days 2606 0.651 49920 144 0.831 2441% 50.20%
2 10 Batch 4 28 Days 3258 0.534 51710 144 0.833 27.11% 49.70%
3 10 Batch 4 28 Day= 2674 0.717 49800 1.44 0.826 27.28% 51.60%
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Figure C-3 Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, tp=3days, D=30% (&) = 60 days, (f) =

Am
1%
A5 0%
T.3%
= 10%

20

Compress ve stress, ofkPa)

D=50%, W=10% | tpy, =3 days
Yaring parica= 20 d2¥5

Aps
1%
A5
%
L Ui

Table C-e UCT data record for PSAS-treated sand for w=10%., tp=3days, Dr=50% at t= 60 days

Specimen Aps(%) Modifier Curing ' & Ew Eass &y . W D,
No. Fe Batch days,¢ | (\Niw?) | (%) | (:Nw®) | (Nim?) | (glem?) {%) {%)

1 25 Batch A 60 Days 79.99 0261 114200 266367 1.48 0.787 | 23.02% | 50.01%

2 25 Batch A 60 Days 7729 0257 200200 257633 1.48 0.786 | 23.34% | 50.61%

3 25 Batch A 60 Days 86.5 00962 | 254400 283615 1.48 0.788 | 22.8%% | 49.85%

1 5.0 Batch A 60Days | 411.030 | 0.122 604400 | 1356050 1.48 0.788 | 26.86% | 50.03%

2 5.0 Batch A 60 Days 40449 | 00231 | 237200 [ 1333000 1.48 0.786 | 26.51% | 50.68%

3 5.0 Batch A 60 Days | 357.750 | 0.13% | 458600 ([ 1192000 1.48 0.788 | 26.41% | 50.25%

1 1.5 Batch A 60 Days T76.88 0.132 1| 1253000 | 2563663 1.47 0.792 | 27.51% | 50.68%

2 7.5 Batch A 60 Days T76.88 0.135 | 1253000 | 2563704 1.47 0.792 | 26.16% | 50.458%

3 15 Batch 4 60 Davs 795,72 0.191 S28800 | 2637500 1.47 0791 [ 28.05% | S0.83%

1 10 Batch A 60 Days 11359.01 027 634600 [ 3769000 1.44 0.830 | 28.91% | 50.41%

2 10 Batch A 60 Days 1174.55 | 0.199 995300 [ 3998300 1.44 0.829 | 31.61% | 50.64%

3 10 Batch A 60 Days 112555 | 0.138 | 1825400 [ 3709700 1.44 0.829 | 30.8%% | 50.73%

Table C-f UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=530% at t= 90 days
Specimen Ars(%) Modifier Curing gy £ Ex Ean ry . w D,

No. Baitch days, ¢ | (ENmw® | (%) | (ENm% | (ENm® I{E."cm’} (%) (%8)

1 25 Batch 4 20 Days 99.84 0.185 | 554667 | 333050 1.458 0.781 | 23.02% | 52.1%%

2 25 Batch 4 20 Days 674 0.186 | 140417 | 224667 1.48 0.789 | 23.24% | 4931%

3 25 Batch 4 20 Days 68.85 0.231 93041 226650 1.458 0.786 | 22.8%9% | 50.5T%

1 5.0 Batch 4 90 Days | 339550 | 0236 | 273831 | 1122650 1.458 0.788 | 26.86% | 50.03%

2 5.0 Batch A4 20 Davys 419.2 0177 | 235506 ) 1383700 1.48 0.787 | 26.51% | 50.33%

3 5.0 Batch 4 S0 Days | 383600 | 0.1%1 | 639333 | 1152000 1.458 0.788 | 26.41% | 50.25%

1 15 Batch 4 20 Days 101491 | 0.145 | 3903500 | 2561000 1.47 0.792 | 27.51% | 50.68%

2 7.5 Batch 4 90 Days | 936793 | 0312 | 493049 | 3083000 1.47 0.792 | 26.16% | 50.458%

3 7.5 Batch 4 20 Days 840.17 | 0.183 2 2773000 1.47 0.791 | 28.95% | 50.94%

1 10 Batch 4 20 Days 1676.79 | 0421 | 716577 | 5532000 1.44 0.830 | 28.91% | 50.41%

2 10 Batch 4 20 Days 1665.81 | 0.261 | 1140966 | 5436000 1.44 0.829 | 31.61% | 50.85%

3 10| Bawchd | 90Days | 130705 | 0202 | 1676859 | 4315200 | 144 | 0829 | 30.89% | 50.73%
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Figure C-6 Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, ip=3days, D=50%: (g) += 180days, (h)
= 360 days.

Table C-g UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=30% at t= 120days

E::;l A Modifier Curing Ju & Ew Easz O . w D,

| Batch days,e | 6Nm?) | (%) | BNmd) | (Nmd) E’,; (%) (%)
1 35 | BATCHB | 180Days | 1076 | 0205 | 1371949 | 107000 | 148 | 0.785 | 24.09% | 5003%
2 25 | BATCHE | 180 Days | 9344 | 0.59 | 194667 | 128150 | 1.48 | 0.785 | 24.67% | 50.92%
3 35 | BATCHB | 180Days | 0244 | 0182 | 154067 | 250500 | 148 | 0.788 | 2475% | 49.91%
1 50 | BATCHE | 180 Days | 363.800 | 0.167 | 7151917 | 1297500 | 148 | 0.787 | 24.68% | 50.39%
2 50 | BATCHE | 180Days | 3704 | 0177 | 771667 | 742000 | 1.48 | 0.788 | 27.00% | 50.22%
3 50 | BATCHE | 180 Days | 343.000 | 0.191 | 571667 | 1009500 | 1.48 | 0.786 | 24.35% | 50.84%
1 75 | BATCHB | 180 Days | 8708 | 0237 | 691111 | 2116500 | 147 | 0.793 | 25.92% | 50.24%
3 75 | BATCHE | 180 Day: | 10043 | 0.247 | 865776 | 3138500 | 1.47 | 0.781 | 25.06% | 50.95%
3 75 | BATCHE | 180 Days | 8559 | 0.161 | 713250 | 2084500 | 1.47 | 0.792 | 26.99% | 50.54%
1 10 | BATCHB | 180Days | 15549 | 0236 | 1619688 | 2542500 | L44 | 0.830 | 24.04% | 50.38%
2 10 | BATCHB | 180Days | 15128 | 0237 | 1483137 | 3187500 | 144 | 0.829 | 22.42% | 50.74%
3 10 | BATCHB | 180Days | 15971 | 0202 | 1330917 | 5362500 | 144 | 0.831 | 23.77% | 50.19%

Table C-h UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=30% at t= 360days

Spen_cimtn Aps(%) Modifier Curing Ju & Es Eoam r . w D,

No. Batch days, ¢ | (&NmY | (%) | &NmY | ENmY W’rm") %) (%)
1 25 BATCHBE | 360 Days 2516 0.205 46593 197000 1.48 0.787 | 23.02% | 50.01%
2 25 BATCHBE | 360 Days 2938 0159 | 36725 128150 1.48 0.787 | 23.24% | 50.03%
3 25 BATCHE | 360 Davs 3018 0182 60360 250500 148 0.787 | 22.89% [ 50.21%
1 5 BATCHBE | 360 Days 8914 0.167 | 108707 | 1297500 1.48 0.788 | 26.86% | 50.17%
2 5 BATCHBE | 360 Days 589.2 0177 | 56654 742000 1.48 0.785 | 26.51% | 50.92%
3 5 BATCHBE | 360 Days 7549 0.191 99329 1009500 1.48 0.788 | 26.41% | 50.25%
1 7.5 BATCHE | 360Days | 14743 | 0237 | 122858 | 2116500 1.47 0.793 | 27.51% | 50.26%
2 75 BATCHBE | 360 Days 1626 0247 | 159412 | 3138500 1.47 0.792 | 26.16% | 50.48%
3 7.5 BATCHE | 360Days | 15925 | 0.161 | 220568 | 2084500 1.47 0.793 | 2895% | 50.19%
1 10 BATCHE | 360Days | 30373 | 0.236 | 446662 | 2542500 1.44 0.830 | 2891% | 50.41%
2 10 BATCHE | 360 Davs 2735 0 0 3187500 1.44 0.829 | 31.61% | 50.85%
3 10 BATCHBE | 360 Days 2223 0202 | 241630 | 5462500 1.44 0.829 | 30.89% | 50.73%
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C22 Stress-strain relationship of PSAS treated sand for w=10%, tp=3 days, D=90%
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Figure C-7 Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, tp=3days, D~90%: (a) = 3days, (b} =7
days.

Table C-1 UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=00% at t= 3days

Specimen Modifier Curing

No. Ars(%%) Batch days, ¢ Tu & Es Fa s ol D

(EN/m®) (%) | (Nim?) | (glem’) (%) (%)
1 25 Batch A I Days | 59.7318 0.403 22040 1.58 0.672 17.47% 01.80%
2 25 Batch A 3 Days 51.867 0.602 13320 1.58 0.673 16.05% 91.31%
3 25 Batch A 3 Days 39.92 0.328 36690 1.58 0.674 | 20.83% 91.15%
1 5 Baich 4 3 Days 120.06 0.171 14770 1.60 0.654 16.26% 01 61%
2 5 Batch A 3 Days 95.31 0.577 11960 1.60 0.653 14 .60% 91.90%
3 5 Batch A 3 Days | 108810 0.668 16460 1.59 [.658 15.07% 00.14%
1 7.5 Batch A 3 Days | 2089931 | 0.734 32190 1.60 0.645 19.30% 91.99%
2 75 Batch A IDays | 1728114 | 0533 21770 1.60 0.649 13.50% 20.77%
3 7.5 Batch A 3 Days | 207.1803 | 0.536 39660 1.60 0.648 12.93% 91.03%
1 10 Batch A I Days | 1174935 | 0.734 59830 1.56 0.638 16.63% B8.56%
2 10 Baich 4 I Days | 1284655 | 0.734 635920 1.57 0.677 16.91% 01.60%
3 10 Batch A 3 Days | 1329695 | 0629 56200 1.57 0.683 16.13% £9.95%

Table C-j UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=00% at t= Tdays

Specimen Modifier | Curin

P‘;iu. Ars(%) Batch da:.'s,? % & Ex jJ'.. i d D.
(Nm®) | (%) (N/m’) (glem’) (%) (%)

1 25 Baich 4 7 Days 85.1 0403 22942 70833 1.57 0677 18.31% 90.07%

2 25 Batch 4 7 Days 76.5 0602 13327.52613 1.57 0.677 16.05% 90.03%

3 25 Baich 4 7 Days 499 0328 | 36609117647 1.58 0675 20.01% 90.81%

1 5 Baich 4 7 Days 133 .4 0.171 14776.82222 1.59 0657 16.26% 90.57%

2 5 Baich 4 7 Days 105.9 0577 11963.93301 1.59 0656 16.65% 90.87%

3 5 Baich 4 TDays 120900 | 0.668 16464. TE96S 1.59 0657 16.30% 90.69%

1 7.5 Batch 4 TDays 2389 0.734 32196.7655 1.60 0.651 19.30% 90.17%

2 75 Baich 4 7 Days 196.6 0.533 21775.90387 1.60 0650 16.32% 90.62%

3 75 Baich 4 7 Days 2357 0536 | 39660334638 1.60 0650 16.92% 90.53%

1 10 Baich 4 TDays 160.95 0.734 | 59832.71375 1.57 0682 16.63% 90.22%

2 10 Baich 4 7 Days 17735 0.734 | 6592936303 1.57 0681 16.91% 90.60%

3 10 Baich 4 7 Days 182.15 0629 56208.6358 1.57 0681 16.13% 90.56%
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Figure C-£ Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, tp=3days, Dr=20%: (c) t= l4days, (d) t=
28 days.

Table C-k UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=90% at t= 14days

Specimen Ars(%) Modifier | Curing ' & Eu F . w D,
No. Batch days ¢ | (KN'm?) L) (ENm?) | (zlem’) () ()

1 25 BatchA | 14 Days 80.05 0.6005 19710 1.58 0.676 19.12% 90.53%

2 25 BatchA | 14 Days T76.4 0401 17760 1.58 0.675 19.74% 90.88%

3 25 BatchA | 14 Days 75.3 0.723 145590 1.58 0.675 18.16% 90.88%

1 5 BatchAd | 14 Days 175.1 0.745 27530 1.59 0.657 22 20% 90.63%

2 5 BatchA | 14 Days 171.1 0.5 43200 1.59 0.658 21.14% 90.3T%

3 5 BatchA | 14 Days 135.9 (.46 36720 1.59 0.658 20.69% 90.35%

1 7.5 BatchA | 14 Days 3009 0.582 55510 1.60 0.650 16.5%% 90.41%

2 7.5 BatchA | 14 Days 2235 0471 36750 1.60 0.651 18.58% 90.30%

3 7.5 BatchAd | 14Days | 26344 0.373 129130 1.60 0.651 16.29% 90.14%

1 10 BatchA | 14 Days 3709 0.899 24130 1.57 0.680 20.43% 90.91%

2 10 BatchAd | 14 Days 3922 0.818 71560 1.57 0.683 21.4%% 90.08%

3 10 BatchA | 14 Days 4127 0695 83260 1.57 0.681 17.85% 90.65%

Table C-1 UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=00% at t= 28days

Specimen | %) Modifier | Curing du & Eg £ . el D,
No. Batch days, ¢ | (Nim?) (%) (N/m®) | (zlcm’) _ (%) (*a)

1 25 Batch A | 28 Days 90.2 0.973 10250 1.58 0.676 19.67% | 20.40%

2 25 BarchA | 28 Days 885 0.973 11450 1.58 0.675 17.04% | 20.74%

3 25 Batch A | 28 Days 589 0.861 8890 1.58 0.675 19.87% | 20.82%

1 5 BarchA | 28 Days | 217.500 0.973 22840 1.59 0.659 18.65% | 20.02%

2 5 Batchd | 28 Davs 114.9 0.973 16990 1.59 0.656 18.34% | 90.80%

3 5 BarchA | 28 Days | 190500 0.607 40870 1.5% 0.658 17.27% | 20.26%

1 7.5 BawchA | 28 Days 252.5 0.788 68980 1.60 0.649 17.00% | 20.594%

2 7.5 Batch A | 28 Days 310.8 0.723 39310 L.60 0.651 17.74% | 20.23%

3 7.5 Batch A | 28 Days 176.7 0.575 33720 1.60 0.650 17.52% | 20.53%

1 10 BawchA | 28 Days 354.7 0.652 66920 1.57 0.682 16.14% | 20.36%

2 10 Batch A | 28 Days 3939 0.629 79080 1.57 0.681 18.46% | 20.44%

3 10 Batchd | 28 Days 37 0.507 122120 L57 (.682 19.57% | 90.31%
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Figure C-9 Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, tp=3days, Dr=00%: (&) t= 60days, (f) t=
90days.
Table C-m UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=00% at = 60days
Specimen Ars(%) Modifier | Curing I3 & Es Evm P . w D,
No. " Batch days,t | \Nim®) | (%) | (kNm?) | 0Nim?) | (glem?) (%) (%)
1 2.5 BATCHE | 60Davs 190.1 0.211 | 288021 490650 1.58 0.676 | 23.02% | 90.29%
2 25 BATCHE | 60 Days 187.8 0.205 | 268286 476000 1.57 0.676 | 23.24% | 20.27%
3 25 BATCHE | 60 Days 163.53 0.189 | 215171 408300 1.58 0.675 | 22.89% | 20.86%
1 5 BATCH E | 60 Days 33955 | 0.236 | 273831 936167 1.59 0.658 | 26.86% | 20.13%
2 5 BATCH E | 60 Days 484.7 0.225 | 526848 | 1256500 1.59 0.658 | 26.51% | 20.27%
3 5 BATCH E | 60 Days 490.1 0.211 | 544556 | 1282000 1.59 0.657 | 26.41% | 20.53%
1 7.5 BATCH E | 60 Days 1239.3 0.247 | 983571 | 3639000 L.60 0.650 | 27.51% | 20.56%
2 7.5 BATCH B | 60 Days 11584 | 0.175 | 4633600 ) 3268500 L.60 0.651 | 27.01% | 20.21%
3 7.5 BATCH E | 60 Days 1132.3 0.215 | 1068208 | 3446500 1.60 0.650 | 27.49% | 20.52%
1 10 BATCH E | 60 Days 1877.2 | 0421 | 733281 | 5436500 1.57 0.680 | 20.07% | 20.85%
2 10 BATCH E | 60 Days 1811.1 0.261 | 429171 | 6646000 1.57 0.681 | 25.69% | 20.40%
3 10 BATCH B | 60 Days 16953 0202 | 95216 | 4955500 1.57 0.681 | 25.71% | 90.59%
Table C-n UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=90% at t= 90days
Specimen Ars(%) Modifier | Curing gu & Es Eam S . W D,
No. Batch days,¢ | (Nm?) | (%) | (Nm?) | (Nim?) | (z/em’) (36) (%)
1 25 BATCHE | 90 Days 1293 0217 | 195909 405500 1.58 0.675 26.26% [ 90.71%
2 25 BATCHE | o0 Days 125.8 0.186 | 208667 | 270050 1.58 0675 | 25.95% | 90.77%
3 25 BATCHE | 60 Days 92.1 0225 124459 157100 1.58 0.674 24.40% | 90.92%
1 3 BATCHE | 90 Days 363.1 0182 | 686707 | 1358500 1.59 0.659 26.79% [ 90.00%
2 5 BATCHE | 90 Days 610.1 0227 | 693295 | 1431500 1.59 0.658 27.62% [ 90.14%
3 5 BATCHE | 90 Days 5992 0146 | 651304 | 1646500 1.59 0.656 26.29% | 90.86%
1 7.5 BATCHE | 90Days | 14386 | 0213 ]| 2347813 | 4460500 1.60 0.649 24.42% [ 90.90%
2 1.5 BATCHE | 90 Days | 14355 | 0162 | 2175000 | 2473500 1.60 0.649 22.83% | 90.83%
3 7.5 BATCHE | 90 Days 0 0157 0 0 1.60 0.650 27.49% [ 90.46%
1 10 BATCHE | % Days | 21564 0.2 3717931 | 4890500 1.57 0.683 2243% | 90.12%
2 10 BATCHE | % Days | 19423 0261 | 3034844 | 6267000 1.57 0.683 24.07% | 90.03%
3 10 BATCHE | 90Days | 1%81.2 | 0202 ]| 1151860 | 4610500 1.57 0.682 25.88% [ 90.23%
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Figure C-10 Typical UCT stress-strain relationship of PSAS-treated sand for w=10%, tp=3days, Dr=00%: (&) t= 180days, (f)
= 360days.

Table C-o UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=90% at t= 180days

Specimen Aps(%) Modifier Curing Ju & Esn Esm oy . W D,

No. ™ Batch days, ¢+ | (Nm?) | (%) | (6Nim) | (Nim?) | (glem) (%) (%)
1 25 BATCHE | 180 Davys 139.3 0.11 204853 827000 1.57 0676 | 25.20% | 90.22%
2 25 BATCHE | 180 Davs 135.8 0143 | 339500 1706000 1.58 0675 | 25.19% [ 90.73%
3 25 BATCHE | 180 Davys 921 0208 | 121184 1248000 1.58 0676 | 25.71% | 90.51%
1 5 BATCHE | 180 Days 610.1 0142 | 677889 | 3791500 1.59 0658 | 24.30% | 90.33%
2 5 BATCHE | 180 Davys 599.1 0.159 | 6635667 | 4954500 1.59 0.657 | 24.86% | 90.52%
3 5 BATCHE | 180 Davys 583.1 0249 | 728875 | 20730000 1.59 0.659 | 25.49% | 90.01%
1 7.5 BATCHE | 180 Days | 14355 | 0213 | 1595000 | 20730000 1.60 0651 | 23.61% [ 9022%
2 7.5 BATCHE | 180 Days | 14386 | 0193 | 1598444 | 23582500 1.60 0651 | 25.69% | 90.23%
3 135 BATCHE | 180 Davs 0 0.154 0 16052500 1.60 0.651 | 2534% | 90.17%
1 10 BATCHE | 180 Days | 21564 | 0188 | 3478065 | 22538000 1.57 0680 | 25.61% | 90.88%
2 10 BATCHE | 180 Days | 19423 0.18 | 2774714 [ 33064000 1.57 0.682 | 24.16% | 90.36%
3 10 BATCHE | 180 Days | 19812 | 0209 | 1151860 | 32286500 1.57 0680 | 23.60% | 90.85%

Table C-p UCT data record for PSAS-treated sand for w=10%, tp=3days, Dr=20%: at t= 360days

Specimen Apel(%) Maodifier | Curing s & Ew Eom Ty . w D,

No. Fs Batch days, £ {kﬁl} (%a) {k_'f."mj Nim*) {E-‘} ) (%)
1 25 BATCHBE | 360 Days 0 0217 0 0 000 0.000 | 0.00% 0.00%
2 25 BATCHBE | 360 Days 139.1 0.323 93986 380300 1.58 0675 | 2590% | 90.62%
3 25 BATCHBE | 360 Days 0 0225 0 0 1.58 0676 | 2398% | 90.4%%
1 5 BATCHBE | 360 Days 570.2 0182 [ 178188 | 2519500 1.59 0.657 | 2092% | 90.48%
2 5 BATCHE | 360 Days 0 0227 0 0 1.59 0.658 | 2253% | 90.33%
3 5 BATCHBE | 360 Days 493 0335 [ 184444 | 2020500 1.59 0.658 | 2333% | 90.21%
1 75 BATCHBE | 360 Days 11915 | 0213 [ 242175 | 4391500 1.60 0651 | 2281% | 90.37%
2 7.5 BATCHBE | 360 Days 12454 | 0162 [ 300821 5003000 1.60 0.649 | 23.76% | 90.85%
3 7.5 BATCHBE | 360 Days 1606.6 | 0157 [ 247932 | 3010000 1.60 0651 | 23.56% | 90.15%
1 10 BATCHBE | 360 Days 0 02 0 4890500 1.57 0681 | 2035% | 90.42%
2 10 BATCHE | 360Days | 27358 | 0261 | 506630 | 5297000 1.57 0681 | 2257% | 90.62%
3 10 BATCHE | 360 Day= 10637 | 0202 | JIEETTS | 131ES000 157 0680 | 22.35% | 00.71%
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C23 Stress-strain relationship of PSAS treated sand for w=20%, pp=0 days, D=50%
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Figure C-11 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=30%, t= 3days: (a) ESM,
(b) LSM

Table C-q UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=30% at t= 3days

Specimen Ape(%) Modifier | Curing q‘..' 5 E Ev P . i D.

Ne. rs Batch | days,s (,]:,If, @) | 0wy | @Nm) | @em?) (%) (%)
1 25 BATCH 2 3 Days -U 0.261 114200 83150 1.48 0.783 23.10% | 51.74%
2 25 BATCH 2 3 Days 0 0.257 200200 0510 148 0.785 23.24% | 51.03%
3 25 BATCH 2 3 Days 0 0.0962 254400 169000 1.48 0.780 2294% | 52.58%
1 5.0 BATCH 2 3 Days 19.3 0.107 604400 437500 1.48 0.788 26.86% | 50.03%
2 5.0 BATCH 2 3 Davs 0 ] 227200 283500 1.48 0.783 26.51% | 51.56%
3 5.0 BATCH 2 3 Days 17.8 0.139 458600 312500 1.48 0.782 2641% | 52.02%
1 7.5 BATCH 2 IDays | 3858 0.127 1253000 014500 147 0.797 27.51% | 49.19%
2 7.5 BATCH 2 IDavs | 3525 0.193 1253000 326000 1.48 0.782 2641% | 53.55%
3 7.5 BATCH 2 3 Days 27.3 0.136 S2EE00 656500 1.47 0.730 2698% | 51.29%
1 10 BATCH 2 3 Days 835 0.019 654600 597500 144 0.830 2891% | 5041%
2 10 BATCH 2 3 Days 616 0.094 995300 045500 1.44 0.827 28.69% | 51.26%
3 10 BATCH 2 3 Davs 56.5 0.087 1825400 343800 144 0.832 20.06% | 40 B4%
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Figure C-12 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=30%, t= Tdays: (a) ESM

Table C-r UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=>530% at t= Tdays

15

20

Specimen | oo | Modifier | Curing &:I‘M & 2 Eom ] . d D.
Ne. : Batch | days, | O ©) | 6NmY) | 6N | (glem?) (%) (%)
1 25 | BATCH? | 7Dmy= | O 0 0 0 1.48 0.787 | 22.64% | 50.33%
2 25 | BAICH? | 1Dm=| O 0 0 0 1.48 0.787 | 21.67% | 50.2%
3 25 | BATCH2 | 7Dm=| 0 0 0 0 148 0.787 | 2558% | 5024%
1 5 BATCH? | 1Days | 25.78 | 0.107 | 66056 | 116250 | 148 0.786 | 22.64% | 50.62%
2 3 BATCH? | TDav= |0 0 0 0 1.48 0.787 | 24.59% | 50.56%
3 5 BATCH? | TDays | 297 | 0139 | 38077 | 69000 | 186 0.000 | 0.00%
1 75 | BATCH? | 1Day= | 6859 | 0.167 | 110629 | 176500 | 147 0.793 | 23.89% | 5031%
2 75 | BATCH2 | 7Day= | 6264 | 0273 | 101032 | 109200 | 147 0.789 | 2169% | 5154%
3 75 | BATCH? | 7Day= | 4854 | 0136 | 97080 | 114000 | 147 0.791 | 2187% | 50.96%
1 10 | BATCH? | 7Dav= | 1484 | 0157 | 265000 | s44500 | 144 0.831 | 20.59% | 50.17%
2 10 | BATCH?2 | 7Day= | 1095 | 0157 | 202778 | 329500 | 144 0831 | 1962% | 50.19%
3 10 | BATCH? | 7Dav= | 1183 | 0133 | 369688 | 386000 | 144 0829 | 21.16% | 5087%
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Figure C-13 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=530%, t= 14days: (a) ESM

(b)) L5M

Table C-s UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=30% at = 14days

Specime Ars(%) Modifier Curing (:I“I." ! Ex Euw Ia , Ld D,
n No. Batch days, ¢ ) ) | (NmY) | (Nm) | (glem®) (%) (%)
1 2.5 BATCH 2 14 Days 0 0 0 1] 148 0.785 23.02% | 50.84%
2 25 BATCH 2 14 Days 0 0 0 0 148 0.785 23.24% | 50.76%
3 25 BATCH 2 14 Day= 0 0 0 0 148 0.786 22.89% | 50.55%
1 5 BATCH 2 14 Day= 0 0 0 0 148 0.782 23.73% | 51.87%
P 3 BATCH 2 14 Days | 1573 0 14045 31000 148 0.787 2233% | S50.48%
3 5 BATCH 2 14 Day= 21.6 0 31765 29300 148 0.786 24.81% | 50.58%
1 7.5 BATCH 2 14 Days 70.1 0 250357 205400 147 0.791 25.56% | 50.95%
2 7.5 BATCH 2 14 Day= 73.1 0 158913 212650 1.47 0.794 24.51% | 50.16%
3 7.5 BATCH 2 14 Day= 1.47 0.794 25.57% | 50.11%
1 10 BATCH 2 14 Days | 2994 0 534643 824000 144 0.831 23.19% | 50.32%
2 10 BATCH 2 14 Days | 216.5 0 3IR6607 G87500 1.44 0.828 21.29% | 50.91%
3 10 BATCH 2 14 Days 232 0 454000 236000 1.44 0.831 2221% | 5021%
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Figure C-14 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=50%, t= 28 days: (a) ESM
(b) LSM

Table C-t UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=50% at t= 28days

Specimen Ars(%) Modifier Curing ' & Eg Eoar &y . W D,

No. Baich days, r | (KN/m?) (%) (EN/m?* | (ENm?) (g/om (%) (%)
1 25 BATCH?2 | 28 Days 7 0.063 43750 31000 1.48 0787 26.52% | 50.19%
2 25 BATCH?2 | 28 Days 15.76 02036 39400 40145 1.48 0.787 24.78% | S0.28%
3 25 BATCH?2 | 28 Days 25 0.0962 5952 6600 1.48 0787 2443% | 50.11%
1 5 BATCH?2 | 28 Days 97.6 0.107 244000 436500 1.48 0788 25.32% | S0.04%
2 5 BATCH 2 | 28 Days 67.6 0.119 160952 221500 1.48 0787 25.20% | 50.33%
3 5 BATCH?2 | 28 Days §1.2 0.139 193333 247000 1.48 0786 25.50% | 50.59%
1 7.5 BATCH?2 | 28 Days 1289 0.117 157195 462500 1.47 0.792 23.75% | 50.53%
2 7.5 BATCH?2 | 28 Days 151.1 0.148 179881 683500 1.47 0.791 26.29% | 50.80%
3 7.5 BATCH?2 | 28 Days 115 0.249 261364 463500 1.47 0.794 26.71% | 50.19%
1 10 BATCH 2 | 28 Days 240.6 0.101 802000 635500 144 0.829 20.04% | 50.831%
2 10 BATCH?2 | 28 Days 2337 0.104 730313 675500 1.44 0.832 31.15% | 50.02%
3 10 BATCH? | I8 Days 21212 0.104 630588 752000 144 0827 28.10% | 51.34%
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Figure C-15 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=50%, t= 60 days: (a) ESM
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Table C-u UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=30% at t= 60days

Lo
Axial Strain by LSM, £, (%)

LS

20

Epeciomen | Ay | Modfer | Curing [—B—1—5 £ 2L = - D,

No. (%) Batch days, ¢ (k-';"m (%) Nm) | 6 NmY) | (elem?) € (%) (%)
1 25 BATCH 2 60 Days 259 0.006 161875 43167 148 0.785 23.02% 50.74%
2 25 BATCH 2 60 Days 0 02036 ] i] 148 0.786 23.24% 50.61%
3 25 BATCH 2 60 Days 0 0.0962 0 0 148 0.786 22 8%% 50.57%
1 5.0 BATCH 2 60 Day= 734 0.107 183500 220000 148 0.788 26.86% 50.03%
2 5.0 BATCH 2 60 Days 714 0.11 170000 222500 148 0.788 26.51% 50.09%
3 5.0 BATCH 2 60 Days 74.1 0.109 176429 247000 148 0.786 26.41% 50.78%
1 7.5 BATCH 2 60 Days 193 .3 0.117 254342 500000 147 0.792 27.51% 50.68%
2 75 BATCH 2 60 Days 160.7 0.148 191310 375000 147 0.792 26.16% 50.48%
3 7.5 BATCH 2 60 Day= 1647 0.249 205875 450000 147 0.793 28.95% 50.30%
1 10 BATCH 2 60 Days 3183 0.101 BB84167 1250000 144 0.830 28.91% 50.41%
2 10 BATCH 2 60 Day= 291 0.14 8083133 850000 144 0.829 31.61% 50.85%
3 10 BATCH 2 60 Days 3243 0.104 1013438 1300000 144 0.829 30.89% 50.73%
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Figure C-16 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=50%, t= 90 days: (a) ESM
(b) LSM.

Table C-v UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=30% at t= %0days

Specimen Aps(%) Modifier Curing Ju & Ex Eaar B . w D
No. Fs Batch days,z | (Nm?) | (%) | (:Niw?) | 0Nm) | (glem?) (o) (%)
1 23 BATCH? | 90Days | 104400 | o006 | 522000 | 130500
2 23 BATCH2 | 90 Days 627 | 02036 | 313500 78375 1.48 0784 | 26.09% | 5132%
3 23 BATCH? | 90Days | 36300 | 0086 | 121000 45375
1 50 BATCH? | 90Days | 299800 | 0107 | 713810 [ 1022000 1.48 0785 | 23.71% | 50.93%
2 50 BATCH? | 90Days | 2677 011 | 637381 | 972000 1.48 0787 | 2357% | 50.57%
3 50 BATCH? | 90Days [ 231800 | 0108 | ss1905 | 917000 1.48 0785 | 2590% | 5098%
1 735 BATCH? | 90Days | 608600 | 0117 | 981613 | 2071500 1.47 0792 | 30.82% | 5047%
2 73 BATCH? | 90Days | 7588 | 0148 | 1084000 | 3061500 1.48 0788 | 29.26% | 51.63%
3 735 BATCH? | 90Days | 662500 | 0249 | 946420 | 2430500 1.47 0790 | 2858% | 51.09%
1 10.0 BATCH? | 90Days [ 596200 | 0101 | 876765 | 1869000 1.44 0830 | 30.02% | 5044%
2 10.0 BATCH? | 90Days | 7328 014 | 1017917 | 1678000 1.44 0831 | 31.45% | 5028%
3 10.0 BATCH? | 90Days [ 767800 | 0104 | 1279667 | 2729000 1.44 0831 | 30.20% | 5031%
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Figure C-17 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=3days, Dr=30%: (a) t= 180 days, (b)

t= 360 days.

Table C-w UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=50% at t= 180days

Specimen Aps(%) Modifier Curing g & Ew L . w D,
No. Batch days,t | (bNim®) | (%) (ENmY) | (=lem?) (%) (%)
1 25 Bateh 4 180 Diays 823 0.973 121025 148 0.786 19.67% 30.47%
2 25 Bateh A 180 Days 75.7 0.873 151404 148 0.786 17.04% 50.58%
3 25 Bateh 4 180 Days TL.7 0.973 170714 148 0.786 19.87% 50.55%
1 5 Batch B 180 Days 403 0.973 671667 148 0.787 18.65% 50.32%
2 5 Batch B 180 Days 416.1 0.97 2080500 148 0.786 19.34% 50.66%
3 5 Batch B 180 Days 3814 0.973 1907000 148 0.786 17.27% 50.87%
1 7.5 Batch C 180 Days 9235 0.873 732937 147 0.791 17.00% 50.85%
2 7.5 Batch C 180 Days 1087.6 0.973 776857 147 0.794 17.74% 50.03%
3 7.5 EBatch C 180 Days G282 0.973 G000 147 0.793 17.52% 50.23%
1 10 Batch D 180 Days 16434 0.902 1676939 144 0.832 18.25% 50.05%
2 10 Batch D 180 Days 1585.5 0.981 1524519 1.44 0.829 19.34% 50.82%
3 10 Batch D 180 Days 17313 0.822 1292015 1.44 0,828 18.70% 50.98%
Table C-x UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=30% at t= 360days
Specimen Ars(%) Modifier | Curing du & Es Pa . w D,
No. Batch days,t | (kN/m?) () (N/m?) (glem?) )] ()
1 15 Bateh 4 | 360 Days 32 0.973 45714 1.48 0.786 21.24% 50.38%
2 25 Bateh 4 | 360 Days 63.9 0.973 325850 1.48 0.787 21.39% 50.28%
3 15 Bateh 4 | 360 Days 289 0.973 68810 1.48 0.787 22.74% 50.05%
1 5 Batch B | 360 Days 535.1 0.505 161175 1.48 0.787 20.64% 50.52%
2 5 Batch B | 360 Days 406.2 0.452 152707 1.48 0.788 20.33% 50.15%
3 5 Batch B | 360 Days 420.7 0.345 166944 1.48 0.786 20.64% 50.73%
1 1.5 Batch C_| 360 Days 12474 0.58% 228462 1.47 0.793 18.95% 50.28%
2 1.5 Batch C_| 360 Days 1260.9 0.486 331816 1.47 0.7594 21.39% 50.15%
3 7.5 EBatch C | 360 Days 1134.1 0.973 285668 1.47 0.791 21.95% 50.86%
1 10 BarchD | 360Days [ 22358 0.816 286265 144 0.830 24.97% 5035%
2 10 BarchD | 360Days [ 20186 0.981 369707 144 0.829 25.84% 50.74%
3 10 Barch D | 360 Days 1934.1 0.822 293936 1.44 0.831 23.23% 50.32%
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Figure C-12 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=0"%, t= 3days: (a) ESM,

Table C-y UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=90% at t= 3days

o

Specimen Ape(%) Modifier | Curing u & Es Ey 24 . w D
Ne. - Batch | days ¢ | (iN/m®) | (%) (Nw?) | (kNm?) | (zlem?) (36) (%)
1 25 Batch 4 | 3 Days 1] 0.112 0 0.00%
2 25 Bateh 4 | 3 Days 16.16 0.135 16490 15200 1.59 0.660 24.37% | 89.77%
3 25 Bateh 4 | 3 Days 0 0.083 1] 0.00%
1 5 Batchd | 3 Days 67.1 0.107 235643 256500 1.59 0.658 20.20% | 9037%
2 3 Batch 4 | 3 Days 71.5 0 0 235000 1.59 0.657 24.70% | 90.58%
3 3 Bateh 4 | 3 Days T0.6 0.133 283000 1.60 0.654 19.10% | 91.52%
1 ] Bateh 4 | 3 Days 1457 0.136 364250 445500 L.60 0.649 21.67% | 90.78%
2 7.5 Batch 4 | 3 Days 161 .4 0.154 201750 441500 L.60 0.646 19.66% | 91.69%
3 7.5 Bateh 4 | 3 Davs 142 4 0.143 206667 472000 160 (.649 22.53% | 00.69%
1 10 Batch 4 | 3 Days 320.1 0.195 2000623 1018000 1.57 0.685 20.50% | 89.45%
2 10 Batchd | 3 Days 341.1 0.132 1137000 0 1.57 0.680 16.83% | 90.73%
3 10 Bateh 4 | 3 Days 2852 0.134 1296364 246000 1.57 0.681 22.25% | 90.54%
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Figure C-19 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=%0%, t= Tdays: (a) ESM,

{b) LSM.

Table C-z UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=90%: at t= Tdays

Specimen | (%) Modifier | Curing gu & Es Ega £ . o D.
Na. s Batch days, r | (EN/m®) (%) (ENmY | &NmY) E,-'J_-m-‘} (%) %)
1 25 Baich A 7 Day=
2 2.5 Baich 4 7 Days 20.2 0.267 13649 23700 1.57 0.678 2572% | B89.81%
3 25 Baich A 7 Day=
1 5.0 Baich A TDays | 892.800 0.252 | 123286 | 281000 1.59 0.659 20.31% | 89.90%
2 5.0 Baich A 7 Day= £8.9 0.178 | 143167 | 283500 1.59 0.657 24.70% | 90.56%
3 5.0 Baich A T Dayz | 24400 0.223 168800 | 338500 1.59 (.661 19.62% | 89.29%
1 7.5 Baich A 7 Day= 1822 0.227 [ 173627 551000 1.60 0.652 21.87% | 90.04%
2 75 Baich A 7 Day= 2018 021 272703 546000 L.60 0.650 19.93% | 90.66%
3 7.5 Baich A 7 Day= 178 0.159 | 296667 572500 1.60 0.653 22.79% | 89.70%
1 10 Baich A 7 Day= 320.1 0.157 [ 615577 | 1033500 1.57 0.682 20.31% | 90.14%
2 10 Baich A 7 Day= 341.1 0.157 | 236875 586500 1.57 0.683 21.81% | 89.95%
3 10 Baich A 7 Day= 2852 0.133 570400 | 895000 1.57 0.680 22.17% | 90.81%
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Table C-aa UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=00% at t= 14days

Specime Modifier | Curing |—22 & Es Low . = D
aNo. |4 | Bagch | dayss f:}} (%) fﬂ';’“” fﬂ‘;‘"” ‘F";“" € %) (%)
1 75| Bawhd | 14 Days 0261 0
2 35 | Batchd | 14Days | 293 | 0.143 | 43088 | 68120 | 157 | 0678 | 2453% | 89.55%
3 75 | Bawchd | 18Days | 241 | 0208 | 41552 | 47900 | 157 | 0678 | 2535% | 89.69%
1 50 | Baichd | 14Days | 1279 | 0.198 | 245962 | 409750 | 159 | 0.660 | 22.93% | 89.61%
2 50 | Baichd | 14Days | 1058 | 0.117 | 377857 | 262850 | 159 | 0.657 | 22.06% | 90.53%
3 50 | Bawchd | 14Days | 874 | 0.128 | 502299 | 179000 | 159 | 0.659 | 23.42% | 90.03%
1 75 | Baichd | 14Dayz | 2347 | 0137 | 434630 | 921500 | 160 | 0.654 | 19.94% | 89.47%
2 75| Bawhd | 14Days | 2589 | 0155 | 462321 | 776000 | 160 | 0650 | 1946% |  9066%
3 75 | BatchA | 14Days | 207.6 | 0.136 | 494286 | 682000 | 160 | 0.651 | 20.82% |  90.40%
1 10| Bawchd | 14Davs | 3556 | 0205 | 592667 | 815500 | 157 | 0.684 | 2L31% | 89.76%
2 10 | Barchd | 14Days | 3765 | 0269 | 495395 | 698000 | 157 | 0.681 | 18.96% | 90.54%
3 10 | Bawchd | 14 Days | 3073 | 0.132 | 465606 | 940000 | 156 | 0.685 | 23.03% | 89.3%%
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Figure C-21 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dy=00%, = 28 days: (a) ESM,
(b) LSM.

Table C-bb UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=90%: at t= 28days

Specimen Aps(%) Modifier Curing gu & Ew Euon B . W D,

Ne. Batch daye.¢ | (Nm?) | (%) | N/m?) | (kNim?) | (zlem’) (36) (%)
1 23 Batch A 28 Days 282 0.11 265455 118500 1.58 0675 | 26.11% | 90.76%
2 23 Batch A 28 Days 14.6 0.143 | 101389 84600 1.58 0.676 | 2543% | 90.35%
3 23 Batch A 28 Days 17.9 0.208 | 124306 72500 1.58 0.675 | 24.49% | 90.87%
1 3.0 Batch A4 28 Days 9100 | 0143 | 169692 | 351600 1.59 0660 | 21.71% | 89.66%
2 5.0 Batch A 28 Days 114.3 0.155 | 150395 | 428000 1.59 0.663 | 22.79% | 88.58%
3 5.0 Batch A 28Days | 100700 | 0349 | 68563 368000 1.58 0.670 | 24.19% | B6.61%
1 7.3 Batch A 28 Days 2493 0.213 | 461667 | 797500 L.60 0.650 | 21.16% | 20.44%
2 13 Batch A 28 Days 2403 0.193 | 500625 | 659000 1.59 0654 | 19.13% | 89.39%
3 7.5 Batch A 28 Days 2255 0.154 | 626389 | 608500 1.59 0.660 | 21.48% | 87.75%
1 10 Batch A 28 Days 459.1 0.188 | 510111 ] 1254500 1.57 0684 | 23.51% | 89.81%
2 10 Batch A4 28 Days 438.7 0.18 645147 | 1365000 1.56 0685 | 24.17% | 89.38%
3 10 Batch A 28 Days 396.1 0.209 | 550139 ]| 1339500 1.55 0.696 | 2491% | 86.37%
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Figure C-22 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=90%:, = 60 days: (a) ESM,

Table C-cc UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=00% at t= 60days

Lsu | L&mq-ﬂ

A
15%
506
T.5%
0%

15

Axial Stmin by LSM. =, (%)

o

Specimen Arsl(%) Modifier Curing A & Eg Eoar &y . w D,
No. Batch dayz, ¢ | (Nmd) | (%) | (Nm)) | (Nw?) | (glem?) (%) (%)

1 25 Batch B 60 Day=
2 25 Batch B 60 Days 0
3 25 Batch B 60 Day= 62300 | 0.163 84189 139000 1.57 0677 | 20.24% | 20.16%
1 5.0 Batch B 60 Day= 142600 | 0.161 | 155000 | 2221500 1.59 0656 | 21.08% | 2097%
2 5.0 Baich B 60 Days 315.7 0131 | 263083 | 1627000 1.60 0653 | 18.40% | 91 85%
3 5.0 Batch B 60 Day= | 291500 | 0.123 | 142892 | 3593500 1.59 0.659 | 21.04% | 89.93%
1 75 Batch B 60 Days 7845 0.187 | 496519 | 4782000 1.60 0650 | 23.93% | 20.57%
2 7.5 Batch B 60 Day= 7094 0.197 | 437901 | 6231000 1.60 0648 | 23.81% | 91.08%
3 7.5 Batch B 60 Day= £886.8 0.173 | 661791 | 3551000 1.60 0646 | 20.60% | 91.76%
1 10 Baich B 60 Days 10814 | 2211 | 563220 | 4190500 1.57 0680 | 20.72% | 20.87%
2 10 Batch B 60 Day= 10476 013 557234 | 4153500 1.57 0.681 | 20.68% | 20.50%
3 10 Batch B 60 Days 10481 | 0203 ] 551632 | 4018000 1.57 0.682 | 21.94% | 50.26%
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Figure C-23 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=90%:, =90 days: (a) ESM,
(b) LSM.

Table C-dd UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=90%: at t= 90days

Specimen Aps(%) Modifier Curing gu & Ew Eam Pa . W Iy

Na. s Batch days,¢ | (kNw?) | (%) | (:N/w?) | (:Nim?) | (glem?) (%0) [&L0)]
1 25 BarchB | 90Days | 1475 | 0163 | 614383 | 184373 158 | 0676 | 22.75% | 90.34%
2 25 Barch B | 90 Days 768 | 0142 | 116364 | 96000 157 | 0679 | 23.70% | 89.20%
3 25 Barch B | 90 Days 20.67% | 335.00%
1 5.0 Barch B | 90Days | 394800 | 0161 | 548333 | 1381500 | 159 | 0.657 | 16.04% | 90.61%
2 5.0 BarchB | 90Days | 3891 | 0131 | 1297000 | 1218000 | 159 | 0.657 | 21.50% | 90.51%
3 5.0 BarchB | 90Days | 316200 | 0123 | 1581000 | 1299750 [ 1359 | 0660 | 22.16% | 89.73%
1 7.5 BarchB | 90Days | 13462 | 0187 | 3205238 | 4782000 | 160 | 0.651 | 22.36% | 90.14%
2 75 BarchB | 90Days | 12903 | 0197 | 1433667 | 6231000 | 160 | 0.647 | 21.81% | 91.39%
3 7.5 BarchB | 90Days | 9925 | 0173 | 1711207 | 3551000 | 160 | 0648 | 22.64% | 91.03%
1 10 BarchB | 90Days | 22157 [ 2211 | 4616042 | 8654500 | 157 | 0.680 | 22.54% | 90.73%
2 10 BarehB | 90Days | 22589 | 013 | 9412083 | 6290500 | 157 | 0685 | 2766% | 89.50%
3 10 BarchB | 90Days | 21591 [ 0203 | 2098750 | 8217500 | 157 | 0.683 | 23.59% | 90.03%
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Figure C-24 Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=0days, Dr=00%: (a) t= 180 days, (b)
= 360 days.

Table C-ge UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=00% at = 180days

Spect | iy | Modific | Caring gs 5 Ex 2 . w D,

No. (%) | rBatch | dayse | (Nm) | (%) | Nm) | (gem’) (%) (%)
1 25 Baich B 180 Days 142.5 0.973 169643 1.58 0.676 19.67% [ 90.44%
2 25 Batch B 180 Days 137.6 0.973 237241 1.58 0.672 17.04% [ 91.91%
3 25 Batch B 180 Days 1004 0.973 135676 1.57 0.676 19.87% [ 90.23%
1 5 Batch B 180 Days 647.2 0.973 719111 1.59 0.657 18.65% [ 90.56%
2 5 Batch B 180 Days 639.5 0.973 710556 1.59 0.658 1934% [ 90.17%
3 5 Batch B 180 Days 5996 0.973 1998667 1.5 (.658 17.27% [ 90.25%
1 7.5 Batch B 180 Days 1526.1 0.973 1956538 1.60 0.646 17.00% [ 91.76%
2 1.5 Baich B 180 Days 1523.2 0.973 1554286 L.&0 0.651 13.69% [ 90.1%%
3 7.5 Batch B 180 Days 1.60 0.650 17.52% [ 90.48%
1 10 Batch B 180 Days 2305.5 0.202 2055769 1.57 0.681 16.14% [ 90.63%
2 10 Baich B 180 Days 20403 0.981 2914714 1.57 0.683 18.46% | 89.92%
3 10 Batch B 180 Days 20823 0.822 1107606 1.57 0.683 14.54% [ 90.01%

Table C-ff UCT data record for PSAS-treated sand for w=20%, tp=0days, Dr=20% at t= 360 days

Specimen Aps(%) Modifier Curing Ju & Ex iy . w D
No. ™ Baitch days, ¢ (L'N-']nlj (%0 :}N.-'m!j EE;'ch’} (%0 (%0)
1 25 Barch B 360 Days 989 0973 11239 1.57 0.677 19.67% | 20.00%
2 25 Barch B 360 Days 96.9 0973 12584 158 0.675 17.04% | 20.87%
3 25 Barch B 360 Days 0 0 158 0.675 19.87% | 20.57%
1 5 Barch B 360 Days 7423 0283 378724 1.59 0.658 18.65% | 90.13%
2 5 Barch B 360 Days 6908 032 356082 1.59 0.658 19.34% | 20.34%
3 5 Barch B 360 Days 579.8 0289 265063 1.59 0.659 17.27% | 20.08%
1 7.5 Batch B 360 Diays 1544 4 0.401 543803 1.60 0.649 17.00% | 90.70%
2 7.5 Barch B 360 Days 14599 0538 347595 1.60 0.651 13.69% | 20.37%
3 15 Barch B 360 Days | 14536 0.435 376580 1.60 0.650 17.52% | 90.45%
1 10 Barch B 360 Days 36451 0.619 6B0036 1.57 0.682 16.14% | 20.32%
2 10 Barch B 360 Days 2509.9 0.784 326810 1.57 0.681 18.46% | 20.54%
3 10 Barch B 360 Days
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Figure C-25 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, tp=3days, Dr=50%: (a) t= 3 days, (b) t=

T days.

Table C-gg UCT data record for OPC-treated sand for w=10%, ip=3days, Dr=30% at t= 3 days

Specimen Ape (%) Modifier Curing Ju & Es Sa . w D,
Na. s Batch days, ¢ | (EN/mY) (%) (KN/m®) (g/em’) (&) (%0)
1 25 Batch 4 3 Days 340 0220 29050 1.50 0.764 2235% | 4937%
2 25 Batch A 3 Days 46.0 0453 17650 1.51 0.762 2222% | 50.46%
3 25 Batch A 3 Days 292 0403 21780 1.51 0.742 20.84% | 50.82%
1 5 Batch A4 3 Days 295.1 0.639 57100 1.53 0.748 22.40% | 52.55%
2 5 Batch A 3 Days 263.4 0.331 20430 1.52 0.755 2291% | 51.63%
3 5 Batch A 3 Days 334.2 0.333 109940 152 0.750 2353% | S1.79%
1 7.5 Batch A 3 Days 923.3 0.806 121990 1.54 0.735 22.43% | 52.48%
2 1.5 Batch 4 3 Days 843.9 0.787 92530 1.54 0.717 21.12% | 50.86%
3 7.5 Batch A 3 Days T720.2 0426 173000 1.55 0.708 20.46% | 53.11%
1 10 Batch A 3 Days 1245.5 0453 259480 1.55 0.742 2240% | 51.12%
2 10 Batch 4 3 Days 14722 0.74% 215480 1.54 0.763 23.86% | 50.81%
3 10 Batch A 3 Days 1350.2 0605 250410 1.56 0.722 21.00% | 54.30%
Table C-hh UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=30% at =7 days
Specimen | | (%) Modifier | Curing gu & Esn Sa . w D
Na. OPC Batch days,t | (KN/m%) %) (EN/m?) (g/em’) (%) (%)
1 25 Batch 4 7 Days T9.6 0.22 29050 1.51 0.762 20.00% [ 50.05%
2 25 Baich 4 7 Days 107.7 0.453 17650 1.51 0.760 17.84% [ 50.90%
3 25 Baich 4 7 Days 65.4 0.403 21780 1.51 0.762 20.84% [ 50.15%
1 5 Batch 4 7 Days 368.9 0.639 57100 1.53 0.746 21.06% [ 50.09%
2 5 Baich 4 7 Days 3292 0.331 90430 1.54 0.736 20.20% [ 53.58%
3 5 Baich 4 7 Days 417.8 0.333 109940 1.53 0.746 21.63% [ 50.21%
1 1.5 Bateh 4 7 Days 1154.1 0.806 121990 1.55 0.726 21.08% | 50.48%
2 7.5 Baich 4 7 Days 1054.9 0.787 92530 1.55 0.726 21.12% [ 50.42%
3 15 Baich 4 7 Days G003 0.426 173000 1.56 0.718 20.46% | 52.73%
1 10 Baich 4 7 Days 1556.9 0.453 259480 1.56 0.721 20.68% [ 50.23%
2 10 Batch 4 7 Days 18402 0.749 215480 1.56 0.725 20.73% [ 49.12%
3 10 Baich 4 7 Days 1687.8 0.605 250410 1.56 0.723 21.00% [ 49.71%
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Figure C-26 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, tp=3days, Dr=30%: (c) t= 14 days, (d) t=
28 days.

Table C-1i UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=30%: at = 14days

Specimen Agpc{%) Modifier | Curing u & Esn Pa . w D,

No. OrpC Batch days, r | (EN/m?) %) (kN/m?*) (E.'cm-\} (%) (%)
1 25 Batch4 | 14 Days 48 0.507 11820 1.50 0.7641 2025% [ 4937%
2 25 Batch 4 | 14 Days 50.6 0567 10240 1.51 0.7613 21.22% [ 50.39%
3 25 Batch 4 | 14 Days 46.4 0605 13100 1.51 07610 21.45% [ 50.48%
1 5 Batch 4 | 14 Days 279.8 0.261 106790 1.53 0.7451 21 86% [ 50.50%
2 5 Batch 4 | 14 Days 5388 0562 TEITO 1.53 (.7458 2081% [ 50.28%
3 5 Batch 4 14Davs 32943 | 0396 117130 153 (.7417 20.86% [ 5749%
1 7.5 Batch 4 | 14 Days 1112.7 0476 174400 1.55 0.7251 2080% [ 50.63%
2 7.5 Batch4 | 14 Days 241 0439 180260 1.55 0.7245 2005% [ 50.78%
3 7.5 Batch 4 | 14 Days 1005.6 0.629 128590 1.55 0.7240 2022% [ 5097%
1 10 Batch 4 | 14 Days 21938 0.752 391750 1.56 0.7208 19.62% [ 5025%
2 10 Batch 4 | 14 Days 1693.3 0.748 132910 1.57 0.7185 19.88% [ 50.59%
3 10 Batch 4 | 14 Days 1216.9 0.769 226190 1.57 0.7181 2210% [ 50.98%

Table Cjj UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=30% at t= 28 days

Specimen | , (%) Modifier | Curing gu & Es Pa . bl D.

No. b Batch | dayse | (Nim) | (%) | (Nim) | (glem’) o) | (%)
1 25 Batch4 | 28 Days 352 0427 18380 151 0.762 20.76% | 50.16%
2 25 Batchd | 28 Days | 15010 0.466 25440 1.51 0.761 22.58% | 50.35%
3 25 Batch 4 | 28 Days 103.1 0.513 42950 1.51 0.761 23.43% | 50.43%
1 3 Batch4 | 28 Days 3354 0367 124510 1.53 0.746 24 68% | 50.21%
2 3 Batch4 | 28 Days 469.2 0.575 T6410 1.53 0.748 24.22% | 49.49%
3 3 Batch 4 | 28 Days 6752 1.075 56360 1.53 0.745 23.51% | 50.54%
1 1.5 Batch 4 | 28 Days 9853 0.B83 169870 1.55 0.726 2357% | 50.41%
2 1.5 Batchd | 28 Days | 15008 0.668 274870 1.55 0.727 24.12% | 52.15%
3 1.5 Batchd | 28Days | 11228 0811 161320 1.55 0.727 212.54% | 51.18%
1 10 Batchd | 28 Days | 26392 0.982 288750 1.57 0.719 22.57% | 50.64%
2 10 Batchd | 28Days | 16587 0.908 179502 156 0.721 21.90% | 50.09%
3 10 Batchd | 28 Days | 14176 0.563 355520 1.56 0.721 23.21% | 50.21%
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Figure C-27 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, tp=3days, Dr=530"%: () = 60 days, (f) t=
90 days.

Table C-kk UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=30% at t= 60 days

Specimen | | (%) Modifier | Curing gu & Ew Eam a . w D,

Na. OPC Batch days,¢ | (Nm’) | (%) | 0Nm) | &Nm?) | (zlem’) (%0) (%)
1 25 BATCHE | 60Days | 7688 | 011 | 413387 | 2162000 151 | 0.761 | 23.39% | 50.60%
2 25 BATCHE | 60Days | 8954 | 0143 | 349766 | 3857000 151 [ 0761 | 23.53% | 5041%
3 25 BATCHE | 60Days | 10708 | 0208 | 551959 | 3152000 151 | 0762 | 23.25% | 50.16%
1 5.0 BATCHE | 60Days | 37084 | 0142 | 991551 | 10687500 | 153 | 0.746 | 25.00% | 50.04%
2 5.0 BATCHE | 60Days | 3667.5 | 0.159 | 1135000 | 14210500 | 1.53 | 0.744 | 22.07% | 51.00%
3 50 BATCHB | 60 Days | 25942 | 0249 | 781386 | 10348000 | 153 | 0.741 | 2524% | 51.70%
1 75 BATCHE | 60Days | 7968.1 | 0213 | 1276939 | 26124500 [ 155 [ 0.725 | 25.90% | 50.72%
2 13 BATCHE | 60Days | 64822 | 0193 | 1276024 | 24363500 | 155 | 0.725 | 26.77% | 50.59%
3 75 BATCHE | 60Days | 69496 | 0154 | 1106624 | 12861000 | 155 [ 0.727 | 2647% [ 50.16%
1 10 BATCHE | 60Days | 102052 | 0.188 | 3189125 | 33489000 [ 156 [ 0.720 | 25.05% | 50.42%
2 10 BATCHE | 60Days | 91454 | 018 | 1988130 | 38276500 | 157 | 0.720 | 27.15% | 50.47%
3 10 BATCHE | 60Days | 99434 | 0209 | 2437108 | 30153000 [ 157 [ 0720 | 27.01% | 50.58%

Table C-I1 UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=30% at t= 90 days

Specimen | , o | Modifier | Curing A & En Eoar o _ w D,
No. Batch days,t | &Nim?) | (%) | GNm?) | (Nm) | (glem) (%) (%)
1 25 | BATCHE | 90Days | 10151 | 0.1 | 939907 | 2402500 | 151 | 0.760 | 17.90% | 50.82%
2 25 | BATCHE | 90Days | 10387 | 0.143 | 390170 | 3129500 | 151 | 0.760 | 19.19% | 50.69%
3 35 | BATCHE | 90Days | 6992 | 0208 | 192088 | 1332500 | 151 | 0.762 | 22.89% | 50.01%
1 50 | BATCHE | 90Days | 36833 | 0.42 | 1058420 | 13472000 | 153 | 0.745 | 17.90% | 50.43%
2 50 | BATCHE | 90Days | 36983 | 0.159 | 1696468 | 13557000 | 153 | 0.745 | 21.66% | 50.53%
3 50 | BATCHE | 90Days | 31579 | 0249 | 934290 | 11069500 | 153 | 0.746 | 18.81% | 50.15%
1 75 | BATCHB | 90Days | 76387 | 0213 | 2598197 | 19164000 | 155 | 0725 | 17.78% | 50.65%
2 75 | BATCHB | 90Days | 74509 | 0.193 | 1670605 | 21944000 | 155 | 0.727 | 18.05% | 50.16%
3 75 | BATCHE | 90Days | 77910 | 0.154 | 1947750 | 32661500 | 155 | 0.721 | 19.35% | 50.39%
1 10 BATCHE | 90Days | 63056 | 0.188 | 4337067 | 19915000 | 156 | 0.722 | 18.57% | 50.14%
2 10 BATCHE | 90Days | 118989 | 018 | 2620903 | 55874500 | 156 | 0.722 | 18.39% | 50.04%
3 10 BATCHE | 90Days | 91693 | 0209 | 1667145 | 26485500 | 157 | 0.719 | 16.16% | 50.86%

46



HDy=50%, 180 days curing period]
18000 B
r.

16000 F. .I [ ] —

£ sl "l | Ay
w I o, ——15% |
of 12000 | L L | ", —a— 500 4
£t roy r,if i) ——75%
& loooa - I - —=—10% 4
; [  m .I b e i ]
i 000 - i .-I ﬂ. J

LI T e VR A
S el ] byl .'.- i
&0 [ - _1. E
- - T ' 'il
oo - T 7 iy 1
- R s o e
o MR P i, T
] 0s Lo L3 20
Acial Strain , (%)

Figure C-28 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, tp=3days, Dr=530%: (g) t= 180 days, (h)
= 360 days.

Table C-mm UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=30% at = 180 days

Specimen | _dgec Modifier Curing u & Es 2 . w D,

Ne. (*a) Batch days, ¢ (EN/m") (%) (EN/m?) | (g/em’) (%) (%)
1 25 BATCH B 1380 Days 1089 8 0.11 143018 1.51 0.760 21.68% S0.87%%
2 25 BATCHE 180 Days 12463 0.143 222554 1.51 0.760 21.78% 50.92%
3 13 BATCH B 130 Days 581.1 0208 159643 L51 0.762 22.80% 50.07%
1 5 BATCHE 180 Days 44842 0.142 1072775 1.53 0.739 20.16% 52.67%
2 5 BATCHE 180 Days 51441 0.159 1289015 1.53 0.745 21.66% 50.43%
3 5 BATCHE 180 Days 4000.2 0.249 643119 1.53 0.744 22.49% 50.86%
1 7.5 BATCHE 180 Days 94864 0.213 1382857 1.55 0.727 21.34% 50.03%
2 7.5 BATCH B 1380 Days 10520.5 0.193 218079 1.55 0.724 21.78% 50.93%
3 7.5 BATCHE 180 Days 80169 0.154 1284856 1.55 0.725 21.5T% 50.72%
1 10 BATCHE 180 Days 14406.6 0.188 2040595 1.57 0.719 18.57% 50.69%%
2 10 BATCHE 180 Days 11211.1 0.18 1063672 1.57 0.715 18.39% 51.77%
3 10 BATCHE 180 Days 154339 0.209 1447833 1.57 0.716 18.36% 51.64%
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Figure C-29 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, ip=3days, Dr=%0%: (g) t= 3 days, (h) t=

T days.

Table C-nn UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=00% at =3 days

Specimen Aopc Modifier | Curing ' & Ex I w D,
No. (%) Batch | dayss | :Nm?) | (%) | (:Nm) | (giem’) ’ (%) (%)

1 25 Batch 4 3 Days 166.0 0347 34780 1.61 0.651 10.40% 90.51%

2 25 Barch 4 3 Days 1541 0206 47350 1.61 0.653 13.52% 88.60%

3 25 Batch 4 3 Days 178.7 0355 38330 1.60 0.654 12.11% 88.26%

1 5 Batch B 3 Days 5426 0262 129440 1.63 0.624 10.16% 90.75%

2 5 Batch B 3 Days 6635 0.462 89760 1.63 0.629 11.79% 88.00%

3 5 Batch B 3 Days 4661 0381 76450 1.63 0.627 11.93% 89.60%

1 735 Bateh C 3 Days 14642 0.443 243370 1.66 0.596 9.35% 290.08%:

2 75 Batch C 3 Days 1513.8 0313 302260 1.66 0.594 7.78% 90.74%

3 7.5 Batch C 3 Days 10194 ) 0351 181500 1.66 0.596 158% 90.18%

1 10 Batch I} 3 Days 20672 0538 406280 1.68 0.575 7.24% 89.31%

2 10 Batch D) 3 Days 20489 0356 407810 1.69 0.575 10.86% 88.53%

3 10 Batch I} 3 Days 1859 4 0281 413570 1.69 0.567 3.34% 91.55%

Table C-oo UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=00% at =7 days

Specimen Agrc Modifier | Curing ' & Esn A w I,
Neo. (%a) Batch days, ¢ (kN/m?) (%0) (kN/m?) {E-'cm’j i (%) (%)

1 25 Batch 4 7 Days 210.1 2101 34780 1.60 0655 14.14% 39.07%

2 25 Barch 4 7 Days 195.1 1951 47350 1.61 0651 12.79% 00.28%

3 25 Batch 4 7 Days 2262 2262 38330 1.61 0650 11.04% 20.67%

1 5 Batch 4 7 Days 678.3 6783 129440 1.64 0.624 11.98% 00.68%

2 3 Batch A 7 Days §29.4 §20.4 88760 1.64 0625 11.79% 00.50%

3 5 Batch 4 7 Days 5826 5826 76450 1.64 0625 11.93% 90.51%

1 75 Barch 4 7 Days 18302 18302 243370 1.68 0.594 7.25% 00.90%

2 75 Batch 4 7 Days 18922 18922 302260 1.68 0.593 7.78% 01.09%

3 75 Batch 4 7 Days 12742 12742 181500 1.68 0.595 7.58% 00.54%

1 10 Batch A 7 Days 2584.0 2584 406230 1.71 0.570 7.24% 00_86%

2 10 Batch 4 7 Days 2561.1 2561.1 407810 1.72 0.570 7.61% 00_88%

3 10 Batch 4 T Days 23243 23243 413570 1.71 0.573 B34% 00.01%
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Figure C-30 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, tp=3days, Dr=20%: (c) t= 14 days, (d)

t= 28 days.

Table C-pp UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=20% at t= 14 days

Specimen Aoec Modifier | Curing u & Es A . W D,
No. (%) Batch days, ¢ (kN/m?) (%) (kN/m?) {E."cm-‘] (%) (%)

1 25 Batch 4 | 14 Days ] ] 0 1.61 0.652 14.14% [ 90.14%

2 25 Batchd | 14 Days 161.5 0.403 35730 1.61 0.651 12.79% [ 590.49%

3 25 Batch 4 | 14 Days 22332 0.378 56640 1.61 0.650 11.04% [ 90.90%

1 5 Batch4 | 14 Days 46932 0.457 79520 1.64 0.625 11.98% [ 90.44%

2 5 Batch 4 | 14 Days 5085 0.752 T1820 1.64 0.625 11.79% [ 90.50%

3 5 Batchd | 14 Days 7903 {.764 £2490 1.64 0.624 11.93% [ 50.89%

1 7.5 Batchd | 14 Days 1556.3 0.457 316320 1.68 0.595 7.25% 00.60%

2 7.5 Batch4 | 14 Days 20289 0.526 354700 1.68 0.596 7.78% 20.11%

3 7.5 Batch 4 | 14 Days 1294 6 0.423 247060 1.68 0.596 7.58% 20.21%

1 10 Batch 4 | 14 Days 3137.5 0.633 379840 1.72 0.569 7.24% 90.96%

2 10 Batch4 | 14 Days 1803.5 0.457 296620 1.72 0.570 7.61% 20.89%

3 10 Batch 4 | 14 Days 2363 0.699 311741 1.71 0.572 8.34% 20.13%

Table C-gg UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=20% at t= 28 days

Specimen Aoec Modifier | Curing ' & Es &y . W D,
Neo. (%) Batch days, ¢ | (KN/m?) (%0) (EN/m?) {E."cm-‘} (%) (%)

1 25 Batch A | 28 Days 2213 0.343 85070 1.61 0649 14.38% | 91.23%

2 2.5 Barchd | 28 Days 244 5 0398 65720 1.61 0652 14.00% | 90.11%

3 25 Batch A | 28 Days 966 0642 29630 1.61 0647 13.93% | 91.94%

1 5 Batch A | 28 Days 963.5 0621 197430 1.64 0626 11.85% | 90.13%

2 5 Batch A | 28 Days 7848 0.393 216790 1.64 0626 11.38% | 90.23%

3 5 Batch A | 28 Days 1033.9 0.337 243840 1.64 0625 12.88% | 90.51%

1 7.5 Batch A | 28 Days 27206 0526 260590 1.68 0.596 11.7%% | 90.51%

2 7.5 Batch A | 28 Days 2856.2 0497 628110 1.68 0.595 11.66% | 90.42%

3 13 Batchd | 28 Days 2116.4 0.534 421590 1.67 (.600 1241% | BE.ER%

1 10 Barchd | 28 Days | 40775 0654 628240 1.70 0.582 11.56% | 87.64%

2 10 BarchAd | 28Days | 45260 0.57 850750 1.70 0.582 11.98% | 87.67%

3 10 Batch A | 28 Days 2993 8 0482 TETE40 1.71 0.572 11.34% | 90.16%
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Figure C-31 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, p=3days, Dx=00%: () = 60 days, (f) =

90 days.

Table C-r UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=%0"% at t= 60 days

Specimen | (%) Modifier | Curing [ & Ey Ev P . w D,
No. o Batch days,¢ | (Nm?) | (%) | (:Niw?) | (Nim?) | (glem’) (36) ()
1 25 BATCHE | 60Days | 13194 0.11 114200 83150 1.61 0651 | 12.10% | 90.32%
2 25 BATCHE | 60Days | 15129 | 0.143 | 200200 50510 1.61 0651 | 12.56% | 90.41%
3 15 BATCHE | 60Days | 13194 | 0308 | 254400 169000 1.61 0649 | 13.51% | 90.99%
1 5 BATCHE | 60Days | 47717 | 0.142 | 604400 | 437500 1.64 0625 | 15.19% | 90.37%
2 5 BATCHE | 60Days | 48074 | 0.159 | 227200 | 283500 .64 0625 | 13.56% | 90.49%
3 5 BATCHE | 60Days | 38821 | 0.249 | 4538600 | 312500 1.64 0626 | 12.07% | 90.03%
1 7.5 BATCHE | 60Days | 64729 | 0213 | 1253000 | 914500 1.68 0594 | 10.32% | 90.82%
2 7.5 BATCHE | 60Days | 77635 | 0.183 | 1253000 | 826000 1.68 0594 | 11.37% | 90.856%
3 7.5 BATCHE | 60Days | 110846 | 0.154 | 8528800 | 656500 1.68 0597 | 12.35% | 90.08%
1 10 BATCHE | 60Days | 113791 | 0.188 | 654600 397500 1.71 0572 | 10.58% | 90.18%
2 10 BATCHE | 60Days | 165039 | 018 295300 | 945500 1.72 0568 | 11.38% | 91.36%
3 10 BATCHE | 60Days | 100434 | 0309 | 1335400 | 43800 1.71 0572 ] 11.16% | 9021%
Table C-ss UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=20% at t= 90 days
Specimen | dpp- | Modifier Curing 'R & Eg Egs Pa w D,
No. (%) Batch days,¢ | (Nm?) | (%) | Nm?) | (Nm?) | (glem’) : (%) (%)
1 25 BATCH B | 80 Days | 16065 0.11 1575000 | 4233250 1.61 0.653 12.10% | 89.60%
2 25 BATCH E | Y0 Days | 18442 0.143 | 2426579 | 5995500 1.61 0.652 12.56% | 90.20%
3 25 | BATCH E | 90Day= | 17611 0208 | 1232986 | T159000 1.61 (.650 13.51% | 90.83%
1 5 BATCH B | 90 Days | 5369.1 0.142 | 1383789 | 17282000 1.64 0.629 15.19% | 89.14%
2 5 BATCH E | Y0 Days | 5419.1 0.159 | 1593853 | 17267500 .64 0.624 13.56% | 90.68%
3 5 BATCH B | Y0 Days | 5396.6 0249 | 1707785 | 23164500 1.64 0.623 12.07% | 91.05%
1 7.5 BATCH B | 90 Days | 11271.2 | 0213 | 2762549 | 41702000 1.68 0.598 10.32% | 89.53%
2 1.5 BATCH E | 80 Days | 100928 | 0193 | 3800230 | 50855000 1.68 0.599 11.37% | 89.32%
3 7.5 BATCH B | Y0 Days | 92728 0.154 | 2365510 | 28393000 1.68 0.599 12.35% | 89.40%
1 10 BATCH E | Y0 Days | 190414 | 0.188 | 3950498 | 83073000 1.67 0.576 10.58% | 89.15%
33 10 BATCH E | 90 Days | 18756.3 0.18 | 3460572 | 75199500 1.67 0.576 11.38% | 89.27%
3 10 BATCH B | 90 Days | 165963 | 0209 | 3841736 | 56243500 1.68 0.574 11.16% | 89.83%
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Figure C-32 Typical UCT stress-strain relationship of OPC-treated sand for w=10%, tp=3days, Dr=00%: (&) t= 180 days, (f)

t= 360 days.

Table C-tt UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=20%: at = 120 days

Specimen | dgpe | Modifier Curing . & Exq B w D,
No. (%) Batch days, r (N/m?) (%) tNm?) | (gem?) € (%) (%)
1 2.5 BATCHE 180 Darvs 1658 4 0.11 302581 1.60 0.654 12.10% B9 16%
2 2.5 BATCHB 180 Darys 1601.7 0.143 428262 1.61 0.648 12.56% 91.46%
3 2.3 BATCHE 180 Diarvs 16369 | 0208 601801 161 0.650 13.51% 90.79%
1 5 BATCHB 180 Darys 59592 0.142 332291 1.64 0.626 15.19% 90.25%
2 5 BATCHEB 180 Darys 63789 0.159 1190093 1.64 0.626 13.56% 90.05%
3 5 BATCHB 180 Darys 61845 0.249 1332866 1.64 0.626 12.07% 90.25%
1 7.5 BATCHB 180 Darys 15242 0213 2248083 1.68 0.597 10.32% 90.07%
2 7.5 BATCHBE 180 Darys 9720 4 0.193 1847985 1.68 0.596 11.37% 90.09%
3 7.5 BATCHB 180 Darys 137979 0.154 2555167 1.68 0.595 12.35% 90.67%
1 10 BATCHEB 180 Darys 17028 .4 0.188 2805986 1.72 0.569 10.58% 90.92%
2 10 BATCHB 180 Darys 141189 0.18 3151540 1.71 0.572 11.38% 90.15%
3 10 | BATCHB | 180Days | 214350 | 0209 | 2646407 | 171 0572 1116% | 90.28%
Table C-uu UCT data record for OPC-treated sand for w=10%, tp=3days, Dr=00% at = 360 days
Specimen | dgpe | Modifier Curing A & Eg B w D,
Ne. (*a) Batch days, £ (EN/m") (%) (NmY) | (glem®) ‘ [l (%)
1 2.5 BATCHE 360 Days 1915.6 0.11 573533 1.60 0.654 12.10% £9.16%
2 2.5 BATCHE 360 Days 16359 0.143 511219 1.61 0.648 12.56% 91 46%
3 2.3 BATCHE 360 Days 21268 | 0208 542551 161 0.650 13.51% 90.79%
1 5 BATCHE 360 Days 6360.7 0.142 1203632 1.64 0.626 15.19% 90.25%
2 5 BATCHE 360 Days 52244 0.159 666378 1.64 0.626 13.56% 90.05%
3 5 BATCHE 360 Days 6523.1 0.249 1336701 1.64 0.626 12.07% 90.25%
1 7.5 BATCHE 360 Days 12171.2 0.213 1477087 1.68 0.597 10.32% 90.07%
2 7.5 BATCHE 360 Days 154666 0.193 2101440 1.68 0.596 11.37% 90.09%
3 7.5 BATCHE 360 Days 0 0.154 0 1.68 0.595 12.35% 90.67%
1 10 BATCHE 360 Days 194867 0.188 3205049 1.72 0.569 10.58% 90.92%
2 10 BATCHE 360 Days 168425 0.18 3107472 1.71 0.572 11.38% 90.15%
3 10 BATCHE 360 Days 165963 0209 3841736 1.71 0.572 11.16% 90.28%
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C.3 Monotonic tnaxial tests
C3.1 Nommative references
The following standards shall constitute a part of this standard by virtue of bemng referenced m this standard.

The latest versions of these standards shall apply (including supplements)

JGS 0520 Preparation of soils specimens for triaxial tests

Matters not prescribed in this standard shall be in accordance with the following related codes and standards.
JGS 0522 Method for consolidated -undrained tnaxial compression tests on soils

JGS 0523 Method for consolidated -undrammed tnaxial compression test on soils with pore water pressure
measurements

JGS 0524 Method for consolidated-drained tnaxial compression test on soils

If a coarse-gramed soil with maximum particles size exceeding about 20 mm 1s tested, the test specimen
used in the test shall be prepared and installed in accordance with the following standards.

JGS 0530 preparation of the specimens of coarse granular matenials for triaxial tests.

C32 Tnaxal test apparatus and setting
The triaxial test 1s most often performed on a cylindrical specimen, as shown in Fig. D gg_ Pnncipal stresses

are applied to the specimen, as mdicated in Fig. D gg First, a confimng pressure, o3, 1s apphed to the
spectmen. This pressure acts all around and therefore on all planes in the specimen. Then an additional stress
difference, og, 1s applied in the axial direction. The stress applied extemally to the specimen in the axial
direction 1s.

O, = 04 + 0y

oL —o3

S pim COrsirags

Sample

Mamuuraran of Foe

Figure C-33 Stress condition in a typical triaxial test
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ol: Vertical (axial) Stress or vertical load applied to the sample 1t 1s also known as the Major Principal
Stress and can also be expressed as ov

o3: Confimng Pressure or as cell pressure it 1s also known as the Minor Principal Stress and can also be
called ch

U: Pore Pressure it can be expressed as Uw (Pore Water Pressure (PW.F))

o1— o3— Deviator Stress (the stress due to the axial load applied to the specimen in excess of the confining
pressure)

In the general case, three principal stresses, 1, 62, and o3 may act on a soil element in the field. However,
only two different principal stresses can be applied to the specimen in the conventional triaxial test. The
mntermediate principal stress. oz, can only have values as follows:

@, = 0y: Tniaxial compression

@, = 0y: Triaxial extension

The condition of the triaxial extension can be achieved by applying negative stress differences to the
spectmen. This merely produces a reduction i compression in the extension direction, but no tension occurs
in the specimen. The state of stress applied to the spectmen 1s mn both cases axisymmetric.

The test 1s performed using the tnaxial apparatus, as seen i the schematic illustration 1 Fig D hh The
spectmen 15 surrounded by a cap and a base and a membrane. This unit 15 placed in a tnaxial cell 1n which
the cell pressure can be apphed. The cell pressure acts as hydrostatic confinement for the specimen. and the
pressure 15, therefore, the same 1n all directions.

Acgial loading & cyclic axial
loading

Loading frame
Axial d?::!:::‘:-:m-:nt :‘k\\\h\\\@

T 1

Cell pressure
{{air pressurel._#

Back presswre {ain

pressure)
, Load
.
= ]
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= | ,_,
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Figure C-34 Schematic illustration of triaxial apparatus
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Besides, a deviator load can be applied through a piston that goes through the top of the cell and loads the
spectmen in the axial direction. The vertical deformation of the specimen may be measured by a dial gage
attached to the piston which travels the same vertical distance as the cap sitting on top of the specimen.
Drainage lines are connected to the water-saturated specimen through the base (or both the cap and the base)
and connected to a burette outside the triaxial cell. This allows for measurements of the volume changes of
the specimen dunng the test. Alteratively, the connection to the burette can be shut off thereby preventing
the specimen from changing volume. Instead. the pore water pressure can be measured on a transducer
connected to the dramage line.

The following quantities are measured 1n a typical triaxial test:
a) Confining pressure
b) Deviator load
c) Vertical (or axial) deformation
d) Volume changes or pore water pressure.
These measurements constrtute the database from which other quantities can be denved [e.g., stress
difference (o1 — 03), axial strain £1, and volumetric strain &].
C33 Temms and defimtions
»  Axial stress: Refers to the stress acting m the longitudinal direction of the specimen.
» Lateral stress: refers to the stress acting in the radial direction of the test specimen.
* Principal stress difference: Refers to the differences m the axial stress and the lateral stress. The
value of stress 1s defined at the mid-height of the test specimen.
» Isotropic stress state refers to the state of stress when the axial stress 1s equal to the lateral stress.
* Cell pressure: refers to the pressure applied within the tnaxial pressure cell; the lateral stress 1s
equal to the cell pressure.
* Back pressure: refers to the pressure applied to the test specimen to achieve a ligher degree of
saturation of the test specimen while keeping effective stress constant.
* Consolidation stress: refers to the difference between the extremally peniod stress on the test
specimen and the back pressure during consolidation process.
Undrained Compressive strength of soil refers to the maximum pnncipal stress difference that can be
applied to the soil specimen when no pore water can flow m or out of the specimen.

C34 Typesof naxial test
Many vanations of test procedure are possible with the tnaxial apparatus, but the three prnincipal types of
tests are as follows:

1. Unconsohdated-Undrained (UU). The specimen 1s subjected to a specified confining pressure and
then the principal stress difference 1s applied immediately, with no drainage/consolidation being
permutted at any stage of the test. The test procedure is standardized m JGS 0522

2. Consolidated-Undramned (CU). Dramage of the specimen 1s pernutted under a specified confining
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pressure until consolidation 15 complete; the principal stress difference 1s then applied with no
further dramnage being permitted. Pour water pressure measurements may be dunng the undrained
part of the test to determine strength parameters in terms of effective stresses. The consolidation
phase 1s 1sotropic in most standard testing, denoted by CIU. Modem computer-controlled triaxial
machines (also known as stress path cells) use hydrauhc pressure control units to control the cell
(confimng) pressure, back pressure and ram load (axial stress) independently (fig ). Such an
apparatus can therefore apply a “no-lateral strain™ condition where stresses are anisotropic,
mimicking the one-dimensional compression that occurs i an oedometer test.

Consolidated-Drained (CD). Dramage of the specimen 1s permutted under a specific confimng
pressure until consolidated 1s complete, with drainage still being permitted, the principal stress
difference 1s then applied at a rate slow enough to ensure that the excess pore water pressure 1s main.

C35 Equpment conditions m the laboratory

Equipment used for preparation and mounting of specimens conforms to the following requirement.

Negative pressure generator

The negative pressure generator develops a negative pressure enough to bring the rubber sleeve into
close contact with the inner surface of the mold. When i the preparation of the specimen usmng the
negative pressure method, 1t can be applied to make the specimen free stand.

Rubber sleeve

This rubber sleeve must be longer than the rubber sleeve expander, its inner diameter 1n a natural
state should be about 95% of the diameter of the specimen. The rubber thickness 1s about 0.15mm.
Rubber sleeve expander

This Rubber sleeve expander has a cylindnical shape with height and inmer diameter about 5-10%
greater than the height and diameter of the specimen. The design of the expander ensures that the
mubber sleeve fits tightly to the inner surface of the expander under an applied negative pressure.
Filter

For the filter, its permeability 1s greater to suit margin of the specimen. It fitting to the cap and pedestal
allows to drain both upward and downward lo-compressibility material with the smallest possible
coefficient of fraction.

O-ring and rubber cord

O-rings 1s set tightly to prevent leakage; the inner diameter of the O-nings 1s about 80% of the
diameter of the specimen.

Instrument for measunng specimen size

The spectmen diameter 1s measured using a caliper or a steel rule with a Vernier.

Weighing scale

Methods of prepaning and mounting specimens

The method used for the specimen preparation is the negative pressure method.
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C36 Negative pressure method used for sample preparation.

The negative pressure method 1s used for samples obtamed in a loosened state and that cannot be formed
into large pieces by compaction and consolidation it 15 used also to make loosened samples freestanding.
Preparation and measurement of the specimen using negative pressure method.

Usmg this method, the specimen 1s prepared as follows:

After Assemble the pedestal. rubber sleeve, and mould apply negative pressure to bring the rubber
sleeve into close contact with the inner surface of the mold.

Fill the moil d with the sample material When the matenal reaches the prescribed height of the
mold, smooth the upper surface of the specimen.

C37 Method used to fill the mould with sample matenial JGS 0520
Natural Toyoura sand

Wet tamping method 1s used for the preparation of the specimen of natural Toyoura sand.

‘With a spoon or an applicator nozzle, place the sample matenial i the mould i several batches, using a push
rod or compact it each time. Dunng the application of the methods in the laboratory, compaction was done
by tapping the lower part of the mould with a wood hammer or by using a wood battle to facilitate compaction.

Shortly we Place a cap on the top of the specimen, draw the rubber sleeve around the cap. and use
an O-ning, etc.. to seal the rubber sleeve agamst the cap.

After that an appropriate negative pressure 1s applied to the specimen and the mould 1s removed.
We Measure the diameter of the spectmen to a precision of 0.1 mm or better at the outside of the
rubber sleeve, taking measurement at the top and bottom of the specimen and at one point near the
middle. the mean of the measured values 1s taken. and we comrect the thickness of the rubber sleeve
as measured i advance and Di(cm) of the specimen is determmed.

The measurement of the specimen diameter and height 1s taken after increasing the negative
pressure to 30kN/m2. In fact, the negative pressure must remain lower than the prescribed effective
stress in the sideways direction at the termination of consolidation.

Measure the height of the specimen to a precision of 0.1mm or better at three or more points and
obtaimn the mean value to determine the iitial height Hi(cm) of the specimen.

To determune the mass of the specimen, we take the mass of the whole onginal sample before
formung the specimen and then measure the residual amount after prepanng the spectimen to a
precision of 0.1g or better. At the end the difference obtained 1s considered as the specimen mass.
Alternatively, the whole sample 15 collected and weighted after testing.

Split a representative quantity from the onginal sample and measure the water content to determine
the initial water content wi (%) of the specimen as needed.
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C38 Satwation of specimen
Refer to the following for the method available to saturate the specimen. Volume changes that occur as a
result of the saturation process are measured as required.
=  Combine appropriate methods as needed to mcrease the degree of saturation of the specimen.
In the need of increasing the degree of saturation of a specimen, a combination of the following four
methods must be used according to the soil type and the state of the specimen.
a) Passed deaerated water through the specimen under cell pressure.
b) Apply enough back pressure.
c) Apply method a) and b) after replacing void air inside the specimen under cell pressure.
d) Extraction of air from within the specimen by applying a negative pressure of about
90kIN/m? to the specimen and to the pressure cell without changing the effective 1sotropic
stress. Apply deaerated water while applying the negative pressure as needed.
=  When using back pressure, apply the back pressure up kKN/m?2 to the specimen and the 1sotropic
pressure concurrently without changing the effective isotropic stress mside the specimen A back
pressure of 95 KN/m?2 1s used. the back pressure increases gradually in order to avoid large
fluctuation in effective stress inside the specimen.

C39 Consohdation process
The consolidation process 1s carned out in accordance with the following requarements for consolidation:
=  We make first zero adjustment to the displacement transducer and pore water pressure transducer
and confirm that pore water pressure measurement system 1s indicating the desired value of back
pressure uy, (kIN/m?2) by opening the valve on the pore water pressure measurement system. At the
same time take the mitial value of the burette.
=  After we close the dramage valve connected to the burette. Increase only the 1sotropic stress to make
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the difference between the isotropic stress and the back pressure equal to the desired value of
consolidation stress.

If the loading piston 1s not nigidly connected to the cap, set the load measunng device, the piston,
and the cap in contact with each other before this process.

Open the dramage valve to start consolidation.

Record readings of the volume change AV, (cm3) and the axial deformation AH, (cm) of the test
specimen at appropriate time intervals during consolidation and plot them. Consolidation shall be
continued at least until the end of primary consolidation. Measure the volume change AV, (cm3)
(which 1s supposed to be the amount of water expelled from the specimen) and axial deformation
AHe (cm) due to consolidation.

Close the drainage valve connected to the burette and increase the isotropic stress by the amount
Ac(kN/m2), wait for the change in
pore water pressure caused by stabilize, and measure the pore pressure mncrement Au (KN/m2) after
stabilization and the time required for stabilization.

Return the isotropic stress to 1ts onginal value, wat for the value of the pore water pressure to
stabilize and open drainage valve.

C3.10 Axaal compression process

The axial compression process 1s carnied out in accordance with the following requirements.

=  Check and adjust the onigins of the axial load and deformation gauge readmgs.

=  (lose the drainage valve.

=  Compress the test specimen continuously with a constant strain rate keeping the cell pressure
constant.

= Record the axial compression force P(N), the axial deformation AH(cm), and the pore water
pressure #(kN/m2) dunng compression

=  Termmate the compression when more than 3%saxial stram has been reached after the maximum
value of the axial load reading, or when the load reading has been reduced to about 2/3 of its
maximum value, or when an axial strain of 15%has been reached.

= Remove the test specimen form the tnaxial pressure chamber, and observe and record the
deformed shape and failure mode of the test specimen,

=  Measure the oven-dried mass of the specimen m. (g)

C3.11 Data record for Triaxual test
Initial state of the specimen before consohdation

The volume Vy(cm?3) and the height Hy(cm) of the test specimen prior to consolidation is calculated from
the following equations.

Vo =Vi— AV,

H, = H; — AH; where V, : mtal volume of the specimen (cm3) H; : Initial height of the spectmen cm

(
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AV; : volume change of the test specimen from the initialed to the state prior to the consolidation (cm3)
AH; - change of the test specimen from the irtialed to the state prior to the consolidation (cm3).

* Consolidation process
The method of calculation for the consolidation process 1s describe as follows:
=  The volume of the test specimen after consolidation. Vie(cm3) 1s calculated as follows:
V, =V, — AV,
Where?
AV, : volume change of the test specimen due to consohidation.

The void ratio after consolidation (prior to axial compression) 15 calculated from the following equation.

Vepg -1

Calculate the height of the specimen after consolidation He (cm)
H. =H, —AH,
‘Where AH.. : change in test specimen height due to consolidation (cm)
=  The area of the test specimen’s cross section after consolidation
Ve
TH
=  Dry density of the specimen after consohdation p 4. (g/cm3) 1s calculated as follows:

_
Pac = Vn

C

Where m.: dry weight of the specimen

Pore pressure coefficient, B-value

The B-value of the specimen after consohidation 1s calculated from the following equation.
B= i—: where?

Ao amount of 1sotropic stress merement (KN/m2)

Au - amount of pore water pressure increment (KN/m?) caused by Ao

Axial compression process

The method of calculation for the axial compression process is as follows.
The axial strain of the specimen

g, = il—‘: % 100

Where?

AH : axial deformation of the specimen mn the axial compression process(cm)

The pnncipal stress difference (o, — ¢, ) (kIN/m2) and pore water pressure mcrement ue (kN/m2) due to the
axial compression at axial strain of £,(%) shall be calculated from this equation.

{ra—{r,=£[1—g—“]><1{]ﬂ U, =u—1y

100
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Where?
P: axial compression force (N) applied to the test specimen at the axial stran £, (%) setting P=0 duning
1sotropic consolidation.
@, axial stress (KN/m2) acting on the test specimen.
o,: lateral stress (kIN/m?2) acting on the test specimen.
u : pore water pressure in the specimen (kN/m2)
Uy, - back pressure (KN/mZ2)
=  Draw the graphs with principal stress difference and the pore water pressure on the vertical axis
versus axial strain on the honizontal axis. to obtain the principal stress difference-axial strain curve
and the pore water pressure imncrement due to axial compression-axial strain curve.
=  Obtamn nuoimum prncipal stress difference (0, — 0, ) paxin the axial strain range of 0 <g,<15%
from the graph and take it to be the compressive strength.
=  Calculate effective principal stresses. o, (kN/m2) and oy, (kIN/m?2) m the axial compression process
from the followmng equations and draw an effective stress path diagram with %nﬂtheverﬁcal
versus (o) + o) /2 on the horizontal axis.

o, =0, —u o, =(0,—0c)+o;
= Calculate the effective axial stress oLy (KN/m?) and the effective lateral stress oy (KN/m?2) at the
maximum principal stress difference from the following equations.
Op = Opp — Uy Oge = (04 — Op)mmax + 05
Where ug pore water pressure at the maximum principal stress difference (KN/m2).

C .4 Method for cyche undrained triaxial test on sotls-Japanese geotechmical society standard (JGS
0541 -2009)

c41
This standard specifies methods of testing to obtain the relationship between the number of load cycles to

reach a specific double amplitude strain and a specific excess pore water pressure and the single amplitude
of the cyclic deviator stress under undrained conditions of the cyclic stress amplitude ratio, for saturated
spectmen that were consohidated under 1sotropic stress conditions. The standard applies mainly to saturated
sandy soils.
Note 1: Sandy soils referred to here 1s soil that consists mainly of sand fraction.
Note 2: Soils that have been saturated afier the test specimen 1s prepared are mncluded. Also, this standard 1s
also applicable to saturated cohesive soils and gravelly soils.

C42 Cyche deviator stress
The difference between the two stresses 1n the cyclic undrained loading process. The stress value shall be
defined at the mmd-height of the specimen.

C43 Cychc stress amplitude ratio
Half the single amplitude of the cyclic deviator stress divided by the effective confimng pressure.



C44 Equpment for cyche tnaxial test
* The cyclic tnaxial apparatus shall include a triaxial pressure cell, a cell pressure and back pressure

supply device, an axial loading device, and load, displacement, volume change, pore water pressure
measunng and recording devices, and shall satisfy the following conditions.
Note: an example of a cyclic tnaxial apparatus 1s shown 1n Fig D hh
The test equupment shall have sufficient capacity and load resistance with respect to the maximum cell
pressure, back pressure, the maximum axial compressive load and the maximum axial tensile load on the
specimen.
Notel: The tnaxial cell shall be fixed to a loading platform or stmilar, so that the tnaxial cell 1s not raised up
when the maximum axial tensile load 1s acting.
Note 2: In order to produce a triaxial extensile stress state durning cyclic loading. nommally a tnaxial cell in
which the load piston and the cap are ngidly connected 1s used (see Fig. D hh of JGS 0522 Method for
consolidated undrammed triaxial compression test on soils), and the load piston and cap shall be ngidly
connected before setting the specimen in the triaxaal cell. If the specimen is set in the tnaxial cell without
ngidly connecting load piston and cap, the load piston and the cap shall be connected after a sufficiently
large effective stress 1s applied to the specimen.

* The specimen shall be covered with the cap, pedestal, and a rubber sleeve, it shall be possible to
apply the required cell pressure, back pressure, and axial load. and 1t shall be possible to supply and
dramn water at the top and the bottom ends of the specimen. Also, the volume change of the pore
water pressure measurement line due to water pore pressure changes shall be sufficiently small.

Note 1: the diameter of the cap and pedestal shall be the same as the diameter of the specimen as standard.
The two surfaces of the cap and pedestal shall be flat and parallel to each other and shall be normal to the
piston.

Note 2: the volume change of the pore water pressure measurement line (see fig 2) that mduces the pore
water meter pressure recerving umit, and the water dramage line between the specimen and the water drainage
valve shall be measured. If the volume of the specimen 15 V, and the volume of the pore water pressure
measurement line for a change in pore water pressure, Au 1s AV, then {(AV/V)/Au} should be <5x10-6
m2/kN.

* Dunng isotropic consolidation, 1t shall be possible to continuously apply the required cell pressure,
back pressure, and axial stress within a range of fluctuation of + 2 kN/m?, and + 1.0% for pressures
more than 200 kN/m2. Also, during comsolidation 1t shall be possible to measure the axial
displacement and volume change of the specimen with an allowable tolerance in the height of the
specimen and the volume of +0.02% and 0.05%, respectively.

Note: the volume change of the specimen duning 1sotropic consolidation i1s assumed to the quantity of water
dramned from the specimen and may be measured using burette or other device with equal or better
performance. The burette shall have a structure to enable the back pressure to be applied and should have a
structure so that the water level in the burette does not change due to changes in the back pressure.
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* In the undrained state which 1s the condition of cyclic tnaxial test conducted in this research after
1sotropic consohidation, the cyclic load was applied until the double amplitude axial strain DA as
defined n section 6.3 1s more than 5%, and the wave form shown a sine wave with a frequency of
0.1 to 1Hz as standard. The following conditions was always satisfied until the cyclic axial load
reaches DA=2%.

* The fluctuation in the sum of the single amplhtude Pc of the compressive load and the single
amplitude PE of the extensile load defined from the 1sotropic stress state, (Pc+PE) shall be less than
10%
0.9<Pc/PE=1.1

Note 1: the single amplitude Pc of the compressive load and the single amplitude PE of the extensile load
shall be defined from the 1sotropic stress state as shown mn fig 3 In the figure, P is the cyclic axial load which
1s taken to be zero under isotropic stress state. The axial load acting on the load piston 1s the sum of the cyclic
axial load P and the force acting on the load piston due to cell pressure.

Note 2: the load frequency needs to be limited to the range 0.1 to 1.0 Hz if 1t has been confirmed that the
effect on the test results 1s neghigible.

Note3: A cyclic axial load other than a sine wave may be used if 1t has been confirmed that the cyclic axial
load amplitude can be accurately controlled and measured. However, a rectangular or trapezoidal wave shall
not be used.

Note: 4 Dunng cyclic axial loading, the cell pressure shall not fluctuate due to the load piston entenng and
exiting the tnaxial pressure cell.

* Dunng the cyclic loading, 1t shall be possible to contimuously apply the required cell pressure to
within a range of fluctuation of pressure of +2 kN/m?2 for pressure less than 200 kN/m2, and +1
kMN/m? for pressure more than 200 kKN/m2.

* Dunng cyclic loading, it shall be possible to continuously measure the pore water pressure and if
necessary, the cell pressure to within allowable tolerance of £2kIN/m?2 less than 200 KN/m?2, and +1
kN/m? for pressure more than 200 kN/m?2.

Note: An electric pressure transducer shall be used to measure the pore water pressure dunng cyclic loading.
* Dunng cyclic loading 1t shall be possible to contimuously measure the cyclic axial load acting on
the specimen to within an allowable tolerance of 0.5% of the required load and amplitude. However,
when the load cell is outside the tnaxial cell pressure cell, the single amplitude friction for F at the
beanng of the triaxial pressure chamber based on the cell pressure shall satisfy the following
condition.
F=< 0.02 = (effective confiming pressure o)) * (specimen cross-sectional area)

The axial displacement during cyclic loading shall be capable of bemng measured to within an
allowance tolerance of +0.05% of the height of the specimen

Dunng the cyclic loading 1t shall be possible to continuously record the pore water pressure, cyclic
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axial load, axial displacement, if necessary, the cell pressure

Test method
Preparation of the specimen shall be accordance with JGS 0520 preparation of soil specimen for tnaxial tests.
(See section D.3.7)

5.2 Checking the degree of saturation of the specimen.
Before consohdation and if necessary, after consolidation, the pore water pressure coefficient B (B value)
shall be measured. The B value shall be obtained under an 1sotropic stress state.

The B value before consolidation shall be obtamed by the following method.

Close the water drainage valve.

Increment the 1sotropic stress Ac for 1 to 2 mumutes. Ac shall be about 50 kKN/m2 as standard.
However, after Ac 1s applied the cell pressure shall not exceed the cell pressure at completion of 1sotropic
consolidation.

When the pore water pressure has settled to a constant value, the increment in the pore water
pressure Au shall be measured.

Calculate the pore pressure coefficient B (=Au/ Ac). When the B value is higher than 0.95, either
open the water dramage value and start 1sotropic consohidation or open the dramage valve after incrementing
the 1sotropic stress to a prescribed value when consolidation 1s completed. If the B value 1s smaller than 0.95,
reduce the 1sotropic stress by Ac and return to the beginmng. and increase the degree of saturation by method
described 1 JGS 0520preparation of soil specimens for tnaxial tests, section 4.6a), so that the B value 1s
0.95% higher

Instead of obtaiming the B value before starting consohdation, it may be obtained by the method
described in section 5.2a) above, at a stress stage lower than the prescribed consolidation stress, however,
the primary consolidation at that stress stage shall be completed.

For specimens with B value 0.95 or higher and consolidation 8hours or less, the B value after
consolidation need not to be obtained. However, 1f air remains within the tniaxial pressure cell and if there 1s
a possibility that air has entered the specimen through the cell water due to the cell pressure bemg applied
for 8hours or longer, the B value after consolidation shall be obtained by the following method.

After pnmary consolidation of the specimens 1s completed, close the water drainage valve.

Reduce the 1sotropic stress by Ac for 1 to 2 mun. Ac shall be about 50kN/m2 as standards.

Measure the reduction 1n pore water pressure Auu.

At the time as 2) mcrement the 1sotropic stress by Ao

Measure the imncrement in pore pressure Aul.

Calculate the pore water pressure coefficient B {= (Auu+ Aul)/(2 Ac)}

Open the water drainage valve.

‘When the B value 1s 0.96 or higher, go to section5 4 when the B value 1s smaller than 0.95, increase
the degree of saturation by method described m JGS 0520preparation of soil specimens for triaxial tests,
section 4.6a), so that the B value 15 0.95% higher.
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C45 53 Consohdation process
The test shall be camed out 1n accordance with the followmg requirements for the consolidation process.

Carry out consolidation with a constant back pressure by applying isotropic stress to the specimen
up to prescribed consolidation stress o'c.

Consolidation shall be continued until at least the pnmary consolidation 1s complete.

Measure the volume change of the specimen (assumed to be equal to the quantity of water drained
from the specimen) AVe (cm3) and the axial displacement of the specimen AHc (cm) due to consolidation.
5.4 cyclic undrained loading process
The test shall be carmed out 10 accordance with the following requirements for the cyclic undrained loading

process.
Confirm the 1sotropic stress state with the prescnbed effective confining pressure o’

0.98<a; /o7, <1.02
(b) Close the water drainage valve
(c) Apply the cyclhic axial load. and continuously record the axial load, axial displacement, pore water
pressure, and if necessary, the cell pressure. The first wave shall be the compressive load.
Termunate the cyclic loading if the mumber of cycles exceeds about 200, or if (AL/Hc) *100 15 5%
or higher where, AL is the double amplitude of axial displacement (AH) of the specimen duning cyche
loading and Hc 1s the height of the specimen after consolidation.
Deformation and failure state of the specimen shall be observed and recorded.
Measure the dry mass ms of the specimen (g).

C46 5.5 tests with cyclic loadmg amplitude varied.
This shall refer to a senes carmed out under the same effective confining pressure, using the necessary

mumber of simlar specimens, but with the cyclic loading amplitude vaned as appropniate.

Note: the number of specimens necessary to obtain the relationship between the cyclic load amplitude and
the number of cycles under the same effective confimng pressure shall be munimum of 4. The magnitude of
the cyclic axial load amplitude shall be adjusted so that at least 2 specimens have the number of load cycle
in the range of about 5 to 50 and a double axial strain DA of 5%, for Toyoura sand and DA of 0.1% for
PSAS-treated sand.

CA7 Typical Undrained cyclic result obtained



D APPENDIX- IV. Effects of dry-wet cycles on the mechanical
properties of sand treated with paper sludge ash-based stabilizer.

D.1 Specimen Test Procedure and measurement condrtion

1% step: After prepare the specimen |

# Measure mass my, |

T 20 gtep: wetting process |

= Measure Mass m; before immersion =m, |

= Measure Mass m; after wetting condition |

| Calculated water content during wetting (H,) |
"3 step: drying process

= Measure Mass m, before air drying process=m, |

= Measure Mass my After air dryving process |

= Calculated water content during drying process { ) |

T4 step: Conduct UCT on the dry specimen of each |

Figure D-1 test program for each specimen

D2 Unconfined compression test results for specimen cured under dry-wet cycle process.
D21 T=40°C Dry-wet cycle Stress-stram relationship of PSAS treated sand for w=20%,
tp=1 days, Dr=50%
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Figure D-2 T=40°C Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=1days, Dr=50"%,

Aps=3%: (a) C1, (b) C2, (c)= C3, and (d)=C4 .
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D22 T=40°C Dry-wet cycle Stress-stramn relationship of PSAS treated sand for w=20%,
tp=1 days, Dr=90%
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Figure D-3 T=40°C Typical UCT stress-strain relationship of PSAS-treated sand for w=20%, tp=1days, Dr=20%,
Aps=5%: (a) C1, (b) C2, (c)= C3, and (d)=C4 .

Table D-aUCT data record for PSAS-treated sand for w=20%, tp=1days, Dr=20% at C1

Particle Dhameter Wet density
Mixtures density Haight (cm) | Velume (em3) e e (Afier) D (%)
{cm3) {em) (gfcm3)
2.64 493 932 181_54 1.92 .66 90.45%
5.00% 2.64 493 939 182 80 1.91 .66 90.05%
2.64 493 905 17628 1.93 .66 £9.21%
Table D-bUCT data record for PSAS-treated sand for w=20%, tp=1days, Dr=%0% at C2
Particle . . .
. . Dhameter Heaght Wet density
Mixture densi Volume (cm3 Afer D (%
A=A (cam) lume (can3) Eems) | =8 e
264 498 9.62 187.28 1.82 0.66 90.29%
5.00% 264 498 9.59 186.78 1.83 0.66 90.12%
264 498 9.40 183.00 1.84 .66 90.46%
Table D-cUCT data record for PSAS-treated sand for w=20%, tp=1days, Dr=%0% at C3
) Particle density | Dhiameter . Wet density "
Mixtures (cm3) (em) Heaght {cm) Volime (em3) (gfcm3) e (After) Dr (%)
264 498 9.29 18085 1.87 .66 90.54%
5.00% 264 498 939 182 80 1.84 .66 90.75%
264 498 9.70 188 94 1.80 .66 90.45%
Table D-dUCT data record for PSAS-treated sand for w=20%, tp=1days, D=%0% at C4
Particle . . )
. - Dhameter Heaght Volume Wet density .
Mixtures density After Dr (®
P (cam) @ | m) | ey [ G e
264 493 925 180.17 1.9 066 00.43%
5.00% 264 498 949 184.75 198 0.66 90.32%
264 493 9.62 187 28 1.95 066 88 83%
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