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ABSTRACT

The soils underneath a PCC pavement on the island of Oahu, Hawaii were sampled and tested extensively
because adjacent slabs had experienced vertical and horizontal separation. Based on the site geology,
historical sea level rise and ebb may have caused the alluvial soils of volcanic origin to mix with calcareous
fines (calcite), the source of which are the remains of dead coral giving rise to possible cementation in the
soil. Hydrochloric acid and XRD tests suggest the presence of calcite in the upper reaches of the soil deposit
and halloysite throughout. Index tests criteria proposed by the U.S. Army Corp of Engineers to assess soil
collapsibility showed that the soils are collapsible based on dry unit weight, porosity and plasticity index
values. However, the liquid limit test criterion was not consistent with the other criteria suggesting that the
U.S. Army Corp of Engineers liquid limit criteria may not be as reliable in identifying collapsible tropical
soils.

The soils in the median are not as collapsible compared to soils directly underneath the pavement
possibly due to the fact that the soils in the median have been subjected to a decade more exposure to
atmospheric conditions and possibly because the soils below the pavement are constantly moist due to
the canopy effect. The matric suction values under the pavement indicate that the soils below the pavement
are saturated or nearly saturated. In contrast, the matric suction of the soil in the median fluctuated
depending on the precipitation and the weather. Another notable feature is that the moisture content is
higher at 0.5 ft than at 2.5 ft below the pavement but the reverse is true in the median . This phenomenon
can also be attributed to the canopy effect at the pavement location and conversely, there is no canopy
effect in the median.

Suction controlled consolidation tests ran using a constant rate of strain consolidometer indicated soil
collapse during three different phases of testing: saturation, drying and cyclic loading. A batch of samples
collapsed by about 4% to 6% when saturated at a seating stress of only about 5 kPa. This occurred in the
topmost samples below the pavement. The samples were first saturated so that the starting point on the
soil-water retention curve is known. Since these samples are from the shallows, it can be implied that the
shallowest soil is highly collapsible. It is postulated that the collapse in these samples is due to the breaking
of calcite cementation bonds upon dissolution.

A second batch of samples did not collapse during saturation. Instead, they collapsed by about 1% during
suction application. In both samples, the suction applied was 200 kPa. One possible explanation for this is
that the halloysite present loses the layer of water molecules in between the kaolinite units upon drying or
application of suction. As a result, the soil collapsed when the water layer is removed irreversibly.
Admittedly, the collapse due to suction application is smaller than that during saturation.

The third batch of samples collapsed due to load-unload-reload cycles on saturated samples. The
rationale for this is that PCC pavements heat up during the afternoons causing the pavement slab to curl
downwards. They cool down in the early hours of the morning causing the pavement slab to curl upwards.

These temperature cycles cause stresses to escalate at the edges and center of the pavement slab during



the day and night, respectively. To simulate this in a consolidometer, the soil is loaded to a target vertical
stress and then unloaded at a rate of 1 cycle per day for many cycles to simulate the repeated upward and
downward curling. It was found that 60 to 80 cycles were adequate to yield the asymptotic strain. The
collapse settlement or permanent deformation due to repeated loading and unloading depends on factors
such as the number of cycles, duration of loading, and magnitude of stress difference in a cycle. A
methodology is presented to estimate the long-term collapse settlement due to this mechanism. A
hyperbolic curve can be fitted through each collapse versus cycle number curve, from which the asymptotic
value of collapse strain can be estimated. The asymptotic strain can then be plotted versus the stress
difference to allow an engineer to easily estimate the long-term load-unload-reload collapse for any value
of stress difference.

Curling-induced stresses were estimated utilizing first a finite difference analysis to estimate the
temperature profile and then applying the temperature profile in a finite element analysis. The diurnal
curling-induced subgrade stress can be as high as 25 kPa at the pavement edges with truck loading during
the hottest time of the day in relation to an unloaded pavement at the coldest time of the morning. Based
on a diurnal cyclic stress difference of 25 kPa and the cyclic consolidation test results, the collapse
settlement due to curling-induced subgrade stress cycling is estimated to be about 2%.

In sum, the 3 different sources of collapse strains are as follows:

a. Collapse StrainduetoCurling-l nduced Subgrade Stress Cycling a 2
b. Coll apse Strain due to Saturation and Loss of Cem
c. Collapse Strain due to Drying or Loss of Water Be

Summing the 3 sources of collapse strain leads to a total collapse of 7% to 9%. According to Jennings and
Knight (1975), the severity of the problem for these vae
induced in a collapsing soil can lend an explanation of why the pavement distress was observed in the
concrete pavement.
Finally, some methods of mitigating collapse of similar soils are proposed in the Implementation section
of the report (Section 5.3). They include dynamic compaction, pre-wetting and pre-loading, partial

excavation and replacement, and a variety of soil improvement options.
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Chapter 1 Introduction

1.1 Pavement Distress

Portland Cement Concrete (PCC) pavements are more durable, more capable of handling heavy
traffic, more low maintenance, and may have a lower life-cycle cost than asphalt pavements. The
performance of such pavements depends on various factors such as the type of materials used, pavement
thickness, joint design, drainage system, and the subgrade soil characteristics beneath the pavement.
Despite these advantages, distress in concrete pavements is not uncommon. Issues such as joint failure,
differential settlement, and slab cracking are frequently observed. These distresses have the potential to
cause accidents, ride discomfort, and increased vehicle wear and tear. Repair and maintenance of these
issues can be costly. Hence, understanding the causes and mechanisms of these distresses is pivotal for

successful pavement design.

1.2 General Problem

Shortly after opening to the public, a long segment of a newly constructed concrete pavement along
Kualakai Parkwayi n Ka p o | ebéegan tdeahibi\isidlé signs of distress. Notably, the pavement slabs
showed horizontal separations and differential vertical settlements (Figure 1.1), resulting in joint openings
at the center of the roadway. The horizontal separation was approximately 1 inch, and the vertical
differential settlement was approximately % inch, as shown in Figure 1.1 (a) and (b). Green epoxy-coated
tie bars were observed to have pulled out from the joints (Figure 1.1 (d)), indicating that the concrete had

been crushed and sheared in those regions.

Additionally, the concrete shoulder cap had separated from the adjacent pavement slab due to horizontal
separation and differential vertical settlement of relatively larger magnitude than that observed at the center,
as seen in Figure 1.2 (a) and (b). This is more understandable considering that no tie bars were installed
between the shoulder cap and the pavement slab. Such distresses can cause discomfort to drivers and
present a potential safety hazard.

Despite these deformations, no visible surface cracks were observed in the concrete slabs themselves.
This absence of cracking suggests that the distress originated from the underlying subgrade, which likely

experienced collapse and resulted in a loss of uniform support beneath the pavement.

Such deformations are not limited to Kualakai Parkway but have also been observed on several nearby
roads in Hoopili, as shown in Figure 1.3 (a) and (b). This indicates that the soils across the broader project

area may be problematic and warrant a thorough geotechnical investigation.
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Figure 1.1 (a) Differential settlement at the center of the pavement running in longitudinal direction; (b)

Horizontal separation observed from the top; (c) Vertical differential settlement observe from the ground

level; and (d) Tie bar pullout visible



(b)

Figure 1.2 (a) Differential settlement between pavement and concrete shoulder at the edge of the

pavement running in longitudinal direction; and (b) Vertical differential settlement observe from the ground

level
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(b)

Figure 1.3 (a) and (b) Differential settlement in the pavement observed in Housing Estate of Hoopili



1.3

Objectives

The objectives of this research are as follows:

1.

1.4

Perform geophysical tests to detect if voids are present below the PCC pavement and if so, locate

them;
Conduct geotechnical investigation to collect soil samples for laboratory characterization;

Install sensors in the soil in the grassy median and directly below a selected portion of the pavement

to measure suction and volumetric water content;

Identify the mineralogical constituents of the soils at the site by conducting X-ray diffraction (XRD)
analysis. To support the XRD results, an electron probe microanalyzer equipped with Energy
Dispersive Spectroscopy was used to estimate the elemental composition of the soil. Finally, X-ray
Computed Tomography scanning was performed to generate three-dimensional visualizations of

the soil's internal void distribution before and after loading;

Determine the temperature profile in the pavement system with diurnal and seasonal variation by
calibrating a finite difference model of the pavement using measured temperatures in a concrete
pavement and in the subgrade soil;

Estimate the curling-induced stresses on the subgrade soil using the finite element method,;

Estimate the permanent deformation of the subgrade soil from load-unload-reload tests with

different applied stress levels; and

Propose ways of mitigating the pavement distress for future concrete pavement construction in

similar soils.
Outline

Each of Chapters 2 through 4 is structured as a standalone journal article and has been submitted

for publication. Chapter 2, which presents a comprehensive geotechnical and field investigation of the

project site, including collapsibility assessment through index and consolidation testing, has been submitted

to Transportation Geotechnics (Elsevier). Chapter 3, focusing on the mineralogical and microstructural

characterization of the subgrade soil using X-ray diffraction (XRD), electron probe microanalysis (EPMA),

and X-ray computed tomography (CT), has been submitted to Discover Applied Sciences (Springer).

Chapter 4 discusses thermal profile modeling using a finite difference method (FDM) to simulate transient

temperature distribution beneath the pavement. The resulting thermal profiles were then applied in a finite

element analysis to estimate the curling-induced stresses in the subgrade. This work has been submitted

to the International Journal for Numerical and Analytical Methods in Geomechanics (Wiley).
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Finally, Chapter 5 concludes the dissertation with a summary of key findings, suggestions for future
research, and implementation strategies. This includes practical approaches to identifying collapsible soils

and mitigating pavement distress in similar geotechnical settings.



Chapter 2 Characterization of a Highly Collapsible
Soil

2.1 Introduction

Opened to traffic in 2010, the Portland cement concrete (PCC) pavement slabs at Kualakai
Parkway in Kapolei, Oahu are suffering from distress whereby horizontal and vertical separations of the
slabs on the order of approximately 1 inch have been observed as seen in Figure 2.1 (a). The green epoxy
tiebars connecting adjacent slabs is visible in Figure 2.1 (b). Figure 2.1 (c) shows the same section of the
slab with a vertical separation implying that the concrete must have been crushed and sheared due to the
presence of the rebar. The horizont al separation (a
continuously over a long segment of the pavement. Pavement distress is a widespread occurrence in the

Kapolei area and not just at Kualakai Parkway.

(a) (b)



(©)

Figure 2.1 (a) Horizontal separation of PCC slabs; (b) Tie bar pullout visible; and (c) Vertical differential
settlement of PCC slabs

In a separate project for the Honolulu High-Capacity Transit Corridor rail just north of the site, the second
author conducted a test to detect the presence of calcium carbonate in the soil in accordance with ASTM
D4373-14. The test comprised of pouring hydrochloric acid on approximately 1 g of dried soil. As seen in
Figure 2.2, bubbling and effervescence were observed indicating the presence of calcium carbonate. This
effervescence was absent in the same test on a tropical residual soil from higher elevations. It was thus

hypothesized that the soil at the site is calcareous, possibly cementitious and collapsible.
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Figure 2.2 Hydrochloric acid test for the presence of calcium carbonate on soil sample from the northern

end of the site

This formed the impetus for this research, the objectives of which are to:
1. Perform geophysical tests to detect if voids are present below the PCC pavement and if so, locate
them;
Conduct geotechnical investigation to collect soil samples for characterization;
Install sensors in the soil in the grassy median and directly below a selected portion of the pavement
to measure suction and volumetric water content; and
4. I|dentify the cause of the pavement distress.
Geotechnical characterization of the soil is the primary focus herein.

2.2 Literature Review

Collapse in soils occurs when there is a substantial decrease in volume upon wetting, loading or a
combination of both factors (Knodel, 1992). Collapsible soils are usually partially saturated and have
accumulated in thickness over time, a high porosity, a metastable structure and cementation. Collapse is
usually triggered when the soil is subjected to an increase in load from a structure above or has experienced
a dynamic event (Rogers, 1995). Cementation arises when compounds such as salt (NaHCOs, KCI, NaCl,

MgCl), calcium carbonate, gypsum and ferrous iron are mixed in with the soil particles. These compounds
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provide an adhesive coating that results in cohesive forces around the soil grains. Furthermore in fills, a
soil compacted dry of optimum may show collapse behavior at relatively low densities (Houston et al., 2001;
Tadepalli & Fredlund, 1991).

When the above-mentioned soils are dry, or partially saturated, they can support substantial loads due to
an increase in effective stress due to suction, adhesive forces, cementing agents, etc. However, in the
event of a water level rise due to flooding, infiltration due to precipitation or wetting due to a phenomenon
called the canopy effect whereby water vapor migrates from the ground water table and condenses
underneath a slab or pavement (Bai et al., 2018; Eigenbrod and Kennepohl, 1996; Liu et al., 2020; Milly,
1984; Mingli et al., 2025; Parlange et al., 1998; Tong et al., 2022; Wuest et al., 1999; Yao et al., 2023; M.
Zhang et al., 2025; R. Zhang et al., 2024; S. Zhang et al., 2016, 2017), these bonds weaken and the suction
diminishes, possibly leading to collapse. Admittedly, many of the references above are for cold regions but

this phenomenon should apply to warmer climates as well.

Coll apsible soils cover ab qGatverl201%). Thdy are found iwarid, lseind
arid and humid areas (Houston et al., 2001; Knodel, 1992; Rogers, 1995) since open metastable structure
can form in almost all types of environment including aeolian (loess and dunes), colluvium, mudflow,
alluvial, residual soils, etc. Loess soil is the main type of collapsible soil and is found in 15% to 20% of
Europe, China, and the United States. Past studies suggest that collapsible soils typically have a low dry
density, high void ratio, low liquid limit and plasticity index, low moisture content and high sensitivity (AL-
Rawas, 2000; Knodel, 1992; Rogers, 1995). However, the idea of low dry density was disputed by Jennings
and Knight (Jennings & Knight, 1975) as there is a wide range of dry densities which also apply to non-
collapsible soils. Also, for soils with a high specific gravity, they can have a high dry density and yet have a
high porosity and void ratio. For example, Hawaiian soils have a relatively high specific gravity (sometimes
as high as 3.4) which can yield a dense soil with a high porosity (Richter, 1931).

Every year in the United States, collapsible soils cause huge economic losses to public and private property.
Therefore, careful investigation of the mineralogical composition and deformation characteristics should be

conducted prior to construction.

2.3 Project Description

2.3.1 Site Geology

The Hawaiian Islands are in the middle of the Pacific tectonic plate. In the middle of the plate, a
stationary hot spot provides a nearly constant source of lava. The Hawaiian Islands arise because the

Pacific plate moves roughly northwest at a rate of 4 inches per year. The island of Oahu is made up of two
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basaltic shield volcanoes: Koolau and Waianae. The Waianae volcano forms the west side of the island
and was built during the Pliocene Epoch. As the Waianae volcanic activity ceased, the Koolau volcano
emerged, and its lava flowed all around including westward towards the eroded slopes of the Waianae
volcano to form the Schofield Plateau. The site of the distressed pavement lies in the geomorphologic
province of Oahu known as the Coastal plain (Stearns, 1985) which lies just south of the Waianae

mountains.

The Coastal Plain consists of sediments deposited on the southern flank of the Waianae range. According
to Stearns (Stearns, 1985), the island of Oahu including the Coastal plain experienced episodes of sea
level rise to about 100 ft above current mean sea level (MSL) during the Kaena stand, followed by a drop
to about 350 ft below current MSL during the Waipio stand followed by a rise to about 25 ft above current
MSL during the Waimanalo stand and finally followed by a drop to current MSL. During sea level rise,
calcareous marine sediments may have mixed with the alluvial soils from the south end of the Waianae

range.

(Stearns & Chamberlain, 1967) and Ruhe et al. ((Ruhe et al., 1965) suggest that the soils at the site are
alluvial. Alluvial soils can be formed during flash floods or from debris flows resulting in soils with a loose
or metastable structure (Dudley, 1970). Collapsible alluvial soils have been reported by (Bull, 1964),
(Hveem & Smith, 1958, 1959) and (Lucas & et al., 1964) in the San Joaquin Valley, CA, by the Bureau of
Reclamation ((Laboratory Tests on Foundation and Embankment Materials from 50-Million-Gallon
Reservoir, United States Naval Ammunition Depot, Hawthorne, Nevada, 1953) near Hawthorne, NV, by
Beckwith (1996) (as cited in (Houston et al., 2001) in the arid to semi-arid southwestern United States, by
Rollins and Kim (2010) in multiple alluvial deposits across the United States, and by Arman and Thornton
((Arman & Thornton, 1973) in the coast of southwest Louisiana. In Brazil, collapsible alluvial soils can be
found in S&o Paulo State (Benatti et al., 2011) and the semi-arid tropical region of Caruaru-Pernambuco
(Barbosa de Aquino et al., 2019). Semi-arid coastal Adelaide, Australia is also home to some collapsible

alluvial soils (Rouze et al., 2007).

2.3.2 Kualakai Parkway
Kualakai Parkway is a 2-mile-long, 4-lane divided roadway with two lanes in each direction. The

travel lanes are 12 ft wide with an 8-ft-wide shoulder adjacent to the sidewalks (Figure 2.3 (a)).

The pavement system consists of a 10-inch-thick Jointed PCC pavement slab underlain by a 7-inch-thick
Untreated Permeable Base (UTPB), which in turn is underlain by an 18-inch-thick subbase course followed
by the natural subgrade soils. A geotextile separates the UTPB and the subbase. A typical cross-section of
the pavement slab is shown in Figure 2.3 (b). Both construction and contraction joints are provided along

the transverse and longitudinal directions. 18-inch-long lightly greased smooth dowels are provided in both
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the construction and contraction joints along the transverse direction. In the longitudinal direction, 2.5-ft-

long epoxy coated deformed tie-bars are provided for both construction and contraction joints except the

contraction joints are greased.
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Figure 2.3 (a) Typical Kualakai Parkway cross-section and (b) typical pavement section
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2.3.3 Field Investigation

1 2.3.3.1 Ground Penetration Radar (GPR) Survey

Ground penetrating radar (GPR) was used to detect voids underneath the PCC pavement by Olson
Engineering, Inc. A GPR unit with pinpoint Real-Time Sampling (RTS) system was used as shown in Figure
2.4 (a). The GPR system equipped with dual frequency antennas, 400 MHz and 800 MHz, was towed by a
car. GPR frequencies can range from approximately 10 MHz to 3 GHz. Lower frequencies can penetrate
deeper but in general, the lower the frequency, the lower the spatial resolution. For this type of survey, the

GPR antenna frequency used is most appropriate.

When high frequency electromagnetic wave from the GPR transmitter propagates into the subsurface,
some will be absorbed and some will be reflected from the interface between two materials having differing
permittivities (e.g.; concrete and air or concrete and soft soil). The reflected energy arriving back at the
GPR receiving antenna is recorded as a two-way travel time.

The two-lane pavement was surveyed along eight longitudinal lines in each direction. To obtain better
resolution at suspected void areas, GPR surveys were conducted using a pushcart system. An Emlid Reach
RS2 Global Navigation Satellite System (GNSS) rover receiver was positioned on the west edge of the

roadway in the middle of the 1.3-mile section of study along the 2-mile road resulting in cm precision.
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(b) (c)

Figure 2.4 (a) Towing of Impulse Radar Pinpoint RTS GPR unit. (b) GNSS receiver (c) Pushcart GPR

operation

2 2.3.3.2 Slab Impulse Response (SIR) Testing

Slab Impulse Response (SIR) is a nondestructive method to investigate pavement subsurface integrity
(Davis, 2003; Mahedi et al., 2017; Nazarian et al., 1994) whereby a 3-lb hammer instrumented with a load
cell was used to strike the pavement surface. The resulting force-time history was recorded in a data logger
along with the velocity-time history with the aid of a geophone. A void can be identified based on a plot of

the mobility (ratio of velocity/force) vs frequency.

The Olson Instruments NDE360 SIR-1 system can be used to detect voids below slabs-on-grade with
thicknesses less than two feet. A peak to mean mobility ratio of 2.0 indicates a potential void whereas a
ratio between 1.5to 2.0 is questionable, and smaller than 1.5 represents a solid area beneath the pavement.
The SIR results are shown in Figure 2.5. Interpretations of the results were made based on ASTM C1740-
16 and C1383-15.

3 2.3.3.3 Soil Borings

After analyzing the GPR and SIR data, the boring locations were chosen where no voids were detected in
the PCC pavement: Borehole B-2 within the pavement and Borehole B-1 in the adjacent median as shown
in Figure 2.5. The rationale is to ensure that the soil samples collected are not of the collapsed variety. A 6
ft x 6 ft segment of the PCC shoulder was sawcut and removed to drill Borehole B-2. A pitcher sampler was

used to collect undisturbed samples so as to prevent crimping had Shelby tubes alone been used as the
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soils were stiff to hard with standard penetration test (SPT) blow counts ranging from 14 to 32. Figure 2.6
(a) shows the boring logs for B-1 and B-2 with the SPT-N values plotted versus depth in Figure 2.6 (b).

® sound concrete
® questionable

@ void

® large void

Figure 2.5 Boring locations at approximately Sta. 61 on Kualakai Parkway with the SIR data
superimposed. Color-coding is as follows: magenta = sound concrete; blue = questionable; green = void;

and dark red = large void
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Boring B -1
Depth | Sample | Recovery SPT Blow Soil USCS
(feet) Number | (inches) Counts Description Classification
(blows/ft)
2t04 SPT1 10 25 Brown fat clay CH
4t06 P2 125 - Brown fat clay CH
6to8 SPT3 16 15 Brown fat clay CH
810 10 P4 0 - - -
10to 12 P5 24 - Brown lean CL
clay
12t0 14 SPT6 20 30 Brown lean CL
clay
14 to 16 pP7 24 - Not tested -
16to 18 SPT8 19 32 Brown silt ML
18 to 20 P9 3 Y - Brown silt ML
Boring B -2
Depth Sample | Recovery | SPT Blow Soil USCS
(feet) Number | (inches) Counts Description Classification
(blows/vAft)
2.92104.92 P1 21.5 - Brown lean CL
clay
4.92 10 6.92 P2 12 - Brown lean CL
clay
6.92 t0 8.42 SPT3 16 14 Brown fat clay CH
8.42 10 10.42 P4 13.5 - Brown lean CL
clay
10.42 to P5 0 - - -
12.42
12.42 to P6 21.5 - Brown fat clay CH
14.42 Brown lean CL
clay ML
Brown silt

Notes: 1. SPT = standard penetration test.

2. P = pitcher sample

@)
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Figure 2.6 (a) B-1 and B-2 boring logs and (b) SPT N-value versus depth

4  2.3.3.4 Instrumentation

One tensiometer to measure matric potential and two moisture content sensors were installed in each
borehole. Instrumentation layout is shown in Figure 2.7. A total of six sensors were connected to a solar-
powered data logger, which uploads the data automatically to a cloud service every 15 minutes. The
tensiometers were installed in a separate adjacent borehole with 6 inches of sand placed above and below.
Except for the top 6 inches which was backfilled with the in-situ soil, the rest of the borehole was backfilled
with bentonite cement grout. The suction measured in the tensiometer will be governed by that of the
adjacent subgrade soil rather than of the sand.

T PCC /7 Saw-Cut | pec | ‘

e " 05f? = | |Datalogger |
Subbase Course e S 251t £
} I o= 1
05! T i
2 5 ft Median
Subgrade 1y

= Water Content Sensor

o Tensiometer
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Figure 2.7 Instrumentation layout in the boreholes
2.4 Laboratory Testing

A suite of index tests such as grain size analyses (using both wet sieving and hydrometer testing),
natural water content, Atterberg limits, specific gravity and unit weight measurements were conducted along
with cation exchange capacity measurements, hydrochloric acid testing, electron microprobe testing, X-ray
diffraction and computed tomography (CT) scanning. Cation exchange capacity measurements and CT
scanning test results are excluded from herein for the sake of brevity. The bulk of the undisturbed samples

were used for consolidation testing with very limited strength testing.

Summarized in Table 2.1 are four types of consolidation tests that were planned to be conducted along
with their objectives. However, plans had to change because of the collapse behavior as will be elucidated

later.

Table 2.1 Types and purpose of the various consolidation tests

Test Type Intended Purpose

Constant rate of strain (0.1%/hr) testing on

saturated and unsaturated soil samples

To determine compressibility, stress history and
Basic Barcelona Model parameters

Double oedometer testing

To obtain an expedient estimate of collapse strain

Load-and-soak oedometer testing

To estimate collapse strain as a function of vertical

stress for several suction values

Load-unload-reload testing on saturated soil

To estimate collapse potential due to cyclic loading

of the soil caused by daily curling cycles of the PCC

pavement

2.5 Test Results

2.5.1 Index Tests

Soil borings were drilled to a maximum depth of 20 ft and not more because applied surface
stresses tend to diminish with depth. Also, the soils immediately below the pavement tend to be more
wet/saturated due to the canopy effect (Bai et al., 2018; Eigenbrod & Kennepohl, 1996; Milly, 1984;
Parlange et al., 1998; Wuest et al., 1999; S. Zhang et al., 2016). The canopy effect is known to occur in dry
soils where the ground water table is deep. This area of Kapolei on the island of Oahu receives about 18
inches of rain annually with most of the rain falling during winter, rendering it semi-arid. Also, the ground

surface and ground water table at this site are at approximately El. 102 and 15 ft, respectively meaning the
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ground water table is approximately 87 ft deep. These conditions of a deep ground water table and semi-

arid conditions make this pavement a prime candidate for the canopy effect.

Based on the grain size distributions in Figure 2.8, the soils in the top 20 ft of the site are fine-grained. The
natural moisture contents are close to the plastic limit of the soil in Boring B-1 as shown in Figure 2.9 (a)
thus supporting the fact that the soils are stiff. The soil stiffness can be attributed to centuries of desiccation
drying. In Boring B-2, the natural moisture contents are closer to the plastic limit than the liquid limit but
interestingly trend slightly higher than those in Boring B-1 (Figure 2.9 (c)), lending credence to the canopy
artifact. Note Boring B-2 was drilled in November 2021, more than a decade after pavement construction.
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Plasticity Index (PI)
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Figure 2.8 (a) Particle size distribution curves (b) plasticity chart
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According the U.S. Army Corps of Engineers (U.S. Army Corps of Engineers, 1990), collapsible soils

typically have the following characteristics:

1. 65 pcf< g <105 pcf where gs = dry unit weight;

2. 0.4 <n<0.6where n = porosity;

3. LL < 45% where LL = liquid limit; and

4. Pl < 25% where PI = plasticity index.

From Table 2.2, all tested soils but one are collapsible based on the g criterion, all are collapsible
based on the porosity criterion, only one of the 9 tested soils is collapsible based on the liquid limit criterion
and 7 of the 9 tested soils are collapsible based on the plasticity index criterion. The results suggest there

is a strong overall indication that the soils are collapsible.
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Table 2.2 Index properties from consolidation samples as an indication of collapsibility

Boring Sample Sub- Moist Water Dry Unit Specific Void Porosity, Plastic Liquid Plasticity
Number sample Unit Weight, Content, Weight, Gravity, | Ratio, e n Limit, Limit, Index, PI

Number g (pcf) w (%) o (pcf) Gs PL (%) | LL (%) (%)

B-1 P2 S1 125 25.5 99 3.04 0.908 0.476 26.4 54.7 28.3
P5 S1 130 25.8 104 3.01 0.812 0.448 24.5 48.4 23.9

P5 S2 132 21.7 108 3.01 0.736 0.424 NT NT NT

P7 S1 114 28.0 89 2.83 0.987 0.497 27.2 311 3.9

pP7 S2 117 28.0 91 2.83 0.938 0.484 NT NT NT

B-2 P1 S1 125 20.7 104 3.00 0.805 0.446 26.0 46.6 20.6
P1 S2 125 24.9 100 3.00 0.872 0.466 NT NT NT

P1 S3 127 23.6 103 3.00 0.813 0.449 NT NT NT

P1 S4 122 26.8 96 3.10 1.006 0.501 24.5 45.8 21.3

P1 S5 124 25.5 98 3.10 0.965 0.491 NT NT NT

P1 S6 122 24.6 98 3.10 0.971 0.493 NT NT NT

P1 S7 125 24.5 101 3.10 0.923 0.480 NT NT NT

P1 S8 124 26.0 98 3.10 0.972 0.493 NT NT NT

P1 S9 119 25.1 95 3.10 1.031 0.508 NT NT NT

P1 S10 125 24.8 100 3.10 0.931 0.482 NT NT NT

P1 S11 125 26.4 99 3.10 0.951 0.487 NT NT NT

P1 S12 125 25.3 99 3.10 0.946 0.486 NT NT NT

P1 S13 125 26.4 99 3.08 0.941 0.485 24.5 49.9 25.4

P2 S1 NT NT NT NT - - 26.0 49.4 234

P2 S2 124 28.9 96 3.08 1.003 0.501 NT NT NT

P2 S3 128 24.5 102 3.08 0.876 0.467 24.0 46.5 22.5

P4 S1 125 28.6 97 3.08 0.981 0.495 24.1 48.1 24.0

Note: Bold and italicized number indicates that the soil meets the U.S. Army Corps of Engineers (U.S. Army Corps of Engineers, 1990) collapsible

soil criterion.
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Table 2.3 Semi-quantitative X-ray diffraction test results

Results: Semi -Quantitative X -Ray Diffraction Analysis, XBP

Crystalline phase percentages

26

Sample ) ) ) ) ] %K - %P-feldspar
%Quartz %llmenite %Hematite %Halloysite %Chlorite %Anhydrite . Total %
ID Feldspar (plagioclase)
B1P2 2.8% 7.9% 18.4% 16.4% 10.7% 13.3% 16.5% 14.0% 100%
B1P7 3.2% 6.1% 17.2% 20.0% 18.7% 15.6% 14.8% 4.3% 100%
Results: Semi -Quantitative X -Ray Diffraction Analysis, 2CLAY
Crystalline phase percentages
Sample . ] . ]
D %Halloysite | %Mica | %Chlorite | %Smectite | Total %
B1P2 70% 7% 9% 14% 100%
B1P7 46% 13% 9% 32% 100%




Hydrochloric acid tests were performed on samples from Boring B-1. A weak reaction was observed in the
top two samples (SPT1 and P2) and in the bottom sample (P9). XRD testing on 4 SPT samples (1, 3, 6 and
8) from Boring B-1 performed at the University of Hawaii at Manoa (UHM) indicated the presence of calcite

in only SPT-1. This suggests that calcite is present/detectable only in the shallower soils. Calcite or calcium

carbonate can act as a cementing agent atamigalsédgidhtlyed soi |

soluble in water. So, upon wetting, the cementation can be destroyed or lost. While calcite was not detected
in the two samples that underwent semi-quantitative X-ray diffraction testing as described below, it was
detected in sample SPT 1 (depth of 2 to 4 ft) from Boring B-1 in a qualitative X-ray diffraction test performed
at the UHM.

Two samples, P2 (4 to 6 ft depth) and P7 (14 to 16 ft depth), from Boring B-1 were sent to the University of
lllinois Urbana Champaign for semi-quantitative X-ray diffraction testing. Summarized in Table 2.3, the
results show the presence of halloysite in both samples. Having a tubular morphology, halloysite consists
of alternating kaolinite unit cells with one layer of water molecules sandwiched in between. That the glue
between these kaolinite unit cells is water implies that the bonding is rather weak (Mitchell & Sitar, 1982).
As drying or weathering proceeds, the halloysite content decreases and the kaolinite content increases. As
a result of drying, the water layer in the halloysite is removed irreversibly, i.e., the material will not rehydrate

to its former amorphous state and may possibly lead to soil collapse (Moon, 2016).

2.5.2 Consolidation Tests

Suction controlled consolidation tests were ran using a constant rate of strain consolidometer
manufactured by GDS Instruments. The consolidation test results reveal that the soil immediately below
the pavement (Boring B-2) is highly collapsible. The intent herein is to show qualitatively and not
quantitatively the collapsible nature of the soil from three different aspects. Initially, the authors set out to
run the 4 different types of tests as shown in Table 1. The load and soak collapse tests turned out to be
fruitless because in some sampl es, the coll apse
collapse observed during loading and soaking paled in significance when compared to the collapse from

an earlier phase of the test.

As a precursor to discussing the test results, it can be inferred that soils from the median (Boring B-1) are
not as collapsible compared to soils directly underneath the pavement (Boring B-2) due to the fact that the
soils in the median have been subjected to a decade more exposure to the sun and possibly because the
soils below the pavement are constantly moist due to the canopy effect. Figure 2.10 shows the volumetric
water content and matric suction plotted against time collected using TEROS 10 water content sensors and
TEROS 21 tensiometers, respectively from the Meter Group. What is most remarkable is that the matric

suction values under the pavement held steady at 10 kPa throughout, which is the lowest suction limit of
27
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the TEROS 21 instrument at the time of this work. (The latest version can measure to as low as 0 kPa
matric suction but were not available at the time of this study.) This indicates that the soils 2.5 feet below
the pavement are saturated or nearly saturated. In contrast, the matric suction of the soil in the median
fluctuates (Figure 2.10 (c)) depending on the precipitation (Figure 2.10 (d)). Another notable feature is that
the moisture content is higher at 0.5 ft than at 2.5 ft below the pavement but the reverse is true in the
median. This phenomenon can be attributed to the canopy effect at the pavement location and conversely,
there is no canopy effect in the median.
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Figure 2.10 (a) and (b) volumetric moisture content and (c) matric suction for borings B-1 and B-2 and (d) rainfall estimated using the inverse-

distance-weighting averaging method from 3 surrounding rain gauge versus time
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From the suite of consolidation tests, collapse was observed during three different phases: saturation,
application of suction and cyclic loading. The 3 uppermost consolidation samples from Pitcher sample P1
Boring B-2 were first saturated, dried to a specified suction, loaded and soaked with the intent of observing
the collapse during soaking. However, significant collapse (5.9% and 4.3%) occurred during saturation
when the sample was only subjected to a seating stress of about 5 kPa as seen in Figure 2.11. The collapse
in the third sample was less (3.4%). The mean and standard deviation of these three collapses are 4.53%
and 1.27%, respectively. The samples were first saturated so that the starting point on the soil-water
retention curve is known. Also, since these three soil samples are from the top of the shallowest undisturbed
sample, it can be implied that the shallowest soil is most highly collapsible. It is postulated that the collapse

in these samples is due to the breaking of calcite cementation bonds upon dissolution.
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Figure 2.11 Collapse during initial saturation under seating stress for soils from Boring B-2 Sample P1

The next two samples also from Boring B-2 Sample P1 did not collapse during saturation. Instead, they
collapsed by about 1.2% during suction application as shown in Figure 2.12. In both samples, the suction
applied was 200 kPa. One possible explanation for this is that the halloysite loses the layer of water
molecules in between the kaolinite units upon drying or application of suction. As a result, the soil collapsed
when the water layer is removed irreversibly. Admittedly, the collapse magnitude due to suction application

is smaller than that during saturation.
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Figure 2.12 Collapse during suction application for soils from Boring B-2 Sample P1

The last series of constant rate of strain consolidation tests involves load-unload-reload cycles on saturated
samples. The rationale for this is that PCC pavements heat up during the afternoons causing the pavement
slab to curl downward at the edges. They cool down in the early hours of the morning causing the pavement
slab to curl upward at the edges. These temperature cycles cause stresses to escalate at the edges and
center of the pavement slab during the day and night, respectively. To simulate this in a consolidometer,
the soil is loaded to a target vertical stress and then unloaded for many cycles to simulate the repeated
upward and downward curling. Each cycle takes a day. Therefore, a reasonable collapse versus number
of cycle plot requires about 60 to 80 days to run. The collapse settlement or permanent deformation due to
repeated loading and unloading depends on factors such as the number of cycles, duration of loading, and
magnitude of stress difference in a cycle. Details for estimating the stress difference is presented in Chapter
4. These tests were performed on saturated samples only because the soils immediately below the

pavement are most likely moist and near saturation.
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Figure 2.13 (a)-(d) present the load-unload-reload curves for four values of stress difference. The collapse
strain versus cycle number can be discerned and plotted as shown in Figure 2.13 (e)-(h). A hyperbolic

curve can be fitted through each strain versus cycle number curve as follows:

—+
=+
=

2.1)

where a and b are regression constants. 1/b represents the asymptote of the hyperbola on the strain axis:

i.e.; strain after an infinite number of cycles. Transforming Equation (2.1) gives:

2.2)

By performing a linear regression analysis of N/e vs N, the value of b or asymptotic value of collapse strain
can be estimated. The asymptotic strain can then be plotted versus the log of stress difference as shown
in Figure 2.14 to facilitate estimation of the load-unload-reload collapse strain for any value of stress
difference. The stress difference refers to the difference in the subgrade stress between the maximum (4
p.m. at the edges and 8 a.m. at the center) and minimum values (8 a.m. at the edges and 4 p.m. at the
center).

One note of interest is that the consolidation curve of Sub-sample S10 of Sample P1 from Borehole B-2
(Figure 2.13 (c)) resembles that of a structured clay, another piece of evidence that this material is highly
collapsible. At a vertical stress of 10 kPa, the consolidation curve plunges vertically implying a breakdown
of the metastable structure or cementation in the CL clay.

Both sub-samples B2P1S9 and B2P1S10 exhibited a collapse of approximately 0.25% during saturation.
The other two sub-samples, B2P1S12 and B2P2S3, showed little to no collapse during this stage. This may
have influenced the overall shape of the permanent strain vs. number of cycles curves, as the two sub-
samples that experienced initial collapse displayed a more hyperbolic relationship compared to the other
two.
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Figure 2.13 Consolidation curves and strain versus number of cycles for stress differences of (a) and (e)
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2.6 Limitations and Suggestions for Future Research

The load applied in a consolidation test is one dimensional. In reality, the load-unload-reload cycles
below a PCC pavement resemble more of a 3D loading phenomenon complicated by meteorological
conditions and traffic loading that both vary with time. However, the oedometer is a common soil testing
equipment widely available in the profession, and lends a simple alternative to engineers to simulate a
complex problem of a PCC pavement founded on collapsible soils.

The collapse observed during the different phases of consolidation testing suggests qualitatively that the
soil is highly collapsible. Quantifying or predicting long-term PCC pavement performance involves a
complex soil-structure interaction analysis that must be capable of modelling shear failure of the concrete
and collapse behavior of the soil. Constitutive modelling of an unsaturated collapsing soil and transient
hydrological modelling of water vapor migration from the ground water table to condense on the underside
of the PCC pavement thereby giving rise to the canopy effect are beyond the scope of this manuscript and

hence, are great topics for future research.

2.7 Summary and Conclusions

The soils underneath a PCC pavement on the island of Oahu, Hawaii were sampled and tested
extensively because adjacent slabs had experienced vertical and horizontal separation. Based on the site
geology, historical sea level rise and ebb may have caused the alluvial soils of volcanic origin to mix with

calcareous fines (calcite), the source of which are the remains of dead coral giving rise to possible
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cementation in the soil. Hydrochloric acid and XRD tests suggest the presence of calcite and halloysite in
the upper reaches of the soil deposit. Index tests criteria proposed by the U.S. Army Corp of Engineers
(U.S. Army Corps of Engineers, 1990) to assess soil collapsibility showed that the soils are collapsible
based on dry unit weight, porosity and plasticity index values. However, the liquid limit test criterion was not
consistent with the other criteria suggesting that the U.S. Army Corp of Engineers liquid limit criteria may

not be as reliable in identifying collapsible tropical soils.

The soils in the median are not as collapsible compared to soils directly underneath the pavement possibly
due to the fact that the soils in the median have been subjected to a decade more exposure to the sun
causing consistently dryer conditions at the surface and possibly because the soils below the pavement
are constantly moist due to the canopy effect. The matric suction values under the pavement indicate that
the soils below the pavement are saturated or nearly saturated. In contrast, the matric suction of the soil
in the median fluctuated depending on the precipitation and the weather. Another notable feature is that the
moisture content is higher at 0.5 ft than at 2.5 ft below the pavement but the reverse is true in the median.
This phenomenon can also be attributed to the canopy effect at the pavement location and conversely,

there is no canopy effect in the median.

Suction controlled consolidation tests ran using a constant rate of strain consolidometer indicated soil
collapse during saturation and drying and, load-unload-reload oedometer test indicated collapse due to
cyclic loading. A batch of samples collapsed by about 4% to 6% when saturated at a seating stress of only
about 5 kPa. This occurred in the topmost samples. The samples were first saturated so that the starting
point on the soil-water retention curve is known. Since these samples are from the shallows, it can be
implied that the shallowest soil is highly collapsible. It is postulated that the collapse in these samples is

due to the breaking of calcite cementation bonds upon dissolution.

A second batch of samples did not collapse during saturation. Instead, they collapsed by about 1% during
suction application. In both samples, the suction applied was 200 kPa. One possible explanation for this is
that the halloysite present loses the layer of water molecules in between the kaolinite units upon drying or
application of suction. As a result, the soil collapsed when the water layer is removed irreversibly.

Admittedly, the collapse due to suction application is smaller than that during saturation.

The third batch of samples collapsed due to load-unload-reload cycles on saturated samples. The rationale
for this is that PCC pavements heat up during the afternoons causing the pavement slab to curl downwards.
They cool down in the early hours of the morning causing the pavement slab to curl upwards. These
temperature cycles in combination with a truck loading cause stresses to escalate at the edges and center
of the pavement slab during the day and night, respectively. To simulate this in a consolidometer, the soil

is loaded to a target vertical stress and then unloaded at a rate of 1 cycle per day for many cycles to simulate
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the repeated upward and downward curling. It was found that 60 to 80 cycles were adequate to yield the
asymptotic strain. The collapse settlement or permanent deformation due to repeated loading and
unloading depends on factors such as the number of cycles, duration of loading, and magnitude of stress
difference in a cycle. A methodology is presented to estimate the long-term collapse settlement due to this
mechanism. A hyperbolic curve can be fitted through each collapse versus cycle number curve, from which
the asymptotic value of collapse strain can be estimated. The asymptotic strain can then be plotted versus
the stress difference to allow an engineer to easily estimate the long-term load-unload-reload collapse for

any value of stress difference.
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Chapter 3 Mineralogical Analyses of a Subgrade Soill
Underneath a Concrete Pavement Suffering from
Di stress i n Hawai 0i

3.1 Introduction

Collapsible soils can be found in naturally occurring aeolian soils (loess and dunes), colluviums,
mudflows, alluvial, and residual soils. Aeolian soil is the main type of collapsible soil and is found in 15% to
20% of Europe, China, and the United States. Co |l | apsi bl e soils cover about 10%
(Gaaver, 2012). Soil collapse can cause cracks and damage to walls, slabs and beams in structures, utilities

such as water, sewer, oil and gas pipelines.

Collapse in soils occurs when there is a substantial decrease in volume upon wetting, loading or a
combination of both factors (Knodel, 1992). Collapsible soils are usually partially saturated with low
moisture, and have a high porosity, a metastable structure, sometimes cementation and typically low
plasticity (Ladd, 1996). Collapse can be triggered when the soil is subjected to an increase in load from a
structure above or has experienced a dynamic event (Rogers, 1995). Collapse can also be triggered due
to loss of cementation attributable to the dissolution of cementitious compounds such as, calcite (CaCO3),
anhydrite (CaSOa4) and other salts (NaHCOs, KCI, NaCl, MgCI) when mixed in with the soil particles.

When soils are dry or partially saturated, they can support substantial loads due to an increase in suction,
effective stress and hence, shear strength. However, in the event of a water level rise due to flooding,
infiltration due to precipitation or wetting due to a phenomenon called the canopy effect whereby water
vapor migrates from the ground water table and condenses underneath a slab or pavement (Bai et al.,
2018; Eigenbrod & Kennepohl, 1996; Milly, 1984; Parlange et al., 1998; Wuest et al., 1999; S. Zhang et al.,
2016), any cementitious bonds will weaken, the suction diminishes and the effective stress and strength

decrease possibly leading to collapse.

Many index tests are available to indicate soil collapsibility such as dry unit weight, porosity and Atterberg
limits. However, many of these index test indicators of soil collapse may not be universal and are more
appropriate for the local soils in which they were developed. The more reliable method to determine soil
collapsibility involves oedometer testing. Jennings and Knight [1975] (Jennings & Knight, 1975) proposed
the double oedometer test whereby an oedometer test is run on the suspect soil at its natural moisture
content and another on the same soil after saturation. The collapse strain is estimated as the difference in
strain between these two curves at the field vertical stress of interest. More recently, many researchers

have resorted to running multiple suction-controlled load and soak oedometer tests (Almahmodi et al., 2022;
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Benatti et al., 2011; Jotisankasa et al., 2007; Maatouk et al., 1995; Vilar & Rodrigues, 2011) to develop a
family of curves of collapse strain versus net vertical stress for various values of suctions. These curves

allow the engineer to predict the collapse strain at the appropriate field vertical stress and suction.

3.2 Project Description

Located in the sout hwe sHRigure 2l), KealakaidParkwlyadisa knowd aswa i 0 i
North-South Road, is a 1.3-mile-long concrete pavement that has experienced significant vertical

settlement and horizontal separation as seen in Figure 3.2.

The pavement system at Kualakai parkway consists of a 25.4-cm-thick jointed Portland Cement Concrete
slab underlain by 17.8 cm of untreated permeable base, which in turn is underlain by a 45.7-cm-thick
subbase course followed by the natural subgrade soil. A geotextile is provided between the untreated
permeable base and subbase course to separate the subbase from the untreated permeable base. The
| ower end o Depdrtment oHTaawspdrtétion subbase course gradation (D1s = 0.075 mm) meets
the filter criteria for the subgrade soil (Dss = 0.056 mm) with a piping ratio or D15 subbase/Dss subgrade Of 1.33,
less than the desirable 4 or 5 (Holtz et al., 2011). Here, D1s refers to the particle size (diameter) at which
15 percent of the material is finer and Dss corresponds to the particle size (diameter) at which 85 percent

of the material is finer.

After its opening to the public in 2010, this distress was observed at various locations along Kualakai
Parkway. The concrete slabs remain intact without visible cracking, but the tie bars are exposed at many
joint locations. These observations suggest that subgrade collapse may have weakened the pavement

support, leading to structural distress.
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Figure 3.1 Location of Kualakai Parkway on the island of Oahu
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Figure 3.2 (a) Horizontal separation of concrete pavement slabs at Kualakai Parkway; (b) Green epoxy-

coated tie bar pullout visible
3.3 Objectives

The main objective of this study is to understand the collapse mechanism at Kualakai Parkway.
This can be aided by identifying the mineralogical constituents of the soils at the site. To achieve this,
multiple analytical techniques were employed. First, qualitative mineral identification was conducted using
X-ray diffraction (XRD). This was followed by semi-quantitative XRD analysis to determine the relative
proportions of mineral constituents with higher accuracy. To support the XRD results, an electron probe
microanalyzer (EPMA) equipped with Energy Dispersive Spectroscopy (EDS) was used to estimate the
elemental composition of the soil. Finally, X-ray Computed Tomography (XCT) scanning was performed to
generate three-dimensional visualizations of the soil's internal void distribution before and after loading.

3.4 Geological History of the Ewa Plain

Located at the center o f ianhaechipBlago tohsists of @ cleia wof,
volcanoes supplied with basaltic magma by a deep-seated and long-lived mantle plume. While the plume
remains generally stationary beneath the Pacific
moving northwestward at a rate of approximately 10 cm per year for the past ~50 million years. The
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progressive movement of the plate has led to the sequential formation of the Emperor seamount chain and
the Hawai 6ian islands, with the oldest, Kauadi, esti ma
the youngest Hawai 0(Fletdher Etaln2008alr G Maore & Delckeral®87; NOAA, n.d.).

Oahu, the third-largest island in the Hawaidan chain, is composed of two basaltic shield volcanoes:

Wai 6anae and Kodbol au volcanoes. Located on the western
formed during the Pliocene Epoch, around 3.9 millionyearsago. Ko 6 ol au vol cano, | ocated t
its shield-bui | ding activity shortly after Waidanae and was

significant period, both volcanoes were simultaneously active, with their lava flows contributing to the
gradual construction of the islandds central region.
development of the Schofield Plateau. (Clague & Sherrod, 2010).

The Island of Oahu is divided into four geomorphic provinces: the Waianae Range, Koolau Range,
Schofield Plateau and Coastal Plains (Stearns, 1985). Kualakai Parkway is situated within the Ewa Plain,
which forms the western portion of the South Coastal Plain. The Ewa Plain underwent multiple geological
processes due to episodes of sea-level fluctuations throughout geological history (Stearns, 1978).
According to Stearns (Stearns, 1978), the island of Oahu including the Coastal plain has experienced
episodes of sea level rise to about 30 m above current mean sea level (MSL) during the Kaena stand,
followed by a drop to about 107 m below current MSL during the Waipio stand, followed by a rise to about
8 m above current MSL during the Waimanalo stand and finally followed by a drop to current MSL. As a
result, the sedimentary layers of the Ewa Plain consist primarily of broken down coral reef limestone
interbedded with |l agoonal deposits, along with alluvi ul
(Moberly Jr, 1963; Stearns & Chamberlain, 1967). These coral reef limestones are rich in calcium carbonate
(CaCOp), derived from marine organisms such as corals and shell fragments. Ruhe et al., 1965 (Ruhe et
al., 1965) reported the presence of a reddish-brown, densely compacted plastic clay layer integrated with
thin beds of <coral l i mestone in the sout heRuheepab,rti on o
1965) reported the presence of calcium carbonate (CaCOF) in the shallower portion of the soil at this site.
Stearns and Chamberlain, 1965 (Stearns & Chamberlain, 1967) also stated the common presence of
inorganically precipitated calcium carbonate (CaCOF) in the study area. The stiffness of the cohesive soils

presumably resulted from cycles of long-term wetting and desiccation as well as cementation.

3.5 Sub-Soll Investigation

This study is preceded by a Ground Penetrating Radar (GPR) survey, in combination with Slab
Impulse Response (SIR) testing, conducted on Kualakai Parkway aimed at identifying voids present below
the existing concrete pavement (Figure 3.3). Based on the results, locations where no voids were detected
were chosen for drilling boreholes. The rationale is to ensure that the soil samples collected are not of the

collapsed variety. Borehole B-1 was drilled in the median and B-2 below the existing pavement as indicated
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in Figure 3.3. A 1.8 x 1.8 m segment of the Portland Cement Concrete (PCC) shoulder was sawcut and

removed prior to drilling Borehole B-2.

® sound concrete
® questionable

© void

@ |arge void

Figure 3.3 Boring locations at approximately Sta. 61 on Kualakai Parkway with the SIR data

superimposed.

Disturbed and undisturbed soil samples were collected every 0.6 m starting from a depth of 0.6 mto 6.1 m
in Borehole B-1 and from 0.9 m to 4.4 m in Borehole B-2. The subgrade soils to a depth of 4.3 m were
classified as low to high plasticity brown silty clay underlain by a layer of low plasticity silts. A pitcher sampler
was used to collect undisturbed samples so as to prevent crimping had Shelby tubes alone been used as
the soils were stiff to hard with standard penetration test (SPT) blow counts ranging from 14 to 32 as shown

in Figure 3.4
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Boring B -1
Depth Sample Recovery SPT Blow Soil USCS
(m) Number (cm) Counts Description Classification
(blows/0.3 m)
0.6t01.2 SPT1 25 5,10, 15, 17 Brown fat CH
clay
12t01.8 P2 32 - Brown fat CH
clay
18t024 SPT3 41 4,6,9,11 Brown fat CH
clay
2.4t03.0 P4 0 - - -
3.0t0 3.7 P5 70 - Brown lean CL
clay
3.7t04.3 SPT6 51 8,12, 18,15 Brown lean CL
clay
4.3t04.9 P7 72 - Not tested -
491t05.5 SPT8 48 14, 14,18, 21 Brown silt ML
5.5106.1 P9 8 - Brown silt ML
Boring B -2
Depth Sample | Recovery | SPT Blow Sall USCS
(m) Number (cm) Counts Description Classification
(blows/0.3
m)
09to15 P1 55 - Brown lean CL
clay
15t02.1 P2 30 - Brown lean CL
clay
21t02.6 SPT3 41 56,8 Brown fat clay CH
2.61t03.2 P4 44 - Brown lean CL
clay
3.2t03.8 P5 0 - - -
3.8t04.4 P6 55 - Brown fat clay CH
Brown lean CL
clay
Brown silt ML

Notes: 1. SPT = standard penetration test.
2. P = pitcher sample
3. USCS = Unified Soil Classification System
4. CL = low plasticity clay, CH = high plasticity clay, ML = low plasticity silt

Figure 3.4 Boring logs for boreholes B-1 and B-2

3.6 Mineralogical Analysis

Qualitative XRD and EDS analyses were conducted at
while samples were sent to the University of lllinois at Urbana-Champaign (UIUC) for semi-quantitative

XRD analyses. In addition, X-ray Computed Tomography (XCT) was also performed at the University of
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Texas at Austin (UTA) on a sample before and after a load-and-soak episode that will be described later in
Section 3.7.

3.6.1 Qualitative XRD:
3.6.1.1 Methodology:

Qualitative XRD analysis was performed using a Bragg-Brentano High-Resolution Powder
Diffractometer that generates X-rays in a cathode ray tube by heating a fiber to produce electrons that
accelerate toward the sample upon application of a voltage. Packed into a container, the sample consists
of a few tenths of a gram of soil pulverized into a fine powder to randomize orientation. The X-ray beam
bombards the sample that is continually rotated so that the diffracted X-rays can be collected by a detector
at various incident angles (d) of the X-ray. The diffracted X-ray spectra consists of sharp peaks at different
values of d that represent the different crystalline phases present and/or broad peaks that represent the
different glass phases present.

Qualitative XRD was performed on four samples from Boring B-1 over a range of depths: SPT 1 (depth of
0.6 to 1.2 m), SPT 3 (depth of 1.8 to 2.4 m), SPT 6 (depth of 3.7 to 4.3 m), and SPT 8 (depth of 4.9 to 5.5

m).
3.6.1.2 Results and Discussion:

Figure 3.5 shows a series of peak intensities for various values of 2d. Prominent values of 2d were
converted to values of interatomic spacing, d, in units of Angstrom, i
values of interatomic spacings, the presence of Calcite (SPT 1 only), Dry Halloysite, Gibbsite, Goethite,
Hematite, Nacrite and Vaterite (SPT 1 and 3 only) are suggested by the XRD analysis. Table 3.1 shows
the diffraction peak values of 2d and the associated d values, minerals and chemical formulae based on
the Joint Committee on Powder Diffraction Standards, 1974, 1981, 1983.
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Figure 3.5 Suggested compounds detected by XRD in samples SPT 1, SPT 3, SPT 6 and SPT 8 in Boring B-1
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Table 3.1 2d values and the corresponding XRD primary interatomic spacings, d for minerals detected

Mineral Name Chemical Formula 2d d Present in Samples
) (R)

Calcite CaCOs 294 3.04 SPT1
Dry Halloysite Al2Si205(0OH)4 20 4.42 SPT1,3,6and 8
Gibbsite Al(OH)3 18.3 4.85 SPT1,3,6and 8
Goethite FeO(OH) 21.3 4.18 SPT1,3,6and 8
Hematite Fe20s3 33.2 2.7 SPT 1,3,6and 8
Nacrite Al2Si205(0OH)4 12.3 7.18 SPT 1,3,6and 8
Vaterite CaCOs 26.9 3.3 SPT1,3,6and 8

3.6.2 Semi-Quantitative XRD Analysis:

3.6.2.1 Methodology:

Samples P2 (depth of 1.2 to 1.8 m) and P7 (depth of 4.3 to 4.9 m) from Borehole B-1 were sent to
the UIUC for semi-quantitative XRD analysis. Sample P2 is a high plasticity clay and P7 is a low plasticity
silt. Two categories of analyses were performed: first on the X-ray Bulk Powder (XBP) and second on the
2CLAY. In the XBP analysis, samples were first dried to remove moisture, then ground to a fine powder
and analyzed to obtain crystalline phase percentages. XRD was repeated on t
denoted as the 2CLAY analysis, whereby the sample was first dispersed in deionized water or a weak

electrolyte solution to deflocculate the particles. The clay suspension was then isolated and air-dried.
3.6.2.2 Results and Discussion:

Table 3.2 shows the crystalline phase percentages of minerals identified in the XBP and 2CLAY
analyses. XBP results revealed the presence of Anhydrite (13.3% in Sample P2), Chlorite, Halloysite
(16.4% in Sample P2), Hematite, limenite, K-Feldspar, P-feldspar and Quartz, while the 2CLAY results
yielded Chlorite, Halloysite (70% in Sample P2), Mica and Smectite (14% in Sample P2). Commonly found
in Hawaidan soils, Halloysite was the main mineral in the clay fraction of Sample P2. Figure 3.6 (a)-(d) show
the peak intensities of minerals identified in the XBP and 2CLAY analyses for both samples. The quantities
in Sample P2 were highlighted because they are of more interest than Sample P7 with Sample P2 being
shallower and closer to the pavement where the traffic and thermal-induced stresses are higher. This is
because the induced stresses tend to diminish with depth in accordance with Saint-Ve nant 6 s
(1855) (Saint-Venant, 1855).

54

he soil

princi |



Table 3.2 Semi-quantitative powder X-ray diffraction analyses of the bulk powder and 2CLAY for two samples from Borehole B-1

XBP (Crystalline phase percentages)

[} N
o o~ @) o ~ S O P ©
~ N N N l’) - ~0
s | E - 5 @ g5 g2 < < 5 %%
= = = n L - % £< o X ge= g
E s ® N ¥ L 2 < Sa g 5 2o S
8 2 0 & = 3 30 S= = o £33 "
a 8] = o £ T O3 2 2 afs
) o £ @ < 9 £ o CP-
) = T - [ @
o < -
2 N
P2 1.2-1.8 CH 2.8% 7.9% 18.4% 16.4% 10.7% 13.3% 16.5% 14.0% 100%
pP7 4.3-4.9 CL 3.2% 6.1% 17.2% 20.0% 18.7% 15.6% 14.8% 4.3% 100%
2CLAY (Crystalline phase percentages)
Sample | Depth | USCS | Halloysite, Mica Chlorite Smectite Total
(m) So|| Al zsi205(OH)4 (K,Na,Ca)(AI,Mg,Fe) 2.3(Si,A|) 4010(OH)2 (Mg,Fe,AI) s(sl,AI) 4010(OH)8 X3-nH,O _
Type [(Al 1,5Fe3* .2M9,3)Si4010(OH)2]| - ®
P2 1.2-1.8 CH 70% 7% 9% 14% 100%
P7 4.3-4.9 CL 46% 13% 9% 32% 100%

* X = exchangeable cations such as Na* and Ca?*, n =number of interlayer water molecules.
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H - halloysite
S - smectite
C - chlorite

M - mica
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Figure 3.6 Peak intensities observed for the XBP in the (a) CH (Sample P2) and (b) CL (Sample P7) soils, and for the 2CLAY in the (c) CH
(Sample P2) and (d) CL (Sample P7) soils
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Interestingly, several minerals identified in the qualitative XRD analysis at UHM such as Calcite, Gibbsite,
Goethite, Nacrite and Vaterite were not observed in the Semi-Quantitative XRD analysis from UIUC. Semi-
guantitative XRD offers an advantage over qualitative analysis by estimating the relative abundance of
individual minerals. However, its results can be limited by detection thresholds, as it may fail to identify
minerals present in trace amounts. The observed discrepancies between the two datasets likely result from

several factors.

The UHM XRDs were conducted on disturbed split-spoon (SPT) samples, while the UIUC analyses were
performed on undisturbed pitcher samples. The different samples may have slight variations in
mineralogical composition. Additionally, poorly crystalline minerals such as gibbsite and goethite can
sometimes be detected in qualitative scans but are more difficult to quantify reliably in semi-quantitative
analysis. Calcite and nacrite, identified in the qualitative UHM results but absent in semi-quantitative UIUC
analyses, were likely present in trace amounts below the detection limit of the semi-quantitative method.
This is supported by Electron Probe MicroAnalyzer (EPMA) results (see section 6.4), which showed a spotty
distribution of calcium.

In 1965, Ruhe et al., 1965 (Ruhe et al., 1965) also performed XRD analysis of the soils in this area. Table
3.3 shows a list of minerals identified by Ruhe et al. (Ruhe et al., 1965) compared with those identified
using qualitative or semi-quantitative XRD analyses in this study. In general, the XRD results from this study

are consistent with the findings of Ruhe et al., (1965).

Notably, all the minerals identified by Ruhe et al., (1965) are confirmed either with the qualitative or semi-
gquantitative XRDs except Kaolinite. However, both Halloysite and Nacrite identified in the current XRDs are
members of the Kaolinite group. In practice, it is challenging to differentiate between Kaolinite (d = 7.17 A)
and Nacrite (d = 7.18 A) from basal XRD reflections (D. M. Moore & Reynolds, 1997). Therefore, the

presence of either kaolinite and/or nacrite are possible in the soil studied.

60



Table 3.3 List of minerals identified by Ruhe et al. (1965) using XRD

Minerals Identified by Identified in Qualitative XRD at Identified in Semi-Quantitative XRD
Ruhe et al. (1965) UH at UluC

Calcite Yes x

Feldspar X Yes

Gibbsite Yes x

Goethite Yes x

Hematite Yes Yes

Kaolinite Nacrite identified instead x

Quartz X Yes

2:1 clay X Yes (Mica, Smectite, Chlorite)

The parent rock of the Hawaidan Islands was formed from lavas having little to no quartz (SiOz). That quartz
was detected in the UIUC XBP analysis may be attributed to its formation during one or more of the following
events over the soilé6s geologic history: c hemi
exposure, sea level rise and fall, vegetation, farming, human intervention, etc. (Sherman, 1968). Iron-rich
minerals such as Hematite or Fe203 from the UIUC XBP and Goethite or FeO(OH) from the UHM qualitative
XRD) were detected as they are common products of basalt weathering. Gibbsite is one of the two main
clay (silicate sheet) minerals that is abundant in basalt-derived materials subjected to weathering (Sherman,
1958).

Halloysite and Nacrite stem from the Kaolin family of clay minerals (D. M. Moore & Reynolds, 1997). Both
Halloysite and Kaolinite have 1:1 sheet structure with one layer of hydrous oxide (e.g.; gibbsite) and one
layer of silica tetrahedra. However, halloysite has an additional layer of water molecules between the sheets
(Huggett, 2005). In Hawaidan soils, halloysite forms primarily from weathering of volcanic basaltic rocks.
This process involves desilication and base leaching from the rock that leads to the formation of large
quantities of Halloysite and Gibbsite. When Halloysites dry out, they lose the layer of bonded water
molecules between the silica tetrahedra/gibbsite sheets and undergo an irreversible change to kaolinite.
This drying out process can also lead to collapse (Moon, 2016). However, this type of collapse requires
drying and loading the sample which is not consistent with the canopy effect. The presence of Halloysite in
Hawaidan soils have been widely reported in the literature (Bates, 1962; Hussain, 1970; Patterson &
Murray, 1984).

Calcite and Vaterite are two polymorphs of calcium carbonate whose origins must stem from the presence
of broken down remains of coral intermingling with the clay minerals during episodes of sea-level rise and
fall. Vaterite forms as an intermediate product as amorphous calcium carbonate in coralline soils transforms

to the more crystalline calcite (Rodriguez-Blanco et al., 2011). Availability of soluble sulfates were reported
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in highly weathered volcanic soils in Hawaid (Hasan et al., 1970), which can react with calcium carbonate
to produce Anhydrite or Calcium Sulphate (CaSOQa) as detected in the UIUC XBP. Both calcite and anhydrite
can act as cementing agents between adjacent soil particles. When dissolution of calcite and anhydrite
occurs, the cementation is lost and soil collapse can occur. Dissolution is hypothesized to result from

excessive moisture accumulating below the pavement due to the canopy effect.

This soil is not expansive despite the presence of smectite in the 2CLAY. 14% smectite was detected in
the 2CLAY in Sample P2 and not in the bulk sample. The average % finer than 2mis about 55%. So, there
could approximately be 0.14 x 55% = 7.7% smectite although it was not detected in the bulk sample of P2.
This small smectite fraction does not render the soil expansive as the oedometer and XCT tests show a

collapse behavior rather than a swelling one.

3.6.3 Electron Probe MicroAnalyzer (EPMA) with  Energy Dispersive Spectroscopy
(EDS) and Wave Dispersive Spectroscopy (WDS):

3.6.3.1 Vacuum epoxy impregnation:

Vacuum epoxy impregnation is an important step in preparing porous samples for EPMA analysis.
The pore volume was impregnated with epoxy resin by removing trapped air with the aid of a vacuum. The
epoxy also helps provide structural support for the soil particles. This stabilization prevents damage during
subsequent processing steps, including grinding and polishing. EPMA analysis was performed on samples
P2 and P5 of Borehole B-1.

First a thin slice of an approximately 2-inch x 0.5-inch sample of soil was placed onto a rectangular-shaped
foil. A 4:1 mixture of epoxy resin and hardener was then poured over the sample. Vacuum was applied for
approximately 20 to 30 seconds until the epoxy began to bubble slightly. This was repeated a few times.
Once the epoxy had set, a cross-section of the epoxied sample was cut to the desired size and then
polished with mineral oil until smooth. No water was used to avoid potential collapse due to the presence
of calcite or anhydrite. Figure 3.7 (a) and 7(b) show the epoxied sample before and after polishing,

respectively.
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(a) (b)

Figure 3.7 Epoxy impregnation (a) before and (b) after polishing

3.6.3.2 Equipment and methodology:
EDS was performed using a JEOL JxA-8500F Field Emission Electron Probe Microanalyzer
equipped with a Thermo Ultradry Energy Dispersive Spectrometer with System Six Analyzer. Epoxy-
i mpregnated samples P2 and P5 were examined using a foc
an accelerating voltage of 15keV and beam current of 2.01 x 107 A (Amperes). Bombardment of the sample
by the high-energy electron beam causes excitation of X-rays having energies characteristic of the elements
generating them. The electromagnetic emission spectrum thus has peaks corresponding to elements in the
sampl e, with peak heights broadly proportional to the
spectra were collected at multiple points on the sample surface. It should be noted that the EDS detector

cannot detect elements lighter than lithium (including hydrogen).

EDS analysis of Sample P2 was supplemented by Wavelength Dispersive Spectroscopy (WDS) mapping.
Due to the nature of interactions between the incident high-energy electrons and the electron clouds of
atoms in the sample, the emitted X-rays have characteristic energies and wavelengths. Whereas energy
dispersive spectrometers (EDS) sort and display the intensities of X-rays based on their energies,
wavelength dispersive spectrometers (WDS) sort and count the X-rays based on their wavelengths. EDS
provides a qualitative measure of all elements simultaneously, WDS as applied here reveals the distribution
of a few elements over a large area. WDS maps 1024 x 1024 pixels were collected from the X-rays
generated by atoms in the sample of Aluminum, Calcium, Carbon, Sodium and Titanium. A color bar legend

represents the concentrations of the element within the mapped area.

3.6.3.3 EDS results and discussions:

Elements detected with EDS analysis at various base points include Aluminum, Calcium, Carbon,
Iron, Magnesium, Oxygen, Phosphorus, Potassium, Silicon, Sodium, Titanium, Vanadium and Zirconium.
A summary of the elements detected by EDS analysis are presented in Table 3.4 Table 3.4for corroboration

of the minerals identified by XRD, from which it can be seen that the elements detected fully support the
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presence of minerals detected in XRD. Three elements, Phosphorus, Vanadium and Zirconium, are not

present in any of the XRDs suggesting that they may be present only in small traces.

Figure 3.8 shows an example EDS spectrum at Base 3 Point 1 of Sample P2 from Boring B-1; the x-axis
represents energy levels (keV) and the y-axis shows counts (X-ray intensity), and thus the relative
abundance of elements detected based on the qualitative XRD results performed at UHM, calcite is present
only at shallower depths (SPT1 only) consistent with the findings of Ruhe et al. (1965) (Ruhe et al., 1965).

EPMA with WDS mapping of Aluminum, Calcium, Carbon, Sodium and Titanium were then generated but
only the WDS map for Calcium is shown in Figure 3.9 for the sake of brevity, since Calcium is the positively
charged ion present in anhydrite, calcite and vaterite. Although the presence of Calcium in the WDS
mapping of Sample P2 appears spotty in Figure 3.9, it does not take a lot of these minerals to be present
for cementation or bonding to occur between soil particles. While the presence of Calcium, Carbon and
Oxygen in both samples P2 and P5 corroborates the presence of calcite and/or vaterite, no Sulfur was

detected in the EPMA with EDS to corroborate the presence of anhydrite.
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Table 3.4 Summary of elements detected by EPMA corroborating compounds detected by XRD

Minerals Detected in XRD Elements Detected in Z | o 2 | | slel®]>]g
EPMA e N I = R - I I N
Sle|ls|L|5|s|3|<|€|E|5|5]|5
£ S| 8 c 0 o | @2 Q S| =| <€ | T c
ElS|z|2|8| x|8|2|3|8|8|8]8
2|0]|° g1o1&|P|o|FIE]|2|R
Sample P2 | P2 |P2|P2|P2|P2|P2|P2|P2|P2|P5|P5]|P5
P5|P5|P5|P5|P5|P5 P5 | P5 | P5
LAnhydrite, CaSOa4 P2, P7 a a
Calcite, CaCO3 SPT1 ala a
Chlorite, (Mg,Fe,Al)s(Si,Al)4010(0OH)s P2, P7 a alj|aj|a a
'K-feldspar, KAISisOs P2, P7 a a a
!p-feldspar, (Na,Ca)(Al)(Si)Os P2, P7 a a a
2Gibbsite, Al(OH)3 SPT1, SPT3, SPT6, a a
SPT8
2Goethite, FeO (OH) SPT1, SPT3, SPT6, a a
SPTS8
L2Halloysite, Al2Si205(0OH)4 SPT1, P2, SPT3, SPT6, | & a
P7, SPT8
L2Hematite, Fe203 SPT1, P2, SPT3, SPT6, a a
P7, SPT8
HIimenite, FeTiOs P2, P7 a a
Mica, P2, P7 alaja a
(K,Na,Ca)(Al,Mg,Fe)2-3(Si,Al)4010(OH)2
2Nacrite, Al2Si>Os(OH)4 SPT1, SPT3, SPTS, a a a
SPT8
'Quartz, SiO2 P2, P7 a a
L3Smectite P2, P7 aj| a a a
X.3:NH20[(Al1.sFe®t 2Mg.3)SiaO10(OH)2]" - {
2Vaterite, CaCOs3 SPT1, SPT3, SPT6, a a a
SPTS8

1Detected in semi-quantitative XRD at UIUC.
2Detected in qualitative XRD at UHM.
3X = exchangeable cations such as Na* and Ca?*, n = number of water molecules.
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Figure 3.8 EDS spectrum at Base 3 Point 1 of Sample P2
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3.7 X-ray Computed Tomography (XCT)

3.7.1 Methodology

X-ray computed tomography (XCT) provides detailed imaging of the pores and solid particles in a
soil mass. The soil to be imaged is placed between the X-ray source and detectors which rotate around the
soil to produce thin image slices composed of voxels. The thin slices are then combined and processed to
generate a 3D view of the soil. The application of XCT in geotechnical engineering is advantageous as it
can be used to quantitatively measure the void and crack volume in the soil mass (Julina & Thyagaraj,
2019). However, a quantitative evaluation of the void volume is not presented as physical measurements
of the sample dimensions before and after loading and soaking are more reliable, there is uncertainty in
differentiating the very dark pores or cavities from dark low-density objects and the visual images provide

compelling evidence of the straining.

Soils below pavements are known to be moist due to a phenomenon known as the canopy effect. Also,
concrete pavements are known to curl downwards when hot and upwards when cool during daily
temperature cycles. This induces stress changes in the moist subgrade soils. To study the soil structure
under these conditions, a mini-sampler with an inside diameter of 1 cm was machined with a sharp bottom
edge as shown on the left side of Figure 3.10 (a). This sampler was then pushed through an undisturbed
portion of Sample P2 from Borehole B-1 (depth 1.2 to 1.8 m), wrapped with Saran wrap to preserve the
moi sture and s hi pResldtiort Xeray Campdtesd Tdtnioggalphy Facility (UTCT) along with
a sample extruder (right side of Figure 3.10 (a)) and an acrylic sample holder as seen below the metal
weight in Figure 3.10 (b). The acrylic sample holder was machined with an inside diameter of 1 cm, a height
of 18 cm and with 5 holes at the bottom to allow the sample to be soaked from the bottom up after placement
in a water bath. A filter paper was placed at the bottom of the acrylic sample holder to prevent soil loss

through the drilled holes at the bottom.

With the aid of the extruder, the soil was first pushed out from the mini-sampler into the acrylic sample
holder. The initial sample height was calculated by subtracting the distance from the top of the sample to
the top of the acrylic sample holder from the height of the acrylic cylindrical sample holder of 1.8 cm. The
sample was found to have an initial height of 1.26 cm. Since X-rays can penetrate acrylic, the sample was
first scanned at its natural moisture content prior to loading and soaking. To ensure stability during loading,
the acrylic sample holder was built with a very broad square base as shown in Figure 3.10 (b) and (c). After
the initial scan, the sample was loaded and the water bath filled with water to soak the soil for 72 hours.

The purpose of soaking the soil was to simulate the canopy effect.

To simulate the traffic and thermal-induced subgrade stress (during daily cycles of the concrete pavement

curling downwards when hot and upwards when cool), an aluminum mass block weighing 0.454 kg
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equivalent to an applied stress of about 62 kPa was placed on top of the sample. The difference between
this load scenario and the field is that this load is somewhat more severe as it is sustained for 72 hours
whereas the curling episodes in the field are cyclic with a frequency of 1 cycle per day. Towards the end of
the 72-hour load-and-soak period, the soil was re-scanned with the mass block remaining to observe the
differences before and after loading and soaking.
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Figure 3.10 (a) Mini-soil sampler and extruder; (b) load-and-soak set-up; and (c) schematic of the test

arrangement
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