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ABSTRACT

Frozen soils, especially seasonally frozen soils, have a significant effect on the seismic
performance of bridge pile foundations. To account for this effect, it is necessary to evaluate
frozen soils’ mechanical properties. This report focuses on obtaining the mechanical properties of
naturally frozen silty soils in Alaska. High-quality specimens of both permafrost and seasonally
frozen soil were prepared by block sampling and machining following a procedure designed to
minimize mechanical and thermal disturbances. Both horizontal and vertical specimens were
prepared to investigate the effect of specimen orientation. Unconfined compression tests were
performed at temperatures ranging from -0.7° to -11.6°C at a constant deformation rate that
corresponds to a strain rate of about 0.1%/s. This strain rate is equivalent to that expected in the
frozen soil during a design earthquake in Interior Alaska. Test results including soil
characteristics and mechanical properties (stress-strain curves, compressive strength, yield
strength, and modulus of elasticity) are presented and compared with data in the literature. The
impact of temperature, dry density, water content, and specimen orientation on mechanical
properties is discussed. These mechanical properties can be directly used to evaluate frozen soil
lateral resistance in the analyses of laterally loaded pile foundations during seismic or other

events in cold regions.
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EXECUTIVE SUMMARY

This report describes the sampling, machining, conditioning, and unconfined compression
testing procedures used to determine the mechanical properties of naturally frozen soils in
Alaska—both seasonally frozen soil and permafrost—and presents the testing data and analyses

that resulted from that work. The main findings from this project are summarized below:

1. The ultimate compressive strength decreases with increasing temperature; it decreases
with increasing dry density, or increases with increasing water content. This trend for the
latter is clearer at lower temperatures. In addition, there is a correlation between yield

strength and ultimate compressive strength.

2. The Young’s modulus decreases with increasing temperature. The horizontal specimens
tend to have higher Young’s modulus, especially for permafrost. Similarly, the shear

wave velocity of frozen soils decreases with increasing temperature.

3. For permafrost, the ultimate strength of horizontal specimens is substantially higher than
that of vertical specimens at the same testing temperature. This strength anisotropy is

likely due to ice wedge formation commonly observed in permaftrost.

4. The ultimate strength of naturally frozen soils is lower than that obtained from remolded

frozen soils.

5. Factors that affect the mechanical properties of frozen soils include temperature, water

content or dry density, specimen orientation, and soil type.



CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Frozen ground, including seasonally frozen soil and permafrost, occurs across the State of
Alaska. A project titled “Seasonally frozen effects on the seismic response of highway bridges,”
jointly funded by the Alaska University Transportation Center (AUTC) and the Alaska
Department of Transportation and Public Facilities (ADOT&PF), Project #107014, 2007-2010
(PIs: Hulsey and Yang), showed that seasonally frozen soils significantly affect the seismic
performance of bridges in Alaska. It was found that frozen soils not only alter overall bridge
dynamic properties (i.e., fundamental period), but also affect the failure mechanisms of the
bridge substructure system during lateral loads including earthquakes (Li et al. 2011). For
example, the location and length of the plastic hinge formed on a bridge piling due to earthquake
loading will be much different in winter than in summer; the internal loads of the pile will be

different as well.

The location and length of the plastic hinge and the shear and bending moment are crucial
parameters for the seismic design of bridge substructures. To predict and estimate those
parameters accurately, Hulsey and Yang (2011) proposed two methods: the fixity depth approach
and the lateral soil resistance (p-y) approach. The fixity depth approach is relatively simple and
can only account for frozen soil conditions that have been studied. Past studies (e.g., Reese and
Matlock 1956; McClelland and Focht 1958; Reese and Van Impe 2001) have shown that the p-y
approach is versatile and provides a practical means for design. This approach can be applied in
other frozen soil conditions if certain mechanical properties of the frozen soil are obtained.
Crowther (1990) studied frozen soil resistance for creep analysis and developed p-y curves for
laterally loaded piles embedded in layered frozen soil for short-term and long-term loading. For
the bridge engineers to construct p-y curves for any frozen soil based on the recommended p-y
curve (Hulsey and Yang 2011; Yang et al. 2012), key mechanical parameters including the
unconfined compressive strength c,,, the axial strain at which oy, is achieved, and the axial strain

s at which 50% of oy, is achieved are required.

These key mechanical parameters are not available for most frozen soils in Alaska. The
parameters are sensitive to temperature and ice/water content, to soil type, and to
sample-preparation method. To obtain these parameters reliably, the testing equipment must
include a high-quality temperature chamber and a data-acquisition system that is sensitive to
small and large strains. This project aims to fill the knowledge gap by providing these key frozen

soil parameters for typical Alaskan soils.



1.2 LITERATURE REVIEW

1.2.1 Experimental Study of Frozen Soil Mechanical Properties

Frozen soil properties largely depend on temperature, ice/water content, strain rate, dry
density, and soil type. Early studies (Sayles 1968; Sayles and Haines 1974) mainly focused on
the creep behavior of frozen soils (sands, silts, and clays). Akili (1971) studied the stress-strain
behavior and strength of frozen fine soils (clay and clayey silt) at varying strain rates. Sayles
(1973) and Jones and Parameswaran (1983) studied the stress-strain behavior of frozen Ottawa
sand. Watson et al. (1973) conducted a comprehensive study on the thaw settlement and strength

of permafrost by using large permafrost core samples taken from the field.

Baker et al. (1982) found that low confining pressure (0 to 0.35 MPa) has little effect on the
compressive strength or axial strain at failure. Vinson et al. (1983) conducted a comprehensive
study on the dynamic elastic properties of naturally frozen silts from the Cold Regions Research
and Engineering Laboratory (CRREL) Permafrost Tunnel, including both horizontally and
vertically oriented specimens, by using cored specimens. They found little difference between
the dynamic properties of horizontally and vertically oriented specimens, and confining pressure
up to 500 MPa had little impact on the dynamic Young’s modulus. Zhu and Carbee (1984)
carried out a uniaxial compression test program on remolded frozen Fairbanks silt under various
deformation rates and studied the mechanical properties including uniaxial compressive strength.
Most existing studies, except Watson et al. (1973) and Vinson et al. (1983), were based on
remolded, artificially frozen soil samples, which do not necessarily represent the field conditions.

1.2.2 Sampling Disturbance Effect on Mechanical Properties of Frozen Soils

Sample disturbance has important effects on the stress-strain and strength behavior of
unfrozen soils; its impact on frozen soils is equally important. The disturbance of frozen samples,
including sublimation, evaporation, and thermal disturbance, may affect their strength and
deformation properties. Soil structure may be completely altered if the sample is thawed,

remolded, and then refrozen.

Baker (1976) conducted a comprehensive review of the transportation, preparation, and
storage of frozen soil samples for laboratory testing. Radd and Wolfe (1979) compared the shear
strength of field-frozen samples and laboratory-frozen samples and found that the field-frozen
samples are weaker than the laboratory-frozen samples at all tested temperatures. In identifying
six major variables that could affect the strength of frozen soils, Radd and Wolfe (1979)
determined that the most important ones include freezing conditions, strain rate, and sample
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orientation and size. Knutsson (1981) also showed that frozen soil shear strength properties are
sensitive to the sample preparation method.

1.2.3 Shear Wave Velocity in Frozen Soils

Cox et al. (2012) developed relationships between the mean shear wave velocity (V) over
the top 30 m of the subsurface (referred to as Vg30) and surficial geologic units, permitting
seismic site classification throughout Fairbanks, Alaska, for both frozen and unfrozen conditions.
Based on their results, it was determined that much of the city of Fairbanks is on NEHRP Site
Class D material when unfrozen. When the near-surface material is frozen, its Vs increased
significantly (700% on average). However, this drastic increase in stiffness was typically limited
to the top 1-2 m of the subsurface, and only resulted in an increase in site class from NEHRP D
to NEHRP C at 3 of the 16 sites retested during the winter.

Based on LeBlanc et al. (2004), permafrost is not clearly highlighted by a sharp increase in
velocities; rather a gradual increase in velocity marks the passage between the frozen active layer
and permafrost. The seismic velocity variation in permafrost is associated with three principal
factors: (1) ground temperature, (2) ice content, and (3) unfrozen water content. Maximum shear

wave velocities occur at where the ice content of permafrost is probably highest.

1.3 PROBLEM STATEMENT

The soil lateral resistance approach is widely used in the seismic design of bridge pile
foundations, and is used by. Knowledge on the lateral resistance of frozen soils, particularly
seasonally frozen soils at shallow depths, is needed for designing pile foundations in cold-region
areas including Alaska. Although studies have been conducted on the mechanical properties of
frozen soils, most of these studies have been based on remolded, artificially frozen soil samples,
which do not necessarily represent field conditions. Moreover, how much impact the
disturbances have on frozen soil strength and stress-strain behavior is not clear. There is a lack of
study on soil stress-strain behavior at large strain rates using naturally frozen samples, and there
is no information on the dependency of frozen soil properties at large strains on specimen

orientation.

1.4 STUDY OBJECTIVE

The objective of this project is to evaluate quantitatively the mechanical properties of
undisturbed, naturally frozen silt for the seismic design of pile foundations embedded in frozen

soils.



1. 5 SCOPE OF WORK

The scope of this study includes the following tasks:

1.

Sample naturally frozen soils at specified sites (the CRREL Permafrost Tunnel for

permafrost, the Campbell Creek Bridge Site for seasonally frozen soil).
Transport the frozen samples in a portable freezer.

Machine the samples to 4 in. height by 2 in. diameter specimens with minimal

mechanical and thermal disturbance.

Condition the specimens at selected temperatures at least 24 hours before testing.

. Perform an unconfined compression test on all specimens at a constant deformation rate

compatible with that of earthquake loading and gather stress-versus-strain data.
Obtain the physical properties of soil through standard soil tests.
Process and analyze test data.

Provide comments and recommendations for design of bridge pile foundations in cold

regions.



CHAPTER 2: SAMPLING, MACHINING, AND TESTING PROCEDURES FOR
FROZEN SOILS

2.1 INTRODUCTION

The quality of the naturally frozen soil sample depends on the type of frozen soil that has
been sampled, the in situ thermal condition at the time of sampling, the sampling method, the
transportation and storage procedures, and the specimen machining procedure prior to testing.
Methods for sampling, transportation, storage, and machining of frozen soils were proposed by
Baker (1976). Baker et al. (1982) investigated the end effects during unconfined compression
tests using different platens. Ebel (1985) discussed the aspect ratio of frozen soil cylinders and
end effects during uniaxial compression testing. De Re et al. (2003) proposed triaxial testing

methods and equipment for constant strain rate control in testing frozen soils.

Many research programs have been carried out over the years; however, not many have
tackled naturally frozen soils with high strain rates during compression tests, which present many
difficulties due to a specimen’s non-uniformity. This chapter refines methods and tools used in
the sampling and specimen machining to minimize evaporation, sublimation, and thermal
disturbance of naturally frozen specimens.

2.2 SITE PREPARATION

Two sites from which to take frozen soil samples were chosen: the CRREL Permafrost
Tunnel at Fox, Alaska, and the North Fork of Campbell Creek Bridge in Anchorage, Alaska, with
the former representing permafrost and the later representing seasonally frozen soil. At the
Campbell Creek Bridge site a steel pipe was drilled into the ground to facilitate monitoring of
ground temperature and depth of the seasonally frozen soil (see Figure 2.1). Monitoring data help
determine the sampling depth and natural temperature of the frozen soil. Based on observations
of ground temperature from this study and a previous study (Li et al. 2011) at this site, seasonally

frozen soil can reach 5 feet deep, and its temperature ranges from -1 to -10 °C.



Figure 2.1 Installation of a temperature monitoring conduct at the Campbell Creek bridge site.

2.3 SAMPLING

Frozen soil is very stiff. A STIHL carbide-chain chainsaw was used to cut out blocks of
frozen soil approximately 1 ft’ (see Figure 2.2). Where electricity is readily available or where
exhaust is a concern (such as the permafrost tunnel), an electric chainsaw is used, but at more
remote locations, including bridges sites, a gas-powered chainsaw is needed. The chainsaws
worked well in frozen silt. However, when small pieces of gravel were encountered in gravelly
soils, the blade dulled quickly resulting in increased cutting time and melting of the soil. To
extract soil blocks, a square was cut in the ground with the chainsaw and a wedge was pounded
into one side of the chainsaw cut, which snapped the bottom of the block. Typically, the bottom
broke irregularly and was trimmed in a cold room later. Pulling the block out of the ground can
be difficult. We typically tried to angle the blade of the chainsaw slightly to make the block
smaller at the base and used nail pullers to pull out the blocks. The orientation of the frozen soil
block is important, and we noted which side was the surface and if the surface had any

inclination from the horizontal plane.



Figure 2.2 Sampling at the Campbell Creek Bridge Site (left) and the CRREL Permafrost Tunnel (right).

2.4 TRANSPORTATION

After the frozen soil blocks were extracted from the ground, they were wrapped in
cellophane and put in a polyurethane bag with some snow to help minimize moisture loss. Air
was extruded from the bag before it was sealed to help prevent sublimation. The samples were
placed in a portable freezer run by a car battery to minimize thermal disturbance while being

transported to the cold room for storage.

Due to the distance of the CRREL Permafrost Tunnel from the University of Alaska
Anchorage (UAA) Cold Room we took more samples than the portable freezer is able to carry.
The rest of the samples were placed in a RocketBox on top of the vehicle for transportation to

Anchorage. The temperatures were warm for December, but well below 0°C.

2.5 STORAGE

Frozen block samples were placed in the cold room in their polyurethane bag. The bags were
inspected for holes and places of wear during transportation. If any bag had been compromised,
the sample was resealed in another polyurethane bag. It is important to keep the temperature of

the block samples as close to the in situ temperature as possible during storage. Temperatures in



a typical cold room can fluctuate substantially, and insulating the samples can help reduce this

fluctuation.

2.6 MACHINING
The ASTM standard D7300-06 describes a standard test method for laboratory

determination of strength properties of frozen soils at a constant strain rate. It recommends using
a cylindrical frozen soil specimen of certain dimension for performing the unconfined
compression test. Experience indicates that consistent creep and strength results can be obtained
when the height-to-diameter ratio is at least three to two (Ebel 1985), so we decided to use

specimens of 4 in. height by 2 in. diameter.

Frozen soil blocks can be large and irregular. A band saw in a cold room is a great way to cut
through these blocks. Good-quality metal cutting blades can be used to cut through frozen silt,
sand, and even the occasional piece of gravel, although cutting gravel dulls the cutting surface
substantially. The outer inch or two of the block is generally considered heat-affected and
trimmed off the block. We trimmed the blocks into vertically and horizontally oriented
rectangular prisms of 3 in. by 3 in. by 4.5 in. To save time on lathing, we also trimmed the long

corners to make octagon-shaped prisms, using a wood jig (see Figure 2.3).

Figure 2.3 A frozen soil sample being cut into an octagon with the wood jig by a band saw.
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After the specimens were cut into octagons, they were lathed into cylinders using a special
holding bit. Using a lathe in a cold room for machining frozen soils presents certain problems.
Most lathes are designed to work in room temperatures near 20°C, but the cold room is well
below freezing, so the gears and moving parts of the lathe need to be cleaned, and cold-weather
grease needs to be applied instead of the factory grease. The shavings of the frozen soil specimen
work their way into the gears and moving parts, creating unnecessary wear. Using a shop

vacuum during the machining process helps to keep soil particles out of the gears.

A special holding bit to turn the frozen soil specimen is needed, as seen in Figure 2.4.
Ideally, a carbide tip cutter should be used for the lathe. Standard cutters dull quickly and begin
affecting the soil with heat. During the initial lathing, as much as 100/1000 in. was trimmed at a
time until the specimen was within 1/4 in. of the required diameter. During final trimming, no
more than 15/1000 in. was trimmed at a time, typically reduced to 5/1000 in. during the final
turn. After the specimen was turned to the 2 in. diameter, we used a four-jawed chuck, a standard
holding bit, to face both ends using a framing square to make sure both sides were parallel to
each other and perpendicular to the cylinder surface. Facing the frozen soil specimen is very
important, and a sharp cutter is essential for performing this task. While facing, we took off no
more than 15/1000 in. In the final pass, no more than 5/1000 in. was taken off the face. The face
was inspected for any defects or inconsistencies before the specimen was wrapped in cellophane,
labeled, and put into a polyurethane bag to prevent sublimation for storage. Testing was typically

done within one week of specimen completion.
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Figure 2.4 A frozen soil specimen in the special holding bit on the lathe.

2.7 CONDITIONING AND SOIL CLASSIFICATION

Frozen soil mechanical properties are very sensitive to temperature and other factors. We
planned to test the specimens at a range of temperatures. A small adjustable freezer was used to
condition the specimens to a specific temperature. Thermocouples were placed on the specimens,
and then the specimens were insulated fully and placed in the freezer for a minimum of 24 hours.
The rest of the freezer was filled with ice in bags to help minimize any temperature variation.
Figure 2.5 presents an example of the conditioning curves. The variation of temperature during

the final stage of conditioning was less than 0.1°C.

11



4.2

4.4

FHMW"J\M"MVVMWWM
'46 IHM A Aannnnnnmn hﬁﬂﬂﬂﬂﬁﬂﬂﬂﬂ anannnn
. ATARAARA AR AAE LA A AR

-4.8 U

5.2 UJJUN(

/

56 fj ——CI0HI |
ﬂ [' ——Clovl

5.8

’ 0 500 1000 1500 2000 2500 3000
Time, min

Temperature,o C

Figure 2.5 Conditioning curves of two frozen soil specimens.

Before compression testing, several more steps are necessary. Photos were taken of the
different aspects of the frozen soil cylinder including both ends. Notes were taken about the
visual classification of the specimen including location, size, and distribution of ice, and larger
grains of soil. The specimen was given a frozen-soil classification according to ASTM standard
D4083-89. All samples contained visible ice lenses and, with few exceptions, were classified as
V based on the appropriate ice descriptor. Both the length and diameter of the specimen were
measured. The sample was transported to the Universal Testing Machine (UTM-100) in a cooler
conditioned to -10°C.

Several sieve analysis and hydrometer tests were conducted for both the permafrost and
seasonally frozen soil. Figures 2.6 and 2.7 present the respective grain-size distribution of the
permafrost and seasonally frozen soil. Both soils contained large amounts of fines. The
permafrost is classified as silt, while the seasonally frozen soil is classified as sandy organic silt

with several specimens being classified as peat because of their highly organic nature.
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Figure 2.6 Grain-size distribution of permafrost.
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Figure 2.7 Grain-size distribution of seasonally frozen soil.
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2.8 TESTING APPARATUS AND INSTRUMENTATION

The unconfined compression test was completed by the UTM-100 with the 3k pancake load
cell (see Figure 2.8). The UTM-100 has a temperature chamber that can maintain the temperature
as cold as -17°C. A fan was installed in the chamber to improve air circulation, help maintain a
more uniform temperature environment, and minimize thermal disturbance of the frozen soil

specimen.

Figure 2.8 The Universal Testing Machine (UTM-100) with a temperature chamber and computer interface.

It is recommended that lubricated platens be used whenever possible in the unconfined
compression and creep testing of frozen soils (Ebel 1985). The lubricated platen consists of a
circular sheet of 0.8 mm thick latex membrane, attached to the loading face of a steel platen with
a 0.5 mm thick layer of high-vacuum silicon grease. The steel platens are polished stainless steel
disks about 10 mm larger than the specimen diameter (ASTM D7300-06, 2006).

Displacement control was used during the compression test. A constant deformation rate
corresponding to a strain rate of about 0.1%/s was applied for all tests. Note this strain rate is
equivalent to the strain rate level expected in the frozen soil during a design earthquake in
Interior Alaska (Yang and Zhang 2012). As the latex sheets and grease layers compress under
load, the axial strain of the specimen should be measured using an MTS extensometer installed

near the center of the specimen (see Figure 2.9). A load cell was used to measure axial load and,
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hence, stress on the specimen. The extensometer and load cell were calibrated before use in these

experiments. 9237 cDAQ system was used to record data.

Figure 2.9 An extensometer attached to the middle of a frozen soil specimen during loading.
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CHAPTER 3: DATA AND OBSERVATIONS

3.1 SPECIMEN ORIENTATION

During seismic loading, the pile with its supported superstructure swings back and forth;
hence, the main loading direction is horizontal. Traditionally, soil specimens, particularly bored
soil samples, are obtained from a borehole perpendicular to the ground surface. To investigate
whether the orientation of a soil specimen in reference to the ground surface has any impact on
the soil mechanical properties, both vertical and horizontal specimens were prepared and tested.
As illustrated in Figure 3.1, a vertical specimen (identified by V) indicates that its axis is
perpendicular to the ground surface, and a horizontal specimen (identified by H) indicates that its
axis is parallel to the ground surface. At least one vertical and one horizontal specimen were
prepared from the center portion of the same block for comparison. All specimens are labeled by
their sampling site and orientation. For example, C2 H1 indicates that this is #1 horizontal
specimen prepared from block #2 taken from the Campbell Creek Bridge site (seasonally frozen
soil); similarly, P2 V1 indicates that this is #1 vertical specimen prepared from block #2 taken

from the Permafrost Tunnel (permafrost).

Figure 3.1 Frozen soil specimen orientation.

3.2 TYPICAL STRESS-STRAIN CURVES

A majority of the specimens were loaded to an axial strain of at least 15%. However, for
safety reasons, some tests were terminated due to excessive bending of the specimen, likely
caused by non-uniform density and the asymmetrical mechanical property of the specimen.

Figure 3.2 and Figure 3.3 show typical stress-strain curves for seasonally frozen soil and
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permafrost, respectively. As shown in Figure 3.2, some specimens demonstrated a peak in the
stress-strain curve (for example, C2 H1), and most others showed a strain-hardening behavior.
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Figure 3.2 Stress-strain curves for seasonally frozen soil.
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Figure 3.3 Stress-strain curves for permafrost.

3.3 DATA INTERPRETATION

The stress-strain curves obtained for a specimen can be used to interpret other important

physical parameters such as ultimate strength, yield strength, Young’s modulus, and €so.
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Most specimens were taken to over 15% strain, but we considered 2% strain to be failure.
The ultimate compressive strength 6, refers to the stress corresponding to 2% axial strain on the
stress-stain (c-¢) curve or the peak strength if a peak occurs prior to 2% strain. All peaks
occurred before 2% strain. The strain correlating to 50% of the ultimate strength is referred to as
€50.

The yield strength oy is the stress at which yield is initiated. It is well known that soils
including frozen soils exhibit plastic behavior at very small strains. Figure 3.4 illustrates how
yield strength was determined in this study. The beginning phase of the stress-strain curve,
whose trend line has an r* value larger than 0.95, was considered the linear portion. After this
portion, obvious yielding can be observed. The maximum stress in this linear portion was

interpreted as the yield strength.
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(o)

Stress (MPa)
& 2

|\

0 1 1 1 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Axial Strain

Figure 3.4 Interpreting the yield strength.

Young’s modulus E is the slope of the stress-strain curve at very small strains. It is observed
that the linear portion on the stress-strain curve typically occurs at strains less than 0.00015, but
this varies from specimen to specimen. At least four data points with small strain values were

fitted to a line, and the slope of the line was taken as Young’s modulus (see Figure 3.5).
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Figure 3.5 Interpreting Young’s modulus.

Interpreting Young’s modulus did not always work out as nicely as shown in Figure 3.5. For
example, the stress-strain curve of Specimen P4 H4 began with a gradual slope before turning
into a steep slope, as seen in Figure 3.6. It was found later that the initial gradual slope of the
stress-strain curve was caused by a defect in the specimen, a small bump in the center as seen in
Figure 3.7. The first three data points were ignored during the interpretation of Young’ modulus

for this specimen.
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Figure 3.6 Young’s modulus interpretation for specimen P4 H4 with small defect.
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Figure 3.7 Specimen P4 H4 with small defect at the center of one end.

The shear wave velocity (V) was calculated using the following equations based on shear
modulus (G), Poisson’s ratio (v), and the soil density (p); E represents Young’s modulus of the
frozen soil. Kaplar (1969) reported that values of Poisson's ratio for frozen soils as computed
from average values of E (longitudinal vibrations) and G general range between 0.25 and 0.38,
and the average values of Poisson’s ratio for the laboratory-frozen ice and natural lake ice, based
on results obtained using longitudinal vibrations, range from 0.32 to 0.40. Poisson’s ratio of

frozen soil was assumed to be 0.3 in this study.

- 2(1+v) (3.1
G
Vs = |3 (3.2)
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3.4 CHARACTERISTICS OF THAWED SOILS

Standard soil tests, for example, liquid limit test, plastic limit test and specific gravity were
conducted for thawed seasonally frozen soil and permafrost, respectively. Average test results of
three specimens of each type of frozen soils are shown in Table 3.1. General range of Specific
Gravity (Gg) for silt is 2.65~2.70. As shown in Table 3.1, Gg in this study is slightly lower, which
may be due to the relatively high organic content.

Table 3.1. Representative soil parameters.

Soil Type L1‘qu¥d Pl?st}c Plasticity | Specific Gravity
Limit Limit Index (Gy)
Seasonally frozen soil (C) 47 44 3 2.44
Permafrost (P) 39 37 2 2.55

Forty-five seasonally frozen soil specimens (23 vertical and 22 horizontal) and twenty-three
permafrost specimens (14 vertical and 9 horizontal) were prepared. All specimens were classified
as ice-rich organic silty soils; their water content ranged from 62 to 225%, and their dry density
varied from 320 to 941 kg/m’. An unconfined compression test was carried out for these
specimens under a constant deformation rate corresponding to a strain rate of about 0.1%/s at
temperatures varying from -0.7° to -11.6°C. Average specific gravity Gs in Table 3.1 was used to

calculate the degree of ice saturation (S) by the following equations:
e = (Gspw/pa)-1 (3.3)

S = (wpwlis/pice) /e (3-4)

where Gg is the specific gravity of the soil at 20°C, py, is the mass density of water (1000
kg/m’), o is the water content of the soil sample, pq is the dry mass density of the soil sample
(kg/m3), Prce 18 the mass density of ice (917 kg/m3), e is the void ratio. As shown in Table 3.2, the

degree of ice saturation ranges from 81.13% to 100% for all tested specimens.

Table 3.2 lists the physical and mechanical properties of these specimens. The ultimate

strength of these specimens varies from 1.65 to 7.08 MPa, and the yield strength varies from 0.74
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to 5.08 MPa. Young’s modulus ranges from 2.1 to 10.6 GPa, and the shear wave velocity (V;) as
interpreted from the shear modulus ranges from 800 to 1800 m/s.

3.5 OBSERVATIONS OF SPECIMEN FAILURE MODES

Small ice lenses were found throughout the specimens in both the permafrost and seasonally
frozen soil and were distributed non-uniformly. Figure 3.8 shows a vertically oriented specimen
before and after testing. Note the ice lenses presented in this specimen. It is believed that the
distribution of ice lenses, among other factors, affects the specimen’s failure mode. The water
content of seasonally frozen soil was mostly above 100%, but the amount of ice lenses observed
did not correspond to the water content. For example, specimen C9 H4 has minimally visible ice
(see Figure 3.9), but has water content of 225%; specimen C7 V1 has many visible ice lenses
(see Figure 3.9), but has water content of 124%. This percentage is still considered high, but

when compared with C9 H4, it is nearly half the water content.

Figure 3.8 A vertically oriented naturally frozen soil cylinder with ice lenses: before testing (left) and after

testing to 15% axial strain (right).

Figure 3.9 Seasonally frozen soil specimen C9 H4 (left) and C7 V1 (right).
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Observations made during testing helped identify three failure modes: bulging, bending, and
shearing, as can be seen in Figures 3.8, 3.10, and 3.11. No collapsing was observed in the
specimens. In most cases, small cracks were observed around pieces of rock or ice lenses on the

surface of specimens.

Figure 3.10 Failure of specimen C2 H1 due to bending.
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Figure 3.11 Failure of specimen P4 V2 due to shearing.
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Table 3.2 Physical and Mechanical Properties of Frozen Soil Specimens

Frozen Dry ] Ultimate ) Strain at
) Water ] Organic Test ) Yield ) Young’s ]
Specimen Bulk Density Strength | Strain at €50 Yield Vs Saturation
Content ] Content | Temperature Strength Modulus
ID Density Pd Om om (%) (%) Strength (m/s) (%)
o (%) ; , (%) T (°C) o, (MPa) E (MPa)
(kg/m’) | (kg/m’) (MPa) (%)

C1 H1M 120 1254 570 18.5 -7 4.889 1.954 0.087 3.186 0.145 4706 1201 97.33
ClVI1 103 1302 642 35.5 2.5 2.153 1.974 0.081 1.738 0.204 3366 997 97.86
ClV2 86 1452 780 10.7 -6.3 3.99 N/APT [ N/AP! 3.414 N/AP! N/AP! N/AP! 100

C2 H1W 127 1254 551 21.6 -6 3.935 0.803 0.083 3.214 0.202 3784 1077 98.57

C2 H2WM 121 1269 574 20.5 5.8 3.325 0.65 0.062 2.351 0.117 5035 1235 99.04
C2 V1 120 1276 580 21.5 -11.6 4.96 1.95 0.061 2.975 0.088 6806 1432 99.57
c2V2 94 1343 691 30.5 -9 4759 1.99 0.074 2.963 0.113 6275 1341 98.82
C2V3 115 1273 592 20.4 -114 4.448 1.97 0.068 2.701 0.1 5501 1289 98.03
C4 V1 200 1109 370 492 34 2.938 2.014 0.124 1.775 0.178 3275 1066 95.12
C4V2 162 1167 442 33.3 -8.8 4938 1.998 0.095 2.713 0.115 4598 1231 95.36
C4V3 154 1177 463 38.6 9.5 4471 1.986 0.08 2.433 0.095 5230 1037 95.97
C5 H1 128 1230 539 22.8 5.6 4.465 N/AB | N/AB! 4.115 N/AB N/ABI N/AB 96.57
C5 H2 125 1251 555 22.3 -6.1 421 N/AB | N/AB! 3.588 N/AB N/ABI N/AB 97.93

c6 H1 155 1181 464 31.6 -6.5 4.794 1.975 0.068 2.119 0.052 7895 1603 96.85

C6 H2MM 128 1237 543 13.7 9.5 5.801 1.453 0.112 4.156 0.229 4140 1171 97.49

C6 H3M 205 1111 364 20.4 2.6 3.008 1.828 0.093 1.97 0.162 3159 1046 95.64
C6 V1 183 1120 396 35.5 7.7 4.039 1.987 0.09 3.239 0.239 4167 1196 94.34
C6 V2 192 1124 385 447 7.2 4254 1.851 0.111 3.23 0.246 3528 1099 95.71
C6 V4 136 1217 515 30.5 2.7 2.279 2.01 0.11 1.508 0.196 2484 886 96.81

c7 H1! 170 1176 436 19 5.8 5.031 0.455 0.058 4.098 0.142 6724 1483 98.41
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Frozen Dry . Ultimate . Strain at
Specimen Water Bulk Density Organic Test Strength | Strain at €50 Yield Yield Young's Vi Saturation
D Content Density o Content | Temperature . o (%) %) Strength Strength Modulus (ws) %)
o (%) g’y | g (%) T (°C) (MPa) o, (MPa) ) E (MPa)

C7VI1 124 1226 547 183 5.8 3.426 1.996 | 0.038 2.269 0.066 5882 1358 95.34
C8 HI 162 1179 449 333 5.7 4.624 N/AB [ N/AP! 4.143 N/AL N/ABT [ N/AP! 97.21
C8 H2 169 1161 431 38.6 -5.9 1.859 N/ABT | N/AP! 1.69 N/AP! N/ABT | N/AP! 96.47
C8 H3M 125 1241 543 223 -3 2.538 0.904 | 0.074 1.941 0.167 3553 1049 95.21
C8 H4 122 1258 566 21.7 -11.4 NAPT | N/AP | /AP | NAP [ /Al 6453 1405 98.05
coH1M 145 1210 493 18.3 -5.8 3.675 0.385 0.036 2.633 0.07 6146 1398 97.69
C9 H2 145 1201 491 18.9 5.8 NAPT | N/APT | N/APT | N/AP) N/AP! 4300 1173 97.2
C9 H4 103 1305 644 62.6 2.7 2.475 2 0.069 1.39 0.085 3464 1010 98.27
Co Vi 131 1204 522 20.1 -5.8 3.417 1.8 0.049 2.294 0.089 5620 1340 94.87
C9 V2 93 1352 700 16 -11.4 5.407 2.01 0.055 2.929 0.066 8214 1529 99.55
C9 V3 121 1271 574 17.7 -5.8 3.583 1.96 0.07 2.578 0.139 4301 1141 99.04
C9 V4 109 1294 620 16.4 5.8 2.826 1.98 0.064 2.151 0.142 3536 1025 98.8
C9 V5 112 1247 589 17.2 3.3 2.419 1.36 0.063 1.679 0.116 3514 1041 94.83
C9 V6 136 1216 516 203 -5.3 4784 1.55 0.093 2374 0.091 4000 1125 97.05
C10 H1 93 1357 702 N/AP -4.6 4.087 1.26 0.091 3.107 0.204 5672 1268 99.95
C10 H2 103 1302 640 N/AP -4.6 3.366 1.63 0.073 1.983 0.103 4075 1097 97.45
C10 H3 96 1334 683 N/AP -8.7 4.877 1.08 0.087 3.615 0.188 5397 1247 99.3
C10 H4 118 1272 584 N/AP -8.3 4.537 1.09 0.045 2.534 0.055 10569 1788 98.8
C10 H6 124 1257 562 N/AP -8.8 5.327 1.43 0.058 2.858 0.068 8944 1654 98.74
C10 V1 118 1271 583 N/AP -4.6 3.79 1.945 0.062 2.276 0.091 5152 1249 98.57
Cl1V1 141 1225 509 N/AM -8.1 5.38 1.86 0.103 3.959 0.219 4811 1229 98.9
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Frozen Dry . Ultimate . Strain at
Specimen Water Bulk Density Organic Test Strength | Strain at €50 Yield Yield Young's Vi Saturation
D Content Density o Content | Temperature . o (%) %) Strength Strength Modulus (ws) %)
o (%) g’y | g (%) T (°C) (MPa) o, (MPa) ) E (MPa)
C11V2 119 1276 583 N/AP -10.5 7.079 0972 | 0.041 4.76 0.077 8438 1595 99.41
Cl1 V4 130 1271 553 N/AP -4.5 3.878 2.009 | 0.122 2.262 0.164 3784 1070 100
P4 HI 134 1251 534 N/AMP -1.1 3.044 1.956 0.061 2.439 0.149 4748 1208 98.7
P4 H4!! 130 1255 545 N/AM -1 2414 1.258 0.066 2.048 0.161 2234 827 98.26
P4 V1 100 1341 671 N/AM -1.3 2.89 1.956 0.067 2322 0.168 4196 1097 99.3
P4 V2 62 1319 816 N/AM -0.7 2.358 2.012 0.067 1.696 0.14 3291 980 81.13
P4 V3 72 1442 840 N/AM 0.9 1.653 2.016 0.082 1.198 0.171 2454 809 98.35
P4 V4 76 1420 809 N/AP -1 1.751 2.008 0.123 0.742 0.087 2480 820 98.21
P6 H1 114 1299 606 N/AP 4.5 4303 2 0.062 4215 0.199 5013 1218 98.82
P6 H2 72 1460 847 N/AP -4.5 5.36 2 0.116 4.346 0.288 4386 1075 99.58
P6 H3 85 1408 762 N/AP 1.5 4.65 0.27 0.066 4.345 0.2 5802 1259 100
P6 V1 N/AP | N/AP 743 N/AP -10 2.608 N/ABE | N/AB | 2.00480 [ N/AP! N/ABT | N/AP! N/A
P6 V2 84 1454 792 N/AP -10 2.362 N/AB [ N/ABT | N/AP) N/AL N/APT | N/AP! 100
P7 V1 N/AP [ N/AP 705 N/AP -10 NAPT | N/AP | /AP ] 19078 [ N/A N/APT | N/AP! N/AP
P8 HI 84 1415 770 N/AMP 1.5 6.015 1.12 0.112 5.079 0.292 5166 1185 100
P8 H2 93 1405 728 N/AP 1.5 6.37 1.43 0.075 4.684 0.155 8891 1560 100
P8 VI 88 1380 733 N/AM -6.7 2.509 2 0.077 1.88 0.191 4315 1097 98.72
P8 V2 74 1457 839 N/AM -6.7 3.34 0.781 0.074 2263 0.131 4650 1108 100
P9 HI 106 1319 641 N/AM 1.5 5.16 0.751 0.069 4.153 0.169 6477 1374 98.98
P9 H2 80 1426 791 N/AP 1.5 6.01 1.107 | 0.116 5.036 0.296 4195 1064 100
P9 V1 NAZ | N/AP 683 N/AP 1.5 3.62 2 0.058 3.12 0.157 4093 N/AP N/AP
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W Frozen Dry o ) Test Ultimate Yield Strain at v
ater rganic es ie oung’s
Specimen Bulk Density g Strength | Strain at €50 Yield s Vi Saturation
Content ) Content | Temperature Strength Modulus
1D . Density Pd . . Om om (%) (%) Strength (m/s) (%)
o (%) ; 3 (%) T (°C) oy (MPa) E (MPa)
(kg/m’) | (kg/m’) (MPa) (%)
P9 V4 108 1320 634 N/A -7.5 3.68 2 0.06 2.829 0.133 4631 1162 99.38
P11 V1 75 1460 835 N/AP 4.5 3.32 2 0.11 2.422 0.166 3362 941 100
P11 V2 62 1525 941 N/AP 4.5 3.62 2 0.093 2.25 0.145 3574 950 100
P11V3 73 1450 837 N/AP -7.5 3.19 2 0.049 1.599 0.049 5439 1201 99.19

Note: ! indicates the specimens whose stress-strain curves have peak.

12 indicates the corresponding standard test was not conducted for the specimen.

B3I indicates test result could not be obtained because of data acquisition system error.
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CHAPTER 4: ANALYSIS AND DISCUSSION OF RESULTS

4.1 ULTIMATE COMPRESSIVE STRENGTH

Figures 4.1 and 4.2 show the respective plots of ultimate compressive strength versus
temperature for both seasonally frozen soil and permafrost. As discussed in Chapter 3, the
ultimate strength o, was defined as the peak strength if a peak occurs in the stress-strain curve,
or the stress at 2% axial strain. As shown in Figure 4.1, the ultimate compressive strength of
seasonally frozen soil increases with decreasing temperature. In Figure 4.2, the same trend with
more scattering can be observed for permafrost. The relationship between the ultimate strength

and temperature for seasonally frozen soil can be described as:

6m=-0.33 T + 1.80 (4.1)

where T is the temperature of the frozen soil. What is interesting to note is that, for permafrost,
the horizontal specimens exhibit compressive strength that is substantially higher than that of the
vertical specimens at the same temperature, while there is no such trend for seasonally frozen
soil. The respective relationships for horizontal and vertical permafrost specimens can be

described as:

(Vertical) om=-044T+2.5 4.2)

(Horizontal) om=-0.19 T+ 2.1 (4.3)

This increase in strength for the horizontal permafrost specimens is likely due to ice-wedge
formation commonly observed in permafrost (see Figure 4.3). During the formation process, ice
wedges expand and consolidate the surrounding soil laterally, which can possibly lead to much
higher compressive strength in horizontally oriented specimens than in vertically oriented

specimens.
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Figure 4.1 Ultimate compressive strength vs. temperature for seasonally frozen soil.
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Figure 4.2 Ultimate compressive strength vs. temperature for permafrost.
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Figure 4.3 Ice wedges observed in the CRREL Permafrost Tunnel.

Figure 4.4 compares the results of seasonally frozen soil and permafrost from this study with
those found by Haynes and Karalius (1977) and Zhu and Carbee (1984). While the results from
this study are consistent with those reported in the literature, the ultimate strength of naturally
frozen silty soils from this study is lower than that of remolded frozen silty soils of previous
studies, which is likely due to the non-uniformity of ice distribution in the naturally frozen soils.

The relationship for both seasonally frozen soil and permafrost can be described as:

6m=-0.34T + 1.94 (4.4)
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Figure 4.4 Comparison of ultimate compressive strength with previous studies.
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Figure 4.5 shows the variation of soil dry density pq with water content . It is clear that soil
dry density decreases with increasing water content. This relationship can be described by the

following equation:

pd = 19925 w074 (4.5)

1000

800 °\‘

“E ‘t\gk‘
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Figure 4.5 Dry density vs. water content.

Figure 4.6 shows the variation of ultimate strength with dry density for different
temperatures. It can be seen from this figure that ultimate strength decreases with increasing dry
density at -5.8°C (average of temperatures varying from -5.6°C to -6.1°C); this trend is also
visible for -2.9°C (average of temperatures varying from -2.5°C to -3.4°C), but not nearly as
strong. The relationship between ultimate strength and dry density for different temperatures can
be described as follows:

At -5.8°C, om =-0.0097 pq + 9.10 (4.6)

At-2.9°C, o = -0.0011 pg + 3.00 (4.7)

Sayles and Carbee (1981) and Zhu and Carbee (1984) also looked into the relationship

between the ultimate strength and dry density of artificially frozen specimens and came to
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similar conclusions. For example, Zhu and Carbee tested remolded frozen silts under a strain rate
of 1.1x107/s at -2°C (almost the same as the strain rate used in this study) and found a moderate
trend in the ultimate strength-versus-dry density curve. Figure 4.7 shows the variation of ultimate
strength with water content. It can be observed that ultimate strength increases with increasing

water content. The relationships can be described by the following equations:

At-5.8°C,om = 0.0176w + 1.66 (4.8)

At-2.9°C,om = 0.0003w + 2.4 (4.9)

These observations may seem counterintuitive when compared with unfrozen soils. In
unfrozen soil, inter-particle friction contributes to the majority of the strength. In frozen soil,
however, pore ice bonds the soil particles and contributes the majority of the strength. One would
expect the ultimate strength of frozen soils to increase with increasing water or ice content, or
increase with decreasing dry density, since dry density decreases with increasing water or ice
content. Further, as the temperature increases, there is more unfrozen water in silty soils,

therefore weakening this trend.
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Figure 4.6 Ultimate compressive strength vs. dry density.
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Figure 4.7 Ultimate compressive strength vs. water content.

4.2 YIELD STRENGTH

Figures 4.8 and 4.9 show the relationship between yield strength and ultimate compressive
strength at various temperatures for seasonally frozen soil and permafrost, respectively. The two
figures indicate a clear correlation between the yield strength and the ultimate compressive
strength. The respective relationships for seasonally frozen soil and permafrost can be described

by the following equations:

(Seasonal) oy = 0.61 om + 0.27 (4.10)

(Permafrost) oy = 0.90 om - 0.46 (4.11)
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Figure 4.9 Yield strength vs. ultimate strength for permafrost.

Figures 4.8 and 4.9 show that the relationship between the yield strength and ultimate
strength of seasonally frozen soil and permafrost is quite similar in terms of trend and values.
Therefore, the data for seasonally frozen soil and permafrost are combined and compared with
the results from Zhu and Carbee (1984), as shown in Figure 4.10. Note that the data from Zhu
and Carbee (1984) were based on artificially frozen soil specimens, with dry density ranging

from 1180 to 1230 kg/m’, which is substantially denser than specimens used in this study. Figure
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4.10 indicates that at the same ultimate strength, the yield strength of artificially frozen soils is
slightly higher than the yield strength of naturally frozen soils. Again, this is due to the
non-uniformity of ice distribution in naturally frozen soils. The overall relationship between the
yield strength and ultimate strength of naturally frozen soils can be described by the following

equation:

6y = 0.72 6w - 0.02 (4.12)
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Figure 4.10 Yield strength vs. ultimate strength for both seasonally frozen soil and permafrost, and its

comparison with a previous study.

4.3 YOUNG’S MODULUS

Figure 4.11 shows Young’s modulus as a function of temperature. Observe in this figure that
Young’s modulus decreases with increasing temperature. The horizontal specimens tend to have
higher Young’s modulus, especially for permafrost, although this trend is not nearly as clear as
for ultimate strength. A trend line for both seasonally frozen soil and permafrost are plotted in
Figure 4.11 and can be described by Equation (4.13). Zhu and Carbee (1984) also looked at
Young’s modulus versus temperature and found a similar trend. However, their data show a
much smaller Young’s modulus for artificially frozen soil than for naturally frozen soil at the

same temperature for silty soils. The possible reason for this difference is that Young’s modulus

36



was determined at much larger strain values than were used in this study, though the strain value

is not explicitly mentioned.

E=-411.81T + 2417 (4.13)
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Figure 4.11 Young’s modulus vs. temperature.

4.4 SHEAR WAVE VELOCITY

The shear wave velocity was calculated based on Young’s modulus, bulky density, and
Poisson’s ratio. As mentioned before, Poisson’s ratio was not available and assumed to be 0.3 in
this study. Figure 4.12 shows the shear wave velocity versus temperature for both seasonally
frozen soil and permafrost. In general, the shear wave velocity decreases with increasing

temperature, and the relationship can be described by the following equation:

Vs=-50T + 890 (4.14)
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Figure 4.12 Shear wave velocity vs. temperature.

4.5 £50 AND STRAIN AT YIELD STRENGTH

Figure 4.13 and figure 4.14 show &5y as a function of temperature and dry density for both

seasonally frozen soil and permafrost. Figure 4.15 and figure 4.16 show strain at yield strength as

a function of temperature and dry density for both seasonally frozen soil and permafrost. It can

be seen that €59 and the strain at yield strength are not sensitive to temperature or dry density.
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Figure 4.15 Strain at yield strength vs. temperature.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 SUMMARY AND CONCLUSIONS

A comprehensive testing program of naturally frozen soils, including seasonally frozen soil
and permafrost, was carried out to study the mechanical properties of frozen soil. This report
describes the sampling, transportation, machining, conditioning, and testing procedures adopted
for preparing and testing frozen soil specimens with minimum thermal and mechanical
disturbances. Forty-five seasonally frozen soil and twenty-three permafrost specimens of high
quality and different orientation, including vertical and horizontal, were prepared. All specimens
were classified as ice-rich organic silty soils; their water content ranged from 62% to 225% and
their dry density varied from 320 to 941 kg/m3. An unconfined compression test was carried out
with these specimens under a constant deformation rate corresponding to a strain rate of 0.1%/s
at temperatures varying from -0.7°C to -11.6°C. The ultimate compressive strength of these
specimens varied from 1.653 to 7.079 MPa, and the yield strength varied from 0.742 to 5.079
MPa. The Young’s modulus ranged from 2071 to 10569 MPa, and the shear wave velocity
ranged from 809 to 1788 m/s. These test results were applied to study the sensitivity of pile
response to frozen soil resistance. The following conclusions can be made based on analyses of

the test results:

1. The ultimate compressive strength of both seasonally frozen soil and permafrost
decreases with increasing temperature; it decreases with increasing dry density, or
increases with increasing water or ice content. The trend for the latter is clearer at lower
temperatures.

2. There is a correlation between the yield strength and the ultimate strength for both
seasonally frozen soil and permafrost.

3. The Young’s modulus decreases with increasing temperature. The horizontal specimens
tend to have higher Young’s modulus, especially for permafrost. Similarly, the shear wave
velocity of frozen soils decreases with increasing temperature.

4. For permafrost, the ultimate compressive strength of horizontal specimens is substantially
higher than that of vertical specimens at the same testing temperature. This strength
anisotropy is likely due to ice-wedge formation, commonly observed in permafrost.

5. For both seasonally frozen soil and permafrost, the ultimate compressive strength of
naturally frozen specimens is lower than that found in previous studies for remolded

frozen silty soils.
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6. In descending order of importance, the factors that affect the mechanical properties of

frozen soils are temperature, water content or dry density, and specimen orientation.

These mechanical properties can be directly used to evaluate frozen soil lateral resistance in

the analyses of pile foundations during seismic loading.

5.2 RECOMMENDATIONS AND FUTURE RESEARCH

The naturally frozen soils studied in this project were limited to ice-rich organic silty soils.
This study could be expanded to include naturally frozen ice-poor soils, sandy soils, or clay soils.
Different water content ranges may influence Young’s modulus. Limited data presented in this
research was insufficient to observe a clear trend. It is also recommended to test the remolded
and artificially frozen soil and making a direct comparison of the mechanical properties between
undisturbed and remolded frozen soil specimens. It would also help facilitate application of these
research results in design practice if a dedicated computer tool for constructing p-y curves for
frozen soils could be developed and integrated with Alaska DOT Pushover for analysis of

laterally loaded piles or other similar software packages, such as FB-Pier or LPILE.
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Figure A.2 Stress-strain curve for Specimen C1V1.
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Figure A.3 Stress-strain curve for Specimen C2H1.
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Figure A.4 Stress-strain curve for Specimen C2H2.
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Figure A.5 Stress-strain curve for Specimen C2V1.
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Figure A.6 Stress-strain curve for Specimen C2V2.
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Figure A.7 Stress-strain curve for Specimen C2V3.
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Figure A.8 Stress-strain curve for Specimen C4V1.
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Figure A.10 Stress-strain curve for Specimen C4V3.
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Figure A.11 Stress-strain curve for Specimen C6H1.
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Figure A.12 Stress-strain curve for Specimen C6H2.
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Figure A.13 Stress-strain curve for Specimen C6H3.
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Figure A.14 Stress-strain curve for Specimen C6H4.
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Figure A.15 Stress-strain curve for Specimen C6V1.
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Figure A.16 Stress-strain curve for Specimen C6V2.
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Figure A.17 Stress-strain curve for Specimen C6V3.
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Figure A.18 Stress-strain curve for Specimen C6V4.
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Figure A.19 Stress-strain curve for Specimen C7H]1.
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Figure A.20 Stress-strain curve for Specimen C7V1.
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Figure A.21 Stress-strain curve for Specimen C8H3.
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Figure A.22 Stress-strain curve for Specimen C9H]1.
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Figure A.23 Stress-strain curve for Specimen C9H4.
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Figure A.24 Stress-strain curve for Specimen C9V1.
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Figure A.25 Stress-strain curve for Specimen C9V2.

4
3H
N

1

0 = C9V3

0 0.05 0.1

0.15

Figure A.26 Stress-strain curve for Specimen C9V3.
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Figure A.27 Stress-strain curve for Specimen C9V4.
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Figure A.28 Stress-strain curve for Specimen C9VS5.
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Figure A.29 Stress-strain curve for Specimen C9Ve6.
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Figure A.30 Stress-strain curve for Specimen C10H1.
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Figure A.31 Stress-strain curve for Specimen C10H2.
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Figure A.32 Stress-strain curve for Specimen C10H3.
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Figure A.33 Stress-strain curve for Specimen C10H4.
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Figure A.34 Stress-strain curve for Specimen C10H6.
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Figure A.35 Stress-strain curve for Specimen C10V1.
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Figure A.36 Stress-strain curve for Specimen C11V1.
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Figure A.37 Stress-strain curve for Specimen C11V2.
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Figure A.38 Stress-strain curve for Specimen C11V4.
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Figure A.39 Stress-strain curve for Specimen P4H1.
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Figure A.40 Stress-strain curve for Specimen P4H4.
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Figure A.41 Stress-strain curve for Specimen P4V1.
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Figure A.42 Stress-strain curve for Specimen P4V2.
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Figure A.43 Stress-strain curve for Specimen P4V3.
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Figure A.44 Stress-strain curve for Specimen P4V4.
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Figure A.46 Stress-strain curve for Specimen P6H2.
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Figure A.47 Stress-strain curve for Specimen P6H3.
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Figure A.48 Stress-strain curve for Specimen P6V1.
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Figure A.49 Stress-strain curve for Specimen P6V2.
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Figure A.50 Stress-strain curve for Specimen PSH1.
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Figure A.51 Stress-strain curve for Specimen PSH2.

0.15

2.5

1L.5F

0.5

!//""

P8V

1

0 0.05 0.1

Axial Strain

Figure A.52 Stress-strain curve for Specimen P8V1.

71

0.15



Stress (Mpa)

=

1.5§

0.5

P8V2

0 0.05 0.1
Axial Strain

Figure A.53 Stress-strain curve for Specimen P8V2.
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Figure A.54 Stress-strain curve for Specimen P9H]1.
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Figure A.55 Stress-strain curve for Specimen P9H2.
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Figure A.56 Stress-strain curve for Specimen P9V1.
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Figure A.57 Stress-strain curve for Specimen P9V4.
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Figure A.58 Stress-strain curve for Specimen P11V1.
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Figure A.59 Stress-strain curve for Specimen P11V2.
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Figure A.60 Stress-strain curve for Specimen P11V3.
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