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Abstract

The effects of time, stress, and matric suction on the volume change behaviour of an unsaturated
compacted organic soil were studied by performing suction-controlled oedometer tests. The a,b,c
isotache model which is known for saturated soft soils was adapted for unsaturated conditions. In
addition, the patterns of isotaches for the soil structure and water phase were studied at constant
values of net normal stress and matric suction. Furthermore, the suction-controlled oedometer tests
were simulated using the adapted model and compared with the test results of overall volume and
water volume changes.

Langfristiges Volumenanderungsverhalten eines ungesattigten verdichteten
organischen Bodens unter oedometrischen Bedingungen

Kurzzusammenfassung

Die Einflisse von Zeit, Spannung und Matrix-Saugspannung auf das Volumenanderungsverhalten
eines ungesattigten verdichteten organischen Bodens wurden anhand von Kompressionsversuchen
in Saugspannungs-kontrollierten Oedometerzellen untersucht. Das fur geséttigte weiche Bdden
bekannte a,b,c Isotachen-Modell wurde fir ungesattigte Bedingungen adaptiert. AuRerdem wurden
die Formen der Isotachen fur die Bodenstruktur und die Wasserphase bei konstanten Werten fur die
Netto-Normalspannung und die Matrix-Saugspannung untersucht. Dariiber hinaus wurden die in den
Saugspannungs-kontrollierten Oedometerzellen durchgefihrten Kompressionsversuche mit dem
adaptierten Modell simuliert und mit den Versuchsergebnissen fir die Gesamtvolumen- und
Wasservolumenénderung verglichen.
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1.1 Overview

In this research, three conventional oedometer tests were performed on saturated soil samples at
various Load Increment Ratios (LIR), and three suction-controlled oedometer tests were conducted
on unsaturated soil samples. All six samples were prepared from a Sandy Organic Silt (OH) by using
static compaction at the wet side of the Proctor optimum. At the beginning of each test, the water
content and dry density of all samples were very similar.

Utilising the results of conventional oedometer tests, the sensitivity of isotache pattern to the LIR was
examined. Based on all six tests, the effects of time, stress, and matric suction on the volume change
behaviour of the compacted organic soil were studied under oedometric conditions.

The test results show that long-term volume change occurs both in the soil structure and in the water
phase of an unsaturated compacted organic soil due to increasing the matric suction (s) or the net
normal stress (p). The findings demonstrate that the secondary compression index (Cy) of a
compacted organic soil in unsaturated conditions is not unique and is a function of time and net
normal stress, similar to its saturated condition. Furthermore, C, for this soil is a function of matric
suction as well. Therefore, applying the classical method to study volume changes of unsaturated
compacted organic soils using Ca (on a plot of void ratio versus logarithmic scale of time) leads to
inaccurate results. This problem is solved by applying the isotache approach.

This research highlights that the volume change of an unsaturated compacted organic soil can also
be predicted by the isotache approach used for saturated soils. The test results of overall volume
and water volume changes indicate that at constant values of net normal stress (p) and matric suction
(s), the patterns of isotaches exist for the investigated unsaturated compacted organic soil.

The a,b,c isotache model which is known for saturated soft soils was adapted for unsaturated
conditions. In addition, the effects of matric suction on the volume change behaviour are discussed
and the equations for selected parameters of the adapted a,b,c isotache model are suggested as a
function of matric suction for the unsaturated compacted organic soil.

The suction-controlled oedometer tests were simulated using the adapted model and compared with
the test results of overall volume and water volume changes. The comparison between the adapted
a,b,c isotache model and the test results shows that the adapted model can simulate and predict the
overall volume and water volume changes of this soil with high accuracy.

1.2 General Information

Civil engineering projects are also increasing in areas that are covered by organic soils. Despite
spreading of these kinds of soils in large parts of the world and in large quantities, only few practical
and theoretical studies have been done dealing with the volume change behaviour of compacted
organic soils. The organic matter of these kinds of soils is mainly from plant origin.
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Figure 1.1. Excavation of organic soil in a road construction project
located approximately 35 km northeast of Munich, Germany.

Limsiri (2008) explains that the geotechnical properties of organic soils usually are not sufficient to
bear the loads of heavy structures. These kinds of soils are problematic for construction and are
typically removed from construction sites. Excavated organic soils are usually dumped if they cannot
be used as topsoil in the course of building activities. For large amounts of these soils, transporting
them is a difficult and expensive method to solve the problem. With the objective of protecting
resources in the future, these soils can be reused as building materials as much as possible instead
of being dumped. This alternative could be attractive, especially in areas where the price of coarse-
grained soils as replacement material is high. Embankments, dikes, fills, and noise barriers along
transportation lines are some examples of using organic soils for earth constructions.

Many construction projects have been carried out on organic soils and peats. For example, Samson
(1985) reports that i &auwmoutea@ohnecting Mdntrealfto Qbeber Citgyd(p. t h e
308)] was constructed over a large peat deposit. On the right-of-way of the autoroute, the original
thickness of the peat varied from 3.0 to 5.8 mo

Another example is Savidis, Rackwitz, and SchiufR3ler (2008) who report on the construction of a
federal road project south of Berlin which crosses fthrough a region of very soft peat soil with
underlying organic silt, sand and boulder <cl ay o

One of the considerable difficulties of constructing on (or with) organic soils is its high compressibility.
Significant deformations due to secondary compression (i.e., creep) may continue for a long duration

after construction. For example concerning geotechnical design of dikes on organic soils (e.g., for

flood control), the maximum settlementshoul d guar antee that the dikebo
above the design water level.

Sometimes there is an obligation to protect the archaeological heritage (Papadaki, 2013) or natural
resources such as turf and peat by keeping the soil of these areas in its original location. For example
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regarding the archaeological heritage, Papadaki (2013) explainsthatii n t hi s ef f or t , it
understand what is happening underneath constructions (buildings, infrastructure, etc.) in order to
assess the risk of destroying the remainso (p. 1)
research.

Considering all explanations mentioned above, the ability to predict volume change characteristics
as well as gaining a thorough understanding of the time and rate dependent behaviour of unsaturated
compacted organic soils is imperative and has significant applications in geotechnical engineering.
However, very little research based on experimental tests has been done so far in this area.

Usually soils used as construction materials are not saturated. Fredlund and Rahardjo (1986) explain

that #Aln practice, many geotechnical ©probl edfils invol
dams, highways, and . . . [many other construction projectslus e unsaturated compact
154). Ho, Fredlund, and Rahardjo (1992) pointoutt hat AVol ume changes of the
loads or environmental changes (i.e., rainfall and evaporation) are of interest to practisingen gi neer s 0

(p. 195).

1.3 Aim of Research

The classical method for calculating the secondary compression is through plotting void ratio versus
the logarithmic scale of time T expecting a linear trend with the secondary compression index (Cuy) as
its gradient. However, the oedometer results of a compacted organic soil show that Cy is not unique
and depends on time and stress.

The aim of this research was to study the long-term volume change behaviour of an unsaturated
compacted organic soil. Den Haan (1994) described the a,b,c isotache model to overcome the large
deformation problems of fully saturated soils such as peats, organic soils, and non-brittle soft clays.
The model for saturated soils has a very consistent structure and is based on straightforward
mathematical concepts. However, embankments and the foundations of most construction projects
usually lie on unsaturated soil layers in which the a,b,c isotache model has not been applied prior to
this research.

In order to achieve the objectives of this research, the following steps were taken:

1 Three conventional oedometer tests were performed on saturated soil samples at various load
increment ratios. The first aim of performing these tests was to compare the soil behaviour in
saturated (matric suction = 0) and unsaturated conditions when the matric suction was kept
constant and the net normal stress was increased. The second reason was to study the
dependency of volume change behaviour on time and stress in the compacted organic soils, and
the third purpose was to examine the sensitivity of isotache pattern to the Load Increment Ratio
(LIR);

1 Three suction-controlled oedometer tests were conducted on unsaturated soil samples and the
effects of time, stress, and matric suction on the volume change behaviour were investigated,;
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The a,b,c isotache model was adapted for unsaturated conditions based on the theory of overall
volume and water volume changes of unsaturated soils (Fredlund & Morgenstern, 1976), and
the isotache patterns were studied;

The procedure to determine the adapted model parameters from suction-controlled oedometer
tests on unsaturated soil samples was introduced,;

The equations for selected parameters of the adapted model were suggested as a function of
matric suction (s) for an unsaturated compacted organic soil; and

The suction-controlled oedometer tests were simulated using the adapted a,b,c isotache model
and compared with the test results of overall volume and water volume changes.
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2.1 Literature Review on the Compressibility Behaviour of Saturated Soils

2.1.1 Introduction

In the literature of soil mechanics, creep is defined as the increasing of strain under a constant
effective stress. When a one-dimensional constant stress is applied to a saturated soil sample, strain
is theoretically ongoing but the rate of strain decreases with time. As shown in Figure 2.1, in this
process, excess pore-water pressure approaches zero at the time corresponding to the end of
primary (EOP) consolidation. In the classical method of calculating the secondary compression, this
time is a boundary between the end of the primary consolidation and the beginning of the secondary
compression (Casagrande, 1938 as cited in Holtz & Kovacs, 1981, p. 398, fig. 9.7). Raymond and
Wabhls (1976) and Mesri and Godlewski (1977) define the secondary compression index (Cy) as:

6 YY1 10Qas cited in Holtz & Kovacs, 1981, pp. 405-406).

A key assumption in the classical textbooks is that during the secondary compression phase, the plot
of void ratio against the logarithmic scale of time is practically linear, and the overall graph is S-
shaped. However, the oedometer results of a compacted organic soil do not show such properties
and this will be discussed in Sections 3.4 and 3.4.1.

Time (log scale)

End Of Primary (EOP) consolidation

: N, Qu,>0<€ > Au, =0

Total vertical stress is constant

o :
‘é’ £ S-shape curve
O F .
> E R o Sec
€1 — € >Ndary ¢,
Co=r—— C mp"Essio
logt, —logt, a "(Creep)

i |

Figure 2.1. Classical method for calculating the secondary compression.

In practice, it is usually thought that the amount of primary consolidation is much higher than
secondary compression and for this reason secondary compression attracts minor attention, whereas
it will be presented in following chapters that the secondary compression is sometimes even more
significant than the primary consolidation for a compacted organic soil. Settlement of organic soils is
dominated by creep. In these kinds of soils, usually primary consolidation will finish quickly whereas
secondary compression continues for a long duration after load application.



Chapter 2: Literature Review 23

2.1.2 Strain

In this section, three kinds of strain for one-dimensional deformation will be explained, considering
that in all calculations the strain is defined positive for compression of a soil sample.

2.1.2.1 Linear Strain

Linear strain (- ) is defined as the change in height of the soil sample with respect to the initial
height of the soil sample,

yQ

o (2.1)

where
yQ Change in the height of the soil sample

"Q: Initial height of the soil sample

The minus sign in equation 2.1 is due to the convention in soil mechanics to take loss of height as
being positive.

2.1.2.2 Momentary Strain

Momentary strain (- ) is defined as the change in the height of the soil sample with respect to the
current height of the soil sample (Barends, 1992),

YyQ -
i 0 YO (2.2)

where ('Q  YQis the current height of the soil sample (i.e., "Q.

In the following chapters, this definition in an adapted form is used to analyse the water volume
change of unsaturated soils.

Momentary strain can also be expressed in terms of the linear strain (- ) as follows:

2.1.2.3 Natural Strain
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Den Haan and Kruse (2007) explain that the a,b,c isotache model works with the natural strain (- )
ifto cope with the coinsctarvaiitny coufr vteh ewhsitcrhe sisn viaroigab |l vy
(p. 2114).

o 0 R e gy 23
o o o P (2.3)
where "Qis the current height of the soil sample.
AsDenHaanandEdil( 1994) expl ai n, ANatural strain is incre
is a differential measure. Natural strain is sometimes named after Hencky, who was the first to employ
it 't seems however to have firaydtameéden (ipnt S®dduced

Barends (1992) reports that the natural strain (- ) is the best strain parameter. Figure 2.2 shows that
when strains are less than 10%, the difference between the three types of strains is not significant.
Therefore, only for highly compressible soils, is using the natural strain important.

Linear, Natural & Momentary strain
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0
- - - - Momentary strain
01 | & 0 e, Natural strain
3
& N L Linear strain
© ‘e N
5 02 %
. ~
() Se
& o.. ~ ~
g .'. ~ -~
LY ~

c 03 Tl o
: a.. ~ls -

0.4 R

o5 b

Figure 2.2. Three methods of strain measurement. Adapted and redrawn from Barends,
1992, p. 21, fig. 6.

Den Haan and Kruse (2007) presented in Figure 2.3, the results of a 24 hours compression of a peat
sample. As is experimentally clear in this figure, the natural strain shows a good linear relationship
between strain and stress.
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Figure 2.3. Comparison between the virgin 24 hours linear and natural
strains of an oedometer test on a peat sample from Polder Zegveld.
Adapted and redrawn from Den Haan & Kruse, 2007, p. 2114, fig. 17a.

In conventional analyses of settlement, researchers often use void ratio. Below, the relationships
between void ratio and linear and natural strains are expressed for oedometric conditions.

2% 1

R o T T o T o T 4o
2R am Tm a
YQ YQOQ YQoQ YO Q Q
M Q0 QJIQ p Q p Q

As already defined:

yQ '

- o) Equation 2.1
(010 NN 0] L. Yoo ,

- 0 I ) [ —q I Ip - Equation 2.3

Therefore:



26 Chapter 2: Literature Review

Q Q
- 0 Q (2.4)
..p Q
; | |_p 5 (2.5)
and vice versa:
Q p Q R@b- P (2.6)

The equations can be expressed also according to porosity (i.e., the volume of voids divided by the
total volume):

¢
Q
p £
R
- . (2.7)
R £
i | N; } (2.8)
where

'‘Q Current void ratio, ‘Q: Initial void ratio, YQ Change in void ratio, £: Current porosity, £ : Initial
porosity, @ : Current volume of voids, "Q: Current height of voids, "Q : Initial height of voids, w:

Volume of solids, and "Q: Height of solids.

213 ThefiCWCcConcept O

Mesri and Godlewski (1977) writet hat #fAf or any one soil therte is a u
I W 1 10Gie., secondary compressionindex]andé 1 M | T,CJ[i.e., compression index]
that holds true at all combinations of time, effective stress [i.e.,,] , and voi d-4i9% Theyod ( pp.

report that HAFor a var i efCyCcaréin thearangeroh(0.025500 ill0s. 0t hleh ewa
continue that ~ADependi ng -logarithmhofeeffestikeasress carfe, Cuhay v oi d
increase,decrease, or remain constant with timeo (p. 428).

Mesri and Castro (1987) explain that i T hCe/Cc concept . . ., is a powerful tool for the analysis of
secondary settlements and interpretation of data from load-controlled and deformation-controlled
consolidaton t estso (p. 244).

Me s r i and Ajl ouni (2007) r eCgQxrappeats hoa deperfd Toh eghe magni t
compressibility and deformability of the soil part
value of 0.075 for Cy/Cc obtained from oedometer tests on a saturated organic silt (p.6).
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Rackwitz, Schil3ler, Savidis, and Ney (2011) performed some oedometer tests on Gyttja soil (a type
of organic soil and peat with high organic matter and water content), taken from the State of
Brandenburg, Germany. Their test results indicate that the values of both the compression index (Cc)
and the secondary compression index (Cy) increase with increasing amounts of organic content.
They also report the mean values for Cy/Cc as 0.056 and 0.069 for the first loading and re-loading
path, respectively (p. 101).

2.1.4 Hypotheses A and B

Degago, Grimstad, Jostad, Nordal, and Olsson (2011) explain that the time of End Of Primary (EOP)
consolidation for a thin laboratory oedometer sample, which takes some minutes up to hours, is less
than the time of EOP for a thick layer in the field, which takes some days up to several years. Ladd
et al. (1977) introduced the hypotheses A and B (Figure 2.4) for describing the creep role in the
primary consolidation phase (as cited in Degago et al., 2011). According to hypothesis A, strains at
EOP are independent of the consolidation phase, whereas in the hypothesis B, strains at EOP
increase with increasing the thickness of the soil sample. In other words, hypothesis A assumes that
the relationship between the strain and the effective stress at EOP is independent of the thickness of
a soil layer (Figures 2.4 & 2.5). This means that the corresponding strain of EOP in the hypothesis A
in the laboratory and in situ is the same. In the hypothesis A, it is assumed that the strain at EOP is
independent of the primary consolidation phase. On the other hand, in the hypothesis B, the strain of
EOP increases as the thickness of the layer increases (Figures 2.4 & 2.6). Degago et al. (2011)
continue that the isotache models can be classified as the hypothesis B (Figure 2.6).

It should be mentioned that both hypotheses are advocated by well-known researchers (see Degago

et al., 2011, p. 898). Nash and Brown (2014) explaint hat t he fArecent reexamir
laboratory evidence by Degago (2011) and Degago et al. (2011) st r ongly suppoft hy
2). Degago (2015) concluded thatit her e exi st definitive data to d:¢
verywel |  with the measured behaviour of cohesive sc

The a,b,c isotache model which has been chosen as the basis of this study, follows the hypothesis
B.
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Figure 2.4. Description of the hypotheses A and B (after Ladd et al., 1977) for
two samples with different thicknesses but with the same Y, BiZDz Adapted and

redrawn from Degago, Grimstad, Jostad, Nordal, & Olsson, 2011, p. 898, fig. 1.
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Figure 2.5. Description of the hypothesis A (after Ladd et al., 1977) for two samples with
different thicknesses but with the same S",, WzDz Adapted and redrawn from Degago, 2015.
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Figure 2.6. Description of the hypothesis B (after Ladd et al., 1977) for two samples with
different thicknesses but with the same }”/" W7Dz Adapted and redrawn from Degago, 2015.

2.1.5 The Isotache Approach

Bui sman (1936, as cited i n robably thefiestto ptopodecaceep,law 1 9 9 9
for clay after observing that soft-soil settlements could not be fully explained by classical consolidation
theoryo(Ver meer & Neher, 1999, p. 250).

Guklje (1957) was the first whlowsi ntroduced the i

AThe position and sl ope of the consolidat:i
agree with the relationships between the speed [i.e., rate] of consolidation,

the intergranular pressure [i.e., effective stress] and the porosity. These

relationships are presented by a set of isotaches, derived from the

consolidation curves of an oedometer test, carried out for various load

i ncr ementlide 1957,p. 20®). ( Gu

Bjerrum (1967) presents a fisystem of curveso whi
isotache concept (p. 98). He reports that:

AThe compressibility characteristics of
consolidation cannot be described by a single curve in an e-log p diagram
but require a system of lines or curves . . . . Each of these lines represents

the equilibrium void ratio for different values of effective overburden

pressure at a specific time of sustained loading. Consolidation tests have

shown that the system of |ines is approxi mal
p. 94).
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Hobbs (1986) studied the compressibility behaviour of some peats with a system of isochrones similar

to the isotache approach. He arguest hat AA uni form vertical spacing

constant value of Cs [i.€., coefficient of secondary compression] with time, and parallel ones indicate
thatCsecd 0es not vary with pressureo (p. 58).

Den Haan (1994) described the a,b,c isotache model for calculating the time-dependent strains to
overcome the large deformation problems of fully saturated soils such as peats, organic soils, and

non-brittle soft clays. He explains that t hefromer m

Guk | j e B us@dgtiea,b,cisotache model, the soil response can be modelled very well with a
few parameters which can be simply determined from the conventional oedometer test (Den Haan,
1996). Krieg (2000) studied the viscous behaviour of some soils by using the isotache approach.

Degago et al. (2011) indicatedt hat At he i sotache approach can

the time-dependent compressibility of clays during both the primary and secondary consolidation
phaseso (p. 897).

In the following sections, the a,b,c isotache model for saturated soils (Den Haan, 1994, 1996, 2008)
is thoroughly described.

2.1.6 The a,b,c Isotache Model for Saturated Soils
2.1.6.1 Why the a,b,c Isotache Model?

In a personal communication with E. J. Den Haan on December 22, 2009, the question arose about
the advantages of using the a,b,c isotache model compared to the classical theory of consolidation
in soil mechani cs. Den Haanobdlowainswer to this

AThe <c¢cl assical consolidation theory breaks

Whereas the unique a,b,c relationship between effective stress, strain and creep strain rate holds
independent of thickness, drainage conditions, duration and magnitude of loading. The natural strain
formulation correctly describes compression up to large values. [The] a,b,c [isotache model] allows
rigorous mathematical solution of the combined hydrodynamical and elasto-viscoplastic constitutive
phenomena. The a,b,c parameters are easily determined and have reasonable correlations with the
classical parameters. The drawback at present is that unloading is not properly accounted for. The

behaviour during unloading and reloading appears to be difficult to castinterms of i sot aches.

In addition to his answer, it is worth mentioning that the classical method for calculating the secondary
compression is through plotting void ratio versus the logarithmic scale of time. As it will be illustrated
in Sections 3.6.1 and 3.7.1, the problem with this method is that the secondary compression index is
not unique and is a function of time and vertical stress. In addition, the beginning time of creep in a
non-S-shape plot cannot be defined (for more information, see Sections 3.4 and 3.4.1).

Den Haan and Van den Berg (2001) explain that during the settlement of low permeable soils with
high creep potential, if the rate of creep is too high, the pore-water pressure might increase instead
of decrease. In this situation, creep development produces a new consolidation phase and therefore
the secondary compression index cannot be predicted with the classical method. This is another

capt

quest |

down

v

(
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advantage of using the a,b,c isotache model; such a phenomenon does not have any effect on the
predicted results. In other words, the model can perfectly capture the effect of increasing the pore-
water pressure on the creep evolution.

2.1.6.2 General Description of the a,b,c Isotache Model

As Taciroglu (1998) defines, i A consti tuti ve mo ddationship whicthrelatemthe h e m

stresses (loads) to the strains (displacements) in a medium. . . . The parameters (material constants)
of a constitutive model should be measurable - directly or indirectly - via laboratory testso(p. 1).

Figure 2.7 presents a sample calculation for determining the parameters a, b and ¢ from the isotaches
of a conventional oedometer test on a saturated compacted organic soil in the current study. Den
Haan (1994) proposed that creep could be modelled in a semi-logarithmic stress-natural strain
diagram by some parallel isotache lines, where each one represents a certain value of the creep rate.
Each isotache can be drawn by joining natural strains under the various vertical stresses for an equal
natural strain rate. Moving from upper to lower isotaches, the creep rate will decrease. The slope of
isotaches in virgin creep tails is given by parameter b when the vertical axis is based on the total
natural strain coordinate or by b-a if the vertical axis is based on the visco-plastic natural strain
coordinate (see Figure 2.16).

As is presented in Figure 2.7, the vertical distance between the isotaches is ® @ The parameter c
also could be measured via the slope of each curve on a plot of the visco-plastic part of the natural
strain (- ) versus natural logarithm of the intrinsic time (I 1) (see Figure 2.10b). The parameter c is
identical in all loading steps and independent of the size and duration of the load increments. If
parameter c is set to zero, creep will be totally deducted from the calculation of the model. Parameter
win Figure 2.7 is dependent on the interval of isotaches, which is illustrated in Figures 2.8 and 2.9.
Some aspects of these figures such as intrinsic time will be explained later.

DenHaan(1996 ) expl ains that AThe parameters a, b
Cs, Ccand Cuyr espect i ve heedCs: (Swelling 2njlex, Cyv Compression index, and Cg:
Secondary compression index. Den Ha asare (@ €esBive
to the size of the |l oad incrementso (p. 37).

Based on Figure 2.10b, on an isobar where vertical effective stress is constant, deformation increases
with increasing intrinsic time. This can be expressed with the following equation:

[ &)dfr— (2.9)

(9] ~

Voo - B

Therefore the visco-plastic part of the natural strain (i.e., creep) can be obtained via equation 2.9,
which has been proposed by Den Haan (1994, 1996, 2008).

and

al
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Vertical stress [kPa]
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Figure 2.7. A sample calculation for determining the parameters a, b and c from the
isotaches of the conventional oedometer test S2 (saturated compacted organic soil).

Den Haan (2008) described the a,b,c isotache model with the Maxwell element in Figure 2.11. The
elastic part of the natural strain, which is produced by increasing the vertical effective stress during
primary consolidation, is represented by a spring, and the visco-plastic part of the natural strain (i.e.,
creep) which is developed over time, is represented by a dashpot. According to this figure, total
natural strain is equal to the elastic part plus the visco-plastic part of the natural strain (equation 2.10).
In addition, total natural strain rate is equal to the elastic part plus the visco-plastic part of the natural
strain rate (equation 2.11).

- (2.10)
- (2.11)
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Figure 2.8. Vertical distance between the isotaches in an intrinsic
form. Adapted and redrawn from Den Haan, 2008, p. 34, fig. 2a.
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Figure 2.9. Vertical distance between the isotaches in an exponential form.
Adapted and redrawn from Den Haan & Kamao, 2003, p. 204, fig. 1b.
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Figure 2.11. The isotache model represented as a Maxwell
element. Adapted and redrawn from Den Haan, 2008, p. 34, fig. 1.

where
- : Elastic part of the natural strain
-  Elastic part of the natural strain rate

: Total natural strain

: Visco-plastic part of the natural strain

: Visco-plastic part of the natural strain rate

: Total natural strain rate

Note:

In this research, natural strain (- ) without additional descriptions means total natural strain which is
equal to the elastic part plus the visco-plastic part of the natural strain. Similarly, natural strain rate
(- ) without additional descriptions means total natural strain rate which is equal to the elastic part
plus the visco-plastic part of the natural strain rate.

Den Haan and Kamao (2003) argue that the parameters a, b and ¢ could be determined from
incremental loading compression tests. Since it is not possible to separate elastic and visco-plastic
strain of test results, they suggest that the isotaches be drawn using total strain and total strain rate.
After dissipation of excess pore-water pressure, the total natural strain rate will be equal to visco-
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plastic part of the natural strain rate and isotaches will afterwards have identical vertical distances.
This concept can be expressed as follows:

According to equation 2.11 (- -:S l?,) after end of consolidation,

. qo. . (2.12)

This concept is applicable for drawing the 1-day reference isotache, which will be discussed later in
Section 2.1.6.9 to determine the model parameters.

2.1.6.3 Elastic Part of the Natural Strain

Den Haan (1996) explains that the elastic part of the natural strain develops along with the visco-
plastic part of the natural strain, therefore, it is not possible to measure each one separately [in the
laboratory or in the field].

Based on Figure 2.22,

® - Tt

p 11Dzl ]Dz

Therefore the elastic part of the natural strain (- ) can be given by the following equation (Den Haan,
2008),

nad 1 »Dz 2.13
- ) "Bz (2.13)

Based on this equation, the elastic part of the natural strain increases linearly with 1 1,DE Dz.

In mathematics, we know that,

Al 1
p A

A
Ao i A0
where i is an arbitrary parameter for change of variables, which can be defined here as:

, Dz

. DZ
SO,
R . P p KDz
T ©.0z2° DT

Therefore the elastic part of the natural strain rate (- ) can be given by the following equation (Den
Haan, 2008),
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13} ® hHDz
— =D 2.14
o ,DzFo ( )
where

@1 Isotache parameter, ,, DDesired vertical effective stress, ,, Dz Initial vertical effective stress, and o
Time.

Equation 2.14 shows that the elastic part of the natural strain rate has a relationship with the rate of
vertical effective stress (Th, DET0). After finishing the primary consolidation phase, the rate of vertical
effective stress is zero and consequently: & ¥ TF0 T8Therefore, according to - - - Lat

the end of primary consolidation: - -

Parameter faois always smaller than parameter b. Visschedijk and Trompille (2009) comment that
firhe parameter a is preferably determined from unloading curves, where creep rates are lowd ( p .
312).

2.1.6.4 Visco-plastic Part of the Natural Strain

In a,b,c isotache model, the visco-plastic part of the natural strain (i.e., creep) develops
simultaneously with the elastic compression. In this model, the visco-plastic part of the natural strain
is defined based on creep rate and intrinsic time; the latter will be discussed thoroughly in the
following sections.

2.1.6.4.1 Intrinsic Time

One of the basic principles of the a,b,c isotache model is to use intrinsic time (1), an alternative to
the creep rate, instead of normal time. Den Haan (1994) suggests:

@

T (2.15)

where
@ Isotache parameter

- Visco-plastic part of the natural strain rate

According to this equation and Figure 2.12, immediately after applying a large stress to a soail, the
rates of both elastic and creep strain are high, and therefore, intrinsic time is very small; thus,

larger stress A higher creep rate A smaller intrinsic time A isotache lies higher
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Figure 2.12. Structure of the a,b,c isotache model in a total natural strain coordinate
system for saturated soils. Adapted and redrawn from Den Haan, 2008, p. 34, fig. 2a.

Parameter ] in Figure 2.12 called pre-consolidation stress at zero total strain. Subscript "Qin n
standsf or figr ens s pane,pra-gposolidation &iress)c h (i

Based on the theory of the model (Den Haan & Edil, 1994), creep strains are linear when plotted

versus logarithm of the intrinsic times (I 1) at constant vertical effective stress (see Figure 2.10b).

Den Haan and Sellmeijer (2000) argue that creep in the a,b,c isotache modelfii s det er mi ned f
vertical effective stress and intrinsic time, not time. The problem with time is that its origin is not well-
define¢.10. . .0

Time (t) that could be called normal time or clock time has a fixed origin and its value depends on the
position of this origin, which is for example start of a loading step or beginning of a constructing

process. Den Haan and Van den Berg (2001) explainthatii nt ri nsi ¢ time i s insens:t
the origin of time, and remains rel ghatéd ntoiaoseepti
the geological time necessary to attain the present degree of compression under the present vertical

effective stress, i f that stress was(pdpFmgurese.d3 at t h

and 2.14 are presented here as a physical explanation of their somewhat complicated definition.

Assume that in Figure 2.13, T belongs to an isotache that if extended backward, intersects the vertical
axis at Q Hb. The intersection is the moment of soil formation, which means the void ratio was
infinite before the settlement starts. Suppose that at this time, perhaps thousands of years ago,
vertical effective stress was zero (, Dz 1) and the soil particles were suspended in water or air. Now

consider the isotache with zero intrinsic time at the coordinates of (I |, IQozFiQ Hb). For this isotache,
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creep rate could be calculated as: - ot ¥ Hb This shows the highest rate of creep, which
occurs in the beginning of the geological settlement. Therefore T is the geological time necessary to
attain the present degree of compression (Q) at point A, under the present vertical effective stress
(, D32, if ,, Dzwould have been applied at the moment of formation of the soil. T starts from ¥ 1Tand
continues up to T.

Oy, = 0 Oy,
e =oor ===

% . e

\ ET.EIa sed geological time [days]
N :
N

eo | Y ll’lé’v .
A
7 = 0 [day] - éH:(E):oo
T

T

Figure 2.13. Physical concept of t. Adapted and redrawn from Den
Haan, 1996, p. 3, fig. la.

A similar argument could be given for T . If in Figure 2.14, t extends backward, it will reach a point
where Q Ho Again, this position is the moment of soil formation, meaning the void ratio was infinite
before the settlement starts. Similar to before, suppose that at this time vertical effective stress was
zero (,Dz ) and the soil particles were suspended in water or air. Considering the isotache with
zero intrinsic time at the coordinates of (I |,D4XQ Hb), again creep rate could be calculated as:
- Xt ¥ Hb This means that in the beginning of the geological settlement, the highest
rate of creep occurs. Therefore T is the geological time necessary to attain the present degree of
compression (Q) under the present vertical effective stress (,, Dz, if that stress would have been

applied at the moment of formation of the soil. T starts from ¥  1mand continuesup to t .

Den Haan (1996) reports that @i n d&issfteranapmoaimadely2 4 h
1 day at the end of an incremento (p. 4). The na
and Edil (1994) explain, is about 1077 (1/s) or slightly higher.



40 Chapter 2: Literature Review

Figure 2.14. Physical concept of T . Adapted and redrawn from Den
Haan, 1996, p. 3, fig. 1la.

2.1.6.4.2 Isotache of Reference Intrinsic Time

As Den Haan (2008) explains, on a plot of the total natural strain (- ) versus the logarithmic scale of
vertical effective stress (,, Dz the abscissa (i.e., x-coordinate) of the intersection of the reference
isotache (slope b) with a horizontal line originating from the initial condition (,Dz , Dz - )
represents the pre-consolidation stress at zero total strain (] ). This independent value belongs to
the total natural strain coordinate and determines from laboratory tests. On the contrary, j , the
pre-consolidation stress at zero visco-plastic strain, is dependent on 1) , parameters a, b and the
initial vertical effective stress (, D2 (see equation 2.17 and Figure 2.16). In this study, all calculations
for modelling of the creep were executed using the value of I} . The related equations will be

presented in the following sections.

Laboratories traditionally perform standard incremental oedometer test via 1-day steps. This is the
first reason for choosing the reference intrinsic time equal to 1-day. The second reason is to simplify
the model equations. Nevertheless, selecting a 1-day-value as the reference intrinsic time is not
obligatory. Other time values are acceptable if their effect is considered correctly in the model
equations. It is worth mentioning that the reference isotache should be always drawn parallel to the
lowest isotache at the highest stress range.

2.1.6.4.3 Isotache of Initial Intrinsic Time
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Calculation of settlement needs an initial condition. At the initial condition, strain is zero, vertical
effective stress is ,, Dzand the intrinsic time is defined as initial intrinsic time (1 ). Den Haan obtained

an equation to calculate initial intrinsic time as follows (E. J. Den Haan, personal communication, July
14, 2014).

O-UO pg ln Ol-v‘

Ty T, = lday

v

Figure 2.15. Relationship between the reference intrinsic time (1 ) and the initial
intrinsic time (T ) (E. J. Den Haan, personal communication, July 14, 2014).

As is shown in Figure 2.15, the vertical distance between the isotaches of reference intrinsic time (1)
and initial intrinsic time (1 ) could be calculated through two different methods;

Via equation 2.9 by using parameter c,
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Therefore, as it has been presented by Den Haan (2008),

no (2.16)
tf 1t90 D>

where 1) is the pre-consolidation stress at zero total strain.

Based on the argument of Den Haan (2008) about the concept of initial intrinsic time, it can be

concluded that creep in virgin condition under its self-we i g h't during the dlife t
represented by the ordinate (i.e., y-coordinate) of the z;4 s o t .dtashwerthwhile noting that the
development of creep on Zz4 s ot @& @dt due to external loads but the result of the increasing

weight of soil as depth of layer increases. As Den Haan (2008) explains, the creep due to the weight

of soil layer is called autonomous settlement. He r eports, fithe autonomous S
of the Netherl ands i s i 1), athowh tbigintlades treflossbf peatrsblide ar 0 (
material by oxidation.

2.1.6.5 Shifting from Total to Visco-Plastic Natural Strain

The results of laboratory tests are always according to the total strains and it is not possible to
separate it into elastic and visco-plastic strains. However, the equations of the a,b,c isotache model
works based on the separating elastic and visco-plastic part of the natural strains. Shifting from total
to visco-plastic natural strains will be discussed in this section.

Den Haan (2008) described the effect of shifting from total to visco-plastic natural strain in Figure
2.16 by using the following equations. As is shown in this figure, the pre-consolidation stress at zero
total strain is called I} and the pre-consolidation stress at zero visco-plastic strain is called

Consider the point M, which is the intersection of a line with slope faofrom the initial condition (,, Dz
»DZ - 1) and the 1-day reference isotache with slope b. The ordinate of M can be obtained
through two different methods;

by using slope fag
N
»DZ

and also via slope b,

® &3

~

’ 5 o~ rl
w 0wd | —
n

Since these two are equal, so
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a T—n 3 T—n
4 1pz YT

n g

HDZ r]

n n 9,Dz
; n o.0z (2.17)

O-v() p.q pg vp ln O-v

Figure 2.16. Rotation of the isotaches and increase of pre-consolidation stress by
subtraction of elastic natural strains from total natural strains. Adapted and
redrawn from Den Haan, 2008, p. 38, fig. 6.

Over-consolidation ratio in a total and visco-plastic natural strain coordinate for the isotache of initial
intrinsic time (i.e., Zz4 s o t aradntsiu) can be defined, respectively as follows:
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00Y — and 06Y — (2.18)
Therefore, it can be concluded that (Den Haan, 2008),

66'Y 06y (2.19)

With help of the equation 2.16, it could be obtained that

t to0—= t 6y

Therefore (Den Haan, 2008),

_ n
T T2HOY T 00— (2.20)
nDZ

Figure 2.16 also presents a graphical method for finding the pre-consolidation stress at zero visco-
plastic strain as follows:

1 Construct the isotaches on a plot of the total natural strain (- ) versus the logarithmic scale of
vertical effective stress (,, Dz

9 Draw a line from initial condition (,Dz ,Dz- M) under slope fag

1 The intersection of this line and the 1-day reference isotache (slope b) at point M represents the
pre-consolidation stress at zero visco-plastic strain on the horizontal axis (j ). This value

belongs to the visco-plastic natural strain coordinate.

As shown above, the pre-consolidation stress at zero strain and the over-consolidation ratio for
Z.4 s ot aredble to transform from the total natural strains coordinate (} and 0 0 "Yto the visco-

plastic natural strains coordinate ( and U 0 'Y ), and vice versa.

2.1.6.6 Pre-Consolidation Stress

In soil mechanics, pre-consolidation stress is defined as the highest effective stress experienced by
the soil in its stress history. In the a,b,c isotache model, pre-consolidation stress is a state dependent
parameter and should be updated along with increasing the strain.

As is shown in Figure 2.17, assume that after increasing stress, the new value of visco-plastic natural
strain on the 1-day reference isotache is - . The relationship between - , and the pre-
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consolidation stress at zero visco-plastic strain (| ), and the updated pre-consolidation stress in a

visco-plastic natural strain coordinate (1) ) can be expressed as:
n
- w ©JdI -
n
therefore,
N n 8 0——— (2.21)
W W

This equation is essentially similar to the suggestion of Leoni, Karstunen and Vermeer (2008).

As is illustrated in Figure 2.17, - is the visco-plastic natural strain on the 1-day reference

isotache at the end of the past step (or at the beginning of the new step).

pg vp Pg yp(update) In é.v
. ¢\\\

>
»

Evp (new) <\_;\__\ ...... ; '?\ .....

H
£
vp 71 = lday

v

Figure 2.17. Updating pre-consolidation stress along with
increasing strain in a visco-plastic natural strain coordinate.

2.1.6.7 Over-Consolidation Ratio (OCR)

In engineering practice, over-consolidation ratio (OCR) is defined as:



46 Chapter 2: Literature Review

dat i
effect
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Present

OCR

on

stress
ive stre:s

(2.22)

In the a,b,c isotache model, the 1-day reference isotache is defined similarly to the Normal
Consolidation Line (NCL) which presents the virgin settlement of soils. The variations of over-
consolidation ratio in a visco-plastic natural strain coordinate are illustrated in Figure 2.18, which is
conceptually similar to the illustration of Leoni et al. (2008). This figure shows that higher isotaches
have lower over-consolidation ratio and the value of OCR,;, for the 1-day reference line is equal to 1.

Gy, Pg.p In G,
3,
%
IS
\ -,
£up \ A
To
Figure 2.18. Consistency of OCR,, for each isotache.
As Leoni et al (2008) explain, Ain
end of primary consolidaton OCRi s bet ween 0.5 and 160

a

standard
(p. 216) .

Figure 2.19 shows the variations of over-consolidation ratio in a visco-plastic natural strain coordinate
for changes of strain or time at a constant vertical effective stress (,, D3. The values of OCR,, can be
expressed for different isotaches as follows. Different colours are used to make it easy to distinguish

each variable.

o To =11 "HHZ1 §H
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Figure 2.19 and the above equations indicate that the value of OCR,, increases with increasing strain
at a constant vertical effective stress during the creep phase. The parameters
n are the updated pre-consolidation stresses which correspond to the different

Q @ 0

strains of - o , (5esp%ct|vely.
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Figure 2.19. Calculation of the over-consolidation ratio in a visco-plastic natural
strain coordinate for different isotaches at a constant vertical effective stress (,, D3.
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As shown in Figure 2.19, the ) exceeds the , Dzwhen the visco-plastic part of the natural

strain exceeds the - (see equation 2.21 as well). In other words, it is possible that the updated

pre-consolidation stress in a visco-plastic natural strain coordinate (1) ) exceeds the desired

vertical effective stress (, D2 if the duration of the loading step is long enough; consequently the value
of/ # 2 (e, N 7, D2 exceeds 1.

Another situation is presented in Figure 2.20 which shows the variations of over-consolidation ratio
in a visco-plastic natural strain coordinate at a constant visco-plastic natural strain.

Ina, -
7 A A >
s & S
e RS : =]
LN = Ha
= i
HE = i
= i
I W TR A, ' ¢ Increasing
Constant v?s\co-plas {c natural strain T and OCR
A Tn
(9 S
1 T
H ' 71 = lday
Evp b-a Tv
v

Figure 2.20. Calculation of the over-consolidation ratio in a visco-plastic natural
strain coordinate for different isotaches at a constant visco-plastic natural strain.

The values of OCR,, for changes of stress at a constant visco-plastic natural strain could be obtained

for different isotaches as follows. Again, different colours are used to make it easy to distinguish each
variable.
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Corresponding to the constant visco-plastic natural strain, 1) is the updated pre-

consolidation stress in a visco-plastic natural strain coordinate in Figure 2.20 and in the equations
above. It can be concluded that by decreasing the vertical effective stress (from right to left) at a
constant visco-plastic natural strain, the OCR,, increases.

2.1.6.8 Implementation of the a,b,c Isotache Model

Considering ,, Das a loading stage in Figure 2.21, the ordinate of point N can be obtained through
two different methods;

By using parameter ¢ (see equation 2.9),
SR |

- d 71—

Th

as well as by using slope b-a (on the T isotache),

5 o 3 ,\,,DZ
- Ww O0Jd | —
n

Since these two are equal, so

.~ T N D 4
wd | — w 0 |—
th n

T , Dz
th n
O—n B
tg T Dz

In the above equation, I}  should be updated at each step by using equation 2.21 (see Figure 2.17).

Tt Th YO
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S
e i

= | o

where - | is the visco-plastic (i.e., creep) part of the natural strain due to applying ,, Dzfor a duration
of Y0 .

a0 Ina,
H
gvp,/\ ]

2
4
H 4

Evp ‘@,

‘ %

Figure 2.21. Creep calculation in the a,b,c isotache model.

Therefore based on the equations which were presented in previous sections (Den Haan, 1994, 1996,
2008; see also Leoni et al., 2008), the incremental form of the a,b,c isotache model for saturated
soils, can be written as follows. In the equations, subscripts | and Il denote the first and the last creep
isotache in a step, respectively, and the subscript 1 stands for 1-day (see Figures 2.21 and 2.22).
The reference intrinsic time is equal to one day (t pA A) @ all relevant calculations.

Incremental Form of the a,b,c Isotache Model:

n n 2,Dz Equation 2.17

" N80T (2.23)
n

6 O Y Dz (2.24)

totweY T (2.29)
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T T Yo (2.26)
I |

_ el T_ (2.27)
v o~ TV DZ

- wd | Dz (2.28)

- - - (2.29)

- p %80 - (2.30)

where

¢hudw Isotache parameters

- :Visco-plastic part of the natural strain (step i)

B - : Allthe visco-plastic parts of the natural strain accumulated up to the current step i
- : Elastic part of the natural strain (step i)

- : Total natural strain (step i)

- : Total linear strain (step i)

Nl : Pre-consolidation stress at zero total strain

l  : Pre-consolidation stress at zero visco-plastic strain

n : Updated pre-consolidation stress in a visco-plastic natural strain coordinate (step i)

, Dz Initial vertical effective stress

» DZ Desired vertical effective stress (step i)

0 0 'Y : Over-consolidation ratio in a visco-plastic natural strain coordinate for the isotache | (step
)

Y0 Duration of creep (in days) for step i

T : Intrinsic time (in days) for the isotache | (step i)

Tt :Intrinsic time (in days) for the isotache Il (step i)

T : Reference intrinsic time (in days)

For the definition of intrinsic time, see equation 2.15.
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The equations above have been used in Section 5.4 for simulating the test results not only in the
saturated conditions, but also with an adapted form in the unsaturated conditions.

Assuming two steps A and B in an oedometer test on a saturated soil sample and supposing a fast
dissipation of excess pore-water pressure, Figure 2.22 illustrates the incremental form of the a,b,c
isotache model. The elastic part of the natural strain is observed after applying the load in step A
(upper plot), and then the load is maintained constant to determine the creep parameters (lower plot).
In the visco-plastic phase, creep starts from an isotache with the intrinsic time of T and continues
for a duration of YO to reach a new isotache with the intrinsic time of T i - Following, the load of step
B is applied and the new elastic part of the natural strain is observed once again (upper plot). In the
visco-plastic part (lower plot), creep starts from an isotache with the intrinsic time of T ; and continues
for a duration of YO to reach a new isotache with the intrinsic time of t R

Oy, A B Ina,
H
EeA SEB

Elastic part

o

i
i
|
i
i
i
i
i
|
|
v I
I
I
i

+«—Step A —>|4— StepB —

G b Y A B In g,
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10007,
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Figure 2.22. Illustration of the incremental form of the a,b,c isotache model.
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As Figure 2.22 shows, the sum of the natural strains of these two steps is equal to - ; - 5

- k-

2.1.6.9 Determination of Parameters

Atkinson (2007) arguesthati Some par amet ers are materi al par ame
of the [soil] grains and are related to soil classification parameters. Other parameters are state
dependent parameters; they are often related to the state by parameters which are themselves
materi al parameterso (p. 270). Accor di ntheisttachehi s
model (for saturated soils) are the material parameters, since they are constant for all situations of a
saturated soil, whereas ,,Dzr) , 0 0 )Mand T are the state dependent parameters, which depend on

the amount of soil compression.

AThe position of the isotaches is also a materi a
to the creep i sot ac hdEJ. denHaam personal bommunitation, Septemker n o
24, 2015).

Den Haan (1996, 2008) explains that all necessary parameters of the a,b,c isotache model can be
achieved by conventional oedometer tests. He emphasises that the parameters are only reliable if
the tests continue to the virginal stress range. The stress range for determining a reliable virginal
value of parameter b should be chosen larger than the pre-consolidation stress at zero total strain
(N ) as much as possible. Den Haan (2008) also recommends that soft soil s h o uble bbadéd to at

|l east 16 ti mes t h(p 38.¥a patameated e in additior tetsedatier prerequisite, a

reliable value can be determined only from the large stress steps, which continue for a sufficient time

in the creep phase. Den Haan and Sellmeijer (2000) also report that the ¢ value changes a little in

the virgin range of stress and it is preferred to choose an average. They explain that more straight,

parallel, and equidistant isotaches can be found under higher stresses at a lower natural strain rate.
According to Den Haan and Sellmeijer (2000), the reason that the isotaches at lower stresses are

not straight, parallel, and equidistantisii st r ess r ed uct i oand brbakiag the @ontach mp | i
of soil particles during an initial swelling before beginning the test in over-consolidated soils. This
swelling produces a higher strain rate than in unchanged soil for a similar stress range. They report

that this problem can also arise from sampling disturbance.

As seen in Figure 2.7, the isotaches with high natural strain rates (i.e., total natural strain isotaches)
are not perfectly straight norpar al | el . Fr om t h ethisanay bl due to she tane pfe r i e
completing the load application. This operation can be very fast for small loads, which normally
consists of up to three or four separate weights, and will be slower when the amounts of weights
increases and therefore the total load of a new step cannot be applied at once. This aspect is also
mentioned in ASTM D2435/D2435M (2011), as f ol l ows: fALoad applicat:i
time corresponding to 0.01 times tioo or less. As an example, for soils where primary consolidation
iscompleted in 3 min, the applied |l oad should be st al
fast is very difficult when many weights must be applied at once. Therefore, the rate of load
application cannot be kept constant during different steps and in fact, the shape of isotaches suffers
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from this operational insufficiency. The same problem exists for suction-controlled oedometer tests,
where the net normal stresses and suctions must be applied using manual regulators.

Procedure for determining model parameters from conventional oedometer tests on
saturated soil samples:

1. Construct the isotaches on a plot of the total natural strain (- ) versus vertical effective stress (log
scale) as shown in Figure 2.23. The unit of the natural strain rates should be chosen [1/s]. ASTM
D4186 (2006) suggests calculating the rate of strain as follows:

S0 R (2.31)

where subscript (n+1) denotes the next recorded data and subscript (ni 1) denotes the previously
recorded data. Unlike ASTM D4186 (2006) which uses linear strain, here natural strain should be
used for calculations. Before drawing the isotaches, the negative and zero values of strain rate
should be removed from the data column of the spreadsheet.

2. Locate the position of 1-day reference isotache. For this aim, the natural strain rate should be
formatted asp p 1T . An example is presented below to calculate the rate of natural strain for 1
day with proper format.

Assume that the ¢ = 0.006, so

(BO T8I T @ p
- ) cT(pT[cpn(p&)T P 5

ePT pmMm p pmMO & 1T @0t pm X® @

Therefore the rate of natural strain for 1 day in the proper format will be: - p pm?® pii.

On the 1-day reference isotache, generally the primary consolidation is finished and - TT,
therefore according to - - - it can be concluded that - -

Based on the experience of WatabeandL er ouei | (2012), Athe mini mum s
laboratory tests are generally aroundp p 1T i 0(p. 6).

3. Plot the 1-day reference isotache passing from the position that was found in the last step, parallel
to the lowest isotache at the highest stress level. The parameter b is the slope of this line and can
be calculated as:

. (2.32)
w —- .
Yl
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4. The abscissa of the intersection of the 1-day reference isotache (slope b) with a horizontal line

originating from the initial condition (, Dz ,Dz- D) represents the pre-consolidation stress at
zero total strain (] ).

5. Find the minimum slope of an uppermost isotache by visual inspection of the non-virgin part of the
isotaches. The parameter fag which is equal to this minimum slope, can be calculated as:

- 233
T (2:33)

&

Ve 7

Oy, Py Oy (log scale)

v In(10)

Figure 2.23. Determination of parameters (for saturated soils).

6. The parameter c can be calculated as:

&) oA (2.34)
W

\

. (2.35)
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Where: O As an average of the vertical distance between the isotaches in a region where they lie
more straight, parallel, and equidistant, at the highest stress level and lowest strain rate, and wis
a parameter which depends on the interval of isotaches (for more information, see Figures 2.7,
2.8 and 2.9).

2.1.6.10 Values of c/b and a/b for saturated Conditions

Den Haan and Sellmeijer (2000) explain that the ratio a/b is approximately 0.1-0.2. In addition, Den
Haan (1996) reports the ratio c/b in the range of 0.04-0.1. He explains that these values fagree quite
welld with observed values of Cy/Cc by Mesri and Godlewski (1977) who had found a unique
relationship between the secondary compression index (Cy) and the compression index (Cc).

Watabe and Leroueil (2012) report that when the rate of strain decreases, Ci/Cc may also decrease.

In addition, Den Haan (1996) explains about difficulties of using the rule of Cy/Cc due to time and

stress dependency of Cyand Cc. Compared to these parameters, Den Haan suggests using ¢ and b
parameters, which are #fAi n@dapPemd earsetodincte i rne stsh ea rnvd rtgi
(p- 13). He explains that the constancy of c/b is greater than Cy/Cc.

2.1.6.11 Conclusion

As shown in this section, the a,b,c isotache model of Den Haan (1994, 1996, 2008) for saturated
soils has a very consistent structure and is based on straightforward mathematical concepts.
However, embankments and the foundations of most construction projects usually lie on unsaturated
soil layers in which the a,b,c isotache model has not been applied prior to this research.

To study the overall volume and water volume changes of an unsaturated compacted organic soil,
the a,b,c isotache model for saturated soils was adapted for unsaturated conditions in the following
chapters without changing its mathematical concepts.
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2.2 Literature Review on the Volume Change Behaviour of Unsaturated Soils
2.2.1 Introduction

Soils above the groundwater table are usually unsaturated. The pore-water pressures of unsaturated
soilshare negative rel at i v e(Rahardjo&tFredtuadpl®I5rpi 760).condi t i o

It is important to study the effects of matric suction on the characteristics of primary consolidation
and secondary compression. Most research on secondary compression is related to saturated soils;
only a few studies have focused on the dependency of creep on matric suction in unsaturated soils.

Jommi and Romero (2008) explain that environmental actions such as cyclic drying and wetting can
create significant deformations on compacted soils. These hydraulic loads should be considered in
addition to the external |l oads for the fAanal ysi s
embankment s, [ and] waste disposal facilitieso (p

2.2.2 Compaction

Compaction is one of the most suitable methods for improving the geotechnical properties of organic

soils. Compressibility and permeability of soil is reduced through compaction and the bearing
capacity is increased. In civil engineering practice, dry densities of compacted soils normally compare

with the results of the Proctor test on the same soil type in laboratory (ASTM D698-00a & ASTM
D1557-12). It should be mentioned that during the compaction process, only amounts of voids, which

are filled with air, will be decreased and the water content of soil does not change. By changing the
amount of water, this process can be improved and dry density reaches its highest value with a
specific moisture content. Of course, the maximum dry density achieved by compactionis a fist a
dependent parametero and | Sectioredl®O todthe dafinitionaohsyate f a ¢ t
dependent parameters).

Lambe and Whitman (1969) explain that Afor a giyv
tobemoref | occul ated for compaction on the dry side
(p. 517).

Leroueil and Hight (2013) argue that two soil samples with the same dry density but on different sides
ofthecompacti on curve fAhave ednitfsf earnedn tmapya retx hcil bei tardi
(p.43). Theyconti nue that HAExperience has also shown t
side of optimum whereas air is occluded on the wet side of optimum, i.e. the air is in the form of
bubbles and sodi s cont i nu oThey oepoft that ondtig )dry side of optimum, the fabric is
aggregated with large inter-aggregate pores, and air permeability is high, whereas on the wet side of
optimum, the fabric is homogeneous with small pores, and air permeability is very low (p. 48). They
al so explain that fAthe saturated hydraulic condu
been compacted on the dry side than on the wet s

Fredlund, Rahardj o, and Fr edammpacted abpve antl Bejow eptinmuina i n
water content conditions should be viewed as dif
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Birle, Heyer, and Vogt (2008) performed an experimental study of the soili water retention curve and

the shrinkage behaviour of an unsaturated clay. In their investigations, they compacted clay samples

statically and tested them by a chilled-mirror dewpoint hygrometer. Their test results show that the

fsoili water retention curves in terms of gravimetric water content are independent of the initial dry

densityoi n t he i nvestigated range but Afare strongly in
water contents above approximately 117 12.5%. In the high suction range at smaller water contents

the soili water retention curve is independent of the initialcondi t Theyg. @l so report t
volumetric shrinkage strains of the compacted samples are independent of the initial dry density. . . .

[but] the primary drying of the samples depends strongly on the compaction water content. . . . The

rate of the volume change during the residual drying process was unaffected by the compaction water
contento (p. 200).

Birle (2012) carried out experimental research to study the influence of the initial water content and
dry density on the pore structure and the soil-water retention curve (SWRC) of a statically compacted
clay. He reports, ithe SWRC in terms of gravimetric water content is independent of the initial dry
density in the high suction range (> 1500 kPa). . . . At suction pressures higher than 5.5 MPa the
SWRC is even independent of the initial water contentd ( p. 151)

Based on oedometer test results, Honda, lizuka, Ohno, Kawai, and Wang (2006) report that i T h e
yield stress of saturated specimens only depends on the dry density. The dry density is affected by
the water content at compaction, the compaction load, and the compaction method (e.qg., static or
dynamic)o (p. 844).

2.2.3 Stress State Variables and Constitutive Surfaces for Unsaturated Soils

To study the mechanical behaviour of unsaturated soils, at least two independent stress-state
variables are needed. In the research area of unsaturated soils, it usually is conventional to use net
normal stress (, T U,) and matric suction (Ua 1 Uw).

Fredlund and Rahardjo (1993) explain that the soil structure constitutive surface is a three-
dimensional surface that relates net normal stress and matric suction to the overall volume change
(Figure 2.24). With a similar definition, they explain that the water phase constitutive surface is a
three-dimensional surface that relates net normal stress and matric suction to the water volume
change of the soil sample.

Ho et al. (1992) explaint h a't i The sconbtitutives urfacedstawconeave, warped surface

when plotted on an arForwdiemghase, theysepatk dat ( pThe®®&) i s in
i nformation in the I|iterature to definitely define
196).

Fredlund and Rahardjo (1993) point out that HAan i n¢
in the volume of water in the soil than the overall
increase in Anet nor mal stress produces a greater
than it produces for the change in water volume inthe el ement o0 (p. 422).
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Fredlund et al. (2012) explain that the overall volume change of an unsaturated soil sample in the
one-dimensional consolidation is equal to the sum of the water volume change and the air volume
change (p. 811). For one-dimensional consolidation under Ko loading, they presented the following
constitutive equations 2.36, 2.37 and 2.38, which were originally proposed by Fredlund and
Morgenstern (1976),

— a Q, 0 a Qo o (2.36)

where

QW : Overall volume change divided by the initial overall volume of the soil element
W : Volume of voids in the soil element

@ : Initial overall volume of the soil element

a : Coefficient of overall volume change with respect to a change in net normal stress for Ko
loading

a : Coefficient of overall volume change with respect to a change in matric suction during Ko loading
Q. 0 : Change in net normal stress
Q6 O :Change in matric suction
—— a Q, o] a Q6 o (2.37)
W
where
Qo 7w : Water volume change divided by the initial overall volume of the soil element

w : Volume of water in the soil element

a : Coefficient of water volume change with respect to a change in net normal stress for Ko
loading

a : Coefficient of water volume change with respect to a change in matric suction during Ko loading

Fredlund et al. (2012) e x p | a i ihe nithphdse clnstitutive relation is equal to the difference
between the soil structure and the water phase constitutive equations. The air phase constitutive
equation can also be expressed in a general form as a function of the stressstatevar i abl es o (
as follows:

= 409, 6 a6 6 (2.38)

where

‘Qu ¥w : Air volume change divided by the initial overall volume of the soil element
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@ : Volume of air in the soil element
a : Coefficient of air volume change with respect to a change in net normal stress

a : Coefficient of air volume change with respect to a change in matric suction

Fredlund et al. (2012) assumed the soil solids to be incompressible and they presented the continuity
requirement as following equations (pp. 811 & 796):

a a a (2.39)

a a a (2.40)

e (2.41)
w w w

Based on the above relationships, if two constitutive equations for the volume changes are given, a
third can also be calculated. Therefore, at least two constitutive equations are required to describe
the volume change behaviour of unsaturated soils.

Based on an experimental study on a silty sand under Ko loading conditions, Rahardjo and Fredlund
(1995) explaint h at f Fwater pressureadissipation during the consolidation test [i.e., increasing
the total stress] was found to be faster than the pore-water pressure decrease during the increasing
matric suction tedtdhatTHdhealwad eobyveod wene changes ¢
test were considerably smaller than the water volume changes during the increasing matric suction
tests for the same increment of pressure changeo (|

Curve 1 in Figure 2.24 schematically shows the results of a conventional oedometer test on a
saturated soil sample. This curve can be simulated by using the classical a,b,c isotache model which
was introduced in literature review of the a,b,c isotache model for saturated soils. Curves 2 and 3
schematically present the results of suction-controlled oedometer tests on an unsaturated soil sample
for two conditions: at a constant net normal stress (Curve 2), and at a constant matric suction (Curve
3). Simulations of Curves 2 and 3 will be thoroughly explained in Chapter 5 by using the adapted
a,b,c isotache model.

Fredlundetal. (2012)e x pl ai n t hat fAThe total stress increments
directions (i.e., dAx = dAy = dAz = dA3). No shear stresses are developed in the soil mass under

i sotropic |l oading c o satropic loadimgcondifops, the&tédt® Jariables bre (9 e r

net mean stress [which sometimes called mean net stress] p = (A1+A2+A3) / 3 4, {ii) sail suction

Ua  wiand (iii) mean effective stress pz = (A1+A2+A3)/3Tu®d0 (p. 694) . Theytotal so ex
stress increment of dAy is applied in the vertical direction for Ko loading, while the soil is not permitted

to deform laterally (i.e., dR« = drR: = 0). The Ko loading condition occurs during one-dimensional

compression where deformation is only allowed in the vertical direction (i.,e.,drRy) 6 (p. 678) .
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Matric suction

>

Overall volume change

Figure 2.24. Three-dimensional constitutive surfaces of overall volume
change with emphasis on three conditions. Adapted and redrawn from
Fredlund & Rahardjo, 1993, p. 374, fig. 13.1.

2.2.4 An Introduction to Some Aspects of the Barcelona Basic Model

Alonso, Gens, and Josa (1990) at the Technical University of Catalunya proposed the Barcelona
Basic Model (BBM), which is an elastic plastic strain hardening model that extends the modified Cam
Clay model by adding the effect of suction. Although this model is not used in the current study, a
summarised description is presented here because a majority of researchers have explained their
model parameters based on the BBM. Figure 2.25 which is adapted and redrawn from Alonso, Pinyol,
and Puzrin (2010) illustrates some aspects of this model. The BBM, which is based on the critical
state theory, could beusedinpar ti ally saturated soils with fAmod
cl ays, clayey sands anAlonsojGenssg Josa, 4990, g 428nul ar soi |

The BBM has two yield surfaces for isotropic stress conditions, which are called loading-collapse
(LC) and suction-increase (Sl). As shown in Figure 2.25c, the loading collapse (i.e., LC or yield curve)
can be determined by connecting all yield points on a suction versus net mean stress plot. At a
constant suction, on a plot of specific volume (0 p 'Q versus natural logarithm of net mean stress
(In p), 1(s) and [ are two stiffness parameters for changes in net mean stress of the virgin and the
elastic states of soil respectively, as shown in Figure 2.25b. In this model, 1(s) decreases with
increasing suction, whereas [ remains constant (i.e., { is independent of suction). Furthermore, the
pre-consolidation (i.e., yield) stress increases with increasing suction (Figure 2.25b).
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Figure 2.25. Some aspects of the Barcelona Basic Model: (a) Stress paths for isotropic loading at
constant suctions; (b) compression curves; (c) yielding points and LC yield envelope. Adapted and
redrawn from Alonso, Pinyol, & Puzrin, 2010, p. 98, fig. 3.14.

Yield due to increasing suction is an important aspect in the theory of unsaturated soils. Alonso et al.

(1990) defined the yield suction(sg)) as t he fAmaxi mum past suction ever
bounds the transition from the elastic state to the virgin range when suctionis i ncr easedo ( p.
This is similar to the definition of the pre-consolidation stress in saturated soils. Figure 2.26 presents

their definition, which parameter U on the vertical axis denotes specific volume and parameter s on

the horizontal axis is matric suction.

Rahardjo and Fredlund (1996) explaint hat A Si gni fi cant water volume <ch
subjected to a matric suction value greater than the maximum past matric suction that the soil has
ever experienced (e.g., increasing matricsucti on t est)o (p. 353).
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Figure 2.26. Definition of the yield suction (So) in the Barcelona Basic Model.
Adapted and redrawn from Alonso, Gens, & Josa, 1990, p. 411, fig. 5.

2.2.5 The Effects of Suction on the Volume Change Behaviour

Qin, Ye, Chen, Chen, and Cui (2015) observed that in a highly compacted bentonite, the rate of strain

Ahas | ess influence on tahdthepcorelsdedtatid dimep rée sit @arc hie
can be used into the Theyseadtthatshe @jiimoicloimpfess88&n. |
highly compacted bentonite decreases with increasing suction whereas yield stress increases with
increasing suction. In addition, they found that the yield stress (at a constant suction) increases with
increasing strain rate.

Based on a series of suction-controlled high-pressure oedometer tests on an unsaturated GMZ01
bentonite, Ye et al. (2014) definedan Ai ncrement al & e § SihereYAisn d e x
the change in void ratio for only one stress increment of Y, . This was due to difficulty of finding a
constant compression index. They emphasise that the incremental compression index (#%) is not

equal to the compression index (Cc), which generally can be obtained from the virgin compression

curve (p. 107). They found that the value of the both incremental compression index (#%) and the
secondary compression index (Cy) depends on the applied vertical stress and total suction. According

to their observations, the slopes of e versus log time curves decrease as time increases, which
demonstrates fi t h adaf GMIZO1 bentonite samplesistime-d ependent 6 and is not
They report that#° and C, ffollow similar relationships with vertical stressand [totall]s uct i ono ( p .
In other words, both of these parameters increase as the vertical stress increases and both decrease

as total suction increases. They also pointoutthatit he concept odyCc(Measrs& ant
Godlewski, 1977)] can also be applied to unsaturated GMZ01 b e nt oni t ¥ kin addifoon, thdyO 9

r e p dhattthe fialue of Cy#30f GMZ01 bentonite depends on ,the
and Cy#% decreases with increasing [total] suction. They suggest the following equation as a

Aivi scoplastic suction dependent constitutive mod

#Tf mrtoudinud D R? =0.935 (2.42)
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where s is the value of [total] suction in [MPa].

Although total suction is denoted by s in this equation, it is conventionally denoted by ¢ in the
literature of unsaturated soil mechanics (Fredlund & Rahardjo, 1993; Murray & Sivakumar, 2010) and
is defined as the sum of the matric suction and the osmotic suction (Total suction = Matric suction +
Osmaotic suction). The matric suction, which is often called s, is equal to the difference between the

pore air pressure and pore water pressure (Ua-Uw), Whereasth e osmoti ¢ suction i s
chemical imbalance between the pore water in the soil volume under consideration and an external
source of watero (Murray. and Sivakumar, 2010, p . 1

Fredlund and Rahardjo (1993) argue that fiosmotic s
water which is present in both sadtmntrianed tamat uMmBae
geotechnical problems involving unsaturated soils, matric suction changes can be substituted for total

suction <changes, Thaynedplain thatéen gveeont sadh.ni c al practice 0C
changes are generally less significant 6 and i s finot..[nietc]le sismatroy & oc d warkteod

Based on a series of matric suction controlled tests on a loamy soil and a sandy clay which were
compacted at different bulk densities and water contents, Cui, Défossez, Cui, and Richard (2010)
reported that the slope of the unloading phase (Cs) is almost independent of matric suction, whereas
the pre-consolidation stress increases with increasing matric suction. This agrees with most of the
available test results in the literature (e.g., Alonso et al., 1990). Theirtestr e sul t s al so show
compression index (Cc) was constant or changed little with matric suctions for the two soils at different
i nitial den Regarding thedvariatipn of G Bvith the water content of the soil, they explain
that AiThe data in the literature are contradictoryd  ( p . BaSed dn)their literature reviews, they

distinguished two features: ione group of soils exhibiting compr e:c
matric suction. This feature hasbeenr e por t ed f or (aaydsoils, lmdsd soils,and sandy e s 0
soils as citedin Cuietal.,,2010).AiThe compression index of a second ¢

matric suctionowhich has been reported for loess soil and for sandy soils (as cited in Cui et al., 2010).
They concludedt h at réshitetend to Agree with the secondgroupd (p. 344) .

Based on a series of suction control triaxial creep tests on a clay soil, Lai, Wang, Ye, and Cui (2014)
reported that both the strain and strain rate depend on stress and suction. They observed that the
axial strain rate decreased with increasing matric suction.

Nowamooz, Mrad, Abdallah, and Masrouri (2009) performed some oedometer tests on a natural
swelling soil by applying different suctions using the osmotic technique. They observed that due to
increasing suction, pre-consolidation stress increases while the virgin compression index (1(s))
decreases (see Figure 2.25b for the definition of 1(s)).

The results of experimental research by Rampino, Mancuso, and Vinale (2000) on a silty sand under
unsaturated conditions are shown in Table 2.1. This table presents the average values of the soil
parameters for the isotropic stress state condition. Figures 2.27 and 2.28 also illustrate the data from
Table 2.1. The definition of BBM parameters (} and [) can be found in Figure 2.25b. Rampino et al.
(2000) reported that frhe influence of suction on all the soil parameters is always fitted using an
exponential lawo(p. 762). They found that due to increasing matric suction, the yield stress increases
(Figure 2.28). The parameter [ exhibits a smaller decrease compared to 1, given an equal increase
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in suction (see Table 2.1 & Figure 2.27). They concludedt hat Al n the investig
compressibility decreases and the over-consolidation pressure increases, with the largest amount of
change concentrated inthe 011 00 k Pa s uct i onlnatherrwgréspthe (gneatest ehauige .

in the parameters occurred when suction increases from 0 to 100 kPa. Figure 2.27 indicates that
parameters } and [ decrease with a higher gradient up to the suction of 100 kPa, and then continue

to decrease with a lower gradient. A very interesting aspect of Figure 2.27b is that the value of [

again increases beyond a suction value of 200 kPa.

Table 2.1

Average Parameters of a Silty Sand for the Isotropic Stress State Condition

Suction, s [kPa]  Yield stress, (p T Ua)o [kPa] | {
0 35 0.022 0.0056
100 136 0.016 0.00517
200 159 0.015 0.00507
300 162 0.0148 0.00511

Note. Adapted from Rampino, Mancuso, & Vinale, 2000, p. 758, table 5.

0.023 ¢
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0.021 [
0.020

) 0019
0.018 £
0.017 £
0.016 ¢
0.015 [ -
0.014 E 0.0050 T P P T P T

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Suction, s [kPa] Suction, s [kPa]
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Figure 2.27. Influence of suction on the model parameters } and [ according to the data in Table
2.1. Adapted and redrawn from Rampino, Mancuso, & Vinale, 2000, p. 758, fig. 15.
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Figure 2.28. The loading-collapse yield curve on a plot of suction
versus (p - Ua), according to the data in Table 2.1. Adapted and
redrawn from Rampino, Mancuso, & Vinale, 2000, p. 758, fig. 16.

Koliji (2008) performed some conventional and suction-controlled oedometer tests on reconstituted
(i.e., remoulded) samples of a clay with low plasticity (CL). Figure 2.29 shows the results of his
oedometer tests on the saturated and unsaturated specimens. As seen in this figure, the tangential
compressibility index (i.e., the slope of the normal consolidation part of the oedometer curve)
increases significantly when the condition of soil samples changes from saturated to unsaturated.
This behaviour contrasts with the results from other studies, which show the slope of virgin
compression curve decreasing with increasing matric suction. On the other hand, Koliji (2008)
observed the increase of pre-consolidation stress with increasing suction, which agrees with most
experimental results available in the literature.

Chen, Fredlund, and Gan (1999) performed eight triaxial tests consisting of one saturated and seven
unsaturated specimens of a (remoulded) compacted, low-plasticity loess. They observed that for the
isotropic compression tests, the slope of volumetric strain versus net mean stress (log scale) for the
saturated specimen is 1.66 times larger than for the unsaturated soil specimen with a soil suction of
50 kPa. They also found that increasing the suction beyond 50 kPa has no significant effect on the
compressibility of unsaturated specimens. Based on their test results for the water phase in the
isotropic compression tests, when suction increases from 0 to 50 kPa, the slope of water volume
change versus net mean stress decreases significantly.
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Figure 2.29. Comparison of the tangential compressibility index of a
reconstituted clay with low plasticity (CL) at different suction levels of the
oedometer tests. Adapted and redrawn from Koliji, 2008, p. 134, fig. 4.43(b).

Kayadelen (2008) conducted six unsaturated consolidation tests on a low plasticity clay (CL) which
were statically compacted under optimum conditions. They observed that all the compressive indexes
decrease nonlinearly with increasing matric suction, whereas the yield stress increases nonlinearly
with increasing matric suction. These findings agree with most of the available test results in the
literature. Kayadelen (2008) proposed the following exponential relationships as a function of the
matric suction:

6 1™ p @8 R?=0.98 (2.43)

0O 1&g Q8 R?2=0.95 (2.44)

OQAA0Q Qi iMtmpe PR PPX X @ O¢ R2=0.97 (2.45)
where

0 : Slope of void ratio (e [-]) versus logarithmic scale of net vertical stress ((sv 1 Uua) [kPa])
O : Slope of water content (w [-]) versus logarithmic scale of net vertical stress ((sv 1 Ua) [kPa])

i : Matric suction [kPa]

LIl oret and Al onso (1980) argue that #ADeformati on
depends mainly on existing (initial) conditions and the wetting and loading history of the soil. Suction
increase (drying) or decrease (wetting) does not lead necessarily to shrinkage and swelling behaviour

of the soil; the soil can experience a complex volume change reaction depending on the intensity of

the applied e#44Ber nal |l oado (p.
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Based on oedometer test results, Honda et al. (2006) report that AVhen the degree of saturation of

a specimen is high, an increase in the suction leads to the compression of the structure of the soll

skeleton, because the action of suction is similar to that of effective stress for saturated soil.0 They

cont i nu e entthe degreefoMghturation of a specimen is low, however, an increase in suction

leads to an increase in the stiffness of the soil skeleton without compression, while a decrease in

suction leads to the compression of the structure of the soil skeleton due to a decrease in stiffness.o

They alsoreportthati Al t hough the amount of suction applied t
., the yield stress is higher (200 to 500 kPa) than that in the saturated state. It is interesting to note
thattheincrements i n yield stress are | arger t h(pB45t he suct |
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3.1 Introduction

This chapter describes the material properties, experimental program, test apparatus and methods
for saturated and unsaturated conditions. In addition, the parameters used to study the volume
change behaviour are introduced. The experimental results are presented and then the volume
change behaviour of the soil structure (i.e., the overall volume) and the water phase are thoroughly
analysed. At the end of this chapter, the dependency of volume change behaviour on time, stress
and matric suction is discussed.

3.2 Soil Properties

The soil tested in this research is taken from approximately 35 km northeast of Munich, Germany.
Table 3.1 summarises the properties of the organic soil used in all laboratory tests in this research.
The water content of soil in its natural condition was about 87.6% (Birle, 2011). To determine the
percentage of organic matter in each particle size, in addition to the routine sieve and hydrometer
analysis of the natural soil, another analysis was performed on the soil that was left over after high-
temperature heating. The grain size of organic particles can be better distinguished by comparing the
percentage of grain size in the natural condition (consists of the organic and mineral particles) with
the percentage of the remaining soil after high-temperature heating (i.e., ash which consists of only
the mineral particles). According to the grain size distribution of the ash (Figure 3.1), the percentage
of gravel (greater than 4.75 mm) is 1.5%, sand (greater than 0.075 mm and smaller than 4.75 mm)
is 17.0%, silt (greater than 0.002 mm and smaller than 0.075 mm) is 80.5%, and the percentage of
clay (smaller than 0.002 mm) is 1.0%.
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Figure 3.1. Comparison between the particle-size distribution of the natural soil and the soll
remaining after high-temperature heating (i.e., ash).
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According to ASTM D 2974 (2000), AThe substance

content is expressed as a percentage of the mass of the oven-dried sample. . . . Organic matter is
determined by subtracting per cbisicanbaexgressedas follewst

Ash content % = (Mass of ash x 100) / (Oven dried test sample at 105 °C)
Organic matter % = 1007 (Ash content %)

For determination of organic content, according to ASTM D 2974 (2000), several samples are dried
(at least 16 hours in a conventional oven at 105 °C), then weighed, and heated at a high temperature
oven. The temperature of the high temperature oven should be gradually increased up to 440 °C.
Heating should be continued until the soil sample is completely transformed to ash and no further
decrease in mass is observed (for more information, see Figure A.4, Appendix A). For the soil which
was sieved finer than 4 mm, the amount of organic matter is 27%.

Landva and La Rochelle (1983) report that increasing organic content increases soil porosity. In

addition, they pointoutt hat At he permeability of peat decrea

void ratiod (p. 159).

Table 3.1

Properties of the Organic Soil Used in All Laboratory Tests in
This Research

Property Value
Group symbol* OH
Group name! Sandy Organic Silt
Particle-size distribution® of the ash
Gravel (> 4.75 mm) 1.5%
Sand (4.75 mm - 0.075 mm) 17.0%
Silt (0.075 mm - 0.002 mm) 80.5%
Clay (< 0.002 mm) 1%
Organic matter? 27%
Density of soil solids (" )? 2.214 g/cm®
Liquid limit (LL) 116%
Plastic limit (PL) 72%
Natural water content 87.6%

Note. ! According to the Unified Soil Classification System,
2 For the soil finer than 4 mm.

f

r
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Density of soil solids (" ) finer than 4 mm is 2.214 g/cm?®. The following equation, which is proposed
by Savidis et al. (2008) for organic silt/clay indicates the value of solid density (" ) is in good
agreement with the value of organic matter,

U ¢ & 8 Savidis et al. (2008) (3.1)

where Uis solid density (g/cm?3) and @is organic content (%).

The liquid and plastic limits of the original specimen without oven drying are LL = 116% and PL =
72%, respectively (for more information, see Figure A.5, Appendix A). Based on ASTM D 2487
(2006), the soil is classified via Unified Soil Classification System as Sandy Organic Silt (OH).

Organic soils are very sensitive to drying. Decreasing the water content should only be performed

via air-drying, and not by oven drying, to reach required water content. Based on the authord s
experience, completely air-drying and then adding the desired water content is not acceptable, since

this process changes the properties of the organic soil significantly. To determine the water content,

a maximum temperature of 60 °Cwasusedi n or der to fAreduce dec¢ASTMposi t i C
D2216, 2010).

3.3 Sample Preparation

To prepare the soil samples, the soil was sieved finer than 4 mm at a 73.3% water content. It is not
possible to pass this kind of soil through a finer mesh size due to high adhesion at this water content.

Only distilled water was used for sample preparation as well as the saturation of the soil samples. In
addition, for suction-controlled oedometer tests, the distilled water was deaerated using a vacuum
pump prior to the tests.

The process of sample preparation for organic soils is time consuming. This is due to the high
expansion amount of the specimen after releasing the static load. To overcome this expansion, many
trial and error steps are required to reach the target thickness of the soil sample. In this method, the
soil sample is compressed a little bit more than the target value and then is released. This procedure
finishes with the thickness of the soil sample matching the desired value.

Figure A.6 in Appendix A shows the mould used for static compaction of the soil samples. It consists
of a cylinder with a 7 cm internal diameter and a piston, which is inserted into the cylinder. After
putting soil into this cylinder, the piston is pressed until a desired thickness for the soil sample is
achieved. All samples were prepared at a thickness of 2 cm and a diameter of 7 cm. In all the
conventional oedometer tests and suction-controlled oedometer tests, silicone grease was used to
reduce the friction effects between the soil sample and the inner part of the ring.

All six samples in this research were precisely prepared from the same soil type by using static
compaction at the wet side of the Proctor optimum. Figure 3.2 shows the Proctor curve of the soil (by
the method of decreasing water content) as well as the initial condition of the oedometer samples
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(for more information, see Birle, 2011). At the beginning of each test, the water content and dry
density of all samples were very similar to the following values:
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Initial dry density of the soil samples was calculated with the initial thickness of the soil samples
(before starting the tests) and the mass of the dried soil samples (after finishing the tests).
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Figure 3.2. Proctor curve of the soil. Adapted and
redrawn from Birle, 2011, p. 46, fig. 6.4.

An average saturated permeability value for the soil samples, which were prepared by static
compaction at similar water contents and dry densities, is about 5x10°° m/s (Birle, 2011, p. 174, Table
8.1).

When performing both conventional oedometer and suction-controlled oedometer tests, deformation
of the soil samples was measured using digital gauges with 0.001 mm accuracy. Deformations were
recorded every second at the beginning of each step of the tests. Therefore, the curves can be plotted
with higher accuracy when the strain rate is maximum. Before and after the tests, the thickness of
samples was precisely measured by considering the average of at least four different points, using a
digital Vernier calliper (with a 0.001 mm accuracy). All tests were performed in a room with a central
air conditioning system, at a constant temperature of 20.5 + 1 °C.
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3.4 Conventional Oedometer Tests on Saturated Soil Samples

Three conventional oedometer tests S1, S2 and S3 (see Figures A.7 & A.8, Appendix A) were carried
out on saturated soil samples according to ASTM D2435/D2435M (2011). This standard has many
overlaps with the DIN 18135:2012-04 (2012). Prior to tests, porous discs were saturated using a
vacuum desiccator, which was partially filled with distilled water.

The first aim of performing these tests was to compare the soil behaviour in saturated (matric suction
= 0) and unsaturated conditions when the matric suction was kept constant and the net normal stress
was increased. The second reason was to study the dependency of volume change behaviour on
time and stress in the compacted organic soils, and the third purpose was to examine the sensitivity
of isotache pattern to the Load Increment Ratio (LIR).

ASTM 2435/D2435M (2011) defined the Load Increment Ratio (LIR) as:

Change in total axial str
Current tot al axi al stre

LI (3.2)
For example, if the total axial stress on the soil sample in the current step is 50 kN/m? and the
following step is 100 kN/mz, the calculated LIR is 1.

Three oedometer tests were conducted in a manner that each test had a constant LIR for almost all
loading steps. For this aim, LIR for Tests S1, S2 and S3 was chosen 1.0, 0.65, and 0.3, respectively.
Figures 3.3, 3.4 and 3.5 present the continuous settlement from the oedometer tests on saturated
soil samples.
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Figure 3.3. The natural strains and the vertical stresses during the oedometer test S1 (LIR = 1.0)
on the saturated soil sample.
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Figure 3.4. The natural strains and the vertical stresses during the oedometer test S2 (LIR = 0.65)

on the saturated soil sample.
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Figure 3.5. The natural strains and the vertical stresses during the oedometer test S3 (LIR = 0.3)

on the saturated soil sample.

Colleselli, Cortellazzo, and Cola (2000) after applying different LIRs (i.e., LIR =1, 3 & 19) in some

speci al oedometer tes
for all the tests, so it is probably independent of
(1986) argues that

AiThe

ts on
t he

peaty soi |lgpisquitesirpilarr t e d
LI R i mpoteestthay hatdp HobIZ 0 ) .

ma g n istpy lblas a pofount éffect dntha d |

shape of the consolidation curve, on the slope of the secondary tail immediately following the end of
the primary stage and on the pore water pressure (Barden 1969; Berry & Vickers 1975). As a general

I
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rule load increment ratios exceeding unity tend to produce . . . [S-shape curves]. These are known
as Terzaghi curves. 0 Hobbs IlfjeddtBedond ircrerpentaation s.thdreh at A wi
is no reversal of sl ope at or n-d&r the end of the |

Based on creep oedometer tests performed on clays, Kim and Leroueil (2001) concluded that

ifSecondary consol i da tral belaviodrdomsmallestresssncrénterds, wtle strain i
log t curves showing no inflection point. For larger stresses, however, primary consolidation
domi nates and the curves show the classical ©6S6 sha

Den Haan and Edil (1994) demonstrated that the classical S-shape of isobars occurs for the high LIR
steps only when the OCR is low (p. 58).

However, as seen in Figures 3.6, 3.7 and 3.8, the isobars in the current study are not S-shaped; the
secondary compression index (Cy) continues to increase for the long duration of the test, even in low
OCRs. As shown in Figure 3.6, even the isobars of Test S1 (LIR = 1) do not represent a classical S-
shape in the low OCR steps. A maximum LIR value of 1 was chosen in this research, but the S-shape
isobars might be observed with higher values of LIR.
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Figure 3.6. Loading isobars of the oedometer test S1 (LIR = 1.0) on the saturated soil sample.
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Figure 3.7. Loading isobars of the oedometer test S2 (LIR = 0.65) on the saturated soil sample.
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Figure 3.8. Loading isobars of the oedometer test S3 (LIR = 0.3) on the saturated soil sample.

Samson (1985) studied the postconstruction settlement of an expressway built on peat by
precompression. They report that:

APostconstruction settlement resulting from
normally be expected to continue on a linear relationship versus logarithm
of time for many years, and until it ceases. Contrary to this expectation, at

a time varying between L - and 8 years after surcharging, the settlement -
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log-time plots became steeper, with correspondingly larger coefficients of

secondary compression . . . . The C, values for this second linear segment

of the settlement plots range from 0.028 to 0.073 and are on the average

2.4 times | arger than those of the first Iline
310).
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Figure 3.9. Variation of natural strain with vertical effective stress at the end of
each step of the oedometer test S1 (LIR = 1.0) on the saturated soil sample.
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Figure 3.10. Variation of natural strain with vertical effective stress at the end of
each step of the oedometer test S2 (LIR = 0.65) on the saturated soil sample.
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Figure 3.11. Variation of natural strain with vertical effective stress at the end
of each step of the oedometer test S3 (LIR = 0.3) on the saturated soil sample.

3.4.1 Estimation of the Coefficient of Consolidation

The coefficient of consolidation (C,) is a parameter that is used for predicting the rate of consolidation.
Several procedures have been proposed based on graphical methods for estimating C,. In this
section, as an example, C, for a step of Test S2 is obtained and compared using two recommended
methods.

One well-known graphical method in classical textbooks for calculating C, is the Logarithm-of-Time
method by Casagrande (as cited in Knappett & Craig, 2012). In this method, EOP should be obtained
by drawing gauge readings in the oedometer test against the logarithmic scale of time. However,
these plots for the compacted organic soil of this study do not show an S-shape even after a long
period of time. Consequently, EOP could not be determined (see Figures 3.6, 3.7 and 3.8). Therefore,
the Logarithm-of-Time method is not suitable for this research.

Based on the oedometer tests on Gyttja soil taken from the State of Brandenburg, Germany, Rackwitz
et al. (2011) observed that the value of the coefficient of consolidation (C,) is almost independent of
the amount of organic content (p. 102).

3.4.1.1 Square-Root-of-Time Method

Knappett and Craig (2012) explain that in the Square-Root-of-Time method (Taylor, 1948)
deformation should be plotted versus the square root of time in minutes. They point out that C, can
be obtained via this method by shorter oedometer tests compared to Logarithm-of-Time method.
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This method is recommended by Den Haan (1996) for determining the permeability in each test step
as well as obtaining EOP. Shown in Figure 3.12, for applying the Square-Root-of-Time method, points

B and C should be chosen on the horizontal axis in a manner that ! # p&® v ! " If the linear
portion of the curve is continued back, the intersection with the vertical axis (point D) represents the

point where degree of consolidation is equal to zero. The intersection of $ #and the curve (point E)
represents the 90% degree of consolidation. Thus, the corresponding value on the horizontal axis,

0 , could be determined. The coefficient of consolidation is given by:

T o

5 Taylor (1948) (3.3)

where 'O is the length of drainage path. For the oedometer apparatus of this research, which have
two porous disks on both sides, “O is equal to half the thickness of the sample (in each step).

Figure 3.12 shows determination of C, by Square-Root-of-Time method for a step under vertical
stress of 639 kPa in Test S2. The parameter C, thus is obtained as follows:

Sample thickness at the beginning of current step = 15.918 [mm]

Sample thickness at the end of current step = 15.050 [mm]

The average of the sample thickness at current step = (15.918+15.050) / 2 = 15.484 [mm]

a ..
pcq”x&wl

From Figure 3.12: 0 =16A 0 c¢® ol EI

@1 P T T WX T C
0 ¢d @
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-

i i
P&V TEy TBCURE Y

Me s r i and Castro (1987) report that ffa common pr oc
consolidation test is to maintain each pressure increment for 24 hrs. For most soft clays, standard

specimen sizes, and drainage boundary conditions, the primary consolidation stage is completed in

several hours and some secondary compression is includedinthe24-hr pr essur e i ncr emen
(p. 234).

Based on Figure 3.12, the time corresponding to EOP is about 3.7 min, which indicates a fast
consolidation process of this soil.

Colleselli et al. (2000) argue thati The Tayl or met hod can be applied
Casagrande method cannot be used when primary consolidation is not clearly identified . . ., and in

the load range lower than pre-consolidation pressure. The determination of EOP on the basis of pore

pressure dissipation is theoretically correct, but in some tests the dissipation was so fast that the
measurements were probably not reliableo (p. 233).
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Figure 3.12. Determination of the coefficient of consolidation by Square-Root-of-
Time method (Taylor, 1948 as cited in Knappett & Craig, 2012) for a step under
vertical stress of 639 kPa in Test S2.

Wesley (2010) discusses about t h eomiion mistaken interpretationo of the Square-Root-of-Time
plot. With help of an example, the writer argues that an incorrect slope selection in the linear part of

the curve may cause a wrong estimationinCy Aiby a f act o.rohewriterrcentinues that 4 0

fthis practice occurs because of an expectation that all soils should conform to dormal6behavior.
Geotechnical engineers expect a straight line and laboratory technicians will obligingly provide one
whether it exists or not! The proper interpretation in such cases should simply be that no straight line
exists . . .0 Wésley, 2010, p. 72). As Wesley (2010) explains, the shape of Square-Root-of-Time
curve depends on the drainage condition. When comparing a thick sample (say for example 1 m)
with a thin sample (which in laboratories is conventionally about 2 cm), the Square-Root-of-Time plot
of the thick sample is more linear at the beginning of a test. The writer argues that the soil layers in
the field usually are thick and dissipation of the excess pore-water pressure takes much more time

comparedinthel abor atory. AThe adolglaionaenaghe aboratpry tesmsitmesefore o n

not an indication that there will not be primary consolidation in the field. Similarly, the presence of a
large proportion of secondary . . . [compression] in the oedometer test does not necessarily indicate
that [only] secondary ... compr ession] wi |l be i mportant in

t

h
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In order to calculate the time required to reach 100% primary consolidation of a saturated layer in the
field under the same stress increment of the oedometer test, Das and Sobhan (2014) proposed the
following equation:

8 B 8 B
o o
or
0
o 06 O (3.4)

where Y is time factor (for more information, see Section 3.4.2).

For the aforementioned soil sample with a 15.484 mm thickness under a stress increment of 413 to
639 kPa in an oedometer cell with two porous disks on both sides, the time required for 100% primary
consolidation is 3.7 min as calculated by the Square-Root-of-Time method. For example, by using
equation 3.4, the time required to reach 100% primary consolidation of a 2-m-thick layer of this
saturated soil in the field, which is drained only on one side under the same stress increment, can be
obtained as:

. QT T PPN
o] 03— 1T oouWpEd pXAAUO
p& Yt
q

3.4.1.2 The Improved Rectangular Hyperbola Method

Sridharan and Prakash (1985) introduced the improved rectangular hyperbola method for situations
when conventional methods such as the Logarithm-of-Time or the Square-Root-of-Time methods
could not be used. They recommend the following procedure for obtaining the coefficient of
consolidation (see Figure 3.13):

1. Obtain the values of time (t) and their respective deformations (Yh) fpref er abl y
of t i meh& oedameten test.
2.Plot (OYE versust.

3. Identify a straight section in the curve, which has a slope of m, and draw it backward to intersect

at

the (OYE axisatpointD.Bowl es (1997) r ec o @I¥e vedis t durieaexhibifs | f
rst |

more than one straight | ine part, use the fi

4. Let the ordinate of point D be d.

5. Compute the coefficient of consolidation by the following equation:

€q

t he
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8w X'_A_C © Sridharan and Prakash (1985) (3.5)

where 'O s the length of drainage path as it was explained for the Square-Root-of-Time method.

Figure 3.13 illustrates the determination of Cy by the Improved Rectangular Hyperbola method for a
step under vertical stress of 639 kPa in Test S2. The parameter C, is calculated as follows:
T8 WX @PT XX TG i |
O——=- T8t o
0 P& OTE, CPRAU

a0 [+

37 413 - 639 kPa

30 -
25 f

20

t/Ah [min/mm]
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dl i
v o B e e e B T s e e e e e

0 051 15 2 25 3 35 4 45 5 55 6

t [min]

Figure 3.13. Determination of the coefficient of consolidation by the
Improved Rectangular Hyperbola method (Sridharan & Prakash,
1985) for a step under vertical stress of 639 kPa in Test S2.

Comparing the result of the Square-Root-of-Time method and the Improved Rectangular Hyperbola
method confirmed that both methods would be able to estimate C, for this compacted organic soil
with a reasonable accuracy. The above test results show that, after application of load, primary
consolidation finishes quickly whereas secondary compression continues for a very long period of
time.
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3.4.2 Terzaghi i Consolidation Theory

Dissipation of the excess pore-water pressure of a thick layer in situ takes a much longer period of
time compared to a laboratory sample (Wesley, 2010). Therefore, calculating the time of EOP, the
amount of pore-water pressure, and the degree of consolidation during the primary consolidation

phase would be important in geotechnical practice. One possibility is to use the well-knownTer zaghi 0 s

one-dimensional consolidation theory. The excess pore-water pressure (Y6) as a function of depth
(&) and time (0) can be calculated using the following equation (with some adaptions from Terzaghi,
Peck, & Mesri, 1996, p. 228),

G oax C. .0l
Yo ao Y, .U‘—l QEF Qwno JY (3.6)

where
0 “ca piIc
Y, : Vertical stress increment, which is equal to the initial excess pore-water pressure (YO,

“Y : Time factor, which can be obtained as:

., 0D
Y —
@)
0 : Coefficient of consolidation

As mentioned in Section 3.4.1.1, 'O is the length of drainage path. For the oedometer apparatus of
this research, which have two porous disks on both sides, O is equal to half the sample thickness.

Verruijt (2001, p. 105) wrote a BASIC computer program for the analytical solution of equation 3.6.
The program calculates the amount of excess pore-water pressure (S"c')) as a function of depth (¢) for
a specific time (0). The script of this program has been adapted for Visual Basic for Applications
(VBA), and is shown in Appendix B (Script 1). As an example, the following input values, which belong
to a step under vertical stress of 639 kPa in Test S2, are used in Script 1 (Appendix B) to calculate

the excess pore-water pressure (g’é) as a function of depth () for some specific times (0).

Drainage length (based on the calculation in Section 3.4.1.1): 'O TBITX XTI ¢

Coefficient of consolidation (as the average of two calculated values): 0 T8 ¢ xi TA A U

AThe curve represent i ngpore-tvaer gdssure with wepth iatcany tirmef is
known as a n(Terzmghietak, ®986e m 112). Figure 3.14 presents the isochrones from the
analytical solution of the primary consolidation (Script 1, Appendix B) for a step under vertical stress
of 639 kPa in Test S2. In this figure, Y6 dﬁ‘) is the excess pore-water pressure as a function of depth

exces

C
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(z) and time (t), and Y0, is the initial excess pore-water pressure which is equal to the vertical stress
increment (S",, ).
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Figure 3.14. Isochrones from the analytical solution of the primary consolidation (Script 1,
Appendix B) for a step under vertical stress of 639 kPa in Test S2.

The average degree of consolidation of a layer is defined as (Terzaghi et al., 1996, p. 228):

5 4
N (3.7)

where
"Y Settlement of the layer at time t

"Y: Settlement of the layer when the excess pore-water pressure is zero. In other words, this is the
settlement of the layer at EOP.

The average degree of consolidation could also be derived as the following form (Terzaghi et al.,
1996, p. 228):
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5 UiQ Wlb Y (3.8)

where the definitions of the variables of this equation are similar to the variables of equation 3.6.

Verruijt (2001, p. 108) wrote another BASIC computer program for the analytical solution of equation
3.8. The program calculates the average degree of consolidation (5 ) as a function of time (0). The

script of this program has also been adapted for Visual Basic for Applications (VBA), and is presented
in Appendix B (Script 2). As an example, the following input values, which belong to a step under
vertical stress of 639 kPa in Test S2, are used in Script 2 (Appendix B) to calculate the average
degree of consolidation versus time in the primary consolidation phase.

Drainage length (based on the calculation in Section 3.4.1.1): 'O T8I T X X ft ¢

Coefficient of consolidation (as the average of two calculated values): 0 T8I C )(i TA AU

Figure 3.15 presents the average degree of consolidation versus time from the analytical solution of
equation 3.8 (Script 2, Appendix B) for a step under vertical stress of 639 kPa in Test S2.
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Figure 3.15. The average degree of consolidation versus time
from the analytical solution of equation 3.8 (Script 2, Appendix B)
for a step under vertical stress of 639 kPa in Test S2.

Settlement in the primary consolidation phase versus time can be calculated by simultaneously using
equation 3.7 and the analytical solution of equation 3.8. An example result of this is shown in Figure
3.16 for a step under vertical stress of 639 kPa in Test S2. In this calculation, settlement of the soil
sample at EOP was estimated from Figure 3.12as"Y  T@ ¢ ©m.
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Figure 3.16. Comparison between the measured settlement and the analytical
solution of equation 3.8 (by simultaneously using equation 3.7) in the primary
consolidation phase for a step under vertical stress of 639 kPa in Test S2.

3.5 Laboratory Testing on Unsaturated Soil Samples
3.5.1 Introduction

There is very limited experimental data about the settlement modelling of unsaturated compacted
organic sails in the literature. Kayadelen (2008) explains that, although the theories of unsaturated
soils have been developed during the past decades, only little experimental tests have been done on
the behaviour of unsaturated soils. The reason is due to the time consuming, complicated, and
expensive laboratory equipment in testing of unsaturated soils.

In this research, the overall volume and water volume changes of the unsaturated compacted organic
soil is studied under different values of matric suctions.

3.5.2 Suction-Controlled Oedometer Test Programs and Methods

The volume change behaviour of unsaturated soil samples was studied by three suction-controlled
oedometer tests. These tests were performed using two fully software-controlled apparatus, which
were designed by Birle (2011) for his doctoral research at Zentrum Geotechnik, Technische
Universitat Miinchen. These apparatus are shown in Figure 3.17. Figure C.1, in Appendix C, also
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introduces the different components of these apparatus. In addition, Figures C.2 and C.3 show the
calibration of the suction-controlled oedometers.

In this study, the overall volume and water volume changes were monitored during testing. To
increase the accuracy of water volume measurement during the long duration tests, an additional
standpipe was added to each suction-controlled oedometer apparatus as a benchmark (for more
information, see Appendix D).

The apparatus can control both u, and uy by using the axis-translation technique. The testing program
was conducted using a procedure similar to Birle (2011) in most parts. The exact procedure is
described in detail in sections below.

Figure 3.17. The suction-controlled oedometers that were used in
this study (Zentrum Geotechnik, Technische Universitat Miinchen).

Figures 3.18 and 3.19 show two oedometer cells, which were used in this study. Birle (2011) reports
that both these cells are, in principle, similar to the suction-controlled oedometer cells developed by
the Universitat Politécnica de Catalunya (UPC-cell), which is described in detail in Romero (1999).

In this research, the effects of increasing matric suction and net normal stress were studied
separately. In other words, the first part of the suction-controlled oedometer tests were conducted by
increasing matric suction at a constant net normal stress, while for the second part of the tests, the
net normal stress was increased, as the matric suction was kept constant.
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Figure 3.18. TUM-cell (Cell 2) which Figure 3.19. Wille-cell (Cell 1) built by
was built by the Zentrum Geotechnik, Wille Geotechnik in collaboration with
Technische Universitat Miinchen. Prof. Schanz (as cited in Birle, 2011).

Figure 3.20 shows the stress paths that were used for oedometer tests in this research. In Test U1,
the matric suction was increased incrementally (over 43 days) up to 891 kPa at a constant net normal
stress of 15 kPa. Then the net normal stress was increased incrementally up to 637 kPa at a constant
matric suction of 891 kPa. In Test U2, the matric suction was increased incrementally up to 290 kPa
at a constant net normal stress of 5 kPa. Then the net normal stress was increased incrementally up
to 496 kPa at a constant matric suction of 290 kPa. In Test U3, the matric suction was increased
incrementally up to 92 kPa at a constant net normal stress of 15 kPa. Then the net normal stress was
increased incrementally up to 499 kPa at a constant matric suction of 92 kPa. As previously
mentioned in this chapter, three conventional oedometer tests (S1, S2 and S3) were carried out on
saturated soil samples by applying a maximum vertical stress of 639 kPa. Tests S1, S2 and S3 were
conducted at different flLoad Increment Ratiosoof 1.0, 0.65, and 0.3, respectively.

Duration of each test was Ul: 177 days, U2: 62 days, and U3: 159 days, S1: 157 days, S2: 164 days
and S3: 187 days.
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Figure 3.20. The stress paths that were used for oedometer tests in this research. Tests U1, U2
and U3 were performed by the suction-controlled oedometers on unsaturated soil samples. Tests
S1, S2 and S3 were conducted by the conventional oedometers on saturated soil samples.

3.5.2.1 High Air Entry Disk

As Fredlund and Rahardjo (1993, p. 81) describe, 0@
uni form sized which separates air and water in uns
saturated withwat er , t he fAair cannot pass through the disk
resist the fl ow of thasoil.sampld, iwrech imlacatediorttheshighcair entoymiskp f

is calculated by subtracting the air pressure value above the high air entry disk from the water

pressure below this ceramic disk (i.e., uai uy) . fAThe maxi mum matric suction
across the surface of the disk is called its air entry value. Geramic disks with smaller pore size have

higher air entry values. The ceramic disk acts as a boundary between the soil sample and the devices

for measuring the pore-water pressure. Water in the saturated ceramic disk, connects the pore-water

of the soil sample to the measuring devices for pore-water pressure. Air cannot pass through the

ceramic disk into the measuring devices as long as the applied matric suction is less than the air

entry value (see also Figure 3.21).

The maximum matric suctions applied in this study were 891, 290 and 92 kPa for Tests U1, U2 and
U3, respectively. For Test Ul a 1500 kPa, and for Tests U2 and U3 a 500 kPa high air entry disk
were used. The air pressure is applied to the upper part of the soil sample and the water pressure is
applied to the underside of the high air entry disk.

Immediately before each test, the permeability of the saturated high air entry disk was measured.
This was carried out by setting up the oedometer cell without the soil sample and increasing the water
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pressure more than the air pressure to enforce the water flow through the ceramic disk. Afterwards
the soil sample must be placed on top of the saturated high air entry disk (see Figures 3.22 and 3.23)
and then the cell should be closed as fast as possible to prevent exposing the soil sample and ceramic
disk to air.

(b)

Figure 3.21. The high air entry disks and the lower part (base) of (a) Cell 2 and (b) Cell
1, which are connected to the water pressure and the flushing system of the suction-
controlled oedometers (Zentrum Geotechnik, Technische Universitat Minchen).

(a) (b)

Figure 3.22. Prior to starting the suction-controlled oedometer test; Cell 2. (a) Inserting the
ring and the soil sample into the lower part of the cell, and (b) placing the soil sample on top
of the saturated high air entry disk (Zentrum Geotechnik, Technische Universitat Miinchen).
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Figure 3.23. Prior to placing the soil sample on top of the
saturated high air entry disk. Suction-controlled oedometer cell
1 (Zentrum Geotechnik, Technische Universitat Minchen).

3.5.2.2 Axis-Translation Technique

As Fredlund and Rahardjo (1993) explain, during an unsaturated test, if the water pressure
approaches -1 atm (i.e., about -101 kPa), the water starts to cavitate and the occluded air bubbles
accumulate below the high air entry disk, which creates errors in measurement of the pore-water
pressure. The water level in the standpipes would also be affected by the occluded air bubbles
accumulating below the high air entry disk. This problem can be solved by using the axis-translation
technique.

Therefore, in this study the axis-translation technique (Hilf, 1956 as cited in Fredlund & Rahardjo,
1993) has been used for controlling the matric suction in the suction-controlled oedometer tests.

Rahardjo and Fredlund (1995) explain this technique as follows:

fDirect measurements of pore-water pressures are limited to negative 101
kPa. The axis-translation technique (Hilf 1956) can be used to measure or
to control pore-water pressures lower than negative 101 kPa. Using this
method, both the pore-air and pore-water pressures are translated by an
equal amount to positive pressures. The matric suction, (Ua - Uw), iS not
affected by this translation process, which allows the pore-water pressures
to be measured or controlled in the positive pressure range. The technique
performs well as long as the matric suction does not exceed the air entry
value of the air entry diskso(p. 755).



