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Abstract

Geotechnical challenges associated with constructing over peat and organic soils are

generally concerned with controlling stability and long term settlement. The use of

geosynthetics in this regard has played a significant role in alleviating potential instability,

although the problems associated with settlement, and in particular creep settlement,

remain.

Despite recent advances in soil improvement techniques, such as thermal precompression

and deep in situ mixing, preloading remains one of the more popular and effective means

of reducing long term settlements in peat, provided the time spans involved can be

tolerated.

However, for such projects to be successful, a means of forecasting the rate and magnitude

of the coupled consolidation and creep settlements is required. Although several such

methods are available, and have been successful in their application to non-organic soils, a

number of behavioural non-linearities limit their effectiveness with peat.

The work in this Thesis investigates the time and rate dependency of peat and organic soils

when loaded under one-dimensional conditions. Of particular interest is the role and nature

of the organic matter. The effect of high load increment ratio (LIR) is assessed, as stress

levels well in excess of the relatively low in situ stresses in virgin peat deposits are often

applied in an attempt to control settlements. A large and comprehensive database of

laboratory tests is presented, including Multi Stage Loading (MSL) oedometer tests and

Constant Rate of Deformation (CRD) tests. These tests were used as a means of validating

constitutive models currently employed in the prediction of one-dimensional compression.

A suitable isotache model has been chosen, and its potential in predicting in situ behaviour

based on laboratory-derived parameters is examined.
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Chapter 1

Introduction

1.1    BACKGROUND AND MOTIVATION

The Irish budgetary adjustment programme of the 1980’s and early 1990’s resulted in a

necessary reduction in the capital expenditure programme for this period. As a result of

this curtailment, the start of the 21st century has found Ireland in a position where its

infrastructure is seriously inadequate for the current car ownership rates, and is now under

severe strain due to the recent rapid economic growth. In order to redress this problem, the

Irish National Development Plan 2000-2006 has allocated IR£17.6 billion of the total

investment from public, EU and private funds, for economic and social infrastructure

development. This figure accounts for 51.6 % of the total available funds, and is a notable

54.9 % annual increase over 1999 figures. A significant portion of this development fund

has been allocated for the widening, realignment and reconstruction of deficient sections of

existing national roads. Figure 1.1 identifies the routes that are set to benefit from the

development strategy for national primary and secondary roads, along with the distribution

of Irish peatlands in the form of raised and blanket bogs. Evidently many of the planned

routes cross over areas underlain by peat deposits, thus presenting construction challenges

for the geotechnical engineer.

For several decades, peat has generally been regarded as one of the most problematic soils

in geotechnical engineering, owing to the particularly high in situ water content and

associated voids ratio prevalent in such soils. Soils with high voids ratio are typically very

compressible and are therefore poor foundation materials. To date, the tendency has been

to either avoid constructing over peat deposits, or to simply replace the organic material

with granular fill. However, the need for an improved infrastructure in Ireland requires

engineers to face up to the problems associated with construction over peat.

2



[]

Motorways/dual carriageways

Other national primary roads
National secondary roads
Raised bogs
Blanket bogs

Figure 1.1 National primary and secondary road improvements for 2000 - 2006

A variety of soil improvement methods have been employed for projects involving

embankments and roads founded on peats and organic soils:

1. Preloading: shown to be reliable in reducing long-term settlements. Stability of

embankments can be enhanced by using stage-construction and geosynthetic

reinforcement.

2. Thermal precompression: settlement rates are increased significantly by ground

heating; subsequent cooling then reduces the long-term settlements.

3. Deep in situ mixing (lime-cement columns): mixing peat with cement (and

sometimes lime) to create stabilized columns.

4. Stone columns: sand or compacted gravel filled into water jetted holes in order to

increase the strength of fills, increase settlement rates whilst aiding to reduce

overall settlement amounts.

5. Piles: generally restricted to founding structures rather than roads and

embankments.



Of these methods, thermal precompression and deep in situ mixing are still in the

development stages for peat. Stone columns and piling options are generally restricted to

large structures, and tend to be uneconomical for road and embankment construction.

Preloading remains the most popular means of reducing the long-term settlement of roads

and structures constructed on peat. However, for such techniques to be successful, a

method is required which can accurately predict the magnitude and rate of the time-

dependent settlements.

1.2    OBJECTIVES

This Thesis investigates current analytical models that have been employed for use in stage

loading and preloading projects with clays, and examines their suitability in modelling the

response of a range of peats compressed one-dimensionally under a variety of loading

conditions.

The main objectives of this project are as follows:

1. To assess the compressibility characteristics of a range of peats and organic soils,

paying particular attention to long-term creep compression.

2. To investigate the role of organic content and state of humification of the organic

matter.

3. To identify fundamental differences between the behaviour of peat in compression,

compared with other non-organic soils. Consequently, to identify features of a

constitutive model that are required to predict the rate and magnitude of settlements

under one-dimensional loading conditions.

4. To examine the potential in predicting in situ behaviour using a suitable

constitutive model together with parameters derived from small-scale laboratory

tests.

1.3    THESIS OUTLINE

The structure of the eight chapters contained within this Thesis is outlined here. Chapter 2

presents an up-to-date and comprehensive review of current knowledge of peat behaviour

gained from stage loading and preloading construction on peat, and from associated

4



laboratory studies. The potential for one-dimensional models (developed mainly for clay)

in capturing the highly non-linear nature of peat is also assessed. Chapter 3 includes a

detailed classification of the four main soil groups (poorly humified fibrous peat, well

humified fibrous peat, amorphous and silty peat, and an organic clay) considered in this

Thesis. Correlations between loss-on-ignition and water content are provided and

compared with a database of peats and organic soils, compiled from the literature. Selected

results from a relatively large database of Multi Stage Load (MSL) oedometer tests and

Constant Rate of Deformation (CRD) tests are presented in Chapter 4. Much of the

reported data is taken from Clara peat test results, although several other tests are included

for comparison. Chapter 5 initially provides details regarding the subsidence of a road

constructed over a raised bog in Clara, Co. Offaly over 150 years ago. The design and

implementation of an in situ load test on the bog is subsequently described, as are the field

measurements collated over a two year period. An interpretation of the experimental data

obtained both in the laboratory, and in the field is provided in Chapter 6, drawing parallels

with previous studies where relevant. The experimental findings are subsequently used to

identify the problematic nature of fibrous peat in one-dimensional compression.

Formulations are proposed upon which the selection of an appropriate constitutive model

for peat is based. In Chapter 7, an isotache model is selected which is considered to have

the highest potential for successful application to peat. The formulation of the model is

discretised using finite difference techniques and programmed using Microsoft Visual

C++. This program, referred to as CREEP, is then used to predict the stress-strain response

due to a variety of one-dimensional loading conditions, both in the laboratory and the field.

Finally, Chapter 8 presents the main conclusions from this Thesis, and makes

recommendations for further work.

5
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Chapter 2

Literature Review

2.1 INTRODUCTION

Geotechnical challenges associated with embankment and road construction over peat and

organic soils include potential instability and excessive long term settlement. However,

with the recent advances in the use of soil reinforcement, construction has primarily

become a problem of controlling settlements (Edil and den Haan, 1994). Although

construction over soft soils is generally avoided, the declining availability of more

favourable foundation soils has resulted in the necessary development of areas underlain

by peaty and organic deposits. A resurging interest in peat and organic soils as foundation

materials has been underlined by the formation of ISSMFE Technical Committee on Peat,

TC15, in 1985, which was restructured in 1994 to include organic soils in its brief.

Although advancements in a number of alternative soil improvements methods, such as

deep in situ mixing and thermal precompression have been made, the use of preloading

remains one of the most common means of reducing long term settlement (Carlsten, 1991;

den Haan, 1997). This chapter initially reviews current knowledge gained from stage

loading and preloading projects on peat, and from associated laboratory studies. The final

section deals with one-dimensional compression models that have mainly been developed

for clay, but which, in principle, may equally be applicable to peat and organic soils.

2.2    TIME-DEPENDENT COMPRESSION OF PEAT SOILS

A considerable amount of experimental data from the literature indicates that the long term

settlement of peat is continuous. Busiman (1936) showed that the creep settlement of

7



embankments constructed over peat in Holland continued for more than eighty years. In a

similar study at the same meeting, van der Burght (1936) provided data which showed that

an embankment founded on peat settled for a period of 91 years. Both Buisman (1936) and

van der Burght (1936) concluded that the long term settlement could best be described by a

linear relationship between settlement and logarithm of time. Other more recent field

studies such as that reported by Lefebvre et al. (1984) testify to this relationship. Weber

(1969) provided a considerable amount of settlement data for several embankments

constructed over peat deposits. The settlement records, which have been maintained for

several years, show an essentially linear relationship between settlement and logarithm of

time (Figure 2.1). After approximately 15 years, the relative compression of the 7 m layer

of high water content peat measured approximately 74%, compared with approximately

23% for the 6 m layer of low water content clayey peat, even though the applied stress

level of the latter was 33% higher. This result serves as a good indication of the magnitude

of peat settlement associated with even relatively moderate loads.

Laboratory studies of peat have been carried out by a number of workers in various

countries, with notable contributions emerging from Canada, USA, Netherlands, Japan,

UK and Ireland. A general conclusion which may be drawn from the literature on peat is

that the one dimensional compression is due to (i) volume changes associated with the

dissipation of excess pore pressures, and (ii) volume changes due to viscous deformations

of the soil layer. Although many workers including Suklje (1957, 1969, 1982), Bjerrum

0.0

2.0

1.0

1.5

, _-. _ :_= ......... ,
__’ ;% .....

~
t; u, 59

Loading -
I I a I I I - -- ’ I, , , . , , , , . , , ,    , I I I I

~1
4 m’fill over 6 m clayey peat; w = 190%

Loading .

I I I I I I l I I I I I I I I I I I I I II I I I 1 A I j I j

10                                   1 O0                                1000                               10000

Time (days)

Figure 2.1 Settlement time data for embankments constructed over peat (after Weber, 1969)
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(1967), Leroueil et al. (1987) and Kim and Leroueil (2001) consider these two time-

dependent processes occur simultaneously, it is convenient now to examine their respective

processes to separately. The following sections attempt to provide an up-to-date review of

the compression behaviour of peat loaded under one-dimensional conditions. Although

laboratory and field behaviour are addressed in separate sections, correlations and

comparisons are made where possible.

2.2.1 Permeability and consolidation

One of the most notable features of peat is the reduction in permeability with decreasing

void ratio and water content (Hobbs, 1986). Carlsten (1991) suggested a vertical

permeability in the range 10-5 - 10-7 m/s for virgin peat, and showed this value reduced by a

factor of 1000 at a relative compression (AH/Ho) of 50%. This trend agrees well with that

reported by Berry and Vickers (1975) for a fibrous peat from the UK. Similar trends have

been reported by Dhowian and Edil (1981), Adams (1969) and Miyakawa (1960) and,

more recently, by Mesri et al. (1997). The decline in permeability is most severe in

undisturbed fibrous peat deposits, as the in situ undisturbed porosity of these soils is

generally very high (Landva and La Rochelle, 1983), thus making the soil readily pervious

1 O0 ........ I ........ I ........, ........, ........, ........ , ........I ........, ........ w ....... ,

10

Hanrahan, 1954

Lefebvre et al., 1984 j~

1964

~ Dhowian and Edil, 1981

Mesri et al., 1997 ~~t,AY971 1oo~

dense~_/SAND
Envelope of 98 tests (after Hobbs, 1986)

, , ,,t,.I , , tt~llAI ........ I , , ,i,.,I ........ I ........ I ........I ........ I ........ I ......

10-II 10-lO    10.9    10-s    10.7 10.6 10.5 10.4 10.3 10.2

Permeability, k (m/sec)

Figure 2.2 Relationship between permeability and void ratio for peat
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to flow. Figure 2.2 shows typical variations in the vertical permeability with void ratio.

Many of the data in Figure 2.2 are due to Hobbs (1986), who concluded that the

permeability was not directly linked to the applied stress, but to the initial void ratio,

reflecting the natural state of the soil. Hobbs (1986) proposed Equation 2.1 as a general

relationship between void ratio and permeability.

2.1

This equation, which is based on permeability data presented by Hanrahan (1954), passes

approximately through the centre of the shaded envelope in Figure 2.2. A more appropriate

fit to other soils can be obtained by varying the limiting values, ko and eo, and also by

altering the exponent, 11.03.

Mesri et al. (1997) showed that current permeability data available for peat can be

described by Ck = eo/4, where Ck = Ae/A log k (see Figure 2.3). The corresponding value

for soft clays and silts as determined by Tavenas et al. (1983) and Mesri et al. (1994a) is

Ck = eo/2. Considering that initial void ratios in peat are generally much higher than those

of clays and silts (e.g. see Figure 2.2), it is evident that this result is an indication of the

somewhat different structure in peat soils. Mesri et al. (1997) used the data in Figure 2.3 to

explain that only the macropores, defined as the large voids between soil particles, act as

10

0
0
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flow channels. Both Mesri et al. (1997) and Hobbs (1986) compare the permeability of

fibrous peat with sodium montmorillonite at a high void ratio, e.g. 20. The corresponding

differences in permeability at this high porosity are significant; 10-~° m/s for sodium

montmorillonite compared with 5 x 10°7 m/s for fibrous peat. It is notable that the quoted

permeability of fibrous peat in its natural state, reported by Lefebvre et al. (1984), is

comparable with that of medium sand. Hobbs (1986) attributes the large variation in

permeability to the manner in which water is held in peat. The structure of poorly humified

peat consists mainly of relatively large diameter (ca. 1 mm) leaf and stem fibres, whereas

the soil particles of sodium montmorillonite are flaky and more than 1000 times smaller.

The amount of water-bound surface area will obviously be higher in the sodium

montmorillonite, thus increasing the likelihood of absorbed water layers coalescing and

blocking potential seepage paths. The dissipation of pore water during the consolidation of

peat can be considered at macroscopic level. Such reasoning has been the basis for many of

the rheological models developed for peat in the 1960’s and early 1970’s (see § 2.4.1).

There is considerable disagreement surrounding the validity of the commonly used H2

scaling law which allows the time required for in situ consolidation to be estimated using

known tp values (times for consolidation) from laboratory tests and the length of the

drainage path, d, in the laboratory and field:

2.2

in which the subscripts l and f represent laboratory and field conditions respectively.

Barden (1969), Berry & Vickers (1975) and Hanrahan (1964) verified the use of i = 2 for

laboratory tests on peat specimens of different heights. However, a number of workers

have attempted to apply Equation 2.2 to field conditions, and have reported variations in

the exponent i. Lake (1961) found primary consolidation in a Scottish bog peat to be

extremely rapid, and suggests i to be close to zero. Samson and La Rochelle (1972)

reported values of 1.6 and 2.0 for i, whilst observing the exponent to increase as the

applied stress increments increased; such an increase is consistent with the presumption

that permeability decreases rapidly with increasing compression. Lefebvre et al. (1984)

proposed values of i = 1.1 for a fibrous peat with an average water content of 1460 %, and

i = 1.5 for a fibrous peat with an average water content of 860 %.
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Hobbs (1986) suggests that the faster field consolidation rates encountered in test fills on

peat are generally due to significant variations in the vertical permeability in the field,

compared with that observed in the laboratory. Hobbs also raises an interesting point in

identifying horizontal drainage effects due to deviations from true one-dimensional

behaviour, but suggests that it would be illogical to adjust Equation 2.2 to account for this,

as this would require variables to account for the effective radius of the fill and hydraulic

anisotropy. Equation 2.2 can be modified to account for differences in the field and

laboratory vertical permeability:

2.3

Hobbs (1986) used Equation 2.3 together with data reported in the literature to form an

empirical relationship between the permeability ratio (kt/kf), drainage path ratio (d/&), and

the exponent i (see Figure 2.4). Considering Figure 2.4 for an average value of i = 1.5, and

a drainage path ratio of approximately 4001, the permeability ratio (kHkf), is approximately

20. Although horizontal drainage will reduce this value, this approximate measure serves

as a useful exercise in accounting for the vast differences in the vertical permeability as

Drainage path ratio based upon a 4 m peat layer with drainage permitted towards the upper boundary, and
10 mm as a typical drainage path length in oedometer tests with drainage towards the top and bottom.
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encountered in the laboratory and the field. Despite the apparent merit of Equation 2.3,

Hobbs (1986) states that "attempting to predict the time for primary consolidation in the

field from laboratory tests is a hazardous undertaking, however rigorous the underlying

theory" Results presented by Lea and Brawner (1963) (Table 2.1) for a peat deposit in

British Columbia show the important difficulties in selecting an appropriate duration of tp

based on laboratory tests.

Table 2.1 Predicted variation in tp based on Equation 2.2

Approximate depth of peat layer (m) 3.5 3.8 4.25 4.25 4.8 9.5

Power i in Equation 2.2 1.5 1.5 1.5 1.3 0.9 1.5

Consolidation duration (days) 120 174 90 25 10 326

Landva and La Rochelle (1983) reported consolidation durations of three months and less

for test fills constructed over a 7 m thick fibrous peat deposit. In contrast, Berry (1983)

predicted, on the basis of 24 Rowe cell tests, tp ~ 10 years for a 2.5 m fibrous peat deposit.

However, den Haan (1997) suggests that the potential for accurately forecasting the

development of settlement and pore pressure dissipation during consolidation is increased

if the non-linearity of permeability and anisotropy is accounted for.

2.2.2 Compression- time relationships

Uncertainties associated with the determination of tp from laboratory e - log t and c- log t

plots further adds to the difficulty in applying Equation 2.2 to in situ conditions. Although

Hobbs (1986) and Mesri et al. (1997) find that in most cases, the end of consolidation can

be determined from Casagrande’s log t method or Taylor’s -(t method, Edil and den Haan

(1994) conclude that the only reasonable estimations for tp are those based on pore pressure

measurements. The success of graphical construction methods in estimating tp is linked in

particular to the magnitude of the load increment ratio, Ao-/cr (Mesri and Godlewski, 1977;

Edil and den Haan, 1994; Edil 1997). Edil (1997) illustrates the effect ofAcr/cron a fibrous

peat from Middleton, USA (see Figure 2.5).
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Figure 2.5 Compression time curves for various LIR (after Edil, 1997)

Edil (1997) concludes from Figure 2.5 that the transition from the consolidation phase to

the so-called secondary phase is difficult to determine for the stress increments involving

LIRs less than unity. However, for the LIR = 2.0 and LIR = 5.0 stress increments, the end

of primary consolidation is clearly distinguishable from the e- log t curve, with values

agreeing well with tp as determined from pore pressure measurements. In a separate study,

Edil et al. (1991) showed that Casagrande’s method was unsuitable for peat, and that

Taylor’s method underestimated tp by a factor of up to 100.

It is also evident from Figure 2.5, that the tangential slope (Ca = -0e/01og t) gradually

increases at t >> tp. Edil and Dhowian (1979) and Dhowian and Edil (1980) term this

increase in Ca with time as tertiary compression, which should be interpreted as decreasing

strain rate, changing at an increasing rate. Den Haan (1994) provides a clear definition of

tertiary compression: "tertiary compression can be defined as a decrease of slope m in a

plot of log strain rate versus log time, after a relatively constant stretch at m ~ 1 ". A clear

illustration of tertiary compression is provided in Figure 2.6, which shows the development

of strain and excess pore pressure with time for the first stress increment of a specimen of

peat from Portage, USA. Further data due to Dhowian and Edil (1980) for progressive

stress increments of an oedometer test on Portage peat are provided in Figure 2.7. There is

a clear indication of tertiary compression in the lower stress increments, although the

marked steepening of the c- log t curve becomes less distinguishable as the consolidation

stress increases.
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Several other studies have revealed that the slope of the e - log t curve often increases at t

> tp. Krieg and Goldscheider (1994) reported its occurrence on a slightly fibrous peat from

The Netherlands at o-’ = 40 kPa, although not at higher stress levels. Mesri and Godlewski

(1977) and Berry and Poskitt (1972) also note that Ca tends to increase with time, although

they do not use the term tertiary compression to describe this increase. Mesri and

Godlewski (1977) suggest that the increase in Ca is most likely for stresses in the range

0.50-’ c - 1.5o-’ c, where o-’ c is the apparent preconsolidation stress.

consistent with the data presented in Figure 2.7, in so much that the

compression

This is generally

effect of tertiary

is not as pronounced at the higher stress levels. Evidence of tertiary
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Figure 2.8 In situ settlement-time curves showing tertiary compression for:

(a) 3 m embankment, (b) 2 m embankment (after Candler and Chartres, 1988)
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compression in the field has been reported by Candler and Chartres (1988) (see Figure 2.8)

and by Fox and Edil (1996).

Mesri et al. (1997) showed that an increase in Ca with time can be explained by the C~/Cc

concept of compressibility (see § 2.4.2.3). The authors also speculated that biodegradation

of peat particles in laboratory conditions may result in a slight increase in compression

with time. A study by van der Heijden et al. (1994) revealed that biodegradation leads to

deformation and decomposition of plant cells. Mesri et al. (1997) suggest that the loss of

structural integrity of the cells may result in a gradual increase in compression with time.

In a discussion to this paper, Fox et al. (1999) presented the results of two additional tests

on Middleton peat, referred to by the authors as N1 and N2. So as to investigate the effect

of biodegradation, specimen N2 was subjected to 2 Mrad of gamma radiation over a 9 hour

period prior to testing. Fox et al. (1999) considered this level of radiation to be sufficient to

kill bacteria and fungi within the specimen, thus minimising biodegradation during creep.

Both tests involved identical loading conditions with additional stress increments (LIR = 1)

being applied at the end of consolidation (99% excess pore pressure dissipation). At o-’=

198 kPa, both specimens were permitted to creep for 148 days. The resulting e - log t plots

for both tests are provided in Figure 2.9. Evidently the irradiated specimen, N2, shows Ca

to remain essentially constant with time, whereas the untreated specimen, N1, exhibits

tertiary compression, which is consistent with previous laboratory data for Middleton peat

(e.g. Dhowian and Edil, 1980; Fox et al., 1992). This result provides significant insight
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Figure 2.9 e - log t curves for untreated (N1) and irradiated (N2)
specimens of Middleton peat (after Fox et al., 1999)
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into tertiary compression and may draw into question the results of several previous

laboratory studies on peat.

The excess pore pressure data in Figure 2.7 is also of interest. At o-’ = 50 kPa, the

consolidation duration, tp, is approximately 15 minutes (based on 95% excess pore pressure

dissipation). The value of tp is seen to increase with increasing stress level, and hence

reducing void ratio, to approximately 270 minutes for o-’ = 400 kPa. This variation in tr

further supports the reduction in permeability with void ratio shown in Figure 2.2. The

values of tp from Figure 2.7 are relatively high compared with values of tp < 1 minute

reported by Samson and La Rochelle (1972) and Fox and Edil (1996).

Two other points from Figure 2.7 are worthy of discussion. Firstly, the maximum

measured pore pressure is consistently lower than the applied stress increment, and

secondly, for o-’ = 200 kPa and o-’ = 400 kPa, this maximum value develops approximately

1 minute after the application of the stress increment. This result is consistent with data

reported by Lefebvre et al. (1984) for a Canadian fibrous peat (see Figure 2.10). The stress

increments in Figure 2.10a and Figure 2.10b involved a back pressure (ub) of 250 kPa,

whereas no back pressure was applied in the stress increments shown in Figure 2.10c and

Figure 2.10d. For the stress increments without back pressure, the ratio Au/Acr is generally

0.5-0.8 compared with 0.9-1.0 for the stress increments subject to the 250 kPa back

pressure. As with the Portage peat data (which involved application of back pressure), a

certain amount of time elapses before the pore pressure reaches its maximum value (see

Figure 2.7). This is fairly insignificant for the low stress increments, and the use of back

pressure reduces the pore pressure lag in the higher stress increments from approximately

75 minutes to 5 minutes. The corresponding pore pressure lag in Portage peat (Figure 2.7)

is less severe, although a higher back pressure of 560 kPa was applied in that particular

case. The time lag in pore pressure build up has been attributed by Dhowian and Edil

(1980) and Lefebvre et al. (1984) to incomplete saturation of the peat specimens due to the

presence of gas. Hanrahan (1954) estimates that the gas content in some Irish Sphagnum

peat bogs may be greater than 5%. Dhowian and Edil (1980) suggest that an increased

amount of gas is generated as the test progresses, which may be due to decomposition in

the peat. This would obviously explain the time lag in the earlier, lower magnitude stress

increments, although it is plausible that the effect of incomplete saturation due to gas may

be difficult to examine at low stresses as permeability is already very high in this range,

and consolidation therefore extremely rapid. Hobbs (1986) also discusses incomplete
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saturation of peat due to gas, suggesting that gas content may be higher in the field than in

the laboratory due to sampling disturbance. Hobbs concludes that the presence of gas may

contribute to rapid field settlements and recommends that laboratory tests should not be

back pressured in order to obtain complete saturation. This recommendation was taken on

board for most, but not all, of the laboratory tests described in Chapter 4.
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Figure 2.10 Vertical strain and pore pressure versus time for Canadian fibrous peat:
(a) 6.1-9.1 kPa, ub = 250 kPa; (b) 123.3-182.3 kPa, uo = 250 kPa;

(c) 0.76-3.03 kPa;(d) 122.75-181.85 kPa (after Lefebvre et al., 1984)

2.2.3 Compression indices and strain

The conventional means of describing the compressibility of a soil is by way of e - log o-’

curves. For many inorganic soils the slope of the virgin curve can be conveniently

described by the compression index, Co = -Ae / A log o-’. However, for many soft organic

soils and peats, the e - log o-’ curve is not linear, but convex (den Haan, 1997). Examples

of this non-linearity are given in Barden (1969) and Fox et al. (1992) and are shown here

in Figure 2.11 and Figure 2.12. Evidently Co is not a constant parameter in these cases, but
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Figure 2.11 e- log o" relationship for Middleton fibrous peat (after Fox et al. 1992)

decreases rapidly with increasing stress. Lefebvre et al. (1984) found (tangent) C,. to vary

between 15.0 and 6.4 for a fibrous peat with an average water content of 1460%, and

between 9.1 and 4.5 for a fibrous peat with an average water content of 860%. These

values are comparable with the Cc=10-15 range suggested by Holtz and Kavac (1981) for

peat. A high degree of variability remained even when the compression parameter was

normalised by the initial specific volume to give the compressibility ratio, C,./(1 + ¢3.

Lefebvre et al. (1984) find that this variation is an indication of the difficulty of using and

defining an appropriate Cc on an e - log o-’ curve. Following the recommendation of Mesri

and Choi (1985), Lefebvre et al. (1984) employ a modified secant compression index, C/,

between the preconsolidation stress, tic, and different values of applied effective stress, d.

They found the variation of C/with stress to be small for the lower values of initial void

ratio and most significant for high initial void ratios. Lefebvre et al. (1984) shows the

variation in Co’ with eo for d/dc = 20 (see Figure 2.13). Evidently this notation results in a

lower degree of variation as the compression ratio, C//(1 + eo) remains tolerably constant.

Despite the apparent merit of Figure 2.13, Landva and La Rochelle (1983) express

reservation as to the use of any relationship based on the apparent preconsolidation stress,

o",.. They find that for fibrous, undisturbed bog peats, determination of o"~. is very difficult,

and may be close to zero or even negative if a considerable amount of gas is present.

Evidently this affects the functionality of the C/ - if~fie relationship as the ratio, d/d,,

will be either infinite or unacceptably large. The value of d~., may be considerably higher
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in Canadian peat deposits as snow loading may preconsolidate the peat by up to 8 kPa

(based on 2 m high snow drift). Lefebvre et al. (1984) use similar reasoning to partially

explain the 3.2-7.8 kPa range of tic, determined from oedometer tests on fibrous peat from

Quebec, Canada. Ling Kah Jai (1997) also identified the difficulties associated with a

constant value of Cc, and showed how the conventional formulation may be invalid

whenever dc appears to be zero.

Although the e - log o-’ relationship is commonly adopted in practice, a number of
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alternative formulations have been proposed. Hobbs (1986) and Leroueil et al. (1985)

advocate the use of strain, ~ = AH/Ho, instead of void ratio, thus accounting for the inherent

variation in initial void ratio of seemingly similar samples. However, as strain may also be

defined in this context as c = Ae/(l+eo), the non-linearity prevalent in e - log or’ curves for

peat will remain.

A number of workers have employed tangent modulus, M = do-’/do~, as a means of

describing the compressibility of peat. Helenelund (1980) showed that the relationship

between M and or’ for peats of varying degrees of humification can be described by the

modulus number, m, which varied between 5 and 7. Lefebvre et al. (1984) employed

natural strain in their definition of tangent modulus, and showed that this led to a constant

value of m for any given test (see Figure 2.14). Furthermore, the variation in m over the

entire test database presented by Lefebvre et al. (1984) was very slight, and much less

significant than the corresponding variation in Cc and Cc’. Natural strain, ~’~"’, is defined in

Equation 2.4, and has been employed in soil mechanics by Jufirez-Badillo (1965) and

Butterfield (1979).
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Figure 2.15 Oedometer data for Newfoundland peat using (a) void ratio, e,
(b) specific volume, v, (logscale) (after Butterfield, 1979)

where specific volume, v = l+e. Natural strain is related to conventional strain, hereafter

referred to as linear strain, ¢tin, through Equation 2.5"

2.5

Butterfield (1979) showed how linearity could be restored to the virgin stress-strain curve

for a number of soils including Newfoundland peat (see Figure 2.15) by using natural

strain as a measure of the compression of the soil. In Figure 2.15 ln(v) replaces c’’I,

although it is evident from Equation 2.4 and also from den Haan (1994a) that the two

measures of compression are interchangeable in much the same way as e and c z;,,. One

implication of using natural strain is that it has infinity as its limiting value rather than

unity as with linear strain (see Figure 2.16). Although this is necessary to obtain a linear

relationship between strain and logarithm of effective stress, values of strain in excess of

unity are difficult to interpret, as they are not indicative of relative compression.

Den Haan (1992) showed that a power relationship could be used to describe the virgin

compression of a wide range of soils, including peats.

v (
,)-b~= 0"1 -- O-s 2.6

In Equation 2.6, v~ is the reference specific volume and o-’, is used to account for the

brittleness of natural clays. For a wide range of soils including peats, o-’, can be taken as

zero, which allows Equation 2.6 to be written as"
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- ln(Vl : bln(cr’)
) 2.7

Equation 2.7 is essentially the natural compression law for soils proposed by Butterfield

(1979) and Jufirez-Badillo (1965, 1975, 1981a, 1981b), defining a linear relationship

between logarithm of natural strain and logarithm of effective stress. A similar

formulation, although somewhat different in mathematical structure, was proposed by

Meyer and Dereczenik (1994).

Liu and Znidarcic (1991), Lan (1992), Edil and den Haan (1994) and Edil et al. (1994)

adopt the formulation of Hardin (1989) to describe the relationship between void ratio and

effective stress. Hardin’s formulation relates the inverse of void ratio to effective stress

through"

1 1 1" "(cr’/~’
/ /

e ei,,, SI_D ~. oa /

2.8
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where

1/eint is the intercept at o-’ = 0

S1-D is a dimensionless stiffness coefficient

era is atmospheric pressure

p is a constant value

Evidently Equation 2.8 contains three unknown parameters which cannot be directly

obtained from e-o-’ data. Hardin (1989) recommends p= 0.35 for a wide range of cohesive

soils, p = 0.5 for soils containing montmorillonite and p = 0.25 for a limestone residual

clay. This practical guide allows SI-D and 1/ei,, to be determined using regression analysis.

However, Lan (1992) showed that the assumed value of p had a significant influence on

the shape of the resulting curve and proposed a simplified formulation with p = 1. This

results in a formulation that can be used to fit the virgin stress-strain curve only.

Ling Kah Jai (1997) proposes Equation 2.9 as a generalised formulation which can be used

for all soil types:

(e-e,,,) (o-’ + o-’k)b~ =K8 2.9

where o"k and em are asymptotic values of effective stress and void ratio respectively, and

K8 is a constant parameter based on an assumed linear relationship between void ratio and

the compression index, Cc. Ling Kah Jai (1997) finds that for peat soils, o-’k and e,,, may be

conveniently taken as zero to give:

e               p bc

= O"k
Ke

2.10

Equation 2.10 is essentially a form of the generalised formulation proposed by den Haan

(1992):

VI -- Vr 2.11

in which the specific volume at infinite stress, v~=l, and the structure parameter, o-’,=0.

Formulations of the type shown in Equation 2.11 are commonplace, having been adopted
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by a number of workers such as Hansen (1969), Garlanger (1972), Christie and Honks

(1985) and Jose et al. (1990). By assuming voo=l, den Haan (1992) obtains Equation 2.7.

An interesting characteristic of the various formulations considered in this section is the

limiting value as stress becomes infinite. Conventional use of Cc implies infinite negative

volume at infinite stress which, due to the high non-linearity of the e - log o-’ curves

depicted in Figure 2.11 and Figure 2.12, can have severe implications over even moderate

stress levels. The natural strain formulation has an asymptotic value of zero volume at

infinite stress, whereas Hardin’s formulation (Equation 2.8) and that proposed by Ling Kah

Jai (1997) has zero voids ratio at infinite stress. Den Haan (1994) concludes that the

general consensus is that the asymptote for infinite stress is a slightly negative void ratio,

due to partial compression of the soil particles, but with volume greater than zero.

Den Haan and Amir (1994) adopt a revised form of Fokkens (1970) formula, which

assumes a unique relationship between the ratio of water to organic content, w/H, and

effective stress. The revised form due to Den Haan and Amir (1994) is given in Equation

2.12, and has been extrapolated in time to 104 days or 27 years, which the authors suggest

represents final compression.

w = 26.7(cr’)-°437 2.12
N

where N is the loss on ignition which, for highly organic content soils, is interchangeable

with organic content, H (Skempton and Petley, 1970).

Equation 2.12 is based on the premise that the scatter in plots of water content, or void

ratio versus effective stress can be normalized by the organic content. Den Haan and Amir

(1994) show, on the basis of 29 oedometer tests on Zegveld Polder peat (Netherlands), that

the scatter is indeed reduced, although a unique relationship is not obtained. A similar

relationship incorporating both water content and organic content has been proposed by

A1-Khafaji and Andersland (1981), whereas an alternative formulation (Equation 2.13),

based solely on the natural water content, w,,, has been suggested by Oikawa and Igarahi

(1997):

I 1
e = 2.47 1- exp(2.9i/o.,)o.39]w,,°ss[’-’/~"Pt"ss/°’)°"’] 2.13
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2.3 CASE STUDIES OF EMBANKMENTS CONSTRUCTED OVER

PEAT DEPOSITS

The settlement records for several case studies relating to Radforth peats are summarised

in Figure 2.17. The term Radforth is generally reserved for peats with low or insignificant

mineral content (Carlsten, 1988). Such peats tend to be encountered in raised bogs, and as

such are derived mainly from Sphagnum plants, particularly in the upper layer (Hobbs,

1986)¯ Radforth peats are generally very compressible due to a high in situ natural water

content and associated void ratio (Landva and La Rochelle, 1983). In Figure 2.17, numbers

next to individual data points refer to the time in years since the start of construction. The

end of primary consolidation in situ stress-strain curve of an Irish fen peat, with an organic

content of 42.2% is included for comparison. The relative compression of Radforth peats

under moderate stress levels is well indicated by Figure 2.17. The range of data serves as a

potentially useful means of estimating the settlement of embankments constructed over
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Figure 2.17 Relative compression under various embankments constructed on peat
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Radforth peat deposits. However, Landva and La Rochelle (1983) concluded that part of

the settlement at o’ >_ 30 kPa was due to shear deformations, resulting from embankments

which were relatively narrow in relation to the depth of the underlying peat layer. They

suggest that the shaded region in Figure 2.17 is a more likely limitation to the expected

settlement. However, the data presented by Landva and La Rochelle (1983) did not include

the end of primary compression data from the NBR-2 and NBR-3 sites in James Bay,

Quebec. Evidently these data, which were added to the plot by the author, lie outside the

envelope shown in Figure 2.17, even though insignificant lateral strains occurred at the

NBR-3 site (Lupien et al., 1981).

The time dependent behaviour of peat is well illustrated by the Escuminac test fills

settlement data in Figure 2.18, which show significant compression over a 40 year period.

The annotation in the c- log t relationship (e = AH/Ho) of Figure 2.18a relates to the initial

stress increment followed by the reduction in stress due to settlement and partial

submergence of the fill. It is interesting to note the effect that this partial submergence has

on the apparent coefficient of creep compression, Ca, as determined from the latter part of

the slope of the c- log t plot. Specific comparison between laboratory and field data for

Escuminac peat is reproduced from Landva and La Rochelle (1983) in Figure 2.18b.

Evidently the wide variability in the laboratory data limits the usefulness of oedometer

tests in predicting the magnitude and rate of settlement of Escuminac peat in the field. The

in situ stress-strain data representing durations of sustained loading are seen to merge
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Figure 2.18 Performance of Escuminac test fills constructed over Radforth peat:
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together with increasing stress level. Although this observation is consistent with the

laboratory data reported by Barden (1969) for Irish fibrous peat and Fox et al. (1992) for

Middleton fibrous peat (see Figure 2.11 and Figure 2.12), it should be remembered that the

shape of the stress-strain curves may be influenced by the shear deformations associated

with rY > 30 kPa.

Lefebvre et al. (1984) had mixed success in correlating field and laboratory data for James

Bay peat, Quebec. Test fills were constructed over two peat deposits, namely NBR-2 and

NBR-3. The peat at NBR-2 had an average in situ water content of 1460% and organic

content of 99%, whereas that at NBR-3 had an average in situ water content of 860% and

organic content of 71%. The lower water content at NBR-3 has been attributed by

Lefebvre et al. (1984) to the observed circulation of water, which may have resulted in the

deposition of mineral particles within the peat. Comparison of laboratory and field data for

NBR-2 peat is provided in Figure 2.19a and for NBR-3 peat in Figure 2.19b. In Figure

2.19, the range of 24 hour laboratory data is shown together with the average compression

curve derived from these data. The in situ data of Figure 2.19 relates to the end of primary

consolidation as determined from the slope of the field settlement versus log time curve.

For the peat at NBR-3, in situ data are seen to fall within the band defined by the

laboratory tests, with the majority of the data showing good agreement with the laboratory
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measured compression curve. At NBR-2 however, the field compression data shows

considerable scatter and tends to lie outside the band of laboratory data. Lefebvre et al.

(1984) attributed this high degree of scatter for the field data at NBR-2 to significant lateral

spreading of the fill during construction. Lupien et al. (1981) estimated that this heave

resulted in lateral strains of the order of 18-65%.

Farrell (1997) described the application of relatively simple geotechnical principles to a

preloading design involving staged construction of 11 m high embankments. Farrell et al.

(1994) and Farrell (1997) showed that good correlation can be made between laboratory

and in situ data when the laboratory e - log o’ curve is corrected for sample disturbance

using the method suggested by Schmertmann (1953). Figure 2.20 presents two in situ and

laboratory e - log d curves for a fen peat with an organic content of 42.2%. Evidently the

agreement between laboratory and field results is better in Figure 2.20b. It is also worth

noting that the in situ e - log d relationship depicted in Figure 2.20a is non-linear.

Samson and La Rochelle (1972) describe the construction of an expressway over a peat

deposit in Canada. The peat is typical of the Radforth peats considered previously, in that

the average organic content is 91%. The compressibility of this peat is reflected in the high

initial water content of 890%. Along the length of the proposed carriageway the original

thickness of the peat varied between 3 and 5.8 m. As the undrained shear strength of the

peat was low at 10 kPa, construction took place in three stages to allow for strength gain,

thus promoting stability. The first construction stage involved the placement of 1.2-2.5 m

of sand fill. A 10 day consolidation period was permitted, during which time significant

settlements of the order of 1.2 m were measured. The second construction stage was
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Figure 2.21 Rebound and settlement versus logarithm of time curves
for an expressway built over peat (after Samson, 1985)

completed in 0.3 m lifts, bringing the embankments to total thicknesses of 2.5-3.3 m.

Finally, after approximately 6 months, the embankments were raised to their maximum

height of 3.6-5.8 m, including the temporary surcharge of 1.0-1.5 m of sand fill. This

surcharge represented about 50% of the final design effective stress. After a period of

approximately 12 months the surcharge was removed, and the road completed within a

further 3 months. At the end of the 12 month surcharging period, the total settlement varied

between 1.4 to 3.3 m, corresponding to 40-60% of the original thickness of the peat.

Approximately 5-10% of the total settlement was attributed to creep following

consolidation. This result is not surprising considering the magnitude of the stress

increments and the relatively short loading durations.

Following the removal of surcharge, the embankments were observed to heave by 4.3-7.9

cm for periods ranging from 200-475 days. About one-third of the total rebound was

immediate and described by Samson and La Rochelle (1972) as elastic. Remaining heave

occurred at a rate which was observed to be linear with logarithm of time. The heave was

followed by a slow rate of creep compression, corresponding to an average creep

coefficient, Ca = 0.007-0.032. In this instance, Ca is defined in terms of strain referenced
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to the thickness of the peat at the assumed end of consolidation. It is of interest to note that

these values of Ca are on average 2.2 times smaller than those determined during first time

loading at comparable effective stresses. Samson and La Rochelle (1972) reported that

these post-surcharge creep settlements continued at this rate for approximately 4 years.

The merit of this case study is significantly heightened by a subsequent paper by Samson

(1985) that extended the settlement measurements to a period of 18 years. The complete

settlement record following the removal of surcharge is shown in Figure 2.21. What is of

particular interest in this case study is that after a period of between 5½ and 8 years after

the removal of surcharge, Ca increased by on average 2.4 times that determined from the

initial linear section of the settlement - log time plots. The Ca values determined from the

second linear section of the settlement - log time plots fall within the range 0.028-0.073,

which is very close to the values determined during first time loading (0.022-0.054). This

finding shows that, in this case, surcharging was effective for a period of 5 ½-8 years, after

which time the rate of settlement became identical to that of a normally consolidated peat.

It was estimated that the effect of the temporary surcharge was to reduce overall post-
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construction settlements by about 65%.

Samson (1985) attempted to mimic the in situ loading conditions in the laboratory, by

means of oedometer tests on samples retrieved from beneath the embankment before the

removal of surcharge. Specimens were reconsolidated to the in situ stress of 69 kPa, before

one-third of the applied load was removed. The peat specimens were permitted to rebound

and subsequently compress at the lower, over consolidated stress of 49 kPa. The results of

the laboratory tests are provided in Figure 2.22, where it can be seen that rebound took

place within a few minutes, after which time the peat slowly recompressed until such time

as the slope of the settlement - log time plot became linear. Samson (1985) showed that

the creep coefficient, Ca, determined from this plot was virtually identical to that obtained

from standard oedometer loading at an equivalent stress level. Furthermore, good

agreement was obtained between laboratory and in situ creep settlement observations.

2.4 ONE-DIMENSIONAL COMPRESSION MODELS

As is evident from § 2.2 and also from a number of key studies on the compressibility of

peat (e.g. Landva and La Rochelle, 1983; Hobbs, 1986; Edil and den Haan, 1994), the

contribution of creep to the overall settlement of peat and organic soils is significant. Any

attempt to model the compression of such soils should obviously take this into account. It

is for this reason, amongst others, that the classical theory of consolidation due to Terzaghi

(1923) is invalid for peat. In an attempt to redress this limitation, Taylor and Merchant

(1940) modified Terzaghi’s equation to include a factor, F, which serves as a ratio between

the rate of consolidation and rate of creep. Subsequently, Terzaghi (1941) and Taylor

(1942) attributed creep settlement to the readjustment of soil particles, caused by a gradual

transfer of stress from the highly viscous adsorbed water (film bond) to the soil particles

(grain bond). The transfer process is associated with viscous flow, accounting for the

continued creep settlement with time. Such reasoning was the basis of the Gibson and Lo

(1961) rheological model. Other rheological models were subsequently employed to build

constitutive equations describing one-dimensional compression during the consolidation

phase, and thereafter at constant effective stress. As explained by Imai (1995), these

rheological models have not been widely used, as the underlying concepts are difficult to

relate to familiar parameters such as Cc and Ca.
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The pioneering work of Bjerrum (1967) represented a significant advancement in the

understanding of soil viscosity and its influence over the stress-strain response of highly

sensitive clay. Bjerrum’s (1967) work prompted a resurgence in the development of one-

dimensional constitutive models such as that proposed by Garlanger (1972) and Christie

and Tonks (1985). The advent of advanced testing methods, in particular the Constant Rate

of Deformation test, played a significant role in furthering the understanding of strain rate

in laterally constrained compression.

Leroueil et al. (1985) estimated that at the time of writing, more than 25 different models

had been developed for one-dimensional compression. Since then, many more models have

been proposed, although a general consensus still has not been reached as to the most

appropriate means of modelling the stress-strain response of soils under one-dimensional

loading conditions. Although the majority of these models have been developed for clay,

they are in principle equally valid for peat, although they may require certain modifications

to account for the non-linearities observed in § 2.2. The aim of this section is not to

provide a comprehensive review of all of these models, but to highlight the key

advancements which have been made in one-dimensional constitutive modelling, and to

describe in some detail a few of the more widely used approaches.

2.4.1 Rheological models

Many of the currently available rheological models have been developed in the UK in the

1960s and early 1970s. Some, such as that proposed by Berry and Poskitt (1972), have

been specifically aimed at peat soils, whereas other more general frameworks such as

Gibson and Lo (1961) and Barden (1968) are equally valid for clays. In rheology, elastic,

plastic and viscous components of strain are generally treated separately, and represented

by springs, sliders and dash-pots. The following sections review two such models that have

been employed in predicting the consolidation and creep settlement of peat.

2.4.1.1    Gibson and Lo (1961)

Gibson and Lo (1961) developed a rheological model in which the structural viscosity of

the soil skeleton was assumed to be linear. The theory can be represented by a top spring

connected in series to a Kelvin element and dash-pot (see Figure 2.23a). Upon a stress
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increment, the top spring, representing primary consolidation, will compress instantly,

whereas the compression of the Kelvin element, representing creep, will be retarded by the

presence of the dash-pot. For large values of time, the time-dependent strain, At), may be

expressed as:

t>ta 2.14

where a, b and 2/b are empirical parameters that implicitly govern consolidation, creep and

creep rate respectively and to is the time after which the applied stress increment becomes

fully effective. Edil and Dhowian (1979) showed how these parameters could be

conveniently determined from field and oedometer data. Edil (1982) and Edil and Mochtar

(1984) used the model to predict the settlement of peat in the laboratory and field. As the

model is only really applicable when effective stress is constant (t > ta), the model fails to

predict the consolidation phase accurately (Lan, 1992). In addition, Edil and Mochtar

(1984) found the creep compression parameters, b and 2/b to be highly non-linear. The

same authors also encountered significantly differing rates between the field and laboratory

and were forced to present correction graphs in order to use laboratory determined

parameters for in situ settlement predictions.
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Figure 2.23 Rheological representation of:

(a) Gibson and Lo (1961) model, (b) Barden (1968) model
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Figure 2.24 Rheological representation of the Berry and Poskitt (1972) theory for:

(a) amorphous-granular peat, (b) fibrous peat (after Berry and Poskitt, 1972)

2.4.1.2 Berry and Poskitt (1972)

MacFarlane and Radforth (1965) broadly categorise peat as either amorphous or fibrous.

The soil particles in amorphous peat are mainly colloidal in size, and the pore water is

absorbed around the grain structure. In contrast, fibrous peat has an essentially open

structure, with enclosed secondary structures of mainly non-woody fine fibrous material.

The water in fibrous peat tends to exist as free water rather than viscous adsorbed water.

Based on these descriptions, Berry and Poskitt (1972) developed separate rheological

models for amorphous peat and fibrous peat. They suggested that the physical mechanisms

controlling creep in amorphous peat are similar to those for clays. As such, Berry and

Poskitt (1972) proposed that for amorphous peat, the nature of creep is due to the gradual

readjustment of soil particles into a more stable arrangement, following the disruption of

the soil skeleton associated with compression due to consolidation. Figure 2.24a shows the

rheological representation of the stress-strain-time relationship for amorphous peat.

Although, at first sight this appears to strongly resemble the Gibson and Lo (1961) theory,

the springs are non-linear, thus simulating the non-linear compressibility of the soil.

Berry and Poskitt (1972) considered that the skeletal structure of fibrous peat could be

based on the macro- micro-pore network concept of Adams (1963). In Berry and Poskitt’s

(1972) rheological model for fibrous peat (see Figure 2.24b), the consolidation process is

considered to be due to drainage from the macro-network (i.e. the dissipation of the excess
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pore water pressure), whilst creep settlement is attributed to slow drainage from the macro-

network into the micro-network.

The rate of strain of the micro-pores, de/dt, is based on rate process theory and takes the

form of Equation 2.15 for amorphous peat, and Equation 2.16 for fibrous peat.

dc = fl(e)sinh a(e)a

dt
2.15

2.16

where the terms a, fl and A are specified functions of void ratio, cr is stress and /,/2 the

micro-pore pressure. The models have been verified by Berry and Poskitt (1972) for

laboratory tests on fibrous and amorphous peat, and Berry (1983) provides an assessment

of the macro- micro-pore theory for preloading design. However, Landva and Pheeney

(1980) dispute the micro-pore concept on account of the observed relatively large openings

in the intact cellular structure of fibrous peat.

Berre and Iversen (1972) used the Gibson and Lo (1961) model to predict the strain and

pore pressure response of a marine postglacial clay from Drammen, Norway. They showed

that sensible predictions were only obtained at large values of time, which is consistent

with the findings of Lan (1992). The authors also compared experimental results with

Barden’s (1968) rheological model (see Figure 2.23b). Predictions obtained using Barden’s

(1968) theory were seen to be an improvement over the Gibson and Lo (1961) theory,

although the model failed to accurately predict the pore pressure response. Berre and

Iversen (1972) concluded that Barden’s (1968) theory could be improved if a top spring

was introduced into the rheological model.

Additional rheological models, such as those proposed by Christensen and Wu (1964) and

Szymanski (1982) have been proposed for one-dimensional compression. Lechowicz et al.

(1984) showed that a form of the latter model could be used to accurately predict peat

settlement. Lan (1992) suggested that many of the currently available theological models

could not be used for peat, as the commonly made assumption that Ca is constant is not

valid for peat.
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2.4.2 Elastic visco-plastic models

According to Leroueil et al. (1985), almost all the published theories for one-dimensional

compression can be represented by the following equations, where R represents a function

and the dot signifies the time differential:

R(cr’,e): 0 2.17

R(cr’,e,t):O 2.18

R(cr’,e,d’,e):O 2.19

R(cr’,e,e)= O 2.20

Although compression is described in Equations 2.17-2.20 by void ratio, e, the dependency

of strain on change in void ratio infers that linear strain, ji,,, or natural strain, g, at may be

interchanged with e in the above equations. Equation 2.17 represents models in which the

stress-strain state is assumed to be both unique and independent of stress history and aging

(e.g. such as assumed by Terzaghi’s 1923 consolidation theory). Although Equation 2.17 is

widely used in practice, earlier work such as that of Buisman (1936), showed that Equation

2.17 is invalid for most soils, as void ratio continues to decrease under constant effective

stress. A number of theories have been proposed which compensate for the limitations of

Equation 2.17 by considering the time-dependency of soils. Models such as those

described by Equation 2.17 are also time-dependent, in that the consolidation process takes

place over a finite time scale, although in the present context, time-dependency refers to

changes in volume without corresponding changes in effective stress. Bjerrum (1967),

Garlanger (1972) and Hansen (1969) have proposed theories employing Equation 2.18, in

which void ratio, or strain is a function of effective stress and time. However, these models

present difficulties in selecting an appropriate origin for time, particularly when laboratory

studies are used as a basis for predicting in situ behaviour. A number of workers such as

Suklje (1956), Hawley and Borrin (1973) and Leroueil et al. (1985), have overcome this

difficulty by proposing models corresponding to Equation 2.19 and Equation 2.20, in

which time (Equation 2.18) is replaced with rate of change of void ratio, or strain rate.

Equation 2.19 and Equation 2.20 form the basis of current elastic visco-plastic theory,

although the particular relationship proposed by each model tends to differ. One such

difference is in the interpretation of strain rate. Some modellers, such as Leroueil et al.
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(1985) and Imai and Tang (1992) advocate the use of total strain rate, whereas others, such

as den Haan (1996) and Yin and Graham (1994, 1996) propose that strain rate should be

interpreted as creep strain rate. The latter group usually postulate an appropriate

relationship between direct or instant strain rate (sometimes also referred to as elastic

strain rate), effective stress and effective stress rate (den Haan, 1995). It is in this way that

the process of consolidation is modelled. Total strain rate is then taken as the sum of creep

strain rate and direct strain rate, where the latter tends to zero as the effective stress rate

reduces due to the dissipation of excess pore pressures during consolidation.

It is not proposed in this section to provide a comprehensive review of all of the theories

proposed for one-dimensional compression. Rather, an attempt has been made to present

an overview of the principles that have been employed in the past, and to link this with

reported experimental data where possible. In addition, some of the more widely accepted

theories are described in some detail.

2.4.2.1    Bjerrum’s instant and delayed compression

Bjerrum’s (1967) concepts of instant and delayed compression have provided the

framework upon which the majority of current constitutive one-dimensional compression

models are based. In his Rankine Lecture, Bjerrum (1967) used instant compression to

describe strains associated with increases in effective stress. Although Bjerrum coined
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these strains as instant, he recognised that the finite permeability of soil would cause a

certain degree of time-dependency. The term, delayed compression, was employed by

Bjerrum to explain volume changes at constant effective stress. Bjerrum proposed that this

process could be described by a series of parallel time lines in e- log or’ space, where each

line represents equal periods of sustained loading. This time-line theory is shown in Figure

2.25. Bjerrum used the time-line concept to explain how clays strengthen and develop

reserve resistance against compression. The main contribution of Bjerrum (1967) was in

explaining how soils sometimes exhibit overconsolidation after aging. Referring to Figure

2.25, it can be seen that if a soil is permitted to creep at a constant effective stress from a

void ratio, ed, to eo, the state point will move from the instant time line to a time line of, in

this case, 3000 years. Upon an increase in stress, the state path moves to the right to join

the instant time line, thus creating an increased preconsolidation stress, po. Although this

has been shown experimentally by a number of workers for clays (Samson et al. 1981,

Leroueil et al. 1985), only a few cases have been reported for peat. The result of one such

study (Matsuo, 1998) is considered here in brief.

Two oedometer tests on Momijiyama (Japan) fibrous peat were incrementally loaded using

a LIR=I. At a stress level of 78.5 kPa the sample represented by the open symbols in

Figure 2.26 was permitted to creep for 445 days, before being reloaded in stress increments

of 20-40 kPa. Evidently, the preconsolidation stress increases to approximately 200 kPa,

after creeping for over one year at 78.5 kPa. Beyond 200 kPa, the peat exhibits normally
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Figure 2.26 Development of a quasi-preconsolidation stress after aging (after Matsuo 1998)
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consolidated behaviour, joining the measured e - log o-’ relationship of the other sample.

Many of Bjerrum’s concepts, and in particular the instant time line, are vague and are

either difficult to understand (Imai, 1995), or implement (Christie and Tonks, 1985).

Despite this, the work of Bjerrum (1967) is recognised as a major contribution towards a

thorough understanding of the time dependency of soil compression, and is the basis for

the majority of current one-dimensional constitutive models (Imai, 1995).

2. 4.2.2    Hypothesis A versus Hypothesis B

Models employed for one-dimensional straining conditions generally treat consolidation

and creep compression as either separate or continuous processes. This division has led to

two extreme theories, namely Hypothesis A and Hypothesis B (Ladd et al., 1977;

Jamiolkowski et al., 1985). Hypothesis A separates strains arising from the dissipation of

excess pore pressures from those due to creep, whereas Hypothesis B assumes that creep

occurs both at constant effective stress and during consolidation. Models belonging to the

Hypothesis A category include proposals by Leonards (1972), Ladd et al. (1977), Mesri

and Godlewski (1977) and Mesri and Choi (1985). In their simplest form such models

generally assume a Terzaghi-style solution for the consolidation process, and employ a

creep coefficient such as C~, to model continuing settlements at constant effective stress.

Separation of consolidation and creep is arbitrary, although in most cases the time

corresponding to 90 or 95% consolidation is assumed. Hypothesis B models include those

suggested by Suklje (1957, 1969), Barden (1965), Bjerrum (1967), and Leroueil and

Kabbaj (1987). As Hypothesis B models assume that creep acts throughout the

consolidation process, the stress-strain state at the end of primary (EOP) consolidation is

dependent upon the length of the drainage path and the duration of excess pore pressure

dissipation. This is contrary to the claims of Mesri and Godlewski (1977) and Mesri and

Choi (1985) who maintain that the stress-strain state at EOP is unique irrespective of the

drainage conditions.

Although a certain amount of experimental work has been performed in an effort to prove

or disprove either of the respective hypotheses, much of the evidence is unconvincing

(Leroueil et al. 1985). For example, the well-known oedometer tests on Drammen clay
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specimens of different heights (Berre and Iversen, 1972) which have been used to validate

Hypothesis B have also been used by Leonards (1977) in support of Hypothesis A.

Mesri and Choi (1985) conclude on the basis of oedometer tests on both thin and thick clay

layers that the EOP stress-strain relationship is indeed unique, whilst Mesri (1995)

suggests that the uniqueness principle be accepted on the basis of the excellent agreement

obtained between measured and predicted results for ten case histories of embankments

constructed on soft clays.

Based on the results of confined compression tests on Middleton peat samples of different

heights, Edil et al. (1991) suggested that Hypothesis A may be invalid, and that the

laboratory EOP stress-strain should not be used to predict in situ behaviour. Recognising

that laboratory tests are possibly unsuitable to test the EOP concept (Leroueil et al., 1985),

Kabbaj et al. (1988) compared the behaviour of four test embankments with the results of

laboratory tests. They concluded on the basis of their study, that the EOP concept is not

valid as the laboratory EOP stress-strain curve tended to underestimate the in situ strains.

Leroueil (1996) showed using results obtained from consolidating specimens connected in

series, that the stress-strain curve depends on the location relative to the drainage

boundary. As the in situ drainage path is generally much higher than that of specimens

tested in the laboratory, Leroueil (1996) concludes that the laboratory EOP stress-strain

path cannot be identical to that in situ.

2.4.2.3 Mesri’s CdCc approach

The C~/Cc concept, as described in Mesri and Godlewski (1977), suggests that "there is a

unique relationship between Ca = 6e/6log t and Cc = 6e/61og a’ that holds true at all

combinations of time, effective stress, and void ratio. " The C~/Cc ratio can then be used

along with the EOP e - log a’curve to completely define creep behaviour at any value of a’

in compression and recompression (Mesri et al. 1997). It should be noted that in this

context, the C~/Cc and EOP concept usually infers that creep does not take place during

consolidation, although according to Mesri et al. (1990) this is not a fundamental

requirement. Mesri et al. (1990) show mathematically how a unique EOP stress-strain

relationship can still allow for creep deformations during consolidation, although their

arguments were challenged and subsequently rejected by Yin and Graham (1990). The
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Ca/Cc and EOP concept, which has been associated with Mesri for many years, is dealt

with in numerous publications including Mesri and Godlewski (1977), Mesri and Castro

(1987), Mesri (1987) and Mesri et al. (1997).

compression curve and

secondary compression.

Mesri and Godlewski (1977) propose that values of Cc should be determined from the EOP

paired with Ca values determined from the first log cycle of

However, it is well recognized that the time taken for primary

consolidation in compressible materials

determine using conventional graphical

such as peat and organic soils is difficult to

techniques due to the absence of the inflection

point, which distinguishes the EOP compression phase (Edil and den Haan, 1994; Fox et

al., 1999). EOP can be determined accurately when excess pore pressures are measured,

but this is seldom the case in standard oedometer tests. Mesri and Godlewski (1977), stated

that although the EOP e - log rr’ curve is usually used to define Cc, any e - log or’ curve

during secondary compression with corresponding values of Ca, may be used to calculate

the Ca/Cc ratios. Mesri et al. (1997) and Lefebvre et al. (1984) showed that the uniqueness

of Ca/Cc values between respective samples are improved when normalized by the initial

specific volume, Vo (Vo = 1+ eo).

The correct interpretation of the Ca/Cc concept has been dealt with in various publications

over the years by Mesri and his co-workers. In brief, Mesri and his co-workers have found

it necessary to re-iterate on many occasions that correct interpretation of the C~/G concept

requires the correct pairing of Ca and G. values.
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Fox et al. (1992) concluded that tertiary compression of peat makes the C~/Cc concept

difficult to use. They also showed how determination of the Ca/Cc ratio was subjective,

comparing their results with those obtained by Mesri et al. (1994) for the same test data

(Figure 2.27a). Despite the reservations expressed by a number of workers, including Fox

et al. (1992, 1994) regarding the suitability of the C~/Cc concept for peat, Mesri et al.

(1997) showed that the C~/Cc ratio is essentially constant (Figure 2.28) and used this

together with the EOP stress-strain curve to obtain good agreement between measured and

predicted results. In a separate study, Lefebvre et al. (1984) showed considerable scatter in

calculating the C~/Cc ratio (Figure 2.27b), although the mean value of 0.06 agrees well

with the 0.052 value suggested by Mesri et al. (1997). According to Mesri et al. (1997),

current reliable data suggest that C~/C~ = 0.06 + 0.01 for peat.

Yin and Graham (1990) suggest that Mesri and Choi’s (1984) theory is not fully general,

and cannot be used in an analysis of constant rate of deformation tests or relaxation tests.

They also imply that as the method suggested by Mesri and Choi (1984) for calculating the

apparent preconsolidation arising from aging is empirical, the model is not well equipped

to handle strain rate effects arising from different loading conditions.

Mesri (1986) explained how the unique EOP and associated C~/Cc concept could be

employed to describe the postsurcharge creep settlement case study reported by Samson

(1985); see § 2.3. According to Mesri et al. (1997), the merit of this method is that it can
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Figure 2.28 Relationship between Ca/(l+eo) and Cc/(l+eo) for

Middleton fibrous peat (after Mesri et al. 1997)
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describe the commonly encountered steepening of creep curves (plotted as e -log t), thus

doing away with the need for the tertiary compression concept described and reported in

detail by Edil and Dhowian (1979), Dhowian and Edil (1980), Fox et al. (1992).

2.4.2. 4 Elastic Visco-Plastic theory

Current elastic visco-plastic theory is generally based on Bjerrum’s (1967) time-line

concept. Garlanger (1972) was the first to provide a mathematical framework for

Bjerrum’s work, proposing that the e-o-’-t relationship could be formulated as:

0t    o-’\ 0t )
2.21

where a assumed different values for o-’ < o"c and o-’ > o-’c and b, c and t~, are constants.

One drawback of Garlanger’s model is that a specific value of time must be attributed to t~,

from which point creep is assumed to act. It follows that Garlanger’s model belongs to the

Hypothesis A category, as if creep was permitted to occur throughout the consolidation

process, t 1=0, making Equation 2.21 invalid. Despite this, Garlanger (1972) showed the

model to be remarkably accurate in predicting both pore pressure and strain responses for

laboratory tests on Drammen clay (Norway) as reported by Berre and Iversen (1972).

Reasonable agreement was also obtained between measured and predicted settlements for

several buildings in Drammen.

One of the main difficulties of models such as those due to Garlanger (1972), Hansen

(1969) and Magnan et al. (1979) is in the treatment of the so-called instant time line.

Although conventional definition requires that a value of time be ascribed to the instant

time line, a number of workers such as Suklje (1957) and Hawley and Borin (1973) prefer

to use rate of void ratio change, or strain rate. In this respect, a particular strain rate, or rate

of void ratio change, is generally attributed to the instant time line and a constitutive

equation defined to describe the variation in strain rate or rate of void ratio change between

successive lines. According to Bjerrum’s (1967) definition, an infinite number of time lines

exist in e-o-’ space between the instant and limit time line, hence the mathematical

treatment of these time lines is continuous rather than discrete. In Hawley and Borin’s

(1973) model the instant time line is defined as having de/dt = ~, and the limit time line

with de/dt = O.

45



Suklje’s (1957) used the term isotache to describe lines of constant rate of void ratio

change. Subsequently, several models, such as that previously mentioned due to Hawley

and Borin (1973), and others such as Edil et al. (1994), den Haan and Edil (1994), den

Haan (1996), Yin and Graham (1994, 1996), Leroueil et al. (1985), and Kim and Leroueil

(2001) propose models which employ the isotache principle or variations thereof. One

thing that these models have in common is the assumption that a unique relationship exists

between void ratio (or strain), effective stress and rate of change of void ratio (or rate of

strain). This principle has been verified experimentally by several studies, including the

notable work of Graham et al. (1983) and Leroueil et al. (1985). Figure 2.29 shows the

results of a deformation rate controlled compression test on Belfast clay reported by

Graham et al. (1983). This test involved stepped changes in the deformation rate and

periods of stress relaxation. Figure 2.29 testifies to the isotache principle as intermittent

changes in the deformation rate correspond to a unique e-or" path. Similar results were

reported by Leroueil et al. (1985) for Batiscan clay (Canada). An important implication of

the isotache principle is that the apparent preconsolidation stress, o-’c, is dependent on

strain rate. Experimental evidence of this has been provided for clays by a number of

workers including Samson et al. (1981) (see Figure 2.30) and Leroueil et al. (1985).

Fewer studies have been performed on peat in this regard, with the work of Edil et al.

(1994), den Haan and Edil (1994), den Haan (1996, 1997) being notable exceptions.

Comparisons of different tests" Constant Rate of Deformation (CRD), Single Load
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Constant Stress (CS) and Multi Stage Load (MSL), on Middleton fibrous peat reported by

Edil et al. (1994) are reproduced here in Figure 2.31. The test data, which correspond to a

void ratio rate change of 0.0005 rain-1, show an essentially unique relationship between

void ratio, effective stress and rate of change of void ratio.

On the basis of experimental evidence such as that shown in Figure 2.29 and Figure 2.31,

several theories have been proposed to account for the rate-dependency of soils in one-
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dimensional straining conditions. Although the majority of these models have been

developed for clays, a few exceptions such as that due to Edil et al. (1994) and den Haan

and Edil (1994) have been proposed for use with peat soils. The major difference with the

latter is in their provision for coping with the high non-linearities encountered in peat soils.

Some of the more commonly used and widely accepted of these models will now be

examined in the following sections.

2. 4.2. 5    The B Model

Prompted by the uniqueness of the experimental data shown in Figure 2.31 for Middleton

peat, Edil et al. (1994) proposed that the one-dimensional compression of peat could be

modelled by a unique relationship between effective stress, void ratio and rate of change of

void ratio. The authors stipulated that this relationship held true only in the virgin stress

range, and suggested that currently available experimental evidence for peat was

insufficient to categorically rule out the importance of the rate of effective stress change.

Edil et al. (1994) assumed a semi-logarithmic relationship between rate of change of void

ratio (b) and effective stress, which may be formulated as:

ln(b): A + BIn    - BIn
E

2.22

where A, B, D and E are constant parameters which may be determined from compression

tests (Lan, 1992). Equation 2.22 is based on a normalised form of Hardin’s (1989) one-

dimensional compression equation for clays.

Edil et al. (1994) suggest that the B model has potential for practical applications in the

laboratory. Lan (1992) showed that the model could be used to predict in situ behaviour

within a reasonable degree of accuracy. Edil and den Haan (1994) stated that the main

advantage of Hardin’s formulation (and hence the B model) is that it behaves well over a

large range of effective stresses and it has proper values at the limiting stresses of zero and

infinity. However, den Haan (1994) showed Hardin’s formulation to be unsuccessful in

linearising stress-strain data for peats, and consequently concluded that the B model had

limited scope for peat.
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2.4.2. 6    The C~ Model

Combining concepts presented in Edil et al. (1994) and Fox and Edil (1994), Edil and den

Haan (1994) propose a more analytically rigorous model which they have coined the Co

model. This model accounts for straining due to changes in stress, temperature and time.

Edil et al. (1994) propose a unique linear relationship between log d and o-’, and define a

stress coefficient of creep, Co:

Co din(d)= 2.23
do-’

A thermal coefficient of creep, CT is defined by Fox and Edil (1994) as:

Cr
In dz - In b~

= 2.24T -r,

Although this parameter was considered essentially constant for Middleton peat (Fox and

Edil, 1994) it is included in the formulation in light of the lack of data on other (peat) soils.

Combining these concepts, Fox (1992) and Edil & den Haan (1994) proposed the

following relationship for the one-dimensional compression of peat:

d : -a~d"-Cj exp(CTT)sinh(Coo-’) 2.25

where av is the coefficient of compressibility, and CU is the fabric coeJficient of peat, which

is a non-linear function of void ratio, and is partially dependent on fibre orientation (Edil

and den Haan, 1994). According to Fox and Edil (1994), Cfis difficult to characterise, as it

is sensitive to variations in the peat fabric. Den Haan (1994) suggests that the uncertainty

associated with Cfrestricts the usefulness of Equation 2.25.

Equation 2.22 and Equation 2.25 may be combined with Darcy flow and the continuity

equation according to finite strain consolidation theory (Gibson et al. 1967) to predict

settlements during consolidation and at constant effective stress. One notable difference

between the B model and Co model is that the latter obtains total strain rate or total void

ratio rate as the sum of creep and consolidation rates, whereas the B model combines both

rates in a single expression. This may possibly account for the poor predictions obtained
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from the B model during consolidation (Lan, 1992; Edil et al., 1994). However, Edil and

den Haan (1994) suggest that this is not a critical weakness, as the contribution of creep

settlement in Equation 2.22 and Equation 2.25 is the dominant factor.

2.4.2. 7 EVP Model

The EVP model, as proposed by Yin and Graham (1989, 1994, 1996) possesses many of

the features characteristic of current elastic visco-plastic models. The EVP model is

essentially an extension of the time line concept (Bjerrum, 1967). However the EVP model

employs the isotache principle described previously, and a more rigorous treatment of

Bjerrum’s (1967) instant time line is provided.

The EVP model assumes that in the normally consolidated region, the creep strain rate for

a given stress and strain state is unique and that, at a given creep strain rate, there is a

linear relationship between strain and the logarithm of effective stress, and a linear

relationship between strain and the logarithm of creep strain rate. The stress-strain-strain

rate relationship assumed by the EVP model is summarised in Figure 2.32, and particular

characteristics of the model are now described briefly.

An Instant Time Line (Figure 2.32) is defined in stress-strain space along which strains are

elastic and recoverable. Graham and Yin (2001) show how the instant time line differs

from the conventional normal consolidation line (NCL). The NCL is the line that governs

Figure 2.32 Schematic diagram of Elastic Visco-Plastic (EVP) model
(after Yin and Graham, 1994)
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the magnitude of strain changes associated with increases in effective stress. However, as

can be seen from Figure 2.33, increases in strain associated with corresponding increases

in effective stress are strain rate dependent. Therefore the NCL is not a true elastic line.

Yin and Graham (1994) and Graham and Yin (2001) reserve the definition of the instant

time line for elasticity, and use this idea to justify Equation 2.26:

In Equation 2.26, the superscript, e, denotes elastic and vp denotes visco-plastic. According

to Graham and Yin (2001), the separation of total strain rate into elastic strain rate and

visco-plastic strain rate is not arbitrary, but is based on the assumption that strains arising

from stress increases will contain a certain amount of viscous, creep strains. The trends

exhibited in Figure 2.33 justify this assumption.

The choice of how best to define instant or elastic strains is generally left to the discretion

of the analyst as such strains can never actually be measured directly (den Haan, 1996).

The EVP model formulates instant strain rate as"

tc 1 do-’~,e_- , 2.27
vo o- dt

where tC/Vo is a material parameter which describes the elastic stiffness of the soil.
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Figure 2.33 Modelling rate-dependency of stress-strain relationship for

B~ickebol clay using the EVP model (after Yin and Graham, 1989)
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The EVP model chooses to scale creep strain rates by introducing a term referred to as

equivalent time, te. Time lines, which were defined by Bjerrum (1967) as lines equal to

periods of sustained loading, are reinterpreted by the EVP model as lines with equal values

of equivalent time, te, and constant creep strain rates. They are parallel in stress-strain

space and the creep strain rate of any particular line is controlled by the creep coefficient

~/Vo. The relationship between strain, effective stress and equivalent time for the EVP

model is given by:

2.28

where Cr’o is the effective stress at zero strain on the EVP model’s Reference Time Line

(RTL, defined with te -- 0), 2/Vo is the slope of lines of constant creep strain rate, ~/Vo is the

coefficient of creep compression, Vo is the initial specific volume and to is a constant used

to define the creep strain rate on the RTL.

Creep strain rate may be determined by differentiating the second term on the right hand

side of Equation 2.28:

~p= V    1
Vo to + te

2.29

Rewriting Equation 2.28 in terms of equivalent time, te leads to:

te = -to + to exp/c 2.30

Combining Equation 2.29 and Equation 2.30 allows the creep strain rate to be uniquely

defined for any given combination of strain and effective stress:

2.31

Combining Equations 2.26, 2.27 and 2.29 yields a general equation which may be solved

for any one-dimensional loading condition:
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i ldt V o ~o \ --~ ) + ----’ exp - c 1~
’ ,o ;j<7oj ]

2.32

The rate of change of effective stress, do"/dt, may be incorporated into a chosen theory of

consolidation. Yin and Graham (1996) employ the standard Terzaghi consolidation theory,

whereas others such as Nash and Ryde (2001) adopt the finite strain theory of Gibson et al.

(1967). Equation 2.32 can be readily solved for one-dimensional conditions using finite

difference techniques.

The limit time line defined by the EVP model (see Figure 2.32) represents the eventual

termination of creep strains. However, the EVP model described here adopts a semi-

logarithmic function to scale creep strains, which implies that straining will continue

indefinitely. This assumption is invalid as the laws of conservation of mass demand that

volume cannot be destroyed, and oedometer data presented by Berre and Iversen (1972)

and Dhowian and Edil (1980) show creep strains to eventually terminate. Yin (1999)

proposed an alternative fitting function, which incorporates a limiting value of strain.

However, the long term in situ creep settlements reported by Buisman (1936) and Weber

(1969) indicate that incorporation of such a function is unnecessary for most practical

applications.

Figure 2.33 shows the successful application of the EVP model to constant rate of

deformation tests on B~ickebol clay. The model is seen to cope well with the varying rates

of deformation, which within the context of the EVP model as described here, may be

interpreted as rates of strain. Yin and Graham (1996) showed how the model could be used

to predict the strain and pore pressure response of the oedometer tests on Drammen clay

reported by Berre and Iversen (1972). The authors showed the EVP model to provide better

predictions than both the Gibson and Lo (1961) model and Barden’s (1968) model. Zhu

and Yin (1999) incorporated the one-dimensional EVP model into a finite element

application, and subsequently used their model to predict the development of pore pressure

in the foundation of the Berthierville test embankment in Canada. Nash and Ryde (1999,

2001) incorporated the EVP theory into the one-dimensional consolidation theory for

vertical and radial flow, and showed their BRISCON model to be successful in modelling

the effects of surcharge. Elsewhere, Nash and Ryde (2000) discussed the implications of

modifying the isotaches in the EVP model so that they were described by (i) natural strain,

and, (ii) the power law proposed by den Haan (1992) (see Equation 2.6).
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2.5 VARIABILITY OF PEAT IN COMPRESSION

Another topic which has not been considered in the previous sections, but which is

certainly worthy of discussion, is the variability and inhomogeneous nature of peat

deposits. As a general rule, peat deposits have significant spatial variability to the degree

that it is difficult to obtain representative samples for testing unless several samples are

taken (Magnan, 1994). Edil and den Haan (1994) suggest that this is one of the main

reasons why laboratory results provide only a crude estimation of in situ behaviour.

Landva and La Rochelle (1983) exemplified this by considering the construction of a road

embankment over an apparently homogeneous Sphagnum peat deposit. Although the

construction methods were the same throughout the length of the road, the total settlement

varied between 0.3 and 3.0 m. The authors concluded that, in this case, predictions of in

situ settlements based on the results of laboratory tests would be futile. Landva and La

Rochelle (1983) suggest that empirical relationships based on inexpensive classification

tests may be a more feasible option in some cases. Perrin (1973) showed that the recorded

strains from 21 oedometer tests on a black peat from Borgoin, France under a stress of 57

kPa ranged from 5 to 40%. Similar experiences were reported by Hanrahan (1954), who

showed considerable differences in the measured 24 hour compression curves of laboratory

specimens, sampled from the same general location. Although the variability can often be

attributed to changes in properties such as organic content, porosity and water content, Fox

(1992) reported that in many cases, intrinsic differences in the rate of creep compression

could not be accounted for.

To date, engineers remain undecided about how best to cope with these problems. In some

respects, the trend has been to move away from sophisticated theories such as those

described in § 2.4.2, relying more on experience and empirical relationships derived from

classification data. An alternative approach is to use test fills in conjunction with

observational methods such as that described by Asaoka (1978). Based on the predicted

settlements from such methods, direct adjustments can be made to the preloading design in

the early stages of construction. However, the success of such methods in peat is as yet

unconfirmed. Cartier et al. (1989) reported a reasonable prediction of the consolidation

settlement of a test embankment on peat using Asaoka’s (1978) method, whereas Edil et al.

(1991) applied the same method to several case studies involving both clay and peat, and

questioned its applicability to peat settlement.
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Regardless of the predictive method employed for peat settlement, the natural variability of

peat deposits is a serious issue, and one that must be considered in any serious analysis

(den Haan, 1997).

2.6 SUMMARY AND CONCLUSIONS

This chapter contains an up-to-date and comprehensive review of current knowledge of

peat behaviour under one-dimensional loading conditions. Emphasis has been placed on

describing the high non-linearity of peat by considering mainly fibrous, compressible peat.

Other soils such as fen peat, which is typically classified as amorphous, may not exhibit

the characteristics described here to the same degree.

Some of the main conclusions which can be drawn from this chapter are summarised as

follows:

Peat is an extremely compressible material and problematic soil, with an initial

voids ratio often in excess of 20. Relative compression of the order 70-90% is

commonplace, even under moderate stress levels.

o A major contribution of the measured settlement is due to creep, which in the

laboratory and in situ case studies considered here, continues for long periods of

time.

.

Creep settlement at constant effective stress can often be described by a linear

relationship between settlement and logarithm of time.

.

Tertiary compression, which is where the slope of the creep curve (e - log t)

steepens, can, in some cases, occur, but its effect tends to be less pronounced at

higher stress levels.

.

Consolidation in peat is generally extremely rapid, particularly at high void ratios.

The presence of gas in peat influences the measured pore pressure response in

laboratory tests; particularly if a back pressure is not used. No evidence of similar

phenomena in field cases has been provided. The consolidation duration increases
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as void ratios decrease, reflecting the strong dependence of permeability on void

ratio.

.

The H2 scaling law may not be valid for peat.

o The apparent preconsolidation stress, o"c, is difficult to determine in undisturbed

peat and is strongly rate dependent. Consequently, predictions based on the

conventional use of Cc and o"c may be questionable.

.

The e - log o-’ relationship for peat is highly non-linear; a number of alternative

formulations have been proposed to account for this. Natural strain appears to be

the most promising in this regard.

,

Evidence suggesting that laboratory tests can be used to predict in situ behaviour is

conflicting.

10. Preloading and surcharging as a construction method appears to have merit in

reducing long term settlements, although the time span over which these

settlements are controlled is limited.

11. Rheological models have been proposed to account for the limitations of Terzaghi’s

(1923) theory and variations thereof. The main merit of these models lies in their

contribution to the overall understanding of consolidation and creep settlement.

12. Currently available models employed for one-dimensional compression generally

assume void ratio or strain to be a function of effective stress and time or effective

stress and rate of change of void ratio. In some cases, the rate of change of effective

stress is also considered.

13. Proposed theories generally fall within two categories; Hypothesis A and

Hypothesis B. Hypothesis A models separate strains due to consolidation from

strains due to creep, whereas Hypothesis B models assume that creep acts at all

values of time and effective stress. Although experimental evidence suggests that

Hypothesis A is incorrect, its application is relatively simple and the results are

often convincing. Hypothesis A is widely used in practice.
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14. The constancy of CJCc, proposed by Mesri and Godlewski (1977) has been used,

mainly by Mesri and his co-workers to obtain successful predictions of the creep

settlement of peat. Several other attempts to derive constant C~/Cc ratios for peat

have been unsuccessful.

15. Many models have been suggested on the basis of Bjerrum’s (1967) time-line

concept. More recently the time-line theory has been replaced with the isotache

principle, which redefines time-lines as lines with constant rates of strain or void

ratio change. These models overcome previous difficulties associated with

attributing a value of time to the instant time line.

16. One such isotache model, namely the EVP model (Yin and Graham, 1989, 1994,

1996) has been described in detail. Several other similar models have been

proposed and shown to be successful in their application (Christie and Tonks, 1985;

Leroueil et al. 1985; Szavits-Nossan, 1988; Imai, 1989; Imai and Tang, 1992; Edil

and den Haan, 1994, den Haan 1996, Niemunis and Krieg, 1996; Stolle et al., 1997,

1999; Kim and Leroueil, 2001). There are two main approaches within these

isotache models. The first, advocated by Leroueil et al. (1985), Imai and Tang

(1992), Niemunis and Krieg (1996) and Kim and Leroueil (2001) assumes a unique

relationship between effective stress, strain and total strain rate. The second

includes models proposed by Szavits-Nossan (1988), den Haan and Edil (1994),

den Haan (1996) and Yin and Graham (1989, 1994, 1996), and assumes a unique

relationship between effective stress, strain and creep strain rate. The latter group

of models generally presume a relationship between strain, effective stress and rate

of effective stress, and incorporate this into the existing effective stress, strain and

creep strain rate formulation. Leroueil et al. (1985) omit rate of effective stress

from their model as they claim that it has little bearing on the relationship between

effective stress, strain and strain rate. However, other workers such as Fox (1992)

suggest that the rate of effective stress is an important quantity and should be

formulated.
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3.1    INTRODUCTION

One of the main aims of this research project as outlined in Chapter 1, was to examine the

compressibility characteristics of peat, and to determine whether or not constitutive models

which have been successfully employed to model the behaviour of clays, could also be

applied to peat. To this end, the author decided to concentrate on a peat which showed very

little resemblance (in terms of geotechnical properties and behaviour) to mineral soils.

Peats encountered in the raised bogs of the Irish midlands tend to possess geotechnical

properties that are not typical of many non-organic soils. Amongst the most obvious of

these properties include an unusually high natural water content and associated in situ void

ratio, low strength and poor bearing capacity. It was envisaged that a comprehensive study

of such an extreme peat would provide better insight and understanding into the nature of

other, more typical peats and viscous clays.

The research described here is mainly focused on a fibrous peat from Clara, Co. Offaly.

The involvement of TCD in the joint Irish-Dutch study of Clara bog influenced the

author’s decision to obtain peat samples from this location. However, in an attempt to put

the findings of the experimental work on Clara peat into context, a number of other soils

have also been considered. To a certain extent, selection was based on sample availability,

although considerable effort was made to ensure that the chosen soils provided

representative information from a wide range of organic soils. A fibrous peat from

Ballydermot bog, Co. Offaly was selected, as this soil is a variation on the highly

compressible, virgin peat which is typical of that encountered in the Irish midlands. Much
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of the classification data and testing of Ballydermot peat is due to Hebib (2001), and his

work is acknowledged here. Peat from Cork has also been considered, albeit to a much

lesser extent. As part of the TCD research into pile behaviour in soft clay, McCabe (2002)

performed several oedometer tests and classification tests on an organic clay from Belfast.

Results from the classification data reported by McCabe (2002) are included here.

3.2 SITE DESCRIPTIONS

The location of the four sites from which the soil samples were retrieved is shown in

Figure 3.1. Both Clara bog and Ballydermot bog are located in Co. Offaly in the Irish

midlands. The peat encountered in the upper layers of both bogs is derived from Sphagnum

mosses and is typically fibrous, although that in Clara bog is younger and less humified

than that in Ballydermot bog. According to Kelly (1993), the depth of the peat layer in

Clara varies from less than 1 m at the bog boundary to over 10 m in the central regions of

Clara Bog West and over 9 m in the central regions of Clara Bog East (see § 5.2.2, Figure

5.4). The upper layer of young, poorly humified Sphagnum peat is underlain by older, well

humfied Sphagnum peat, which, in turn, is underlain by a layer of fen peat. At the

sampling location in Clara bog, the stratigraphy beneath the peat layer is stiff lacustrine

clay, poorly graded post-glacial till and carboniferous limestone bedrock.

Extensive peat extraction has taken place in Ballydermot bog for over 50 years (Hebib,

2001). The associated drainage has caused a marked reduction in the depth of the peat

Clara ¢
¯ ¯    oqDublin

Ballydermot’0
)

.2
Co:k 

Figure 3.1 Map of Ireland showing the sampling sites relative to Dublin
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layer, from 7 to 4 m. The stratigraphy of Ballydermot bog has been reported by Hebib

(2001) to be old Sphagnum peat underlain by reed swamp peat, shell marl and finally

boulder clay.

The site conditions in Cork comprises 3-4.5 m of very recently placed fill, followed by a 3-

4 m layer of amorphous peat, 1.5 m of silty peat and then a layer of sandy gravel. Pockets

of grit, together with some relatively large wood chips were encountered within the upper

peat layer.

Samples of Belfast organic clay were retrieved from a site close to the Belfast City Airport.

Permission for testing by TCD was obtained from the Department of the Environment for

Northern Ireland. The stratigraphy of the site is 1.4 m of topsoil underlain by 7.5m of soft

very lightly overconsolidated marine clay underlain by loose-medium dense sand.

3.3 SAMPLING METHODS

The effects of disturbance caused by sampling and specimen preparation in peat has been

well documented by a number of workers including Landva et al. (1983) and Hillis and

Brawner (1961). The latter state that it is improbable that even apparently undisturbed peat

samples are representative of in situ material by the time that the specimen reaches the

testing apparatus. They attribute this to:

1. Presence of gas, which causes the peat sample to lose shape and volume upon stress

relief

2. Reduction in moisture content on extrusion and preparation

3. Structure disturbance caused by the walls of the sampling tube as it is pushed into

the soil

Although a number of new undisturbed samplers (e.g. SGI sampler, University of New

Brunswick sampler) have been developed for use with soft soils such as peat, common

practise generally relies on either piston samplers or standard U100 sampling tubes. In an

attempt to obtain peat samples at depth from Clara bog, the author used U100 sampling

tubes. Two main problems were encountered:

1. Inability of the thin-walled sampling tube to cut through the fibres in the peat

2. Loss of sampled peat as the tube is extracted
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The first of these problems was the most common and difficult to remedy. As the peat

entered the base of the sampling tube, a plug formed which appeared to compress the

underlying peat as the tube was advanced. Although rotating the tube as it was advanced

helped to alleviate this problem, a comparison of the length of the retrieved sample and

length of the sampling tube indicated that significant compression had occurred. The

second problem may be attributed to the high water content and low cohesive strength of

the peat. Often about half the length of the peat sample would fall from the base of the tube

as it was extracted. Excavating around the buried tube and blocking the base by hand

solved this problem, although this entailed much additional work in difficult conditions.

A number of workers including Hobbs (1986), Lefebvre et al. (1984) and Karlsrud et al.

(1996) have advocated the use of block sampling. As the dimensions of typical block

samples are much larger than the diameter of standard sampling tubes, the relative

disturbance is reduced considerably. Hand-carved block samples were retrieved from Clara

of between 500 and 750 mm. The sampling procedure involved thebog from depths

following steps:

1.

2.

3.

4.

Hand excavation of a pit

Removal of the upper layer of peat from the exposed vertical face

Carving block samples from the exposed vertical face using a hand saw

Trimming the samples to fit the sealed plastic containers

These steps are illustrated in Figure 3.2a - Figure 3.2c.

Hebib (2001) described a novel method that was employed to obtain l m3 block samples of

Ballydermot peat. Samples were taken from a vertical face, 2.5 m high, using a custom-

made block sampler (see Figure 3.2d), which was attached to the lifting arm of a tracked

excavator. The sampler was fabricated from a steel box which had three faces removed.

Each of the remaining exposed faces had sharpened edges so as to minimise disturbance

during sampling. Retrieved samples were wrapped in polythene so as to prevent loss of

moisture, and placed in wooden boxes for transportation to the laboratory.

As samples of Cork peat and Belfast organic clay were retrieved from depth, fixed head

thin wall piston sampling methods were used.
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(a) (b)

(c) (d)

Figure 3.2 Sampling methods in peat:
(a) Clara, hand excavated pit; (b) Clara, removal of superfluous peat;

(c) Clara, trimmed block sample; (d) Ballydermot, recovering 1 m3 peat block sample

3.4 CLASSIFICATION OF PEAT AND ORGANIC SOILS

The most popular classification system used by engineers to categorise peats is the von

Post system (1922), which was originally devised for horticultural, agricultural, and

forestry requirements in Sweden. Although Hobbs (1986) provided an English translation

and extension to the von Post classification system, few of the classifying groups are

actually used in practice. Geotechnical engineers general identify peat soils according to

the degree of humification, using von Post humification values ranging from H~ for intact

young peat, to H10 for completely decomposed peat. Variations and extensions of the von

Post system, such as that proposed by Hobbs (1986) now include categories for organic
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Figure 3.3 Comparison of classification systems used for the categorisation of peat and
organic soil: Organic Sediments Research Centre (OSRC), Jarrett System, Davis system,

USSR system, Louisiana Geological Survey (LGS) System and Landva et al. (1983) system
(after Andrejko et al., 1983)

content, as determined using ashing techniques. Andrejko et al. (1983) and Landva et al.

(1983) list 12 different systems that use organic content as a means of classifying peat and

organic soils. A comparison of 6 different systems summarised in Figure 3.3 shows that

peats are defined as the soils with the highest organic content, organic clays as the soils

with the lowest organic content, with a range of so-called mucks and variations thereof in

between. It is evident from Figure 3.3 that the threshold organic contents that separate the

various soils types vary depending on the classification system adopted. For instance, a soil

with an organic content of 50% would be termed a peat according to the Russian

classification, muck according to LGS classification and an organic soil according to the

classification system proposed by Landva et al. (1983). It is evident, therefore, that

defining a soil by organic content alone is insufficient; other factors such as natural water

content, structure, degree of humification, nature of organic content and specific gravity

also need to be considered. The following sections provide details regarding the

classification tests performed on the four soil types considered here.

3.4.1 Water content

The water content of soils, particularly peat, is an important geotechnical property as this is

directly linked to the initial void ratio, and hence compressibility of the soil. Water
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contents may be determined by comparing the mass of a soil specimen before and after

drying in an oven at 105°C for 24 hours. A certain amount of reservation has been

expressed in the literature regarding the suitability of this temperature for peat and organic

soils. A number of workers consider that drying at 105°C will result in charring of the

organic constituents, which would lead to measured water contents in excess of the true

value. Skempton and Petley (1970) investigated the effect of drying at lower temperatures,

and concluded that for practical engineering purposes, drying at 105°C is acceptable.

Water contents for the soils considered here have been determined by application of a

temperature of 105°C over a 24 hour period. The water content of Clara peat has been

determined from 64 separate tests; these tests were performed on peat specimens retrieved

from a number of block samples, all of which were located within 1 m of the ground level.

The results of the water content tests are summarised in Figure 3.4, which shows that

although a high degree of variability exists in the measured values, the majority of the

results fall between 1300% and 1500%. The average water content from the 64 tests is

1407%. Although the variation in measured values exceeds 750 percentage points, the

degree of variability is much less severe for peat specimens located within the same block

sample (approximately 200%).

A limited number of water content tests were performed on Ballydermot peat by the

author; the results were relatively consistent, ranging between 810% and 935% with a

2O

18

16

14

1000-1100 1100-1200 1200- 1300    1300- 1400    1400- 1500    1500- 1600    1600- 1700    1700- 1800

Water Content (%)

Figure 3.4 Results of water content tests on Clara peat
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mean value of 865%. These values are in good agreement with Hebib (2001) who reported

values in the range 750%- 950%.

The results of the water contents performed on Cork peat vary signifcantly with depth.

Between 6.2 m and 7.5 m, the average water content is 447%, compared with 208% for

depths between 7.5 and 7.9 m.

McCabe (2002) performed numerous water content tests on Belfast organic clay; the

measured values varied from approximately 15% at a depth of 0.2 m to a maximum value

of 70% at a depth of 5 m. The average water content for the range of depths considered

here (3.0- 7.0 m) is approximately 60%.

3.4.2 Degree of Humification

The squeeze test is the standard method for determining the degree of humification

according to the von Post scale. This simple test requires that a small sample of peat be

squeezed in the hand. A visual inspection of the colour and form of the expelled fluid (or

peat), together with the nature and structure of the remaining residue is then used to

categorise the degree of humification on a 10-point scale. Although this method is quite

subjective, it serves as a simple, quick and useful means of describing the state of

decomposition of the peat.

The degree of humification for Clara peat has been estimated as H2-3. Although this value

was determined from undisturbed block samples taken from a depth of 500 - 700 mm,

further testing of disturbed samples retrieved from depths of up to 5 m showed little or no

discernible variation (see § 5.3.2).

Hebib (2001) reported von Post humification values ranging between H6 and H9

Ballydermot peat, with the higher humification values relating to peat at greater depths.

for

The von Post humification value for Cork peat was estimated as H~0 for peat between 6.2

and 7.0 m. No attempt was made to determine the degree of humification for samples

between 7.3 and 7.9 m, as the soil encountered here is a silty peat, rather than a true peat.
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3.4.3 Organic Content

Organic content is an important quantity as it provides a good indication of how likely the

soil conforms to the problematic behaviour of pure peat. A number of wet ashing

techniques involving chemical analysis are available for the determination of organic

content, although such methods are generally only successful in soils with relatively small

amounts of organic matter (Hobbs, 1986). A more common and useful method is to burn a

small soil specimen in a furnace after drying at 105°C for 24 hours (BS1377). Comparison

of the measured mass before and after burning yields the ignition loss or ash content. Much

debate surrounds the choice of ignition temperature and duration of burning, although

correction factors are available for temperatures in excess of 450°C (Hobbs, 1986). Good

experience has been obtained in TCD with the recommendation of Arman (1971), who

proposed an ignition temperature of 450°C, and a burning duration of 5 hours.

The organic content has been defined by Hobbs (1986) as "the pure, ash-~’ee, vegetable

matter and any residual organic compounds from the process of decomposition" This

definition implies that the organic content may be calculated simply by subtracting the

ignition loss from 1.0, or 100 if the ignition loss is expressed as a percentage rather than a

ratio. Although it is recognised that mineral compounds present in the soil may lose mass

during burning, the above definition suffices for most engineering purposes.

Organic contents have been determined for the soils considered here using the procedure

previously described. A total of 37 separate loss-on-ignition tests were performed on Clara

peat sample trimmings. In an effort to homogenise the peat, the dried specimens were

ground using a mortar and pestle and passed through a 1.18 mm grading sieve. This

procedure was repeated until no soil was retained on the sieve. The results of the loss-on-

ignition tests showed little scatter, with organic contents falling within the narrow range of

97.26%- 98.97%. The average organic content is 98.1%.

Hebib (2001) reported organic contents for Ballydermot peat ranging from 98% for peat

near the original ground level, to 94% for peat at a depth of 2.5m. A limited number of

loss-on-ignition tests performed by the author on Ballydermot peat gave practically

constant results, with an average organic content of 98.6%.
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The results of loss-on-ignition tests performed on Cork peat taken from an average depth

of 6.6m gave an average organic content of 79.5%, compared with 32.2% for the silty peat

at an average depth of 7.6m.

McCabe (2002) reported an average organic content of 11.0% for Belfast organic clay.

3.4.4 Specific Gravity, Gs

According to den Haan (1997) and Hobbs (1986), the specific gravity of organic soils is

strongly dependent upon the amount and type of organic constituents. This property is

therefore much more variable in peat and organic soils than it is in mineral soils. The

author combined all available Gs data to produce Figure 3.5, which shows the correlation

between loss-on-ignition and specific gravity.

Specific gravity may be determined in the laboratory by comparing the mass of a volume

of kerosene, with the mass of the same volume of an oven-dried peat/kerosene mixture.

However, the measured values from specific gravity tests on Clara peat varied by up to 0.4,

which is much higher that the allowable tolerance of 0.05 recommended by Hobbs (1986).

The data in Figure 3.5 show that similar scatter exists for other soils with almost 100%

organic matter. The variance may be attributed to the type of the organic matter

predominant in the soil, though this is unlikely, as a high degree of variability still exists

within each soil group. Landva et al. (1983) encountered similar scatter in their

relationship between ash content and specific gravity. They suggest that the wide range of

scatter is due to:

1. Incomplete saturation of the organic matter in the specific gravity test (i.e. presence

of gas in the kerosene/peat mixture)

2. Inaccurate determination of the ash content

The data in Figure 3.5 are seen to be quite well fitted by the following equation, which was

first proposed by Skempton and Petley (1970):

1 1-C(1-N) C(1-N)
~= -{-

G~ Gs.org~,,ic G s,,,i,,e,.~l
3.1
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where:

Gs = Specific gravity

Gs. organic = Specific gravity of organic material

G,. mineral = Specific gravity of mineral material

N = Loss-on-ignition expressed as a ratio

C = Correction factor

The correction factor, C, compensates for the loss of mineral matter for furnace

temperatures exceeding 450°C. Skempton and Petley (1970) suggest C = 1.04 for a

temperature of 550°C, whereas Arman (1971) recommends a temperature of 450°C and a

correction factor of 1.0. Equation 3.1 is plotted in Figure 3.5 for these two correction

factors and G~. organic = 1.4 and G,. mineral -- 2.7. It is evident from Figure 3.5 that C may be

taken as unity for peat and for soils with organic contents greater than 30-40%. The degree

of correlation is obviously dependent upon the separate specific gravities of the organic

and mineral matter, although the respective values of 1.4 and 2.7 are seen to provide a

reasonable fit. These limiting values of 1.4 and 2.7 were first proposed by Skempton and

Petley (1970), and later advocated and adopted by a number of workers including Hobbs

(1986), Farrell (1997) and Nichol and Farmer (1998).

Determination of specific gravity for the peat soils considered here is based upon Equation

3.5

3.0

1.5

’ I ’ I ’ I ’ I ’ I
A Lcl’cbxTc et a/(1984) (I) Dhowlan & I:dd (1981)
@ Maddlsoneta/.(1996) ~ Bc11(1978)

O Adams(1965) @ Forrcst&MacFarlancl1969J
�, WolsM et al. (1985) ql’ Tcrmaat & TopolmcM (1994)

Yamagucln (1994) t~ Ng & lhschcns (1983)

[] Ro~ceta/(1984) El Samson&LaRochcllc(1972)
,. )~ Lan(1992) ~ Mochtar(1985)

,.~ X Skcmpton&Pctlc3,(1970) ~ AI-KhafaB&Andersland(1981)
~".,I-’-.. ¯ Farrcll (1997) [] Matsuo (1995)

""~ i "~. _      ¯ (( 1(~ deCacetal 117)5) ¯ Kamaocta/ (1))5) --

+ -.. ~ qr           O
Current Stud~ - Clara data + dcnltaan(1997)

~. 4>

¯

_ *~... x       a,.
- v~.~ "~ (b -

¯
" ....". .. ¯ o

....... C = 1,04, Equauon 3. I                                             ~>

O
O

1.0 , 1 i I i I i I i I

0 20 40 60 80 100

Loss on Ignition (%)

Figure 3.5 Correlation of specific gravity with loss-on-ignition
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3.1. Using the organic contents given in § 3.4.3, the following values of specific gravity

have been calculated:

The specific gravity results for Belfast organic clay are reasonably consistent with a mean

value of 2.65. The corresponding specific gravity according to Equation 3.1 is 2.45. This

value, which is based on an ignition loss of 11% (see § 3.4.3), is significantly lower than

the measured result and suggests that a correction factor of unity in Equation 3.1 is not

valid for soils of relatively low organic content. Similar findings were reported by Hobbs

(1986) who stated that the error in assuming C - 1.0 was greater for soils of low organic

content. The measured value of 2.65 is considered more reliable in this case, and has been

assumed in this study.

3.4.5 Atterberg Limits

Although Atterberg limits are commonly reported for mineral soils, the fibrous nature of

peat often makes liquid and plastic limit tests difficult to perform. Den Haan (1997) states

that although the tests are impossible to perform on very fibrous peat, the success of

Atterberg limit tests for other less fibrous peats is strongly dependent on the sample

preparation methods. Skempton and Petley (1970) found that liquid and plastic limit tests

could not be performed on peats with von Post humification values less than H3 and H5

respectively. Correlations between liquid limit and organic content have been proposed by

a number of workers including Hobbs (1986), Farrell et al. (1994), Miyakawa (1960) and

Skempton and Petley (1970), although the success of these correlations are generally

limited to fen peats, which are characterised by lower in situ water contents, and are

generally more humified. In an attempt to obtain Atterberg limits for Clara peat, the author

found little or no consistency in the results from liquid limit tests, hence confirming the

findings of Skempton and Petley (1970).

The low mineral content in bog peats makes the plastic limit test difficult, if not impossible

to perform. According to Hobbs (1986), the plasticity properties of peat are of limited use,

as the results, where obtainable, provide little information regarding the behaviour of peat.
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As previously stated, no consistent value for the liquid limit of Clara peat could be

obtained. Hebib (2001) encountered similar difficulties with Ballydermot peat, quoting a 4

mm difference in cone penetration for a peat sample at a constant water content. However,

liquid and plastic limits were obtainable for Cork peat. An average liquid limit, wL of 690%

and plastic limit, We of 561% were measured for peat at an average depth of 6.6 compared

with WL = 317% and we = 208% for the silty peat at an average depth of 7.6m. According

to McCabe (2002), the average Atterberg limits for Belfast organic clay are wL = 65% and

wp = 30% between depths of 3 and 6 m.

3.4.6 Bulk Density

The bulk density (Tb) may be determined directly by considering the mass of a known

volume of soil. Bulk densities were calculated for the soils considered here by measuring

the mass of cylindrical oedometer samples.

The measured values are summarised as follows:

¯ Clara peat - ?’b = 0.98 - 1.02 Mg/m3

¯ Ballydermot peat- yb= 1.10- 1.15 Mg/m3 (Hebib, 2001)

¯ Cork peat - ?’b = 1.02 Mg/m3; Cork silty peat - Yb = 1.18 Mg/m3

¯ Belfast organic clay - Yb = 1.64 - 1.77 Mg/m3

The degree of saturation (Sr) is directly linked to the specific gravity and bulk density of

the soil. Calculated Sr values ranged from approximately 95% to in excess of 100%. The

lower values, which generally relate to the ’pure’ peat samples, may be attributed to the

presence of gas. Hanrahan (1954) reports that the gas content in Irish bog peats often

exceeds 5%.

3.4.7 Scanning Electron Microscopy Analysis

In order to develop a visual appreciation of the soils, their microstructure was examined

using a Hitachi S-3500 N Variable Pressure Scanning Electron Microscope (VPSEM). The

VPSEM uses a relatively new development in microscopy, in that the specimen chamber is

not operated under a vacuum, but at a relatively low pressure, generally between 20 and 30
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Pa. The presence of air molecules within the specimen chamber helps to dissipate the build

up of charge on the surface of the specimen. The advantage of this is that specimens no

longer have to be coated with a conducting material (usually a very fine layer of gold)

before examination. The soils were prepared for examination by oven drying at 105°C for

24 hours. Specimens were fractured in their natural state before drying so as to minimise

particle disturbance. Following the recommendation of Mitchell (1976), the dried,

fractured surface was treated with a gentle blast of hydrogen to ensure that the surface was

representative of the undisturbed fabric and structure of the soil.

¯ - 500/~m
BSEI ll-Sep-01 016649 WD22.9mm 20.0kV ~70    500um

(a) (b)

N
BSKI ll-Sep-01 016642 WD23.4mm 20.0kV ~450 100um

(c) (d)

100/~m

(e) (f)

Figure 3.6 SEM images of Clara peat
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Although it is recognised that oven drying may induce undesirable capillary stresses in the

peat (Landva and Pheeney, 1980), and between soil particles (Mitchell 1976), these effects

are not considered severe enough to cause significant disturbance.

7

BSEI 20-Sep-01 016854 ~24.0~ 20.0kV x150 200um

100 l~m j
BSEI 20-Sep-01        016862 WD23.1mm 20.0kV x300 100um

(a) (b)

Figure 3.7 SEM images of Ballydermot peat

Figure 3.6 shows typical SEM images of Clara peat. Images such as those shown in Figure

3.6a indicate that Clara peat is extremely fibrous. All images suggest relatively large pore

spaces, at macroscopic level between stems and leaves, and at microscopic level within the

open and perforated plant structures. The thickness of the individual fibres varies

considerably; values determined from the images in Figure 3.6 range from between 20 and

140/,_nn. These values are comparable with the 20-500/am range reported for a Sphagnum

stem by Landva and Pheeney (1980). The state of the individual stems and leaves appear to

be reasonably intact. Two different stem types are identifiable; Figure 3.6c shows an

isolated stem with a longitudinally ribbed wall structure, whereas Figure 3.6d shows

another isolated stem with a more irregular and perforated structure, although this may bc
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BSEI ll-Sep-01 016650 WDl8.0mm 20.0kV x200 200um

U

(a) (b)

(c) (d)

~.

BSEI ll-Sep-01 016666 WD25.6mm 20.0kV xl.0k 50um

(e) (f)

Figure 3.8 SEM images of: Cork peat (a) - (d), Cork silty peat (e) - (f)

due to partial humification. An open ended stem in shown in Figure 3.6e; the stem is seen

to be approximately cylindrical and hollow. Intermittent specks such as those shown on the

stems in Figure 3.6a and Figure 3.6c are possibly mineral particles as they are much lighter

in colour and therefore much denser. SEM images of Ballydermot peat are provided in

Figure 3.7. The fibres are comparable in dimension to that of Clara peat, although the

actual stems appear to be more humified. This is well illustrated in Figure 3.7c, which is at

magnified view of a stem in Figure 3.7b. The walls of the stem are at least partially

desiccated, leaving an open framework of cell walls. Landva and Pheeney (I~)S()) use
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similar images of a H3-5 Sphagnum peat to identify stages in the humification process.

Despite the apparent humification of the stems, the bundle of Sphagnum leaves shown in

Figure 3.7d appear to be relatively intact, although separated from the stems. Figure 3.7a

supports the premise that the stems are hollow in structure.

Unlike the SEM images of Clara and Ballydermot peat, the state of the organic matter for

Cork peat (Figure 3.8a - Figure 3.8d) suggests that this soil is amorphous or granular.

Individual stems and leaves are difficult to identify, indicating that the peat is well

humified. Any probable organic matter such as that shown in Figure 3.8a and Figure 3.8b

suggest a woven structure. No easily identifiable organic matter is observed in the images

of Cork silty peat (Figure 3.8e, Figure 3.8f), although the soil appears to be composed of

large quantities of diatoms and other microfossils.

The SEM images of Belfast organic clay (Figure 3.9) provide no visual evidence of

organic matter, although like Cork silty peat, the soil appears to consist of relatively large

quantities of diatoms that are often fragmented. Other unidentified microfossils are evident

from the images; the structure of many of these fossils are similar to those encountered in

(a) (b)

(c)

Figure 3.9 SEM images of Belfast organic clay
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Mexico City clay, as reported by Mesri et al. (1975).

3.5 DISCUSSION

The classification data reported for the four soil groups considered in this study

encompasses a wide range of geotechnical properties. It is evident that the peat soils are

predominated by organic matter, which is recognised as having a significant bearing on the

natural water content and specific gravity of the soil (Hobbs, 1986). The average

geotechnical classification properties for each soil are summarised in Table 3.1.

Table 3.1 Average geotechnical classification properties of peats and organic clay

Clara Ballydermot Cork Belfast

Sampling Depth (m) 0.5 -0.75 0.5 -2.5 6.2-7.5 7.5-7.9 3.0-7.0

Description
Fibrous Fibrous Amorphous Silty Organic
peat peat peat peat clay

Degree of Humification (H1 - Hi0) H2.3 H6_9 Hio

Natural Water Content (%) 1407 865 447 208 60

Organic Content (%) 98.1 98.6 79.5 32.2 11.0

Specific Gravity 1.41 1.41 1.55 2.08 2.65

Liquid Limit (%) 690 317 65

Plastic Limit (%) 561 208 30

Bulk Density (Mg/m3) 1.02 1.13 1.02 1.18 1.71

The SEM images provide ample evidence of organic matter in the form of Sphagnum

leaves and stems for both Clara and Ballydermot peat. The apparent structure of the

Sphagnum stems suggests that Ballydermot peat is more humified than Clara peat. This

conclusion is based largely on the images and humification descriptions provided by

Landva and Pheeney (1980) in their extensive work on the fabric and structure of peat

soils. Evidence of organic matter is limited for Cork peat, and practically non-existent for

Cork silty peat despite the relatively high measured organic contents. This may be at least

partially attributed to the high degree of humification for Cork peat, as well humified

organic matter is generally difficult to distinguish (Landva and Pheeney, 1980). Cork silty
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peat and Belfast organic clay contain high quantities of siliceous-based microfossils,

including diatoms. Diatoms are unicellular algae with silica based cell walls, which are

generally highly structured. Although no evidence of plant-based organic matter was

encountered in the SEM images of Belfast organic clay, it is suggested that the measured

organic content of 11% may be at least partially due to the remains of diatom organics and

other microorganisms. Similar reasoning was used by Mesri et al. (1975) to explain the

authentic organic content of Mexico City clay (5-10%). The SEM images of the diatoms

and siliceous shells show the surfaces to be finely perforated. Such perforations are capable

of holding relatively large quantities of water (Mesri et al., 1975), which will obviously

contribute to the overall measured water content of Cork silty peat and Belfast organic

clay.

Loss-on-ignition has been plotted on Figure 3.10 against water content for a wide range of

soils, including the peats and organic clay considered here (see Figure 3.10). The full line

fitted to the data reported for the Irish soils is seen to provide a reasonable correlation for

the entire data. Relationships proposed by MacFarlane and Rutka (1961) and Miyakawa

(1960) are also shown for comparison. It is apparent that the water content is strongly

dependent upon the amount of organic matter present, up to an approximate threshold loss-

on-ignition value of 80%. A high degree of scatter between loss-on-ignition and water

content exists for soils with higher organic contents; this variance is likely to be due to the
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Figure 3.10 Correlation of water content with loss-on-ignition

77



degree of humification of the organic matter. Similar reasoning has been used by Hobbs

(1986) to explain the wide range of scatter encountered in the plot of loss-on-ignition

against water content presented by Sandroni et al. (1984). The poor correlation between

loss-on-ignition and water content for highly organic soils, shown here and elsewhere

(Landva et al., 1983; Sandroni et al., 1984), illustrates the shortcomings in the numerous

classification systems that categorise peat and organic soils based solely on organic

content. It is notable that the threshold loss-on-ignition of 80% observed here is the organic

content that is commonly used to distinguish between peat and organic soils (see Figure

3.3).

The soils with loss-on-ignition values greater than 80% tend to largely (but not

exclusively) correspond to peat soils which are classified as fibrous or poorly humified.

For instance, the fibrous peat data reported by Lefebvre et al. (1984) is plotted on Figure

3.10 at water contents typically larger than 1000%. The degree of humification for the

higher water content data points was estimated by Lefebvre et al. (1984) as H2-3. The data

points at lower water contents and loss-on-ignition values relate to a separate peat deposit

in which a well defined transverse flow of water resulted in the migration of a relatively

large percentage of mineral matter. In contrast, many of the data points that were derived

from data reported by Skempton and Petley (1970), correspond to peat at a high or

moderate stage of humification. Peat with water contents in the range 150 - 300% was

reported as H8-9, 300 - 400% as H5-7, with one isolated data point at a water content of

890% and degree of humification H3. This trend is consistent with the results of the current

study, as the poorly humified Clara peat (H2-3), has a higher water content than the

moderate/well humified Ballydermot peat (H6-9), despite an essentially constant organic

content.

3.6 CONCLUSIONS

This chapter described the soils considered in this Thesis in terms of their geotechnical

classification properties. Although the main thrust of the research is confined to a fibrous

peat from a raised bog in Clara, Co. Offaly, two other peats and an organic clay have been

included for comparison.
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Classification data has been obtained using standardised techniques, although the

recommended procedure for specific gravity (BS 1377) gave results for Clara peat

which were considered too variable to be reliable. A simple formulation due to

Skempton and Petley (1970) has been demonstrated to fit the observed dependency

between loss-on-ignition and specific gravity quite well, particularly at a loss-on-

ignition greater than approximately 30%. The data has been fitted to a wide range

of data sourced from the literature.

o SEM images indicate that Ballydermot peat is more humified than Clara peat, as

the walls of certain Sphagnum stems appear to be partially desiccated. Intact

organic matter is not easily distinguishable for Cork peat, suggesting that this peat

represents an increased stage of humification over both Ballydermot peat and Clara

peat. These findings are reflected in the results of the von Post humification test.

.

A correlation between loss-on-ignition and water content for the soils considered

here and for several other referenced soils has been presented in Figure 3.10. The

water content is seen to be dependent upon the presence of organic matter up to an

approximate threshold loss-on-ignition of 80%. Beyond this value, water contents

vary considerably, even for one given loss-on-ignition value. Landva and Pheeney

(1980) discuss the dependence of water content on the stage of humification of the

soil. They concluded that well humified peats are likely to have lower water

contents than poorly humified peats, as much of the water in the latter is contained

within the intact organics at cellular level. Similar consistencies were found in the

data presented in Figure 3.10, as the poorly humified peat tended to correspond to

higher water contents.

,

It is apparent that, although both Clara and Ballydermot peat are classified as

fibrous, they are essentially different. The state of humification is the fundamental

reason for the disparity. This property, although seldom reported in the literature,

allows peat soils to be easily distinguishable, and may be more easily interpreted

than classification terms such as fibrous or amorphous. Amorphous or granular peat

is often used to describe peat soils with avon Post classification of H7-10 (Jarrett,

1997). According to this method, Ballydermot peat would be classified as

amorphous, although the SEM images show this peat to be fibrous. Landva and

Pheeney (1980) suggest that proper identification of peats should be based on the
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degree of humification and water content. The findings of the work presented here

support this recommendation.

80



Chapter 4

Laboratory testing of peat and organic soils



Chapter 4

Laboratory testing of peat and organic soils

4.1 INTRODUCTION

A number of workers including Edil and den Haan (1994), Landva et al. (1983) and Fox et

al. (1992) argue that conventional analytical methods are inappropriate for peat, as these

soils exhibit unusual compressibility characteristics that bear little or no resemblance to

that of mineral soils. Other investigators such as Farrell (1997, 2001), Carlsten (1991) and

Mesri et al. (1997) have successfully predicted field and laboratory behaviour using mainly

traditional geotechnical concepts. The lack of general agreement amongst engineers about

how best to cope with embankments and roads constructed over peat deposits is an on-

going problem. To this end, the author, during the course of the research described in this

Thesis, initiated a programme of laboratory and field experimental work with the aim of

obtaining a better understanding of the fundamental behaviour of peat soils loaded under

one-dimensional conditions.

The specific aims of the laboratory experimental programme are as follows:

1. Examination of the contribution and nature of creep compression through

oedometer tests involving a large load increment duration (LID)

2. Investigation of the effects of a load increment ratio (LIR) greater than unity

3. Assessment of the influence of rate selection and rate changes in tests performed at

constant rates of deformation

4. Provide a basis for validating constitutive and empirical theories aimed at

predicting the one-dimensional compression of clay and peat soils

5. Examination of the role of organic content and humification state in observed

behaviour
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As the in situ stresses in peat deposits are generally much lower than those imposed by

even relatively modest structures, the research interest is

normally consolidated behaviour. However, the effects

behaviour are examined, albeit to a much lesser extent.

largely confined to virgin, or

of unloading and pre-yield

The consolidation of peat,

understood here to refer solely to compression due to the dissipation of excess pore water

pressure, is also investigated, although to a lesser degree than creep compression.

As discussed in Chapter 3, the major concentration of the research, and hence laboratory

tests, have been confined to Clara peat, as this soil possesses many of the geotechnical

properties and characteristics which bear little resemblance to non-organic, mineral soils.

However, a limited amount of experimental data obtained from tests on the other soils

described in Chapter 3 is included for comparison.

4.2 TESTING PLAN

A total of 48 one-dimensional tests have been performed as part of this study. In order to

easily distinguish between the tests, the naming convention described by Table 4.1 has

been adopted. In Table 4.1, MSL refers to Multi Stage Load tests performed in the standard

oedometer apparatus, whereas CRD refers to Constant Rate of Deformation tests. CRD

tests are often referred to in the literature as Constant Rate of Strain (CRS) tests (Wissa et

al. 1971, Leroueil et al. 1985). However, such terminology implies a specific definition of

strain (Lee, 1981). Although the conventional definition of strain (c = AH/Ho) is generally

interchangeable with deformation rate, a number of workers including Jufirez-Badillo

(1965), Butterfield (1979), Lefebvre et al. (1984), den Haan (1992, 1996), Nash and Ryde

(2000), prefer the use of natural strain (~ = -ln(H/Ho) ). Since constant rate of deformation

Table 4.1 Naming convention for oedometer and CRD tests

Source

Clara

Ballydermot

Cork

Belfast

Oedometer

CL MSL

BD MSL

CK MSL

BF MSL

CRD tests

CL CRD

BD CRD

Example

CL CRD 06

BD MSL 02

CK MSL 03

BF MSL 04
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is not synonymous with constant rate of natural strain, the term CRD is deemed more

appropriate and has been adopted here.

Specific details of the tests performed are summarised in Tables 4.2 to 4.6. Tests

performed by Dr. Samir Hebib on Ballydermot peat and by Mr. Bryan McCabe on Belfast

organic clay are marked accordingly. CRD tests are described by the imposed rate of

strain, r, where strain assumes its conventional definition, e = AH/Ho.

Table 4.2 Clara peat MSL oedometer test descriptions

Test Number w : eo a’o : a f: LIR LID :
(%) (kPa) (kPa) (days)

CL MSL 01 1825.27 24.74 5.0 320.0 1.0 1

CL MSL 02 1829.96 25.65 5.0 320.0 1.0 1

CL MSL 03 2138.17 31.93 5.0 320.0 1.0 1

CL MSL 04 2028.42 31.84 1.0 512.0 1.0 1

CL MSL 05 1950.20 28.81 1.4 340.2 2.0 1 - 60

CL MSL 06 1368.60 18.81 2.0 200.0 1.0 - 4.0 7- 200

CL MSL 07 1432.22 20.11 2.0 250.0 0.5 - 7.0 7- 200

CL MSL 08 1296.86 19.49 4.0 150.0 0.5 - 9.0 105-200

CL MSL 09 1574.95 22.09 20.35 468.1 1.2 - 3.3 7- 13

CL MSL 10 1481.14 19.94 27.14 515.58 1.1 -2.0 7-13

CL MSL 11 1602.82 23.65 48.0 1202.0 0.4 - 8.0 7- 13

CL MSL 12 1575.08 22.69 25.0 431.0 0.25 -4.8 7-13

CL MSL 13 1472.11 20.76 33.7 803.0 0.4 - 4.3 7- 13

CL MSL 14 1348.81 19.11 5.44 710.0 1.0 1-6

CL MSL 15 1115.47 17.76 6.25 800.0 1.0 1-6

CL MSL 16 1095.68 16.09 5.0 640.0 1.0 1-4

CL MSL 17 1087.52 16.57 6.25 800.0 1.0 1-6

CL MSL 18 1126.37 15.64 3.0 600.0 0.5 - 5.7 1-8

CL MSL 19 1202.34 16.89 30.0 480.0 1.0 1

CL MSL 20 1549.72 21.77 30.0 240.0 0.25 - 3.0 0.06 - 4.6

CL MSL 21 1496.31 21.03 30.0 300.0 0.25 - 3.0 0.05 - 0.3

CL MSL 22 1274.82 19.41 5.0 8.0 0.6 105- 150
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Table 4.3 Clara peat CRD test descriptions

Test Number w : eo of: r :
(%) (kPa) (secl× 10-6)

CL CRY) 01 1347.46 19.13 285.3 1.08

CL CRD 02 1247.87 18.28 605.3 1.19-5.43

CL CRD 03 1066.99-- 15.65 611.2 0.22-1.25l

CL CRD 04 1519.25 22.05 559.1 8.33

CL CRD 05 1616.21 23.42 54.6 0.08-0.831

CL CRD 06 1296.06 19.32 580.9 0.33-3.98

CL CRD 07 1369.56 19.65 567.8 8.33

CL CRD 08 1596.88 23.44 207.2 0.83-8.33

CL CRD 09 1738.12 25.06 550.6 2.5-25

Table 4.5 Ballydermot peat MSL oedometer test descriptions

Test Number w : eo Oo : of: LIR
(%) (kPa) (kPa)

BD MSL 011 816.48 12.37 5 395 0.33-1.25

BD MSL 021 839.19 13.14 5 395 0.33-1.25

BD MSL 03t 831.84 12.49 5 160 1

BD MSL 041 657.34 9.86 10 20 1

BD MSL 05 738.46 11.08 6.25 601 0.47-3.8

BD MSL 06 808.67 11.95 6.25 889 1.85-3.33

BD CRD 01 1039.70 15.93 0 309.5 1

LID :
(days)

1-2

1-2

37-39

0.75-8

0.75-8

0.6-3

t Test performed by Dr. Samir Hebib

Table 4.4 Cork peat/silty peat MSL oedometer test descriptions

Test Number w" eo Oo: Of: LIR LID :

(%)  kPa) ~kPa) (days)

CK MSL 01 220.72 4.67 12.5 400 1 1-3

CK MSL 02 455.64 7.44 12.5 400 1 1-3

CK MSL 03 418.26 6.98 12.5 600 1-11 0.1-23
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Table 4.6 Belfast organic clay MSL oedometer test descriptions

Test Number w: eo 0%: Oaf¯ LIR LID :
(%) (kea  kea) (days)

BF MSL 011 1.47 12.5 800 1 1

BF MSL 02* 47.90 1.79 6.25 400 1 1-4.5

BF MSL 03* 70.13 1.69 6.25 8O0 1 1-3

BF MSL 04* 70.28 1.77 6.25 800 1 1-5

BF MSL 05t 58.34 1.40 6.25 8O0 1 1-3

BF MSL 061 52.84 1.29 6.25 800 1 1-10

BF MSL 07 55.75 1.42 6.25 1200 0.4-4.7 0.75-7

* Test performed by Mr. Bryan McCabe

4.3 SPECIMEN PREPARATION

Due to the fibrous and compressible nature of the peat soils, particular care had to be taken

in trimming and preparing the specimens for testing. In the case of Clara peat, relatively

large fibres and wood remnants impaired the quality of the specimen; such specimens were

discarded, as they were considered unrepresentative of the peat sample. Specimens of

Clara peat were retrieved from the block samples using a sharp serrated knife. The

undesirable compression caused by pushing an oedometer ring into the soil was avoided by

using the ring as a template to mark the circumference of the specimen. Specimens could

then be retrieved from the sample by cutting away the excess material, and advancing the

oedometer ring as trimming progressed. Protruding fine fibres were trimmed at the level of

the oedometer ring, and superficial voids filled with sample trimmings in accordance with

the recommendations of Head (1982). Figure 4.1 shows the steps involved in the specimen

preparation process. The fibrous nature of Clara peat is apparent from the sample

trimmings shown in Figure 4.1 a.

4.4 OEDOMETER TEST RESULTS

One of the main aims of this experimental programme was to assess the nature and

contribution of creep settlement of peat. Hobbs (1986) states that for peat, creep under

oedometric conditions is the dominant process governing settlement, with consolidation
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(a) (b)

Figure 4.1 Preparing a specimen of Clara peat for testing: (a) removing excess peat whilst advancing
the oedometer ring, (b) trimming the specimen to the height of the oedometer ring

merely distorting the shape of the eventual linear ~- log t curve. The creep of peat has been

assessed by way of oedometer tests involving stress increments that were in some instances

maintained for several months. Although a number of standard oedometer tests (LIR=I,

LID=24 hours) have been performed, the majority of oedometer tests involve LIRs in the

range 0.25-11. The relevance of LIR>>I is particularly relevant to peat deposits, as stress

increments well in excess of the relatively low in-situ stress are often applied in an attempt

to reduce long-term settlement.

The oedometer tests were performed in Wykeham-Farrance loading frames, with specimen

diameters of 75.0, 76.2 and 100 mm and heights of either 19.05 or 20.0 mm. Drainage was

permitted towards both the top and bottom of the specimen, with the exception of three

tests which were performed in Rowe Cells, with pore pressures monitored at the base of

the specimen.

4.4.1 Evolution of deformation and pore pressure with time

In a study of the

conditions, Leonards

curves (Figure 4.2):

1.

compressibility characteristics of soils loaded under oedometric

and Girault (1961) identified three separate compression - lime

Type I" Classic S-shaped curve, with a clearly defined transition from consolidation

phase to sole creep compression phase (LIR=I)
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2. Type II: Similar to Type I, but with a gradual increase in the slope (with log t axis)

of the creep portion of the curve (LIR<0.5)

3. Type III: No discernible transition point from the consolidation phase to the creep

only compression phase; the slope of curve (with log t axis) gradually increases to a

constant value (LIR<0.5)

These three types of compression curves have been observed by a number of workers

including Barden (1969), Mesri and Godlewski (1977) and den Haan (1996).

Consequently, an attempt has been made to identify the e - log t plots considered here by

the appropriate Leonards and Girault curve.
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Figure 4.2 Compression -time relationships for Mexico City clay (after Leonards and Girault, 1961)

4. 4.1.1    Clara peat

Two typical e - log t curves for Clara peat are provided in Figure 4.3. The data were

measured during normally consolidated stress increments of CL_MSL_01, involving a

LIR=I and LID=24 hours. Both curves are typical of the Type I curve, although the

reduction in void ratio is larger for the 20-40 kPa stress increment. In the absence of pore

water pressure measurements, graphical construction is often used in e - log t plots to

estimate the duration of consolidation, tp. Taylor’s method estimates tp at 90% excess pore

pressure dissipation from the initial portion of the e - (t curve, whereas Casagrande

construction relies on the commonly observed inflection point in laboratory e - log t plots

to determine the point of complete excess pore water pressure dissipation. End of primary
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Figure 4.3 Typical e - log t plots for Clara peat:

(a) CL_MSL_01, 20-40 kPa; (b) CL_MSL_01,160-320 kPa

consolidation as estimated using Taylor’s root time method and Casagrande’s log time

method are denoted by tp, tay and tp, cas respectively.

Casagrande construction gave tp, cas ---- 31 minutes for the 20-40 kPa stress increment and 78

minutes for the 160-320 kPa stress increment. Taylor’s method produced significantly

lower values for both stress increments; tp, tm.= 6 minutes for the 20-40 kPa stress

increment and 11 minutes for the 160-320 kPa stress increment. Comparison of the two

stress increments shows that tp is lower for the 20-40 kPa stress increment. This finding is
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reflected in the shape of the e - log t plot, which steepens more rapidly than the

kPa stress increment.

160-320

Additional e- log t curves for Clara peat are given in Figure 4.4. These data relate to low

stress levels, typically less than 5 kPa. The e - log t plots of Figure 4.4 are characterised by

a much more rapid initial decrease in void ratio than that encountered in the 20-40 and

160-320 kPa stress increments of CL_MSL_01 (Figure 4.3). Figure 4.4b and Figure 4.4d

are clearly identifiable as Type I curves, which is to be expected as the LIR is 1 and 2

respectively. The e - log t curve in Figure 4.4a resembles the Type III plot shown in Figure

4.2, whereas the curve in Figure 4.4c bears little or no resemblance to any of the three

curves defined by Leonards and Girault (1961). In the case of the 1-2 kPa stress increment

of CL_MSL_04 (Figure 4.4a) and the 0-5 kPa stress increment of CL_MSL_03 (Figure

4.4c) tp, cas was unobtainable, as the transition compression phases are unidentifiable.

However, Taylor’s method was employed to give tp.tay = 5 minutes. Intersection points
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Figure 4.4 Various e - log t curves at low stress levels for Clara peat: (a) CL_MSL_04, 1-2 kPa,

(b) CL_MSL_05, 1.4-4 kPa; (c) CL_MSL_03, 0-5 kPa, (d) CL_MSL_02, 0-5 kPa
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were easily produced for the high LIR stress increments of Figure 4.4b and Figure 4.4d;

graphical construction yielded tp,¢as = 6.5 minutes for the 1.4-4 kPa stress increment of

CL_MSL_05 and tp, cas = 15 minutes for the 0-5 kPa stress increment of CL MSL 02.

Corresponding values using Taylor’s method are tp.tay = 1.7 minutes and 2.6 minutes for

CL_MSL_05 and CL_MSL_02 respectively. As before, Casagrande’s method produces

higher tp values than Taylor’s method. The duration of consolidation determined in this

manner is much shorter than that estimated for the higher stress levels (20-40 kPa, 160-320

kPa) of CL_MSL_01.

Following the period of primary consolidation, an approximately linear relationship

between e and log t can be observed in the stress increments shown in Figure 4.3 and

Figure 4.4. However, the LID for each of the stress increments considered above is

relatively low at 24 hours. Consequently, the contribution and nature of creep compression

will now be investigated by considering tests in which the LID>>24 hours.

Further e - log t plots for Clara peat at low stress levels are provided in Figure 4.5. The

LID involved with these stress increments varies between 7 and 150 days. Each of the e -

log t curves are typical of the Type II curve defined by Leonards and Girault (1961). The

intersection of the first and second linear sections of the curve yields tp.,,s as before.

However, unlike the stress increments considered to date, the slope of the creep portion of

the curve increases with time. The intersection of the second and third linear sections of the

curve is described here by a parameter termed tk. The choice of this parameter is in keeping

with the terminology of Edil and Dhowian (1979), who used tk to separate the conventional
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Figure 4.5 e - log t curves for Clara peat at low stresses with high LID:
(a) CL_MSL_07, 0-2 kPa; (b) CL_MSL_06, 2-5 kPa
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creep portion of the e - log t curve from the tertiary portion of the e - log t cur~’e.

Graphical construction gave tp.¢~s = 47 minutes and tk = 1.7 days for the 0-2 kPa stress

increment of CL_MSL_07 (Figure 4.5a) and tp, c,s = 22 minutes and tk = 3.6 days for the 2-5

kPa stress increment of CL_MSL_06 (Figure 4.5b). The slope of the tertiary creep curve (t

> tk) remains approximately constant for the duration of each stress increment shown in

Figure 4.5.
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Figure 4.6 e - log t curves for Clara peat:
(a) CL_MSL_I5, 200-400 kPa (LIR=I); (b) CL_MSL_10, 27-81 kPa (LIR = 2)

Figure 4.6 shows e - log t curves corresponding to the 200-400 kPa stress increment of

CL_MSL_15 (Figure 4.6a) and the 27-81 kPa stress increment of CL_MSL_10 (Figure

4.6b). The 200-400 kPa increment (LIR=I) was maintained for approximately 4 days,

whereas the 27-81 kPa increment (LIR=2) was maintained for approximately 13 days. As

both plots conform to the Type I curve, tp, cas can be readily determined. The intersection of

the two linear sections of the e - log t plots yields tp.cas = 44 minutes for the 27-81 kPa

stress increment and tp.cas = 260 minutes for the 200-400 kPa stress increment. These

values are consistent with the tests considered to date, in that tp.,.,s tends to be larger for the

higher stress levels, and hence lower void ratios. Values of tp.c,s are also significantly and

consistently higher than corresponding tp.,~y values. As was the case with the standard tests

described previously, a linear e - log t relationship is observed shortly after tp.,.,, for the

duration of the stress increment.

92



2O

18

16

12

10

.... 1 ........ I ........ I ........ I ........ II ........ I ¯ ¯ ¯

.... I ........ I ........ I ........ I ........ I ........ I

10"1 10° 101 10’ 103 104

Time (rain)

] 9 .... I ........ I ........ I ........ I ........ I ........ 1 ’ ’ "

17

15

13

11

7 ,,,I ........ I ........ I ..... ,1,1 I , , ..... I ........ I , , ,

I0" 10° 10’ 10" l0~ 10~

Time (min)

(a) (b)

14

12

I0

...... ! ........ I ........ I ....... ’1 ....... "1 ....... ’1 ....... ’1 ........

8                                                             -..

6 ,,,,d I , i.....1 ....... J .... ,,,d , . ...... I ........ I ....... J .......

10" 10° 10L 102 103 104 l0s 10~’

12

I0

8

6

4 ’*" ........ l ........, ........ , ....... ,, ........ , ........ , ......

I0" I0° IO’ 10" I0’ I0" I0~ 10"

Time (min) Time (rain)

(c) (d)

5.0

4.5

4.0

I I I I I I ! 2.00 ...~ ........ , ........, ........, ........ , ........, ........ , ¯ "

1.75

1.50

1.25

"%

3.5 I I I        t        i0~ i I 1.00 ’"’ ........ ’ ........’ ........ J ....... a ........, ....... a . .

10" 10° 10’ 102 1 104 l0s 10~ 10: 10" 10" 10’ 10: 10’ I(fl

Time (rain)                                                      Time (rain)

(e) (f)

Figure 4.7 e - log t curves for stress increments of Clara peat involving high LIDs and various LIRs:
(a) CL MSL_09, 0-20 kPa (LIR=20); (b) CL MSL_10, 0-27 kPa (LIR=27);

(c) CL ~ISL_07, 6-50 kPa (LIR=7.3); (d) CL-MSL_08, 10-100 kPa (LIR=9);

(e) CL_M-SL_08, 100-150 kPa (LIR=0.5); (f) CL_MSL_I8, 400-600 kPa (LIR=0.5)
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Additional e - log t data for stress increments at various stress levels, involving various

LIRs and prolonged LIDs are given in Figure 4.7. The curves depicted in Figure 4.7a-

Figure 4.7c are readily identifiable as Type I curves, which is consistent with the e - log t

relation for soils with LIR > 1. Figure 4.7d to some degree resembles the Type I curve,

although in this instance the initial reduction in the slope of the e - log t plot is too rapid to

produce the classic S-shape. Figure 4.7e and Figure 4.7f involve LIR values of 0.5 and are

typically Type III curves.

In the tests described previously, no pore water pressure measurements were made. The

results of two Rowe cell tests on Clara peat are now presented.

Difficulties were encountered in translating observed settlements during Rowe cell tests

into actual values of void ratio. Peat specimens were prepared in a standard oedometer

ring, 19.05 mm in height and 76.2 mm in diameter. The specimen was then removed from

the ring, carefully placed between porous stones and placed in the Rowe cell. The drainage

valve is then turned off and water pressure applied to the bellofram until contact with the

specimen is made. However, it is difficult to establish the exact point of contact, as

relatively large settlements are observed even though drainage is prevented. Measured

settlements are not necessarily due solely to the compression of the peat, but may also

incur movement of the bellofram relative to the surface of the peat specimen. These

bedding errors can be quite severe, as is exemplified by Test CL_MSL_19 in which the

recorded settlements summed to 23.55 mm, although the trimmed specimen height was

only 19.05 ram. For this reason the Rowe cell tests considered here are presented as s - log

t plots, where s is the measured settlement for each stress increment.
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Figure 4.8a shows settlement and pore pressure data plotted against logarithm of time for

the 60-240 kPa stress increment of CL_MSL_20. This stress increment, which corresponds

to a LIR of 3, is characterised by a well-defined inflection point which delineates the end

of primary consolidation. The shape of the s - log t plot resembles the Type I curve defined

by Leonards and Girault (1961). Although the increase in total stress was 180 kPa, the

maximum recorded excess pore pressure was 135.7 kPa. This increase in pore pressure

corresponds to approximately 75% of the total stress increase. It is also noteworthy that the

peak pore pressure occurred 2.5 minutes after the stress increment was applied and the

drainage valve opened. Marked on Figure 4.7 is the consolidation duration tp, which is

defined here, and by Edil et al. (1991) as the time taken for the measured pore pressure at

the base of the specimen to decrease to 5% of its peak value. Also shown on Figure 4.7 are

the times tp.cas and tp, tay as defined earlier. The duration of primary consolidation for the 60-

240 kPa stress increment of CL_MSL_20 has been estimated as 13 minutes using Taylor’s

method, and 136 minutes using Casagrande’s method. Both of these methods are

significantly lower than the measured value of tp = 572 minutes.

A similar stress increment (60-240 kPa) from CL_MSL_21 is provided in Figure 4.7b.

This test differed from CL_MSL_20 in that a back pressure of 50 kPa was applied. Unlike

CL_MSL_20, there was no time lag for the pore pressure to reach a maximum value. The

peak value of 177.5 kPa which was observed at t = 0, corresponds to 98.6% of the increase

in total stress (180 kPa). As before, the end of primary consolidation as estimated using

conventional graphical procedures and actual pore pressure measurements are shown. In

this instance, tp, tay = 10 minutes, tp, cas = 62 minutes and tp = 160 minutes. This trend is

consistent with that of CL_MSL_20, in that both graphical construction methods

underestimate tp, with Taylor’s root time method proving to be least accurate. Both

measured and estimated consolidation durations are significantly lower than the

corresponding values from CL_MSL_20, even though both tests involved the same stress

increment.

A further stress increment, 240-300 kPa from CL_MSL_21 is given in Figure 4.9. The

shape of the s - log t clearly resembles the Type III curve defined by Leonards and Girault

(1961). As with the 60-240 kPa stress increment, the maximum excess pore pressure was

observed at t = 0. This peak excess pore pressure of 66.3 kPa, actually exceeds the applied

total stress increase of 60 kPa. However, the actual magnitude of the applied stress

increment could well exceed the target value of 300 kPa, as the accuracy is largely
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Figure 4.9 s - log t and Ue -- log t data for CL_MSL_21,240-300 kPa

controlled by the resolution of the analogue display used in this test. As the inflection point

which approximates the end of primary consolidation in Casagrande’s construction method

was not observed, tp, cas could not be determined. This is consistent with the stress

increments of CL_MSL_08 and CL_MSL 18 (Figure 4.7e and Figure 4.7f respectively)

which involved a LIR = 0.5. However, tp.tay in this instance has been estimated as 6.5

minutes. The end of consolidation has been determined from pore pressure measurements

as 315 minutes, which is significantly higher than that determined using Taylor’s method.

4.4.1.2 Ballydermot peat

Selected stress increments from three tests performed on Ballydermot peat are shown in

Figure 4.10. Although BD_CRD_01 was performed in the CRD apparatus, two successive

constant stress increments (35-70 kPa, 75-150 kPa) were also applied, following

intermittent periods of constant rates of deformation. Figure 4.10a and Figure 4.10b shows

s - log t and Ue -- Iog t for the 35-70 kPa and 75-150 kPa stress increments of

BD CRD 01. In both stress increments a considerable amount of time elapses before the

excess pore pressure reaches its peak value. Similar behaviour was observed during the 60-

240 kPa stress increment of CL_MSL_20, although the time lag involved with

BD CRD 01 is notably larger (6-16 minutes compared with 2.5 minutes). The maximum

measured excess pore pressure was considerably lower than the corresponding increase in

stress for both increments; 39% for the 35-70 kPa stress increment and 36% for the 75-150

96



2

4

....... i, " ....... ! ........ i ........ i

¯ i
1 |p "

10° I0’ 102 I0~

o’ (kPa)

2O

15

5

0 ....... 1 ........ i i ........ i ........ i

]                   ".
1 tp,~,

t

3

4 ....... i ........ i ........ I ........ i ........ i

10° 10~ 102 10’ I0’

Time (rain)

4O

3O

20 "~

10

(a) (b)

9.0 .,,~ ....... q .......~ ....... ~ ........, ....... q ....... , ,,,

8.5

"’~t~

8.0

7.~ ,.,I ........ I ........ I ....... a ........ I ........ I ....... *1 , .

I0a I0° IOI 102 I0J 104 105

7

.... i ....... "l ........ i ....... q ....... ,1 ........ i ........ i ¯ ¯ ¯

",,

,,a ....... a ........ i ....... J ........ i ....... a ....... a , ,

lOz lO" I0° lO’ I0" I0’ lO’

Time (min) Time (min)

(c) (d)

Figure 4.10 Various Ballydermot peat stress increments: (a) BD_CRD_01, 35-70 kPa; (b) BD_CRD_01,

75-150 kPa; (c) BD_MSL_04, 10-20 kPa; (d) BD_MSL_06, 25-72 kPa

kPa stress increment. As was the case with CL_MSL_20, no back pressure was applied

during this test. In the case of the 35-70 kPa stress increment (Figure 4.10a), the excess

pore pressure reduces to an approximately constant value of 1 kPa. The end of

consolidation, tp, has been assumed at this point, even though this value is still larger than

5% of the apparent peak excess pore pressure. Excess pore pressures reduce more

gradually in the 75-150 kPa stress increment (Figure 4.10b), with residual values greater

than 4 kPa after 3 days. No satisfactory estimation of the consolidation duration could be

obtained in this case.

Both s - log t plots are typical of the Type I curve, with a well-defined point of inflection

which has been used to estimate the duration of consolidation, tp,,u, using graphical

construction. As was the case with CL_MSL_20 and CL_MSL_21, Casagrande’s method

underestimates tp determined from pore pressure measurements. The time taken for 90%
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consolidation, tp, tay, is also shown on Figure 4.10. These values are considerably lower than

both tp.cas and tp.

Figure 4.10c shows e - log t data for the 10-20 kPa stress increment ofBD MSL 04. This

stress level is considered to be within the over consolidated range for Ballydermot peat

(see § 4.4.2.2). The shape of the e - log t plot is similar to those provided for Clara peat in

Figure 4.5, and strongly resembles the Type II curve defined by Leonards and Girault

(1961). Graphical construction gave tp, cas "- 38 minutes and tk - 1.6 days. The slope of the

assumed creep curve (t > tp) increases gradually with time to a constant value at 4.5 days.

The 25-72 kPa stress increment (LIR=1.88) of BD_MSL_06 is given in Figure 4.10d. This

Type I curve is typical of the e - log t plots with LIR > 1 for Clara peat described in §

4.4.1.1. Casagrande construction yielded tp, cas = 129 minutes, after which time a linear

relationship between e and log t emerges; the linearity is observed for the duration of the

stress increment (8 days).

4. 4.1.3 Cork peat

Tests were performed on Cork peat in an attempt to provide comparisons for Clara peat

with a less organic, more humified peat. Stress increments from two tests, CK MSL 01

and CK_MSL_03 are provided in Figure 4.11. CK_MSL_01 relates to a silty peat with an

organic content of 32.2% and water content of 208%, whereas CK_MSL_03 relates to a

peat with an organic content of 79.5% and a water content of 447%. The transition
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Figure 4.11 e - log t data for Cork peat: (a) CK_MSL_01, 25-50 kPa; (b) CK_MSL_03, 50-600 kPa
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between the compression stages of the 25-50 kPa stress increment (CK_MSL_01, see

Figure 4.10a) is not as well defined as that for Clara and Ballydermot peat. The 50-600 kPa

stress increment of CK_MSL_03 is similar to those obtained for the other high LIR stress

increments cases considered in § 4.4.1.1. Casagrande construction yielded tp.~.,~s = 38

minutes, after which time the e - log t plot becomes linear for the duration of the stress

increment (23 days).

4.4.1.4 Belfast organic clay

It is generally understood that organic content contributes significantly to creep settlement
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Figure 4.12 e - log t data for Belfast organic clay:
(a) BF_MSL_05, 12.5-25 kPa (b) BF_MSL_07, 50-70 kPa (c) BF_MSL_07, 400-1200 kPa
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(Mesri 1973, Mesri et al. 1997, O’Loughlin and Lehane 2001). For this reason, the creep

characteristics of an organic clay have been assessed. Included in this section are selected

results from oedometer tests performed on Belfast organic clay. As before, the influence of

prolonged LID and high LIR are examined.

The e - log t relation for the 12.5-25 kPa stress increment of BF_MSL_05 is given in

Figure 4.12. As is evident from § 4.4.2.4, this increment is well within the over

consolidated stress range. It is apparent from Figure 4.12a that a Type I curve is obtained.

However, the creep portion of the e - log t plot tends to reduce in slope at larger values of

time. The effect of variable LIR for Belfast organic clay is also shown in Figure 4.12. Both

stress increments, 50-70 kPa (Figure 4.12b) and 400-1200 kPa (Figure 4.12c), were

obtained from BF_MSL_07. As was the case with corresponding tests on Clara peat (e.g.

see Figure 4.7e, Figure 4.9), the e - log t plot for the 50-70 kPa increment resembles the

Type III curve. As is characteristic of such curves, the inflection point that is commonly

used to estimate tp is absent. The e - log t curve for the 400-1200 kPa stress increment,

corresponding to a LIR = 2 and LID = 7 days, is provided in Figure 4.12c. As was the case

with the 12.5-25 kPa stress increment of BF_MSL_05, a Type I curve is obtained, although

the slope of the creep portion of the e - log t curve remains constant for the duration of the

stress increment (7 days).

4.4.1.5 Summary

Selected stress increments from a comprehensive database of oedometer tests have been

presented and the fundamental characteristics of the observed behaviour discussed. The

long term behaviour of the soils, in particular Clara peat, compressed under oedometric

conditions has been assessed by way of prolonged stress increment durations often

exceeding several months. The creep behaviour of the soils has been observed to follow a

linear relationship when plotted in e - log t space. However, at lower stress levels, Type II

curves were observed in both Clara and Ballydermot peat. These e - log t curves are

characterised by a tendency to increase in slope after approximately 2-4 days sustained

loading. This behaviour was not observed in tests performed on Cork peat or Belfast

organic clay, although the LIDs in these tests tended to be shorter at lower stress levels.

The majority of the remaining stress increments produced the commonly observed Type I
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curve as defined by Leonards and Girault (1961). Stress increments involving a LIR <

resulted in Type III curves, with no clearly defined reversal of slope as with Type I plots.

The end of primary consolidation has been estimated for each stress increment using

Taylor’s root time method, and where possible, Casagrande’s log time method. The latter

was only possible for Type I and Type III curves, with a more pronounced demarcation

observable in tests with LIR >> 1. In all cases, Taylor’s method produced lower values of

tp, with the ratio tp, tay/tp, cas falling between 5-40%.

A limited amount of tests involving pore pressure measurements were performed on Clara

and Ballydermot peat. The results of these tests, although being hampered, to some extent,

by incomplete sample saturation and poor pore pressure transducer response time,

indicated that neither the Casagrande or Taylor methods produced accurate estimates of tp

as determined from measured pore pressure data. Taylor’s method resulted in gross

inaccuracies, with errors consistently exceeding 95%. The 60-80% error observed with

Casagrande’s method is less severe but still very significant.

In the tests involving pore pressure measurements, a time lag in the pore pressure response

was observed. However, no delay was observed in CL_MSL_21, which was performed

under a back pressure of 50 kPa. In the tests in which a back pressure was not applied

(CL_MSL_01, BD_CRD_01) the maximum excess pore pressure only reached 35-40% of

the applied stress increment for Ballydermot peat, and 75% for Clara peat.

Although the graphical construction methods have been demonstrated to be erroneous, a

general trend is discernible, in that the consolidation duration is longer for the higher stress

levels and lower void ratios.

4.4.2 Void ratio - effective stress relationship

The relationship between void ratio and effective stress is generally reported in terms of

either end of primary (EOP) or 24 hour consolidation data (Burland, 1989). As standard

oedometer tests seldom involve pore pressure measurements, graphical construction

techniques such as Casagrande’s log time method or Tayor’s root time method arc

commonly employed to determine the consolidation duration, and subsequently the EOP e
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- log o’ curve. However, as shown in § 4.4.1, and elsewhere by Edil et al. (1991), such

graphical analytical methods can be seriously erroneous. Consequently, the e- log o’

relationships presented here are reported in terms of 24 hour compression.

This section presents and compares the relationship between measured compression and

effective stress.

4. 4. 2.1 Clara peat

A typical e - log o’ curve for Clara peat is provided in Figure 4.13. This test

(CL_MSL_04) involved a wide range of stress levels, from 1 kPa to 512 kPa. The LIR was

1, and the LID 24 hours. The conventional empirical construction method indicates that the

apparent preconsolidation stress, o’c, is approximately 3 kPa. Beyond this value, the plot is

characterised by an increase in curvature, followed by a linear section up to approximately

25 kPa. It is useful to determine the range of linearity of the e - log o’ curve in the virgin

stress range. This is conveniently expressed in terms of the ratio, OSlin / O~c, where dun is the

limiting value of effective stress beyond which the e - log o’ relationship becomes non-

linear. As determined from CL_MSL_04, o’tin = 25 kPa, resulting in o%,/ d,. = 8.3 for

Clara peat. The e - log o’ curve becomes highly non-linear at stresses greater than 25 kPa.

The compressibility of the soil is reflected in the measured overall reduction in void ratio,

Ae, of 30.
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Figure 4.13 Typical e- log d relationship for Clara peat: CL_MSL_04
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Tests CL_MSL_14 to CL_MSL_I 7 inclusive involve a LIR = 1, with LIDs ranging from

between 1 and 6 days. The purpose of these tests was to examine the influence of

unloading and subsequent reloading at moderate stress levels (40-50 kPa). Further

unloading took place at higher stresses (640-800 kPa). The specimens were permitted to

swell for between 1 and 6 days during these unloading sequences.

The results of two of these tests are shown in e- log d format in Figure 4.14. As with

CL_MSL_04, the e - log d relationship is highly non-linear for both tests. However,

unlike CL_MSL_04, no apparent preconsolidation stress is determinable from first time

loading. The initial stress increment of CL_MSL_16 and CL MSL 17 is 5 kPa and 6.25

kPa respectively. These values are higher than dc = 3 kPa, as determined from

CL_MSL_04, and explains why an initial virgin e- log d relationship is observed in

Figure 4.14.

The unload-reload loops in Figure 4.14 are typical of that observed in mineral soils. Only a

slight decrease in void ratio is observed after reloading to the previous maximum stress (40

kPa, CLMSL_I 6; 50 kPa, CL_MSL_I 7). The effect of the unload-reload loop causes only

a slight disturbance to the measured stress-strain relationship, with the soil state rejoining

the initial e - log d curve shortly after the previous maximum stress is exceeded.

Figure 4.15 shows the e - log t response of the peat during unloading for both

CL_MSL_14 and CL_MSL_15. In this discussion, the first stress decrement is defined as
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100o
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Figure 4.14 Effect of unloading and subsequent reloading on the measured e- log or’

relationship for Clara peat: (a) CL_MSL_16, (b) CL_MSL_17
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Figure 4.15 Rebound compression curves for Clara peat: (a) first unloading CL_MSL_14, (b) second
unloading CL_MSL_14, (c) first unloading CL_MSL_I5, (d) second unloading CL_MSL_I5

the first reduction in total stress after progressive loading. Similarly, the second stress

decrement refers to the second reduction in total stress after progressive loading.

During the first stress decrement of CL_MSL_14 (i.e. 44-22 kPa and 710-355 kPa), the

void ratio reached an apparently constant value. The time taken to reach this value is

approximately 520 minutes (8.7 hours) for the 44-22 kPa decrement, and 870 minutes

(14.5 hours) for the 710-355 kPa decrement. However, the 22-11 kPa decrement (which

was maintained for approximately 3 days) and the 355-178 kPa decrement (which was

maintained for approximately 6 days), continued to swell with no apparent reduction in the

e - log t rebound rate after 24 hours.

A similar trend was observed with CL MSL 15; the first stress decrement resulted in

steady state conditions, whereas continued swelling was observed during the second stress

decrement. Good agreement was noted in the time taken to reach a constant void ratio

during the first stress decrement between CL_MSL_I 4 and CL_MSL_I 5.
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Figure 4.16 e - log d curves for long duration tests on Clara peat:

(a) CL_MSL_06, (b) CL_MSL_07, (c) CL_MSL_08, (d) CL_MSL_09

Figure 4.16 shows the e - log d curves for 4 non-standard tests (CL_MSL_06 -

CL MSL 09 inclusive), which involved varying LIRs and prolonged LIDs. The curves are

represented at increasing loading durations for each test; 1, 5, 25, 50, 100 days for

CL_MSL_06, CL_MSL_07 & CL_MSL_08, and 1, 2, 4, 8, 12 days for CL_MSL_09. Each

successive curve is seen to occur at a reduced void ratio. The e - log d curve at any given

loading duration is seen to be non-linear even over the moderate stress levels imposed on

CL_MSL_06, CL MSL 07 & CL MSL 08. Despite the low initial stress of 2 kPa

imposed on CL_MSL_06 and CL_MSL_07, no increase in the initial curvature of the e -

log d curve is apparent, suggesting a very low preconsolidation stress. The initial shape of

the e - log d plot for CL_MSL_08 suggests a higher apparent preconsolidation stress (4-

10 kPa) than that observed for CL_MSL_04 (Figure 4.13). However, the limited number of

stress increments, and hence data points, makes accurate determination of this value

difficult.
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To allow for comparison between the various e - log d curves, several test results are

shown in Figure 4.17a. It is apparent from the collective results that a high degree of

variability exists, particularly at stresses lower than 20 kPa. Beyond this approximate

threshold value, the majority of the curves merge towards a common e- log d state. The

initial disparity in the data is probably due to the natural variability in the initial measured

void ratio, eo, of each test. Hobbs (1986) and Leroueil et al. (1985) recommend that this

variation be accounted for by describing compression data in terms of e- log d. In this

context, the conventional definition of strain, c, is adopted:

Ae
C=~ 4.1l+eo

The effect of using conventional strain as a measure of the peat deformation is shown in

Figure 4.17b. As with the e- log d curves, the relationship is highly non-linear. Although

the individual curves plot closer at lower stresses when plotted in c- log d space, they

tend to diverge with increasing stress level. However, the use of strain allows for easy and

direct interpretation of the relative compression of the peat. The data in Figure 4.17b show

that the final strain at stress levels of approximately 300-800 kPa generally falls within 80-

95%.
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Figure 4.17 Comparison of measured 24 hour (a) e- log d (b) 6- log or’ data for Clara peat
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4.4.2.2 Ballydermot peat

The relationship between void ratio and logarithm of effective stress for BD MSL 02 is

given in Figure 4.18. The preconsolidation stress, tic, in this case has been estimated as 17

kPa, which agrees well with o’c = 15 kPa, as reported by Hebib (2001). The virgin e- log

d curve remains linear up to dl;n = 80 kPa, resulting in dt~n / dc = 4.7. As with Clara peat,

the e - log d curve eventually follows a non-linear relationship.

Comparisons between the 24 hour e - log d curves for Ballydermot peat are shown in

Figure 4.19. As with Clara peat, both void ratio, e, and strain, c, are employed as a measure

of the soil compression. The variation in the plots is much less severe for the limited
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Figure 4.18 Typical e- log # relationship for Ballydermot peat: BD_MSL_02
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amount of data available for Ballydermot peat. Unlike the Clara test results, the overall

agreement between the respective tests appears to be increase slightly whenever strain is

used to describe the soil compression. The final strain, corresponding to a stress level of

400 kPa is approximately 70%; the higher stress level of approximately 900 kPa in

BD_MSL_06 resulted in a final strain of approximately 85%.

4.4.2.3 Cork peat

The limited amount of test data from Cork peat is presented in Figure 4.20 and Figure 4.21.

As before, graphical construction methods have been employed to estimate do This

resulted in dc = 48 kPa for Cork silty peat (CK_MSL_01, Figure 4.20a), and dc = 36 kPa
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Figure 4.20 Typical e- log o’ relationships for:
(a) Cork silty peat: CK_MSL_01, (b) Cork peat: CK_MSL_02
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Figure 4.21 Comparison of measured 24 hour (a) e - log d (b) 6- log o’ data for Cork peat
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for Cork peat (CK_MSL_02, Figure 4.20b). The virgin sections of the e - log d cur~,e

remained linear up to the maximum stress of 400 kPa for CL_MSL_01, whereas slight

concavity is apparent beyond 200 kPa for CL_MSL_02, resulting in dti,,/dc = 5.5. Figure

4.21a compares the separate e - log d curves. It is apparent that Cork silty peat

(CK_MSL_01) is less compressible; this is reflected further in the corresponding c- log d

plot in Figure 4.21 b.

4.4.2.4 Belfast organic clay

A typical e- log d curve for Belfast organic clay is provided in Figure 4.22. The data,
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Figure 4.22 Typical 24 hour e- log o’ relationship for Belfast organic clay: BF_MSL_04
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which were derived from BF_MSL_04, indicates that the virgin e- log d relationship

remains linear up to approximately 340 kPa. Graphical construction methods yield dc= 40

kPa, resulting in dli, / de = 8.5. The test data are characterised by lower void ratios than

those encountered in the peat soils. Figure 4.23a and Figure 4.23b allows the compression

data for all the tests to be readily compared. The test curves tend to be relatively well

spaced, with an approximately constant preconsolidation stress. Overall, the virgin e - log

d relationship is only slightly non-linear. BF MSL 01 and BF MSL 04 follow a

relatively unique relationship, whereas the remaining tests show no apparent common e -

log d relationship. Evidently the variations in the initial void ratio between tests has a

direct bearing on the final e - log d state. Plotting the same data in c- log d space has an

adverse effect, as the resulting curves tend to diverge with increasing stress.

4.4.2.5 Summary

The previous sections presented and described e - log d data for the soils considered. A

highly non-linear e - log d relationship has been observed for the more compressible Clara

and Ballydermot peat soils. Similar trends exist with Cork peat and Belfast organic clay,

although the degree of non-linearity is much less severe. Figure 4.24a compares selected

test results from each soil group. From this plot the high variation in initial void ratio is

apparent. The same data are presented in c- log d space in Figure 4.24b. The variation in

dc is seen to be consistent with the overall strain of each soil group. Not surprisingly, this

trend is also linked to the initial void ratio, with the larger measured strains corresponding

to the soils with lower eo and higher dc values.

The ratio (~lin / (~c appears to be independent of compressibility of the soil and hence initial

void ratio. Similar ratios were observed for Clara peat and Belfast organic clay, and for

Ballydermot peat and Cork peat.

Unloading at moderate stress levels, followed by subsequent reloading beyond the previous

maximum stress, does not appear to have any effect on the resulting e - log d relationship

for Clara peat. However, the swelling of the peat specimens was monitored for 1 day

during the first stress decrement, and between 3 and 6 days during the second stress

decrement. Steady state conditions were reached in less than 15 hours for the first stress
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decrement, whereas no tendency to reach a constant steady state (as determined from e -

log t data) was observed during the second stress decrement, even after 6 days. Relatively

similar trends were observed in all four tests (CL_MSL_14- CL_MSL_I 7 inclusive).

The results of tests on Clara peat involving LIDs in excess of 100 days have been

presented in e - log d at increasing durations of sustained loading. Successive curves

plotted at lower values of void ratio, indicating the time dependency of Clara peat. Similar

methodology could not be applied to the other soil groups, as tests with high LID tended to

be confined to one or two stress increments.

4.5 CRD TEST

The CRD test was first proposed by Hamilton and Crawford (1959) as a convenient and

rapid means of determining the preconsolidation stress, dr, and void ratio-effective stress

relationship. Two main advantages of the CRD test over the conventional MSL oedometer

test have contributed to its growing acceptance and widespread use:

1. Reduced testing time: for standard tests, the test duration may be reduced from 7 -

10 days to less than 1 day

2. Higher resolution of the measured stress-strain curve: stress-strain relationships

derived from MSL oedometer tests are often based on a limited number of data

points

In addition, CRD tests are more easily automated that MSL oedometer tests, as the latter
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generally requires the application of additional dead loads every 24 hours.

However, the popularity of the CRD test has been influenced by the disagreements

surrounding the selection of an appropriate rate of deformation (Sheahan and Watters,

1997). Most of the proposed selection guidelines are based on the ratio of excess pore

pressure at the base of the specimen to the total stress increment (Ue/Cr). Smith and Wahls

(1965) recommend that the imposed rate of deformation results in Ue/Cr < 0.5, whereas

Wissa et al. (1971) advocate the use of a deformation rate slow enough to yield uJcr <

0.05. In a later study, Gorman et al. (1978) concluded that the chosen rate of deformation

rate should be high enough to cause Ue > 7 kPa, whilst ensuring that Ue/a <_ 0.3 - 0.5.

Various investigations, such as that of Graham et al. (1983) and Leroueil et al. (1985), into

the influence of deformation rate in CRD tests, have played a significant role in the

understanding and interpretation of time and rate effects on the measured stress-strain

response of soft clays. Despite the relative abundance of CRD experimental data on clays

in the literature, few CRD data are available for peat. The research programme described in

this chapter therefore includes several CRD tests on Clara peat (see Table 4.3). The main

aim of the CRD tests is to examine the deformation rate dependency on the measured

stress-strain response.

4.5.1 Description of CRD apparatus

CRD tests have been carried out at TCD using a Wykeham Farrance WF26050

consolidometer. This apparatus is based on the design developed at MIT (Massachusetts

Institute of Technology) by Wissa et al. (1971). The consolidometer consists of an inner

cell, capable of containing a specimen 100 mm in diameter and 20 mm in height, which is

situated within a triaxial cell chamer. The specimen cell is hydraulically isolated from the

outer chamber by a rolling diaphragm seal located between the loading cap and the

retaining ring. The experimental arrangement is shown in Figure 4.25, with a more detailed

view of the specimen cell provided in Figure 4.26b.

Initial testing showed this arrangement to be unsuitable for compressible soils such as

fibrous peat. The author proposed a series of modifications that were implemented by

Wykeham Farrance and TCD. The first change was to increase the maximum stroke of" the
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Figure 4.25 Wykeham Farrance WF26050 consolidometer

loading cap of the specimen cell. Initially this was restricted to 14 mm, or a strain of 70%.

However, as is evident from the test results described in § 4.4.2, strains of up to 95% at

moderate stresses are commonplace in peat. The modified specimen cell allowed for a

maximum stroke of 19 mm, or 95% strain.

Secondly, the outer chamber was removed. This was deemed beneficial as the absence of

the cell allowed for complete control over the docking of the specimen, and any necessary

adjustments such as slight tilting of the loading cap during the initial stages of testing.

The third and final modification was the removal of the back pressure controller. This was

particularly necessary in CRD tests involving intermittent incremental stress increments

similar to those in MSL oedometer tests. In these cases, the GDS 3MPa/200 cc

pressure/volume controllers failed to respond quickly enough to the large volume changes

associated with stepped stress increments. This resulted in a build up of back pressure and

hence reduction in effective stress on the specimen. Removal of the back pressure

controller alleviated this problem.

The newly adapted CRD testing arrangement is shown in Figure 4.26. The index for the

annotation in Figure 4.26 is as follows"

1. Specimen cell

2. Stresses measured by load cell of 5 kN capacity (equivalent total stress of 640 kPa)
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Figure 4.26 Modified CRD apparatus used in TCD

3. Settlement measured by means of a standard LVDT (Linear Variable Differential

Transformer) displacement transducer, mounted on the base of the load cell

4. Drainage from the top of the specimen into a standard volume measurement

cylinder

5. Pore pressures measured at the base of the specimen

6. Wykeham Farrance Tritech 50 kN loading frame

Settlement, axial force and pore pressure data are logged via an 8-channel GDS data

acquisition pad. The rate of deformation may be preset on the loading frame, or controlled

by the data acquisition and control software, GDSLAB. A logging frequency of either 30

or 60 seconds was generally adopted to provide high resolution stress-strain data.

4.5.2 Test Results

Numerous CRD tests were performed on Clara peat, although many had to be interrupted

and discarded due to severe tilting of the loading cap. Despite efforts to ensure that the

loading cap remained parallel to the specimen cell, tilting remained a common problem,

particularly with the original experimental arrangement, which included the outer cell

chamber. Even slight tilts resulted in the loading cap eventually becoming lodged within
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Figure 4.27 Measured e- log tY and ue -- log tT’ data for CL_CRD_04

the specimen cell. A total of nine successful CRD tests have been included in the

experimental programme described in this chapter. Many of the tests, such as CL CRD 05

and CL_CRD_06 involved stepped changes in the deformation rate, resulting in prolonged

test durations, often exceeding three weeks.

The measured e - log o’ response of CL_CRD_04 is provided in Figure 4.27. Although the

deformation rate for this test was set at 0.01 mm/min, or strain rate, r = 8.33 × 10-6 sec-I,

the actual measured rate of deformation actually decreased a little over the course of the

test. In a number of the CRD tests, the axial force, and hence specimen stress, was

measured using an external proving ring and not the load cell shown in Figure 4.26. The

measured reduction in r during CL_CRD_04 was considered to be due to increasing

deformation of the proving ring as the soil specimen stiffens. This is illustrated in Figure

4.28, which shows the deformation of the proving ring and soil specimen with time. Also

shown in Figure 4.28 is the total deformation, calculated by summing the proving ring and

soil specimen deformations. It is evident from Figure 4.28 that the total deformation rate

remains constant during the course of the test, whereas the deformation rate of the soil

specimen reduces from an initial rate of 0.01 mm/min to a minimum average rate at the

end of the test of 0.004 mm/min.

The e - log o’ relationship of CL_CRD_04 (Figure 4.27) is characterised by an apparent

preconsolidation stress, O’c, of approximately 2 kPa. This value is difficult to determine as

considerable fluctuations in the data have been recorded at low stresses. Also shown in
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Figure 4.27 is the excess pore pressure, L/e, measured at the base of the specimen. A

maximum value of Ue = 75 kPa is recorded at the maximum permissible total stress, o-=

636.5 kPa. The variation of the ratio, Ue/Cr, with total stress,

This ratio initially assumes negative values, as

around +1.5 kPa at low stress values. Beyond

positive, with values never exceeding 0.16. This value is within the tolerable range

recommended by ASTM D4186. It is also interesting to note that the maximum value of

Ue/Croccurs at cr=200kPa and not at the maximum stress, or= 636.5 kPa.

or, is shown in Figure 4.29.

the measured pore pressure fluctuated

approximately 15 kPa, ue/cr becomes

Test CL_CRD_06 involved loading and unloading at constant rates of deformation, and

stepped changes in the imposed rate of deformation. This test was set to load at intermittent

deformation rates of+0.005 mm/min and +0.0005 mm/min. However, as was the case with

CL_CRD_04, the deformation of the proving ring caused these rates to decrease slightly as

the soil stiffened. The measured deformation of the specimen with time is shown in Figure

4.30; the annotation shown in described below:

A-B

B-C

C-D

D-E

E-F

F-G

deformation rate =

deformation rate =

deformation rate =

deformation rate =

deformation rate =

deformation rate =

0.00478 mm/min; r = 3.98 x 10.6 sec-j

-0.00458 mm/min; r=-3.82 x 10-6 sec-1

0.00454 mm/min; r = 3.78 x 10-6 sec-1

0.00040 mm/min; r = 0.33 x 10-6 sec-I

-0.00028 mm/min; r =-0.23 x 10.6 sec-]

0.00223 mm/min; r = 1.86 x 10-6 sec-l

Figure 4.31 shows the effect of the imposed rates of deformation on the measured e - logo’

relationship. To allow for ease of interpretation, the points at which the deformation rate
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Figure 4.30 Stepped changes in the deformation rate of CL_CRD_06

were changed (A-G, Figure 4.30) are included in Figure 4.31. The apparent

preconsolidation stress in this test is slightly higher than CL_CRD_04, at approximately 5

kPa. Upon unloading, and subsequent reloading, the e -o’ state rejoins the virgin loading

curve. No distortion to the resultant curve is evident. At point D, the deformation rate is

reduced ten-fold, causing a decrease in the effective stress, despite an associated decrease

in pore pressure. The e - log o’ relationship is consequently shifted to the left of the

original relationship. Unloading from point E, and subsequent reloading from point F at the

higher rate of 0.00223 mm/min, causes the e - o’ state to seemingly rejoin the e - log o’

path that would have been observed had no deformation rate changes been imposed.
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Figure 4.31 Measured e - log d and ue - log o’ data for CL_CRD_06
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Figure 4.32 e - log t and ue -- log t data for the constant stress increment (100-172 kPa) of CL_CRD_07

However, as the e - log d relationship is highly non-linear, it is difficult to determine the

effect, if any, of the final increase in deformation rate.

CL_CRD_07 involved an initial constant rate of deformation of 0.01 mm/min (r = 8.33 ×

10-6 secl), which was maintained up to o’ = 100 kPa. At this stage, the test was interrupted,

and the loading frame set to a target total stress of 172 kPa. This stress increment, which

corresponds to a LIR = 0.72, was maintained for approximately 4 days. The observed e -

log t and Ue -- log t relationships corresponding to this stress increment are shown in Figure

4.32. As was the case with CL_MSL_20 (Figure 4.8), and BD_CRD_01 (Figure 4.10a,

Figure 4.10b), a time lag was observed before the pore pressure reached its peak value. The

maximum recorded pore pressure, which occurred 30 minutes after the stress increment

was applied, measured 48 kPa. However, this corresponds to a maximum excess pore

pressure of 29 kPa, as the initial pore pressure, due to prior loading at r = 8.33 × 10-6 sec-I,

was approximately 19 kPa. Casagrande construction has been employed to estimate the

duration of primary consolidation. The estimated value of tp.cas = 284 minutes is lower than

tp = 495 minutes, which represents the time taken for the pore pressures to decrease to the

original value of 19 kPa.

After approximately 4 days the rate of deformation was reset to that employed for the first

part of the test (0.01 mm/min). However, the increased stiffness of the soil resulted in an

average rate of deformation of 0.0038 mm/min, or r = 3.15 × 10.6 sec-1
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Figure 4.33 shows the e- log d

CL_CRD_07. Upon application of the

- log d data for CL_CRD_07

relationship for the entire loading sequence of

100-172 kPa stress increment, the effective stress

increases to 156 kPa. This increase is due to the time-lag in pore pressure. As the pore

pressure begins to increase, the effective stress reduces to a minimum value of 134 kPa;

this value corresponds to a loading time of 30 minutes, at which point the pore pressure

reaches the maximum value of 48 kPa in Figure 4.32. As the pore pressure dissipates, the

effective stress increases towards 172 kPa. The creep observed in Figure 4.32 causes a

further reduction in void ratio at this constant effective stress. Reloading at a constant rate

of deformation from this point results in an apparent preconsolidation stress, o’c, = 250

kPa. This value is approximately 80 kPa higher than the maximum applied stress of 172

kPa. Beyond 250 kPa, normal virgin loading is observed.

In the CRD tests previously described, the use of the proving ring resulted in measured

deformation rates that were lower than intended. So as to investigate the effect of this

reduction, tests CL CRD 08 and CL_CRD_09 were performed using the load cell shown

in Figure 4.26. The results of CL_CRD_08 are described here. The imposed deformation

with time is shown in Figure 4.34, and summarised below:

A-B

B-C

C-D

D-E

E-F

deformation rate = 0.01 mm/min; r = 8.33 x 10-6 secI

deformation rate = -0.01 ram/rain; r = -8.33 x 10-6 sec-1

10-6 sec~
deformation rate = 0.10 mm/min; r= 83.33 ×

deformation rate = 0.001 mm/min; r = 0.83 × 10-6 sec-~

deformation rate = 0.01 ram/rain; r = 8.33 × 10.6 sec~
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Figure 4.34 Stepped changes in the deformation rate of CL CRD 08

Examination of Figure 4.34 reveals that there was no measurable reduction in the target

rates of deformation (e.g. compare E-F with A-B).

The measured e - log d relationship corresponding to the loading sequence described

above is shown in Figure 4.35. As with CL_CRD_06, the changes in deformation rate,

denoted by A-F, are shown. It is evident from Figure 4.35 that decreases in the deformation

rate result in a decrease in the measured pore pressure and effective stress. Increases in the

deformation rate, such as C-D, shift the e - log o’ relationship to the right.
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Figure 4.35 Measured e - log d and ue - log o’ data for CL_CRD_08
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Settlements of embankments constructed over peat deposits are often excessive, causing

reductions in the applied effective stress as the embankment becomes partially submerged.

The magnitude of the reduction in effective stress is obviously directly related to the

settlement of the embankment. A laboratory test (CL_CRD_09) was devised which would

simulate a submerged fill. An initial deformation rate of 0.03 mm/min (r= 25.0 x 10.6

sec!) was applied until the effective stress measured 40 kPa. The corresponding total

stress, o-= 46 kPa, was held constant for just under 3 days. At this stage, the effective

stress on the peat specimen was slowly reduced by applying a gradual increase in back

pressure over a period of two weeks. This gradual increase in back pressure was achieved

by setting the GDS controller to linearly ramp to a maximum value of 20 kPa. This

increase, over a two week period corresponds to an effective stress reduction of 20 kPa at

1.43 kPa per day. The actual reduction in effective stress due to the settlement of an

embankment is more likely to be linear with logarithm of time, as this is a better

approximation to the observed in situ settlements. However, a linear reduction in effective

stress was considered to be adequate for the purposes of the experiment.

Figure 4.36 shows the e - log t and Ue -- log t response to the constant effective stress,

followed by the reducing effective stress. The pore pressure at the beginning of this stage

of the test measured approximately 7 kPa. The resulting Type I (Leonards and Girault,

1961) curve is a result of the dissipation of this relatively low excess pore pressure. After

approximately 500 minutes the e - log t relationship becomes linear. This creep curve is

typical of that observed in the MSL oedometer tests described in § 4.4.1. The reduction in
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Figure 4.36 e - log t and ue - log t data for CL_CRD_09, during the

period of constant stress and reducing effective stress
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Figure 4.37 Measured e- log d and ue - log d data for CL_CRD_09

typical of that observed in the MSL oedometer tests described in § 4.4.1. The reduction in

effective stress is marked on Figure 4.36 at approximately 3 days. At this point the excess

pore pressure had dissipated, resulting in rY = 46 kPa. The reduction in effective stress has

no measurable effect for approximately 3 days, by which stage rY = 42 kPa. Between 3 and

12 days, the slope of the e - log t curve reduces considerably as the effective stress

continues to reduce. After approximately 12 days (rY = 29 kPa) the sample begins to swell

slightly, resulting in a slight increase in void ratio. At the end of the 2 week reduction in

effective stress, rY = 26 kPa. This stress level was maintained for a further 4 days before

loading at a constant rate of deformation of 0.003 mm/min (r = 2.5 x 10.6 sec-I).

The resulting e - log rY relationship from this loading sequence is shown in Figure 4.37.

The portion of the e - log d curve marked A-B on Figure 4.37 represents the 3 day period

during which the total stress remained constant at cr = 46 kPa. However, as is apparent

from Figure 4.36, pore pressures dissipated during this period, resulting in the observed

increase in effective stress from A-B in Figure 4.37. The period of reducing effective stress

is marked B-C, where a very small decrease in void ratio is apparent. Loading from Point

C involved a constant rate of deformation of 0.003 ram/rain (r - 2.5 x 10-6 sec-1), causing

the e - log rY relationship to shift to the right, similar to that which was observed during

reload periods in CL_CRD_06 and CL_CRD_08.
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4.5.3 Summary

The results of five of the CRD tests described in Table 4.3 have been presented and

described. The measured CRD e - log d relationship for Clara peat was seen to be highly

non-linear. Reductions in the imposed rate of deformation resulted in a subsequent

decrease in the excess pore pressure measured at the base of the specimen, and decrease in

effective stress. Consequently, the e - log o’ relationship appeared to shift to the left. An

increase in the rate of deformation, however, caused an increase in the excess pore pressure
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Figure 4.38 Comparison of CRD results for Clara peat: (a) e- log d, (b) a- log d
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and effective stress, resulting in an apparent shift to the right of the measured e - log d

relationship. The long-term effect of stepped changes in the deformation rate is often

difficult to determine as the observed e- log d relationship is highly non-linear.

Figure 4.38 compares measured e - log d and ~- log d data for several of the CRD tests,

and for a standard MSL oedometer test, CL_MSL_01. Although the use of strain

compensates for the variation in initial void ratio, the c- log d data at higher stress levels

indicates a significant degree of disparity, similar to that observed for the MSL oedometer

tests on Clara peat (see Figure 4.17). A tolerably consistent trend is observed for three of

the CRD tests (CL_CRD_02, CL_CRD_04, CL_CRD_05) when plotted in e- log d

space. Although these tests involved rates of deformation which differed by factors of up

to 100, the curves tend to merge together at d > 20 kPa. This e - log d relationship is also

consistent with that of CL_MSL_01 when plotted in terms of the void ratio, e. It is notable

however, that the overall separation of the e - log d curves is generally much greater than

that anticipated from stepped changes in the deformation rate.

Despite the overall disparity in the ~- log d CRD data presented in Figure 4.38, an

acceptably unique c- log d relationship has been observed for three tests (CL_CRD_04,

CL_CRD_07, CL_CRD_08) involving the same rate of deformation, r = 8.33 x 10-6 sec-I

(Figure 4.39a). Although changes in the deformation rate occurred during these tests, only

the ~- log d data corresponding to r = 8.33 x 10-6 sec-I is shown. The equivalent e - log d

curves are shown in Figure 4.39b. Evidently the use of strain in this instance is seen to

provide a more unique relationship than void ratio.
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4.6 CONCLUSIONS

Selected test results from a relatively large database of MSL oedometer and CRD

laboratory tests have been presented using conventional notation and format. The results of

all the tests described in Table 4.2 - Table 4.6 are provided in Appendix A. The

conclusions that can be drawn from the work described in this chapter are summarised

below:

.

Observed settlement of the soils considered here is due to consolidation and creep.

The creep behaviour of the soils appears to follow a linear relationship when

plotted in e - log t space.

1
The majority of the stress increments could be identified by the compression curves

defined by Leonards and Girault (1961). Stress increment with a LIR _> 1.0

generally correspond to the Type I curve, whereas stress increments with a LIR <

1.0 resemble the Type III curve. For Clara and Ballydermot peat, stress levels close

to or lower than the apparent preconsolidation stress, resulted in an e - log t curve

which increases in slope after 24 hours sustained loading. These curves are Type II

curves and have been described using the parameter, tk, defined by Edil and

Dhowian (1970) as the intersection of the secondary and tertiary compression

curves.

1
A limited number of tests involving pore pressure measurements showed that

Taylor’s graphical construction method, and to a lesser extent, Casagrande’s

method, consistently underestimate the consolidation duration, tp. Casagrande’s

method can, however, only be applied to materials with Type I and Type II stress-

strain response. In the tests with measured excess pore pressures, a time lag in the

peak response was observed. This was eradicated by applying a 50 kPa back

pressure. The maximum measured pore pressure tended to be much lower than the

applied stress increment in tests without an applied back pressure. This is

considered to be due to the presence of gas within the peat samples.

o The e - log o’ relationship determined from MSL oedometer tests on Clara and

Ballydermot peat is highly non-linear. Non-linearity has also been observed in e -

log d data obtained from CRD tests on Clara peat. Similar trends were noted for
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Cork peat and Belfast organic clay, although the degree of non-linearity is much

less severe.

.

The measured swelling or rebound of Clara peat during unloading was completed

in less than 15 hours for the first stress decrement, whereas no appreciable rate of

reduction (as determined from e- log t data) was observed during the second stress

decrement, even after 6 days.

,

Long duration tests on Clara peat have been presented as a series of constant

loading duration e - log d curves. The curves, ranging in loading duration from 1

- 100 days, plot at successive reductions in void ratio. Although the curves are

initially parallel, they tend to converge at higher stress levels.

.

Three CRD tests on Clara peat involving a deformation rate corresponding to r=

8.33 x 10-6 sec-l, show consistency when plotted in terms of strain and not void

ratio.

.

Individual CRD test results show that reductions in the imposed rate of deformation

shift the e - log d curve to the left, whereas an increase in the rate of deformation

cause the measured e - log d relationship to shift to the right.

.

The results of CRD tests on Clara peat indicate that the natural variation between

measured e - log d curves at comparable rates of deformation, is much higher than

the separation resulting from stepped changes in deformation rate.
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Chapter 5

In situ load test on fibrous peat

5.1 INTRODUCTION

The design of preloading schemes is often based on data interpreted from standard

laboratory tests. The relative success of such projects is largely dependent upon the

assumption that compression parameters determined from small-scale oedometer tests can

be either directly or indirectly employed to predict full-scale field behaviour. The relative

merit and validity of this assumption has received due attention in recent years (Edil, 1983;

Farrell, 1997; Carlsten, 1991; Kabbaj et al., 1988). Problems associated with the

correlation of laboratory and field observations are often attributed to scale effects and to

the variability of apparently similar samples (Magnan 1994, Edil 1994), although the merit

of the chosen constitutive model in describing the highly non-linear nature of peat is also

of fundamental importance. In order to supplement the experimental data obtained in the

laboratory, a full-scale field test was initiated in 1998. Permission was obtained from the

National Parks and Wildlife Service (NPWS) to perform the field test in Clara bog (see

Figure 5.1), close to where the samples used for laboratory testing were obtained.

This chapter initially provides details regarding the subsidence of a road constructed on

Clara bog over 150 years ago. The design, implementation and observations of the field

test in the bog is subsequently described.

The field experiment described in this chapter is used subsequently to compare the

compressibility characteristics of fibrous peat as measured in the laboratory and the field,

and to obtain verification of current constitutive models for in situ tests on fibrous peat,

using model parameters obtained from laboratory tests.
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Figure 5.1 Map of Clara bog with details of local infrastructure and geographical features

5.2 CLARA BOG

Clara bog is situated approximately 9 km north west of TuHamore and 2 km south of Clara

town, Co. Offaly. The bog encompasses an area of approximately 665 ha including cut-

away sections (Kelly, 1993). A large percentage of the bog (approximately 460 ha) was

purchased by the NPWS in 1986, who declared the area as a National Nature Reserve. Due

to the rapid and almost complete loss of natural peatlands in Western Europe, Clara bog is

recognised by several hydrological and ecological bodies at both national and international

level as an important heritage site. Although there are no intact raised bogs remaining in

Ireland (Bellamy, 1986; Cross, 1990), Clara bog is arguably the best remaining example of

an undisturbed raised bog in Western Europe. The bog is of particular hydrological

interest, due to the presence of soak systems, which are complexes of pools or small lakes

that are formed as a result of the internal drainage structure of the bog. The nature of soaks

tends to

peatlands.

attention.

promote vegetation types that are generally not encountered in disturbed

It is for this reason that Clara bog has received such widespread international
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5.2.1 Site Description

A detailed map of the bog is shown in Figure 5.1, which shows the boundary of the

National Nature Reserve in relation to the surrounding infrastructure and geographical

features. The actual bog is larger than that shown by the boundary of the Nature Reserve,

as several sections on the western and southern margins are privately owned. The extent of

the entire bog is difficult to determine as peat extraction in the privately owned sections

has caused a perimeter recession of several metres per annum (van der Schaaf, 1999). An

esker ridge, ranging in height from 10 - 25 metres above the surrounding area, bounds the

bog to the north (van Tatenhove & van der Meer, 1990). The bog is within the catchment

area of the Clodiagh and Silver Rivers which run south of the site; the River Brosna runs to

the north of Clara village, although the esker ridge is likely to prevent potential drainage in

this direction. Relatively large cut-away sections bound the bog to the west and to the

south; these areas are typically drier than the central regions of the bog and are forested in

places. A road, which runs in a North-South direction between Rahan and Clara, splits the

bog into two approximately equal sections, herein referred to as Clara Bog West and Clara

Bog East (see Figure 5.1).

Drainage in Clara Bog East has taken place through a series of open surface drains,

approximately 0.5 m deep and running parallel at 15 m intervals (see Figure 5.2). These

drains, which were installed by Bord na Mona in the early 1980’s in preparation for a peat

extraction program for the bog, were subsequently blocked in 1987 by NPWS when they

purchased the site.

5.2.2 Formation and Stratigraphy

Clara bog lies in a region underlain mainly by Lower Carboniferous strata bedrock, which

is composed of three principle limestone types; lower limestone, middle (calp) limestone

and an upper limestone (Kelly, 1993). The limestone bedrock is overlain by a layer of

poorly graded glacial deposits, which are mainly composed of limestone tills, morainic

sands and gravels (Kelly, 1993). The bog developed during the early Holocene period

(10000 years ago to present day) in a small, depressed basin which was a part of a large

post-glacial lake, known as Lough Borra (Kelly, 1993; Orr & McEnaney 1994). Due to the

low permeability and hence poor drainage of the underlying calcareous boulder clay, water
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Figure 5.2 View of Clara Bog East showing surface drains and bog lake

accumulated relatively quickly in the basin, creating a lake. Initially, sedges and reeds

developed inwards from the perimeter of the lake, causing the lake to become shallower as

the remains of the vegetation began to accumulate. Fen vegetation then began to infill the

lake, depositing layers of dark fen peat as they advanced. As the depth of fen peat grew,

plants at the surface became more cut off from the mineral-rich water below. The nutrient-

demanding fen plants were then replaced by Sphagnum mosses, which are able to survive

on the limited supply of nutrients present in rainfall. The formation of Sphagnum peat

accelerated due to the drainage barrier provided by the underlying fen peat, and a climatic

change which took place about 4000 years ago, resulting in increased humidity and rainfall

levels. As there was an increased abundance of rainfall, and poor drainage, the Sphagnum

mosses became permanently waterlogged causing the bog to grow upwards so as to create

the typical raised dome shape (Kelly, 1993).

As part of their extensive study of the stratigraphy of Clara bog, Bloetjes and van der Meer

(1992), presented borehole data for the entire bog. The author subsequently developed

contoured surface profile and peat thickness maps (see Figure 5.3 and Figure 5.4), which

were generated from the data using cubic interpolation techniques. From Figure 5.4 it can

be seen that the depth of the peat layer varies from between 3 and 5 m at the boundary of
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Figure 5.4 Total peat thickness contour map of Clara bog

the Nature Reserve to over 10 m in the centre of Clara Bog West, and over 9 m in the

centre of Clara Bog East. Kelly (1993) reported peat thicknesses varying from less than l m

to 10 m, although the shallower areas are believed to correspond to the actual bog
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boundary and not the Nature Reserve boundary. Comparison of Figure 5.3 and Figure 5.4

shows that the areas of the bog in which the peat is deepest generally corresponds with the

topographical peaks. A superficial peat mound, approximately 500 m due west of

Shanley’s Lough, is an exception to this trend. This mound, referred to as the ’Western

Mound’ by van der Schaff (1999), is morphologically part of a larger raised area known

locally as ’The Island’ which consists of till covered limestone (Smyth, 1993). The 4-5 m

peat layer at the Western Mound is much less than that of the immediate surrounding area.

A similar feature is apparent on Clara Bog East; a topographical high area, approximately

200 m South-East of the centre of Lough Roe, has an underlying peat thickness of only 3

m. With the exception of these mounds, and the road which intersects the bog, the

stratigraphy of the bog is typical of the formation of raised bogs, with the greatest peat

thicknesses coinciding with topographical high areas, and positions furthest from the

original lakeshore.

Data interpreted by Flynn (1990) from a borehole log close to the northern edge of Clara

Bog East showed Carboniferous limestone to be overlain by sands, gravels and boulder

clays, followed by a layer of lacustrine clay and then a layer of peat. The peat and clay

layers were relatively shallow in this location as it was close to the edge of the bog, and

hence the original lake. This stratigraphy is typical of that encountered by Bloetjes and van

der Meer (1992) in their mapping of the entire bog. However, Bloetjes and van der Meer

(1992) encountered a layer of shell or lake marl, which overlaid the lacustrine clay mainly

in the central regions of the bog. This was confirmed following a drilling in the centre of

the bog by the Geological Society of Ireland in 1991. According to Bloetjes and van der

Meer’s (1992) extensive study, the stratigraphy in Clara bog generally follows this

sequence:

¯ Carboniferous limestone bedrock

¯ Series of stratified deposits consisting of several post-glacial tills with large

boulders and stones, gravel, sand, silt and clay

¯ Thick layers of stiff lacustrine clay

¯ Shell or lake marl (mainly confined to the centre of the bog)

¯ Fen peat

¯ Strongly humified sphagnum peat

¯ Poorly humified sphagnum peat
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5.2.3 Clara-Rahan Road

The Clara-Rahan road, which is shown in Figure 5.5, is believed to have been constructed

in the mid 1800’s as an access for peat (turf) extraction. The road has been estimated to

have subsided by at least 6 m by Samuels (1992), and between 8 and 9 m by van der Schaff

(1999). The current condition of the road indicates the severity of the subsidence:

differential settlements caused by the inhomogeneous nature of the underlying peat have

resulted in an uneven surface, with extensive potholes and large cracks clearly visible. It is

quite probable that the state of the road surface has necessitated extensive repair and

resurfacing over the years, as settlement rates for roads constructed over thick peat deposits

generally significantly exceed the rate at which the pavement thickness increases fiom

standard resurfacing and maintenance (Nichol and Farmer, 1998). Large drainage channels

were constructed on both sides of the road shortly aider construction work started. Samuels

(1992) proposed that these drainage channels were necessary to alleviate flooding, due to

the excessive settlement of the road during consolidation. This however, has induced

drainage towards the road, which has the effect of increasing the effective stress in the soil

above the decreasing water table level, which combined with the increase in surcharge

caused by the road repairs, causes increased consolidation settlement and continued creep

settlement.

Figure 5.5 Clara-Rahan road looking to the North, and Clara village
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Similar experiences were reported by Allen (1969) for a reclamation site in the East

Anglian fens (UK), where gravity drainage caused a peat layer to reduce from 6.7 m to 3.4

m over an 84 year period. Nichol and Farmer (1998) also described similar problems for

approximately 100 m of a carriageway built over a relatively thick upland bog in Wales.

They partly attributed the uneven and undulating surface of the problematic section to the

presence of nearby scrub willows, which have contributed to the road subsidence by

extraction of peat moisture from beneath the road surface. The potential for damage to bog

roads caused by external drainage has long since been recognised in Ireland, considering

that a law was passed in 1851 which forbade the extraction of peat within 9 m of the road

centre (Farrell, 1997).

The subsidence of the road is believed to be the main reason for the interruption of the

raised dome profile evident in the western and eastern sections of the bog (Bell, 1991; van

der Schaff, 1999). This is evident from the contoured surface profile of the bog shown in

Figure 5.3. The contours are generally much closer together in the proximity of the road,

indicating that the surface gradients are steepest in these regions, and that the road is

currently considerably lower than the central areas of Clara Bog West and Clara Bog East.

Two transects (cross-section) of the bog, which intersect the location of the chosen test site

(see Figure 5.1) are shown in Figure 5.6 and Figure 5.7. These transects were generated

from the contour maps shown in Figure 5.3 and Figure 5.4, which are based upon the

borehole data presented in Bloetjes and van der Meer (1992). Their data were obtained

from disturbed samples retrieved using a Hiller borer on an irregular grid with sampling

locations spaced between 200 and 300 m. The potential for accurate interpolation on such a

coarse grid is questionable although the results prove useful if interpreted as a gross

stratigraphy of the entire bog. The West-East transect (Figure 5.6), shows that there is a

marked reduction in the depth of peat in the proximity of the Clara-Rahan road which

bisects the bog. The majority of the compression appears to have taken place in the upper

layer of poorly humified sphagnum peat. This is to be expected as poorly humified

sphagnum peat generally exists at higher in-situ water contents, and hence higher in-situ

void ratios, than the underlying layers of less compressible humified and fen (transition)

peat (Hobbs, 1986). Further verification for this can be obtained from the various transects

shown in Figure 5.8. These transects show the profile of the bog in a West-East direction,

at 100 m intervals along the length of the Clara-Rahan road. It is evident from the profiles

that the construction of the road has resulted in significant compression within the peat
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layer, and that the majority of the compression has taken place in the upper layer of poorly

humified sphagnum peat. With the exception of Figure 5.8e and Figure 5.8t, the humified

sphagnum and fen peat generally follow the undulating profile of the underlying mineral

soil. It should be noted that these exceptions, which all relate to the same general locality,

coincide with the profiles with the highest settlements, and that the discrepancy is due to an

apparent increase in the thickness of the strongly humified peat layer. The apparently

shallow depth of poorly humified peat in these instances may be attributed to the increased

settlement and hence drainage at these locations. Furthermore, the interface between the
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poorly humified and strongly humified sphagnum peat in the vicinity of the Clara-Rahan

road is an approximate one, as the categorisation is based upon the von Post classification

scale, which is considered inapplicable for compressed peat (Hobbs, 1986).

5.3 IN SITU LOAD TEST ON CLARA BOG

5.3.1 Site conditions

The nature of Clara bog is such that conventional preloading techniques are rendered

unfeasible, due mainly to the high compressibility of the peat deposit and associated site

access difficulties. Site traffic was limited to a small argocat (see Figure 5.9c), which is a

lightweight tracked vehicle used for traversing bogs. In keeping with environmental

concerns, and considering the topography of the bog, the decision was made to apply stress

increments using large capacity water tanks. These water tanks are relatively light when

empty, and can therefore be easily transported to the site location using an argocat. A site

location (see Figure 5.1) was chosen which was considered acceptable to the NPWS, and

was close to several small lakes, which allowed the stress increments to be applied using

the water tanks.

Although Bloetjes and van der Meer (1992) presented stratigraphical data for the entire

bog, the grid spacing that they used was considered too coarse to provide representative

information about the subsurface conditions at the test site. To this end, the author carried

out a series of profile and classification tests in the immediate proximity of the test site. A

Macintosh probe was employed in an attempt to create a profile of the soil resistance with

depth in the peat layer. However, rather than requiring a number of blows to penetrate the

soil, the probe sank through the peat layer under its own weight. The advancement of the

probe stopped at an average depth of 8.0 m~, at which point heavy blows from a large

hammer caused little or no further movement. It can be assumed therefore, that at the test

site, the peat layer extends an average 8.0 m beneath ground level, and that the peat is

underlain by a much stiffer material, which, based on Bloetjes and van der Meer’s data, is

most likely to be Lacustrine clay. Examination of Figure 5.4 shows the total peat depth at

averaged from 4 separate soundings over an 8 x 4 m grid
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(a) (b)

(c) (d)

(e)                                           (0
Figure 5.9 (a) Hand-augering holes for settlement plates (b) Inserting benchmarks

(c) Placing railway sleepers (d) Settlement plate (e) Test site before the tanks
were positioned (f) Test site conditions, March 1999

the chosen test site to be close to 8 m, which is consistent with the findings from the probe

tests.

5.3.2 Peat classification

As discussed in § 3.3, undisturbed samples could only be obtained by ca~ing block

samples from a hand-excavated pit. However. disturbed samples ~cre obtained fronl
¯ )

various depths within the peat layer using a l,’ertex Soil ,Sampler. Although the l liller

sampler is usually used tbr obtaining peat cores, the Vertex sampler had the advantage ~t
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being able to control the depth from which the peat is retrieved, and limiting disturbance

and mixing of the sample. Samples were obtained at two different locations from between

2.0 and 6.0 m depth; no samples could be retrieved from 1.0 - 2.0 m, as the peat would not

enter the sampling tube. Bloetjes and van der Meer (1992) experienced similar problems

when using a Hiller sampler on Clara bog. The samples were sealed in plastic bags and

brought back to the laboratory for classification. These classification tests included ignition

loss, water content and von Post humification. All samples registered between 2 and 3 on

the von Post humification scale, identifying the peat as a poorly humified fibrous peat. The

amount of coarse fibres identifiable in the samples seemed to be slightly reduced in the

samples retrieved from depth, which would suggest that the peat encountered at greater

depths was older and more decomposed. This observation however, was not reflected in

the degree of humification according to the von Post scale. The peat cores provided no

evidence to the existence of a layer of strongly humified peat or fen peat within the first 6

metres. This conflicts with the stratification data provided in Figure 5.6 and Figure 5.7,

which suggests that a layer of strongly humified peat exists 3.5 m below ground level. The

undulating nature of the peat layers, and the coarseness of the sampling grid employed by

Bloetjes and van der Meer (1992), evidently have affected the accuracy of Figure 5.6 and

Figure 5.7.

The results of the water content and ignition loss tests are shown in Figure 5.10, where it is

clear than the water content is extremely variable, ranging from 700% to 2500%. Similar

scatter in the water content of Clara peat was observed by Samuels (1992), who reported

water contents ranging from 950% to 3910%. The variability in the loss in ignition is much

less severe, with values falling within the narrow bracket of 96.4% to 98.6%. In situ vane

tests were also performed at various depths within the peat layer; results varied slightly

between 9 kPa and 12 kPa, with the majority measuring 10 kPa. These results are

summarized in Figure 5.11 together with in situ vane test results cited by Orr & McEnaney

(1994) for three locations in Clara Bog West, approximately 250 metres to the west of the

Clara-Rahan road. The vane test results reported herein are generally higher than those

recorded by Orr and McEnaney (1994), although the latter showed a high degree of spatial

variability, attributed by the authors to variations in the depth of the acrotelm, and the

degree of humification. However, the results reported here are in good agreement with the

typical undrained shear strength value of 10 kPa suggested by Rodgers (1997) for an Irish

peat of high moisture content (ca. 1000%- 1500%).
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Figure 5.11 In situ vane test results at the test site location

Average undrained shear strength values of 10 kPa were also reported by Samson & La

Rochelle (1972) and Lefebvre et al. (1984) for two separate Canadian fibrous peat deposits

with material properties comparable to those in Clara. Controversy exists surrounding the
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suitability of the vane test for peat. Although Bell (1978), Hanrahan (1964) and McFarlane

(1960) have promoted the in situ vane test as a useful means of determining the shear

properties of peat, more recent studies such as Landva (1980), Edil (1997) and den Haan

(1997) conclude that the presence of the fibres in the peat has a reinforcing or tensile

effect, which tends to overestimate the true strength of the peat. An extensive review of the

role of the in situ vane test in peat by TC152 (1997) concluded that in situ vane test results

are useful only if interpreted as an engineering index, and not as a measure of the

undrained strength.

5.3.3 Site layout and instrumentation

The access and topographical conditions in Clara bog restricted the available construction

methods somewhat. For this reason, and to keep the environmental impact to a minimum,

the decision was made to apply the load increments using cubic 1000 litre capacity water

tanks arranged on a platform of wooden railway sleepers. The practice for field tests on

mineral soils is to remove the upper topsoil and to construct the embankment directly on a

drainage mat, which is placed on the excavated surface. However, for field tests on peat,

Hobbs (1986) recommends that construction take place directly on the surface of the peat

deposit, as the upper 100 - 600 mm of peat (acrotlem) is highly permeable, thus aiding

drainage. The layout of the water tanks and railway sleepers is shown in Figure 5.12,

where it can be seen that the total loaded area is 5.2 x 4.175 m. This area was presumed to

meet the conditions for one-dimensional loading within the first few metres of the peat

layer, and at the centre of the loaded area.

Instrumentation consisted of five settlement plates (S1 - $5, Figure 5.12) positioned within

a maximum radius of 870 mm from the centre of the test site, and at various depths within

the peat layer. The settlement plates (see Figure 5.9d) were fabricated in TCD from a 5 mm

thick sheet of Perspex. Circular discs, 125 mm in diameter, were cut from the Perspex and

connected to aluminium rods, 20 mm in diameter. Perspex and aluminium were chosen, as

they are lightweight materials and wouldn’t compress the underlain peat. The original

design specified that the settlement plates be positioned at 500 ram, 1000 ram, 2000 ram,

3000 mm and 4000 mm. The settlement plates were to be positioned in holes augered to

the diameter of the settlement plate (125 mm). Plastic casing was initially proposed as a

2 ISSMFE Technical Committee on Peat, initiated in 1985
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Figure 5.12: Plan view of the site layout

means of ensuring that the excavated holes remained open until the settlement plates were

in the correct position. However, a preliminary test on the bog, which involved pushing a

thin walled plastic pipe, 150 mm in diameter, through the peat was unsuccessful, as a plug
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formed at the base of the open-ended pipe. Further advancement of the pipe simply

compressed the underlying peat. Similar difficulties were experienced with thin-walled

U100 sampling tubes (see § 3.3 for a more detailed discussion). Further tests without the

aid of casing proved to be successful as the high water table ensured that the holes

remained open during construction.

However, due to the difficulties associated with accurately controlling the depth of the

hand-auger, the final positions of the settlement plates were not exactly as intended.

Careful measuring of the positioned settlement plates showed their depths below ground

level to be:

¯ S1 - 3790 mm

¯ $2-4060 mm

¯ $3- 2065 mm

¯ $4- 1360 mm

¯ $5- 1025 mm

An outer plastic sleeve of 25 mm diameter was positioned around each of the settlement

rods to prevent contact with the surrounding soil during compression. A standpipe

piezometer (P1) was also positioned at a depth of 2500 mm. A plan view of the site layout,

with details of the piezometer and settlement plates is given in Figure 5.12. Additional

schematic views are provided in Figure 5.13, Figure 5.14 and Figure 5.15.

Experience gained from several hydrological studies in raised bogs in Ireland convinced

the author that conventional surveying techniques would be unfeasible in Clara. As the

peat readily compresses under a person’s self-weight, an engineering tripod and surveying

level would be too unstable for accurate measurements. Attempts to use a tripod and

dumpy level in the early stages of construction were abandoned due to the large

inaccuracies involved. Samuels (1992) encountered errors of greater than 75 mm when

using a dumpy level on Clara bog.

An alternative and novel arrangement was designed, whereby movement of the settlement

plates could be measured relative to a datum wire positioned at a fixed height above the

test site. The wire used was 1.3 mm diameter stranded Bowden wire, which is pre-

tensioned and sold commercially as throttle and accelerator cables. This datum wire is

suspended and tensioned from supports F1 and F2 (see Figure 5.12-Figure 5.14). Each
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support was fixed by means of three 32 mm diameter steel bars, which were driven into the

underlying mineral soil in a triangular arrangement. Potential movement of the datum wire

can be monitored relative to independent benchmarks (BM1 - BM4, Figure 5.12-Figure

5.14). These wooden benchmarks are also lodged into the Lacustrine clay beneath the peat

layer.

Figure 5.13 Isometric view of the layout
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Figure 5.14 Cross-section A-A
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Figure 5.15 Cross-section B-B
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Construction of the loading test began in November 1998, and followed this sequence:

1. Hand-augering holes for the settlement plates

2. Locating settlement plates and the piezometer at the required depths

3. Positioning of the supports, F1 and F2, by driving steel connecting bars into the

underlying mineral soil

4. Positioning of benchmarks, BM1 - BM4 and subsequent levelling using a spirit

level and 2m length of aluminium channel section

5. Arranging grid of wooden railway sleepers

6. Positioning empty tanks on the wooden platform

5.3.4 Measurement system

The method of monitoring the movement of the settlement plates relies on direct

measurement from a datum wire positioned approximately 1 m above ground level and

held taut by means of two supports, F1 and F2. Horizontal and vertical alignment of the

datum wire is controlled through a tensioner at F2, which was designed and fabricated in

TCD.
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Each set of field measurement encompasses the following steps:

1. Measurement of the position of the datum wire relative to benchmarks

2. Horizontal alignment of the datum wire

3. Direct measurement of settlement plates using a spirit level and measuring tape

4. Measurement of the water level in the standpipe piezometer using a dip meter

The above steps are discussed in more detail in the following sections.

5.3.4.1 Checking the level of the datum wire

As the datum wire is held horizontal over a span of 7.2 m, considerable tension exists in

the wire, which exerts strain on the supports F 1 and F2. Such strain will invariably result in

movement of the datum wire, which must be monitored in order to obtain accurate

measurements. Movement of the datum wire is measured relative to the independent

benchmarks, BM1 - BM4. A channel section of aluminium, 2 m in length is laid along the

tops of the benchmark pairs (BM1-BM2 and BM3-BM4), and the level verified using a

spirit level (see Figure 5.16a, Figure 5.16b). The level of the datum wire at each support is

then checked relative to the corresponding pair of benchmarks using a laser light mounted

on a horizontal base. The laser light is the type sold commercially for use as a pointer in

projected presentations. It emits a narrow beam of light, which is visible up to a distance of

100 m. Adjustable vertical feet on the mount control the alignment of the projected beam.

The mount was calibrated in TCD laboratories to ensure that a horizontal beam was

obtained. The mount and laser light unit is placed on the aluminium section and the height

of the datum wire measured using a standard tape measure (see Figure 5.16c).

5.3.4.2 Levelling of the datum wire

As measurements are made directly between the datum wire and the tops of the settlement

plates, it is important to ensure that there is no sag in the datum wire. A simple, yet

effective means was devised to check for this.

Initially, a measurement was made at the centre of the test site between the datum wire and

the aluminium section of the adjustable datum (see Figure 5.16e and § 5.3.4.3 for details).

The tension in the wire was increased at F2, and a subsequent measurement made. Thi~
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process was repeated until no apparent difference in consecutive measurements xvas noted.

At this stage, the wire was considered to be horizontal. Typically. a sag of 4 - 10 mm

existed in the wire between site visits. As the tension increase in the datum xvire could

potentially adjust the height of the datum wire at supports F1 and F2. the steps described in

the previous section are then repeated.

(a) (b)

(c) (d) (e)

(0                               (g)
Figure 5.16 (a) & (b) Checking the level of the benchmarks (c) Measuring the height of the datum line

relative to the benchmarks (d) Filling the tanks to capacity for the second stress increment
(e) Adjustable datum (f) Checking settlement plate readings (g) Test site conditions, November 2000
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5.3.4.3 Measuring the level of the settlement plates

After the steps listed in § 5.3.4.1 and § 5.3.4.2 have been completed, the top of each

settlement rod is measured relative to the datum wire using a standard tape measure. This

is a simple procedure for settlement plates $4, $2 and $5 as they are directly under the

wire, but for S1 and $3 an alternative means was required. To this end, an adjustable

datum was designed, which would allow a straight aluminium section to be levelled

horizontally, and raised or lowered to the height of the datum wire. Measurements between

the outlying settlement rods and the top of the aluminium section can then be made.

Details of the adjustable datum (see Figure 5.16e), which is positioned close to the centre

of the test site, are provided in Figure 5.17 and Figure 5.18. The horizontal level of the

aluminium section (4) is checked using a spirit level, and controlled by adjusting the

levelling bolts (2) at the base of the adjustable datum. The height may be adjusted so that it

matches that of the datum wire. The aluminium section can be rotated through 360° so that

it is in direct alignment with the settlement rod.

Figure 5.17 Schematic view of the measuring system: (1) datum wire (2) adjustable datum
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2

Figure 5.18 Detail of adjustable datum: (1) Vertical adjustment (2) Levelling bolts

(3) Datum wire (4) Aluminium section

Settlement measurements are made using a standard tape measure, which is accurate to

±1.0 mm. Several readings are taken on each visit, so as to minimise errors.

5.3.4.4 Measuring the water level in the piezometer

The standpipe piezometer was positioned at 2500 mm beneath ground level so as to give

an indication of the excess pore pressures induced by the loading from the tanks. The level

of the water in the piezometer was measured using a standard dip-meter, which, like the

tape measure, is accurate to +1.0 mm, or 0.01 kPa.

5.3.5 Loading schedule and results

The weight of each railway sleeper is approximately 70 kg, which, considering the number

of sleepers, and the loaded area, corresponds to a nominal stress of 0.6 kPa. The weight of

the empty plastic tanks and their aluminium cages was considered to be insignificant. This

150



low stress level was maintained for approximately

negligible movement of the settlement plates was noted.

one month, during which time

5.3.5.1 First stress increment

On 15 February 1999, the tanks were filled to half-capacity with water taken from a near-

by lake using a high discharge-capacity pump. This first load increment corresponded to a

total stress increment of 4.3 kPa (including the weight of the sleepers). Filling took

approximately 1.5 hours, during which time the tanks settled quite rapidly, by an amount

discernible from casual observation. Movement of the settlement plates was monitored

closely for the next few hours, and thereafter at daily and weekly intervals.

As the total stress concentration is greater in the centre of the loaded area, larger

settlements occurred here. This resulted in a ground surface that deformed in a concave

manner, which tended to tilt the water tanks towards the centre of the site. Within four days

the severity of the tilt was such that settlement plates S1 and $3 became lodged between

the tanks, preventing further movement. The situation was alleviated by prising the tanks

apart with a lever, and placing timber spacing blocks between the tanks. This problem was

not encountered in the perpendicular direction ($4 - $5), as the spacing was larger here to

allow for access.

The piezometer appeared to register an increase of approximately 0.235 kPa upon

application of the first stress increment. Subsequent readings remained virtually unchanged

for the duration of this stress increment.

The performance of the settlement plates, S1, $2, $3 and $5 are shown in Figure 5.19.

Measurements taken from $4 showed little or no movement, despite its position at 1360

mm beneath ground level. The data in Figure 5.19 shows that for the plates located closer

to the original level of the ground surface, large settlements occurred within the first 2

hours, although periodic measurements could not be taken during this time as the fill was

in progress. Furthermore, as expected, the settlement plates at deeper locations moved less

than those positioned higher.
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Figure 5.19 Performance of settlement plates with time for the first stress increment

5.3.5.2 Second stress increment

The first stress application was maintained for just over two months, after which time the

tanks were filled to capacity (see Figure 5.16d), giving a total stress of 7.9 kPa. This

second stress application registered a further, slightly higher increase in the measured pore

pressure (0.285 kPa), which remained unchanged for approximately 10 days. The pore

pressure response is considered unreliable, as the instantaneous measured increases in pore

pressure are much lower than the corresponding applied stress increments. This may be

due to smear effects developing around the tip of the piezometer cone, which could impair

the performance of the piezometer. Edil and Den Harm (1994) also discuss the difficulty in

determining the end of primary consolidation from piezometer measurements. They point

out that excess pore pressures often remain high due to the ineffectiveness of the

piezometers, and that excess pore pressures can be induced as the tip of the piezometer

settles. Samson and La Rochelle (1972) had similar experiences with non-effcctivc

piezometers in a fibrous peat deposit in Canada.
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As was the case with the 4.3 kPa stress increment, settlement plate $4 failed to respond to

the increase in surcharge, suggesting that the Perspex disc broke.

Daily and then weekly field measurements were made for the first month, and thereafter at

progressively longer intervals. Settlement data for the 7.9 kPa stress increment are shown

in Figure 5.20. The data, which have been collected for over two years, show a similar

trend to that for the 4.3 kPa increment, although with considerably less scatter. Figure

5.16g shows the test site conditions in November 2000, two years after construction began.

The excessive settlement is readily apparent, as is the tilting of the tanks. The water table is

clearly at the original ground level; this will have reduced the effective stress of the

footing, as the partially submerged tanks are now subject to buoyant forces. Implications of

this are discussed further in § 6.5. Although the total settlement of the peat layer was not

monitored at ground level, probing in June 2001 revealed that the overall settlement of the

tanks was approximately 860 ram.
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Figure 5.20 Performance of settlement plates with time for the second stress increment
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5.4 SUMMARY AND CONCLUSIONS

This chapter reviewed the performance of a road constructed over Clara bog in the 1800s

and provided construction details and settlement records for an in situ loading test on the

bog. The main findings and notable points from this chapter are discussed below.

.

The settlement of the road over two centuries has been excessive and is still

continuing. It is highly probable that the road was constructed over what was once

the highest part of the bog, but is now considerably lower, due to subsidence.

Stratigraphical transects generated from borehole data show the settlement of the

road to be mainly confined to the upper layer of poorly humified sphagnum peat.

Settlements have been complicated not only by the continuing creep settlement, but

also by the drainage caused by two large surface drains running alongside either

side of the road. The effect of these drains has been to increase the effective stress

in the peat above the water table, which in itself is continuing to lower. Increases in

effective stress will have caused additional consolidation settlement, which

increases strain rates, and hence creep settlement. The inevitable reduction in

moisture content and hence void ratio due to gravity drainage caused by the

granular road base and surface drains will also have contributed to the settlement of

the road, although the direct contribution of this form of subsidence is difficult to

assess and quantify. Consideration of these different causes of settlement should be

considered in any analysis of roads constructed over peat deposits.

2, The design and implementation of an in situ load test on Clara bog has been

described. Settlements, due to the surcharge from 1000 litre capacity tanks filled

with water arranged on a grid of wooden railway sleepers, are measured at various

depths within the upper 4 m of peat. A novel and effective measuring system was

devised whereby settlements are recorded relative to a datum wire suspended above

the test site. No attempt was made to monitor ground surface deformations,

although a probing test carried out in June 2001 revealed that the tanks had settled

by approximately 860 mm in just over two years. A standpipe piezometer

positioned at a depth of 2500 mm failed to operate properly. Partial submergence of

the tanks will have reduced the effective stress at ground level, although the

implications of this have not been considered here (see § 6.5). The low stresses

involved in the field test are comparable with those associated with rural roads
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constructed over bogs in Ireland. Construction and maintenance options are limited

in these cases as the pavement thickness required to withstand the loads imposed by

local traffic and agricultural vehicles invariably causes settlements which are

considered excessive (Farrell, 1997). The results of the field test can therefore be

considered as a practical and useful case study for practising geotechnical

engineers.
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Chapter 6

Interpretation and Discussion of Experimental Results

6.1    INTRODUCTION

The results of the experimental programme considered in this Thesis have been described

in detail in Chapters 4 and 5. However, thus far no attempt has been made to interpret these

data in a manner which may form the basis of useful relationships, or a usef\d constitutive

model. This chapter aims to formulate various aspects of the measured data, with a view

towards identifying features of a constitutive model which are required to predict the

magnitude and rate of settlements under one-dimensional in situ conditions. In bricL the

following aspects are considered in some detail:

1. Suitable formulations which may be used to describe the response of peat under

first-time (or virgin) loading

2. Aspects of long-term creep behaviour both in the overconsolidated and virgin stress

region

3. lsotache principle for peat

4. In situ test

6.2 FORMULATION OF VIRGIN STRESS-COMPRESSION

CURVES

6.2.1 Application of compression index, Cc

The conventional method of formulating virgin stress-strain data I’or soils is through the

compression index, Cc. The premise of this method is that plotting effective stress on a
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Figure 6.1 Determining Cc from e- log o" data of CL_MSL_04

semi-logarithmic scale will linearise e - o-’ data. However, as can be seen from § 4.4.2, peat

stiffens more rapidly than can be linearised on e - log o-’ scales. This is particularly evident

on Figure 6.1, which shows an attempt to describe the compression of Clara peat using C,.

Fitting the initial and final portions of the e - log o-’ curve results in a decrease in C,., from

18.5 to 5.5. These values are comparable with the 15 - 4.5 range reported by Lefebvre et

al. (1984) for a poorly humified fibrous peat with similar properties to Clara peat. This

result, together with the non-linear e - log o-’ relationships observed for Ballydermot peat

and Cork peat suggest that the merit of employing Cc as a compression index is limited.

Although Cc remains tolerably constant for Cork silty peat and Belfast organic clay, the

parameter is obviously not applicable to all soils, particularly those with a higher initial

voids ratio (for example, 5-6). There thus appears to be sufficient justification for adopting

an alternative approach.

6.2.2 Use of power function

The generalised power function proposed by den Haan (1992) is reproduced here in

Equation 6.1. Den Haan (1992) showed that the structure parameter, o-’~, in Equation 6.1

could be conveniently taken as zero for a wide range of soils including peats. Two separatc

virgin compression functions can be obtained from Equation 6.1, depending on the limiting

values of specific volume at infinite stress, v~.
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__ t )-b

6.1

Assuming that voo = 1 leads to Equation 6.2, whereas choosing v,. = 0 produces Equation

6.3. The justification and implications of the choice for v~. is discussed in § 2.2.3.

e ( )-b
---- O-I

6.2
eI

v()_b 6.3
VI

The parameters, el and b can be determined from linear regression by rewriting Equation

6.2 as:

ln(e)=ln(e,)-bln(o") 6.4

The same approach can be adopted for Equation 6.3 to give v~ and b.

Figure 6.2 shows e - o’ data for CL_MSL_02 fitted by Equation 6.2 and Equation 6.3.

Evidently, both functions provide a good fit to the measured data. A further example is

provided in Figure 6.3a. In this case the test (CL_MSL_04) involved an initial stress of 1
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Figure 6.2 Fitting Equation 6.2 and Equation 6.3 to e - log o’ data of CL_MSL_01
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Figure 6.3 Fitting Equation 6.2 and Equation 6.3 to e - log o" data of:

(a) Clara peat (CL_MSL_04),(b) Ballydermot peat (BD_MSL_01), (c) Belfast organic clay
(BF_MSL_04),(d) Cork silty peat (CK_MSL_01), (e) Cork peat (CK_MSL_02)

kPa and a LIR=I. The initial stress was sufficiently low to allow the apparent

preconsolidation stress to be observed. In this case the parameters from Equation 6.2 and

Equation 6.3 were determined from the virgin stress-strain curve only. The fitted equations
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together with the measured data are shown in Figure 6.3a, where it can be seen that

Equation 6.3 provides a better correlation over a wider stress range. In particular, the

stress-strain curve immediately beyond the apparent preconsolidation stress is fitted quite

well.

Figure 6.3 shows the relative merit of Equation 6.2 and Equation 6.3 in fitting the e - o-’

data for all the soil groups considered in this study. As with Clara peat, Equation 6.3,

which utilises specific volume, v, provides the better fit in all cases. Equation 6.2 which is

cast in terms of void ratio, e, appears to be asymptotic at a higher value of stress, resulting

in a poor fit to the initial portion of the virgin curve. Furthermore, Equation 6.2 tends to be

more convex in the mid-stress interval, which again, results in a slightly poorer fit.
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Figure 6.4 Fitting Equation 6.5 to (a) Clara peat (CL_MSL_04), (b) Ballydermot peat (BD_MSL_01),
(c) Cork silty peat (CK_MSL_01) (d) Cork peat (CK_MSL-02)
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6.2.3 Natural strain-natural logarithmic stress representation

Although Equation 6.3 provides a good fit to the virgin e - logo-’ curve, the plotted

relationship is still highly non-linear for the more compressible Clara and Ballydermot

peat. As expected, linearity can be restored to the virgin compression curve by expressing

Equation 6.3 in natural logarithmic form:

ln(v)=ln(v,)-bln(~’)
6.5

Figure 6.4 shows the merit of using Equation 6.5; void ratio on the y-axis is replaced by In

v, resulting in a linear relationship in the virgin stress range. Natural strain is

interchangeable with In v in much the same way as linear strain is with void ratio, e. The

definition of natural strain is given in Equation 6.6"

v : tVoj 6.6

Results from several MSL oedometer tests on Clara peat are shown in terms of In v - log or’

in Figure 6.5a. Evidently, a linear relationship exists in the virgin stress range for each test,

although the collective slope of the In v- log o-’ curves is not constant. As the data are

plotted in terms of log o-’ and not In d, this slope is b/0.434. The range of b for the Clara

test results shown here is quite wide, at b = 0.15-0.61. However, a more representative

range for b would be 0.25-0.52 with an average value of 0.39. This average value agrees

well with b = 0.39 reported by den Haan (1992) for a fibrous peat from Newfoundland

(after Taylor, 1948).

Hobbs (1986), Edil et al. (1994) and Leroueil et al. (1985) promote the use of strain in

accounting for the variation in initial void ratio. The potential of natural strain in

accounting for the disparity observed in the In v - log o-’ data in Clara peat is examined in

Figure 6.5b. It can be seen in Figure 6.5b that although natural strain compensates for the

initial disparity in the curves, at higher stresses the curves tend to diverge. This suggests

that despite the natural variability in the In v - log d data, specific volume leads to a more

unique relationship over natural strain.
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The same exercise was repeated for Ballydermot peat and the results summarised in Figure

6.6. In this case, the relationship is reasonably consistent for both specific volume and

natural strain, although the use of natural strain tends to lead to less divergence between

the respective tests.

Figure 6.7 compares Belfast organic clay test results in terms of natural strain (Figure 6.7a)

and specific volume (Figure 6.7b). As with Clara and Ballydermot peat, the data are linear

in the virgin stress range. However, the spacing of the curves is considerable when plotted

in terms of both specific volume and natural strain. This variation is primarily due to
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Figure 6.5 Compression curves for Clara peat in terms of (a) In v - log o", (b) d"’- log o"
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inherent differences between samples. For example, the clay fraction and plasticity index

of the samples generally increased with depth; sampling disturbance is also considered to

be a significant contributing factor. These effects are considered in greater detail in

McCabe (2002).

6.2.4 Uniqueness / variability of compression curves

The variability in the normal compression curves for what would be considered ’identical’

samples of Clara peat is considerably larger than that of the block samples of Ballydermot

peat. Variability of peat in compression is a common occurrence. This topic has been

addressed in a number of studies including Hanrahan (1954), Landva and La Rochelle

(1983) and Edil and den Haan (1994). Landva and La Rochelle (1983) showed

considerable variation in their oedometer test results for a fibrous peat from Escuminac
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(see Figure 2.18b). Although this is often attributed to natural variation in initial void ratio,

interpreting the test data reported here in terms of strain did not lessen the disparity. In the

case of Clara peat, normalising the results with respect to initial void ratio actually

worsened the correlation. Another factor that is often considered in this respect is sampling

disturbance. This may indeed contribute to undesirable precompression of the peat

specimens prior to testing, although the effects should be minimal considering that Clara

peat specimens were taken from block samples, and that care was taken during specimen

preparation. Sampling disturbance is a factor for the Belfast organic clay as tube-sampling

methods were employed. Evidently, some other factor(s) are present which influence the

compressibility of the peat specimens. One such factor may be the presence of roots,

woody remnants or large fibres in the test specimens (Edil, 1994). Another factor may be

slight variance in the specific gravity of the peat, although this was shown in § 3.4.4

(Figure 3.5), to be strongly dependent on organic content, which for Clara peat showed

negligible variance (see § 3.4.3).

6.2.4.1    Errors in calculation of initial void ratio

Interpretation of the test results was made on the assumption that the peat was fully

saturated. However, the pore pressure lag that was observed in both Clara and Ballydermot

peat indicates that a certain amount of gas is present in the peat, making the peat slightly

unsaturated. The degree of saturation, Sr, is calculated from:

6.7

where Gs is specific gravity, Wo is the initial water content and eo is the initial void ratio.

As Sr is determined from eo, the degree

determination of initial void ratio.

of saturation cannot be accounted for in the

Figure 6.8 shows the relationship between initial void ratio and initial water content for the

soils considered here. If the soil was fully saturated, then eo could be calculated directly

from the initial water content, Wo, and the determined specific gravity, G, (Equation 6.7).

Evidently this would result in a linear relationship depending on the specific gravity of the
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soil. However, Figure 6.8 shows this not to be the case. The lines representing Sr = 100°o

and Sr = 95% bracket the majority of the data points for Clara and Ballydermot peat. These

lines represent Equation 6.7 for Gs = 1.41, which is the average specific gravity adopted in

this study for both Clara and Ballydermot peat. Evidently the scatter in the Clara data is

greater than in the Ballydermot data, which is well fitted by Sr = 95%. Much of the Clara

data fall within the Sr - 95% and Sr - 100% lines. Examining the range of data at any

given water content quantifies the error in the calculated values of initial void ratio. For

example, at Wo = 1100%, the variation in eo is 15.65-17.82, whereas at Wo = 2000%, the

variation in eo is 28.20-31.51. The high degree of correlation observed with Ballydem~ot

peat may partially explain the lack of scatter in Figure 6.6.
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As the data pertaining to Belfast organic clay is not clear from Figure 6.8, it is shown on

more suitable scales in Figure 6.9 together with Equation 6.7 for G, = 2.65 (measured

value, see {} 3.4.4) and Sr = 100%. Figure 6.9 shows the scatter to be slight, although the G,

= 2.65 line does not appear to be a good fit to the data.

The data in Figure 6.8 are compared with corresponding data for peat and organic soils

sourced from the literature on Figure 6.10. Evidently the variance does not just exist in the

data reported here. For example, the data points due to Lefebvre et al. (1984) show

considerable scatter.

6.2.4.2 Presence of gas

It is difficult to establish the effect that trends indicated in Figure 6.8 may have on the

resulting stress-strain data. Obviously the initial void ratio will be different, although

normalising the data in terms of strain should account for this. Figure 6.5 shows that the

variation is not accounted for in this way. It is plausible that the presence of gas, which

presumably accounts for the unsaturated state of the peat, influences the compressibility

characteristics of peat. Gas is thought to be the cause of the pore pressure lag observed in

MSL tests involving pore pressure measurements (see § 4.4.1). Presumably this will

influence the compressibility characteristics of the peat, depending on whether thc gas is
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dissolved in the pore water and/or trapped within the cellular structure of the organic

matter. Electron Microscopy images of Sphagnum stems reported by Landva and La

Rochelle (1983) suggest the latter is an important factor.

6.2.4.3 Biodegradation in laboratory

Mesri et al. (1997) found that the laboratory environment induced humification and

biodegradation of peat. Magnan (1994) also commented on the effects of the chemical and

biological state of the organic matter of peat, claiming that the humification process is

likely to affect compressibility significantly. Based on the conclusions of Mesri et al.

(1997) and Magnan (1994), it is plausible to suggest that the process of humification

and/or structural degradation may influence the measured compression of the peat

specimens. Many of the tests involved have high LIDs, of the order of several months. If

humification is a time-dependent process as Magnan (1994) suggests, then these tests may

be particularly susceptible to compressibility variations.

Various explanations have been suggested in the foregoing to explain the disparity in the

measured stress-strain data. In the author’s experience, the most obvious and likely

explanation is the inhomogeneous nature of fibrous peat. The presence of fibres is likely to

reinforce the soil structure, as is evident from the vane test results reported by Landva and

Pheeney (1980). During specimen preparation, it was observed that the concentration of

mainly fine fibrous material varied significantly within each block sample. It is not

surprising therefore, that the compression of separate peat samples differs, even when the

specimens are taken from the same general vicinity of the block sample. Fox (1992)

introduces the term fabric coefficient of creep, Cr, to account for variations within the peat

fabric. However, this parameter is difficult to quantify and as such is limited in its

application (den Haan, 1994).

6.2.4.4 General temperature effects

Temperature effects are well known to contribute to variations in the void ratio of

inorganic clays (Gray, 1936; Mitchell, 1969; Leroueil, 1994). Recently, Fox (1992), Fox

and Edil (1994, 1996) and Hansen (1996) investigated the effects of temperature variation

on the measured settlement of peat. Although these latter studies werc aimed at
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accelerating laboratory and in situ settlement rates, the results can to some extent be used

to assess the possible effects that slight variations in ambient temperature may have on

laboratory tests. Fox (1992) and Fox and Edil (1996) noted a sharp increase in excess pore

pressure and creep coefficient, C~, after a rapid increase in soil temperature. However, the

imposed temperature differences involved with these studies were generally of the order

10-50°C. Figure 6.11 shows the variation in temperature over a nine day period in the TCD

laboratory. Measurements were made twice a day, at approximately 8:30 in the morning

and 5:30 in the evening. The average temperature is approximately 20°C, with typical

variations of + 2°C. Although these measurements did not include probable minimums

during the night, the variation is much less than that involved in the study of Fox and Edil

(1996), and as a result is likely to have minimal effect on measured settlements.

Figure 6.12 shows the 50-250 kPa stress increment of CL_MSL_07, which was maintained

for over 6 months. The long-term creep settlement is evidently linear with logarithm of

time, indicating that the nominal variation in the temperature of the TCD laboratory has

little effect in peat. However, laboratory temperatures are still much higher than those in

situ, and this marked increase in temperature may accelerate humification of the organic

matter in peat (Mesri et al., 1997).
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Figure 6.12 50-250 kPa stress increment of CL MSL 07

6.3    FORMULATION OF COMPRESSION-TIME CURVES

6.3.1 The importance of creep in organic soils

The contribution of creep to the overall settlement of peat and organic soils is well known

to be significant (Hobbs, 1986; Fox and Edil, 1996). Although the actual magnitude of

creep settlement is often calculated from the end of consolidation, creep is generally

understood as a continuous process, occurring during consolidation and at constant

effective stress. Based on this assumption, which is generally referred to as Hypothesis B

(see § 2.4.2.2), an appreciation of the total creep settlement for any given stress increment

can be gained by considering Figure 6.13. The compression under this 10-50 kPa stress

increment (CL_MSL_06) is in terms of the conventional definition of strain, e= Ae/(l+e,,),

where eo is the void ratio at the start of the stress increment. Hobbs (1986) defines a

notational creep curve by extrapolating the measured creep curve (at constant effective

stress) back towards zero time. Hobbs (1986) argues that in an infinitely permeable soil,

the strain would follow the notational creep curve A’-B shown in Figure 6.13.

Such reasoning is based upon the assumption that the applied stress increment would cause

an instantaneous increase in strain, einst, followed by time dependent creep. However, due

to the impermeable nature of soil, excess pore pressures associated with the stress

increment are dissipated slowly, causing the ~"- log t curve to follow the A-13 path in
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Figure 6.13 Strain vs log time for the 50-250 kPa stress increment of CL MSL 07

Figure 6.13 (measured data). However, as t = 0 cannot be defined on a logarithmic scale,

the magnitude of ci,,st is dependent upon the chosen origin of time. Nonetheless, if ci,,.,, is

assumed to occur over a very short period of time, then the creep settlement, described in

Figure 6.13 by A’-C, will be much greater than B-C, which is the assumption of

Hypothesis A. Although schematic in nature, it is felt that the representation on Figure 6.13

provides a good indication of the dominant effects of creep on the settlement of peat soils.

6.3.2 Creep coefficient of compression, C~

The creep coefficient of compression, Ca, has been determined from the linear portion of

the e- log t curve according to Equation 6.8"

Ae
G= 6.8

Alogt

The variation in Ca with stress level is shown in Figure 6.14 for Clara peat, and in Figure

6.15 for Ballydermot peat, Cork peat and Belfast organic clay. The C~ data in each case

tend to increase in magnitude to a maximum value, well past the apparent preconsolidation

stress before starting to decrease again. This trend is Ca is commonly observed (Mesri and

Godlewski, 1977; Graham et al. 1983; Leroueil et al., 1985). However, due to the low
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Figure 6.14 Variation in Ca with stress for Clara peat

preconsolidation stress of Clara peat, the initial increase in Ca is not well defined, although

a clearly identifiable reduction in Ca exists with increasing stress. The magnitude of C,~

varies between 0.1 and 0.65 for Clara peat. The trend is however, well exemplified by

Figure 6.15a which shows the variation in Ca with stress for Ballydermot peat. In this case,

Ca values increase steadily to a maximum value in the range o-’ = 50-100 kPa before

decreasing. The range of measured Ca values varies between 0.05 and 0.6 for Ballydermot

peat. Figure 6.15b shows corresponding data for Belfast organic clay. Again the typical

increase and subsequent decrease in Ca is observed. BF_MSL_06 was stiffer and siltier

than the other two samples and is the probable reason for its lower values of C, The C~,

values for Cork peat and Cork silty peat are shown in Figure 6.15c and Figure 6.15d

respectively. Although the data have been determined from a single test in each case, the

variation in Ca with stress level is consistent with the trend observed in Ballydermot peat

and Belfast organic clay. Ca typically ranges between 0.02 and 0.25 for Cork silty peat,

and between 0.03 and 0.3 for Cork peat. In summary it is evident that the value of Cc~ on

any one sample can vary by a factor of more than 10 and depends on the stress level.

It is interesting to note the relationship between organic content and typical C~ values. For

all the soils considered, Ca increases with increasing organic content, which is consistent

with the observations of Landva and La Rochelle (1983) and Mesri et al. (1997). Clara and

Ballydermot peat have organic contents of 98.1% and 98.6% respectively, and this is

reflected in an essentially consistent range of Ca for these soils (~ 0.05-0.65). The (’,,
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Figure 6.15 Variation in Ca with stress for: (a) Ballydermot peat,
(b) Belfast organic clay, (c) Cork silty peat, (d) Cork peat

values for Belfast organic clay are much lower, which is consistent with the much lower

organic content of 11%. The relationship between organic content and Ca also holds for

Cork peat (organic content of 79.5%) and Cork silty peat (organic content of 32.2%).

Ca evidently also depends on the initial water content and consequently initial void ratio.

However, as is shown in Figure 3.10, the dependence of initial water content on organic

content only holds up to an approximate threshold organic content of 80% (see § 3.5). For

soils with organic contents in excess of 80%, the water content depends more on soil

structure and the degree of humification. It follows therefore, that Ca only depends on the

initial water content up to a certain threshold value, after which the dependence is either

considerably less or non-existent. Figure 6.14 and Figure 6.15a support this conclusion.
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6.3.3 Relationship between CaandCc

The C~/Cc concept, due to Mesri and Godlewski (1977), has been investigated for the peats

and organic clay considered here. Details of the CJCc concept are provided in § 2.4.2.3. In

accordance with Mesri and Godlewski (1977), Cc is defined as the slope of the e-log or’

curve, during both the overconsolidated and normally consolidated ranges. The data points

in Figure 6.16 were determined from 24-hour compression data as the graphical

construction methods used in § 4.4.1 to estimate tp were considered unreliable. Mesri and

Godlewski (1977) state that any compression curve after EOP can be used to calculate C,.

values, so long as corresponding Ca ratios are assumed. As discussed in Chapter 2, Mesri

and his co-workers claim incorrect pairing of Cc and Ca values to be the main reason why

many studies have concluded that CJCc ratios are not constant or unique for a given soil.

In light of this, considerable effort has been made to ensure that Cc values were calculated

at the tangent to the 24-hour e - log o-’ curve for each stress increment, and corresponding

Ca values determined from e - log t data at 24 hours. In this way, the effects of tertiary

compression, which Fox et al. (1992) claimed to worsen the correlation between C,. and

Ca, are significantly reduced, if not completely removed. Following the recommendations

of Mesri et al. (1997) and Lefebvre et al. (1984), C~ and C~. values have been normalised

by the initial specific volume, Vo (Vo = 1+ eo), where eo is the initial void ratio. Figure 6.16

shows that the range of C~/Cc ratios for the database of organic soils considered in this

Thesis lie within the range 0.02 - 0.08. The mean values for the C,/C~ ratios and the

associated coefficients of determination (r2) are summarized in Table 6.1 for each soil

group. To aid clarity, the C~/Cc relationship for each soil group is shown separately in

Figure 6.17.

Table 6.1 Mean CJCc ratios

2
Soil group Number of data cJG r

points used

Clara 72 0.042 0.579

Ballydermot 24 0.051 0.853

Cork 11 0.063 0.898

Belfast 39 0.047 0.684
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The results in Figure 6.17 show that there is an obvious relationship between C~, and Q,

although the relatively low r2 values suggest that the relationship is not unique. The Co, C,

ratios obtained for Belfast organic clay is typically 0.05 + 0.01 and within the range

reported by Mesri and Castro (1987) and Ladd (1971). According to Mesri et al. (1994,

1997), reliable data suggest that C~/Cc for peat lies within the range 0.06 + 0.01. This range

is compatible with the CJCc ratio calculated for both Ballydermot peat and Cork peat, but

not Clara peat. In particular, the C~/Cc ratio for Ballydermot peat (Ca/Cc -= 0.051) agrees

well with that reported by Mesri et al. (1997) for Middleton peat (Ca/Cc = 0.052), which,

although slightly less humified, has geotechnical properties comparable with Ballydermot

peat. The somewhat lower C~/Cc ratio of 0.042 derived for Clara peat is, however,

consistent with the range of 0.028 to 0.062 reported for fibrous peat by Dhowian and Edil

(1980). The lower C~/Cc ratio for Clara peat is to be expected, considering that the range of

C,~ values is consistent with that of Ballydermot peat, and that the higher initial water

content and associated initial void ratio will result in higher values of Co. Hobbs (1986)

showed that although C~ is dependent on water content, the dependence decreases as water

content increases, and that at higher water contents (ca. > 1000 %), the dependence is

negligible. It follows that the recommendation by Mesri et al (1994, 1997), of C,JC~. = 0.06

+ 0.01 for all peats is questionable.

6.3.4 Assessment of the creep coefficient c

§ 6.2 considered how natural strain could be used to restore linearity to ~’- log o-’ data in

the virgin stress range. However, no reference was made to the effect it has on the e’- log t

curve. As was shown in Figure 6.14 and Figure 6.15, Ca is not a constant parameter, but

varies with stress level. However if strain is interpreted as natural strain, then the creep

coefficient remains tolerably constant in the normally consolidated stress range. This can

be seen in Figure 6.18, which depicts the variation in the creep coefficient, c, determined

from g, at_ log t data, with the corresponding variation in Ca determined from J"’- log t

data. The creep coefficients, c and Ca, have been normalised by the maximum value in

each case to allow for ease of comparison. Data points are shown from 10 kPa as this is the

approximate stress level above which a linear g~at_ log o-’ relationship has been observed

for Clara peat (for example, see Figure 6.5). Figure 6.18 shows that although c tends to

increase slightly with a’ at lower stresses, the variation is much less than the corresponding
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Figure 6.18 Variation in the creep coefficients, C,~ and c for Clara peat

range in Ca. Furthermore, c is tolerably constant at stresses of 40 kPa and above, whereas

Ca reduces considerably in this stress range.

6.3.5 Apparent tertiary compression due to stress history

Although the long term creep settlement has generally been observed to follow a linear

relationship with logarithm of time (for example, see Figure 4.7), certain stress increments

in Clara peat and Ballydermot peat exhibited tertiary compression, which is defined as an

increase in the slope of the ~- log t curve after a period of constant Ca. Tertiary

compression was only observed at stress levels in the vicinity of the apparent

preconsolidation stress in Clara peat and Ballydermot peat, although these were the only

soils involving high LID at relatively low stress levels.

Figure 6.20 shows measured strain data from two stress increments of CL_MSL_08; 10-

100 kPa (Figure 6.20a) and 100-150 kPa (Figure 6.20b). Tertiary compression was not

observed in these stress increments, which were maintained for 120 days and 200 days for

the 100 and 150 kPa stress increments respectively. As such, the creep coefficient, c, could

be determined with a high degree of confidence. For both stress increments, c = 0.024.

However, an early stress increment (4-10 kPa) of CL_MSL_08 exhibited tertiary

compression. The measured data from this stress increment is shown in Figure 6.19. The

end of consolidation has been estimated using Casagrande’s method and is marked tp,,,, in
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Figure 6.19. After tp.cas, the slope of the c- log t curve becomes linear for a short period of

time with c = 0.003 (A-B). The slope of the ~’- log t curve increases to c = 0.006 after 100

minutes and continues to creep at this rate for 50 days. At this point a sudden increase in

the slope of the ~"- log t curve was measured. This increase corresponds to c = 0.028,

which represents an almost five-fold increase in creep strain rate. Creep straining continues

at this increased rate for the remainder of the stress increment (additional 55 days).

This stress increment is particularly interesting because the creep coefficient, c = 0.028,

corresponding to section C-D (see Figure 6.19) is of the same approximate order as that

determined for the 100 and 150 kPa stress increments (c = 0.024). Essentially, the peat has

stopped exhibiting overconsolidated behaviour, and has quite suddenly started to behave

>

I

II

0.06 ........ i ........i ........ i ........i ........i ........i ........ i ........

0.08

0. I0

0.12

0.14

0.16

0.18

0.20
10-2

’D

10-I 10° 101 102 103 104 l0t 10"

Time (min)

Figure 6.19 Illustration of tertiary compression for the 4-10 kPa stress increment of CI~_MSI~_08
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like a normally consolidated peat. The transition from the overconsolidated to normally

consolidated region is generally observed with an increase in stress past the

preconsolidation stress. In this case however, the transition has been triggered by a

reduction in volume, due to creep, suggesting that virgin behaviour is dependent on

volume as well as stress. Although the 10 kPa stress level may be considered to be in the

normally consolidated stress region for Clara peat, examination of Figure 6.4a reveals that

true virgin behaviour exists beyond a stress of 10 kPa.

Further examples showing an increase in c are provided in Figure 6.21 (CL_MSL_06) and

Figure 6.22 (CL_MSL_07). The final slope (C-D) of the ~- log t curve for the 5-10 kPa

stress increment of CL_MSL_06 (Figure 6.21a) corresponds to ¢ = 0.024, which is

considerably in excess of c -- 0.004 as determined from the first linear section of the c- log

t curve after tp, cas (A-B). As with CL_MSL_08, this final value of c (0.024) is in good

agreement with ¢ - 0.019 as determined from the next stress increment (10-50 kPa, see
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Figure 6.21b). A similar trend can be observed in CL_MSL_07 (Figure 6.22). As the

inflection point which is required to estimate tp.cas is not observed in the 3-6 kPa stress

increment (Figure 6.22a), an initial value of ¢ could not be accurately determined.

However, the shape of the c- log t curve indicates that ¢ increases steadily with time,

reaching a final value of 0.025 after approximately 25 days. This value agrees well with ¢

= 0.019, as determined from the 6-50 kPa stress increment of this test (Figure 6.22b). One

notable difference with these two tests (CL_MSL_06 and CL_MSL_07) is that the increase

in c is gradual, whereas with CL MSL 08 the increase is sudden.

The above description of an increase in the slope of the c- log t curve is similar to

observations reported by Samson (1985). In this case study (see § 2.3 for details) a peat

deposit was preloaded to a stress of 69 kPa. After a period of time, approximately one-third

of the surcharge stress was removed. Thereafter heave was observed for one year, followed

by a very low rate of creep. However, at times ranging between 5’/2 and 8 years, a sudden

increase in the creep coefficient, Ca, from 0.007-0.032 to 0.028-0.073 was noted at all

measurements stations. The latter values are comparable, and indeed slightly higher than

corresponding C,~ values measured during the construction stage at an equivalent stress

level. It is quite probable that this apparent transition from the overconsolidated to

normally consolidated region is due to the reduction in volume caused by the slow creep

rates after rebound. Evidently, the more rebound associated with removal of surcharge, the

longer it will take the peat to creep (at a slow rate) to its minimum past volume, at which

point the increase in creep strain rate is likely to occur. Similar reasoning has been used by

Lefebvre (1986) to explain the accelerated creep settlement rates reported by Samson

(1985).

This suggests that the success of preloading projects is strongly linked to the maximum

rebound associated with removal of surcharge. If this is the case, preloading projects

should aim to obtain the maximum possible rebound, as this is likely to reduce the long-

term settlements for a longer period of time. Rebound, or swelling is often considered as an

elastic process, which can be conveniently described by the swelling index, C,. However,

tests performed on Clara peat suggest that rebound is also a time dependent process. For

example, the e - log t data for tests CL_MSL_14 and CL_MSL_15 (Figure 4.15) show

continued swelling at an approximately constant rate (on a logarithmic time scale) for up to

6 days. In summary, the probable link between maximum rebound and subsequent delay in

normally consolidated creep settlement requires further investigation.
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The idea that the virgin stress range is controlled by volume rather stress is plausible, if not

likely, for soils that have been preloaded. However, Clara peat is a young, virgin soil that

can only have experienced minimal past stresses. As the bulk density is close to the density

of water (see § 3.4.6), the overburden stress must be close to zero. However, the drainage

scheme in Clara bog which was initiated by Bord na Mona in the early 1980’s may have

caused an increase in the overburden stress. As these drains were approximately 0.5 m

deep, the maximum probable overburden stress would be 5 kPa. Blocking of these drains

in 1987 by NPWS returned the water table to close to ground level. This overburden stress

is likely to have caused a minimum previous specific volume, through drainage induced

consolidation and creep. This assessment, though admittedly approximate, may explain the

indication of a minimum specific volume in the MSL oedometer tests, which in turn,

explains the transition into the normally consolidated region for tests CL MSL 06,

CL MSL 07 and CL MSL 08.

If this hypothesis is accepted, then it may be used to explain the in situ tertiary

compression described by Fox and Edil (1996). As part of their investigation into the

thermal precompression of peat, Fox and Edil (1996) described a test fill over an unheated

fibrous peat deposit (Middleton). Construction took place in two lifts corresponding to

stress increments of 18 kPa and 42 kPa. Measured settlement data indicate that the slope of

the c- log t curve increased after consolidation (determined from pore pressure data).

However, as the stress levels involved are less than, or close to the apparent

preconsolidation stress for Middleton peat (25-50 kPa, Lan 1992, ~40 kPa, Fox 1992, 25-

40 kPa, Edil et al. 1994; 30-40 kPa, Mesri et al. 1997) based on the foregoing conclusion,

it is not surprising that the creep curve increased in slope towards the minimum past

specific volume.

6.4 ISOTACHE CONCEPT

The rate dependency of clays has been formulated in a number of one-dimensional

constitutive models using the isotache concept. Isotaches are defined by Suklje (1957) as

lines in stress-strain space along which the creep strain rate is constant. At constant

effective stress these isotaches are also lines of constant total strain rate, although a

number of studies (Leroueil et al., 1985; Imai and Tang, 1992; and Kim and Leroueil,

2001) suggest that the distinction between total and creep strain rates is unnecessars’. The
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laboratory data presented in Chapter 5 have been interpreted in terms of strain rates so as to

allow for verification of the isotache principle for peats.

6.4.1 MSL oedometer tests

Figure 6.23 shows the stress, strain, strain-rate relationship for Ballydermot peat

(BD_MSL_01). Both conventional and natural strain have been used to quantify the

compression. As expected, a linear relationship between strain and logarithm of stress is

obtained only when strain is interpreted as natural strain. Evidently the lines are tolerably

parallel and linear in the virgin stress range. Parallel and linear isotaches do not occur in

the overconsolidated region. However, this is to be expected as the coefficient of creep

compression, c, is not constant in the overconsolidated region (den Haan, 1996).

The stress, strain, strain-rate relationship for Clara peat (CL_MSL_I 6) is shown on Figure

6.25. As has been indicated earlier (§ 6.2), normally consolidated behaviour in Clara peat

is generally observed beyond a’ .~ 10 kPa. The effect of unloading from o-’ =40 kPa and

subsequent reloading on the isotaches diminishes as soon as the previous maximum stress

has been exceeded (40 kPa), when isotaches are again parallel and linear. The question of

whether isotaches remain unique when defined as lines of constant total strain rate can be

addressed by examining Figure 6.24, which shows the stress, strain, strain-rate relationship

for CL_MSL_13. As the initial stress (33.65 kPa) in this test is relatively large, the

= -ln(v/Vo)

........ ~: = AV/V
o

1 10 100 1000

or’ (kPa)

Figure 6.23 Stress, strain, strain-rate relationship for Ballydermot peat (BD_MSL_01)
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Figure 6.25 Stress, strain, strain-rate relationship for Clara peat (CL_MSL_16)

linear and parallel, with no initial distortion as was the case with

(Figure 6.25). However, the final stress increment, (563-803 kPa) shows

sharp tilting of the isotaches at faster strain rates. This is considered to be due to the very

low LIR (0.43), which has distorted the linearity of the isotaches during consolidation.

However, as the effective stresses become constant, (when dofli"/dt<lO-5 sec-~) linear and

parallel isotaches are once again observed. Evidently the relationship between stress, strain

and strain rate is only unique in this instance when strain rate is interpreted as creep strain

rate and not total strain rate.
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Figure 6.24 Effect of LIR on the stress, strain, strain-rate relationship for Clara peat (CL_MSL_13)
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6.4.2 CRD tests

The CRD test has become a popular means of investigating the isotache concept for soft

clays, with experimental evidence reported by Samson et al. (1981), Graham et al. (1983)

and Leroueil et al. (1985). Much less emphasis has been placed on CRD testing of peat,

with notable exceptions being Lan (1992) and Edil et al. (1994). The uniqueness of the

isotache principle for Clara peat is now investigated.

Figure 6.26 shows measured data for CL_CRD_04 in terms of natural strain and logarithm

of effective stress. Despite slight fluctuations at low stresses, the stress-strain response

follows a linear relationship up to a’ ~ 100 kPa. Beyond 100 kPa the measured stress-strain

relationship moves to the right, which, according to the isotache principle, corresponds to a

higher rate of strain. This result is not surprising considering that the imposed rate of

deformation is constant, which in turn infers a constant rate of strain when strain is defined

as linear strain, ~ lin= Av/vo. Rates of both linear and natural strain are defined in terms of

specific volume in Equation 6.9:

\VoJ
6.9

""o

>
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II
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Figure 6.26 Stress, strain, strain-rate relationship from CRD testing of Clara peat (CL_(’RD_04)
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Substituting for dv/dt in Equation 6.9 gives:

dt    v dt 6.10

The rate of deformation, and hence linear strain rate, is controlled by the loading frame and

in this test (CL_CRD_04) is set to a constant value of 0.01 ram/rain (dJi"/dt = 8.33 × 10~

sec-l). However, as the term Vo/V increases with stress, the rate of natural strain, dg’"’/dt,

will always be greater than the corresponding rate of linear strain, deSi"/dt. In accordance

with the isotache principle, this explains why the stress-strain path gradually moves to the

right, corresponding to a higher rate of natural strain. However, this is complicated further

by the reduction in deformation rate due to partial deformation of the relatively flexible

external proving ring (see Figure 4.28). The problems associated with the use of an

external proving ring in CRD tests have been raised briefly by Mesri and Feng (1986) and

Lan (1992). Figure 4.28 clearly illustrates that the deformation rate, and hence linear strain

rate of the specimen is reducing with time. However, it is uncertain if this will also cause a

reduction in natural strain rate, considering that natural strain rate is continually increasing

(Equation 6.10).

Figure 6.27 shows the variation in both linear strain rate and natural strain rate for

CL CRD 04 with time. As expected, natural strain rate is always greater than linear strain
1

rate. The rate of linear strain rate begins to decrease after approximately I000 minutes

100.00 , , II

10.00

-- Linear strain
........ Natural strain

.......---’’’

f

°

1.00 I , I , I , I , I

0 500 1000 1500 2000

Time (rain)

Figure 6.27 Variation in strain rate (linear and natural) with time for CL_CRD_04
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although natural strain rate continues to increase until approximately 1500 minutes. At this

point, the deformation of the proving ring evidently causes a faster reduction in linear

strain, than that implied by Equation 6.10. The reduction in natural strain rate is less

significant, and does not appear to be sufficient to cause any discernible variation in the

stress-strain path on Figure 6.26.

Figure 6.28 shows the stress-strain relationship for CL_CRD_06, which involved loading

and unloading at constant rates of deformation, and stepped changes in the deformation

rate. The annotation in Figure 6.28 is the same as that described in § 4.5.2 and Figure 4.30.
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Figure 6.28 Stress-strain relationship for CL CRD 06
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The stress-strain relationship is linear in the virgin stress range to point B, and appears to

follow a unique isotache, herein referred to as I~.

After unloading and subsequent reloading, the stress-strain state rejoins and follows I i to

point D. The deformation rate was then reduced 10-fold, and the stress-strain path shifts to

the left, joining isotache I2, which corresponds to a lower strain rate. Deformation

continues along I2 to E, at which point the specimen was unloaded to F. The deformation

rate was then increased 10-fold and the specimen reloaded to point G. In this latter portion

of the test (F-G), the stress-strain state appears to overshoot I~, which is the isotache unique

for that rate of deformation. However, as with CL_CRD_04, the isotaches shown in Figure

6.28 relate to lines of constant rate of deformation, or constant rate of linear strain. As the

stress-strain relationship for peat is non-linear, natural strain is used to describe the

compression of the soil. In this context, lines in g’a’-o-’ space

strain rate, and not linear strain rate as defined by I z and I2 in

natural strain rate is greater than linear strain rate (Equation

the g’"’-o-’ state overshoots I1. It is also worth noting that this

the reduced rate of deformation caused by deformation of the

are isotaches of creep natural

Figure 6.28. Considering that

6.10), it is not surprising that

overshoot takes place despite

external proving ring.

In tests CL_CRD_08 and CL_CRD_09 the external proving ring was replaced with a

stiffer load cell, hence ensuring that the imposed rate of deformation remained essentially

constant. The effects of the reduced rate of deformation are now assessed by comparing the

g’a’-o-’ data of CL CRD 04 and CL CRD 06 with CL CRD 08. The measured d’"’- logo-’

relationship for CL_CRD_08 is provided in Figure 6.29. As with CL CRD_04 and

CL_CRD_06, the stress-strain path merges onto a single isotache beyond the apparent

preconsolidation stress.

As expected, stepped changes in the deformation rate, result in the stress-strain path

shifting to the right for increased deformation rates, and to the left for decreased

deformation rates. The stage designated E-F is of particular interest to the present

discussion as this loading stage was performed at the same rate of deformation as A-B.

Evidently, the stress-strain path overshoots the original isotache, which is consistent with

Equation 6.10 and CL CRD 04 and CL_CRD_06. However, the amount of overshoot

does not appear to be much greater than that of CL_CRD_04 and CL_CRD_06, which

suggests that the reduction in strain rate due to deformation of the proving ring in these

tests had little effect.
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Figure 6.29 Stress-strain relationship for CL_CRD_08

Several factors have been mentioned in the foregoing, which complicate verification of the

isotache principle for peat using the CRD test. One such complication is the adverse

reduction in strain rate due to deformation of the proving ring. Results from CL_CRD_08

suggest that this effect has little bearing on measured data, although interpretation of the

test results requires an assumption on the imposed rate of deformation. The main

complication however, is as a result of an imposed rate of linear strain and not of natural

strain. This causes the rate of natural strain to continually increase throughout the test, by

an amount determinable by Equation 6.10. Consequently, true natural strain isotaches

cannot be defined as the natural strain rate is continuously changing. This point must bc

considered when using CRD data as a means of determining parameters for isotache-(+lw
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constitutive models. Despite these drawbacks, the CRD test is a convenient means of

assessing the rate dependency of peat. It would also be a relatively simple matter to allow

the CRD apparatus to run in a constant state of natural strain mode (in which the velocity

reduces as the test progresses).

6.5 IN SITU LOAD TEST ON FIBROUS PEAT

Construction details and settlement data for an in situ load test on Clara bog are provided

in § 5.3. This section discusses the measured data, and draws comparisons with associated

laboratory tests on Clara peat.

Embankments constructed over peat deposits are generally sufficiently wide in relation to

the depth of peat, so that the loading conditions can be considered one-dimensional

(Landva and La Rochelle, 1983). However, as the width of the loaded area (in the load test

considered here) is relatively small (4.2-5.2 m) in relation to the depth of the peat layer (8

m), the distribution of stress cannot be considered constant with depth. To compensate for

lateral strains in the lower peat, the settlement data have been interpreted as strains mid-

way between the settlement plates located within 4 m of ground level. The calculated

strains were based on the fitted line in Figure 5.19 and 5.20 and not the measured data

points, as the latter tended to grossly amplify the scatter. The strain profiles are herein

referred to as:

¯ S1_3 for a point midway between S1 and $3

¯ $3-5 for a point midway between $3 and $5

6.5.1 Application of first stress increment

Figure 6.30 shows the development of strain with time for the first stress increment (4.3

kPa). The strain at $3-5 is greater than that at S~.3, which is to be expected, considering that

vertical stresses reduce with depth. After approximately 30 days, the strain at S~..~ tends to

level off, whereas at SI-3 an approximately constant slope in ~- log t space is observed.

The reason for this variance is uncertain. It can be seen from Figure 5.19 that both $3 and

$5 continue to settle, although the strain tending towards a constant value indicates that the

distance between the plates is not changing. Obviously this may be due to errors within the
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Figure 6.30 Strain profiles $1_3 and S3_s during the first stress increment
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Figure 6.31 Strain profiles at $1.3 and S3.s during the second stress increment

measurement system, for example, overmeasurement of $3. Field observations indicate

that the partial submergence of the load resulted in a reduction in effective stress at ground

level, from 4.3 kPa at the start of the test, to approximately 3 kPa at the end of this

increment. The effect most probably explains why the strains tend to become constant at

$3-5.

The S-shaped strain profile at $3-5 in Figure 6.30 suggests the end of consolidation at

between 20 and 30 days. However, considering the proximity of $3-5 to the drainage

boundary, and that virgin fibrous peat generally has a very high initial permeability
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(Dhowian and Edil, 1980; Hobbs, 1986), 20-30 days is considered to be well in excess of

the true primary consolidation period. A more likely explanation for the apparent inflection

point is the reduction of effective stress, which will tend to reduce the coefficient of creep.

Determination of the coefficient of creep, c, is hampered by the reducing effective stresses

and uncertainties regarding the end of consolidation. The slope of the strain profile, S~_3,

appears to have not been unduly affected by the reducing effective stress. The average

slope of Sl-3, yields c = 0.007, which is within the range; c = 0.0065 as determined from

CL_MSL_04 at o-’ = 4 kPa, and c = 0.0075 as determined from CL MSL 05 at o-’ = 4.2

kPa (see Figure 6.32).

6.5.2 Application of second stress increment

Figure 6.31 shows the strain profiles for 81-3 and 83-5 during the second stress increment.

Although the total applied stress measured 7.9 kPa, the slight initial submergence of the

load reduced the applied effective stress to 6.6 kPa. Field observations indicate that over

the duration of the stress increment (~800 days) the effective stress at ground level reduced

from 6.6 kPa to approximately 1.5 kPa. This reduction in effective stress is considered to

be the reason for the reducing slope of the e- log t curves in Figure 6.31.

In order to verify a dependence of c on decreasing stress level, a laboratory test

(CL_CRD_09) was devised, whereby the effective stress applied to the peat sample was

reduced gradually over a period of time. The results of this test are described in § 4.5.2,

Figure 4.36, and clearly show that the creep rate reduces significantly with decreasing

effective stress. The test data are reproduced here in Figure 6.33 in terms of natural strain

to allow for determination of c. The section A-B, corresponds to c = 0.015, which is typical

of that encountered in Clara peat in the normally consolidated region. No variation in c is

discernible until the effective stress reduces from 46kPa by approximately 9% to 42 kPa.

Between 42 and 26 kPa c remains fairly constant, at 0.006. This value is about 2.5 times

smaller than along A-B, and remains essentially constant despite a 43% reduction in

effective stress. It is also worth noting that this c value of 0.006 is within the range of those

determined from the two laboratory tests conducted in the overconsolidated stress range

(see Figure 6.32), and is closely comparable to that estimated for the first stress increment

of the field test (Si-3, c = 0.007).
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Figure 6.32 Variation in c determined from laboratory tests with stress level

The average value of c at 83-5 for the second stress increment is 0.01 between 10 and 60

days. This is consistent with the observation that c increases with stress level in the

overconsolidated stress range (Figure 6.32). The in situ value of c = 0.01 agrees well with

that determined from CL_MSL_04 and CL_MSL_05 (Figure 6.32) for the initial stress of

6.6 kPa. However, over this time scale (10-60 days), the applied effective stress is

considered to have reduced from 6.6 kPa to an average value of 4.2 kPa. The laboratory

value of c for the latter stress level is approximately 0.0065, which is comparable with the

in situ value measured at about the same stress level in the first load increment in the field
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Figure 6.33 Reduction in c with decreasing effective stress (CL_CRD_09)
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test. After 800 days submergence causes the effective stress to reduce to 1.5 kPa, at which

point the in situ value of c for $3-5 is 0.003-0.004. This range agrees well with the

laboratory value of c at a stress level of 1.5 kPa (Figure 6.32).

Values of c inferred for S~_3 during the second increment were typically 50% less than

those inferred for $34. Such a trend was presumably, in part, related to the reduced

effective stresses at the level of S~-3 and to the non-linear relationship between c and o-’ in

the overconsolidated region.

The findings of this field test are influenced by a number of factors, such as reducing

effective stress, non one-dimensional loading conditions, particularly for St-3, and the

physical difficulties associated with accurately measuring creep rates after extended

periods of loading. Despite these limitations, the results are indicative of the extremely

high compressibility of fibrous peat, even under very moderate loading.

6.6 SUMMARY AND CONCLUSIONS

The experimental results described in Chapters 4 and 5 have been interpreted with a view

towards identifying a suitable constitutive one-dimensional compression model for peats.

Several behavioural non-linearities have been identified and formulated where possible.

Other features have been interpreted and quantifiably assessed. Some of the key points and

conclusions derived from this chapter are summarised as follows:

l. The use of natural strain, interchangeable with In v, has been used to restore

linearity to the stress-strain relationship of very compressible soils.

o The variation in the coefficient of creep, C~, with stress level indicated by the

database considered in this Thesis, is typical of that reported for peats and organic

soils; Ca increases to a maximum value beyond an apparent preconsolidation stress,

before starting to decrease again. This variation is significantly reduced in the

virgin stress range by adopting natural strain as a measure of the soil compression.

1

Although, In v produces an essentially linear relationship between strain and

logarithm of stress, a degree of disparity still exists within respective tests on Clara
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peat and Belfast organic clay. The latter is attributed to the effects of sampling

disturbance and to significant variations within the samples tested. However, the

variability of Clara peat is a consistent feature for seemingly similar samples. This

variability could not be accounted for by normalising by the initial specific volume,

and factors such as the following three were identified as significant:

¯ Gas content, resulting in incomplete saturation

¯ Variations in the concentration of fibres within the peat specimens

¯ Accelerated humification due to laboratory conditions

o Ca depends strongly on the organic content, but a correlation between Ca and initial

water content is only valid up to a maximum organic content of 80%.

,

Ca/Cc ratios have been determined, and generally fall within the range of ratios

suggested by Ladd (1971), Mesri and Castro (1987) and Mesri et al. (1997). An

exception to this is Clara peat, which has a Ca/Cc. ratio of 0.042. A single C,/C,.

ratio cannot define the creep compression of all peat soils.

,

Tertiary compression, which is characterised by the steepening of ~"- log t curves,

observable at constant effective stress, can be explained by the transition from an

overconsolidated to a normally consolidated state; this transition point is best

determined at the point at which the previous minimum volume is reached.

1

It is suggested that the success of preloading projects is linked to the amount of

rebound obtainable after removal of surcharge, as the soil will take longer to creep

towards its minimum past specific volume, at which point the increase in creep

strain rate to the normally consolidated rate is likely to occur.

1

The isotache concept is considered valid for peat if natural strain and natural strain

rate are adopted. A unique relationship has been observed between stress, strain and

strain rate, but only when strain rate is interpreted as creep natural strain rate.

1

CRD tests have been performed on Clara peat to verify the isotache principle. The

CRD test is only partially suitable in this regard, as the imposed rate of deformation

infers a constant rate of linear strain and not natural strain. It has been shown that

for increasing compression, natural strain rate will always be higher that linear
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strain rate. Hence in CRD tests, the stress-strain state is continuously moving

towards isotaches corresponding to higher rates of natural strain. This was observed

at higher stresses when the difference between linear strain rate and natural strain

rate is appreciable.

10. The performance of the load test on Clara bog, described in Chapter 5, has been

assessed. Comparisons of the coefficient of creep, c, with laboratory tests at an

equivalent stress level show good agreement. However, determination of the ipt situ

values of c is hampered somewhat by the reduction in effective stress due to the

submergence of the load.
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Chapter 7

Modelling one-dimensional compression of fibrous peat

7.1 INTRODUCTION

Although the author initially employed the EVP model (Yin and Graham; 1989, 1994,

1996) to predict the time-dependent compression of fibrous peat, such was the extent of

modifications required that alternative constitutive models were considered. The

modifications made to the EVP model are described in O’Loughlin and Lehane (2001a,

2001b). These papers are included for reference in Appendix B.

From the currently available constitutive models, the abc model (den Haan and Edil, 1994;

den Haan, 1996) is considered to have the highest potential for successful application to

peat. This model incorporates many of the features stated in the conclusions to Chapter 6,

which are considered essential for realistic modelling.

This chapter initially describes the essential features of the abc model, and shows how the

formulation may be incorporated into computer code. The second section of this chapter

assesses the potential of the abc model for use with fibrous peat, by comparing the

predicted stress-strain response with that measured in laboratory tests under a variety of

loading conditions. Finally, the model is used to predict the settlement of a test

embankment constructed over a fibrous peat deposit in the James Bay area, Canada.

7.2 abc MODEL

The abc model is essentially similar to the EVP model, in that both assume a unique

relationship between strain, effective stress and creep strain rate. However, O’Loughlin
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and Lehane (2001a) showed that the EVP model often grossly over-predicts settlements in

fibrous peat. The main reason for these inaccuracies is that the EVP model employs the

conventional

O’Loughlin

definition of strain (e = AH/Ho) as a measure of the soil deformation.

and Lehane (2001a) highlighted several other key factors, such as the

assumption that the permeability, k, remains constant and the assumption that settlements

are small compared with the depth of the soil layer. These shortcomings prompted the

author to consider the abc model, which possesses many of the features essential for

successful application to fibrous peat. Elements of the abc model, such as the parameters b

and c, and the power formulation in Equation 6.5 have already been described in the

previous chapters. However, these terms and formulations are redefined here for ease of

reference.

7.2.1 Stress, strain, creep-strain formulation

Den Haan (1992) proposed that the following power relationship could be used to describe

the virgin compression of a wide range of soils.

VI - V®

7.1

In Equation 7.1, the parameter o-’s is used to account for the brittle nature of a range of

natural clays, by shifting the vertical asymptote of the power curve from d- 0 to d- d~.

vl is a reference specific volume at an effective stress of unity. Den Haan (1992) showed

that for a wide variety of soils including peats, remoulded clays and granular soils, optimal

fits could be obtained by taking o-’.3 = 0. Existing power formulations such as those

preferred by Garlanger (1972), Christie & Tonks (1985) and Mesri et al. (1975), do non

include the structure parameter o’s, and generally assume that v~ - 1, which has the effect

of reducing Equation 7.1 to:

7.2

Formulations such as that described by Equation 7.2 infer that at infinite stress the voids

would completely collapse, justifying the choice of v~= 1. However, other workers such as
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Jufirez-Badillo (1981a) and Hardin (1989) believe that the correct limiting value at an

infinite stress level should be zero volume, as the solids are likely to compress before the

voids completely reduce to zero. For non-brittle soils such as peat, adopting the latter

argument in Equation 7.1, leads to:

7.3

The success of both formulations in fitting the virgin stress-strain curve of the soils

considered in this Thesis is compared in Figure 6.2 and 6.3. Evidently Equation 7.3

provides the optimal fit. Although the argument of limiting values of volume at infinite

stress appear to bear little practical significance, the improved correlation justifies the

argument, and also the use of Equation 7.3.

As the structure parameter, O’s, can be taken as zero for a wide range of soils, the power

function defined by Equation 7.1 can be reduced to a logarithmic function:

In v = In v~ - b In o" 7.4

It is obvious from Figure 6.1 that the e - log o-’ relationship for peat is highly non-linear

and impossible to characterize by a single value of Co. However, as is shown on Figure 6.4,

if the data are re-plotted in terms of In v, then a linear relationship is obtained in the virgin

stress range. The use of In v is interchangeable with natural strain, which differs from

conventional, linear strain in definition. Natural strain, c~"’, is measured incrementally with

respect to the current specific volume, v:

¯ ’v \Vo)

The conventional linear strain, ji,,, is defined as the change in volume with respect to the

initial or reference specific volume, Vo.

~lin -_ AV 7.6

Vo
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Figure 7.1 Stress, strain, creep-strain-rate relationship adopted by the abc model

where Vo is the reference specific volume. Both measures of compression are related in a

simple manner by:

c.a’ =_ln0_ a~;") 7.7

Natural strain has been preferred in the past by Jufirez-Badillo (1981a, 1981b), Butterfield

(1979) and Lefebvre et al. (1984), as it is much more successful in linearising c- log o’

data for soft soils such as peat.

Although Equation 7.1 has been used in § 6.2.2 to fit data measured after 24-hour

compression, the abc model adopts natural strain rate, rather than time as a means of

describing the viscous behaviour of the soil. The benefits of rate over time have been dealt

with in numerous publications including Leroueil et al. (1985) and Imai (1995). In brief,

many of the models which employ time in the formulation (Bjerrum, 1967; Garlanger,

1972; Magnan et al., 1979), encounter difficulties in assigning a particular value of time to

the instant time line which is employed in these models.

The abc model adopts the isotache concept coined by Suklje (1957), defining a unique

relationship between effective stress, natural strain, and rate of natural strain. This

relationship is described on Figure 7.1 by a family of isotaches, each representing a unique

value of natural strain rate. Unlike seemingly similar models such as those proposed by
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Niemunis and Krieg (1996), Leroueil et al. (1985) and Kim & Leroueil (2001), these

isotaches are defined by a constant rate of creep strain rate and not total strain rate. The

separation of these isotaches is controlled by c, and their slope described by b. The creep

strain rate on any given isotache is defined through:

dzs c

dt r 7.8

where the subscript, s, is used to denote creep (secular) compression, c is the creep

coefficient of compression (replacing Ca), and r is intrinsic time, which is adopted by the

abe model to scale creep strain rates. Integrating Equation 7.8 with respect to time:

c~ t

8s .o to

7.9

The subscript, o, in Equation 7.9 refers to an origin of time and creep strain rate at constant

effective stress. Equation 7.9 assumes a linear relationship between creep strain and the

natural logarithm of intrinsic time. Den Haan and Edil (1994) showed that at large values

of laboratory loading time (typically 24 hours), intrinsic time, r, and loading time, t, are

essentially interchangeable. This implies that the parameter, c, can be determined directly

from c- In t data, provided that t is sufficiently large to result in a linear relationship

between measured strain and the natural logarithm of time.

Equation 7.4 is extended to account for the rate dependent strain described by Equation

7.9:

-In(V/= b In o-’ + c ln(----r 1
kvj) \roJ

7.10

The isotaches in Figure 7.1 are described by Equation 7.10, where ro is a reference value of

intrinsic time, fixed at 1 day on the base or reference line. Equation 7.10 defines a unique

relationship between natural strain, effective stress and rate of natural strain. The origin of

strain in this instance is v~, which can be determined by extrapolating the base line (with r,,
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= 1 day) back to an effective stress of unity. It should be noted that Equation 7.10 is only

proposed to be valid in the virgin stress range, as the development of isotaches in the

overconsolidated region are neither parallel nor linear.

Equation 7.10 describes the development of creep strain rates as a unique function of

effective stress and strain. These strain rates are assumed to be valid at constant effective

stress and during consolidation. However, during consolidation total strain rate is assumed

to be due to the combination of creep strain rate and (direct) strain rates arising from

increases in effective stress. The assumed relationship between direct strain rate (dea/dt)

and rate of effective stress is:

d£a a dcr’

dt or’ dt
7.11

where a is similar, but not identical to the elastic compression index, x/v, from critical state

soil mechanics.

Combining Equation 7.8 with Equation 7.11 gives the total strain rate for any given stress-

strain state in the virgin stress range:

de a dcr’ c

--d-[ or’ d t r
7.12

7.2.2 Finite strain consolidation equation

Gibson et al. (1967) showed how the standard consolidation equation could be modified so

as to allow for a moving boundary. Figure 7.2 shows the Langragian coordinate system

that they adopted, which does not require the commonly made assumption that strains must

be small in comparison with the thickness of the soil layer. The abc model makes use of

this finite strain consolidation theory by incorporating Equation 7.12 into the finite strain

consolidation equation. The following derivation (Equation 7.13 - Equation 7.21) is taken

from den Haan (1996).
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If the soil element in Figure 7.2 deforms from dzo to dz and the state of the soil element is

described by Vo and v respectively, then:

dz v

dzo Vo 7.13

Darcy’s law may be expressed as:

7.14

where q is the rate of outflow, k is the permeability and Ue is the excess pore water

pressure. Using the relationship in Equation 7.13, Equation 7.14 may be written as:

Terzaghi’s effective stress equation can be applied to saturated soils:

cr = o"+Uw 7.16

where the pore water pressure Uw, is defined as the sum of the

pressure Us, and the excess pore water pressure ue:

hydrostatic pore water

O’=OJ +Ue +Us 7.17

...d,.;atum ..............................................................................................................................

Zo

Z

Figure 7.2 Langragian coordinate system adopted by the abc model
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The gradient of hydrostatic pressure when subtracted from the gradient of total pressure

(unit weight of solids, ys) give the effective unit weight (;~ -7,,.) and hence:

O__~_(cr _ u s )- Ys-y.

~Zo Yo 7.18

Combining Equations 7.15, 7.17 and 7.18 yields:

q
~,.

7.19

The rate of outflow, q, can be equated to the total rate of deformation which is equal to the

sum of direct compression rate and creep strain rate:

7.20

From Equations 7.19 and 7.12,

7.21

Numerical methods such as the finite difference method are commonly employed for

solving coupled consolidation and creep problems under oedometric conditions. The finite

difference method can be used to represent the time and space derivatives in Equation 7.21

by algebraic equations derived from Taylor’s series expansions. These algebraic equations

can then be applied to a set of discretely spaced points in the space and time domain,

usually referred to as the finite difference mesh or grid. Here, the finite difference grid

shown in Figure 7.3 has been adopted, where i andj represent the finite difference nodes in

the space and time domains respectively.

As Equation 7.21 is a parabolic partial differential equation, the combined method finite

difference technique (Ozi~ik, 1994) may be used by introducing the coefficient 0 to yield
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Figure 7.3 Finite difference grid

an explicit (0 = 0), implicit (0 = 1), or semi-implicit (0 = V2) type solution. The combined

finite difference approximation of Equation 7.21 may be expressed as:

7.22

For laboratory conditions, the author has found that the explicit method necessitates

extremely small time steps to ensure numerical stability. Although the implicit method is

unconditionally numerically stable, the finite difference approximation for dd/dt is only

accurate to the first order. A more computationally efficient semi-implicit scheme has been

developed by Crank and Nicolson (1947), which is both numerically stable and accurate to

the second order for both the time derivative, d&ldt and the space derivative, dldzlk v,/v

d#/dz}. As this method is unconditionally stable, the time step does not necessarily need

to remain constant, but may increase as the solution progresses.
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Equation 7.22 may be expressed more compactly as:

O"~,j+l--O"~,j + rOIAij ~-l,j+l
1

--2Bi,jcr~,j< + D~,ja~+l j+,

P+ r(1-O)IAio ~: l . - 2Bi .cri . + D or’. 1-rG
L - ’J

,J ,J i,j i+l,j J i,j

7.23

where:

a

-lVi° l EI II vi°llAi’j ~’w Vi,j 2(Az)2 ki-l° "l~i-I’° "+ ki’j--:--’
Vi-I ,j         Vi,j

lViolE/ Vi ol l ViollDi’j 7w Vi,j
2(Az)Z ki+l,j

+ ki,j

Vi+I ,j ]2i,j

E/ .....l/ /1cYs--Yw Vi,____~o
1 ki+I j k~ ~,j

+ _
Gi,J-;w vi,jg-Az Vi+,,j Vi-I.j 7~i,j

Bi,j =-~

7.24a

7.24b

7.24c

7.24d

7.24e

Rearranging Equation 7.23 so that the unknown effective stress terms are on the left hand

side yields:

r f- OAi,j%-,.j+, + 0 + 2rOBi,j)°-;,j+, D ’ -- rO i,j(~i+l,j+l

= (1-O)rAi.ja;_,.j + ~ - 2rBi.j(1- O)]o-;o + (1-O)rD, ocr;+,o - rGi.,
7.25

Dividing across by r gives:

/x 3’ ’-omi,j~ I, ’+1 "+- -F 2OBi,j O’i,j+I -ODi,jcri+l,j+1- j

12 1, )l.i;O ’ - (1 - 0 ’ + (1 - O)D,.fr;+,.j - Gi,j

7.26
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Equation 7.26 may be expressed in matrix form as: [A]{~’}j+I={C}j where [A] is

tridiagonal, i.e. a matrix with nonzero elements only on the main diagonal and the two

diagonals adjacent to the main diagonal.

a2,j b2,j d2,j

ai,j bi,j di,j

an-l,j bn Ij

an,j

0-t
I,j+l

0"’ 2,j+l

0.r

i,/+1

0-rdn-l,j ,,-I,j+l

bn,J JL O’r n,j+l

CI,j

C2,j

Ci,j

Cn-I ,j

Cn,j

7.27

where:

{a}j =-0

0

A2,j

Ai,j

An-l,j

an

bI

1/r + 20B2,j

1/r + 20Bio

1/r + 20B,,<j

b.

{d}j = -0

m

dl

D2,j

D;o

D,, _ I , j

0
w

C}j =

CI

E12B2j/1 ,lo2jmn
0 f(1-O)A2’jcr;’ + r    ’

(l-O) i,jo’i_l,j + 2Bi,j(1 O) O’i,j

11 ,](1-O)A._,ocr’_2o + --2B._I.j(1-O CL;w,.j
r

Cn

+ (1 - 9 h )2jcr;o - G20

+ (1 -,712 )i.jO’f+l,j -- G,,j

O
f

+(1-0) ._,.fr j -G._,4

7.28

a,,, dl, cl and c,, are special cases, dependant upon the boundary conditions. In the case of a

half-closed layer with a free-draining upper boundary (i=1) and an impermeable lower

boundary (i=n).
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a.=2, bl=l,
1

= -+ 20B j d~ = 0bll , , 0C1
r ’

7.29

In the case of an open layer with both boundaries free-draining:

a.=0, dl=0, cl=0, c.=0
7.30

The corresponding change in strain may be determined by integrating Equation 7.12 with

respect to time:

or,

/ I I /gi,j+l "-" ~’i,j + a In O’i’j’’~+l, + c In 7[i’j-’’--+l

O’i,j 7[i,j

7.32

Equation 7.27 can be efficiently solved for problems involving MSL

using a tri-diagonal matrix algorithm such as that

solution of Equation 7.27 yields the effective stress,

loading conditions

described by Thomas (1949). The

O’tij+l, which can then be input into

Equation 7.32 to calculate the strain, c;j+t. A more suitable formulation can be obtained for

CRD loading conditions by rewriting Equation 7.12 as:

__de- a(dcr du) c+_
dt or’ dt dt v

7.33

In this context, dddt is the rate of deformation or rate of linear strain, which is linked to the

rate of natural strain through Equation 6.10. If CRD tests involve deformation rates that are

typical of those measured after excess pore water pressures have dissipated in MSL tests,

then the rate of pore pressure dissipation, du/dt, is effectively equal to zero. This

assumption infers that there is no variation in the strain or effective stress distribution
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throughout the specimen thickness,

Equation 7.33 to be written as:

which allows the finite difference approximation of

7._~4

where gj+] and ~ are linear strains, which can be translated into natural strain through

Equation 7.7. As the deformation rate is controlled in CRD tests, c~l and ~ are known, so

the only unknown quantity is the stress, crj+l, which can be determined using optimisation

techniques such as the simplex method or Powell’ s (1964) method.

Equations 7.27 and 7.32 have been implemented in a dedicated software application called

CREEP, which was developed by the author using Microsoft Visual C++ 6.0. A typical

user interface from CREEP is shown in Figure 7.4.
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Figure 7.4 Typical user interface from CREEP

7.3 Application of model to laboratory tests on Clara peat

The suitability of the abc model in describing the stress-strain response of fibrous pcat has

been assessed by comparing predictions obtained from CREEP with measured data. Model
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parameters have been determined from CL_MSL_01 and applied to the following tests:

CL_MSL_01, CL_MSL_02, CL_MSL_07, CL_MSL_12, CL_MSL 13 and CL CRD 06.

The predicted strain profiles from these tests are presented and subsequently discussed.

7.3.1 Determining model parameters

In this section determination of the model parameters is briefly described. Compression

data are interpreted in terms of In v or natural strain, and lines of constant creep strain rate

constructed in In v- In o-’ space. The slope of these lines in the virgin stress range yields

the parameter, b. The parameter c can be determined from In v - In t plots for each load

increment at constant effective stress. An average value of c is then assumed, and used to

define the creep strain rate on the base line at r = 1 day (Equation 7.12). Although

Equation 7.12 is expressed in terms of intrinsic time, r, the author finds that t and r are

generally interchangeable after 1 day loading. This line is extrapolated back to the In v axis

at an effective stress of unity (ln o-’ = 0) to yield the parameter v~.

Den Haan (1996) proposes an iterative procedure to determine the parameter, a. However,

the author has found that, determining a from the minimum slope of lines of constant creep

strain rate in the overconsolidated stress region, gives acceptable accuracy.

Permeability is assumed to vary as a function of void ratio according to:

k = kolOe/c* 7.35

where ko is the extrapolated permeability at zero voids ratio, and Ck is an empirical

constant, equal to the slope of the line fitted to permeability data such as that shown in

Figure 7.5.

In this study, the unit weight of the soil has been omitted from the formulation as it leads to

a buoyant unit weight, which in peat, is close to zero. This allows Gi.j in Equation 7.24b to

be simplified to:

210



5 . , ,. ,,,,i
’ ’ ’’’’"I     ’ ’ ’’ .... I     ’ ’ ’’ .... I     ’ ’ ’’ .... I ..... ,T

20

15

I0

, , . ,lll,I    i i | |,|l|l    ! J i ,,,,,i    i * i ,,,,,I    i | i I,,I,|    i i , ,l,

10"1 10l° 109 108 10.7 10" 10.5

k (m/sec)

Figure 7.5 Variation in permeability with void ratio for CL MSL 01
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The abc model parameters have been determined in accordance with the procedure

previously outlined, and are listed in Table 7.1.

Table 7.1 abc model parameters determined from CL_MSL_01

a b c lyI G ko (m/sec)

0.040 0.373 0.020 40.556 4.385 1.383 x 10ll

The initial specific volume, as measured for each test, is also included as an input

parameter for respective tests.

7.3.2 Modelling laboratory tests

The parameters listed in Table 7.1 have been input to CREEP to obtain predicted strains

for the virgin stress increments of the following MSL oedometer tests: CL_MSL_01,

CL_MSL_02, CL_MSL_07, CL_MSL_12, CL_MSL_ 13. One CRD test, CL CRD_06 is

also considered.
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The predicted strains for the tests considered are provided in Figure 7.6 through to Figure

7.7.
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Figure 7.6 Measured and predicted strain profiles for CL_MSL_01
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Figure 7.7 Measured and predicted strain profiles for CL_MSL_02

Figure 7.6 compares measured and predicted strains for CL_MSL_01. As the parameters

have been determined from this test, the good agreement obtained is expected. Good

agreement was also obtained between measured and predicted strains for CK_MSL_02

(Figure 7.7), which like CL_MSL_01 is a ’standard’ test, with a LIR=I, and LID=I day.

The relative merit of the abc model in capturing the effects of high LIR and LID are

assessed in Figure 7.8 - Figure 7.12. Evidently, the agreement between predicted and
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measured data is good for CL_MSL_12 (Figure 7.8), despite the slight over-prediction of

the final stress increment (181.25-431.25 kPa). A similar trend is apparent in CL_MSL_07

(Figure 7.9), in that acceptable agreement is obtained between measured and calculated

data for the earlier stress increments, and an over-estimated prediction is obtained for the

final stress increment (50-250 kPa). Predictions obtained for CL_MSL_13 (Figure 7.10)

are consistently under-estimated.
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Figure 7.8 Measured and predicted strain profiles for CL_MSL_I2
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Figure 7.9 Measured and predicted strain profiles for CL_MSL_07
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Figure 7.10 Measured and predicted strain profiles for CL MSL 13

Withstanding the findings of Chapter 6 regarding the unsuitability of the CRD test for

investigating the isotache concept, an attempt has been made to investigate the merit of the

abc model in predicting the rate dependence of peat as observed in CRD tests. As with the

MSL oedometer tests, the parameters listed in Table 7.1 together with the measured initial

specific volume for CL_CRD_06 (see Table 4.3) have been used in the analysis.

Predictions are provided in Figure 7.12, where it can be seen that the abc model predicts

the strain rate dependent preconsolidation stress quite well during the initial loading stage.

However, as loading continues, the abc model predicts a response that is somewhat stiffer

than that which was measured. The inherent variation in the compression parameter, b, as

is evident from the MSL oedometer tests formulated using b in Figure 6.5, is the most

likely explanation for the differences between measured and predicted data. The analysis

for CL_CRD_06 was repeated using b = 0.319, which was derived from the slope of the

apparent isotache, shown on Figure 7.12. It is recognised that this value of b does not

represent lines of constant rate of natural strain rate, and also that some excess pore

pressures will exist within the specimen, meaning that creep strain rate and total strain rate

are not necessarily equivalent. Nonetheless, the revised stress-strain prediction shown on

Figure 7.12 agrees well with the measured data, particularly in the normally consolidated

region. In particular, the abc model is seen to accurately capture the rate dependence of the

stress-strain path measured during CL_CRD_06.
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Figure 7.11 Measured and calculated stress-strain response for CL_CRD_06

The sensitivity of c can be easily assessed by considering a hypothetical CRD test in which

c is permitted to vary. This has been done using the parameters in Table 7.1, an average

rate of linear strain of 4 x 10-6 sec-1 and three values of c: 0.01, 0.02 and 0.04. The

corresponding calculated stress-strain paths are shown on Figure 7.13. Evidently the stress-

strain paths are dependent upon the chosen value of c, although the variance is not overly

significant within a practical stress range (< 100 kPa). It is also noteworthy that the stress-

strain paths are not parallel. The rate of deformation and hence rate of linear strain is

constant, which from Equation 6.10 results in an increasing rate of natural strain. This

explains the divergence of the stress-strain paths in Figure 7.13.
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Figure 7.12 Measured and predicted stress-strain response for CL_CRD_06
using the parameters listed in Table 7.1
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Figure 7.13 The effect of varying c on CRD stress-strain response

A good indication of the merit of the parameter c can be obtained from Figure 7.6. As was

shown on Figure 6.18, c tends to vary slightly with stress level. However, this variance is

not reflected in the predictions obtained for CL_MSL_01 (Figure 7.6), which encompassed

a relatively wide range of stresses.

The calculated predictions are however relatively sensitive to the chosen value of Vl. The

24 hour compression In v - log o-’ plots for the tests considered in Figure 7.6 to 7.11 are

4
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Figure 7.14 In v - log o" relationship for tests on Clara peat
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shown in Figure 7.14. Den Haan (1996) claims that although b is defined as the slope of

lines of constant creep strain rate, 24-hour compression data generally suffices for most

practical purposes. Although Figure 7.14 does not appear to indicate significant variation

in the slope of the 24 hour compression data, the effect on the predicted strains is

significant. The poorest prediction was obtained for CL_MSL_13, (Figure 7.10), which,

although having the same value of b (see Figure 7.14), evidently has a lower value of v~.

7.4 Application of model to in situ tests

As indicated through the experimental work, and in the analysis of the field test, Clara peat

is slightly overconsolidated. The abc model is not suitable for predicting settlement rates

and magnitudes in the overconsolidated region, as the parallel system of isotaches does not

hold here. This is an unfortunate finding considering the level of work involved not only

with the field test, but also with the associated laboratory programme. Permission was

sought to increase the load so as to move into the normally consolidated region, but was

not granted.

In an effort to obtain in situ verification for the abc model, the author reviewed several

case studies involving embankment construction over peat deposits. Several of these case

studies are either described or referred to in Chapter 2. However, many of these projects

did not incorporate a detailed laboratory study. An exception to this was the NBR-2 and

NBR-3 test embankments constructed in the St James Bay area in Canada. A brief

summary of the peat at NBR-2 and NBR-3 and details of the test embankments constructed

at these locations are given in the following sections.

7.4.1 Embankments constructed over peat at NBR-2 and NBR-3, James Bay

A number of embankments were constructed over two separate peat deposits in the James

Bay area in Northern Quebec, Canada in 1979 and 1980. The programme was initiated in

response to the hydroelectric development of the Nottaway, Broadback and Rupert rivers,

which run to the south east of James Bay. As the development necessitated the

construction of many kilometres of road over poorly drained fibrous peat deposits, and

considering the scarcity of free draining granular material in the James Bay area, a number
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Figure 7.15 Map of Quebce, Canada, showing the location of the NBR-2 and NBR-3 test sites

of till embankments were built using various construction techniques. Two test sites were

chosen, NBR-2 and NBR-3, which are located, respectively, approximately 238 and 148

km north of Matagami (see Figure 7.15). The performance of the embankments has been

documented by Lupien et al. (1981) and Lupien et al. (1983). Although the peat at NBR-2

has similar geotechnical properties to that at Clara, significant lateral heave was observed

during embankment construction. Consequently, the NBR-3 site is considered to be a more

suitable case study for assessing the potential of the abc model for in situ loading

conditions.

7.4.1.1 NBR- 3 Site Description

Broadback and Rupert).

maximum slope of 2%.

The two NBR sites were named after the three rivers that run through the area (Nottaway,

The topography of the NBR-3 site is slightly inclined, with a

Surface conditions are generally wet, with the water table at

ground level. At the embankment locations the peat layer varies in thickness between 2.5

and 2.9 m.
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7.4.1.2    Geotechnical properties

Undisturbed block samples were retrieved from various depths using a modified version of

the Sherbrooke sampler developed by Lefebvre and Poulin (1979). Laboratory

classifcation and identification tests were performed on the retrieved samples, including

von Post humification, water content, and loss-on-ignition. Water content profiles are

provided for both the NBR-2 and NBR-3 locations in Figure 7.16. The data points in

Figure 7.16 represent the average water content at depth, and the error bars indicate the

range of measured values. Measured water contents are on average 860% at NBR-3.

According to the von Post humification scale, the peat at NBR-3 is poorly humified, with

average values ranging from H2 to H4. Fibre content tests were not reported for NBR°3

peat, although the visual presence of intact fibres, and the low degree of humification

suggests that this peat can also be classified as fibrous.

At each site the peat layer overlies a clay deposit with a stiff weathered crust. In situ vane

shear strengths in the clay layer vary from approximately 100 kPa in the weathered crust,

to a minium value of 30 kPa in the underlying clay. Figure 7.17 presents the average and
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Figure 7.16 Water content profiles for the NBR-2 and NBR-3 sites
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range of in situ vane test results for the peat at NBR-3 ( 20 kPa).

The loss-on-ignition values for the peat at NBR-3 measure, on average, 70%. This value is

considered as relatively low for a fibrous peat deposit, and has been attributed by Lefebvre

et al. (1984) to the observed circulation of water, which could result in the deposition of

mineral particles within the peat.

7.4.2 Embankment construction

The length of the embankments varied between 30 and 40 m, with widths decreasing from

15 to 10 m as construction progressed. The instrumentation at each test section consisted of

standpipe piezometers located at various depths within the peat layer and till

embankments, and settlement plates which were positioned at ground level prior to

construction. Each test fill had at least two lines of instrumentation, consisting of two

settlement plates and three piezometers, one of which was placed in the fill. Lateral

displacements were estimated by comparing the distance between instrumentation lines

before and after construction.
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7.4.3 abc model predictions

Standard 24-hour oedometer data have been reported for NBR-3 peat by Lefebvre et al.

(1984). The compression data have been digitised and are shown here on Figure 7.18.

Following the recommendations of den Haan (1996), b and v, have been determined from

the virgin slope of the In v - In o-’ curve using simple regressional analysis. The parameter

a has been from the overconsolidated stress region, in much the same way as was

described for the Clara tests in § 7.3.2. However, since no time dependent data was

provided for NBR-3 data, some assumptions regarding the magnitude of c have been made.

Den Haan (1994, 1996) suggests that the CJCc ratio is perhaps more unique when

expressed in terms of their natural strain counterparts, c and b. Assuming the C~C<. ratio of

0.06 obtained by Lefebvre et al. (1984) for the peat at NBR-2 and NBR-3, allows for an

initial estimate of c using the value of b determined from Figure 7.18.

Permeability tests on NBR-3 peat were also reported by Lefebvre et al. (1984). The

permeability data, which are shown on Figure 7.19 have been interpreted in terms of e -

log k, so as to allows for determination of the empirical parameters ko and Ck. Evidently, a

considerable degree of scatter exists between the respective tests in Figure 7.19, although

as an initial estimate, the 0.47 m test data have been assumed.

Predictions for an instrumented section at NBR-3 (test fill D, section 8D) were obtained

using CREEP in conjunction with the parameters listed in Table 7.2. The average depth of
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Figure 7.18 In v - log o" data from NBR-3
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peat at this point is 2.65 m. The effect of partial submergence, and subsequent reduction of

effective stress of the fill was considered by updating the effective stress of the

embankment as the solution progresses. The predicted ground level settlement is compared

with measured data on Figure 7.20. Evidently the agreement between the measured data

and the predicted settlements is poor. However, Lefebvre et al. (1984) noted that the in situ

rate of creep compression was at least twice as high as that measured in the laboratory.

Repeating the analysis with c updated to reflect the observations of Lefebvre et al. (1984)

gives a more accurate prediction of the measured settlements. The revised predictions,

which are provided on Figure 7.21 were obtained using c = 0.03.

As this embankment (test fill D) was constructed directly on the peat surface, the drainage

boundary is at the embankment surface and not at the till/peat interface. Lupien et al.

(1981) expected drainage in the fill to occur vertically towards the upper embankment

surface, and horizontally towards the embankment sides. Although the increased length of

the vertical drainage path was incorporated in the analysis, horizontal drainage in the fill

was not considered. Observation of the piezometric levels in the peat and fill convinced

Lupien et al. (1981) that shortly after construction, drainage in the fill was taking place in

the horizontal direction only, resulting in slow dissipation of excess pore pressures. The

poor agreement between measured and calculated settlements at t < 10 days on Figure 7.21

is considered to be partly due to the wide scatter in the permeability data depicted on

Figure 7.19, and partly due to the retarded drainage in the embankment.

222



270

269

268

O

267>

~rd

266

265
0.

, , , ,,11
’ ’ ’ ’’’"1 ’ ’ ’ ,’,,,1 , , , ,,,,,| ,

¯ 0"0. "~.

/ Orou.d  eve, ........~ ....................................
~---~ ........

--0-- Pore pressure in peat
~ Pore pressure in fill
-- Settlement
--V-- abc model predictions

, , ,,t,,,l ..... ,,d     , , , ..... I ..... ,,,I     A

1 10     100     1000

Time (days)

10000

Figure 7.20 Comparison of measured and predicted settlements using the abc model
and the parameters listed in Table 7.2

Table 7.2 abc model parameters assumed for the peat at NBR-3

a b C I)l c~ ko (m/sec)

0.025 0.256 0.015 22.900 1.337 i.731 × 10-12

Evidently differences between in situ and laboratory determined parameters (such as c)

will have a significant bearing on the relative success of the abc model. These scale effects

are well known (e.g. see Lea and Brawner, 1963), and act as an obstacle in applying

laboratory derived compressibility data to in situ conditions.
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7.5 SUMMARY AND CONCLUSIONS

The main findings and conclusions from this chapter are summarised as follows:

A one-dimensional compression model, considered to have the highest potential for

successful application to peat, is presented. The formulation has been described in

detail and discretised in the space and time domain. The discretised formulation has

been programmed using Microsoft Visual C++.

.

The resulting software application, termed CREEP, has been employed to predict

the stress-strain response of Clara peat under a variety of laboratory loading

conditions.

J

The model parameters determined from a ’base test’, have been shown to be

applicable to several other tests, although the quality of the predictions was not

always maintained. Poor quality predictions have been attributed to sensitivity in

the model parameter, vl.

1
No attempt has been made to model the field test described in Chapter 5, as Clara

peat is slightly overconsolidated. The abc model is not suitable for

overconsolidated behaviour as the isotaches in this region are neither parallel nor

linear.

.

In an attempt to obtain in situ verification for the abc model, CREEP has been

employed to predict the rate and magnitude of the settlement of an embankment

constructed over a relatively shallow fibrous peat deposit in the James Bay area,

Canada. The accuracy of the predicted settlements is promising considering the

number of simplifying assumptions that were made in determining model

parameters. However, scale effects appear to be an important factor, and one that

hampers the successful application of laboratory derived parameters to in situ

conditions.
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Chapter 8

Conclusions

8.1 Classification of organic soils

Standard (and some non-standard) classification tests have been conducted on the five soils

considered for this Thesis. These soils, which are Clara Peat, Ballydermot peat, Cork peat,

Cork silty peat and Belfast organic clay, have organic contents varying from 11% to 98%.

Notable observations made concerning these classification tests (and assisted by

classification data reported in the literature) are as follows:

,

A simple formulation proposed by Skempton and Petley (1970) has been

demonstrated to fit the measured relationship between loss-on-ignition and specific

gravity for these and many other soils, particularly for loss-on-ignition values in

excess of 30%.

o Natural water contents in organic soils can only be related directly to the quantity

of organic matter up to an approximate threshold loss-on-ignition of 80%. Above

this threshold value, the water content tends to be controlled to a significant extent

by the degree of humification. At the same loss-on-ignition, fibrous peats (such as

Clara peat) exhibit higher water contents than peats at an increased stage of

humification (such as Ballydermot peat) due to water contained within the intact

organics of fibrous peats at cellular level.

Q
SEM images show that both Clara and Ballydermot peats may be classified as

fibrous, but that the latter is more humified. The degree of humification, although

rarely reported in the literature, is shown to have a critical effect on the mecMnical
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characteristics and should be incorporated in the standard classification system for

organic soils.

1

The standard procedure for determining specific gravity (BS 1377) gave

variable results for Clara peat and is not recommended for fibrous peat.

v,,idely

8.2 Laboratory test programme

The Thesis presents test results from a comprehensive series of MSL oedometer and CRD

laboratory tests performed by the author. General conclusions drawn from these tests are as

follows:

)

Settlements in one-dimensional compression are due to a combination of one-

dimensional consolidation and creep. The creep behaviour of the soils at constant

effective stress broadly follows a linear relationship when plotted in terms of strain,

~, or void ratio, e, against the logarithm of time, log t.

Q
The compression-time curves dependence on the load increment ratio (LIR) was

found to be compatible with the Type I and Type III curves defined by Leonards

and Girault (1961). Type II curves (i.e. when e- log t curves increase in slope after

24 hours sustained loading) were observed for Clara and Ballydermot peat when

stress levels were close to or lower than the apparent preconsolidation stress.

.

A limited number of tests involved pore pressure measurements. Acceptable pore

pressure responses (in terms of response time) were only observed in samples in

which a backpressure was applied. However, even in these instances, maximum

recorded pore pressures were lower than the applied stress increment. Similar

difficulties have been reported in the literature and are attributed to the presence of

gas in organic soils.

.

The tests incorporating pore pressure measurements showed that the Taylor

graphical construction method, and to a lesser extent Casagrandes’s method,

consistently under-estimate the consolidation duration, tp. Although Casagrande’s
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method was more accurate than Taylor’

Type I and Type II stress increments.

s method, the former could only be used for

o The e- log o’ relationship of very compressible materials such as Clara peat and

Ballydermot peat is highly non-linear, but is approximately linear in less

compressible organic soils such as Belfast organic clay.

,

Swelling following an appreciable reduction in effective stress in oedometer

samples of Clara peat leads to a linear increase in e with log t for a period in excess

of 6 days.

,

The results of CRD tests on Clara peat indicate that the natural variation between

measured e - log o’ curves at comparable rates of deformation, is much higher than

the separation resulting from stepped changes in deformation rate. Individual CRD

test results show that reductions in the imposed rate of deformation shift the e - log

o’ curve to the left, whereas an increase in the rate of deformation cause the

measured e - log o’ relationship to shift to the right.

8.3 Interpreted experimental results

The experimental results described in Chapters 4 and 5 have been interpreted with a view

towards identifying a suitable constitutive one-dimensional compression model for peats.

Some of the key points and conclusions derived from these chapters are as follows:

1. The use of natural strain, interchangeable with In v, has been used to restore

linearity to the stress-strain relationship of very compressible soils.

1
The variation in the coefficient of creep, C~, with organic content and stress level

indicated by the database of laboratory tests conducted for this Thesis is typical of

that reported for peats and organic soils. C, increases to a maximum value beyond

an apparent preconsolidation stress, before starting to decrease again. This variation

is significantly reduced in the virgin stress range by adopting natural strain as a

measure of the soil compression (i.e. use of the creep coefficient, c).
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o Although, In v produces an essentially linear and unique relationship between strain

and logarithm of effective stress, a significant and consistent degree of disparity

was found for the tests on Clara peat, which could not be accounted for by

normalising by the initial specific volume. Factors such as the presence of gas,

variations in the concentration of fibres and accelerated humification in the

laboratory were muted as possible reasons for the disparity.

o CdCc ratios have been determined, and generally fall within the range of ratios

suggested by Ladd (1971), Mesri and Castro (1987) and Mesri et al. (1997). An

exception to this is Clara peat, which has a CdCc ratio of 0.042. It follows that a

single CdCc ratio cannot define the creep compression of all peat soils.

o Tertiary compression, which is characterised by the steepening of e- log t curves,

observable at constant effective stress, can be explained by the transition from an

overconsolidated to a normally consolidated state; this transition point is best

determined at the point at which the previous minimum volume is reached.

1

It is suggested that the success of preloading projects is linked to the amount of

rebound obtainable after removal of surcharge. This is because the soil will take

longer to creep towards its minimum past .spec(fic volume, at which point the

increase in creep strain rate to the normally consolidated rate is likely to occur.

o The isotache concept is considered valid lot peat, if natural strain and natural strain

rate are adopted. A unique relationship has been observed between stress, strain and

strain rate, but only when strain rate is interpreted as natural creep strain rate.

o CRD tests have been performed on Clara peat to verify the isotache principle. The

CRD test was found to be only partially suitable in this regard, as the imposed rate

of deformation infers a constant rate of linear strain and not natural strain. It is

shown that, for increasing compression in a CRD test on peat, the stress-strain state

moves towards isotaches corresponding to higher rates of natural strain (but a

constant rate of linear strain) at high strain levels. The use of an external proving

ring should be avoided in CRD tests, as it loxvers the imposed rate of del’ormation

of the specimen.
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,

Comparisons of the coefficient of creep, c, determined from the in situ test

performed at Clara with those determined in laboratory tests at an equivalent stress

level show good agreement. However, determination of the in situ values of c was

hampered somewhat by the reduction in the applied effective stress that took place

due to the submergence of the loading tanks.

8.4 Modelling the one-dimensional compression of fibrous peat

.

On the basis of the observations made from the experimental work in this Thesis,

the abc model proposed by den Haan and Edil (1994) and den Haan (1996) was

adjudged to be the most suitable for describing the one-dimensional compression of

peat. The formulation of the abc model has been discretised using the combined

method finite difference technique and programmed using Microsoft Visual C++.

,

The Thesis has described the determination of the abc model parameters and

subsequently uses these in conjunction with CREEP to predict the stress-strain

response of Clara peat under a variety of virgin loading conditions in the

laboratory. In general, the predicted strains agree reasonably well with measured

data for a wide range of load increment ratios and loading durations. However, the

inherent variability of the b and v~ parameters of the peat and the sensitivity of the

predictions to these parameters combine to give predictions, in some cases, which

are significantly in error. Predictions are shown to be relatively insensitive to

parameters a and c of the abe model

.

The model parameters determined flom laboratory tests, unfortunately, could not be

used with CREEP to obtain predictions for the in situ load test described in Chapter

5 because of the unanticipated overconsolidation of the in situ peat. Therefore, in

an attempt to obtain verification of the abe model for in situ conditions, CREEP

was used to obtain surface settlement predictions for a test embankment

constructed over a relatively shallow fibrous peat deposit in the James Bay area,

Canada. The accuracy of the predicted settlements is promising considering the

number of limiting assumptions that were made in determining model parameters.

However, scale effects appear to be significant, and may hamper the successfhl

application of laboratory derived parameters to m situ conditions.
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8.5 Recommendations for further work

, The isotache principle appears to be valid for peat, provided that strain and strain

rate are interpreted as natural strain and natural strain rate respectively. However,

this is not the case in the overconsolidated region. Further work is required to

formulate the transition of the isotaches from the overconsolidated to virgin stress

range. Such formulation should also consider tertiary compression effects in this

transition region.

,

The effects of unloading in the laboratory appear to be more time (or rate

dependent) that expected. Further investigation of the rate dependency of peat soils

in the overconsolidated stress range would certainly be beneficial, considering that

Clara peat is slightly overconsolidated, yet obviously highly compressible and

strain rate dependent.

° The CRD test could be improved to allow for constant rates of natural strain, thus

permitting a fuller interpretation of CRD test data with regard to the isotache

concept.
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Modelling the time-dependent compression of peat and organic soils
Modelisation le compactage temps-dependant de la tourbe et des sols organiques

O’Loughlin, C.D., Dept. of Civil Engineering, Trinity College, Dublin 2, Ireland
Lehane, B.M., Dept. of Civil Engineering, Trinity College, Dublin 2, Ireland

ABSTRACT: Creep (or secondary) settlement is well known to contribute significantly to the overall settlement of peats and organic
soils. A number of constitutive models to predict one-dimensional creep behaviour have been proposed and have had mixed success.
This paper examines the potential of the elastic visco-plastic model proposed by Yin and Graham (1996), and the CJC,. approach
(Mesri and Godlewski 1977) to predict the response of an organic clay and a fibrous peat compressed under oedometric conditions.
The effect of prolonged load increment durations and the application of load increment ratios considerably in excess of the value of
unity applied in standard 24-hour oedometer tests is discussed as it has a direct bearing on conventional settlement predictions associ-
ated with pre-loading/surcharging techniques.

RI~SUMI~: Le tassement de fluage (ou secondaire) est bien connu pour contribuer de mani&e significative au tassement global des
tourbes et des sols organiques. Un certain nombre de mod61es constitutifs pour pr6voir le comportement unidimensionnel de fluage
ont 6t6 propos6s et ont eu un succ~s mitig6. Cet article examine le potentiel du mod6le ~lastique visco-plastique propose par Yin et
Graham (1996), et l’approche de CJCc (Mesri et Godlewski 1977) pour pr6voir la r6ponse d’une argile organique et d’une tourbe fi-
breuse comprim6es dans des conditions oedom6triques. L’effet des dur6es prolong6es d’incr6ment de chargement et de I’application
des taux d’incr6ment de chargement consid6rablement au-dessus de la valeur unit6 appliqu6e dans les essais de 24-heures standard
d’oedom6tre est discut6 car il a un effet direct sur les pr6visions conventionnelles de tassement associ6es aux techniques de pre-
chargement/surchargement.

1 INTRODUCTION

Although the consolidation process takes place over a finite
time scale, the time dependent compression of soils is generally
associated with the so-called secondary or creep compression.
Traditional practice usually separates strains due to primary con-
solidation from those due to creep compression. However, it is
now generally accepted that creep takes place during both con-
solidation and at constant effective stress. Soils with a high or-
ganic content very often have a high pore volume because of the
open structure promoted by the organics. Such a structure leads
to pronounced creep characteristics in addition to more rapid
consolidation.

The dependence of creep on organic content is shown in Fig-
ure 1, which plots creep strain against time for soils which were
loaded from 100 kPa to 200 kPa under oedometric conditions.
The organic contents are shown to the right of each strain pro-
file, and initial voids ratios, eo, are shown in the legend text. The
origin of strain and time in Figure 1 is that at end of primary
(EOP) as estimated using Taylor’s root time method. Although
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¯ ~s ¯ 291%
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Figure I Plot of creep strain since EOP against time since EOP for soils

of varying organic content and initial void ratios

such graphical methods are not particularly successful in
estimating EOP for peat and organic soils (e.g. see Edil & den
Haan 1994), they are sufficient to illustrate that:

(i) organic soils continue to creep by a considerable
amount after primary consolidation ceases

(ii) the amount of creep compression is to some dcgrcc re-
lated to the organic content of the soil

Prompted by the significance of creep in organic soils, this paper
examines procedures employed to predict time dependent set-
tlements of organic soils in one-dimensional (! D) compression.
In particular, the C,,/C~ procedure as described in Mcsri and
Godlewski (1977) and elasto-viscoplastic approaches (e.g. Yin
and Graham 1996) are examined against a database ofoedomctcr
tests performed at Trinity College Dublin (TCD).

2 LABORATORY TESTS

The TCD database compiled for the purposes of this paper is
summarized in Table 1. The majority of tests were carried out on
a fibrous peat from the Irish midlands, while the remainder of
the tests were performed on peats of varying degrees of dec¯m-
position; an organic clay and silt are also considered. The testing

programme involved standard classification and identificauon
tests, and oedometer tests of varying load increment ratio (LIR)
and load increment duration (LID). All oedometer tests were
performed on carefully sampled and prepared specimens svhlch
were either 19.05 mm or 20.00 mm in height, and had diameters
of either 75.00 mm, 76.20 mm or 100.00 ram.

3 CJCc CONCEPT

The C,,/C, concept as described in Mcsri and (iodle~sk~
(1977) suggests that "there is a unique relationship bctx~ccn (,
8e/Olog t and C, = c’~e/?log a’ that holds true at all combtnatl,ms
of time, effective stress, and void ratio." The correct jntcrprcta-
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Table 1 Average material properties of the soils tested

Soil origin Soil classification Organic content
1

Water content I
v0 / Liquid limit i Plastic limit

% % % %

Clara, County Offaly Fibrous peat 98.0-98.5 1250.0 -1750.0 __~,-198 __~.0

Ballydermot, County Offaly Amorphous peat 98.0 750.0 - 950.0 12.4 - 13.1

Amorphous peat 46.3 228.9 - 241.6 5.4 - 6.3 241- 332 133 -ISq

Arklow, County Wicklow Silty peat 23.2 - 29.1 105.8-174.1 3.6 - 5.6 153 -159 83 - 80

Organic silt 10.5 98.9 3.9 9O 44

Belfast Organic clay I1.0 -12.0 35.0 - 70.0 1.9-2.8 25 - 35 58 -- -77

tion of the CJCc concept has been dealt with in various publica-
tions over the years by Mesri and his co-workers. Mesri and
Godlewski (1977) propose that values of Cc should be deter-
mined from the EOP compression curve and paired with C,~ val-
ues determined from the first log cycle of secondary compres-
sion. However, it is well recognized that the time taken for
primary consolidation in compressible materials such as peat and
organic soils is difficult to determine using conventional graphi-
cal techniques due to the absence of the ’inflection point’, which
distinguishes the EOP compression phase. The EOP can be de-
termined accurately when excess pore pressures are measured,
but this is seldom the case in standard oedometer tests. Mesri
and Godlewski (1977) stated that although the EOP e - log a’
curve is usually used to define C¢, any e - log a’ curve during
secondary compression, with the corresponding values of C,~,
can be used to calculate the CJCc ratios.

Mesri et al. (1997) and Lefebvre et. al (1984) showed that the
uniqueness of C,flCc values are improved when normalized by
the initial specific volume, Vo (Vo = 1+ eo). Figure 2 shows the
G,/G relationship for the peats and organic soils listed in Table
1, where C,~ and C~ are defined as:

C,/Cc ratios obtained for the organic clay and silt are typically
0.05 + 0.01 and within the range reported by Mesri and Castro
(1987) and Ladd (1971). According to Mesri et al. (1994), reli-
able data suggests that CJC< for peat lies within the range 0.06 ±
0.01. This range is compatible with the CJC~ ratio calculated for
the amorphous peat in the present study, but not the fibrous peat.
The somewhat lower CJC,. ratio of 0.044 derived for the fibrous

. ,-1-~peat is, however, consistent with the range ot 0.0_8 to 0.062 re-
ported for fibrous peat by Dhowian and Edil (1980).

Table 2 Mean C,/C, ratios for the soils in Table 1

Soil group Number of data CJG r1

points used

Fibrous peat 72 0.044 O. 579

Amorphous peat 34 0060 0.607

Organic/Sandy silt 18 0.046 0.916

Organic clay 6O 0.054 O. 706

Co- Ae    C,- Ae (1)
Alogt ’ Alogcr’

In accordance with Mesri and Godlewski (1977), Cc is taken to
apply to all effective stress levels, during both the over-
consolidated and normally consolidated ranges. The data points
in Figure 2 were determined from 24-hour compression data; G
values were calculated at the tangent to the e - log a’ curve for
each stress increment.

Figure 2 shows that the range of CJC,, values for the organic
soils in question lie within the range 0.025 - 0.075. The mean
values for the C, flC~ values and the associated coefficients of de-
termination @2) are summarized in Table 2 for each soil group.

It is evident from Table 2 that the spread of CJC,, ratios is
lowest for the less compressible materials such as organic clays
and highest for the very compressible soils such as peat. The

0.05 , , ’ ’

0.04

0.03

~ 0.02

0.01

0.00

¯ Fibrous peat
a

tx Amorphous peat

Organic/sandy silt a -
o Organic clay /.~... z~ ~ CJC, =0.075

/ ,,

d;4 
1.0       0.2       0.4       0.6       0.8

C / (l+e)

Figure 2 Relationship between C~ and C,. for the soils listed in Table 1

.0

4 ELASTIC VISCO-PLASTIC MODELS

Current elastic visco-plastic models generally account for the

time dependent straining of soils under 1D conditions by extend-
ing the classical Terzaghi theory of consolidation to include so

called time lines, or lines of constant strain rate in the tbrmuhi-
tion. Bjerrum (1967) and Garlanger (1972)have proposed mod-

els in which void ratio or strain is assumed to be a function of ef-
fective stress and time. The difficulty with models such as these

is in defining an appropriate origin of time, especially in situa-
tions when the applied load varies with timc (Ixroucil ct al.

1985). Models, such as those proposed by Lcroucil ct al. (1985),

Yin and Graham (1994) and den ttaan (1996) overcome this
problem by utilizing strain rate as a means of describing the vis-

cous nature of the soil.
Figure 3 shows the stress, strain, strain-rate relationship for

0.0

0.2

0.4

¯ ~ 0.6
f.¢3

"~ 0.8

Z 1.0

1.2

1.4

0

Figure 3 Stress, strain, strain-rate relationship for an amorphous peat
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an oedometer test on an Irish amorphous peat. The lines of con-
stant strain rate in Figure 3 may also be interpreted as lines of
constant creep strain rate as the plotted strain rates vary between
l04 and l0-6~ secl, which is typical of strain rates encountered
in oedometer tests on peat after excess pore water pressures have
dissipated. It is apparent from Figure 3 that a series of linear,
parallel and equidistant lines only exist at stresses larger than
approximately 25 kPa. The linearity between stress and strain in
Figure 3 has been obtained by adopting natural strain as a meas-
ure of the deformation of the soil. Natural strain, ~, is related to
traditional engineering strain, ec, by:

e" =-ln(1-ec)          (2)

A number of workers such as Edil & den Haan (1994) and Le-
febvre et al. (1984), have shown engineering strain to be inade-
quate in linearizing stress-strain data for peats over a wide stress
range, and have successfully restored linearity through the use of
natural strain.

5 EVP MODEL

The EVP model, as presented in Yin and Graham (1996), has
been successfully applied to laboratory conditions by Yin and
Graham (1996), and to field conditions by Nash & Ryde (1999).
However, for more compressible materials such as peat, certain
modifications need to be made. These modifications led to the
modified EVP model as described in O’Loughlin and Lehane
(2001) and in more detail in O’Loughlin (2001). The modifica-
tions and fundamental equations of the modified EVP model are
now briefly described.

An Instant Time Line (Figure 4) is defined in stress-strain
space along which strains are elastic and recoverable. The EVP
model chooses to scale creep strain rates by introducing a term
referred to as equivalent time, te. Time lines, which were defined
by Bjerrum (1967) as lines equal to periods of sustained loading,
are reinterpreted by the EVP model as lines with equal values of
equivalent time, te, and constant creep strain rates. The relation-
ship between strain, effective stress and equivalent time for the
EVP model is given by:

e = ; lv ln(o.’/o.: )+  u/v in((/+ t. )it<, )          (3)

where Cr’o is the effective stress at zero strain on the EVP
model’s Reference Time Line (RTL), Z/v is the slope of lines of
constant creep strain rate, q/is the coefficient of creep compres-
sion, v is the specific volume and to is a constant used to define
the creep strain rate on the RTL. Total strain rate is equal to the
sum of the elastic strain rate (denoted by subscript e) and creep
strain rate (denoted by subscript c) and may be formulated as:

k= k + k,.           = x/v do’’               t ~/v (4)
o.’ dt    t,, + t,.

Substituting for te from Equation 3 into Equation 4 gives:

de tc/v do.’ N/v
(v )( o.’ )N }|l l_ +~ exp -c-- ---7 (5)

dt o.’ dt t,, q/ Jk, o.,, )

The total rate of compression in Equation 5 may be equated to
the rate of volume change, to yield the modified consolidation
equation expressed in terms of excess pore water pressure, u,.:

du= o’..___i_’ 1-- e x p(e)-fl-O { k e x p (e) ctuo-o--~,",}
dt tc/V y,, 0% ,

(6)

+
t,    k e )\,.,,,)

Equation 6 differs from that published in Ytn and Graham
(1996), in that (a) the strain, e, should be interpreted as natural
strain, (b) the finite strain formulation used by Gibson et al.
(1967) and den Haan (1996) has been adopted, and (c) the per-
meability, k, is allowed to vary with specific volume according
tO:

where ck is an empirical constant, and ko is the extrapolated per-
meability at eo = 0. Equation 6 can be used together with Equa-
tion 5 to solve problems for single-stage or multi-stage loading
conditions.

5.1 Determining model parameters

The method of determining EVP model parameters as outlined in
Yin & Graham (1994) shall be demonstrated using an oedometer
test on fibrous peat from Clara in Ireland (Figure 4). Yin & Gra-
ham (1994) recommend that the elastic parameter. ~v, be deter-
mined from c- lno-’ data in the over-consolidated region, and
that two typical load increments from the normally consolidated
stress range be used to determine the remaining model parame-
ters. In Figure 4, the instant time line is fitted to the first two
load increments to yield the elastic parameter ~’/v. The load in-
crement from state point A to state point B is then used to deter-
mine the parameters ~/v and to. The stress-strain path from .4 to
B may be separated into an elastic component (.4 to a) and a
visco-plastic component (a to B). The increase in strain from
point A to a may be calculated from:

e,, = + xlvln(o.’.lo.; )                  (8)

The RTL in Figure 4 is positioned so that it passes through a, at
which point t~ is zero. This means that t,. values are equal to ac-
tual loading durations as the soil state moves from point a to
point B, allowing strain to be calculated by Equation 9.

= + i.((, + A,)/, )                 iol
Secondary compression c - In t data for the load increment be-
tween points A and B can then be fitted to Equation 9 where the
term, c,, may be calculated from Equation 8, to yield the parame-
ters q//v and t,,. Parameters AJv and or’,, may be determined by
considering a second loading increment from point B to point (’
in Figure 4. The strain at point b may be determined from:

or from:

0.0

0.2

0.4

L.

¢/3
0.s

g=,

~ 1.0
z

12

1 4

O’-Io

’ I----    i _ , , , t , ¯

Time Line

I
-----’~K/V

oa ~ RTI.

Time lines J

¯ 24 hour comprcs,,,ion

i i i , A i i I i i � i A ’ ¯ ¯

IH

cF (kPa)

Figure 4 Determimng EI’P model parameters using an
oedometcr test on fibrous peat
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Ballydermot amorphous
peat

Table 3 Typical modified EVP model parameters determined from standard 24-hour oedometer tests

,,o’v

13.14

0.040

0.046

,,l/v     :      ~v to : Oao : k,: c~
see kPa m/see

0.373 0.015 0.3 5.96 3.32xl0~" 0.16

0.406 0.021
5.8 28.30

7’49x10t~
0.1"r

Arklow amorphous peat

Arklow silty peat

Arklow organic silt

Belfast organic clay

5.43 0.036 0.222

5.61 0.042 i 0.172

3.93 0.016 ~ 0.093

2.80 0.014 b 0.123

0.012 96.1 52.03 4.07xl0~l 0.12

0.007 261.1 35.50 9.1Jxl0 0.10

0.003 24.2 47.80 4.53xl0~" 005

0.008          90.0           44.02          3.03xl0~      0.18
I i i

(11)

The equivalent time at point b, re.h, may then be determined from
Equations 10 and 11 :

v 00
t h. =to exp cB)~,cr,A,) ~,Cr’o)      -1 (12)

0.1
The equivalent time at point C may be calculated by adding the
equivalent time at point b to the loading duration, t:

¯ =- 0.2
t,c = t~ + At (13)

Substituting Equation 13 into Equation 3 allows the strain at
point C to be calculated:

(14)

A direct relationship between Z/v and Cr’o may be obtained by
considering the state point a in Figure 4. As a is on the RTL with
te = 0, Equation 3 gives:

(15)

The parameters Z/v and Cr’o may now be uniquely determined
from Equations 14 and 15. Permeability may be determined us-
ing graphical methods for each stress increment, and the empiri-
cal parameters ck and ko derived from Equation 8.

6 MODEL APPLICATION

The modified EVP model parameters were determined from
all oedometer tests performed at TCD. Representative average
parameters for each of the soil groups listed in Table 1 are listed
in Table 3. These ’typical’ parameters were derived from stan-
dard 24-hour tests and are used in the following in conjunction
with programmed formulations of the modified EVP model to
predict the settlements measured in oedometer tests on three in-
dependent samples:

(i) Test 1: Belfast organic clay, Vo = 2.77
(ii) Test 2: Clara fibrous peat, Vo = 21.76

(iii) Test 3: Clara fibrous peat, vo = 23.69

6.1 Test 1

Figure 5 compares measured strains with that predicted using
the modified EVP model for the normally consolidated stress in-

crements of Test 1. This test involved a LIR of 1, with an initial

stress of 6.25 kPa, up to a final stress of 800 kPa. The LID for all
stress increments was 1 day, with the exception of the 400 kPa
increment which was maintained for 3 days. The normally con-
solidated stress increments are shown to be well captured by the
modified EVP model, although the 50 kPa stress incrernent
shows evidence of recompression, which may be attributed to an
apparent preconsolidation pressure at approximately 35 kPa.

Z

........ I ........ I ........ 1 ........ I ........ I ........ I ........

=_ ~" = ~00-21,)0kPa -

" ~200 - 401) kPa

ru~~~.;~.~    00 - 800 kPa
¯ Measured

_4

-- Predicted

........ I ........ I ........ I ........ I ........ I ........ I ......

10’ 10" 10’ 10: 10’ 104 I0’

Time (rain)

Figure 5 Comparison of measured results with Ihose calculated
using the modified EVP model for Test I

6.2 Test 2

Figure 6 compares measured and predicted settlements for
Test 2. This test involved LIRs varying between 0.43 and 4.24,
and LIDs which were maintained for between 1 and 2 weeks. It
is evident from Figure 6 that the modified EVP model over-
estimates the settlements for each stress increment. However, the
initial specific volume of 21.76 for this test was different from
that of the test used for parameter determination; see Table 3.
This variation is presumed here to be approximately accounted
for using the following relationship:

, (</,,,)O" rood = -’--’7"
O=

(16)

where O"o. mod refers to the modified o% value, and v,, and v’,, arc
the initial specific volumes in the reference test (i.e. as in Table
3) and Test 2 respectively. Equation 16 has the effect of increas-
ing Cr’o with decreasing v, which is consistent with the depend-
ence of the preconsolidation pressure in a non-viscous sml.
When Cr’o is updated according to Equation 16, the revised strata
predictions are seen on Figure 7 to be a substantial improvement
on those provided in Figure 6.

6.3 Test 3

The LIRs in Test 3 varicd bct~sccn 0.24 and 4S4, and :t’, ~a,,
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Figure 6 Comparison of measured results with those calculated using a

constant rYo value in the modified EVP model for Test 2

the case with Test 2, LIDs ranging from 1 to 2 weeks were em-
ployed. The predictions in Test 3 were obtained using both the
parameters given in Table 3 and using O’o adjusted according to
Equation 16. Predicted and measured strain data are shown on
Figure 8 where it is seen that employing an adjusted O’o value
leads to slightly improved predictions. Although the modified
EVP model captures the essential features of Test 3, it is evident
that the agreement between measured and predicted data is not
of the same level as that obtained for Test 2. This may be attrib-
uted to the inherent spatial variability of peat. The presence of
fibres and other organic constituents leads to large variations in
the compressibility characteristics, particularly in poorly humi-
fled peat where the length of fibres is often comparable to the di-
ameter of the specimens (Magnan 1994, Edil 1994). The vari-
ability of peat is often so severe that it is almost impossible to
obtain representative samples for testing, unless a very large
number of samples are taken (Magnan 1994). Perrin (1973)
showed that the recorded strains from 21 oedometer tests on a
black peat from Borgoin, France under a stress of 57 kPa ranged
from 5 to 40 %.

0.0

0.0

0.5

¯ ~ 10

15_=

2.0

~0
’’’5 ....... "1 ’ ’’’""1 ...... "I ...... ’11 ...... "1 ......
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-- Predicted
¯O~ i~I[~i~~il

34kPa

-~~4~’~OO                             -,

~4 - 1-S kPa
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563 - 803 kPa

2.5 ........ I ....... d ........ t ....... J ....... d ...... J ........ J .......

10"    10" 10" 10’ 102 10: I0’ 10" I0~’

Time (rain)
Figure 7 Comparison of measured results ~ ith those calculated using an

updated o’o value in the modified El’,° model for Test 2

the e - log a’ curve is highly non-linear, even at comparatively
low stresses. Rather than use a single value of C, to describe the
slope of the EOP e - log a’ data. Lefebvre et al. (1984) and
Mesri and Choi (1985) employ a modified secant compression
index, C,.’, between the preconsolidation stress, c¢e. and different
values of applied effective stress, o’. The usual preconsolidation
stress which separates the over-consolidated and nomaally con-
solidated stress ranges is not observed in Figure 9. so o"~, was
taken as the initial applied stress, o",, (5 kPa). Values tbr the se-
cant compression index, C,.’ are calculated from Figure 9 and
plotted against the ratio c¢/o’,, in Figure 10. C,’ values can be de-
termined from Figure 10 for the appropriate cr’/o", ratio and EOP
strains calculated using:

Go.=--l°g (17)
V

The loading sequence for Test 4 was 4 kPa, 10 kPa, 100 kPa,
150 kPa and each stress increment was maintained for between
100 and 200 days. The comparison between measurcd and pre-
dicted strain profiles for the 100 kPa and 150 kPa stress inert-

0.5

...v’""l ’ ’ ’’""I , , ~,,mI ~ , ,,v,,,I ~ r ,,,n,I , , w,,,.I , , v,,,,,

¯ Measured
-- Predicted, modified c, o

. ., .....
Predicted, constant go                                                  .

~~1-25 kPa.......................... -"---~.0 25- 31 kPa

ments are shown in Figure I 1. The value of C,.’ used in the C,,/C,
approach was estimated from Figure 10 as 10.65 for the 100 kPa
increment, and 10.11 for the 150 kPa increment. The predicted
strain profiles obtained using the C,,/C, approach assumcd a Ter-
zaghi style solution for calculating strains during the consolida-

¯ =- tion phase. Secondary compression was assumed to start whcn-

1.0 ~
ever primary consolidation was 95 % completed; C, values werc
taken as 0.044C{ in accordance with Table 2.

For the modified EVP predictions, as was the case with Tests
¯ ,’.,,.

15 ----’---"---~

-~¯ ___31-181.......~ kPa_ 25 ........ , ........ , ........ IZ
. _     " "~¯. ¯ ¯-          181-431 kPa                        I            --¯--gOPcomprcssiondata

20 t ....... I ........ I ........ I ........ I ........ I ........ I ........ I .......

10.2 10l    l0°    10’    102    103 104 105 10~’ ~N,.~ r-- Slope = C,’ /

Time (min)
15

Figure 8 Comparison of measured results with those calculated

1using the modified EVP model for Test 3
10

¯ .N_\ \ /

7
APPROACH COMPARISON OF MODIFIED EVP MODEL AND CJCc 5 ....

S,lile=~,,,,,l~ """
"

,    it.]The C~/C~ approach remains in popular use and its applica-
tion to a further test on Clara fibrous peat (referred to here as 0 .........
Test 4) is now compared with the predictions made by the modi- 10 10o ooo

fled EVP model. Figure 9 shows the EOP e - log a’ relationship
for the test used for determining the modified EVP parameters

cr’ (kPa)

for the fibrous peat in Table 3. As is often the case with peats, Figure 9 Defimtlon of the ,;ccant comprcss,,n index. (’
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Figure 8 Relationship between C/and d/o’; for Clara fibrous peat

2 & 3, do was modified according to Equation 16, in order to
account for the different initial specific volume in Test 4 (Vo =
20.49). The modified EVP model predicts strains quite well
while the C,JCc approach clearly predicts much larger strains
than those which were observed. Such overpredictions reflect the
difficulty in determining a suitable value of C¢’ for tests with dif-
ferent loading conditions and different initial specific volumes.

8 CONCLUSIONS

The good agreement shown in Figure 5 between measured
and predicted data for Test 1, suggests that the modified EVP
model is valid for organic clays. The success of the modified
EVP model and the CdCc approach in describing the 1D com-
pression of fibrous peat is summarized as follows:

(i) The modified EVP model has been demonstrated to be
successful in predicting settlements for a wide range of
LIR values. The relevance of LIR >> 1 is particularly
relevant to peat deposits, as stress increments well in
excess of the relatively low in-situ stress are often ap-
plied in an attempt to reduce long-term settlement.

(ii) Variations in the initial specific volume of Tests 2, 3 &
4 were accounted for by moving the position of the
RTL according to Equation 16. This modification re-
sulted in improved predictions for all of the tests con-
sidered.

(iii) The difficulties in selecting an appropriate value for
C/has been shown to have a considerable bearing on
the predictions obtained using the C~,/Cc approach.
This appears to be most significant when modelling
tests with different loading conditions and different ini-
tial specific volumes.
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Modelling one-dimensional compression of a fibrous peat
Modelisation le compactage unidimensionnel d’une tourbe fibreuse

O’Loughlin, C.D., Dept. of Civil Engineering, Trinity College, Dublin 2, Ireland
Lehane, B.M., Dept. of Civil Engineering, Trinity College, Dublin 2, Ireland

ABSTRACT: Amongst the most widely used state-of-the art constitutive models for strain-rate dependant soils in one-dimensional
compression are the EVP model proposed by Yin & Graham (1994, 1996) and the abc model developed by den Haan (1996). Al-
though these models were developed independently, both assume an elastic visco-plastic type soil response. In the first section of this
paper the fundamental differences between the models are clarified, whereas in the second section both models are applied to a poorly
humified, fibrous peat from the Irish midlands. The relative merits of both approaches for modelling this peat are discussed.

RI~SUMI~: Parrot le plus largement rEpandu des modules constitutifs pour les sols dependants de vitesse de deformation pour le com-
pactage unidimensionnel sont les modEles EVP proposes par Yin et Graham (1989, 1996) et le modele abc dEveloppe par den Haan
(1996). Ces deux modEles ont 6t6 dEveloppEs indEpendamment, bien que tousles deux assument une reponse du sol de type Elastique
visco-plastique. Dans la premi6re partie de cet article les differences fondamentales entre les mod,~les sont clarifiEes, tandis que dans
la deuxiEme partieles deux modEles sont appliques fi une tourbe fibreuse ~. partir des Midlands irlandais, kes merites relatifs des deux
modEles sont discutEs par rapport ~ de tels matEriaux complexes.

1 INTRODUCTION
c= xl,’ln(o’l< : + ,. )11..)

Fibrous peat is encountered in the majority of raised bogs in cen-
tral Ireland, and is an extremely compressible material with an
extraordinarily high in-situ water content and initial voids ratio.
Consolidation in peat occurs relatively quickly and settlement is
dominated by the so-called secondary or creep compression.
Conventional practice relies on methods similar to that suggested
by Mesri & Choi (1985), whereby creep strains are measured
relative to the end of primary (EOP) stress-strain curve. Such
methods imply that EOP strains are unique irrespective of the ~,. = tc/v d lncr’ _ t¢/v dcr’

dt or’ dtdrainage conditions, which is contrary to laboratory data re-
ported by workers such as Edil et al. (1992), Berre & Iversen
(1972) and Leroueil et al. (1986). Consequently, the focus over
the past few decades has been to develop constitutive models
that appropriately define the relationship between stress, strain
and strain rate. The aim of this paper is to test the usefulness of
the abe model of den Haan (1996) and the EVP model of Yin &

k ?.:u x/v c3uGraham (1994, 1996) in describing the one-dimensional corn- --
pression of an Irish fibrous peat under a variety of loading condi- y,, ,~z: cr’ ~t

tions.

2 ELASTIC VISCO-PLASTIC MODELS

Elastic visco-plastic models generally assume that, in the nor-
mally consolidated region, the creep strain rate for a given stress
and strain state is unique and that, at a given creep strain rate,
there is a linear relationship between strain (e) and the logarithm
of effective stress (or’) and a linear relationship between strain
and the logarithm of creep strain rate (de/dt ). The stress-strain-
strain rate relationships assumed by the abc and EVP models are
summarised in Figure 1 and particular characteristics of each of
the models are now described briefly.

2.1 EVP model

The EVP model chooses to scale creep strain rates by introduc-
ing a term referred to as equivalent time, 6- The relationship be-
tween strain, effective stress and creep strain rate for the EI’P

model is given by:

where e is the linear (or Cauchy) strain, o’,, is the effective stress
at zero strain on the EVP model’s Reference Time Line (RTL),
)dv is the slope of lines of constant creep strata rate, qJ is the co-
efficient of creep compression, v is the specific volume and 4, is
a constant used to define the creep strain rate on the RTL. Elastic
strain rate (denoted by subscript e) is formulated as:

(2)

The total rate of compression is taken as the sum of elastic strain
rate and creep strain rate, which when equated to the rate of vol-
ume change, yields the modified consolidation equation ex-
pressed in terms of excess pore water pressure, u:

(3)

Equation 3 can be used together with Equation I to solve prob-
lems for single-stage or multi-stage loading conditions. A more
suitable formulation for constant rate of strain (CRS) conditions
may be written as:

i=- r-t-D-t) tt+t )

where t~ may be determined from Equation 1.
Yin & Graham (1994) propose determination of the elastic

parameter, ~v, from ~- lncr’ data in the overconsolidated region,
and the remaining EVP parameters from two load increments m
the normally consolidated region. Firstly, the RTL is posnt,med
so that it passes through a hypothetical stress-strann slalc, ~ here
the stress level is the total stress upon application ()flhc firs! load
increment, and the strain level is increased by the corresponding
elastic component of strain. As t,. is taken as ,,cro on itlc t41 l.. t,
values are equal to actual loading durations for ihi’~ fir’,i h)ad in-
crement. Secondary compression l: ]nt data Ibr the f]r<,t h~ad ~n-
crement can then he fitted to the sccond tcrm on the RIIS ,,i Iq-
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uation 1 to yield the parameters ~,/v and to. The magnitude of
elastic strain due to the second load increment can be calculated
either from Equation l, or by moving along the instant line (Fig-
ure 1) from the previously known c- a’ state. This allows the
equivalent time for this stress-strain state to be calculated. As be-
fore, further creep straining from this point can be calculated
from Equation 1, by considering that te at the end of loading is
equal to te at the end of elastic straining plus the loading duration
At. Enough information is now available to calculate the parame-
ters 2/v and 0% uniquely using the end states of the two load in-
crements.

2.2 abc model

In contrast to the EVP model, the abc model uses natural rather
than linear strain as a measure of the soil compression, and
adopts Vo as the specific volume at zero strain. Creep strain rates
are linked to a term referred to as intrinsic time (r) and defined
as c/c, which relates ~ uniquely to one value of intrinsic time. r =
ro = 1 day locates the base or reference line on which the strain
rate is C/ro and vl is the specific volume at unit effective stress.
The equivalent form of Equation 1 for the abc model is:

-in(v/v,)= bin(o-’) + cln(U ,,) (5)

The abe model introduces direct strain rate, which is defined as
in Equation 2, but with the parameter a instead of ,v/v; the model
also uses the term direct as these strains are not assumed to be
completely recoverable. The equivalent forms of Equations 3
and 4 for the abc model are:

dt a     y. Oz y,, vOz

a 0o" c (7)- +

o" Ot r

where h and 7,,. are the unit weights of soil and water respec-
tively and the permeability, k, is allowed to vary with specific
volume according to:

C, ln(k/k,)=ln(v/,’,,)                       (8)

1
l’I

lno"

(b)

relationship for (a) EVP model, (b) abe model

Den Haan (1996) recommends that Equation 5 be fitted to the
creep tails of ~- lnt data for all load increments in the normally
consolidated stress range to give the creep parameter c and a
constant equal to (blna’ - lnvj ). An average value of c is taken
from these creep tails, and used to define the creep strain rate on
the base line (c/to). The interpolated strain at this creep strain
rate is then determined for each normally consolidated stress in-
crement and Equation 5 fitted to the interpolated values varying
b and vt until an optimal fit is obtained. The parameter a may bc
estimated in much the same way as tc/v was for the EVP model.
Permeability (k) is estimated for each load increment t, sing Tay-
lor’s root time, and the empirical parameters ("~ and k,, are de-
rived from Equation 8.

2.3 Differences between the abc and EVP formulations

Despite differences in terminology, it is evident that the abe and
EVP approaches are essentially very similar. There are, however,
some notable differences in the detail published to date, which
are summarised in Table 1.

Table I Differences in the ahc and EVI" models

abc model EVP model

Natural strain

Strain origin linked to soil’s initial
specific volume/stress history

k dependant upon v

Parameters derived from all data
in normally consolidated region

Finite strain formulation

Base line is related to 24-hour
compression cu~’es

Linear Strain

Arbitrary strain origin

k assumed constant

Two load increments used as a
basis for parameter selection

Thickness of soil layer assumed
constant throughout straining

RTL related to end of primary
consolidation curvcs

3 LABORATORY TESTS

The performance of the ahc and /’:’I’I~ models ~a’, a,,sc,,,,cd h~
comparing their predictions w~th ocdomctcr and (’~msu.lllt Rate
of Strain ((’RS) tests carried out on a typical peat tr,,m the Ir~,,h
midlands. This peat is a hlghl’, comprc,,,,ltqc, p,n,rlx hulnil]cct t]-
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Figure 2 Comparison of measured results with those calculated

using the EVP model for Test 1.

rous peat with a Von Post Humification value of H2.3, average
water content of 1800%, unit weight of 10.2 kN/m3, specific
gravity of 1.41, and organic content of 98%. The specimens were
retrieved from undisturbed block samples taken from a depth of
approximately 0.5 m. The oedometer tests involved different

Load Increment Ratios (LIR) and Load Increment Durations
(LID), and the CRS tests were performed at different strain rates.
Two oedometer tests and one CRS test were selected for specific
examination in this paper:

¯ Test 1: Standard 24 hour oedometer test with LIR=I
¯ Test 2: Oedometer test with high LID and LIR=2
¯ Test 3: CRS test performed at a nominal strain rate of

7.34x10-s minl; negligible excess pore pressures were re-
corded at this relatively slow rate.

As the majority of reported 1-D compression data are from stan-
dard 24-hour oedometer tests (with LIR=I), Test 1 was selected
to derive the model parameters. These parameters are then used
to predict the response of Test 2 and Test 3.

4 PREDICTIONS

The model parameters were derived from Test 1 in accordance
with the procedures recommended for the abc and EVP models
and are listed in Tables 2 and 3. All load increments in the virgin
stress range were used to determine the abc model parameters,
whereas the 16 kPa and 32 kPa load increments were used to de-
termine the EVP model parameters.

Table 2 EVP model parameters determined from Test 1
to " Oto : k"

min kPa m/sec

0.052 0.234 0.007 1.28x 10.6 4.095 1.15X10"7

Table 3 abc model parameters determined from Test 1
a b c k’I VO ko: CA

m/sec

0.056 0.519 0.018 73.886 32.833 1.77x 10.6 0.215

The parameters listed in Tables 2 and 3 have been used in con-
junction with programmed formulations of the abc and EVP
models to predict the settlements for Test 1. Figure 2 compares
measured data with that predicted using the EVP model for se-
lected normally consolidated load increments in Test 1. It is ob-
vious from Figure 2 that the EVP model does not capture the en-
tire normally consolidated stress-strain response. However, it is
worth noting that the increments from which the parameters
were determined, namely the 16 kPa and 32 kPa stress incre-

ments are quite well predicted. Figure 3 compares the measured
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Figure 3 Comparison of measured results ~s ith those calculated

using the abc model t’or Test 1.

and calculated strains for Test 1 using the abe model and the pa-
rameters given in Table 3. Good agreement exists between cal-
culated and measured values for all stress increments.

Although the EVP model is expressed in terms of linear
strain, Yin & Graham (1989) conceded that natural strain may
need to be used for very compressible soils. Figure 4 shows Test
1 data plotted in stress-strain space at a strain rate of 10" sec~

using both natural and linear strain as a measure of the compres-
sion. Strain data are normalized by the maximum strata m each
case to allow for ease of comparison. It is evident from Figure 4
that the use of natural strain is much more successful in Imeariz-
ing c- log o-’ data for this type of soil.
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l .0                                                               ~’~-o

1 I I

l I 0 I 00 I000

~’ (kPa)
Figure 4 Stress-strain relationship for Test I

The EVP model has been reformulated in terms of natural strain
by the authors, with provision for varying permeability and
changing dimensions of the soil layer during compression. Fig-
ure 5 compares the measured strains with those calculated using
the re-assessed parameters given in Table 4 and the modified
EVP model. There is an obvious marked improvement in the use
of natural strain over linear strain in predicting the scttlcmcnts
over a wider stress range.

Both the abc model and the modified EVP model have bccn
used in conjunction with the parameters in "Fables 3 and 4 to
predict settlements for Test 2. Measured and calculated data for
selected load increments from Test 2 are sho~vn in Figure 6 lhe
37.8 kPa increment was maintained for 40 days, ~hcrea,, the
113.4 kPa and the 340.2 kPa increments were maintained for ~’,1)
days. The initial specific volume (v,,; for Test 1 v,a~, 32g ~here-

Table 4 Modified EI’P model parameters determined from Icst I
/~/I.’ lo or" ko"

rain kPa mYsec

0.056 0.515 0.014 I 57xlfl’ 7 775 I -’7x 1�~ "
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using the modified EVP model for Test 1.

as that in Test 2 was 29.8. This variation was taken into account
in the abc prediction for Test 2 by employing Vo = 29.8 and a
modified v~ value derived from:

vi=V’o(V,/V) (9)

where v’~ and v’o refer to the modified parameters in Test 2. In
this case both models predict final settlements adequately, al-
though settlements during consolidation are over-estimated.

The measured stress-strain relationship for the CRS test is
shown in Figure 7. The apparent preconsolidation pressure for
this test is approximately 6 kPa, at which point large fluctuations
in the stress-strain readings were recorded. This may be attrib-
uted to the breakdown of large fibres in the peat sample, which
could cause a sudden decrease in stress. Calculated stress-strain
responses are also shown for each model in Figure 7. Both mod-
els capture the overall stress-strain relationship quite well, al-
though the calculated stress-strain plots are shifted somewhat to
the left of the measured results.
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Figure 7 Comparison of measured results with those calculated using

the abc and modified EVP models for Test 3.

00

5 DISCUSSION

The abc model is evidently adequate for predicting the overall
settlement for all load increments in the virgin stress range, al-
though certain modifications need to be made to the EVP model
to describe the one-dimensional compression of fibrous peat.
The most important of these modifications is the definition of
strain. It is evident from Figures 2 and 4 that linear strain is not
suitable for linearizing c- log or’ data over a wide stress range.
When the EVP parameters are determined from natural strain
data, then the EVP model is much more successful in predicting

settlements for all load increments (Figure 5). Good agreement

has been obtained for both the abc and modified EVP models

0.0 I ! I I l ! I ! [
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0.5 - --- abe Model ,1
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Figure 6 Comparison of measured results with those calculated using

the abc and modified EI,’P models for Test 2.

during the consolidation phase of Test 1, but strains for this
phase were over-estimated for all load increments of Test 2. This
is presumably due to the differences between the empirical pa-
rameters G and ko (Equation 8) in the respective samples. How-
ever this is generally of little consequence for fibrous peat as the
primary consolidation phase in such materials is typically short.

In Test 2, v¯ was less than that in Test 1, and it was tbund that
a best fit for the abc model required adjustment of the location of
the base line (by modifying vt) to keep it fixed in stress-strain
space. This adjustment is consistent with the assumption of a
constant o"o value employed in the EVP model.

The main difference in the models is the positioning of a ref-
erence creep isotache or time line from which to measure creep
strains. The EVP model employs the parameter t,,, to position the
RTL. Yin & Graham (1996) suggest that values determined for t,,
should be of the same order as the time taken tbr primary con-
solidation (t;,). However, the value oft,, = 1.57x10~ rain given m
Table 4 is obviously several orders less than t;,. Despite this, 6,
appears to be a useful parameter in scaling creep strain rates. The
abe model positions the base line at r = I day, which roughly
corresponds to standard 24-hour compression curves. The creep
strain rate on the abe model’s base line is 2.08x107 sec
whereas the corresponding creep strain rate on the EVP model’s
RTL is 14.86 secj, with the result that the RTL is positioned at a
creep strain rate not normally encountered in the majority of
one-dimensional compression tests. Regression techniques can-
not, as a consequence, be employed to fit Equation I to meas-
ured creep strain data.
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