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1. INTRODUCTION

1.1 Scope

Design, construction and maintenance of roadway on highly compressible
muskeg is unique to various parameters, and careful design procedures are
required for the long term performance to avoid costly maintenance as
well as foundation stability of the roadway section. In Alaska, where
approximately 80% of the land mass consists of permafrost, the frozen
ground conditions may further complicate the design considerations.

Recently, numerous design conceptions and construction methods are used

to build roadway on muskeg, and a wide range of data has been published

on the performance of roadway on muskeg. A design manual to include

all aspects of design and construction of roadway on muskeg is not readily
available and such a manual may bridge the gap between the latest works

and the design principles used previously. It is expected, therefore,

the design manual will play an important role to minimize the cost of
construction and maintenance of roadways on muskeg. This manual is pri-
marily concerned with the design of roadway sections, consisting of base
and subbase layers with fill materials below the surface course of pavement,

Roadway and muskeg terminology to be used is detailed in the glossary
of terms presented at the back of this manual.

The objective of this manual is to produce a design guide related to
roadway design and construction in organic terrain referred as "mqskeg".
The manual covers the latest design and construction principles so that
the designers, planners, builders and operatofs can systematically analyze
the available information, assemble required data and design roadways.
General aspects of foundation stability, common types of problems which



may develop and investigations required to evaluate problems are also
outlined. The essential topics included are discussed under the following
headings:

(i) Exploration of Data

(i1)  Evaluations of Various Design Methods and

Their Relative Usefulness

(iii) Construction Techniques, Problems and Control

(iv) Cost Evaluations

(v) Recommendations.

Particular emphasis has been placed on designing the supporting fill
thickness against the differential settlement and consolidation of
highly compressible muskeg and on construction techniques to place
"£{11" materials in the organic terrain. New construction techniques
are also outlined and the future performance studies on these new con-
struction methods will dictate the required improvements of design
procedures.

1.2 Summary

In North America where the predominance of muskeg is in Alaska and
subarctic Canada, the development of potential resources and the eco~
nomic development have led to an awareness of the problems encountered
in the construction of roads on muskeg or peat deposits. The term
"muskeg" is derived from the North American Indian language and it is a
distinct terrain type characterized by 1iving and decomposed plants.

The properties of peat are considerably variable, differing markedly
from one deposit to another. These variations in properties together
with variations in the peat thickness make design and construction in
peat particularly difficult. The classification of muskeg, the basic
physical, mechanical, chemical and thermal properties of peat with their
laboratory and insitu determination, which are essential to design, are
discussed in Section 2.



Three basic approaches may be taken in the design of roadways on muskeqg.
Engineering design that avoids the muskeg areas by judicious site locations,
will reduce muskeg construction problems. Most construction projects

are primarily ‘involved with either removal of the organic material and
replacing it with suitable fi11 or building on it, retying on improved
strength to support the structure. Desigh techniques include adequate

shear strength and bearing capacity, knowledge of consolidation character-
istics and stability analysis. These design considerations are described

in Section 3.

Factors that influence the construction methods over organic terrain are
the characteristics of peai and the underlying soil, peat thickness,
availability of construction materials, equipment required, available
time, location of structures and drainage requirements. Section 4
includes the various aspects of construction of roadways on muskeg.
Construction costs including -design and engineering, construction and
maintenance are discussed in Section 5.

Recommendations regarding the future needs "are given in Section 6.
These include the determination of peét characteristics, its insitu
strength and consolidation characteristics, methods of improved con-
struction and stability of fill sections.



2.0 EXPLORATION OF DATA
2.1 General

This section discusses the muskeg classification system, the general
influence of physical and mechanical properties, thermal and chemical
properties. Engineering laboratory investigations and field techniques
which are significant to design are also described. Typical ranges of
muskeg properties can be seen from the included data that characteristic
values can vary over wide ranges depending on various parameters such as
muskeg type, water content, mineral soil content, compressibility, shear
strength and so on. It is important to require data representative of
the actual subsurface conditions for the final roadway design on muskeg.

2.2 Muskeg Classification System

Von Post and Radforth classification systems are most commonly used to
classify peat. The Von Post Classification System is based on the
'degree of compositidn or humification, indicated by the letter "H", and
are divided into 10 categories (Ref. Table 2-1). |

A modified Von Post classification system was suggested by Korpyaakko and
Woolinough (1) and the following items are to be recorded in conjunction
with Table 2.1:

1. The peat type, utilizing the recognizable features of the
original plant constituents that formed the peat. The most common
plants forming peat the the symbol used for them in the peat formula
are: Sphagnum {S), Carex (C), Eriophorum (Er), Equisetum (Eq),
Phragmites {Ph), Scheuchzeria (Sch), Shrubs (N), wood (L) and

mosses (other than Sphagna, i.e., Bryales),(B).



| DEGREE OF
. DECOMPOSITION INFORMATION FOR IDENTIFICATION

von POST'S SCALE .|

Completely unconverted and mud-free peat which, when
1 pressed in the hand, only gives off clear water.
Practically completely unconverted and mud-free peat
2 vhich, when pressed in the hand, gives off almost
clear colourless water.

Little converted or very slightly muddy peat which,
H when pressed in the hand, gives off marked muddy

3 water, but no peat substance passes through the
fingers., The pressed residue is not thick.
I Badly converted or somewhat mﬁddy peat which, when

i pressed in the hand, gives off marked muddy water.

. The pressed residue is somewhat thick.

Fairly converted or rather muddy peat. Growth

structure quite evident but somewhat obliterated.

Hs Some peat substance passes through the fingers vwhen

pressed but mostly muddy water. -The pressed residue
is very thick.

" Fairly converted or rather muddy peat with in-

distinct growth structure. When pressed at most 1/3

5 - of the peat substance passes through the fingers.
The remainder extremely thick but with more obvious

growth structure than in the case of unpressed peat.

_Fairly well converted or marked muddy peat but the
. growth structure can still be seen. When pressed,
H7 " about half the peat substance passes through the
fingers. If water is also given off, this has the
nature of porridge.

Well converted or very muddy peat with very in-

distinct growth structure. When pressed, about 2/3

8 of the peat substance passes through the fingers and

at times a somewhat porridgy liquid. The remainder

consists mainly of more resistant fibres and roots.

Practically completely converted or almest mudlike

peat in which almost no growth structure is evident.

Hy Almost all the peat substance passes through the
fingers as a homogeneous porridge when pressed.

Completely converted or absolutely muddy peat where
Hlo no growth structure can be seen. The entire peat
substance passes through the fingers when pressed.

mable 2-1 Degree of decomposition after von Post (from Flaate, 1965)

-5-



2. The moisture regime of peat sample which is estimated by utiliz-
ing a scale of 1-5 and the symbol "B"
By = dry peat, '

82 = Tow moisture content,

By = moderate moisture content
B4 = high moisture content,

85 = high moisture content.

3. The fire fibre content, estimated and expressed by utilizing a
scale of 0-3 and the symbol "F". The fibres are, in this case,
mainly derived from Eriophorum (Er)
F0 = nil, F] = low content, F2 = moderate content, F3 = high content.
The coarse, fibres are also estimated by using a scale of 0-3 and
the symbol "R" in the manner described above.

4, The presence of woody remnants in the peat, using a scale of O-
3 and the symbol "W" are used
WO =nil, w] = Jow content, Nz = moderate content, N3 = high
content.

5. The depth from which fhe sample has been extracted and this
information is generally given at the beginning of the formula.

6. Other pertinent information is added to the end of the formula
using suitable symbols and abbreviations.

According to Radford Muskeg Classification System, surface vegetation,
topographic features and subsurface characteristics are described. The
description of the surface vegetation is based on qualities of vege-
tation such as stature, degree of woodiness, external texture and cer-
tain easily recognized growth habits. Nine pure vegetation classes are
recognized (Ref. Table 2.2). If one coverage class is not present to




Summary of properties designating nine pure coverage classes.

Growth
_habit

Tree form

Young or
dwarfed

tree or

bush

Tall,
grass-1like

Tall shrub
or very
dwarfed
tree

Low
shrub

Mats, clumps
or patches,
sometimes
touching

Singly or in
loose
association

Mostly
continuous
mats

Often con-
tinuous

Table 2-2.

: {Radforth classification).
Coverage  Woodiness Stature Texture
type vs non- (approx. (where
(clags) woodiness height) reg’'d)
A Woody 15 ft or -

over

B Woody 5 to 15 ft -

C Non-woody 2 to 5 ft -

D Woody 2 to &5 ft -

E VWoody up to 2 ft -

F Non-woody wup to 2 ft -

G Non-woody up to 2 ft -

H Non-woody up to 4 in  Leathery
to crisp

I Non-woody wup to 4 in  Soft or
velvety

mats, some-
times in
hummocks

(After Radforth, 1960)

Example

Spruce
Larch

Spruce
Larch
Willow
Birch
Grasses
Willow

Birch
ILabrador tea

Blueberry
Laurel

-
Sedges
Grasses

Orchid
Pitcher plant

Lichens

Mosses



Contour
type -

a

TABLE 2.3 TOPOGRAPHIC FEATURES
(Radforth classification)

Feature

Hummock

Mound

Ridge

Rock gravel plain
Gravel bar

Rock enclosure
Exposed boulder
Hidden boulder
Peat plateau

(even)

Peat plateau
(irregular)

Closed pond

Opened pond

Pond or lake
margin

Pond or lake
margin

Free polygon

Joined polygon

Description

Includes “tussock" and "nigger-head".
Has tufted top, usually vertical sides.
Occurs in patches, several to numerous.

Rounded top. Often elliptic or crescent-
shaped in plan view.

Similar to Mound but extended. Often
irregular and numerous. Vegetation
often coarser on one side.

Extensive exposed areas.

Eskers and old beaches (elevated).

Grouped boulders overgrown with organic
deposit. -

Visible boulder interrupting organic
deposit.

Single boulder overgrown with organic
deposit. '

Usually extensive and involving sudden
elevation.

Often wooded, localized and much con-
torted.

Filled with organic debris, often with
1iving coverage.

Water rises above organic debris.

(Abrupt).
(Sloped).
Forms a rimmed depression.

Formed by a system of banked clefts
in the organic deposit.



Table 2-4 Subsurface constitutieon.

Predominant
characteristic Category Jame
1. Amorphous-granular peat
2. Non-woody, fine~fibrous peat
3. Amorphous-granular peat containing
non-woody  fine fibers
5 4. Amorphous-granular peat containing
% woody fine fibers
©
% 5. Peat, predominantly amorphous-granular,
@ containing non-woody fine fibers, held in
é a woody, fine-fibrous framework
Q4
8 6. Peat, predominantly amorphous-granular,
E containing woody fine fibers, held in &
- woody, coarse-fibrous framework
Te Alternate layering of non-woody, fine-
fibrous peat and amorphous-granular.
peat contalnlng non-woody fine fibers
8. ’ Non~woody, fine-fibrous peat containing
a mound of coarse fibers
4]
3 9. Woody, fine-fibrous peat held in a woody,
% coarse-fibrous framework
Uy
@ 10. Woody particles held in non-woody, fine-
E. fibrous peat
11. . VWoody and non-woody particles held in
fine-fibrous peat
12. Woody, coarse-fibrous peat
13. Coarse fibers criss-crossing fine-fibrous
peat
5 14, Non-woody and woody fine-fibrous peat
8 held in a coarse~fibrous framework
fa]
e .
o 15. Woody mesh of fibers r»d particles
a enclosing amorphous-granular peat
§ containing fine fibers
O

16. Woody, coarse-fibrous peat contalnlng
scattered woody chunks

-9-



the extent of 25% of the terrain, it is not included in the composite
cover description. The most prominent class type is placed first and
others follow in order of prominence. Table 2.3 gives the descriptive
information for identifying topographic features of organic terrain.
Based on the extent to which wood and fibres are present in muskeg,
Radforth established 16 categories of peat (Ref. Table 2.4). Organic
material is approximately grouped into three basic types:

Material composed chiefly of soils of an amorphous-granular base
Material chiefly made up of fine fibres, and
Material predominantly of wood particles and course fibres.

By the use of plasticity chart (Ref. Fig. 2-1), the basic classification
of peat may be determined.

2.3 Engineering Characteristics of Peat
These can be subdivided into the following catagories:

(a) Physical or index properties (b) Mechanical properties

(c) Thermal properties

(d) Chemical properties.
2.3.1 Physical or Index Properties
The physical properties of peat which are of prime importance to engi-
neering application are: void ratio, water content, specific gravity,
organic content, fiber content and ash content. Various investigators

have published data on the physical properties of peat. Figs. 2.1
through 2.8 give a wide range of values for these properties.

=10~



The relationships between water content, void ratio and specific gravity
are shown in Fig. 2.2 to 2.4(a). Figs. 2.5 and 2.6 present the correlation
between water content, organic content, density and specific gravity of
peat. The unique reTatiohship between specific gravity and ignition Toss
which reflects the organic content, is shown in Fig. 2.7. Fig. 2.8
i1lustrates the relationship between fiber content, ash content and

density of peat.

2.3.2 Mechanical Properties

The mechanical properties of peat vary widely depending on the nature

and composition of peat, water content, degree of decomposition, degree
of consistency and so on. In most engineering design and construction,
the principal requirements. can be grouped into the following properties:

(a) Compressibility characteristics inciuding
' settlement and consolidation

(b) Shear Strength of peat

(c) Hydraulic conductivity or permeability

’

Compressibility

Compressibility of peat and organic soils may result from vetical defor-
mation, volume change and shear strain of lateral displacement. One of
the main differences in the compression of peat and organic soils as
compared to organic soils is the long term compression which appears to
be an almost continuous process. Because of the high compressibility

and low strength of peat, its use as foundation material has been limited
to the support of low embankments, principally in roadway construction.
However, recent years, with the use of preloading techniques, the support
of major highways has been possible on an organic foundation.

-11-



Properties that influence the compressibility of peat are the water
content, void ratio, peat type, mineral soil content and permeability.
Figs. 2.9 and 2.10 show the relationships between compression index (C
void ratio, water content and peat type (Von Post scale). Typical
consolidation test results are presented in Fig. 2.11 and 2.12. Fig. 2.13
illustrates a typical relationship between the coefficient of compressibility
and void ratio. ‘

)

c

Many investigators (3,4,5,6,7,) have reported the compressibility
characteristics and consolidation of peat. Based on both laboratory and
field observations, settlement and consolidation characteristics of peat
may be obtained. Generally the conventional theory of consolidation
cannot be applied to peat due to its high compressibility and change of
permeability with time which accounts for the significant differences in
consolidation behavior between organic and mineral soils.

Shear Strength

The stability of road embankment and bearing capacity of soils, inciuding
peat, depends on the shear strength characteristics. For the last two
decades, extensive data has been accumulated from both laboratory and
field tests which show that the conventional theory of soil mechanics
shear strength principles are alsoc applicable to peat soils, but some
differences do exist. )

Fig. 2.14 shows that the increase in shear strength of peat with depths.
Generally, the shear strength of peat varies inversely with water content
and directly with ash content. Al11 published information (8,9,10,11,12)
indicates that peat soils show significant rise in shear strength as

they consolidate. As shown in Figs. 2~15 and 2-16, the stress-strain
relationship of peat may be a]sb used to determine the shear strength of

peat soils.

-12-



The basic shear strength equation is:
S=C+octanp (in terms of total stress) (2.1)
or C'+0o' tanp' (in terms of effective stress) (2.2)

The angle of internal friction, both @ and @' terms are relatively high
as compared to those for inorganic soils. -

Permeability

The coefficient of permeability (K) of peat is generally reduced with
compressibility and increased load. Due to wide variations of K, it is
very difficult to assign particular range of values for different peaty
soils. Some investigations (13,14) found no relationship between void
ratio and coefficient of permeability (K) {(Ref. Fig. 2.17).

2.3.3. Chemical Properties

The chemical properties of peat are affected by gas content and acidity.
Usually peat has an acid reaction which is caused by the presence of
carbon dioxide and humic acid arising from its decay. -Peat generally

has acidity PH of 4-8. That acidity is decreased as the organic content
or fibre content increase (Ref. Fig. 2-18 and 2-19). The nitrogen
content (ash free basis) increases with increased degree of decomposition.
This chemical property is important because peats can be potentiaily cor-
rosive to concrete or steel structures.

2.3.4 Thermal Properties
An organic mantle on the ground surface forms a natural insulator for

permafrost from the thawing effects of the summer and reduces the frost
penetration in the winter. This insulating value has been recognized

-13-



for many years due to abnormally high water retention capacity of peat
and the varying conductivity of peat in the thawed and frozen states.

The thermal properties such as thermal conductivity, volumetric heat
capacity, latent heat and thermal diffusivity that have great influence
in heat transfer in a soil, are essential to determine the depth of
thawing or freezing. This is especially important in the permafrost
regions for the design of embankment on frozen muskeg.

The heat conductivity of peat will vary between wide 1imits depending
upon the-amount of moisture, compaction and whether or not the material
is frozen. Value of thermal conductivity of peat in the frozen and
unfrozen states may be obtained from Fig. 2-30.

The specific heat per unit volume of soil can be found by adding the
heat capacities of volume fractions of solid material, water (or ice)
and air. So the volumetric heat capacity, (C) is given by: (neglecting
specific heat of air which is very small)

C=vy X Cg+X,C, | (2.3)

Yq = dry density

XS = so0lid fraction

Xw = water fraction

C, = spechTc heat of solid constituents = 0'6 Ca]/cu‘cm.oc
Cw = gpecific heat of water =1 Ga1/cu.cm.°C '

MacFarlane (2) presented some values of volumetric heat capacity of peat
(Ref. Table 2.5). This Table gives also the calculated value of C for

frozen peat (using C; = 0745 Cal/, . o¢)..

-14-



TABLE 2.5 CALCULATED VALUE OF C

X, 0°5 0'6 0°7 0°8 0°9
;;.= 0°10 Unfrozen 0°56 0°66 0°76 0°86 0°96
Frozen 0°29 0°33 0-37 0°42 0°46
X, = 0°20 Unfrozen 0°62 0°72 0°82 0°92 1°02
Frozen 034 038 0°42 0°46 0°51
Xg 0730 Unfrozen 0°68 078 0°88 0°98  1°08
Frozen 0°39 0°44 0°48 0°52 0°56

The volumetric latent heat of fusion (L) is calculated by:

L

1.44 Y4 W or 79.7.yd.w But/cu ft or Cal/

(79.9)($§)(Eﬂq in Cal/

W

cu.cm.

or L
cu.cm.

(79.9) (X,) Cal/y . L (2.4)

if the water fraction (Xw) is known L can be calculated.

The thermal diffusivity (a) is given by the ratio of thermal conductivity
and volumetric heat capacity. The thermal diffusivity (Sq. cm. per sec.
or sq. ft. per hr.) of the frozen soil is 8-10 times that of the unfrozen

soil.
2.4 Engineering Investigations

Engineering investigations are required before the planning of roadways
and the design can be finalized after adequate procurement of data
related to terrain characteristics. The type of investigation involved
in terrain analysis generally consists of air-photo analysis of surface
and subsurface analysis of insitu peat property measurements and sampling
for laboratory testing. Table 2.6 tests the terrain features and corres-
ponding methods by which individual features can be detected, observed,
measured or otherwise treated.

-15-~



TABLE 2.6 TERRAIN ANALYSIS
(After Radforth (2))

TERRAIN FEATURES METHOD OF ANALYSIS
i) Vegetal Cover Direct observation, Cover classification
ii) Surface Profile Surveying
(Micro topography) |
iii) Peat Depth Subsoil investigation
iv) Mineral Sublayer Subsoil investigation
v) Peat Structure Visual classification, Yon Post system
vi) Peat Density Standard test (Nuclear density)
vii)  Shear Strength ' Shear Vane, Cone Penetrometer
viii) Peat Water Content Sampling, Nuclear Moisture Meter
ix) Peat Temperature Thermistor or probe
X) Drainage Pattern Air-photo inperpretation
xi)  Permeability Field or lab. measurement
xii) Water Acidity (PH) Sampling, PH meter
xiii) Permafrost Air-photo interpretation, gﬁound truth
xiv)  Freguency of Open Water Air-photo interpretation

2.4.1 Air-Photo Analysis

This method has been used extensively in recent years to detect the dis-
tribution of organic terrain on surface. Specifically, the recognition
of aerial photographs of permafrost occurance in muskeg is possible
(14,15,16).

Radforth (2} described various "airform patterns" which may be viewed
from low altitude (<5000 ft.) and high altitute (10,000-30,000) air
photographs. These airform patterns may be interpretated to identify
terrain features. Brown (14) presented the most distinctive permafrost
features in muskeg. It is to be recognized that experience is essential
before any reliable correlation can be made.

-16-



2.4.2 Laboratory and Field Investigations

Both testings can include measurements of water content, density, perme-
ability, shear strength and consclidation characteristics. Laboratory
testing is limited by the recovery of representative undisturbed samples.
A commonly used peat sampler is shown in Fig. 2.21. Other samplers such
as split spoon, shelby tube and air piston sampler may be used depending
on the type of peat encountered at the site.

The shear testing of peats presents many problems depending on the
nature of material, presence of woody erratics and high compressibility.
Many 1nvest1gator§ reported the laboratory results of peat soils and®
some of these important data are presented in Figs. 2.1 through 2.20.

In Situ Testé

The most common in situ measurement of peat is the shear strength by the
use of vane tester and cone penetration tests. Some typical results by
vane tests are shown in Fig. 2.22 and 2.23. The torqué readings and

vane blade dimensions are used to calculate shear strength of peat and

is given by the formula:

= 21 (2.5)
2n{r=}(2r + 3H)

where T is the shear strength, T the torque applied, r the radius of
shear vane and H the height of shear vane.

The main factors that influence vane shear test results are peat type,
water content and the test procedure. Based on various data, it appears
that the shear strength of amorphous-granular and non-woody fibrous
peats can be measured by vane tests with accuracy.
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The Waterways Eiperimenta] Station, U.S. Army Corps of Engineers, Vicks-
burg, has developed a cone penetrometer which can be used to determine

the "cone index" at varying depths and thereby, the shear strength and

the bearing capacity of peat can be determined. Typical cone penetrometer
test results are shown in Fig. 2.24. A good correlation generally

exists between the cone penetrometer (P} and shear strength (T) [T = To P].

vl

In situ peat density can be accomplished by using a nuclear (gamma)
density meter.
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3.0 DESIGN METHODS

3.1 General

Considerable progress has been made in recent years in the application
of engineering design procedures to the construction of roadways on
muskeg. Innovation has included the Qesign of staged construction, the
use of light-weight fill materials, surcharge loadings, bermed cross-
sections and sequence of material placement to reduce lateral displace-
ment in the peat. Safety and environmental impact requirements dictate
a high confidence level in the design of roadways on muskeg.

There are three basic methods which can be used for the design and
construction of roadways on muskeg:

1. To avoid muskeg
2. To eliminate muskeg
3. To design for and utilize muskeg.

Two general types of failure with roads built over organic terrain are:
loss of stability (plastic deformation or shear failure) and excessive
settiement or compression failure. In a stability failure, the weight
of the fill placed on the surface of the muskeg squeezes out the under-
lying peat. The embankment sinks downward, while the peat at the base
of the embankment is pushed up. -Excessive settlement on peat can be
considered as a failure due to compression. Normally, the greatest
amount of settlement takes place early in the 1ife of a structure (pri-
mary consolidation), while continuing settlement called secondary con-
solidation independent of the drainage process, continues siowly for

many years.
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3.2 Design Techniques

Depending on the type and composition of peat, thickness of peat, ground
water level, frozen state and so on, various design techniques are used

to determine the maximum thickness of road sections that can be constructed
on muskeg. In shallower deposits, the most common design and construction

method consisting of removal or excavation of compressible material and
replaced by suitable sands and gravel backfill, is used. In deeper
deposits partial excavation or no removal of peat may be used. Design
of roadways sections may be based on:

(i) Shear strength and bearing capacity of peat
(ii) Consolidation characteristics of peat
(ii1) Stability analysis.

3.2.1 Estimated Height of Fill

The maximum of height of fill that can be placed without producing
failure is given by:

Hppe = Eiz (3.1)
Y
where T = shear strength of peat measured by vane

unit weight of fill
constant, 5.5 or 6
/factor of safety (3.2)

]

X

K

Ha]]owab]e ) Hq]t

i

As discussed in section 2.3.2 and 2.4.2, the shear strength of peat may
be obtained in the laboratory and in situ testing. A typical triaxial
test result is presented in Fig. 3.1.
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The bearing capacity of peat is generally determined by using methods
similar to those applied in the standard soil mechanics and the ultimate
bearing capacity (q'd) is obtained based on shear strength.

With the use of elastic theory, the ultimate bearing capacity .is given
by

q'd = 20T (3.3)
and based on the theory of plasticity,
q'y = (m+2)7T (3.4)

Due to high compressibility of peat, the surface mat outside the loaded
area is exposed to tensile stress which may cause punching failure. ‘

Q'y = (2 +m) m 04 (3.5)
where oy = tensile strength of the surface peat
m = h/a, h is the thickness of peat

and a is the radius of contact area.

Based on equations®3.3 to 3.5, the allowable soil pressure (qa) may be
determined by the following relationship:

= Q'q - overburden pressure (3.6)
factor of safety

%

The factor of safety is generaliy egual to 2.
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3.2.2 Consolidation Characteristic

The compressibility of peat resulting in immediate settlement and con-
solidation is discussed in Section 2.3.2 under mechanical properties. A
typical time-settiement of peat is shown in Fig. 3.2. Fig. 3.3 presents
a typical relationship between the coefficient of consolidation (Cv) and
void ratio. Cv is an important factor to determine the long-term settle-
ment. Based on e-log P consclidation tests and the time-settlement
relationships, the anticipated primary and secondary settlement due to
any load on peat may be ascertained. Various investigations reported
the load-settlement relationship for fills over muskeg and these data
are presented in Fig. 3.4. If the percent of total settlement is found
to be excessive for the desiéned roadway fill sections, different con-
struction techniques such as preloading, stage construction, partial
‘removal of peat and so on may be used to eliminate the long-term settle-
ment. The method of estimating preload requirement using settlement
curves is discussed later in Section 4.

3.2.3 Stability Analysis

After the section of fill height and the corresponding consolidation
analysis, a final analysis of the designed roadway sections to be built
on peat, must be made. This analysis will consist of checking the
stability of the embankment as a whole unit.

Soil and rock materials fail in shear if the applied shearing stresses

on any surface exceed the shear strength of the materials along that
surface, Stability analysis involves comparing the shearing stresses

along potential failure surfaces with the available shearing resistance
along those surfaces. The factor of safety (F) is defined as that
factor by which the shear strength parameters must be divided {c'/F and
g/ F) to bring the potential sliding mass into a state of limiting equili-
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brium. The stress-strain characteristics of most soils are such that
relatively large plastic strains may occur as the applied shearing
stresses approach the shear strength of the materiai. In the design of
a slope or embankment, the factor of safety must be greater than unity
so that the strains will not exceed tolerable limits, and to allow for
differences between the pore water pressures and shear strength para-
meters assumed in design and those that may actually exist within the

slope.

Stability analysis is a procedure of successive trials. A potential
failure surface is chosen and the factor of safety against sliding along
that surface is determined. Different potential failure surfaces are
selected and the analysis is repeated until the potential failure surface
having the lowest factor of safety is found. The failure surface is
known as the critical failure surface. The factor of safety against
sliding along the critical failure surface is the indicated factor of
safety for the slope.

The critical failure surface may be located completely within an embank-
ment; it may lie totally outside of the embankment if it passes through
retained materials and/or the foundation soils, or it may be located at
any position between these two limits.

With the exception of a few special cases, all stability calculations to
determine factors of safety should be based on effective stress analysis.
The determination of the effective stresses requires a knowledge of the
position of the phreatic surface within the embankment. For a fully
compressed fi11 subjected to steady seepage, the effective stress can be
determined from flow net. When the fill and/or the foundation is com-
pressing under the weight of overlying material, the pore water pressures
must be estimated using consolidation theory. Where the location of the
phreatic surface is 1ikely to be critical to stability, piezometers
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should be installed within an embankment to determine the actual loca-
tion of the phreatic water surface. If the actual water pressures are
found to be significantly higher than those assumed in design, the
stability should be rechecked. Some modification to the design section
may be required to maintain the desired safety. In the design of an
embankment, the stability of the slope is usually of principal concern.

Fajlure Surfaces

The most commonly assumed failure surface used in stability analysis is
the cylindrical surface, the axis of which is oriented parallel to the
strike of the slope. On the two dimensional cross-section used for con-
venience in most stability analysis, the cylindrical surface is represented
by a circular arc. Observation of full-scale slope failures in the
field show that some failure surfaces are nearly circular. However,
many carefully documented examples are available which show that the
shape of the rupture surface is clearly non-ciruclar. When a siope
failure occurs, differential shearing takes place along that surface on
which the factor of safety is lowest. Although the calculations are
made simpler if the failure surface is assumed to circular, stability
analysis based soley on assumed circular failure surfacer may signifi-
cantly over-estimate the factor of safety.

The true surface of sliding will deviate from the commonly assumed
circular surface if the potential failure surface passes through zones
having different shear strength characteristics or different pore water
pressure conditions. Methods of stability analysis applicable to non-
circular failure surfaces are included in the descriptions given below.

3.2.3.1 Method of Analysis
(i) Methods of Slices

With the exception of a few special cases, the methods used to
calculate the factor of safety for any trial failure surface should
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account for changes in the shear strength parameters and varying
water pressure conditions along the potential failure surface.
Changes in the strength parameters and pore water pressure con-
ditions can be taken into account by the general procedure known as
the method of slices. In the method of slices, a trial failure
surface is chosen and the potential sliding mass is divided into a
number of vertical slices. Each slice is acted upon by its own
weight, by shearing and normal forces on its vertical boundaries
and by shearing and normal forces along its base. *

(ii) Method of Infinite Slices

In the method of infinite slices, a circular trial failure surface
is selected, and the stability of the potential sliding mass is
considered as a whole, rather than the stability of each individual
slice. Since the forces acting on the vertical boundaries of the
slices produce zero net moment about the centre of rotation of the
potentially unstable mass, the side forces are neglected. The
shearing stresses and the normal stresses on the base of each slice
are assumed to depend only on the weight of the slice and on the
pore water pressures at its base. If the potential failure mass is
divided into slices of unit width, the forces on the base of each
slice will be numerically equal to the stresses on the base of the
slice. This procedure is illustrated on Figure 3.5.

Factors of safety determined using the method of infinite slices
will be in error on the conservative side, since the method com-
pletely neglects the side forces on the individual slices.

(iii) Simplified Bishop Method

Stability analysis using the "Simplified Bishop Method" is a

variation of the-method of slices and is limited to the analysis of
circular arc failure surfaces. The potential circular failure
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surface is selected; the potential failure mass is divided into a
number of vertical slices, and the stability of each slice is
considered in turn using the assumption that the factor of safety

for each slice is equal to the factor of safety for each of the

other slices. Each slice is acted upon by its weight, and by shearing
forces and normal forces on its vertical boundaries.

The shearing and normal forces acting on the vertical boundaries
depend on the stress-deformation characteristics of the materials
comprising the slide mass and cannot be evaluated rigorously.
However, the summation of the forces acting on the vertical boun-
daries of the slices is zero and these forces may be neglected
without serious reduction in accuracy. Neglecting the forces acting
on the sides of the slices, the factor of safety is expressed by
the equation:

F=2¢c'b sec o + N' tan g’

) wo sin o
where wo = the weight of material within the slice,
¢' = the effective cohesion for the soil,
b = the width of the slice,
o = the angle of inclination at the center of
the base of the slice,
N' = effective normal force on the base of the slice,
g¢' = the effective angle of internal friction,
F = the factor of safety.

For the Simplified Bish Method, N' is determined by the sum of the
forces in the vertical direction according to the equation:

C ]
_Wo -bseca (ucosa+F sin @)
tan ¢' sin a
cos & + F

NI
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where u = the pore pressure. Therefore,

T (c'b + (N0 -ub) tan @) sec o
‘ tan ¢' tan o
1+ F

5 Wy sina

Since F appears on both sides, the equation must be solved by
successive approximations. The procedure for calcualting the
stability for a single trial failure surface is indicated on Figure
3.6.

Using a more regorous form of Bishop's analysis, the shearing
forces and the normal forces acting on the vertical boundaries
between adjacent slices may be taken into account. However, if the
surface of sliding is circular, the improvement in accuracy is not
Tikely to exceed 10 to 15 percent.

(iv) Morgenstern-Price Method

Where the potential failure surface deviates significantly from the
circular configuration, methods of analysis that neglect the effect
of the shearing and normal forces on the lateral boundaries of the
slices may lead to significant error. Morgenstern and Price (1965)
have presented a method for calculating the factor of safety for
~non-circular surfaces of sliding. This method takes into account

the shearing forces and normal forces acting on the lateral boundaries
of the slices and satisfies the conditions for horizontal, vertical
.and moment equilibrium for each slice. Owing to the number of
iterative steps required to obtain sclutions using the Morgenstern-
Price analysis, calculations using electronic computers are virtually
mandatory. "Each solution indicates the factor of safety for a single
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trial failure surface. Additional trial failure surfaces must be
selected and the factor of safety computed for each until the
critical failure surface has been located.

It is emphasized that, regardless of the sophistication of the
method of analysis and the capacity of the computing facilities
available for stability analysis, the reliability of the calculated
factors of safety is governed primarily by the degree to which
input parameters are representative of the actual conditions within
the embankment and its foundation.

(v) Wedge Analysis

If computing facilities and appropriate programs are not available
to the designer, a reasonably accurate assessment of the factor of
safety can be made for non-circular surfaces of sliding by manual

. computation. Where the potential surface of sliding does not differ
greatly from a circular arc, the method of analysis illustrated on
Figure 3.6 may be used. Where the configuration of the trial
failure surface conforms approximately to two or more intersecting
tangents, the factor of safety may be determined by using the wedge
analysis illustrated on Fig. 3.7,

(vi} Horizontal Translation

Where a soft foundation stratum is located beneath the embankment,
“the factor of safety against horizontal translation should be
checked. In checking the stability against horizontal translation,
a trial failure surface is chosen that passes through the soft
foundation layer, and the components of all of the forces acting on
the potential failure mass are determined. The degree of safety is
presented by the.sum of the horizontal components of all forces
tending to produce horizontal translation. An example showing the
method of analysis is shown on Fig. 3.8.
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3.2.3.2 Effects of Earthquake

Where an embankment or a slope is subjected to a seismic disturbance,
accelerations that accompany the ground motions produce stress fluctu-
ations so that the dynamic shearing stresses are alternately higher and
lower than the static shearing stresses.

_Risk from earthquake acceleration can be reduced by either increasing
the width or the crest or decreasing the slope angle. In the latter
case, a reasonable basis for design is to ensure that the factor of
safety indicated by an equivalent static analysis is greater than unity
when the 100-year acceleration forces are included.

Strains which may occur during intervals of higher-than-static stress
may result in distortion of the embankment as shown in Fig. 3.9. Pro-
cedures for estimating the magnitude of these strains have been proposed
by Newmark, (1965) and by Goodman and Seed, (1965). However, these
analysis are very complex. Provision to limit excessive distortion of
embankments by earthquake shocks can be made by including additional
| horizontal acceleration forces in an equivalent static stability analysis.
The value of the acceleration forces used in an analysis should be
selected on the basis of the probability of earthquakes of various
magnitudes occurring in the region of the embankment. Such information
can be obtained from various government agencies.
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(d)

(E)- The total effective normal force on the trial failure
surface,

= The availabie shear resistance due to frictiomn.
= The availabie shear resistance due to cohesion.
= The total shearing force on the trial failure surface.

FS = (2) + (3)

Figure 3.5(a) (4)
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PROCEDURL

1. Select trial failure surface.

2. Draw a number of approximately equally spaced vertical lines
extending from trial failure surface to ground surface.

3. At each vertical line, determine the vertical stress at the
fallure surface due to the weight of the column of soil and
water above surface.

4, Resolve the vertical stress into components normal and tangent-

ial to the trial failure surface.

5. Plot the tangential stress compcnents as ordinates, and join
plotted points to obtain the shear stress distribution curve,
The area under the curve equals the total of the shearing
forces along the trial failure surface.

6, Plot the normal stress components as ordinates, and join
plotted points to form the total normal stress distribution
curve, '

7. Draw flow net to estimate neutral stress U, (water pressure)
along trial failure surface. Determine values of Y. A
graphical method of determining u -is cosi
indicated by Fig. (c). cosi

8. Plot values of U below the total normal stress curve., The

osi , . . .
area of the hacfiiiad portion of the normal stresses distribution
curve equals the total effective normal force on the trial
failure surface.

9. The factor of safety can be determined graphically as indicated
on (d).

Figure 3.5(b)

STABILITY ANALYSIS

BY METHOD . OF
INFINITE SLICES
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PROCEDURE

1.

Select a trial circular arc failure surface,

ii. Divide the mass above the trial failure surface into

approximately 10 vertical slices.

144, Determine the weight (W) of esch slice.

iv, Determine a, the angle of inclination of the trial

failupe surface at the base of each slice,.

Compute W, Sin a, the overturning element (1 on the table),

vi, : From the width of the slice b, and the average cohesion

c' along the base of the slice, compute the cohesive
element (2 on the table).

vii, Calculate the pore pressure and the neutral force at the

base of each slice. The pore pressure = the weight of
water times the average piezometric head above the base
of the slice (p_ = h vy ), and the neutral force = the
pore pressure times Eh& width of the slice (bus).

vidii, Compute the frictional element (W - bu_) tan ¢' where ¢!

1s the effective angle of internal friction along the
base of the slice,.

ix, Assume a factor of safety F, and determine m for each

slice using the graph.  Calculate a new factdr of safery
(5) = (2) + (3). The first approximation of the factor

m
a

of safety then equals I(5). .

——

(1)

-

Using the factor of safety determined by step (ix} above,
.repeat step (ix) to obtain the second approximation of
the factor of safety.

Repeat (x) untll a factor of safety F is obtained which
i{s equal to the value of F used to determine mo.

F.S. = 1 2({c'b + (wo- bus) Tan ¢'} 1_‘]- £(5)
Z(WOSina LR (1)

Figure 3.6(b)
STABILITY ANALYSIS

BY SIMPLIFIED
BISHOP METHOD
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Welight of a wedge
Resuitant water pressure along the base of the wedge

Effective normal force on base of wedge
Shear force along base of wedge
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Resultant hydrostatic force at interface

Effective force at the interface
lnclination of Pyato the horizontal
Zffective friction angle on base of wedge
Effective cohesion on base of wedge

3.7{a}
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PROCEDURE

1,

Choose a trial failure surface consisting of two or more
intersecting tangents.

Separate the sliding mass into segments bounded by
vertical lines which pass through the points of inter-
section of the base tangents.

Assume that the effective stresses across the vertical
boundaries between adjacent wedges are inclined at an
assumed angle 6 to the horizontal. Note that the
neutral (water pressure) forces across the boundaries
between adjacent wedges act horizontally.

Choose a trial factor of safety (F).

Construct the force polygon for the first wedge. This
gives a value for the force P;; which satisfies equili-
brium conditions for the first wedge.

Using the value of Pz as determined in step 5 above,
construct the force polygon for the second wedge. [If°
this force polygon does not close, proceed with step 7.

Choose different values of F and repeat steps 5 and 6
above until a value of F is found such that the_tbtai

force polygon does close.

1f 6 is assumed to be zero, the shearing stresses on the
vertical boundaries between adjacent wedges will also ve
zero, and the factor of safety will be underestimatud.
The maximum possible value of § is equal to the angle of
ijnternal. friction for the material through which the
vertical boundary passes. Assumptions that §=¢ leads to

an overestimation of the factor of safety. The assumprion

that 6=1¢ usually leads to reasonable results.
3

Figure 3,7(b)

STABILITY ANALYSIS
FOR WEDGE FAILURE
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4.0 CONSTRUCTION TECHNIQUES
4.1 General

Many factors that influence the methods -of construction of roadways

over organic terrain are the characteristics of peat and the underlying
soil, peat thickness, availability of construction materials, equipment
required, available time, location of structures and drainage requirements.
The method of construction to be used should provide the desired standard
of road at the lowest cost possible. Fundamentally there can be only
three basic approaches to construction in muskeg. Thet are:

1. Relocation or avoid muskeg
2. Elimination or removal of muskeg
3. Construction in muskeg.

In primary road construction, it is often difficult to avoid or to

utilize muskeg as a subgrade which dictates the removal of muskeg with
abnormal costs. An obvious approach to the problem of road construction
over muskeg is to excavate unstable material and backfill with appropriate
inorganic soils. It is usually only economically feasibie for shallow
depths and opinion differs on the maximum feasible depth (approxiamtely
3.5m in U.S.A. and Canada). So, many structures have been built lately
over muskeg with appropriate design considerations.

Basic design considerations in muskeg are:

1. Stability duration construction and long term condition .
2. Deformation includes immediate settlement or consolidation with time
3. Selection of suitable construction techniques, availability
of construction materials and associated problems
4, Economical optimization. '

Based on the engineering properties of subsoil conditions and configura-
tions, stability analysis must be carried out to determine the factor of
safety. The geometry of the structure must be changed or aiternate
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suitable construction technique has to be applied if an adequate factor
of safety is not feasible. (Stability analysis are discussed in the
previous Section 3.0)

One of the major problems in building over peat is to predict the magni-
tude and rate of seét]ement. Field settlement is largely due to consolidation.
This deduction is confirmed by field observation providing the shear
strength is not approached or exceeded. At a number of locations, toe
stakes and tilt meters have beed used to measure horizontal displacement.
During construction, horizontal movements are usually considerable, i.e.
in the order of 1 to 3 feet, but these movements account for less than

10% of the settlement. Except in cases of serious instability when
corrective measures are required, the horizontal movements decrease
rapidly as consolidation takes place and seem to be of no concern after
surcharge is removed. Soft clay under the peat does, of course, introduce
complications. The construction technique to be applied over muskeg 1is

to be related to cost analysis.

Table 4.1 presents various techniques which can be used successfully to
build roadways on muskeg. These construction methods generally improve
the site conditions and thereby minimize the unacceptable limits as
discussed in previous sections. A typical pavement thickness performance
is shown in Fig. 4.1. Typical roadway sections are shown in Fig. 4.2.

4.2 Peat Excavation and Backfill

The complete removal of peat and its replacement by good fill to provide
a solid foundation is usually used for roads crossing shallow deposits.
Current practices in North American appear tc favor mechanical excavation
although deep peat deposits are still troublesome. In those cases
gravity displacement methods, with or without partial excavation, are
often utilized. Explosives are used less now than they were prior to the
last forty years due to the unpredictable results. The use of hydraulic
stabilization or jetting is confined to lTimited states, although the
method has considerable potential where large amounts of granular fill
and water are available. Figs. 4.3 through 4.6 illustrate typical

excavation and fill procedures.
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TABLE 4.1 CONSTRUCTION METHODS IN MUSKEG
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Relocation or Excavation of muskeg Construction in muskeg
avoid muskeg and backfill replace- unavoidable
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Construction
pile supports

Partial excavation Displacement Direct

of muskeg & replace- methods construction

ment
N _ J l l
Gravity Disp. Blasting Flotation Corduroy
.Surcharge .Underfill preloading & other
.HWater Jetting .Toe Blast- material

ing :

!

Lateral Stabilization
support -
N\ 3
Natural Sand Chemical

drainage drains



TABLE 4.2 USE OF EXPLOSIVES

Toe Blasting Trenching Underfill Blasting
. Peat Depth
Limitations 10-20 Ft. 0-10' 7-20 ft.
. Explosive 3
Charges 1.5 1b/ft 3 to 4 1b/yd 3 to 5 1b/ft. depth
depth of iongitudinal of unstable material
peat, rows in a single row of
spacing holes spaced at 10
6 to 8 ft. to 15 ft. apart.
apart.
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Mechanical excavation consists of mechanical digging and disposal of the
peat. The operations of initial excavation, backfilling and removal of
replaced materials are normally performed simultaneously. Where excavation
results in a relatively stable trench, backfilling can be performed as a
separate operation. In North America, the maximum economic depth of
mechanical excavation is considered to be 6 to 12 ft. Some other countries,
12 to 18 ft. has been recommended.

Peat excavation in permafrost areas is not usually employed, particularly
for road construction. The natural insulating properties of peat and

the high ice content bonds peat into a tough mass in frozen conditions
which is suitable for the road construction without disturbance.

4.2.1 Gravity Displacement

Gravity displacement consists of building an embankment over peat so
?that the peat is continually displaced laterally by the weight of the
£i11. Due to surface effect, the gravity displacement method may need
trenching or partial excavation and even blasting of the surface mat.

The technique of gravity displacement appears to be most useful at sites
where the peat has been relatively low bearing and shear strength ahd
where an adequate granular fill material is availble. It is a compara-
tively slow method and careful control must be employed to remove peat
under the embankment.

The most common methods of placing fill to produce gravity displacement
of the underlying peat are: end tipping, asymmetrical tipping and
symmetrical tipping. End‘tjpping is commonly used in North America, the
other methods are employed mainly in Europe.

In the end tipping method, the embankment is slowly advanced along the

centerline of the road by depositing fil11 at the head of the embankment.
The displaced peat in front of the embankment is excavated and deposited
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along the sides of the advancing fill or hauled away as waste. Peat
displacement is aided by a surcharge and by maintaining the fill head in
a v-point. This also assists 1n4disp1ac1ng a maximum volume of peat to
the sides so that an unmanageable peat wave is not built up ahead of the
fi11. The resulting lateral peat waves usually require only a minimum
of leveling or trimming.

4.2.2. Use of Explosives

Explosives have been used principally in North America. The inability

to insure that no troublesome pockets of peat are left below the em-
bankment, has limited the use of this method, especially for primary road
construction where very little or no future settlement can be tolerated.
However, blasting techniques still have potential uses, particularly in
secondary construction to augment the gravity displacement technique.

The most common methods of blasting are toe shooting, trenching and
underfill blasting. Figs. 4.4 to 4.7 illustrate these methods. The
amount of explosives used for these different methods is described in .-
Table 4.2 and this varies with the type of peat and the effect desired.

4.3 Direct Construction on Peat

This is restricted by stability and settlement consideration. With
stability assured, the placing of roadways directly on peat is a matter
of design and the structure can later accommodate large and possible
differential settlements. Different methods which may be used for the
direct construction on peat are flotation, preconsolidation, lateral
support and stabilization.

With flotation methods, the limited bearing capacity of peat is utilized

and continued settlements are accepted. Some accommodation to settle-
ments can be provided.by using flexible pavements and corduroy construction
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methods which spread the load over a larger area for additional support
which decreases settlements. The supporting capacity and stability may
also be obtained by using lateral supports, such as berms.

4.3.1 Flotation

The fill is floated on the muskeg. The 1iving organic mat in muskeg
areas has some strength to support loads and care must be taken to

ensure that the mat is not broken by the i1l material. This method is
generally the cheapest in initial cost and may be suitable over very
deep muskeg deposits where removal is neither technically or economically
feasible. However, severe differential settlements with continued high
maintenance costs can often occur. For these reasons the flotation
method is Timited to 1ight traffic areas or where lower standards of
performance are required.

4.3.2 Corduroy

This is the oldest method of Eonstruction on peat. The peat and the
fi11 is placed over brush, straw or logs to form a mattress or raft. The
principal use of corduroy construction is:

(1) As a raft to provide a bouyant effect to support the structure

(2) To distribute a load as evenly as possible over peat

(3) To prevent fill material from breaking and penetrating through
the surface of the peat.

The third method is also Timited to-minor roads over peat where the

traffic is light and the requirement for good pavement profiles are
lower. Fig. 4.8 illustrates the corduroy method of construction.
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4.3.3. Preconsolidation

The preloading or preconsolidation method is used to eliminate or partially
_eTiminate the long term compression. A preload of sufficient magnitude
and duration is applied to cause the compression of the peat which would
normally occur under the proposed design load over the expected 1ife of
structure. A typical preload construction technique is shown in Fig. 4.9.
The method of estimating the magnitude and duration of the preload is
shown in Figs 4.10 and 4.11. The surcharge selected must be checked for
stability against shear failure and the effectiveness will depend on the
ratio of .surcharge to final load. This ratio in turn will depend on the
final design height, the thickness of peat and its characteristics, and
nature of the underlying soil. A ratio of 1.5 to 2 may be used and for
deep peat the feasibility of preloading is quite uncertain.

Brawner (17) reported that the major problems of low shear strengths,
high differential settlements, excessive quasi-deflection, and poor
drainage chracteristics can be overcome by preconsolidation. Shear
strength can be increased by a slow rate of fill placement and shear
failures may be prevented by the installation of field instruments that
will indicate impending instability. Fig. 4.12 shows a typical test
section.

4.3.4 Stabilization

This method consists of natural drainage; use of sand drains and chemical
grouting. The sand drain method of stabilization was developed specifically
to accelerate settlement and consolidation of soft and compressible

soils and has been used extensively for silty soils. The time reqguired

for consolidation of a soil varies directly as the square of the iength

of the escape path of the soil moisture. The purpose of vertical sand
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drains is to reduce the distance the water has traveled by permitting it
to travel vertically as well as horizontally, thus shortening the period

of consolidation.

As shown in Fig. 4.13, vertical holes are made by drilling, jetting or
driving a mandrill and back filled with clean sand. To allow a horizontal
flow of water as well as vertical flow a sand blanket or sawdust cover

is spread over the surface of phe peat before the embankment fi11 is
placed. The sequence of construction is described in the figure.

Another case history for sand drains is prescribed in Fig. 4.14.

4.4 Special Construction

Pile foundations transmit loads directly to a firm stratum underlying

the muskeg and thereby settlement is eliminated. The method is particularly
suitable for use in built-up areas where the proximity of buildings and
public services, such as water, gas, electricity, etc., make the use of

any other method impractical. The use of pile foundations is very

expensive and has been 1imited to roads in built-up areas.

4.5 Construction in Permafrost Regions

In Alaska and the northern part of Canada, the lower road requirements,
climate and the existence of permafrost have resulted in variations of
the flotation construction technique. The gravity.displacement method
of construction obviously has limited application in permafrost regions
and much of its success will depend on local conditions.

In permafrost areas the increased strength of peat when frozen may be
maintained or induced by an insulating fill. In areas of continuous
permafrost the underlying peat can be frozen during the winter and then
protected against thawing by an insulating fi11. The maintenance of

a frozen condition in an area of discontinuous permafrost requires
careful study of the "thermal balance" and success can be ensured only
by careful and properly scheduled construction. .
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Winter roads are used only seasonally and rely on the increased bearing
strength caused by freezing of the subgrade, muskeg and/or above ground
layer of compacted snow or ice. Although maintenance after construction
depends on the continuance of cold weather, construction and surfacing
with snow are inexpensive and simple.

Other design and construction techniques used for roadways on perma-
frost, [Phukan (18)], may also be applied in frozen muskeg encountered in
the permafrost areas. Factors such as type and characteristics of peat,
thickness, temperature profile, ice content and so on, will dictate the
suitable methods of construction on muskeg. Thermal degradation or
disruption must be eliminated for the successful construction method.

4.6 Other Construction Techniqgues

The problem of construction on muskeg has also been solved by various
construction techniques such as the use of fabric, Tightweight materials,
horizontal reinforcement nets and insulation. These techniques are
discussed under the following headings.

4.6.1 Fabrics in Road Construction

Various investigators () have reported the role of fabrics in rein-
forcing weak soil subgrades for road construction when fabrics are
placed between the natural soil and the fill material. Two vital func-
tions are served:

1. *The fabric acts as a separator between the natural soil sub-

grade and the fill material, preventing an intermixing of the two
materials. This prevents contamination of the aggregates by the
underlying soil, thereby maintaining its required strength character-

istics,
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Winter roads are used only seasonally and rely on the increased bearing
strength caused by freezing of the subgrade, muskeg and/or above ground
layer of compacted snow or ice. Although maintenance after construction
depends on the continuance of cold weather, construction and surfacing
with snow are inexpensive and simple.

Other design and construction techniques used for roadways on perma-
frost, [Phukan {18)], may also be applied in frozen muskeg encountered in
the permafrost areas. Factors such as type and characteristics of peat,
thickness, temperature profile, ice content and so on, will dictate the
suitable methods of construction on muskeg. Thermal degradation or
disruption must be eliminated for the successful construction method.

4.6 Other Construction Techniques

The prob]em of construction on muskeg has also been solved by various
construction techniques such as the use of fabric, lightweight materials,
horizontal reinforcement nets and insulation. These techniques are
‘discussed under the following headings. '

4.6.1 Fabrics in Road Construction

Various investigators (35,36,37,38,39) have reported the role of fabrics
in reinforcing weak soil subgrades for road construction when fabrics
are placed between the natural soil and the fill material. Two vital
functions are served:

1. The fabric acts as a separator between the natural soil sub-
grade and the fill material, preventing an intermixing of the two
materials. This prevents contamination of the aggregates by the
underlying soil, thereby maintaining its required strength
characteristics.
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2. When soil subgrades are poor, that is, consist of soft, com-
pressible soils, the fabric plays a major role of reinforcement
duPont (39) has determined that fabric placed on a soil will,
acting alone, add as much as 4 CBR percent to the soil. A test
section of road in the Tongrass National Forest near Petersburg,
Alaska (Ref. 37) consisted of about 10 feet of muskeg at the
surface and was to be used to support logging traffic. The average
vane shear strength of the peat was 250 p.s.f. and the saturated
soil has a water content of approximately 960%. The test section
was subdivided in stations along its length into zones of a double
layer of fabric, a single layer of fabric and no fabric. The
fabric wsed has Fibertex. The test was planned to illustrate the
differences in the thickness of rockfill required to reach a stable
and permanent road surface. Settlement and thickness measurements
indicated that where no fabric had been used, depths of fill from 5
to 7.5 feet are required. With fabric (either single or double
thicKness) the required depth of fill was 3.5 and 5.5 ft. Thus, .
the savings of rock fill amounts to 28%. Clearly, the presence of
fabric prevented local bearing capacity failures from occuring and
proved the value of fabric utilization.

At present various types of fabrics are available in the market
(Ref. 35) and depending on their uses, fabrics may be selected to
.do the required job. :

4.6.2 Lightweight Fills
The problems of construction on muskeg has also been solved by the use
of lightweight fill materials, a method mainly applicable to embankments

(40,41). A lightweight fil1l either praticially replaces excavated
heavier soft material or rests on the undisturbed soft material.
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If the weight of excavated material compensates for a large portion of
weight of the structure, the net stress increase will be small. If such
compensation is not possible, partial excayation of soft soils has
Timited usefulriess. The costs of lightwight fill and excavation are the
controlling factors in determining the feasibility of partial excavation.
Where a vegetation mat exists, excavation may be detrimental because the
vegetation, if undisturbed, can provide support for both construction
equipment and the lightweight fill. In addition, any excavated material
has to be disposed of in an enviroamentally acceptable manner, which may
be both difficult and costly.

The controlling criterion for this type of embankment construction is

the availability of lightweight fill materials in sufficient quantity at
an economical price. Some lightweight materials now in use are sawdust

(66 Tb/ft3 = 1060 kg/m®); expanded shale or clay (55 1b/ft> = 880 kg/m),
oyster shell (70 Tb/ft3 = 1120 kg/n°), and fly ash (75 1b/ft3 = 1200
kg/m3). The use of logs reclaimed from site clearing operations as well

as installation of 1ightweight culverts to reduce the weight of embankments
has also been successful in many instances. ‘

Lightweight fills are particularly suitable on soft organic soils or
soft clays. The use of organic soils for foundation or fill material
may be acceptable when strengths and settlemtns are within acceptable
Timits.

4.6.3. Horizontal Reinforcement Nets
As shown in Fig. 4.15, fabric may be used as reinforcement to increase
the stability of an embankment. Specifically, the potential differential

settlements and cracks near the side slopes may be reduced by placement
of fabrics across the tensile stress zones.
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4.6.4 Insulated Gravel Pad

This method is useful to maintain the existing frozen conditions of
muskeg in discontinuous permafrost regions. Design approaches discussed
by the author (18) may be used to calcualte the gravel and insulation
thickness required to prevent the thermal degradation of frozen muskeg.
If the ground temperature is close to freezing, the settlement due to
creep must be considered and the height of embankment may be 1imited

in such cases.
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5.0 CONSTRUCTION COSTS
5.1 General

The cost of roadway section consists of design and engineering cost,
survey right-of-way costs, expioration of sites, testing of materials
and quality control of construction. Road construction costs are dis-
cussed in this section. Cost per mile is generally used for highway
projects. The lack of information and the difficulties of correlating
individual available reports make cost estimates extremely difficult.

5.2 Cost Estimate

Table 5.7 presents the construction elements of a typical roadway section.
These items shown may be broken down further and individual costs may be
calculated in terms of labor, material and equipment. Three types of
cost estimates which are commonly used in highway project are preliminary,
final "engineers estimate" and contractor's bid type.' Several factors
such as degree of accuracCy required at each stage of construction,

Towest cost estimate, amount of load involved in the prbject and avail-
ability of time, should be considered before a particular cost estimate
process is selected.

A typical quantity take-off and item cost workup form is shown in Table
5-2. The item cost may be prepared by the use of form shown in Table 5-3.

The Alaska construction cost index is presented in Table 5-4 and the
composite price index for the last seven years is shown in Fig. 5-1. For
roads over muskeg, the structural requirements of the roadway, depth and
strength of the peat and underlying soil, consolidation characteristics

of the peat and underlying soil, presence of adjacent structures, drainage
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requirements, availability of stable granular fill or replacement material,
construction timing and control, construction equipment required and so

on, influence the construction cost. Maintenance costs involving releveling
a nonuniform subgrade, snow removal, drainage and ditch maintenance,

slope stability etc. should also be considered for the economic evaluations.

In terms of construction costs, the "flotation" technique described in
the previous section is the most inexpensive and the preconsolidation
method may be the most expensive. However, in terms of performance, the
preconsolidation method gives the best result where "floating the road"
may cause serious differential settlements.
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TABLE 5-1 ROADWAY CONSTRUCTION ELEMENTS

Site Preparation

Clear

Grading

Excavation

Borrow
Material

Drainage

Trench
Excavation

Underdrain

Culvert

‘F111 or

Overlay

Borrow
Material

Spreading

Compaction

Subbase

Borrow
Material

Spreading

Compaction

Base Asphalt Misc
Course Pavement Items

Aggregate Aggregate ‘Borrow

Prepara- Prepara- Material

tion tion

Spreading  Aggregate Place-
Mix & Spread. ment

.Compaction Compaction
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TABLE 5-2 QUANTITY TAKE-OFF AND ITEM COST WORKUP

General Estimate
Combination Quantity Take-offs and Item Cost Workup Sheet

Project Take-off By Estimate No.
Location | Extensions By Shéet No.
Akchitect-Engineer Price By Date
Class%fication Checked By Date Due

Description No. Dimensions Item Quantity Unit Unit Price Material Cost Unit Price Labor Cost

Total




TABLE 5-3 ITEM COST WORKUP

General Estimate
Item Cost Workup

Item

Job No. & Name

Field Change No. Plan Dev. No.

Sheet Date

Est. No. By

Extra Work Directive No.

Description Quantity Unit Unit Labor Materials Remark
Labor Material ‘
Unit of Equipment Hrs. Rate Amount Summary
Labor
Materials
Equipment
Total
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- s

YEAR

1967
1968
1969
1970

1971
1972
1973
1974
1875

1976
1977°
1977
1978~
1978
1979*

1979
1580°
1980
1981+

UnNCL. EXC. BORROW AGG. BASE
SEL_-MAT,

Bid index Bid Index Bid Index

Prica Price Price

1.01 100 0.62 100 4.55 100
1.00 a9 1.15 185 373 82
095 2 0.63 102 351 7
208 206 0.99 . 160 332 73
132 131 1.40 226 3380 83
1.15 114 0.90 145 354 78
1.61 159 132 213 458 103
2.94 291 1.80 290 6.51 143
253 250 218 352 6.94 153
239 237 235 460 6.16 135
191 191 3.03 439 6.88 151
207 205 3.05 492 735 162
225 223 2.49 402 7.85 173
2.39 237 295 476 7.90 174
3.74 370 256 413 7.7 17
aan 308 3.80 613 ; 809 178
258 255 382 616 9.14 201
2.50 248, 292 an '9.26 204

4.69 464 4.39 708 11.66

256

ASPHALT
PAVEMENT
Bid Index
Prica
13.65 100
18.93 139
16.74 123
1539 113
-10.78 79
12.70 83
15.50 114
19.03 139
2426 - 178
20.24 148
24.%4 177
20.67 151
27413 201
21.02 154
20.74 152
‘ 19.26 141
17 .66 129
19.69 144
25.94 190

ROADWAY
INDEX

100
134

148

133
ki
162
263
278

279
288
267
270
310
360

334

392
291

Nz

STRUCT.
STEEL
Bid index
Price
0.53 100
0.48 91
0.54 102
047 89
058 109
064 121
0.53 100
11 209
1.10 208
on 172
0.86 162
1.06 200
-e
2.07 357
1335 255
143 270
.s
. 258 487
1.61 360

REINFORCING
+ STEEL
Bld Index
Price
0.29 100
030 103
0.27 a3
0.28 87
041 111
0.30 103
0.26 20
_0.88 303
0.63 217
0.50 172
0.73 252
0.73 52
-
. 062 179
o277 955
0.94 324
0.89 307
0.80 276
1.03 355

FT.2 BRIDGE
DECK
Bid Index
Price
20.70 100
2267 56
3644 20
47.82 1z
30.52 75
41.25 101
44 98 111
4463 110
56.14 138
69.62 m
76.96 189
8163 201
97.13 239
6568 161
108.36 266
8857 218
86.53 213
8537 210
96.04. 236

BRIDGE COMPOSITE

INDEX

100
63

109

82
104
104
174
156

e
189
201
239
158
259

233
216
274

268

INDEX

100
131

8
133

134
116
132
231
24%

266
255
270
295
337

319
i
289

397

Bid Price is weighted average price for period indicated.
. First Halt .

**. NoWork Bid



6.0 RECOMMENDATION

6.1 General

It has been shown that various design and construction concepts are
available for roadways in muskeg areas. The following is a brief assessment
of the topics on which the current state of the art seems to be most
lacking, and on which further research has the most promise of improving

the cost effectiveness of roadway design in muskeg areas.

6.2 Research on Shear Strength and Consolidation Characteristics of
Peat '

The shear strength of peat warrants a considerable amount of additional
study. The further development of in situ tests and the documentation
of actual shear failures are considered to be a first approach to this
end.

At present there is no sufficient information for definite conclusions

on many aspects of consolidation. Many questions on primary and secondary
consolidation, rate of settlement, and plastic flow are still not fully
answered.

6.3 Research on Engineering Classification of Muskeg

A research program should be undertaken with the aim of classifying peat
by its engineering properties rather than by qualitative and visual
methods.

6.4 Research on Different Construction Techniques

The importance of drainage related to various construction techniques on

muskeg is universally acknowledged. The preconsolidation method combined
with effective drainage systems appears to be the most promising to
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reduce the anticipated settlement of roadway embankment on muskeg. Such
technique needs studies for different muskeg conditions and climatic

regions.

The effectiveness of fabric membrane and soil reinforcement in different
positions of roadway sections needs to be assessed. Specifically, the
potential use of reinforced embankments to prevent side slope movements

and cracking should be evaluated.
6.5 Research on Factors Fundamental to Energy Exchange

There is an interaction between muskeg and permafrost. The role of
vegetation and its influence on the energy exchange at the ground surface
as well as the thermal properties of peat warrant considerable study.

It is especially applicable where the construction on muskeg may cause
aggregatien or degradation of permafrost.
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GLOSSARY OF TERMS
Acidity See pH

A-Tine In a plasticity chart, the A-Tine represents the empirical
boundary between typical inorganic clays which are generally
above this line, the the plastic soils containing organic
colloids which are below it.

Amorphous-granular A descriptive term applied to one of the primary
macroscopic elements of peat which is granular in nature but to
which no particular shape can be ascribed.

Ash content The ash or mineral residue remaining after a peat sample
has been ignited, expressed as a precentage of the dry weight;
also known as ignition loss. Expressed as ratio of dry weight
it is known as ignition Joss ratio.

Axon A well-preserved non-woody, fossilized plant component of peat,
consisting of tubular axis, system of leafy appendages, and with
the cell structure clearly defined. The maximum outside diameter
of the linear component of the axon (when wet) is 1 mm.

Bog An area of confined organic terrain, the 1imits of which are
imposed by the physiogrpahy of the local mineral terrain. Dif-
ferential from "muskeg" mainly in terms of area but often because
variations in coverage, peat structure, and topography occur more
frequently than in extensive areas of organic terrain.

Bog, blanket Equivalent of blanket mire, also "Terrainbedeckendmoore.
Peat formation initiated in basins, drainage axes, and on all
water partings where the drainage slope is not too great, the
peat forming a blanket over all gently undulating terrain. In
Ireland it includes a variety of peat-land types, both ombrogenous
(water supplied by precipitation) and soligenous (water supplied
by high water tab]e?, occuring between 200 and 700 m. Variation
in surface vegetation is related to climate (and perhaps supply
of atmospheric nutrients), geology, topography, state of erosion,
land use, etc.

Bog mire Confined organic terrain: equivalent to bog.

Bog raised Evquivalent to raised mire and "Hoochmoore." Peat develop-
ment initiated in basins, peat growth producing a dome or cupola
rising above the mineral ground water table. The classic case is
the Baltic raised bog with ring lagg.

Box, spruce See Spruce bog

Coarse-fibrous A descriptive term applied to one of the primary
macroscopic elements of peat which may be woody or
non-woody and has a diameter greater than 1 mm.
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Coefficient of compressibility A stress-strain ratio of a soil. Numeri-
cally it is the slope of the void ratio - pressure curve from a con-
solidation test.

Coefficient of consolidation Obtained by plotting degree of con-
solidation against square root of time for any particular con-
solidation test.

Coefficient of secondary compression Is expressed as the shape of the
settlement - Tog time plot divided by the thickness of the peat
samp]e at the beg1nn1ng of the long-term or sgraight-line stage:
is also expressed in terms of change in void ratio over 1 cycle
of the logarithmic scale on a plot of void ratio vs. log time.

Compression index The slope of the void ratio - log pressure curve from
a consolidation test. The larger the compression index the greater the
cmpressibility of a soil.

Cone index An index of the shearing resistance of the soil obtained with the
cone penetrometer. The number, although usually considered dimensionless
in trafficability studies, actually denotes pounds of force on the
handle divided by the area of the cone base in square inches.

Consolidation, primary The gradual compress1on of a soil due to a wexght
acting on it, which occurs as water is squeezed out of the voids in
the soil.

Muskeg The term designating organic terrain, the physical condition of
which is governed by the structure of peat it contains, and its
related mineral sublayer, considered in relation to topogrpahic
features and the surface vegetation with which the peat co-exists.
(See Organic terrain)

Organic terrain A tract of country comprising a surficial layer of living
vegetation and a sublayer of peat or fossilized plant detritus of any
depth, existing in association with various hydrological conditions
and underlying mineral formations.

Peat A component of oragnic terrain consisting of more or less fragmented
remains of vegetable matter sequentially deposited and fossilized.

pH The measure of soil acidity. Defined as the negative logarithm of the
hydorgen ion concentration in an aqueous suspension of the soil.

Preconsolidation A construction technique whereby a load in excess of
that which will be finally carried by the soft stratum is placed
and allowed to settle until the ultimate settlement that would occur
under the final lToad has been reached. The excess load or surcharge
is then removed and the construction is completed; also called preloading.
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Spruce bog A term in common use loosely applied to confined areas of
organic terrain where coniferous trees (often not spruce) are a
prominent feature of the vegetal coverage.

Swamp Similar to marsh but usually with higher water table and
interruptions in the vegetal mat.

Thermal conductivity An empirical coefficient defined as the number
of calories per second flowing through a plate 1 cm square and
1 ecm thick with a temperature difference of 1°C between the two
surfaces of the plate.

Thermal diffusivity An index of the facility with which a substance
will undergo a temperature change.
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