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ABSTRACT

The depth of cracking of soils is often required for

boundary value and limit equilibrium analyses in

geotechnical engineering. At present, the depth of cracking

is customarily expressed as a function of shear strength

using the Rankine theory of lateral earth pressure. The

objectives of this thesis are to study the mechanism of

desiccation cracking in soils and to propose a mathematical

model for the prediction of crack depth.

Observations obtained from the laboratory program

indicated that the locations of desiccation cracks and the

crack spacing were highly dependent upon the inhomogeneities

in the soils. Based on the experimental results, desiccation

cracks were initiated at a matric suction of less than 10

kPa for silty and clayey soils. Silty soils are expected to

require a higher matric suction at cracking than do clayey

soils. The volumetric shrinkage strain at cracking for

Indian Head Till was about 7%. Regina Clay is expected to

require a lower volumetric shrinkage strain at cracking than

does Indian Head Till.

Two mathematical expressions were derived using the

volume change (i.e., elastic equilibrium analysis) and shear

strength (i. e., plastic equilibrium analysis) behavior of

unsaturated soils for the prediction of crack depth. Based
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on the result of a parametric study, it was found that the

crack depth predicted by the plastic analysis was almost

twice as deep as that predicted by the elastic analysis.

Since desiccation cracks are formed as a result of soil

volume reduction, the elastic analysis is expected to be

more appropriate for the prediction of crack depth, although

the validity of the analysis must be confirmed with future

studies on the desiccation crack depth in the field.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Large portions of the land surface on earth have been

subjected to the influence of desiccation. In nature,

desiccation takes place whenever the surface of the soils is

not permanently flooded. Most soil deposits when originally

laid down are saturated. Lacustrine deposits, for example,

are deposited at water contents above the liquid limit and

are then consolidated by the weight of the overlying

sediments. When the surface of a soil deposit is exposed to

the air, desiccation proceeds slowly from the exposed soil

surface in a downward direction.

In localities where the soils are continuously below

the water table or where evaporation is slow, desiccation

will remain near the ground surface. In semi-arid regions,

the water table is drawn below the ground surface,

particularly during dry periods. The soil loses water and

shrinks during desiccation. Consequently, the upper portion

of the soil profile becomes unsaturated and desiccation

cracks are formed. These cracks extend some distance below

the ground surface.
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1.2 SIGNIFICANCE OF CRACK DEPTH IN ENGINEERING PROBLEMS

In geotechnical engineering, the depth of cracking is

often required for boundary value and limit equilibrium

analyses. As an example, cracking due to shrinkage affects

the stability of embankments and earth dams. In slope

stability computations, the presence of tension cracks

affects the analysis in a number of ways (Spencer, 1968):

a) by shortening the length of the slip surface
I

(as shown in Fig. 1.01), thus reducing the

resistance to failure,

b) the water pressure acting on the crack face

constitutes an additional driving force

contributing to failure, and

c) the water in the crack tends to soften the

soil, degrading its strength properties.

When designing an open cut in cohesive soils, the

presence of tension cracks must be considered. Pufahl et al

(1983) showed that the presence of tension cracks

substantially reduced the critical height of an unsupported

vertical slope. The effect of the tension cracks on the
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critical height of an unsupported excavation is illustrated

in Fig. 1.02.

Compacted cohesive soils are often used as

"impermeable" barriers to retain various types of industrial

waste products. Compacted clay liners are prone to crack due

to desiccation. A cracked clay liner has a permeability many

orders of magnitude greater than does an uncracked liner.

Desiccation cracking has been known to cause problem in the

field (Kleppe and Olson, 1985). Excessive water loss in an

exploratory borehole was partially blamed on desiccation

cracking in the clay core of Lovewell Darn (Sherard, 1973).

The clay core had been exposed to desiccation in dry weather

during a construction stoppage.

The infiltration rate in fractured soils depends on the

configuration and the extent of cracking. From a computer

study on the infiltration in an fractured soil, Moore and

Ali (1982) found that the depth of cracking played a
I

significant role, whereas the cracking frequency was less

important.

When a desiccated soil is soaked with water during wet

seasons/ the soil swells and the cracks are closed. The

opening and closing of desiccation cracks generates fissures

in the soil (Blight and Williams, 1971). It has been

recognized that the strength of stiff fissured clays is
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governed mainly by the orientation and spacing of fissures

(Terzaghi and Peck, 1967). If the origin and the extent of

the fissures are known, its effect on the performance of

fissured soils can be assessed with more confidence.

Soils containing a significant amount of clay will
I

experience high volume changes during dry and wet seasons.

This type of soil is commonly known as "expan~ive soil". The

main engineering problem associated with expansive soil is

the distress caused to light structures as a result of

volume changes. A rational engineering design approach is to

place the foundation units of a light structure in stable

ground conditions below the active zone of expansive soil

(Can. Geotech. Soc., 1978). However, this approach is not

always economical, especially in the case of highway

construction. Recently, vertical moisture barriers have been.

used in highway construction to prevent the expansive

foundation soil from detrimental seasonal volume changes

(see Fig. 1.03, Picornell, 1985). The function of the

barrier is to reduce the infiltration of rainfall into the

desiccation cracks within the foundation soils in wet

seasons and to prevent the foundation soils from excessive

drying in dry seasons. A knowledge of the maximum crack

depth is required to design this type of moisture barriers.
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1.3 THE NEEDS

When the depths of cracks are known, it is usually not

difficult to incorporate their effect into an engineering

analysis as discussed in Section 1.2. However, the depth of

cracking remains a difficult variable to obtain in the

analysis (Baker, 1981). Taylor reviewed this problem in 1948

and stated:

"The questionable action and the questionable

depth of the tension Izone have considerable

bearing on the limited dependability of many

stability analyses, and the action within the

tension zone is a sUbject that is worthy of much

study."

Unfortunately, the study of tension cracking in soils

has been neglected in the engineering disciplines (Lee et

aI, 1982). In Codes of Practices (1951) as well as in many

textbooks (Terzaghi and Peck 1967, Lambe and Whitman 1969,

Chowdhury 1978 and Craig 1978), the depth of tension crack

is customarily estimated using the Rankine theory of earth

pressure.

Zc = 2 c' tan (45 + ~'/2)

r
where:

Zc = depth of tension crack.
c' = effective cohesion intercept.
~' = effective friction angle.
r = the unit weight of soils.

8
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Spencer (1968) suggested a procedure in his method of

slope stability computation to determine the line of thrust

of the interslice forces. If the position of the line of

thrust is not reasonable, a tension crack is introduced and

a different line of thrust is determined. The depth of

tension crack can be estimated, when a reasonable line of

thrust is obtained. The depth of tension crack can also be

determined using variational approach to slope stability

analysis (Baker, 1981).

All the above analyses deal with the shear strength

behavior of the soils. However, there are other factors,

such as expansion/contraction caused by frost action and the

shrinkage of the clay due to drying, which have important

effects on the depth to which cracks extend (Taylor, 1948).

Other than the above methods, there exist no other rational

means for the estimation of the depth of desiccation cracks.

1.4 THE SCOPE OF THIS DISSERTATION

The purposes of this thesis are to study the mechanism

of desiccation cracking in soils and to propose a

mathematical model for the prediction of depth of cracking.
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The investigation consists of conducting a literature

review, a laboratory experimental program and an analytical

program. The principal objectives of the investigation are,

a) to study the cracking patterns of desiccating

soil,

b) to identify the parameters that influence the
I

cracking pattern and the depth of cracking,

c) to study the effect of soil suction on the

desiccation cracking in soils,

d) to propose a mathematical model for the

prediction of crack depth, and .

e) to evaluate the effects of different soil

parameters on the prediction of crack depth.

This dissertation is divided into eight (8) chapters. A

general introduction to the desiccation cracking in soils is

provided in Chapter 1. Chapter 2 contains a summary of the

existing knowledge on the desiccation cracking of soils.

Mathematical expressions for the prediction of crack depth

are given as part of the theory in Chapter 3. Descriptions

of the analytical and experimental programs are provided in

10



Chapter 4. The results of the analytical and experimental

programs and a discussion of results are presented in

Chapters 5, 6 and 7, respectively. Conclusions derived from

this study and recommendations on future research are given

in Chapter 8.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Research literature was reviewed from the geology, soil

science and engineering disciplines that. pertained to the

problem of shrinkage and desiccation cracking in soils. Most

of the information provided by geologists deal with the

physical observation on the aerial patterns of desiccation

cracks. The information provided by the soil scientists is

concerned with the physical behavior of soil shrinkage.

There is a limited amount of information provided from the

engineering field which considers the strength

characteristics of soils. It appears that not one researcher

has completely assessed or defined an approach to the

problem of shrinkage and desiccation cracking of soils.

However, the literature review given in this chapter

provides some insight into the behavior of desiccation

cracking in soils.

2.2 SHRINKAGE OF SOILS

Soils shrink in response to a change in the stress

state. The stress state depends on various environmental
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factors such as, land use and annual climatic conditions.

Haines (1923) studied blocks of soil moulded from a paste

and distinguished three main phases of soil shrinkage that

accompanied water withdrawal: normal, residual and no

shrinkage as shown in Fig. 2.01. Normal shrinkage occurs

when the change in soil volume equals to the water lost.

Residual shrinkage occurs when air enters the soil and the

reduction in soil volume is less than volume of water lost.

At the no shrinkage phase, soil does not shrink upon further

drying.

Stirk (1954) defined a fourth phase of shrinkage termed

structural shrinkage (Fig. 2.02). It has similar

characteristics to residual shrinkage (i.e., water loss

greater than volume change) but occurs at the wet end of the

moisture range and is associated with the removal of water

from coarse pores.

Large volume changes due to shrinkage (i. e., up to

34.0% of original soil volume) on compacted clayey soils

have been reported by various researchers (Stirk (1954) and

Chang and Warkentin (1968». The actual amount of shrinkage

due to drying depends on factors such as type and amount of

clay minerals, soil fabric arrangements, initial water

content and confining pressure (Mitchell, 1976).
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The amount of shrinkage in soil increases with the

plasticity of the soils (i.e., the more plastic the soils,

the more the potential shrinkage). It would be expected

that, for an equal amount of clay minerals in a soil,

montmorillonites undergo a greater volume change on drying

and wetting than do kaolinites. If two samples of a given

clay are at the same initial water content, but have

different soil fabrics, the one with the dispersed structure

shrinks most. Lambe (1958) reported that "clay with oriented

particles shrinks the most in a direction perpendicular to

the plates and least parallel to the plates and a clay with

randomly oriented particles . shrinks equally in all

directions."

Several investigators
I

were concerned with other

parameters which affect shrinkage of clay. Gokhale and

Anandakrishnan (1970) mixed clay (i.e., either kaolinite or

montmorillol)ite) with sand and noted that the addition of

sand generally reduces the shrinkage. Kleppe and Olson

(1985) conducted shrinkage tests on compacted clay-sand

mixtures and concluded that the addition of sand to clayey

soil reduces the amount of drying shrinkage. They further

concluded that shrinkage strains were essentially linear

functions of compaction water content and did not depend on

dry density for the range of compaction effort and water

content used in their investigation. Sridharan and Rao

(1971) found that the void ratio of a kaolinite mixed with

15



organic fluid (i.e., carbon tetrachloride) was higher than

that of the soil mixed with clear water~ It was suggested

that shrinkage was dependent on the dielectric constant of

the pore fluid.

2.2.1 Other Soil Shrinkage and Cracking Phenomena

There are other phenomena that may produce soil

shrinkage and cracking. Skempton and Northey (1952) have

suggested that, in London Clay, "fissures developed as a

result of syneresis, a colloidal process whereby the

particles draw themselves together under the action of.

attractive forces and expel some of the pore water". White

(1961) also noted that cracks can be formed in a sedimenting

clay through "syneresis".

Lachenbruch (1962) studied the crack patterns in

permafrost regions and contended that tensile stresses set

up due to thermal contraction of the surficial frozen soils

during winter causes fracture. Water then fills these cracks

during summer thawing, becomes frozen, and builds up

vertical ice-wedges of a considerable thickness after many

seasonal cycles.

Burst (1965) noticed in laboratory tests that swelling

clays under water can crack because of shrinkage in response

to increases in salinity. Barbour (1986) suggested

16



osmotically induced and/or osmotic consolidation as the

cause of the volume change of clay soils that were exposed

to brine solutions. This kind of volume reduction may

ultimately cause cracking in soils.

Hamilton (1966) noticed that freezing of compacted clay

samples composed of mostly montmorillonite and illite,

caused a reduction in soil volume for degrees of saturation

less than 90%. Samples with degrees of saturation over 90%

expanded. Reduction in volume ranged from 2.0% to 10.0%.

Presumably, this type of shrinkage could lead to cracking as

well.

The orientation of fissures and discontinuities in

over-consolidated clays described by Fookes (1965) and

Fookes and Wilson (1966) appear to be strongly related to

past tectonic movements, such as folds, faults or shear

zones in the bedrock. Skempton et al (1969) suggested that

stress release and weathering are important factors in the

genesis of fissures.

Kulhawy and Gurtowski (1976) reported that hydraulic

fracturing, or the formation of hydraulically induced

cracking can occur at the core of a dam when the water

pressure at a given depth exceeds the total stress at the

same depth.

17



2.3 DESICCATION CRACKING OF SOILS

As a result of volume reduction due to sub-aerial

drying or desiccation, cracks would be induced in cohesive
I

sediments such as alluvial and lacustrine deposits, flood

plain clay or dried-out lake (i. e. , playa) deposits. The

joints in flood plain clays can be accounted for by seasonal

variations in water content which cause alternating

expansion and contraction (Terzaghi, 1955). vertical joints

in tills have been attributed to shrinkage during drying out

by Boulton and ~aul (1976).

Desiccation cracks have been observed in playa (see

Figs. 2.03 and 2.04, Longwell, 1928, and Fig. 2.05, Willden

and Mabey, 1961), in clayey till deposits after heavy rain

(see Figs. 2.06 and 2.07), in varved sequence of lacustrine

clays and silts (see Fig. 2.08, Babcock, 1977) and in dried

out hydraulic fill of intermixed and interlayered silty fine

sand and moderately to highly plastic clayey silt (see Figs.

2.09 and 2.10). Desiccation cracks are characterized by

their aerial patterns, spacings and depths of the cracks.
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2.3.1 Aerial Pattern

Desiccation cracks are rarely straight. The cracks

bound polygons which may have as few as three and as many as

eight sides. Polygons with three to five sides are most

abundant (Twenhofel, 1950). The often-repeated statement

that mud-cracked polygons have six sides has little basis in

observation. Desiccation cracks usually form a pattern of

orthogonal polygons and hexagonal polygons are an exception

(Brenner et aI, 1981).

Corte and Higashi (1960) carried out a laboratory study

of desiccation cracks formed from different soil thickness

placed -in container with different bottom materials and

found that the predominant number of siqes of polygons was

four or five.

Lachenbruch (1962) identified two polygonal crack

systems in his study on ice-wedge polygons, namely

orthogonal and non-orthogonal systems, depending on the

intersection angle of the cracks. Orthogonal patterns, in

which cracks are formed perpendicular to one another,

suggests that one of the cracks predated the other. Non

orthogonal intersections are normally composed of three

fracture elements which would radiate to form angles of 120

degree.
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Lachenbruch (1962) contended that the orthogonal

systems of polygons are characteristics of an somewhat non

homogeneous or plastic media in which the stress builds up

gradually with cracks forming first at loci of low strength

or high stress concentration. Non-orthogonal systems of

polygons, on the other hand, are the results of a very

homogeneous and relatively non-plastic media subjected to

uniform stress conditions. These are believed to be much

less common in nature than are orthogonal systems. Figures

2.07 and 2.11 show some of the orthogonal systems of

polygons resulting from normal desiccation cracking in

temperate or arid areas and, thermal contraction cracking in

permafrost, respectively.

Perfect hexagonal systems are rarely observed. Some

occurrances of hexagonal polygons have been observed from

thermal contraction cracking in lava (see Fig. 2.12) and

from desiccation cracking in a playa in Nevada (see Fig.

2.03). The soils in the playa consisted of a very uniform

fine-grained soil without any lamination or other structure

to a depth of several feet. These rarely observed hexagonal

patterns have persistent 3-element intersections at obtuse

angles close to 120 degree.

Laboratory experiments conducted by Corte and Higashi

(1960) showed that, in general, mud cracks tend to form

orthogonal intersections (i.e., forming right angles).
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Babcock (1977) studied the fractures in glacio-

lacustrine sediment outcrops in Central Alberta

(i.e.,Drumheller area) and found that orthogonal or random

patterns of desiccati6n cracks were observed in most

outcrops.

2.3.2 Crack Spacing and Crack Depth

The positions of desiccation cracks in sediments are in

general determined by objects or conditions in the soils

that decrease cohesion. Inhomogeneities such as holes,

different soil thickness, and other foreign matters often

determine the location of cracking (Twenhofel, 1950). Cracks

extend along the points of least cohesion. Desiccation

cracks tend to be vertical to varying depths. Twenhofel

(1950) suggested that the first crack formed tended to be

the longest, deepest and widest.

Longwell (1928) described the desiccation cracks in

playa sediments (see Figs. 2.03 and 2.04) in the desert of

Southern Nevada. These crack have spacings varying from

about 75 nun to 150 nun (3 to 6 inches) and the cracks

appeared to be shallow.

In Western Texas, Simpson (1934) reported that the

desiccation of clays in the dry season proceeded to a depth
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as deep as 6.1 m (20.0 feet). Within this depth the clay was

broken up by shrinkage cracks.

In Poland, a regular polygonal (penta- and hexagonal)

network of crackings, 1.5 m to 3.0 m (meters) in diameters

was reported (Jahn, 1950) as having resulted from rapid

drying of a silt layer that was laid down under water.

According to Horberg (1951), residents of North Dakota

reported "desiccation cracks up to 150 mm (6.0 inches) in

crack spacing and over 3. 0 meters (10 . 0 feet) in depth" in

the clays of Lake Agassiz.

Large polygons, averaging 24.5 m to 27.5 m (meters) in

diameter and occurring on Playa de los Pinos, New Mexico,

have occurred as a result of the desiccation phenomena

(Knechtel, 1952). Seasonal frost was also given as a

possible alternative explanation.

Willden and Mabey (1961) described giant desiccation

fissures on Black Rock and Smoke Creek Deserts of Nevada

(Fig. 2.05). The fissures intersect to form an orthogonal

network dividing the playa into blocks with edges from 30.5

to 76.3 meters (100 to 250 feet) long. The fissure appeared

to be vertical, and some are open to depths in excess of

1.22 m (4.0 feet), although the widest and oldest fissures
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were generally shallow because material had slumped into the

openings.

Zein El Abedine and Robinson (1971) conducted detailed

measurements on the desiccation cracks of some swelling clay

soils (i. e., vertisols, clay content of 30% or more) in

Sudan. The average drying period was about three to six

months during their studies. They found that the average

crack spacing (see Table 2.01) varied from 0.28 m for soils

under natural (non-irrigated) conditions to about 0.50 m for

soils located in delta areas, that were subject to flooding

conditions (or irrigated soils). They also found that the

soils in grassy areas cracked at a wider spacing (0.51 m)

than soils under treed areas (i.e., cracked at an average

spacing of 0.39 m). Using a 3 rom in diameter and 1.50 m long

probe, Zein El Abedine and Robinson measured crack depths.

They found that the crack depths (see Table 2.02) ranged

between 0.65 m in depth in irrigated soils to 1.35 m in the

non-irrigated soils. They observed that areas covered with

grass developed shallow cracking, whereas areas under trees

developed deep cracks. They then concluded that the crack

spacing and crack depth are related to the amount of

precipitation or irrigation, the kind and density of

vegetation and the history of soil development.

Blight and Williams (1971) measured open shrinkage

cracks in South Africa to a depth of 0.65 m with closed
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Spaces Gezira Link Canal Gash dl'1ta
(em)

GTO:3 GT04: GT05 GTOG GH1" 04:H 04::\lH GHAT05 GliB"

<21 211 14: 22 5 :3!J 1!) :.11 17 (j

21-40 -to 41 2U 30 53 26 35 4U Itl
41-60 .32 19 20 35 7 21 18 22 -U
61-80

"*
8 20 19 1 31 8 8 ID

8.1-1UO 4 6 7 11 :3 6 4 ~J

>100 12 2 2 G

Average
spacing of 39 52 45 54 28 51 39 39 62
profile (em)

Table 2.01: Average crack spacing and frequency of occurrence for some vertisols
in Sudan (after Zein EI Abedine and Robinson, 1971).

Range Gezira Link Cannal Gash delta
(em) natural flooded every

irrigated natural condition 3 years
condo----_.-

GTO:.l Gta·! GT05 GrOG GRF 04:H O-lMH GHAT5 GllnT7

<16 12 5 ·1 2 1 10 3 11 4:
16-25 46 17 ~J 8 24 30 14 16 8
26-35 27 :l8 2:3 41 21 18 24: 11 8
36-45 15 2!J :n 44: 11 14 17 8 16
·tfi-55 10 27 ;; ~ 1:3 ?- ;} 28.. J

51j-65 1 (i Ii 10 U 4: (i

66-75 U 5 5 15 0)

'"76-85 () :.I 15 9
86-95 7 7 8
96-105 1 3

"*106-115 ·1 ·1 :j

>U5 :2 1 3

Profile 26 :l·l :w 35 51 42 36 6U 60
aver. em

Table 2.02: Frequencies of occurrence percent, and average depths of cracks in Sudan
(after Zein EI Abedine and Robinson, 1971).
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July 26,
Aug. 9,
Sept. 6,
Sept. 6,
Oct. 12,
Oct. 12,

~ANADA AG. FARM SITE,
1984

t
1.7 0.9

1984
t

1.9 0.8
1984 2.2 1.0
1984 1.5 1.1
1984 t 1.8 0.9
1984 1.4 1.0

SASKATOON (REGINA SOIL)
38.1 20.8 210
44.9 30.6 190
52.1 38~2' 154
34.8 25.6 91
52.1 31.1 250
59.5 31.3 345

38
54
91
82
nd
nd

1984 t
MATADOR SITE (SCEPTRE SOIL)

Aug. 16, 0.9 0.6 28.2 15.9
July 19, 1985 0.9 0.6 29. 1 10.0

LEADER SITE (SCEPTRE SOIL)
July 20, 1985 2.0 1 .3 40. 1 18.4
Aug. 27, 1985 2.2 0.1 41 .1 18.5

TISDALE SITE (TISDALE SOIL)
Aug. 29, 1985 1 .6 0.1 36.5 20.0

70 43
210 nd

111 89
120 83

154 39

nd - not dete~mined. .

t Cracks measured along a 2 x 20 m fixed distance. Others measured at
random.

Table 2.03: Crack widths and crack depths in selected clay soil sites in Saskatchewan
(after Dasog, 1986).
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cracks extending to 1.45 m. Ritchie and Adam (1974)

described cracks in Houston Black clay to depths of 0.9 m.

Spectacular scenes of desiccation cracks were observed

(Fig. 2.09 and 2.10, Mitchell, 1986) at a dried-out surface

of a hydraulic fill site in Los Angeles. The hydraulic fill

was about 13.0 m (40.0 feet) thick at placement, and

consisted of intermixed and interlayered silty fine sand and

moderately to highly plastic clayey silt. Orthogonal crack

patterns were noted, with crack spacings of about 0.6 m to

1.0 m, and an average open crack depth exceeding 1.5 m. The

site settled about 0.9 m to 1.5 m (3.0 feet to 5.0 feet)

between the spring of 1983 and April 1986.

Dasog (198 6) measured desiccation cracks on selected

highly plastic clay soil sites in Saskatchewan (Table 2.03).

He found that the measured crack spacing ranged between 0.70

m and 3.45 m with an average of 1.70 m and the crack depths

ranged between 0 .28 m and O. 60 m. He observed that the

desiccation cracks in Saskatchewan are less than one-half as

intense as those in Israel or in Sudan. It was concluded

that the diversity in cracking among different swelling clay

soils was due to the different climatic conditions.
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u =
W =
R =
G =

2.4 FRACTURE MECHANICS AND DESICCATION CRACKING OF SOILS

Although fracture mechanics developed mainly in the

60' sand 70' s, the basic concept of crack propagation was

established by Griffith in 1921. Griffith (1921, 1924)

stated that crack propagation will occur if the energy

released upon crack 'growth is sufficient to provide all the

energy that is required for crack growth. Let us consider a

crack, as shown in Fig. 2.13, in a uniform tensile stress

field. If we consider the work done by external forces (or

change of strain energy per unit thickness) when the crack

extend by a distance 5a, then for pr~pagation, we.have,

3u = 3w [2.01]
3a 3a

3u = G [2 . 02]
3a

3w = R [2.03]
3a

where:

elastic energy release.
energy required for crack growth.
crack resistance.
elastic energy release rate per crack tip
or also called "crack driving force".
G is a function of Poisson's ratio Jl, elastic
modulus E, and stress intensity factor K.

Let us examine the details of an elastic stress

distribution in the vicinity of the crack tip. The

predominant terms giving the stress and displacement
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Fig. 2.13: Crack in a finite plate.
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Equation [2.04]
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Fig. 2.14: The three modes of cracking.
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distribution are given in equations 2.04 (Zienkiewicz,

1977). K1 is called the stress intensity factor, which

depends on the mode of cracking, orientation of cracks and

the size of cracks. In three-dimensional problems, three

possible modes of crack extension are illustrated in Fig.

2.14. In each case the local stress distribution is similar

in form to those given in equation 2.04.

The energy condition of equation 2.01 states that G

must be at least equal to R before crack propagation can
I

occur. If R is a constant, this means that G must exceed a

certain critical value, Gic. Accordingly, K, the stress

intensity factor, would approach a critical value Kic' which

is called the "fracture toughness".

For brittle materials, R consists of surface energy

only, while for ductile materials, plastic deformation

occurs at the crack tip. Hence, much work. is required in

producing a new plastic zone at the tip of the advancing

crack in ductile materials.

Broek (1984) stated that "high strength materials

usually have low fracture toughness (Kic)' plane strain

fracture problems in these materials can be successfully

applied by means of fracture mechanics Low strength

materials usually have a' high fracture toughness (Kic) and

the size of the plastic zone may be so large, at present
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(1984) a versatile method to treat crack problems in high

toughness materials is not yet available".

Based upon Muskhelishvili's (1953) stress perturbation

analysis of a crack in an elastic medium and the Modified

Griffith's Theory of macroscopic fracture (Irwin, 1948 and

Orowan, 1950), Lachenbruch (1961) derived a set of graphs

for the estimation of depth and spacing of tension cracks in

brittle media, such as permafrost. Reasonable numerical

values of crack depth and spacing for ice-wedge polygons in

permafrost were obtained by Lachenbruch (1962). In spite of

the apparent success in using the theory of macroscopic

fracture to the ice-wedge ploygons in permafrost,

Lachenbruch (1961) admitted that the theory of brittle

fracture cannot be applied to the desiccation cracking of

soils, owing to its plasticity.

Several studies (Blight and Williams, 1971, Briones

and Uehara, 1977, and Raats, 1984) using the Griffith's

brittle fracture theory have been applied to the desiccation

cracking of soils, however, with little success. Briones and

Uehara (1977) performed beam flexure tests on soil samples

at several stages of drying to obtain strain release

parameters and elastic constants. They concluded that the

fracture theory was not sufficient to predict cracking even

with a knowledge of soil parameters.
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Within the field of fracture mechanics, the cracking

problem is essentially treated as a mechanical process, and

the failure (cracking) criterion is based on the critical

stress field. However, Corte and Higashi (1960) stressed

that "cracking by desiccation is entirely different from

mechanical cracking in the sense that the material loses

mass during the process If. Furthermore, fracture mechanics

deals only with the propagation of cracking, the initiation

or on-set of cracking has not been addressed.

Based on the foregoing discussions, it appears that

fracture mechanics is not 9-dequate when dealing with the

problem of desiccation cracking in soils.

2.5 FACTORS AFFECTING THE SHRINKAGE AND CRACKING OF SOILS

Most of the earlier works on the shrinkage and cracking

of soils· were performed by geologists and soil scientists.

Their research was mainly focused on the aerial patterns and

on the spacing of desiccation cracks. Kindle (1917)

conducted small scale laboratory experiments using a 150 mm

diameter porcelain vessel. The ex.periments were performed

using a slurried Ontario lake clay. He concluded that

temperature and tenacity of material are two primary factors

in controlling the spacing of mud cracks. Rapid desiccation

was found to produce widely spaced cracks and the addition
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of marly material or sand gave polygon's which were much

smaller than those form,ed in clay mud. In the case of a

sandy mud, an sufficient amount of sand entirely prevents

the formation of mud cracks.

Longwell (1928) studied the mud cracks in Nevada and

questioned whether Kindle's conclusion on the effect of

desiccation rate was valid in the field. He suggested that

there were other factors governing crack spacing. In 1950,

Twenhofel pointed out that crack. spacing depended on the

character of the mud, the rate of drying, the thickness of

the mud, the character of the water in which the mud was

deposited, the nature of the underlying material, and the

presence of foreign matters. He did not present any

quantitative relationships between crack spacing and these

physical factors.

Washburn (1956) studied the origin of different

patterned ground and suggested that non-sorted polygonal

patterns in temperate regions are due to the contraction

resulting from desiccation or drying. He pointed out that

once a fissure pattern is formed it tends to persist or

reform in the same places after later wet/dry cycles. The

fissures keep pace with the reduction of the land surface

and lowering of the water table.
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Further experimental works were performed on

desiccation cracks in soils by Corte and Higashi (1960).

They concluded that crack patterns depend largely on the

thickness of soil layer and the bottom material of the

container. Widely spaced cracks and large polygons were

formed in "thick" layers of mud, and closely spaced cracks

and mud curls in thin-bedded muds. The maximium thickness of

soils used was about 46 rom. Corte and Higashi (1960)

criticized Kindle's conclusions saying that the results were

incorrect due to the small vessel used in his experiments.

Lachenbruch (1962) studied the ice-wedge polygons in

permafrost and theorized that crack spacing of any polygonal

patterned ground is a function of the frequency of flaws (or

inhomogeneities) in the ground. The inhomogeneities include

non-uniform strength within the soil mass and the non

uniform drying conditions or thermal conditions in case of

frozen patterned ground caused by local variation in relief

and shrinkage properties. He further suggested that flaws

with an average separation of several polygon diameters have

little effect on either uniformity or magnitude of crack

spacing. Those flaws with an average separation on the order

of a polygon diameter primarily affect the unformity of

spacing, and those whose separation is an order of

magnitude less affect the size of crack spacing.
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Lachenbruch (1961) also pointed out that shallow,

closely spaced cracks relieve surficial tension developed by

rapid desiccation after a rain. Deeper cracks, more widely

spaced, might present seasonal desiccation. Profound cracks

with spacing of the order of 3.0 m to 30.0 m (meter) could

correspond to the draining of a marsh or perhaps to a

regional climatic trend toward aridity (Willden and Mabey,

1961) •

Discussions in the geological papers consist mostly of

physical observations and the authors do not investigate any

measureable parameters which control soil cracking. A model

of soil cracking for use in engineering application requires

measureable parameters and therefore, papers from the

geological literature will not be discussed in further

details.

Croney and Coleman (1953) and Aitchison and Woodburn

(1969) showed that within limits, most soils decrease in

volume and water content as soil suction increases.

Conversely, the soil volume and water content increases as

soil suction is reduced.

Means and Parcher (1963) suggested that the shrinkage

of clays is caused by tension in the pore-water, through the

action of meniscii, reacting against the soil grains (Fig.

2.15) .
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Fig. 2.15: Idealized section through soil (after Means and Parcher, 1963).
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Fig. 2.16: Water pressure and stresses in subsoil under a building on an expansive clay
subsoils (after Jennings, 1961).
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Blight and Williams (1971) applied the theories of

shear strength and Griffith's failure criterion to explain

the formation of fissures in South Africa soils. Pore-water

tension was incorporated in the estimation of the shrinkage

stress. However, they considered cracking in terms of a

stress criterion.

Papers presented to the symposium on "The Influence of

Vegetation on Clay" (Driscoll, 1984, Ravina, 1984 and

Wakeling, 1984) suggested that soil suction should be used

as a control variable to describe the tendency of a clay

soil to shrink or swell.

Picornell (1985) and Picornell and Lytton (1987) used
I

the soil suction as the parameter to estimate the shrinkage

and crack depth for the design of vertical moisture barriers

in Texas.

2.5.1 Observations from Soil-Cement Pavement Studies

Shrinkage cracking is a major problem in the use of

soil-cement. The conclusions of numerous soil-cement studies
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that may be appliable to soils are summarized by Cauley and

Kennedy (1972) as follows:

a) Crack intensity (area of cracks divided by

total area) increases with percentage of clay

particles and depends on the ty~e of clay.

b) Large aggregates (i. e. , greater than 25 mm)

increase crack intensity.

c) Crack spacing and width are dependent upon

tensile strength, tensile modulus of elasticity

and coefficient of friction between base and

sUbgrade of pavement. Higher cement contents will

result in greater shrinkage and greater tensile

strength but wider crack spacing. Higher

coefficients of friction can decrease crack

intensity but this parameter is not as important

as cement content.

d) Rate of evaporation is very important with high

rate yielding large shrinkage stresses and

substantial cracking.

e) Total amount of shrinkage was appreciably

higher at compaction water contents greater than

optimum.
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2.5.2 Significance of Soil Suction in oesiccationof

It has long been recognized that any combination of the

possible factors involved, such as soil volume properties,

proximity of tree root systems (Perpich et al 1953, Holtz,

1984), lowering of the groundwater table, and climatic

variations (Jennings, 1953, Willden and Mabey, 1961) could

be the cause of soil desiccation. besiccation can be

serious in any local situation where moisture is lost from a

cohesive soil over an extended period of time, such as the

1975 - 1976 drought in northern Europe (Driscoll, 1984).

It has been discussed in Section 2.5 that soil suction

has been used as a parameter to relate the shrinkage or
I

volume change of soils. The factors affecting the soil

suction are in response to environmental changes (Peter,

1979) . The environmental factors include, climate,

topography, drainage pattern, proximity of building, the

garden composition, the application of chemicals (e.g.

salts), confinement within the soil due to surcharge and the

position of groundwater table.

The effect of the groundwater table and the location of

surface structures on the suction profile was demonstrated

by Jennings (1961) (see Fig. 2.16). Where fluctuations occur
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in the water table throughout the year, suction changes will

occur in the suction profile, but not necessarily in phase

with the water table (Fredlund, 1981).

2.5.2.1 Effect of Evaporation and vegetation on Soil

Suction

When the soil in the field is wet, it will lose water

by evaporation. The loss of water at the surface and the

resulting upw?rd flow of water in the profile will cause the

soil to dry, unless a shallow groundwater is present which

provides continual flow of water to the evaporati"'"e soil

surface without materially changing the soil moisture.

However, once the top soil surface is dry, further drying is

reduced considerably due to low hydraulic conductivity of

the drying soil (Ravina, 1984). From field measurement,

Ritchie and Adams (1974) concluded that evaporation from a

dried soil surface is nearly zero. The influence of soil

evaporation is believed to be restricted to less than the

uppermost 0.3 m (1.0 foot) in the soil profile (Williams and

Pidgeon, 1983, and Picornell, 1985). The water content and
I

the soil suction below the dry top layer remains practically

unchanged (Ravina, 1984).

When the soil surface is covered with vegetation, soil

water is transfered to the atmosphere by transpiration,

which takes place from the stomata of the plant. Soil water
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is extracted by the roots which permeate the soils and is

transmitted through the sterns to the continuously

transpiring leaves. In the presence of vegetation the soil

may dry more rapidly and to greater depths than a bare soil.

It has been observed by Zein El Abedine and Robinson (1971)

(see Section 2.3.2) that the presence of vegetations can
I

increase shrinkage and cracking of soils . It was reported

that the maximum suction that can be imposed by the roots of

vegetation is the wilting point (Williams & Pidgeon 1984) at

about 1555 kPa to 3100 kPa (i.e., pF 4.2 - 4.5 where pF is

the logarithm to the base of 10 of the suction head of water

in cm) . The presence of vegetation, a~d its rooting depth

are therefore important factors on the soil suction profile.

2.5.2.2 Effect of Soil Cracking on Soil Suction

When there are shrinkage cracks in a desiccated soil,

evaporation from the crack surface may take place due to

.wind or radiative drying. The removal of water vapor from

cracks by wind was found to be more effective than that by

radiation (Selim and Kirkham, 1970).

Adams et al (1969) showed that evaporation of the crack.
surface increases with increasing crack width and wind

speed. However, these effects decrease with depth inside the

crack. Based upon the findings from a number of field

studies by other researchers, Picornell (1985) contended
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that the removal of water from the crack surface deeper than

0.6 m is quite unlikely. The effect of evaporation from the

crack surface on the soil suction is hence believed to be

restricted to the top 0.6 m (2.0 feet) of soils.

2.5.3 Tensile Strength of Soils

Soils, in general are weak in tension. In the analysis

and design of earth structures, it is usually reasonable to

neglect the tensile strength of soils. However, a knowledge

of the stress-strain relationships of the soils in tension

is of importance for an understanding of cracking in soils.

A limited amount of research has been l conducted on the

tensile properties of soils. The findings obtained from

these studies are summarized by Krishnayya et al (1974) as

follow:-

a) Soils have a low tensile strength ranging from

zero to a few pounds per square inch (1.0 lb!sq.

in. = 6.89 kPa)

b) Soils of high plasticity are , in general, more

flexible (i.e., they can undergo a higher tensile

strain) than the soils of low plasticity.

c) In case of compacted soils, an increase of

molding water content from 2% to 3% dry of Proctor
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optimum to nearly optimum substantially increases

the flexibility of soil.

d} The rate of straining has a considerable

influence on the tensile characteristics of soils.

It seems reasonable to assume that soil cracking is a

result of the application of tensile stresses. Leonards and

Narain (1963) presented data from beam flexure tests and

found the tensile strains-at-failure (at rupture or

cracking) for compacted clay samples ranged from 0.05% to

0.33%. Krishnayya et al (1974) defined failure as the

maximum tensile stress in the indirect (Brazilian) test. It

was found that the maximum tensile stress for a compacted

low plastic till was about 3.5 kPa (0.5 Ib/sq. in.) with
I

tensile strain-at-failure of 0.2% to 3.0%. Ajaz and Perry

(1975) performed both beam flexure and direct tension tests

on two clays and found that tensile strain at failure

(defined at maximum tensile stresses.) were 2.0% to 15.0%

for flexure tests and 1.0 to 5.0% for direct tension tests.

In general, all the above tests suggested that tensile

strains-at-failure increase with increases in water content.

Other conclusions on tensile strain-at-failure are

impossible as values of strain appear to vary with test

type, loading rates and definition of failure.
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Krishnayya et al (1974) also pointed out that the ratio

of unconfined compressive strength to the tensile strength

increases with the water content. As the water content

increases, for a low plastic soil, the tensile strength

decreases rapidly.

Fang and Chen (1972) showed that tensile strength

increases but unconfined compressive strength to tensile

strength ratio decreases as plasticity index increases (see

Figs. 2.17 and 2.18). It was found that the range of

unconfined compressive strength to tensile strength ratio

for compacted silty clay varied from 6.0 to 13.0.

Bishop & Garga(1969) conducted drained tension tests

on London clay and found that the tensile stress at failure

lies in the range 26.2 kPa to 33.1 kPa (3.8 to 4.8 lb/sq.

in) for intact samples and unconfined compressive strength

to tensile strength ratio ranged from 5.6 to 6.9. They also

found that the tensile strength for remolded London clay was

small (close to zero). They concluded that remoulding would

almost completely destroy cementation or other bonds that

were capable of withstanding tensile stress.
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2.5.4 Failure Criterion of Soils Under Tension

If the stresses or strains in the field could be

estimated, then prediction of cracking would then depend on

a choice of a failure criterion. In soils mechanics, the

definition of failure has not been given in general terms.

In cohesive soils, the failure situation can be defined

either at the beginning of loss of shearing resistance or at

a relatively advanced state in the loss of shearing

resistance (Newmark, 1960). The best known and most widely

used failure criterion is the Mohr-Coulomb theory as

illustrated in Fig. 2.19. The shear strength of a soil at a

point on a particular plane in term of effective stresses

can be expressed as a linear function.

[2.05]

where:

tf = shear strength.
c' = effective cohesion intercept.
an' = normal stress.
$' = effective friction angle.

From Fig. 2.19 the relationship between the effective

principal stresses at failure and the shear strength

parameters can also be obtained.

sin $' = (a' a3')/2
c' cot ~, + (a1' + cr3')/2
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and, [2.07]

where: a1', a3' = effective principal stresses.

Equation [2.07] is referred to as the Mohr-Coulomb

failure criterion. It is seen that the Mohr-Coulomb theory

predicts a ratio of unconfined compressive strength Qu to

tensile strength at, which varies according to the

frictional properties of the material:

2 sin 0'
(1 - sin <1>')

[2.08]

Although the Mohr-Coulomb failure criterion is widely

used with success in engineering practice to describe the

soil behavior under compressive forces, the criterion is a

poor representation of the behavior of soils in tension,

since the yield conditions in the zone of negative (tensile)

stress is highly non-linear (Brace, 1960, Frydman, 1967).

There are other failure criteria, such as Mohr-Paul,

Griffith, Griffith-Brace and Modified Mohr-Coulomb theories

(Figs. 2.20 and 2.21, Lee and Ingles, 1968 and Fang and

Chen, 1971, 1972) which have been proposed to describe the

soil behavior under tensile forces.

The Mohr-Paul theory is less satisfactory than the

Mohr-Coulomb theory as there is no relationship whatsoever
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between the unconfined compressive strength and tensile

strength, though any observed ratio will be not less than

that given by the Mohr-Coulomb theory.

The derived Mohr envelope for the Griffith's theory is,

1:f 2 - 4 at an - 4 O't 2 = 0 [2.09]

From Fig. 2.20, the predicted tensile strength is equal

to one half the apparent cohesion. Also, Griffith's theory

requires that the ratio of unconfined compressive strength

to tensile strength be a constant equal to 8.0.

The Griffith-Brace Theory, better known as the

Modified Griffith's Theory (Brace, 1960), is a combination

of Mohr and Griffith theories. The compressive portion of

Griffith-Brace theory is essentially equal to the Mohr

Coulomb criterion, whereas the tensile portion is equal to

the Griffith's criterion. Again, the tensile strength must

be equal to half of the "Apparent Cohesion·". However, the

Modified Griffith theory requires that the unconfined

compressive strength to tensile ratio is a function of the

frictional properties of the soils (Lee and Ingles, 1968).

The Modified Mohr-Coulomb Criterion (Fig. 2.21),

proposed by Fang and Chen (1971, 1972), does not require any

condition with respect to the ratio of apparent cohesion to
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I

tensile strength and the ratio of unconfined compressive

strength to tensile strength.

As there is not enough experimental information to

allow a definition of the non-linear part of the failure

criterion (Baker, 1981), the Modified Mohr-Coulomb failure

criterion seems to be superior to other criteria as it does

not specify any II apparent cohesion" to tensile strength

ratio. Furthermore, a different ratio of unconfined

compressive strength to tensile strength is allowed in the

criterion.

2.6 SUMMARY

This chapter has contained an outline of existing

literature concerning shrinkage and desiccation of soils,

the physical behavior between fracture mechanics theory and

the soil cracking, and the factors affecting soil shrinkage

and cracking. Although the solution to the problem of

desiccation cracking is not Obvious, the following main

points are apparent:

a) Soils shrink in response to a change in the

state of stress. The state of stress depends on

different environmental factors, such as land use

and climate.
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b) The amount of soil shrinkage depends on the

type and amount of clay minerals, soil fabric ,

initial water content and confining pressure.

c) Desiccation cracking is the result of volume

reduction in soils due to shrinkage (or

contraction) during the drying process.

d) In .nature, orthogonal patterns

observed in desiccation cracking.

intersections suggest that one of

predates the other crack.

are usually

Orthogonal

the cracks

e) Wide ranges in crack spacing, varying from

about 75 nun (milli-meters) to 76.0 m (meters)

have been observed in playa (dried-out lake)

sediments, alluvial and lacustrine deposits, and

glacial till deposits. In general, rapid rates of

desiccation produce a smaller crack spacing.

f) Crack spacing is highly dependent upon local

disturbance (i.e., non-homogeneities), such as

non-uniform strength within the soils and the non

uniform drying conditions.
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g) The depth of crack within a desiccated soil

mass has received little attention in the past.

h) Fracture mechanics, at its present

appears not to be suitable for solving

problem of desiccation cracking in soils.

stage,

the

i) Recent studies conducted by soil scientists and

geotechnical engineers have used soil suction as

the stress state variable to relate the shrinkage

behavior of soils.

j) The soil suction is affected by different

environmental changes, such as climate, proximity

of structures, and the position of groundwater

table.

k) The presence of vegetation, and its rooting

depth are important factors on soil suction.

1) Soils have a low tensile strength ranging from

zero to a few pounds per square inch (1.0 Ib/sq.

in equal to 6.89 kPa). The tensile strains-at

failure for compacted soils increase with

increases in water content.
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m) Tensile strength increases but the ratio of

unconfined compressive strength to tensile

strength decreases as plasticity index increases.

0) The Modified Mohr-Coulomb failure criterion

appears to be more flexible for describing the

shear strength behavior of soils under tension.
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CHAPTER 3

THEORY OF CRACKING IN SOILS

3.1 INTRODUCTION

Little attention has been paid in the past to the

problem of cracking in a desiccated soil. Although the depth

of cracking is often required in some boundary value and

limit equilibrium analyses, little information on the

prediction of crack depth can be found in the literature.

The objective of this chapter is to derive mathematical

expressions for the prediction of theoretical crack depth.

Unsaturated soils mechanics
I

principles are employed

throughout the derivation. Two mathematical expressions are

derived. The first expression is obtained using the volume

change behavior (i.e., elastic equilibrium analysis) of

unsaturated soils. The second expression is derived using

the shear strength (i.e., plastic equilibrium analysis)

behavior of unsaturated soils. The predicted crack depths

are expressed in term of stress state variables and various

soil parameters.
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3.2 STRESS STATE VARIABLES FOR UNSATURATED SOIL MECHANICS

Fredlund and Morgenstern (1977) showed from a stress

field analysis that any two of the three possible stress

state variables can be used to define the l stress state in an

unsaturated soil. Possible combinations are (a) (0' - ua )

and (ua - uw) , (b) (0' - uw) and (ua - uw)' and (c) (0' - u a )

and (0' - uw) , where 0' == total normal stress, u a = pore air

pressure, and U w = pore water pressure. Experiments have

been performed to verify the proposed stress state variables

(Fredlund, 1973).

The two stress state variables that appear to be most

satisfactory for most soil mechanics problems are (0' - u a )

and (ua - uw) (Fredlund, 1979). The (a - u a ) term is called

the net total stress and the (ua - uw) term is called the

matric suction. It should be noted that the pore air

pressure is usually equal to zero relative to the

atmosphere. Its inclusion in the equations is somewhat

academic since it will usually disappear during an analysis.

3.3 MATRIC SUCTION PROFILES

The matric suction of an unsaturated soil depends on

many different environmental factors, such as the presence

of vegetation, proximity of any structure and the position

of water table. Let us consider a saturated soil with a
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water table at the ground surface. As a result of

evaporation, the water table is drawn below the ground

surface. The total stress on the sediments remains

essentially constant while the pore-water pressure is

reduced (see Fig. 3.01). The pore-water pressure becomes

negative (i.e., soil suction) with respect to atmospheric

pressure above the water table.

Where the water table exists close to the surface,

that is 6 m in clay, 3 m in sandy clay and silts, and 1 m in

sand, Peter (1979) suggested that the equilibrium suction

profile should be that given by the extension of hydrostatic

water table, regardless of the climate.

When the soil is subjected to excessive evaporation due

to dry weather, the matric suction profile is pulled away to

the left from the hydrostatic profile as shown in Fig. 3.01.

In localities where the water table is deep, the matric

suction profile near the ground surface remains constant

with depths (Peter, 1979). Fig. 3.02 shows the effect of the

position of water table and various environmental factors on

the matric suction profile.

In order to quantify the matric suction at a given

depth in any mathematical analysis, two idealized matric

suction profiles are proposed in Figs. 3.03 and 3.04.

Although the actual matric suction profile in nature may not
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considered to be adequate for the present analysis. Matric

suction profile "A" represents a linear matric suction

relationship with depth and profile "B" represents constant

matric suction with depth.

If the matric suction at ground surface is in static

equilibrium with the groundwater table, the matric suction

at ground sucface is equal to the product of unit weight of

water yw and the depth to water table Dw (i.e., ywDw). Both

the matric suction profiles "A" and "B" are related by a

matric suction profile factor," Fw, to the one which is in

static equilibrium with the water table. Hence, the matric

suction at any depth, for different matric suction profiles

can be evaluated (see Figs. 3.03 and 3.04).

For matric suction profile "A", matric suction at depth

dis,

(3.01]

For matric suction profile "B", matric suction at depth

dis,

(ua - uw)d = Fw yw Dw
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3.4 ELASTIC EQUILIBRIUM ANALYSIS

The volume change behavior of any soils can be

expressed as a function of independent stress state

variables and its material properties. Two constitutive

relationships, one for the soil structure and the other for

the water phase, have been proposed (Fredlund, 1979) to

describe the volume change characteristics of unsaturated

soils.

The soil is first assumed to behave as an isotropic,

linear elastic material. The constitutive relations for the

soil structure were developed in a semi-empirical manner as

an extension of the elasticity formulation used for

saturated soils as follow:

EX = (O'x - ua ) - Jl(O'y + O'z - 2ua ) + (1lla - uw )
E E H

Ey = (O'y - ua ) - Jl(Oz + Ox - 2ua ) + (ua - uw )
E E H

Ez = (Oz - u a ) - Jl(Ox +
EY

- 2ua ) + (ua - uw )

E H

where:

[3.03]

[3.04]

[3.05]

Ey ,
C1y ,

EZ = strain in the x, y, and z directions.
O'z = stress in the x, y, and z directions.

E = elastic modulus with respect to (a - u a ) .
H = elastic modulus with respect to (ua - uw}.
Jl = Poisson's ratio.
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Similarly, the constitutive relation for the water

phase was proposed as,

[3.06]

Where :

AGw = change in the amount of water by volume in a
given soil element.

H1 = water phase modulus with respect to (0' - ua ) .
R1 = water phase modulus with respect to (ua - uw) •

Let the soil has a tensile strain equal to eh' At

elastic limiting equilibriuum conditions, the stresses in the

horizontal directions are equal to O'h' and the stresses in

the vertical direction are equal to O'v' That is,

and,

O'x = O'y = 0h
Oz = 0v
ex = Ey = Eh

(3.07J
[3.08]

[3.09]

Substituting equations [3.07J, [3.08J and [3.09J into

equations [3.03J and [3.04J, gives an identical expression,

Eh = (1 - ~) (O'b - ua ) - ~ (Oy - ua) + (ua - uw) [3.10J
E E H

=> (O'h - ua ) = ~ + {E Eb - (ua - uw)E/H} [3.11]
(O'v - ua ) (1 - ~) (l - ~) (O'v -ua )

Let us consider a desiccated soil with vertical cracks

extending to a depth of dc as shown in Fig. 3.05. At the

bottom of the desiccation crack, that is at depth dc, the
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total horizontal stress, (O"h - u a ) will be equal to zero.

Hence, equation [3.11] becomes

o = g + {E Cb (ua - Uw)dc E/H}
(1 - Jl) (1 - Jl) (O"v -ua ) dc

[3.12]

The total stress at depth dc, (O"v - ua)dc is equal to

the product of total soil unit weight r and the crack depth

dc. The matric suction at depth dc is dependent upon the in-

situ matric suction profiles prior to cracking. Let us

consider two type of matric suction profiles as discussed in

section 3.3.

For matric suction profile "An, the matric suction at

depth dc is,

(ua - uw)dc = Fw yw (Dw - de) [3.13]

For matric suction profile "B", the matric suction at

depth dc is,

(Ua - uw)dc = Fw yw Dw

The total stress at depth dc is,

[3.14]

(O"v - ua)dc = r dc [3.15]

Where :

r = total unit weight of soil.
yw = total unit weight of water.
Dw = depth to groundwater table.
dc = depth of crack.
Fw = matric suction profile factor.
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Substituting equations [3.13], [3.14], and [3.15] into

equation [3.12], gives two expressions for the crack depth

for the two matric suction profiles.

For matric suction profile nAn, the depth of crack is

given as,

Dw H Eh
dc = FW yw [3.16]

1 + u 'Y 1
Fw 'YW (E/H)

For matric suction profile nB n , the depth of crack is

given as,

Dw H Eb
dc = Fw "(W [3.17]

U 'Y 1
Fw "{W (E/H)

where:

dc = depth of crack.
y = total unit weight of soil.
'YW = total unit weight of water.
Dw = depth to groundwater table.
Fw = matric suction profile factor.
~ = Poisson's ratio.
Eh = tensile strain of soil.
E = elastic modulus with respect to total stress.
H = elastic modulus with respect to matric

suction.
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3.5 PLASTIC EQUILIBRIUM ANALYSIS

For a given failure criterion, the shear strength of

any soils can be expressed as a function of independent

stress state variables and the soil shear strength

parameters. Let us consider the shear strength of

unsaturated. soils in terms of the (0 - u a ) and

stress state variables. Fredlund et al (1978) proposed a

shear strength equation,

~ = c' + (o - u a ) tan $' + (ua - uw) tan $b

where:

[3.18]

~

c'

<P'

= shear strength.
= cohesion intercept where the two stress

variables are zero.
= friction angle with respect to changes

in (0 - u a ) .
= friction angle with respect to changes

in (ua - uw) •

The Mohr circles corresponding to the failure

conditions can be plotted on a three-dimensional diagram as

shown in Fig. 3.06. The axes in the horizontal plane are the

stress state variables and the ordinate is the shear

strength.

It is possible to consider the matric suction term as

part of the cohesion of soil. In other words, matric suction

increases the cohesion of the soil
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Fig. 3.06: Three dinlensional failure surface using stress variable (0' - ua) and (ua - uw)
(after Fredlund, 1981).
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Therefore, the cohesion of the soil, c, has two components.

c = c' + (ua - uw) tan ~b [3.19]

Substituting equation [3.19] into [3.18], gives

~ = c + (G - u a ) tan ~' [3.20]

The three-dimensional failure surface in Fig. 3.06 is

applicable" to unsaturated soils under compression. In order

to describe the behavior of soil under tE?nsion, a failure

criterion extended to the tension zone is required. It has

been discussed in section 2.5.4 that the Modified Mohr

Coulomb Failure Criterion (Fang and Chen, 1971, 1972)

appears to be appropriate for describing the behavior of

soils under tension. Accordingly, this criterion is used to

study the soil cracking under plastic equilibrium

conditions.

Let us consider a soil element locating at the tip of a

vertical soil crack as shown in Fig. 3.07. If both the

horizontal and vertical stresses are assummed to be

principal stresses, the stress condition of this soil

element is given by the Mohr circle "A" as shown in Fig.

3.08. The minor and major principal stresses of this soil

element would be equal to the allowable tensile strength

Gt and the total overburden pressure Gv ' respectively.
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By definition of the Modified Mohr-Coulomb Failure

Criterion, the radius, R of the Mohr Circle "A" is

R = Q - (it sin </>'r (1 - sin <rl

where :

R = radius of the Mohr circle as shown in
Fig. 3.19.

Qu = unconfined compressive strength
(it = allowable tensile strength
</>' = effective friction angle.

[3.21]

The allowable tensile strength can be related to the

unconfined compressive strength by a factor Ft, such that

[3.22J

From Fig. 3.08, the major principal stress (i.e., the

vertical total stress) is given by,

[3.23J

Substituting equations [3.21] and [3.22J into [3.23],

gives,

crv = 2c cos ~' [1 - Ft 
(1 - sin </>')
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As matric suction increases the cohesion of an

unsaturated soil (equation [3.20], Fredlund, 1979), the

cohesion at the bottom of the crack can be expressed as

Also, stress in the vertical direction is,

[3 .26.]

where: dc = depth of crack
c' = cohesion intercept where (0 - u a ) and

(u? - uw) are zero.
$b = fr~ction angle with respect to (ua - uw) .
Y = total unit weight of soil.
0v = overburden pressure.

(ua - uw)dc = matric suction at the crack depth level.

Substituting equations [3.25] and [3.26] into [3.24],

gives,

dc 'Y = 2cos </>' {c' + (ua - U w ) de tan ~ [i -Ft- 2Ft sin <P' 1
(1 - sin $') (1 - sin <1>' U

[3.27]

Let us consider two matric suction profiles as

discussed in section 3.3. Substituting equations [3.13] and

[3.14] into [3.27], gives two expressions for the crack

depths for two matric suction profiles.
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For matric suction profile nA", the depth of crack is

given as,

c' + Fw Dw tan <j>b
dc = yw [3.28]

X + Fw tan <j>b

L (1 - sin <p,}2
where: X = "M [3.29]

2 cos <P' {(I-Ft) - (I+Ft) sin <P' }

For matric suction profile "B", the depth of crack is

given as,

y =where:

where:

dc = 2 (c' + Fw Dw yw tan $b) y

'Y

cos $' [1 - Ft - 2Ft sin <I>'J
(I-sin <P') (I-sin <p')

[3.30]

[3.31]

dc = depth of crack.
"( = total unit weight of soil.
yw = total unit weight of water.
Dw = depth to groundwater table.
Fw = matric suction profile factor.
Ft = ratio of tensile strength to unconfined

compressive strength.
c' = cohesion intercept where the two stress

variables are zero.
$' = friction angle with respect to changes

in (0- - u a ).
$b = friction angle with respect to changes

in (ua - uw ) •
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CHAPTER 4

ANALYTICAL AND EXPERIMENTAL PROGRAM

4.1 INTRODUCTION

This chapter describes the analytical and experimental

programs that were undertaken in this study. The objectives

and the methodology of each-program are presented.

4.2 ANALYTICAL PROGRAM

The objective of the analytical program was to relate

pertinent soil properties to the prediction of crack depth.

The program consisted of deriving mathematical expressions

for the prediction of theoretical crack depth. The

mathematical expressions were expressed lin terms of stress

state variables and material properties. The relative effect

of various soil parameters on the theoretical depth of

desiccation cracks was investigated.

The volume change and the shear strength behavior of a

desiccated soil can be described using unsaturated soil

mechanics principles. Two expressions for the theoretical

crack dept.h can be obtained using the elastic equilibrium
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(i.e., volume change) and the plastic equilibrium (i.e.,

shear strength) analyses. The derivation of these

expressions were presented in Chapter 3.

In order to evaluate the relative effect of various

soil parameters on the crack depth, a parametric study was

conducted using the theoretical expressions. The parametric

study consists of generating graphs for the theoretical

crack depth using normal ranges of soil parameters.

Since the ratio between the E and H moduli is required

to describe elastic equilibrium conditions in a soil, the

relationship between these moduli must be evaluated. The

empirical relationship between the E and H moduli was

investiga'ted in Chapter 5. Experimental data on suction

tests and one-dimensional consolidation tests performed by

others were analysed to estimate the normal range of the E

to H ratio for slurried Regina Clay and compacted silt.

4.3 EXPERIMENTAL PROGRAM

The objective of the experimental program was to study

the characteristics of cracking and shrinkage of soils. The

program consisted of conducting shrinkage tests and cracking

tests on slurried soils. A total of three shrinkage tests

and six cracking tests were performed. The factors that
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control crack spacing were considered by observing the

behavior of soils cracking during the experimental program.

The matric suction, water content and the amount of soil

shrinkage were measured during the desiccation process.

4.3.1 Soils

Two types of soils were used for the experiments. The

materials were glacial till and clay with common local names

as Indian Head Till and Regina Clay, respectively. All soils

were obtained with the co-operation of the Saskatchewan

Department of Highways and Transportation, Regina Branch.

In the laboratory, the soils were spread on a table and

allowed to dry in air. Large soil lumps were crushed by

means of a rubber hammer. The soils were then sieved through

a #10 (2.0mm) screen and stored in the laboratory.

The Indian Head Till is a well-graded material with

clay to gravel sized particles as illustrated by the

gradation curve shown in Fig. 4.01. It is moderately

plastic, having a liquid limit of 34.3% and a plastic limit

of 14.2%.

The Regina Clay is a material with clay to silt sized

particles as illustrated by the gradation curve shown in
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Table 4.01: Summary of the properties of the soils used
in the laboratory testing program.

% Sand

% Silt

% Clay

Indian
Head till

37.5%

34.0%

28.5%

Regina
Clay

NIL

27.0%

73.0%

Liquid Limit 34.3% 80.5%

Plastic Limit 14.2% 26.2%

Plasticity Index 20.1% 54.3%

Shrinkage Limit 14.0% 22.0%
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Fig. 4.02. It is highly plastic, having a liquid limit of

80.5% and a plastic limit of 26.2%. The physical properties

of the till and clay are summarized in Table 4.01.

4.3.2 Containers

The shrinkage tests were conducted using a cylindrical

brass container of 61.50 mm internal diameter and 22.85 mm

deep. A set of three brass containers were used for each

shrinkage test as shown in Fig. 4.03. The interior walls of

all the brass containers were sprayed with a layer of dry

lubricant (polytetra-fluro-ethylene) in order to reduce the

adhesion and friction between the soil paste and the

containers.

The experiments on the cracking of soils were carried

out in a flat wooden container of 0.61 x 0.61 m2 plan area

and 76 mm deep as shown in Fig. 4.04. The interior walls of

the container were lined with a layer of formica panel to

refrain any soil water from migrating into the wood. Clear

silicon was also applied to the interior edges and corners

of the container to seal the gaps in between the walls.

Holes (8 mm in diameter) were drilled on the bottom and side

walls of the container to provide access for the

installation of ceramic cup sensors (from the tensiometer)

into the soil. Four dial guages were installed at four
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Fig. 4.04: Dimensions of the \vooden container used for the cracking test.
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qradrants of the container to measure the vertical soil

shrinkage during desiccation. The set up of the equipment

for the cracking test is shown in Fig. 4.05.

4.3.3 Tensiometer

Four flexible tube tensiometers (Soilmoisture Equipment

Corp. Model No. 2100F) were used to measure the matric

suction of the soils during the cracking tests. The upper

part of the flexible plastic tube tensiometer (Fig. 4.06) is
I

about 150 rom long and serves as a water reservoir and the

housing for a vacuum dial gauge. Attached to the base of the

reservoir is aIm (metre) long flexible tube with an

outside diameter of 3 rom. A 25 mm long and 6 mm in diameter

porous ceramic cup sensor is attached to the end of the

flexible tube.

Before the tensiometers were assembled, all vacuum dial

guages were calibrated with an known vacuum source. De-aired

distilled water was used to fill the reservoir of the

tensiometer. All tensiometers used in the experiments were

installed in accordance with the manufacturer's recommended

procedures as provided in Appendix B. After initial

installation, the tensiometer is in balance with the soil

suction in the soil. The suction value on the vacuum dial

gauge indicates the suction at the porous ceramic cup. The
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Fig. 4.06: Flexible tube tensiometer (after Soilmoisture Equipment Corp.
Model No. 2100F).
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range of soil suction over which the tensiometer can be used

reliably is 0 to 85 kPa.

4.3.4 Temperature and Humidity

All experiments were carried out in the Soil Mechanics

graduate students' laboratory at the University of

Saskatchewan. Precautions were taken to prevent sunlight or

air current (ventilation) from striking directly the soil

surface. The room temperature was kept at a range between

23 and 25 degrees Celsius. Although the laboratory had no

humidity control, the humidity was maintained fairly

constant at about 25% to 30% throughout the experiments.

4.3.5 Experimental Procedures

A total of three shrinkage tests (i.e., Test Nos. SOl

to S03) and six cracking tests (i.e., Test Nos. TOI to T06)

were conducted. Detailed conditions of all the tests are

summarized in Table 4.02.

The shrinkage test consists of continuously measuring

the changes in sciil volume and water content when a given

amount of slurried soil was allowed to dry in the
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Table 4.02: Detailed conditions of the shrinkage tests
and cracking tests.

Shrinkage
Test No.

SOl
S02
S03

Soil
type

Till
Till
Clay

Mixing water
content (w%)

37.7%
31.0%
80.0%

Cracking Soil Mixing Average Soil
Test No. type w% thickness

T01 Till 37.7% 58.8 mm
T02 Till 38.2% 54.1 mm
T03 Till 31.1% 60.4 rom
T04 Till 38.1% 33.7 mm

*T05 Clay 82.5% 59.7 mm
*T06 Till 37.5% 60.8 mm

* ·Remarks: Container side walls were lined with wax
papers and aluminum foils for Test Nos. T05
and T06
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laboratory. A total of three soil samples were used in each

shrinkage test. Two shrinkage tests (i.e., Test No. 501 and

502) were carried out on Indian Head Till with water

contents of 37.7% and 31.0%. One shrinkage test (i.e., Test
I

NO. 503) was performed on Regina Clay which was mixed at a

water content of 80.0%.

About 45 kg (i.e., 100 Ib) dry soils was used in each

cracking test. All soils were hand-mixed to the desired

water content in a large container as shown in Fig. 4.07.

After the soil had been thoroughly mixed to a smooth paste,

it was placed in the wooden container. The soil paste was

vibrated slightly for a duration of about two minutes using

a handheld electric vibrating probe (Fig. 4.08) to drive out

the occluded air bubbles. The soil surface was spread

smoothly and levelled using a trowel.

Upon completion of the soil. mixing process, four

ceramic cup sensors were installed within the soil at the

desired locations. The soil was then allowed to cure for a

period of about 24.0 hours in room temperature. In order to

prevent any loss of water during the curing period, a layer

of 50 mm thick styrofoam and a layer of plastic sheet were

placed on top of the wooden container.

At the beginning of the cracking test, the plastic
I

sheet and the styrofoam were removed. Four dial gauges were
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installed at four quadrants of the container. During the

test, the matric suction and any vertical soil shrinkage

were monitored from the tensiometers and the dial guages,

respectively. After the cracking started, soil water

contents were measured periodically at selected soil depths.

The measurements were made by taking a small amount of soil

at different soil depth each time. Cavities made by the

sampling process were filled with soil of suitable water

content immediately after sampling (Fig. 4.09). Photographs

were also taken periodically to record the development of

the soil cracking pattern.

Five cracking tests were performed on Indian Head Till:
f

Test Nos. T01, T02, 1'04 and T06 were performed at water

contents of about 38% (i.e., about 4% above its liquid

limit), and Test No. T03 was at a water content of 31.1%.

One cracking test (i. e. , Test No. T05) was conducted on

Regina Clay, which was mixed at a water content of 82.5%

(i.e., about 2% above its liquid limit).

The soil thickness for all the tests ranged between

54.1 rom and 60.8 rom, with the exception of Test No. T04,

which was 33 rom thick. Wax paper and aluminum foil were

placed on the interior side walls of the container in Test

Nos. T05 and T06 in order to study the effect of side wall

adhesion on soil cracking.
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The ceramic cup sensors of the tensiometer were

originally installed horizontally 150 mm into the soil paste

from the side wall of the container. After Test No. T01, it

was found that the positions of the sensors seemed to

produce a strong influence on the cracking pattern. In Test

Nos. T02, T03, T05 and T06, all the ceramic cup sensors were

installed vertically from the bottom of the container (Fig.

4.10) to minimize soil disturbance. Since the soil was too

thin in Test No. T04, the sensors had to be installed

horizontally 35 rom into the soil from the container side

wall.
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CHAPTER 5

RELATIONSHIP BETWEEN THE ELASTIC MODULI E AND H

5.1 INTRODUCTION

Using the elastic equilibrium analysis, a mathematical

expression for the prediction of theoretical crack depth was

derived in Section 3.4. The expression was expressed as a

function of the ratio between the elastic modulus E and the

elastic modulus H. In order to use the expression for the

prediction of crack depth, the E/H ratio is required. The

relationship between these moduli must either be

experimentally evaluated or estimated. At present, there is

little experimental data on the direct measurement of these

moduli. The purpose of this chapter I is to study the

empirical relationship between the E and H moduli. The

possible range of the E/H ratio is estimated using the

experimental data from the suction tests and one-dimensional

consolidation tests performed by other researchers.

5.2 EMPIRICAL RELATIONSHIP BETWEEN THE E ANDH MODULI

There is little information in the literature on the

relationship between the elastic modulus E, with respect to
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net total stress and the elastic modulus H, with respect

to matric suction. Let us consider the relationship

between these moduli from a semi-empirical approach. The

constitutive relationships for the volume change behavior

of an elastic material can be expressed as,

EX = r J.L (cry + O'z) [5.01J
E

Ey =
~ 11 (O'z + O'x> [5.02J

E

Ez = ~ 11 (O'x + O'y> [5.03 ]
E E

The volumetric strain due to a change of stress is

-oV = evol = Ex + Ey + Ez
V

where:

(5.04J

Ex,Ev,EZ = strains in the x,y and z directions.
O'x,dy'O'z = stresses in the x,y, and z directions.

~ = Poisson's ratio.
E = elastic modulus.

Sv = a change in volume.
V = original volume.
evol = volumetric strain.

If we consider the Ko or one-dimensional compression

loading condition as shown in Fig. 5.01, the strains in the

horizontal directions are zero, that is,

EX = Ey = 0
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Fig. 5.01: Various types ofloading conditions and moduli
(after Lambe and Whitman, 1969).
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....

Substituting equation [5.05] into [5.01], [5.02] and

[5.03] gives,

(1 J.l)
[5.06]

and, [5.07]

For Ko loading conditions, the constrained modulus D is

defined as,

D = 0'
- (OV1V)

[5.08]

Substituting equations [5. 04J, [5. 05J and [5.07] into

[5.08], the constrained modulus D becomes,

D = E (1 - Il) [5.09]

Since the matric suction is a three-dimensional,

isotropic loading condition, the bulk modulus Bm and the

elastic modulus H with respect to the matric suction are

defined as,

Bm = O(ua - uw ) [5.10]
Evol

and, H = O(ua - uw ) [5.11]
Ex
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For an isotropic soil, the strains in the x, y, and z

directions will be the same, that is,

[5.12]

Substituting equations [5.12] into [5.04], the

volumetric strain for an isotropic soil subjected to

isotropic loading conditions is,

Evol = 3 e [5.13]

The bulk modulus Bm can be related to the elastic

modulus H using equations [5.10], [5.11] and [5.13] as,

Bm = H [5.14]
3"

Combining equations [5.09] and [5.14], a theoretical

relationship between the elastic modili E and H is given by,

E = 1 D (1 + IJ.) (1 - 2Jl)
H 3 Bm (1 - Il)

[5.15]

The constitutive relationships for the soil structure
1

of an unsaturated soil are given in equations [3.03], [3.04]

and [3.05]. For one-dimensional loading conditions, Fredlund

(1979, 1981) proposed a three dimensional plot of the stress

state variables versus void ratio (Fig. 5.02). The

constitutive surface can be linearized over a wider range of

stress change using the logarithm of stress
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variables (Fig. 5.03). According to Fig. 5.03, the void

ratio under any set of stress conditions can be written as,

[5.16]

where:

Ct = compressive index with respect to a change of
total stress (0 - u a ) .

Cm = compressive index with respect to a change of
matric suction (ua - uw) .

eo = initial void ratio.
ef = final void ratio.

The constrained modulus D with respect to the net total

stress (0' - u a ) can be related to the compressive index

obtained from a one-dimensional consolidation test

and Whitman, 1969) as,

D = (1 + eo) O(O'J - ua}
(ef - eo

and, D = (1 + eo) (a - ua}a
0.435 Ct

where:

(Lambe

[5.17J

[5.18)

(O'v - ua}a = average of initial and final net total
stresses.

eo = initial void ratio.
ef = final void ratio.

Let us consider the plot of logarithm of matric suction

versus void ratio in Fig. 5.03. Since the matric suction is

108



an isotropic loading process, equations [5.17] and [5.18]

can also be used to calculate the bulk modulus Bm, that is,

Bm = (1 + eQ) O(ua - uw)
(ef - eo)

[5.19]

and,

where:

Bm = (1 + eo) (U~ - uw)a
O.435 m

[5.20]

(ua - uw)a = average of initial and final net matric
suction.

For the same stress range of net total stress and net

matric suction (i. e., (O'v - u a ) a is equal to (ua - uw) a) ,

the relationship between D, Bm, Ct and Cm is given by

combining equations [5.18] and [5.20], that is,

D = Su.
tBm C+-

[5.21J

Substituting equation [5.21] into [5.15] gives a

theoretical relationship between the E and H ratio and the

compressive indices Cm and Ct as,

E = 1 Cm (1 + J.l) (1 - 2J.l )
H 3 Ct (1 - Jl)

[5.22]

When the degree of saturation approaches 100%, Ct is

approximately equal to Cm (Fredlund, 1981), and Ct becomes

equal to the conventional compressive index, Cc . At low

degrees of saturation, Ct will be greater than Cm. The Cm!Ct
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ratio will therefore have a possible value between zero and

one. At present, the literature contains little data on the

quantitative relationship between the compressive indices

for soils with low degrees of saturation (Fredlund, 1981).

The theoretical relationship between the E/H ratio and the

Cm/Ct ratio according to equation [5.22] is shown in Fig.

5.04. It can be noted that the maximum theoretical E/H ratio

is 1/3, when Cm/Ct is equal to unity and the Poisson's ratio

is zero. When Cm/Ct is zero, the minimum theoretical E/H

ratio is equal to zero.

5.3 EXPERIMENTAL DATA ON E/H RATIO

Fredlund (1964) conducted suction tests and one

dimensional consolidation tests on slurried Regina Clay.

Plots of logarithm of matric suction versus void ratio and

logarithm of effective stress versus void ratio obtained.

from the experiments are shown in Figs. 5.05 and 5.06,

respectively. The elastic moduli E, with respect to total

stress at different stress levels were calculated using

equations [5.09] and [5.17] as shown in Table 5.01.

Similarly, the elastic moduli H, with respect to matric

suction were estimated using equations [5.14] and [5.19] as

shown in Table 5.02. The estimated ratios between E and H,

at different stress levels are shown in Table 5.02 or in

Fig. 5.07. From Fig. 5.08 the slurried Regina Clay is shown
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Table 5.01: Detennination of the elastic modulus E, for the slurried Regina Clay from
one-dimensional consolidation test results
(data obtained from Fredlund, 1964).

:Joissol": ratio
Intial Final !rtitial Final Average 0.30 0.35 I). ~:)

,., ~r:

v. ~...i

Stress Stress void void Stress D
,..

~,du::JS

kPa kPa ratio ratio kPa kPa kPa ~.Pa kPa ~.Pa

5.49 9.81 2.500 2.289 7.65 72 53 45 33 19
9.81 19.62 2.289 1.889 14.72 81 50 50 38 -)~

I..

19.62 49.05 1.889 1.702 34.34 4r:r: 338 283 212 120-.J";

49.05 68.67 1. 702 1.580 58.86 435 323 271 203 115
68.67 88.29 1.580 1.488 78.48 550 409 343 257 145
88.29 98.10 1.488 1.450 93.20 642 477 400 300 169
98.10 196.20 1.450 1.247 147.15 1184 860 738 553 312

196.20 2'34.30 1.247 1.128 245.25 1852 1376 1154 354 488
294.30 392.40 1.128 1.044 343.35 2485 1846 1548 1160 655
392.40 490.50 1.044 0.978 441.45 3038 2257 1893 1413 80:
490.50 588.60 0.978 0.925 539.55 3661 2720 2281 1709 965
588.50 686.70 0.925 0.880 637.65 4196 3117 2615 1958 1106
686.70 760.28 0.8BO 0.850 723.49 4611 3425 2873 2152 1216

Table 5.02: Detennination of the elastic modulus H, for the slurried Regina Clay from
suction test results (data obtained from Fredlund, 1964).

Intial Final Initial Final Average H 'J015SVTl ratio
Stress Stress void void Stress Bm Modulus 0.30 0•.35 0.40 0.45

kPa kPa ratio ratio kPa kPa kPa E/H ratio

6.18 9.81 2.510 2.400 8.00 116 347 0.153 0.128 0.096 0.054
9.81 19.62 2.400 2.020 14. 72 88 263 0.228 0.191 0.143 0.081

19.62 49.05 2.020 1.794 34.34 393 1180 0.286 0.240 O. 180 0.102
49.05 68.67 1. 7'34 1.650 58.86 701 1142 0.283 0.237 0.:78 0.100-w'..,J.

68.67 88.29 1.650 1.560 78.48 578 1i7-' 0.235 0.198 0.148 0.084~ I w,j

88.29 98.10 1.560 1.530 93.20 837 2511 0.190 t'\ ~C'c 0.:19 0.067v. ~",,;_.

98.10 196.20 1.530 1.285 147.15 1013 3039 0.289 ;).243 O. 182 0.103
196.20 294.30 1.285 1.170 245.25 1949 5848 r, . .,,=' 0.197 0.14-9 ~). 084\"1'-,-"''':

294.30 392.40 1.170 1.106 343.35 3342 10025 0.184 0.:54 0,115 0.055
392.40 490.50 1.106 1.057 441.45 4183 12548 :).180 Ii .• r:1 0.113 0.0£4v •• IW ....

490.50 588.50 1.057 1.017 539.55 4995 14984 0.182 l'~ i c:.~ 0.114 0.064Va ~ ••a_

588.60 686.70 1.017 0.982 637.65 5801 17403 0.179 0.150 " '1'2 0.(:64..1 • .......

686.70 784.80 0.982 0.953 735.75 6570 19710 0.174 0.:46 0.109 0.062
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to have a E/H ratio ranging between O. 06 and O. 18, for a

Poisson's ratio between 0.45 and 0.30 6 respectively.

Ho (1987) performed suction tests and one-dimensional

consolidation tests on silt compacted dry 'of optimum water

content (i.e., initial water content is equal to 16.0%). For

a stress range between 100 kPa and 1500 kPa, the compressive

indices, Ct and Cm obtained from the plot of stress state
I

variables versus void ratio (see Fig. 5.09) were estimated

to be 0.178 and 0.039, respectively. With a Cm/Ct ratio of

about 0.22, the theoretical E/H ratio would vary (i.e.,

using equation (5.15J or Fig. 5.04) between 0.02 and 0.05,

for a Poisson's ratio between 0.45 and 0.30, respectively.

Based on the foregoing experimental data, it can be

cotcluded that the E/H ratio for clay soil is higher than

th I t for silty soil. Silty soils have larger soil grains,
I

and have a less compressible (i.e., stronger) soil structure

th~n clayey soils. The difference in the E/H ratio appears

tolbe due to the matric suction stress (ua - uw) being more
i

effective in deforming the soil structure for clayey soils
I

th n for silty soils. Although the maximum theoretical E/H

ra io is equal to one third (when Poisson's ratio is equal

to 0), the normal range of the E/H ratio for clayey soils is
I

believed to vary between zero and 0.2.
I
I
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CHAPTER 6

PRESENTATION OF RESULTS

6.1 INTRODUCTION

The data derived from the analytical and experimental

programs are presented in this chapter. Because of the large

amount of data, only a graphical presentation of results is

given. Complete summaries of the analytical and experimental

results are provided in Appendix C I and Appendix D,

respectively.

6.2 PREDICTION OF CRACK DEPTH

In Chapter 3, two sets of mathematical expressions for

the prediction of crack depth were derived using the elastic

and plastic equilibrium analyses. The crack depth was

expressed in terms of stress state variables and various

soil parameters. In order to study the relative effects of

the various soil parameters on the value of the crack depth,

a parametric study is presented in the following sections.
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6.2.1 Elastic Equilibrium Analysis

Using the elastic equilibrium analysis, the predicted

crack depth for a given matric suction profile was expressed

in Section 3.4 as follows:

For matric suction profile "A" (i.e., matric suction

varies linearly with depth), the depth of crack was written

as,

Ow H ~
dc = h~ [6.01]

1 + g y 1
Fw ~ (E/H)

For matric suction profile "B" (i.e.~ matric suction is

constant with depth), the ~epth of crack was written as,

Ow H~
dc = N~

U Y 1
h~ (E/H)

[6.02]

where: dc = theoretical crack depth.
Ow = depth to water table.
Fw = matric suction profile factor.
y = total unit"weight of soils.
~ = total unit weight of water.
~ = Poisson's ratio.
E = elastic modulus with respect to total

stress (0 - u a ) •
H = elastic modulus with respect to matric

suction (ua - uw) •
£h = tensile strain of soils.

Soils, in general are quite weak in tension. Leonards

and Narain (1963) conducted beam flexure tests on compacted

clay and found that the tensile strain-at-failure was a
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small fraction of the compression strain-at-failure. The

ratio of tensile strain to compressive strain varies from

0.01 to 0.1 with no consistent pattern. The tensile strain-

at-failure under three dimensional loading conditions has

not been presented in the literature to the author's

knowledge. However, it appears that the tensile strain-at

failure would be quite small for most soils under three-

dimensional loading conditions.

Let us consider a clayey soil (e. g. , Regina Clay)

having a tensile strain equal to 0.1%. As matric suction

generally decreases with depth, the matric suction at the

vicinity of the crack tip is expected to be low. At low
I

matric suction (e.g., less than 50 kPa), the elastic modulus

H, as suggested in Table 5.02, would equal to 1000 kPa. With

Fw and 1W equal to 1.0 and 9.8 kN/m3 , respectively, the term

containing the allowable tensile strain, Eh in equations

[6.01] and [6.02] will equal to 0.1 m. The denominators in

equations [6.01] and [6.02] are greater than unity. It is

seen that the decrease in crack depth de, due to Eh will not

be significant. Futhermore, neglecting the effect of tensile

strain in equations [6.01] and [6.02] produces a more

conservative (i.e., slightly deeper) estimate of the crack

depth. It is therefore reasonable to assume the allowable

tensile strain be equal to zero. Equations [6.01] and [6.02]
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can be simplified as follows:

For matric suct,ion profile "A" (i. e. / matric suction

varies linearly with depth), the depth of cracking is

simplified as,

dc =
Dw

1 + .."u. 'Y_.__...-1~

Fw 'YW (E/H)

[6.03]

For matric suction profile "B" (i.e., matric ~uction is

constant with depth), the depth of cracking is simplified

as,

dc =
JJ. 'Y
Fw 'YW

Dw

1
(E/H)

[6.04]

In Section 5.2, the theoretical E/H'ratio was shown to

have a possible range of values between zero and one third.

The normal range of Poisson's ratio ~, for most soils varies

between 0.20 and 0.50 (Winterkorn and Fang, 1975). Let us

consider a soil with a total unit weight equal to 18.5

kN/m3 . For a given matric suction profile and normal ranges

of soil parameters, the relationship between the ratio of

crack depth to the depth to water table (dc/Dw), and the E/H

ratio using the elastic equilibrium analysis are shown in

Figs. 6.01 to 6.04, inclusively.
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6.2.2 Plastic Equilibrium Analysis

Using the plastic equilibrium analysis, the predicted

crack depth for a given matric suction profile was expressed

in Section 3.5 as follows:

For matric suction profile "A" (i.e., matric suction

varies linearly with depth), the depth of cracking was

written as,

£ + Fw D.w tan <ph
dc = "fW

X + Fw tan<pb

:L (1 - sin <p,)2
where X = yw

2 cos <p' { (l-Ft) - (l+Ft) sin <p' }

[6.05]

[6.06]

For matric suction profile "B" (i.e., matric suction is

constant with depth), the depth of crack was written as,

dc = 2 (c' + Fw Dw "fW tan mh ) 'y
y

[6.07]

where

where:

y = cos <1>' [1 - Ft - 2 Ft sin <1>']
(I-sin <P') (1-s1n <P')

[6.08]

dc = depth of crack.
c' = cohesion intercept when total stress and matric

suction are equal to zero.
<p' = friction angle with respect to (cr - ua ) .
<ph = friction angle with respect to (ua - uw) .
Ft = ratio of tensile strength and unconfined

compressive strength.
Fw = matric suction profile factor.
y = total unit weight of soil.
yw = total unit weight of water.
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Table 6.01: Relationship between X and y terms and
$' angles.

"( = 18.5 kN/m3 , "{W = 9.8 kN/m3 .

1/Ft=6 1/Ft=8 1/Ft=10 1/Ft=12 1/Ft=14
X y X Y X Y X y X y

<\>,
5° 1.08 0.87 1.02 0.93 0.98 0.96 0.96 0.98 0.°95 1.00

10° 1.04 0.91 0.96 0.98 0.92 1.02 0.90 1.05 0.88 1.07
15° 1.01 0.93 0.92 1.03 0.87 1.08 0.84 1.12 0.82 1.15
20° 1.00 0.94 0.89 1.06 0.83 1.14 0.80 1.19 0.77 1.22
25° 1.02 0.93 0.87 1.09 0.80 1.18 0.76 1.25 0.73 1.29
30° 1.09 0.87 0.87 1.08 0.78 1.21 0.73 1.30 0.69 1.36
35° 1.28 0.74 0.91 1.03 0.78 1.21 0.71 1.33 0.67 1.41
40° 1.88 0.50 1.04 0.91 0.81 1.16 0.71 1.32 0.66 1.44

where:

y = total unit weight of soils.
yw = total unit weight of water.
$' = friction angle with respect to total stress.
Ft = ratio of tensile strength and unconfined

compressive strength.
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Table 6.02: Minimum X and maximum y terms and their
corresponding ~' angles.

'Y = 18.5 kN/m3 , yw = 9.8 kN/m3 .

1/Ft=6 1/Ft=8 1/Ft=10 1/Ft=12 1/Ft=14

minimun
X 1.000 0.866 0.774 0.707 0.655
<1>' 19.5° 27.0° 32.6° 37.0° 40.3°

maximum
y 0.943 1.088 1.217 1.334 1.440
<1>' 19.5° 27.0° 32.6° 37.0° 40.3°

where:

1 = total unit weight of soils.
yw = total unit weight of water.
<1>' = friction angle with respect to total stress.
Ft = ratio of tensile strength and unconfined

compressive strength.
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The terms X and Yare a function of the friction angle

$', and the ratio of tensile strength and unconfined

compressive strength Ft. The values of X and Y calculated

from equation [6.06] and [6.08] are not particularly

sensitive to the normal range of $' angles (i.e., 10 to 30

degrees, see Table 6.01). If minimum X and maximum Y values

are used in equations [6.05] and [6.07], the maximum

theoretical crack depths under different matric suction·

profiles can be obtained. The minimum X and the maximum Y

values, and their corresponding $' angles are given in Table

6.02.

Although there is no fixed relationship between the

unconfined compressive strength and the tensile strength,in

the literature, the normal range of unconfined compressive

strength and tensile strength ratio (i. e., 11Ft) may vary
I

between 6.0 and 13.0 (Fang and Chen, 1972). Based on limited

experimental data (Ho, 1981 and Gan, 1986), the possible

range of $b angle for most types of soils ranges between

zero and 30 degrees. Let us consider a soil with a zero

effective cohesion intercept and with a total unit weight

equal to 18.5 kN/m3 . The relationship between the predicted

crack depth to the depth to water table ratio (dc/Dw) and

the $b angle using the plastic equilibrium analysis are

shown in Figure 6.05 to 6.09, inclusively. If the soil has

an effective cohesion intercept c', of 10 kPa and the matric

suction profile factor Fw, is equal to 1.0, the increase in
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Table 6.03: The increase in predicted crack depth due
to cohesion intercept c'.

For matric suction profile "A" (i.e., matricsuction
varies with depth)

c' = 10.0 kPa,
1 = IB.5 kN/m3 ,

Fw = 1.0
"fW = 9.8 kN/m3

1/Ft=6 l/Ft=B l/Ft=10 1/Ft=12 1/Ft=14
J~b ---.::I~n~c::::.:r:.;e~a~::?se::::.-.:!:.i.=.!n~c;.:!:r~a~c:.!lk~d~e~p~t=lh.:.-.l.o(;..1.' nu.....m~)~d..wu..:..e.......t..:.Q~c~':-::-_

06 1.02m 1.18m 1.32m 1.44m 1.61m
5° 0.94m 1.07m 1.18m 1.2Bm 1.42m

10° 0.B7m 0.9Bm 1.07m 1.15m 1.26m
15° O.BOm 0.90m 0.98m 1.05m 1.13m
20° 0.75m 0.B3m 0.90m 0.95m 1.02m
25° 0.70m 0.77m 0.B2m 0.B7m 0.93m
30° 0.65m 0.71m 0.75m 0.79m 0.B4m

For matric suction profile "B" (i.e., matric suction
is constant with depth)

c' = 10.0 kPa,
1 = 1B.5 kN/m3 ,

Fw = 1.0
"fW = 9. B kN/m3

The increases in crack depth due to cohesion c' do not
vary with ~b angles, and are given as follows:

1/Ft=14
c'
1.61m

1/Ft=6 1/Ft=B 1/Ft=10 1/Ft=12
Increase in crack depth (in m) due to

all ~b l.02m l.lBm 1.32m 1.44m

where:

c' = cohesion intercept when total stress and matric
suction are equal to zero.

1 = total unit weight of soils.
~J = total unit weight of water.
$P = friction angle with respect to matric suction.
Ft = ratio of tensile strength and unconfined

compressive strength.
Fw = rnatric suction profile factor.
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the theoretical crack depth is given in Table 6.03. It

should be noticed that the minimum X and maximum Y values

were used in all the calculation of crack depth.

6.3 EXPERIMENTAL RESULTS

A total of three shrinkage tests (Test Nos. 501 to 503)

and six cracking tests (Test Nos. T01 to T06) were conducted

in the experimental program. Indian Head Till and Regina

Clay mixed at water contents close to their liquid limits

were used in the experiments.

6.3.1 Shrinkage Tests

Two shrinkage tests (i.e., Test Nos. 501 and 502) were

carried out on Indian Head Till with water contents of 37.7%

and 31.0%. One shrinkage test (i. e., Test No. 503) was

performed on Regina Clay mixed at a water content of 80.0%.

The relationships between the water content and the

specific volume (i.e., the reciprocal of dry density) of the

drying soils for all the shrinkage tests are shown in Figs.

6.10 and 6.11. The shrinkage limits of the Indian Head Till

and the Regina Clay, as estimated from Figs. 6.10 and 6.11,

were 14.0% and 22.0%, respectively.
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Table 6.04: A summary of the shrinkage test results
during various conditions.

Initial Conditions

Shrinkage Soil Water
Test No. type content

SOl Till 37.7%
S02 Till 31.0%
S03 Clay 80.0%

Conditions when the horizontal strain was noticed

Shrinkage Time Vertical Water
Test No. elapsed strain content

SOl 11.6 hrs 8.8% 31.3%
S02 3.0 hrs 2.7% 28.9%
S03 5.0 hrs 6.2% 74.6%

Conditions when the increase rate of vertical and
horizontal strains were small

Shrinkage Time Horizontal Vertical Water
Test No. elapsed strain strain content

SOl 65.3 hrs 9.2% 17.2% 8.3%
S02 40.5 hrs 8.4% 10.9% 8.9%
S03 105.3 hrs 21.5% 27.4% 9.5%

Conditions when the soil samples were completely dried

Shrinkage Horizontal
Test No. strain

SOl 9.3%
S02 9.0%
S03 22.2%

Vertical
strain

17.5%
11.1%
27.9%
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The relationships between the water content and the

shrinkage strains for all the shrinkage tests are shown in

Figs. 6.12 to 6.14. Detailed shrinkage test results at

different stages of drying are summarized in Table 6.04.

6.3.2 Cracking Tests

Five cracking tests (i. e., Test Nos. TO 1 to T05) were

performed on Indian Head Till and one test (i.e., Test No.

T06) was conducted on Regina Clay. The purpose of conducting

these six cracking tests was to study the effects of soil

type, initial water content, soil thickness and the

container side wall condition on the behavior of the soil

cracking. During the tests, the matric suction, water

content and the vertical shrinkage strain were measured.

Detailed cracking test results at various stages of

desiccation are summarized in Table 6.05. The relationships

between the time (i.e., stages of desiccation) and the

vertical shrinkage strain for all the tests are shown in

Figs. 6.15 to 6.20. Different stages of cracking in all six

tests were recorded using photographs as shown in Figs. 6.21

to 6.44, inclusively. Interfacial markings were observed on

most of the cracking surfaces, the close-up views of these

markings are shown in Figs. 6.45 and 6.46.
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Table 6.05: A summary of the cracking test results.

Initial conditions

Cracking
Test No.

TOl
T02
T03
T04

*T05
*T06

Soil
type

till
till
till
till
clay
till

Mixing water
content

37.7%
38.2%
31.1%
38.1%
82.5%
37.5%

Average soil
thickness

58.8 mm
54.1 rom
60.4 mm
33.7 mm
59.7 mm
60.8 mm

Conditions when the first crack was noticed

Cracking Time Average w% Average
Test No. elapsed matric suction vert. strain

TOI 43.0 hrs 3.6 kPa 32.3% 6.3%
T02 34.5 hrs 3.6 kPa 32.6% 6.3%
T03 4.0 hrs 1.8 kPa 28.8% 1.0%
T04 22.5 hrs 4.5 kPa 33.0% 6.9%
T05 56.5 hrs 5.9 kPa 71.6% 4.7%
T06 81.5 hrs 11.9 kPa 27.6% 9.3%

Note:
* Container side walls were lined with wax paper and

aluminum foils.
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CHAPTER 7

DISCUSSION OF RESULTS

7.1 INTRODUCTION

The data obtained from the analytical and experimental

programs are discussed in this chapter. The discussions are

be divided into two sections. The first section deals with

the laboratory test results and the characteristics of

desiccation cracking in soils. The relative effects of

different soil parameters on the predicted crack depth are

discussed in the second section. -

7.2 CHARACTERISTICS OF DESICCATION CRACKING IN SOILS

Laboratory test results observed in this study

generally indicate that desiccation cracks were formed

slowly in a sequential manner. Desiccation cracks did not

bifurcate (i.e., did not branch out) . Orthogonal

intersections (i.e., forming right angle intersections) were

observed in most of the tests. The predominant number of

sides of desiccation polygons was found to be four or five.
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Cracking in soils can be assumed to be the result of

the application of excessive tensile stresses. Tension

cracks tend to propagate in the direction perpendicular to

the applied maximum tension. After the first desiccation

crack was formed, any further crack advancing in an oblique

direction will tend to be normal to the first crack after

entering its zone of stress relief. Therefore, orthogonal

intersections are the result. A typical orthogonal cracking

pattern due to desiccation is shown in Fig. 7.01.

Some oblique intersections were observed at the

interface between the soil and the container side wall in

Test Nos. T01, T02, T03 and T04. In these tests, soils

adhered to the container side wall' as a result of adhesion

between the soil and the container side wall. As soil

shrinks during desiccation, cracks initiated at the adhered

interface, forming oblique intersection. However, when the

container side walls were lined with wax paper and aluminum

foil in Test Nos. T05 and T06, orthogonal intersections were

formed at the interface.

Interfacial fracture marking with a characteristic

herringbone appearance were observed on most of the cracking

surfaces. The orientation of the herringbone fracture

markings was always in the same direction as the propagation

of cracking (see Figs. 6.45 and 6.46). These markings
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Fig. 7.01: A typical orthogonal cracking pattern (after Test No. T06).
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were formed due to the interaction between the adhesion at

the container bottom and the propagation of the tension

cracks at the soil surface.

7.2.1 Crack Spacing

In Test Nos. T01, T04, TOS and T06, the first

desiccation cracks were initiated at the position of the

ceramic cup sensors. In Test No. T02, the first crack was

located at the interface between the container side wall and

the soil. The soils used in Test No. T03 was mixed at a

lower water content (i.e., about 3.5% below the liquid

limit), an appreciable amount of air bubbles was occluded in

the soil paste. Desiccation cracks were initiated from these

occluded air bubbles in Test No. T03.

Based upon the foregoing observations, it can be

concluded that the locations of the desiccation crack (or

the crack spacing) are highly dependent upon the positions

of local inhomogeneities. The inhomogeneities include the

presence of foreign matters (e. g. , ceramic cup sensors),

boundary conditions and material properties.

Figs. 7.02 and 7.03 show two different cracking

patterns when different thicknesses of slurried Indian Head

Till were allowed to dry in a small container. Well-
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developed orthogonal cracking patterns were observed in the

thin soil slurry, whereas no cracks were observed in the

thick soil slurry. Based on these observations, it can be

concluded that the cracking patterns of a desiccated soil

depend on the thickness of the soil deposits.

Test Nos. T05 and TO 6 were tested under the same

conditions. The observations noted from these two tests tend

to indicate that clayey soils (i.e., Regina clay) would have

a higher cracking frequency (or a smaller crack spacing)

than silty soils (i.e., Indian Head Till) .

7.2.2 Soil Suction

Most of the cracking patterns observed in the cracking

tests were initiated within the 0 to 85 kPa range of soil

suction. At higher soil suction (i.e., greater than 85 kPa) ,

no new desiccation crack was formed, and the cracks were

widened as a result of further soil shrinkage.

Let us consider the results of all the cracking tests

conducted on Indian Head Till as shown in Table 6.05. Test

No. T03, which had a larger amount of occluded air bubbles

due to low mixing water content, required less time to

crack. The average matric suction at cracking was relatively

low, and was equal to 1.8 kPa. On the other hand, Test No.
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T06, which was free from any container side wall effect,

required a longer time to crack. The average matric suction

at cracking for Test No. T06 was comparatively higher than

those obtained from Test Nos. TOl and T02, and was equal to

11.9 kPa. Based upon the above observations, it can be seen

that a soil containing frequent flaws (e.g., Test No. T03)

would require a shorter period of time and a lower matric

suction to produce cracking.

The matric suction at cracking for Test No. T04, which

had a thinner layer of soil, was higher than those obtained

in Test Nos. TOl and T02. It appears that the increase in

matric suction at cracking for Test No. T04 was due to the

effect of adhesion at the container bottom. The adhesion

between the soil and the container bottom is believed to

have a greater influence on the stress conditions of a

thinner layer of soil.

In Test Nos. TOS and T06, no constraint was provided

between the soil and the container side wall during

desiccation. The matric suction at cracking for Regina Clay

(i.e., Test No. TOS) was 5.9 kPa, which was lower than that

for Indian Head Till (i.e., at 11.9 kPa for Test No. T06).

In the field, where lateral constraints are present, the

matric suction at cracking for the same soils under similar
I

desiccation environments is expected to be less than those

obtained from Test Nos. T05 and T06.
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Based on the above discussions and the experimental

results, it can be concluded that desiccation cracks are

expected to form at a low soil suction (i. e . , below 10

kPa). The matric suction at cracking for silty soils is

expected to be higher than that for clayey soils. Silty

soils have a less compressible soil structure than clayey

soils, and therefore requires a higher matric suction at

cracking than clayey soils.

7.2.3 Shrinkage Strain

Vertical shrinkage strains were measured during the

shrinkage tests and the cracking tests (see Tables 6.04 and

6.05). Baseci on the water contents measured during the

cracking tests and the shrinkage test results (i. e., Fig.

6.10 and 6.11), the volumetric shrinkage strain at cracking

can be estimated. Let- us consider the volumetric shrinkage

strains for all the cracking tests as given in Table 7.01.

The volumetric shrinkage at cracking for Indian Head

Till mixed at water contents of about 38% (i.e., Test Nos.

T01, T02, and T04) varied between 6.9% in T01 and 7.7% in

T04. The effect of the strong influence of container bottom

adhesion is believed to be the cause for the higher

volumetric shrinkage strain at cracking measured in Test No.
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Table 7.01: A summary of the volumetric shrinkage
strains for the cracking test results.

Initial conditions

Cracking
Test No.

T01
T02
T03
T04

*T05
*T06

Soil
type

till
till
till
till
clay
till

Mixing water
content

37.7%
38.2%
31.1%
38.1%
82.5%
37.5%

Average soil
thickness

58.8 mm
54.1 mm
60.4 mm
33.7 mm
59.7 mm
60.8 mm

#Specific
volume
100cc/g
75.39
75.87
70.02
75.77

120.52
75.15

Conditions when the first crack was noticed

Cracking w% Average #Specific Volumetric
Test No. vertical volume shrinkage

strain strain
100cc/g

T01 32.30% 6.3% 69.75 7.5%
T02 32.60% 6.3% 70.06 7.7%
T03 28.80% 1.0% 67.19 4.0%
T04 33.04% 6.9% 70.52 6.9%
T05 71.63% 4.7% 107.18 11.1%
T06 27.63% 9.3% 64.91 13.6%

Notes:

* Container side walls were lined with wax paper and
aluminum foils.

# The specific volume of the soil were deduced from the
shrinkage test results as shown in Figs. 6.10 and
6.11.
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T04. The relatively low volumetric shrinkage strain at

cracking in Test No. T03 can be explained as being due to

the premature cracking as a result of the presence of

inhomogeneites (i.e., occluded air bubbles) in the soils.

Little horizontal shrinkage was observed in Test Nos.

T01, T02 and T04 prior to the formation of desiccation

cracks. The vertical strains measured prior to cracking in

these tests would, therefore, be approximately equal to the

volumetric strain. It can be seen that the vertical strain

at cracking for Test Nos. T01, T02 and T04 closely agreed to

the volumetric strains estimated from the water content

results and the shrinkage test results.

With the installation of wax paper and aluminum foil at

the container side wall, the soils in Test Nos. TOS and T06

were allowed to shrink in the horizontal directions prior to

the formation of the cracks. The volumetric shrinkage strain

at cracking in Test No. T06 (i.e., Till) was, therefore,

higher than those obtained in Test nos. TOl and T02. Under

the same desiccation conditions, the volumetric stain at

cracking for Indian Head Till was higher than that for

Regina Clay (i.e., 13.6% versus 11.1% in Test Nos. T06 and

TOS, respectively).

In the field, where soils are constrained in the

horizontal directions, the horizontal boundary conditions
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are similar to those in Test No. TOI and T02. The volumetric

strain at cracking for slurried Indian Head Till with

horizontal constraints was about 7%. Based on the results of

Test Nos. T05 and T06, the slurried Regina Clay is expected

to require a lower volumetric strain (i.e., lower than 7%)

before the formation of desiccation cracks in the field

(i.e., with horizontal constraints).

Kleppe and Olson (1985) studied the desiccation

cracking in compacted clay liners and concluded that 5%

volumetric shrinkage strain would lead to minor cracking in

the field. In spite of the fact that the soils used in the

cracking tests were of higher water contents and had not

been compacted, the volumetric shrinkage strains at cracking

closely agreed to that suggested by Kleppe and Olson

(1985). It is apparent that the effect of compaction (i.e.,

density) would not have a significant influence on the

volumetric strain at cracking.

7.3 PREDICTION OF CRACK DEPTH

Two sets of mathematical expressions for the prediction

of crack depth were presented in Chapters 3 and 6 using the

plastic and elastic equilibrium analyses. Unsaturated soil

mechanics principles were employed throughout the derivation

of the expressions. The predicted theoretical crack depth
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was expressed in terms of stress state variables (0 - u a )

and (ua - uw)' different matric suction profiles and various

soil parameters.

7.3.1 Matric Suction Profiles

Two types, of matric suction profiles and a profile

factor Fw, were proposed in section 3.2 to quantify the

matric suction profile in nature. Suction profile "An (as

shown in Fig. 3.01) represents a shallow groundwater table

condition, whereas suction profile "B" (as shown in Fig.

3.02) represents a deep groundwater table condition. The

matric suction profile factor Fw is a measure of the

environment effect on the soil suction. T~e environmental

effects include the position of the groundwater table and

the climatic conditions. A high Fw value means that the soil

is subjected to a drier condition.

When a water table is close to the ground surface,

(i.e., 6 m in clay, 3 m in sandy clay and silts, and 1 m in

sand), Peter (1979) suggested that the equilibrium suction

profile is equal to the extension of the hydrostatic water

table, regardless of the climate. Under this condition, the

matric suction profile is equal to suction profile "A" with

Fw equals to 1.0. When the soil is subjected to excessive

evaporation due to dry weather,the matric suction profile
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is simulated by suction profile "A" with a Fw factor greater

than unity. In localities where the water table is deep, the

matric suction profile is given by soil suction profile "B".

At a given Fw value, the matric suction given by matric

suction profile "B" (i. e., constant matric suction

throughout the soil depth) is greater than the one given by

matric suction profile "A" (i. e., matric suction varies

linearly with the soil depth). In both elastic and plastic

analyses, the predicted crack depths obtained from. matric

suction profile "B" were deeper than those obtained from

matric suction "A".

7.3.2 Elastic Equilibrium Analysis

The elastic equilibrium analysis simulates the volume

change behavior of an unsaturated soil. The soil was assumed

to behave as an elastic isotropic linear elastic material.

The theoretical crack depth predicted by the elastic

equilibrium analysis in Section 3.4 was found to be a

function of,

a) matric suction profile between the ground

surface and the groundwater table,
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b) the ratio between the elastic modulus E, with

respect to total stress and the elastic modulus H,

with respect to matric suction,

c) the Poisson's ratio of the soils,

d) ·the tensile strain-at-failure of the soils, and

e) the unit weight of the soils.

The variation in the unit weight of natural inorganic

fine-grained soils is usually small. Its effect on the

predicted crack depth is therefore expected to be minimal.

It has been mentioned in Section 6.2.1 that the effect of

tensile strain-at-failure is relatively insignificant.

Neglecting the tensile strain-at-failure in the analysis

results a slightly deeper (more conservative for most

engineering application) prediction of crack depth.

The crack depth predicted by the elastic equilibrium

analysis are given in Figs. 6.01 to 6.04, inclusively. It

can be noted that the predicted crack depth'increases with,

a) an increase in the matric suction profile

factor FW,
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Table 7.02 Range of Poisson's ratio for different soils
(after Winterkorn and Fang, 1975).

Soil type

clay, saturated
clay with sand and silt
clay, unsaturated
loess (silt)
sandy soils
sand

179

Poisson's ratio

0.50
0.30 - 0.42
0.35 - 0.40
0.44
0.15 - 0.25
0.30 - 0.35



b) an increase in the ratio of elastic moduli E to

H, and

c) an decrease in the Poisson's ratio.

Table 7.02 shows the range of Poisson's ratio for

different soil types. The normal range of Poisson's ratio

for unsaturated clayey and silty soils is expected to vary

between 0.30 to 0.40. It can be seen from Figs. 6.01 to 6.04

that the predicted crack depth is quite sensitive to the E/H

ratio. In Chapter 5, the E/H ratio for clayey silty soils

was shown to be higher than that for silty soils. The

predicted crack depth for clayey soils is therefore expected

to be deeper than that for silty soils.

7.3.3 Plastic Equilibrium Analysis

The plastic equili.brium analysis simulates the shear

strength behavior of an unsaturated soil. When a soil is

said to be in a state of plastic equilibrium, every part of

the mass is assumed on the verge of failure (Terzaghi and

Peck, 1967). The theoretical crack depth pred~cted by the
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plastic equilibrium analysis in Section 3.5 was found to be

a function of,

a) matric suction profile between the ground

surface and the groundwater table,

b) the tensile strength of the soil,

c) the effective cohesion intercept c',

I

d) the effective friction angle $' ,

e) the friction angle $P, and

f) the unit weight of the soils.

The effects of the unit weight of soils and the matric

suction profile on the predicted crack depth for the elastic

analysis are the same for plastic analysis. It was discussed

in Section 6.2.2 that the predicted crack depth is not

sensitive to the normal range of effective friction angle

~' (i.e., between 10 and 30 degrees). However, the value of

friction angle ~b is affected by friction angle <p' at low

matric suction (which will be discussed later). The <p'

angles which yield the maximum crack depth (see Table 6.02)
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were used to calculated the crack depths as given in Figs.

6.05 to 6.09. It can be noted from Figs. 6.05 to 6.09 that

the crack depth predicted by the plastic equilibrium

analysis increases with,

a) an increase in the matric suction profile

factor Fw,

b) an increase in friction angle $b, with respect

to matric suction,

c) an increase in effective cohesion intercept c',

and

d) an increase in unconfined compression strength

to tensile strength ratio (or an decrease in

tensile strength) .

For a normally-consolidated clay, the effective

cohesion intercept c' approaches zero. Whereas for an over

consolidated clay, c' has a value typically between 4.8 kPa

and 24.0 kPa depending on its stress history (Lambe and

Whitman, 1969). For the usual range of angle $b, (i.e.,

between 12 and 23 degrees, Fredlund, 1985), the increase in

predicted crack depth due to effective cohesion intercept c'

is about 1.0 m (meter) for every 10kPa increase in c' as

shown in Table 6.03.
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Fang and Chen (1972) conducted tensile tests on

compacted clay and found that the ratio between unconfined

compressive strength and tensile strength decreases with an

increase in plasticity index. The range of unconfined

compressive strength to tensile strength ratio varied from 6

to 13 for soils with different plasticity indices as given

in Fig. 7.04.

The friction angle ~b, has been assumed to be constant

with matric suction (Ho, 1981). However, Gan (1986) showed

by experiments that the friction angle ~b varies with matric

suction as shown in Figs. 7.05 and 7.06. When the soil is

saturated, ~b is equal to ~' regardless of the pore pressure

range. Once the soil begins to desaturate, ~b becomes

increasingly smaller than ~b. Beyond a certain matric

suction values, ~b attains a relatively constant value.

Table 7.03 summarizes the experimental results of the

average value of angle ~b (i.e., by assuming a constant ~b

value at any matric suction) on soils from various parts of

the world. At moderate matric suction level, the average

value of angle <pb is commonly in the range of 17 degrees

(Fredlund, 1985). From Figs. 6.05 to 6.09, it can be noted

that the predicted crack depth is quite sensitive to the

values of the angle ~b.
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Soil Type

Compacted Shale; w =18.6%

Boulder Clay; w = 11.6%

Dhanauri Clay; w = 22.2%, Yd =15.5 kN/m3

Dhanauri Clay; w = 22.2%, Yd = 14.5 kN/m3

3Dhanauri Clay; w = 22.2%, 'd = 15.5 kN/m

3Dhanauri Clay; w = 22.2%, Yd =14.5 kN/m

Madrid Gray Clay; w = 29%, Yd = 13.1 kN/m3

uooisturbed Decanposed Granite; Hong KOO9

uooisturbed Decanposed Rhyoli te; Hong Kong

Cranbrook Silt

~b
[Degrees]

18.1

21.7

16.2

12.6

22.6

16.5

16.1

15.3

13.8

16.5

Test Procedure

Constant Water Content
Triaxial

Constant Water Content
Triaxial

Consolidated Drained
Triaxial

Consolidated Drained
Triaxial

Constant Water Content
Triaxial

Constant Water Content
Triaxial

Consolidated Drained,
Direct Shear

Consolidated Drained,
Multi-Stage Triaxial

Consolidated Drained,
Multi-Stage Triaxial

Consolidated Drained,
Multi-Stage Triaxial

Reference

Bishop, Alpan, Ccnald and
Blight, 1960

Bishop, Alpan, Ccnald and
Blight, 1960

Satija, 1978

Satija, 1978

Satija, 1978

Satija, 1978

Escario, 1980

Ho and Fredlurd, 1982

Ho and Fredlund, 1982

Fredlurd (unpublished)

Table 7.03: Some experimental values for <pb (by assuming a constant <ph value with
matric suction) Fredlund) 1985).



7.3.4 Comparison of Elastic and Plastic Equilibrium

Analyses

In the absence of complete data on the soil parameters,

matric suction profile and the actual depth of cracks in the

field, the validity of the elastic and plastic equilibrium

analyses cannot be verified. Nevertheless, it is interesting

to compare the crack depth predicted by the elastic and

plastic analyses using average properties of a given soil.

Let us consider a saturated soil that has never been

sUbjected to desiccation. The properties of the s,oil are

assumed to be the same as those of Indian Head Till. The

unit weight of the soil is assumed to be 18.5 kN/m3 . As the

soil is allowed to desiccate, the resulting matric suction

profile is assumed to vary linearly with the hydrostatic

water table (i. e. , similar to matric suction profile "A"

with Fw equals to 1.0).

According to Table. 7.02 (Winterkorn and Fang, 1975),

the normal range of Poisson's ratio for unsaturated silty to

clayey soil varies between 0.30 and 0.40. Having considered

the experimental data on the possible ranges of E/H ratio

for slurried Regina Clay and compacted silt in Section 5.3,

the possible range of E/H ratio for a silty to clayey soil

is expected to vary between 0.05 to 0.15. The range of

predicted crack depth for the assumed conditions is shown in
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the shaded area in Fig. 7.07. It can be seen that the

predicted crack depth using the elastic analysis varies from

0.06 to 0.21 of the depth to water table from the ground

surface.

Let us consider the same soil subjected to the same set

of desiccation conditions. As the soil is allowed to

desaturate due to drying, the angle $b would initially have

a value of about 25 degrees (i.e., $' angle) and decreases

to about 10 degrees according to Fig. 7.05 (Gan, 1986).

Based upon Fig. 7.04 (Fang and Chen, 1972), the ratio of

unconfined compressive strength to tensile strength of a

moderately plastic soil is expected to vary between 6 to 10.

The effective cohesion intercept c' is assumed to be zero.

The range of the predicted crack depth is shown in the

shaded area in Fig. 7.08. The crack depth predicted by the

plastic equilibrium analysis varies from 0.15 to 0.37 of the

depth to water table from the ground surface.

It can be noted from Figs. 7.07 and 7.08 that the crack

depth predicted by the plastic equilibrium analysis is

almost two times as deep as that predicted by the elastic

equilibrium analysis. If a drier matric suction profile

(i.e., Fw is greater than 1.0 or matric suction profile "B")

is used in the foregoing discussions, the plastic

equilibrium analysis will predict an even deeper crack

depth.
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The results of the experimental program in this thesis

tend to confirm that desiccation cracking is the result of

volume reduction in soils due to shrinkage. The shrinkage of

a soil is caused by the tension in the pore-water through

the action of meniscii (Means and Parcher, 1963). As matric

suction is an internal (i.e., isotropic) stress, it does not

produce shearing stresses at the particle contacts (Gan,

1986). During the formation of a desiccation crack, the soil

particles are simply pulled apart as a result of the suction

stresses. The mode of failure of a desiccated soils is

therefore different from that described ,by the plastic

equilibrium analysis. Since desiccation cracking is the

result of soil volume reduction,' the elastic equilibrium

analysis is believed to be conforming to the physical

behavior of desiccation cracking in soils. Based upon the

foregoing discussions, it is concluded that elastic

equilibrium analysis appears to be more appropriate for the

prediction of crack depth.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

Based upon the literature review conducted in this

thesis, the following conclusions are derived as follows:

A1) Desiccation cracking in soils is the result of volume

reduction due to a change in stress state. Matric suction

can be used as a stress state variable to describe the

shrinkage behavior of soils.

A2) Wide ranges in crack spacing, varying from about 75 mm

(milli-meters) to 76.0 m (meters) have been observed in

nature.

A3) Fracture mechanics, at its present stage, appears to not

be adequate for the prediction of desiccation cracking in

soils.

A4) The Modified Mohr-Coulomb failure criterion appears to

be appropriate for describing the shear strength behavior of

unsaturated soils under tension.
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Based upon the results of the experimental program

conducted in this thesis, the following conclusions are

provided as follows:

Bl) Desiccation cracks were formed slowly in a sequential

manner and did not bifurcate (i.e., did not branch out).

B2) Four or five-sided orthogonal polygons were usually

observed in desiccation cracking.

B3) The observations noted in the experimental program

suggest that the locations of the desiccation crack and the

crack spacing are highly dependent upon the position of

local inhomogeneities. The inhomogeneities include the

presence of foreign matter, boundary conditions, stress

conditions and. material properties.

B4) The laboratory test results indicated that cracking

pattern is dependent on· the thickness of a soil layer.

B5) Based upon the observations obtained from two tests

(i.e., Test Nos. T05 and T06), it appears that clayey soils

would have a smaller crack spacing than silty soils.

B6) Based upon the experimental results, it is concluded

that desiccation cracks are initiated at a rnatric suction of

194



less than 10 kPa for most soil types. The matric suction at

cracking for silty soils appears to be higher than that for

clayey soils.

B7) The volumetric shrinkage strain at the first sign of

cracking for Indian Head Till mixed at water contents close

to its liquid limit was about 7%. The volumetric shrinkage

strain at cracking for slurried Regina Clay is believed to

be lower (i.e., less than 7%) than that for Indian Head

Till.

Based upon the results

conducted in this thesis, the

provided as follows:

of the analytical program

following conclusions are

Cl) Using unsaturated soil mechanics principles, two sets of

mathematical expressions for the prediction of crack depth

have been derived. The first expression simulates the volume

change behavior (i.e., elastic equilibrium analysis) of the

unsaturated soils. The second expression simulates the shear

strength behavior (i.e., plastic equilibrium analy'sis) of

the unsaturated soils.

C2) The theoretical crack depth predicted by the elastic

equilibrium analysis was found to be a function of a) the

matric suction profile, b) the ratio of the elastic moduli E

to H, c) the Poisson's ratio, d) the tensile strain-at-
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failure, and e) the unit weight of the soils. The crack

depth predicted by elastic equilibrium analysis was found to
I

be quite sensitive to the value of the E/H ratio.

C3) Using the one-dimensional consolidation and suction, test

results, typical, empiricial E/H ratios were established.

The theoretical range of the E/H ratio varies between zero

and one third.

C4) Based upon limited experimental results by others, the

normal E/H ratio for clayey soils is expected to range

between zero and 0.2, and the E/H ratio for clayey soil is

believed to be higher than that for silty soils.

C5) The theoretical crack depth predicted by the plastic

equilibrium analysis was found to be a function of a) the

matric suction profile, b) the tensile strength of soils, c)

the effective cohesion intercept c', d) the effective

friction angle ~', e) the friction angle ~b with respect to

matric suction, and f) the unit weight of soils. The crack

depth predicted by plastic equilibrium analysis was found to

be quite sensitive to the friction angle $b.

C6) The crack depth predicted by the plastic equilibrium
I

analysis is almost twice as deep as that predicted by the

elastic equilibrium analysis.
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C7) Since the formation of desiccation cracks is the result

of soil volume reduction, the elastic equilibrium analysis

appears to be more appropriate for the prediction of crack

depth.

8.2 RECOMMENDATIONS FOR FUTURE RESEARCH

Recommendations for future research are as follows:

1) Since there is no complete data set on the depth of

cracks, soil parameters, and matric suction profile in the

field, the validity of the predicted crack depth from

different analyses cannot be confirmed. I It is recommended

that laboratory testing be conducted to simulate the

cracking of soils in the vertical direction. The container

for the testing should be large enough to reduce the

container side wall effect and deep enough to obtain a

meaning experimental crack depth. Silty materials should be

used for the test as they require less time to desaturate.

2) As the E/H ratio is required in the prediction of crack

depth in elastic equilibrium analysis, its relationship with

different soil types, stress history and stress conditions

should be investigated.
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3) It is recommended that field studies on desiccation

crackings be conducted so that the theoretical expressions

on the prediction of crack depth can be verified. Sites with

relatively homogeneous soil and groundwater conditions are

ideal for the field study. The field study should include

the observation of the cracking pattern, measuring the crack

depth and crack spacing, measuring the groundwater table

level, and obtaining the necessary soil parameters for the

prediction of crack depth.
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APPENDIX A

Soil Properties of Indian Head Till and Regina Clay.
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APPENDIX B

Operation Instructions for Flexible Tube Tensiometer.
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SOILMOISTURE PROBE 9/83

Mounting Bolt

Fig. 1
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Vacuum Dial
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GENERAL CAR E AND MAINTENANCE

MINOR ADJUSTMENTS
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SOILMClSTURE EQUIPMENT CORP.
P. O. Box 30025
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SEED BED
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?~~/~;;.~?:~·:'i:~::,~\,~·:~·;·::;·:?~{Y·}·t{~~~:;·~\~
SOIL CORE

Fig. 2

The Model No. 2100FSoilmoisture Probe is a
specialized unit designed for investigation of
soil suction in small regimes such as near the
soil surface in the region of germinating
seeds. The soilmoisture probe also finds
excellent application in laboratory work such
as for measuring soil suction values at
various levels in soil cores subject to
experimental treatment, see Fig. 2.

UNPACKING

The Model No. 2100F Soilmoisture Probe
shipped to you has been thoroughly tested
before shipment. When packed, it was in
perfect order. Unpack with care being sure
to remove all packing material. Follow the
instructions carefully in order to assure long,
trouble-free service.

Handle the nylon tubes with care to avoid any
"kinking" which will weaken the tubes under
vacuum and may cause a restriction to flow
of water.

NOTICE: ANY DAMAGE FOUND UPON
RECEIPT, SHOULD BE REPORTED IMMEDI
-ATELY TO THE TRANSPORT CARRIER
FOR CLAIM. IT IS IMPORTANT THAT YOU

1

SAVE THE SHIPPING CONTAINER AND ALL
EVIDENCE TO SUPPORT YOUR CLAIM.

Be sure to read all operating instructions
thoroughly before operating the unit.

ACQUAINT YOURSELF WITH THE PARTS

The vacuum dial gauge was hermetically
sealed at the factory at sea level. If you live
at a high elevation, the pointer on the di~l

gauge may be reading higher than zero. thIS
is due to the lower atmospheric pressure at
your elevation. Before putting the unit .to
use vent the dial gauge by momentarIly
re~oving the vent screw in the clear plastic
gauge cover, see Fig. 3. Use a s~all

screwdriver for this purpose. After ventIng,
return the vent screw to the gauge cover.

Fig. 3

Fig. 1 and Fig. 4 show the operatin~ 'parts.of
the unit. You should become famIlIar WIth
these pa.rts before proceeding with the
preparation of the unit for use.

The vacuum dial gauge is a "Bourdon Tube"
type gauge and measures the vacuu~ in the
unit. It is graduated from 0-100 centibars (or
1 Bar) of soil suction.

The porous ceramic cup is made from our I
Bar Porous Ceramic which has a bubbling
pressure of 20-30 psi.

The plastic body tube is of rigid ?1.3~t:,.:- -:'c
withstand years of weather abuse.
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Water Vent Screw
Retaining Nut~

Water Vent ;J,
Screw Fitting 1/;; ...J~~~

I ' ' ~ ""~'
"0" Ring,;0;;"
Seal

Vent Tube

Ie mounting bolt is 1/2"~20 X 3/4" long hex
ad bolt and is used to mount unit in a
rttical position.
i

¥Service Cap covers the filler end of the
3.stic Body Tube and is used to seal the
•
~t.

I
I
~EPARING THE SOILMOISTURE PROBE
lR USE

~or to placement of the Soilmoisture Probe
the soil, the unit may be filled with water,
Idesired. Since the unit is shipped dry,

9re is a considerable amount of air retained
Ithe walls of the porous ceramic cup and

sorbed on the interior walls of the unit. If
i~ air is removed before placement of the* in the soil, it will have maximum
~sitivity with minimum maintenance right
)'m the start.

Ir the initial filling, it is desirable to use
r-free water. This is readily obtained by
liling a quantity of water for several min-

utes and allowing it to cool. It should be used
within an hour after cooling. If air-free
water is not used it will merely require a
longer time for the Soilmoisture Probe to
react with maximum sensitivity.

The first step is to immerse the Porous
Ceramic Cup in water and to leave it under
water for one hour or more to fill the pores
with water.

To fill the Soilmoisture Probe with water, use
the plastic applicator bottle which is
provided. After filling the bottle with air
free water, unscrew the Service Cap on the
unit and insert the applicator loosely into the
fiBer end, see Fig. 5. By squeezing the
plastic bottle, direct a fine stream of water
toward the inner wall of the Plastic Body
Tube. Fill the unit slowly so that the water
runs down the inside wall. By filling slowly
you prevent entrapment of large volumes of
air in the tube which requires suction to
remove.

Now remove the Water Vent Screw, insert



2005Gl
Vacuum
Hand
Pump

"0" "Ring

Stem
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in place of the Vacuum Hand Pump, or a
mechanical vacuum pump can be used. Now,
loosen Water Vent Screw, purge water
through the nylon tubes again and tighten
Water Vent Screw. Be sure Plastic Body
Tube is full of water, and then screw Service
Cap on snugly. Excess moisture on the
porous ceramic cup surface should be
removed with absorbent tissue or a clean
cloth. Support the plastic body tube in a
vertical position and arrange so that moisture
is free to evaporate from porous ceramic
cup.

Fig. 6

"0" Ring

Fig. 5

the stem of the applicator bottle firmly into
the filler end so that it makes a seal at the
"0" ring, see Fig 5. Squeeze the bottle to
force wa ter through the outer nylon tube, to
the porous ceramic cup and back through the
Vent Tube and out the vent--thus purging air
from the system. Continue until a clear flow
of water, without air bubbles, comes out the
vent. Replace the Water Vent Screw.

It is now necessary to apply suction at the
filler end to remove air from the bourdon
tube in the Vacuum Dial Gauge. Vacuum
Hand Pump Model No. 2005Gl may be used
for this purpose. Insert the stem of the
Vacuum Hand Pump into the filler end of the
plastic body tube. The stem should be held
firmly against the "0" ring in order to make a
seal, see Fig. 6. Now pull out on the Vacuum
Hand Pump handle and the vacuum created
will cause the Vacuum Dial Gauge reading to
rise, and air will be seen to bubble out of the
Vacuum Dial Gauge connection inside the
unit. Release the stem of the Vacuum Hand
Pump slowly from the "0" ring so that the
dial gauge reading drops to zero. Add water
to keep level above dial gauge connection.
Repeat the process several times to remove
as much air as possible from the Vacuum Dial
Gauge. If laboratory facilities are available,
vacuum from the laboratory line may be used

3



mpleted, replace and tighten the Water
nt Screw. Add water as required to fill the
it and replace the Service Cap. The
il'l1oisture Probe is now ready for field
ita11ation. If installation is to be delayed
. any reason be sure to leave the probe
lIed with the porous cup immersed in water
prevent continuing evaporation.

; water is evaporated from the cup surface,
e dial gauge reading will rise as the vacuum
side the unit increases. As this occurs
Itrapped air will form in bubbles. After an
,ur or two, or longer depending on local
ying conditions, the dial gauge reading will
re to 60 or more on the scale and there will
I considerable accumulation of air in the
Ion tubes and in the plastic body tube. This
air which has been adsorbed on the inner
faces of the unit and trapped in the pores
the porous cup. The process of releasing
s trapped air is known as .putgasing and is
aracteristic of all vacuum· systems. Once
5 trapped air is removed, it will remain
te free of air and will be very sensitive to
nges in soil suction values.

INSTALLATION

The Vacuum Dial Gauge has a flexible jacket
and is hermetically sealed for maximum
gauge life. It is well protected against
weathering conditions and can be submerged
in water for a limited period without damage.
It should be kept in mind, however, that it is
a delicate instrument and it should be
protected against rough handling and particu
larly against sharp blows which can damage
the integral mechanism. The Vent Screw in
the cover of the Vacuum Dial Gauge should
always be kept tightly sealed. In the event
the dial gauge is damaged, it is easily
replaced by unscrewing the gauge from the
side port, see Pg. 5.

Be sure to protect the porous ceramic cup
from any oil, grease or other materials that
will clog pores.

Long term evaporation from the porous
ceramic cup should be avoided, since it
results in evaporation deposits on the surface
of the cup which reduces the sensitivity.

When Soilmoisture Probes are not in use,
empty the unit of aU water. Do not permit
prolonged evaporation from the cup surface.
Evaporation deposits on the cup surface can
be removed by sanding the surface of the cup
with medium grade sandpaper.

Avoid exposing Soilmoisture Probes to
freezing conditions.

CAUTIONS OR WARNINGS

The bottom end of the Plastic Body Tube is
threaded with a 1/2"-20 screw thread and a
1/2"-20 by 3/4" long machine bolt is provided
with the unit for mounting purposes. The
Plastic Body Tube should be mounted in a
reasonably vertical position in order to facili
tate servicing of the unit. When mounting in
confined areas, one should provide adequate
clearance for loosening of the Water Vent
Screw during a servicing operation.

In handling the nylon probe tubes, care should
be taken that they are not bent sharply so as
to kink them. Kinking will weaken the tubes
under vacuum and may cause a restriction to
flow of water.

Vent
Tube

Plastic
Body
Tube

remove the accumulated air, first tap the
stic body tube to release as many of the
bubbles as possible that cling to the inner

11, then remove the Service Cap. Now,
pletely remove the Water Vent.Screw and
h air-free water through the system as
e previously. When the Water Vent Screw
emoved the Vent Tube will spdng out a
stantial distance from the end of the vent
ing. This is due to the expansion of the

I t Tube that has taken place as it absorbed
er from the system. This inner nylon tube

uld now be trimmed so that it projects no
re than 1/411 beyond the vent fitting, see
. 7. A sharp knife or razor blade is used
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The porous ceramic cup must be mounted in



the region where soil suction values are re
quired and the cup must be in good contact
with the soil. A thin wall 1/4" 0.0. tube can
be used to core a hole in the soil to accept
the porous cup.

After installation is completed the Soil
moisture Probe should be flushed with air
free water; water added to completely fill
the Plastic Body Tube; and Service Cap
screwed on securely. The unit will now come
to equilibrium with the soil and the soil
suction in centibars will be read directly on
the dial gauge. After an initial installation it
requires approximately 24 hours for the
So ilmoisture Probe to come to true

.... equilibrium with the soil. The range of
operation of the unit is 0-85 centibars. If the ~

porous ceramic cup is exposed to soil suction
values much higher than this for an extended
time, local drying of the cup will occur and
air will enter the <:up wall and the dial gauge
reading will drop to zero. When this occurs it
is necessary to flush the air from the Soil
m9isture Probe to make it opera tive again.

TO REPLACE OR SHORTEN THE CUP TUBE
ASSEMBLY

To replace the porous ceramic cup assembly
or to shorten the outer nylon tube, the
following steps are taken:

Unscrew the Water Vent Screw Retaining Nut
completely. This will expose the Vent Tube
and "0" Ring Seal, see Fig. 4. On the Cup
Tube Fitting, push in the release collet and at

Fig. 8

5

the same time, pull the outer nylon tube
straight out, see Fig. 8. When the outer
nylon tube has been pulled free of the Cup
Tube Fitting, the Vent Tube can then be
pulled out. When the Vent Tube is removed
the "a" Ring Seal can then be removed, see
Fig. 4. Be careful not to loose this small "0"
Ring Seal. To shorten the outer nylon tube,
first remove the Vent Tube by pulling it out
of the outer nylon tube. Cut the outer nylon
tube to the desired length, making sure the
end of the outer tube is cut square, with a
sharp knife or razor blade. Reinsert the Vent
Tube into the outer nylon tube making sure it
reaches the bottom of the porous ceramic
cup, see Fig. 4. Then insert Vent Tube into
the Cup Tube Fitting thru the Plastic Body
Tube and out thru the Water Vent Screw
Fitting. Insert the outer nylon tube into the
Cup Tube Fitting by pushing straight in until
the outer nylon tube bottoms out. The Vent
Tube can then be trimmed as in Fig. 7.
CAUTION: Make sure the Vent Tube stiH
reaches the bottom of the porous ceramic
cup, before trimming. After trimming the
Vent Tube, install the "0" Ring Seal, pushing
it as far back as you can, then screw on the
Water Vent Screw Retaining Nut making sure
the Vent Tube goes into the "0" Ring
Retainer, see Fig. 4. Tighten the Water Vent
Screw Retaining Nut finger tight. A wrench
is not required.

GENERAL CAR E AND MAINTENANCE

,Each time soil suction values fall, such as in
response to an irrigation, small amounts of
air-filled water from the soil enter the soil
moisture probe through the porous ceramic
cup. Over a period of time, this air collects
and should be removed. A small accumula
tion of air does not effect the accuracy of
the reading, it simply makes the response of
the unit somewhat slower.

To remove accumulated air, unscrew Service
Cap and fill plastic body tube using plastic
applicator bottle. Loosen Water Vent Screw,
insert stem of applicator bottle into filler
end so tha t it makes a seal at the "0" ring,
squeeze bottle to force water through nylon
tubes to purge air out through water vent.
Tighten Water Vent Screw and add water as
required to fill the unit and replace Service
Cap making sure that there are no soil
particles around sealing are.a.



OR ADJUSTMENTS TO REPLACE VACUUM DIAL GAUGE

I\DJUST THE POINTER

t remove the Vent Screw from the Vac-
Dial Gauge and insert a small

wdriver through the hole in the dial
;e cover to engage the slot in the
sting screw, see Fig. 9.

'Ie dial gauge was reading high, turn the
wdriver CLOCKWISE an estimated
unt to correct the error.

Adjusting
Screw

Pin

wdriver
,
I

To remove Vacuum Dial Gauge, grasp the dial
gauge firmly and tum counter-clockwise.
When replacing, be sure threads on stem of
dial gauge line up with threads in Plastic
Body Tube and enter easily, see Fig. 10.
Screw dial gauge in clockwise, until backup
washer on stem touches body tube and then
unscrew dial gauge a portion of a tum until
desired orientation is obtained. , Do not over
tighten dial gauge in body tube - the "0":

~ ring on the stem of the dial gauge' makes the_
vacuum .seal, not the threads.

'E!i~-;.(:-:·-~:'--. . -

"0" Ring Stem Seal

Fig. 10

The illustration below, Fig. 11, shows a
section view of a tensiometer in place in the
soil. When the unit is first filled with water
and the cap sealed, the vacuum dial gauge
will read zero. However, the dry so il in
contact with the porous ceramic cup will
immediately start to "suck II water from the
unit--through the porous ceramic cup and out
into the soil. The action is much the same as
a dry sponge soaking up water.

PRINCIPLES INVOLVED IN THE OPERATION
OF A TENSIOMETER TYPE MEASURING
INSTRUMENT

! : Tum Clockwise If Pointer
I'll Is Reading Too High

). /'

I

i Backup Washer

Tum Counterclockwise if
Pointer is Reading too Low

e dial gauge was reading low, turn the
vdriver COUNTERCLOCKWISE an esti
:d amount to correct the error.

:at the process if necessary until the
:er is on the zero position. The insert shows a magnified view of the

porous ceramic cup in contact with the soil
particles. The special thing about the porous
ceramic cup is the size of the pores. These



Removable Cap
ENLA RGED VIEW

Vacuum Dial Gauge

Free Water in Cup
Fig. 11

cups are carefully manufactured so that the
pores are reasonably uniform and of
controlled maximum size. When the wall of
the porous ceramic cup is wetted and the
pores filled with water, the surface tension
of the water at the air-water interface, at
each of the pores, seals the pores. Water can
flow through the pores but the water film at
each pore acts like a thin rubber diaphragm
and will not let air pass, throughout the
working range of the tensiometer.

The insert also shows the water film which
surround s each so il particle. These films of
water are bound to each of the soil particles
by strong molecular forces. As soil dries out,
these water films become thinner and more
tightly bound. It is actually the "tension"
thus produced within these water films that
cause the water to be sucked from the porous
ceramic cup•. These same strong molecular
forces make it increasingly difficult for
plants to suck moisture from the soil as the
soil dries out.

As water is sucked from the porous ceramic
cup by the soil, a partial vacuum is created in
the tensiometer since it is completely sealed
except for the porous ceramic cup. As more
water is removed, the vacuum inside the unit
becomes higher. The amount of the vacuum
is reg~stered on the vacuum dial gauge.
Water 1S sucked from the tensiometer by the
soil until such time as the vacuum created
inside the tensiometer is just sufficient to
overcome the suction of the soil. At this

7

point an equilibrium is reached and water
ceases to flow from the cup. The vacuum
dial gauge then reads directly the amount of
"soil suction". As the soil moisture is
depleted through evaporation, drainage or the
action of plant roots, the soil suction
increases. Consequently more water is
sucked from the tensiometer until the
.vacuum in the unit is increased and a new
equilibrium point reached.

When water is added to the soil from rainfall
or irr igation, the so it suction is reduced.
Then the high vacuum in the tensiometer
causes soil moisture to be drawn from the
soil, through the walls of the porous ceramic
cup and into the unit. This flow of .water
back into the tensiometer reduces the
vacuum. The flow continues until the
vacuum in the unit drops to the value where
it is just balanced by the soil suction. If
water is added to the soil until the soil is
completely saturated, then the vacuum dial
gauge on the tensiometer will drop until it
reads zero.

As outlined above, the.tensiometer, after ,
initial installation,js. always in ..balance with.

.,;...the· Soil suction and the.:va~uum dial gauge on
',. the unit indictes at all times the value of the

suction at the porous ceramic cup.

All tensiometers are graduated so that they
read directly in bars of soil suction. On the
bourdon vacuum gauge type units, the scale is
graduated 0-100. Full scale represents 100
centibars (or 1 bar) of soil suction. Due to
the physical properties of free water, .all:

..tensiometers can be used reliably only in the
0-85 centibar range of soil suction. Knowing

. that plants can survive and extract moisture
from soils even when the soil suction is as
high as 15 bars (approximate permanent
wilting point for plants) 'it would appear that
the tensiometer is very limited in its
application. However, this 0-85 centibar
range of soil suction represents the range in
which virtually all soil moisture movement
takes place and it is the range of optimum
growth for most commercial plants.



~ECTS OF ALTITUDE ON OPERATION
FTHE PROBE

PRACTICAL READING RANGE
o TO 85 CENTIBARS

IN THIS RANGE AIR COMING
OUT OF SOLUTION MAKES
READING INACCURATE

V
THEORETICAL LIMIT OF
READING

At Sea Level

PRACTICAL READING RANGE
o TO 81 CENTIBARS

IN THIS RANGE AIR COMING

t
OUT OF SOLUTION MAKES

\i., ~:::~:~II::LC:~~:T:F
'Y;READING

IN THIS RANGE WATER
BREAKS INTO A VAPOR
CAUSING UNIT TO LOSE
ALL OF ITS WATER

1000 Ft. above Sea Level

PRACTICAL REAblNG RANGE
o TO 68 CENTIBARS

l
iN THIS RANGE AIR. COMING
OUT OF SOLUTiON MAKES
READING INACCURATE

THEORETICAL LIMIT OF
READING

IN THIS RANGE WATER
BREAKS INTO A VAPOR
CAUSING UNIT TO LOSE
ALL OF ITS WATER

The Reading Range is Reduced Approximately 3.5
Centibars for Each 1000 Ft. Increase in Elevation

"1
o



APPENDIX C

Tabulated Values on the Predicted Crack Depth Obtained

From

Elastic Equilibrium Analysis and

Plastic Equilibrium Analysis.



Table C.Ol: Prediction of crack depth using elastic
arlC\lysis matt"'ic suct i.on p1""'c,fi Ie "R u

(i.e", matric suction varies with depth), Fw - 1.0,
soil unit weight = 18.5 kN/m3 "

0.20
Poisson's ratio~ ~

0.25 0.30 0.35 0.40 0 .. 4z':;
E/H
o. 02 o. 050Dw o. Oll-lDw o. 03'+Dw 0 .. 029Dw 0 .. 026Dw 0 .. 023Dw
0 .. 04 o. 096Dw o. 078Dw o. 065Dw o. 057Dw 0 .. 050DlrJ 0 .. OIj-5Dw
0 .. 06 0" 137Dv,l 0" 1 13Dw 0 .. 096Dw O. 083D1;0,1 0 .. 074Dw o. 06EDi-'.;
0 .. 08 o. 175Dw o. 145Dw o. 124Dw 0 .. 108Dw o. 096Dw 0 .. 086Dw
o. 10 0 .. 210Dw 0 .. 175Dw o. 150Dw o. 13i.~Dw o. 1 17Dw o. i 05D\A.l
0 .. 12 o. 241Dw o. 203Dw 0 .. 175Dw o. 15l rDw 0 .. 137Dw 0 .. 12LtDw
0 .. 14 o. 271 Dv-J 0 .. 229DI;oJ o. 198Dw 0 .. 175Dw o. :l.57Dw 0 .. 14·2DrAl

0" 16 0 .. 298Dw o. 253Dw O. E:20Dw 0" 195Dw O. 175D\>\1 0 .. 159Dw
o. 18 0 .. 323Dw 0 .. 276D¥-J o. 243,D""J 0" 214Dw 0 .. 193Dw 0 .. 17~:;Dw

o. 20 0 .. 347Dw o. 298Dw o. 251D~"\I 0 .. 233Dt'\l 0 ... 210Dlr\l 0 .. 191Dw
0 .. 22 0 .. 368D'rJ o. 31BDw 0 .. 280Dw 0" 250Dw 0", 226Dv·) 0 .. 20(:':.,D~ .....)
o. 21.,- o. 389Dw (\ 337Dw 0 .. E~98D\AJ 0 .. ES7Dv·J 0 .. 241D~~ 0" 220 D\",-,w' ..

o. 26 o. 408Dw c' 355Dw 0 .. 315Dw 0 .. 283D1rJ 0 .. Z~56DtrJ c)u ;:::35Dw.• ' n

0 .. 28 o. 425Dw o. 373Dw 0 .. 331Dw 0 .. 298D'1'J 0 .. 27lD1j-J 0 .. ;:::48D \t>.)

0 .. 30 o. /.~43DfJ'J 0 .. 389Dw 0 .. 3'+7D 1,'1) 0 .. 312DV"*J (\ ;~85D'N 0 .. 2G1Dy..).' ..

Where Fw - metric suction profile factor.
E = elastic modulus with respect to total stress.
H = elastic modulus with respect to matric suction ..
~ = Poisson's ratio ..

Dw - depth to water table ..



Table C.02: Prediction of crack depth using elastic
Equilibt"'ium analysis matt"'ic suctiorl p'("Qfile ",tjl!

(i.e., matl""'ic stlctioY"! var"'ies with depth)j Fw:= 1.5,
soil unit weight = 18 .. 5 kN/m3 ..

0 .. 20 0 .. 25
Po i ss,:ljrl' s

0.30
l'"'at i 0'$ ).J

0 .. 35 0.40
!=/H
0 .. 02 0 .. 074Dw o. 050Dw o. 050Dw 0 .. O/.}3Dw o. 038Dw o. 03Lj·Dw
0 .. 0'+ o. 137Dw o. 1 13Dw o. 096Dv-J 0. 083Dw (' 074Dw 0 .. 066Dw-' ..
0 .. 06 0 .. 193Dw 0 .. 160Dw 00 137D~,.J o. 120Dw o. 107Dw o. 096D~J
0.08 00 2Lj·1Dw o. 203Dw o. 175Dv-J 0 .. 15Ll·Dw o. 137Dw 0 .. 12'+Dw
0 .. 10 o. 285Dw 0 .. 2'+lDw o. ;210Dl;oJ o. 165Dw o. 156Dt.-\I o. 150Dw
0" 12 o. 323Dw o. 276Dw 0 .. 241Dw 0 .. 214D~"J 0" 193Dw 0. 175Dw
o. 11.}- o. 358Dw 00 30BDw o. 271Dw o. 2 LI-1 DltJ 0 .. 218Dw (\ 198Dw..-"
0 .. 15 o. 389Dw 0 .. 337Dw 0" 298Dw 0" 267Dw 0" 2 Lj·1Dw o. 2;20Dw
o. 18 o. 417Dv~ 0" 364D~.." 0 .. 323Dw o. ;;::i30Dw o. 264Dw 0 .. ~~41 D!A\

o. 20 o. Lj·Lj·3Dw 0 .. 389Dw o. 347Dw 0 .. 3l2Dw 0 .. ;:::85Dw o. 261Dw
0 .. 22 o. 467Dw o. LI-12Dw o. 368Dw o. 333Dw 0 .. 30i ;·Dw On i:::SODv·.j
0 .. 2L~ o. 488Dw 0 .. 433Dw 0 .. 389Dw 0" 353DI,o,j o. 323Dw 0" 298D~"
0 .. 26 o. 508Dw o. 453Dw 0 .. Lj·08Dw 0 .. 371 D',A; 0 .. 34lDt,o,j o. 315D!r.;
0 .. 28 0 .. 527Dw 0 .. 471Dw (>" 425Dw 0 .. 389Dw 0. 358Dw 0 .. 32;1 J)t,,~

0 .. 30 o. 54-4·Dw o. 488Dw 0 .. 443Di.-"J o. '+05Dw o. 374·Dv-J 0 .. 347Dv,j

Where Fw = matric suction profile factor.
E = elastic modulus with respect to total stress ..
H = elastic modulus with respect to matric suction ..
~ = Poisson's ratio~

Dw - depth to water table ..



Table C.03: Prediction of crack depth usi~g elastic
equi 1 i b)""'i urn analysis mat.,"'ic suct iCIY'1 p'r"'ofi Ie HAil
(i.e., matric suction varies with depth>, Fw = 2.0,
soil unit weight = 18.5 kN/m3 •

E/H
0.02
0.04·
0,,06
0.08
O. 10
0" 12
0,,14
o. 15
O. 18
0.20
0 .. 22
0.24
0 .. 26
0 .. 28
0.30

POiSSCIY'i' S 'r"atio'j 1 J
i""

o. 20 o. 25 0" 30 0 .. 35 o. .6,-0 o. 45

o. 096Dw 0 .. 078Dw 0 .. 066Dw o. 057Dw o. 050Dw 0 .. 045Dw
0 .. 175Dw 0 .. 14·5Dw 0 .. 12L~Dw 0 .. 108Dw 0 .. 096Dw 0. 086D~·.J

o. 241Dw o. 203Dw o. 175Dw o. 154Dw 0 .. 137Dw 0 .. 12L!-D¥'J
0. 298Dw 0. 253Dw 0. 220Dw 0 .. 195Dw 0 .. l75Dw 0 .. 159Dt,<,J
o. 347DlrJ o. 298Dw 0 .. 261Dw 0 .. 233Dw 0 .. 210Dw 0 .. 19:1. Dv-J
o. 389Dw o. 337Dw 0 .. 29BDw 0 .. ;::EJ7Dw 0 .. 241Dw 0. ;~20Dw
0 .. 4·25Dw 0 .. 373Dw o. 331Dw 0 .. 298Dw 0 .. 271Dw 0 .. 24BDiI\J
o. 459Dw 0 .. L..OL;.Dw 0" 361Dw 0 .. 327D~.o.J 0 .. 29BDw 0 .. 27l }D\I'J
o. 488Dw 0 .. 433Dw 0" 389D\i>J 0 .. 353D~'II 0 .. 323DlrJ 0 .. 298Dv-.;

o. 515Dw 0 .. 459Dw 0 .. 4·14Dw 0 .. 377D\.-'.1 o. 3 L\·7Dw o. 320Dw
0 .. 538Dw 0 .. L~83Dw o. Ll-37Dw o. 400Dy,; n 368D\;;J o. 34· :l.DIi'·J~, ..
o. 560Dw 0 .. 504Dw o. 459D\.\1 0 .. 421Dw 0 .. 389Dw 0 .. 351Dw
0 .. 580Dw 0 .. 524Dw 0" ~"79D'/.,l 0 .. 441Dw o. 408Dv-J 0 .. 380D~·,!

o. 598Dw 0 .. 543D~..; 0 .. 497Dw o. 459Dw o. 426Dw 0 .. 398Dw
o. 614Dw 0 .. 560Dw 0 .. 5l5Dl...., 0 .. 4·75Dw 0 .. 4L~3D!,'~ 0" '+ 11.1·D~..;j

Where Fw = matric suction profile factor ..
E = elastic modulus with respect to total stress.
H = elastic modulus with respect to matric suction ..
~ = Poisson's ratio.

Dw = depth to water table ..



Table C.04: Predictio~ of crack depth usi~g elastic
equi 1 i bt"'i urn arial ys is matt"'i c suet i c:srl pr"'of i Ie liB II

<i.e., matric suction is constant with depth>,
Fw = 1.0, soil unit weight = 18.5 kN/m3 •

E/H
0.02
o. 0'+
0.06
0.08
0 .. 10
0 .. 12
o. 14
o. 16
O. 18
0.20

0.24
0.26
0 .. 28
0 .. 30

Poisson' s t"'at i 0

o. 20 o. 25 O. 30 O. --c:- O.. 40 0 .. 41:::-
~-..J ...J

o. 053Dw O. 042Dw o. 035Dw o. 030Dw 0 .. 027Dw 0 .. 024·Dw
o. 106Dw O.. 085Dw o. 071Dw 0 .. 061Dw 0 .. 053Dw 0 .. 047Dw
0 .. 159Dw 0 .. 127Dw (\ 106Dw 0 .. O'31Dw 0 .. 080Dw 0 .. 071Dw..J.
o. 212Dw o. 170Dw 0 .. 141Dw 0 .. 121Dw O. 105Dw 0 .. 09L;·Dw
o. 255Dw o. 212Dw o. 177Dw o. 152Dw o. 133Dw O. 118Dw
0 .. 318Dw o. 255Dw 0 .. 212Dw 0 .. 182Dw O. 159Dw 0" 141Dw
o. 371Dw o. 297Dw o. 247Dw o. 2 i 2Dy,; o. 186Dw o. 165D",,)
0 .. 424Dw 0 .. 339Dw 0 .. 283Dw o. 2L~2Dw 0 .. 212Dw 0 .. 189Dw
o. 477Dw 0 .. 3B2Dw O. 318DvJ o. 273Dit'J 0 .. 239Dw ()" 21i:::Dt-'J
o. 530Dw 0. 424Dw 0 .. 354Dw 0 .. 303Dw 0 .. 255Dw 0 .. 23EDw
o. 583Dw o. 4·67Dw 0 .. 389Dw o. 333Dw o. 292Dw 0 .. 259Dv-.)
o. 635Dw o. 509Dw o. L}24Dw 0 .. 354Dw 0 .. 318Dv.J 0 .. 283DitJ
0 .. 589Dw o. 551Dw 0 .. 4·60Dw o. 394DyJ o. 3'+5D;;.; 0 .. 30SDv-.!
0 .. 742Dw 0 .. 594Dw 0 .. 495Dw 0" 4i~4Dw 0" 371Dw 0" 330D~",

o. 795Dw O.636Dv-J o. 530Dw 0 .. lj·55Dw 0 .. 398Dl,.-\i 0 .. 35-4·DlA)

Where Fw = matric suction profile factor.
E = elastic modulus with respect to total stress.
H = elastic modulus with respect to matric suction.
~ - Poisson's ratio ..

Dw = depth to water table.



Whet""e F~"J =
Ft =

Qu =
IJt =
Dw =
c' =

Table C.05: Prediction of crack depth using plastic
equi 1 ibt"'ium analysis matt"'ic suet iorl pt"'ofi Ie "A"
(i.er, matric suction varies wi~h depth).

Ft = 0.2500, Qu/at = 4.0, Min. X Term = 1.22489

Fw=O .. 5 Fw=l. <) Fw=l. C"
Fw=c~. 0.J

c., =0 c' ==10 c' =0 c., =10 c' =0 c' =10 c' =(} c., =10
Qjb kP.;a kOa !-tOa kpa_

'* .)(- * *
0 0 .. OOODw 0 .. 83m o. OOODw o. 83m 0 .. OOODw 0 .. 83m 0 .. OOODw (\ 83m-' ..
2 o. o14D"'J 0 .. 82rn 0 .. 028Dw 0 .. 81m 0 .. 041Dw o. 80m 0 .. 054Dw 0 .. 79rn
4 0 .. 028Dw o. 81m 0 .. 054Dw 0 .. 79m 0 .. 07SDw o. 77m 0 .. 102D~", 0 .. 75m
6 o. 041Dw 0 .. 80m o. 07'3Dw 0 .. 77fil 0 .. 114·Dw o. 74m (, 14·6Dw ,-, 71m-' . \,..1.:

8 0 .. 05LI-Dw 0 .. 79m 0 .. 103Dw 0 .. 75rn 0 .. l L,·7Dw 0 .. 71m ,-, 187Dw O.. 58m\_, "
10 o. 067Dw o. 78m 0 .. 126Dw o. 73m 0 .. 178Dv-J o. G8rn o. 22LrD~"4 0 .. 55rn
12 o. 080Dw 0 .. 77rn o. iLIBDw o. 71.m 0 .. 207DIH 0" 65m 0 .. 258Dw .-. S2m\.,,1 u

14 0 .. 092Dw 0 .. 75m 0 .. l59Dw 0 .. 53m o. 234·D~l o. 64m o. 289Dv·J o. 59rn
15 0 .. 105Dw 0 .. 75m 0 .. 190Dw o. 67rn 0 .. 260Dw o. 6E':m 0 .. 319D~;,J 0 .. 57m
18 0 .. 117Dw o. 73m 0 .. 210Dw 0 .. Gem 0 .. 285Dw 0 .. 60rn 0 .. 347D'/'>J 0 .. 54rn
20 0 .. 129Dw o. 72m 0" 229Dw o. EA·fl1 o. 308Dw 0" 5Sm 0 .. 373Dw (, 52r11w' "
·-:f"-f

0" 142Dw o. 71 rn 0 .. 2.lrBDw 0.63m 0 .. 331 DlrJ 0" 5Sm 0 .. 337Dlt-J 0 .. ~;Ornc:.c:.

24 o. 154Dw (' 70m 0 .. 2S7Dw 0 .. 61m 0 .. 353Dw 0" 5 L}fj1 0" L!-21 Dw 0 .. 48rn'.
25 0" 155Dw 0 .. 69m o. 285Dw 0 .. 60rn 0" 37L;·Dtr4 o. 52m 0 .. L~43D\.AJ

l-~ ./+6rn'l,_" a

28 0 .. 178Dw o. bam O.. 303Dw 0 .. 5am 0" 39Lj.·Dt.N 0" 50m 0" '+65Dw 0 .. 45m
30 0 .. 191Dw 0 .. tS7m 0 .. 320Dw o. 57m (> .. '+ 14·Dw o. 49rfl 0 .. '+8~5Dv-,J 0" L;.31'o

'* Note: These columns give the increase in crack depth in
meter when c' = 10 kPa ..

matric suction profile factor"
ratio of tensile strength to compressive strength ..
(i.e• ., at/Qu).
unconfined compressive strength ..
tensile strength ..
depth to water table.
cohesion intercept when (0 - ua) and (ua - uw) are
equal to zel·... O.

0 b = friction angle with respect to (ua - uw)"



Table C.06: Prediction of crack depth using plastic
equilibt"'iufI1 ar-Ialysis, matric suction p ......c,file "Au
(i.e., matric suction varies with depth).

Ft == o. 1667, QU/O"t = c. 0, Mirl. X Tet"'m = 1.00011o.

Fw=0.5 Fw=l. 0 Fw==1.5 Fv"l:::i::: .. 0
c' =0 c' =10 c'=O c' =10 c'=O c' =10 c" ::-.:0 c., =10

~~b kPa kPa kPa kPa

* * * .M-

e> O.OOODw 1.02m o. OOODw 1.02m O.OOODw 1. 02rl1 O.OOODw 1.02m
2 0 .. 017Dw 1.00m o. 034·Dw O.gem O. 050Dw O.97m O.055Dw o. 95rn
4 O.034Dw O.9am o. 065Dw O. 95m O.095Dw O.92m o. 123Dw o. 89m
6 0 .. 050Dw 0.97m o. 095Dw 0.92m o. 136Dw 0 .. 88rn o. t74Dw o. 84m
8 o. 066Dw o. 95m o. 123Dw O.89m o. 174Dw (J,,84rn (\ 219Dw O.BOrn' ..

10 o. 081Dw 0 .. 94m o. 150Dw 0 .. 87m 0 .. 209Dw 0 .. 81m 0 .. 261Dw o. 75rn
1£ o. 095Dw 0 .. 92m 0 .. 175.Dw 0 .. 84m o. 242Dw o. 77m O.29BDw O.72m
14 o. l11Dw 0 .. 91m O.200Dw o. 82m O.272Dw o. 74m o. 332;Dw o. £:.8rn
16 o. 125Dw O.89m O.223Dw O.. 79m 0 .. 301Dw O.. 71m 0 .. 354Dw O,,65m
18 0 .. 140Dw O.88m O.24·5Dw O.. 77m 0 .. 328Dw O.£9rn o. 394Dw 0" t:i2rn
20 0 .. 154Dw 0 .. 86m 0 .. 267Dw o. 75m 0 .. 353Dw 0 .. 66i!1 0 .. 4;;::j.Dw 0 .. 59m
22 o. 168Dw 0 .. 85m o. 288Dw o. 73rn O.377Dw 0 .. 63m 0 .. 447Dw (~ 55rn' ..
24 0 .. 182Dw 0 .. 83m 0 .. 308Dw 0 .. 71m o. 400Dw O.. Slm 0 .. 471Dw O .. 5 Lrfll

26 o. 196Dw 0 .. 82m 0 .. 328Dw O.. 69m O.422D1;"" O.. 5Srn 0 .. 4SL}Dw 0" ~52rf!

28 0 .. 210Dw O.. Blm 0 .. 347Dw O,,67m 0" 444Dw 0 .. 57m 0 .. 515D1,.., 0" Lj·9m

30 0 .. 224Dv-J O.79m o. 366Dw O.65rn o. 464Dw O.. 55m 0 .. 536Dv-J 0 .. '+7rn

* Note: These columns give the increase in crack depth in
meter whenc' ::: 10 kPa ..

Where Fw =
Ft =
Qu =
i1t =
Dw =
c' =
~2jb =

matric suction profile factor ..
ratio of tensile strength to compressive strength ..
(i.e., crt/Qu) ..
unconfined compressive strength ..
tensile strength ..
depth to water table.
cohesion intercept when (rr - ua) and (ua - uw) are
equal tel zer"'O.
friction angle with respect to (ua uw)"



Table C~07: Prediction of crack depth using plastic
equilib,.""ium ar.alysis, matl'''ic sucticn"", pt"ofile "A"
(i.e~, matric suction varies with depth).

Ft = o. 1250, Qu/crt = B. 0, MirJ. X Tet"fI1 = o. 85512

Fw=O.5 Fw==1.0 Fw==l. 5 Fw=~=::. (>

c' =0 c'==10 c'=O c' =10 c'=O c' =10 c'=O c' =10
~ZJb kPa kPa kPa !-<.Pa

* * * *
0 O.OOODw 1. 18m o. OOODw 1. 18m O.. OOODw 1. 1Brn O. OOODw 1. 18m
2 0.020Dw 1" 15m O.039Dw 1. 13m o. 057Dw 1. 11m 0.075Dw 1 .. 09rn
4 O.. 039Dw 1. 13m o. 075Dw 1 .. 09m o. 108Dw 1 .. 05m o. 139Dw 1. 01m
6 o. 057Dw 1 .. 11m O. 10BDw 1.05m o. 154Dw 1. (10m O. 195Dw o. 95rn
8 O. 075Dw .. 09m o. 140Dw 1.01w o. i95Dw o. 9Sm o. 24·5Dw O.89m1 ..

10 o. 092Dw 1. 07m o. 169D~J o. 98m o. 234Dw O.90m o. 289Dw o. 84m
1'-' o. 109Dw 1 .. 05m o. 197Dw O.. 95m O.259Dw o. 86m o. 329DlrJ O.79meM

14 o. 126Dw 1 .. 03fil O. ;~24Dw O.Slm 0 .. 302Dw 0 .. 82ril o. 365Dw o. 75m
16 o. 142Dw 1.01rn o. 249Dw 0.88m o. 332Dw O.. 79rn o. 398Dw 0 .. 71m
18 0 .. 158Dw 0 .. 99rn 0.273Dw 0 .. 86m 0 .. 360Dw O.75m o. 429Dw o. 67rn
20 0 .. 174Dw O.. 97m o. 296Dw O,,83m 0 .. 387Dw O.72m 0 .. 457D~J 0 .. 64m
22 o. 189Dw 0 .. 95m o. 31'BDw 0 .. 80m 0 .. 412Dw o. 69m 0 .. 483D~J 0" 61iff

24 0 .. 204Dw O.94m o. 3L~ODw O.. 78m 0 .. Ll-35Dw O.SSm O.. 507Dw 0" 5Bm
26' o. 2i=:ODw O.. 92m o. 360Dw O.75m 0 .. 458Dw 0 .. 64m 0 .. 530Dw o. 55rn
2£1 o. 235Dw O.90m 0" 380DI.-\I O.. 73m 0" '+79Dw 0 .. 51m 0 .. 551Dw 0 .. 53m
30 0 .. 250Dw 0 .. 88m 0 .. 400Dw O.71m 0" 500Dv-J o. 59m 0 .. 571Dw o. 50rn

* Note: These columns give the increase in crack depth in
meter when c' = 10 kPa.

to,.lhere Fw =
Ft =
Qu ==
O't =
Dw =
c' ==

Qjb =

matric suction profile factor.
ratio of tensile strength to compressive strength ..
( i .. e., crt /Q'-l) ..

unconfined compressive strength ..
tensile strength ..
depth to water table.
cohesion intercept when (a - ua) and (ua - uw) are
equal to ZEt"'O ..

friction angle with respect to (ua - uw)"



Whet"'e Fw =
Ft =
Qu --
crt ::::

Dw =
c' =

Table C.08: Prediction of crack depth using plastic
equi 1 ibt"iUfI1 aY'lalysis, ma"ti·... ic suct ion pr"'ofi Ie !fA"
(i.e., matric suction varies with depth) ..

Ft = O. 1000, QU/O"t = 10.0, Mi Y'I. X Tet"fJ1 = 0.77468

Fw=O. 5 Fw==1.0 Fw=!. 5 Fw=2 .. 0
c' =0 c'=10 c'=(> c' =10 c' =0 c' =10 c'=O c'=10

@...b kPa kPa kPa kPg

* * * *
(> O.. OOODw i.32m o. OOODw 1 .. 32m O.. OOODw 1.. 32m O.. OOODw 1 .. 32m
.-, O.022Dw 1 .. 29m 0 .. 043Dw 1. 26m 0 .. 063Dw 1 .. 23m O.083Dw 1. ;21rnc.

4 O.043Dw 1.26m O.083Dw 1.2:l.rn 0 .. 119Dw i. 16m o. 153Dw 1 .. 11m
6 o. 06'+Dw 1 .. 23m o. 119Dw 1 " 16m o. 169Dw 1.09r11 o. ~::::l.3Dw 1" 04rn
8 O. 083Dw 1 .. 21m o. 154DI,-v 1 .. 11m O.214Dw 1.03m o. 266Dw o. 97m

10 o. 102Dw 1 .. 18m o. 185Dw 1. 07m O.255Dw O.98m o. 3130w o. 90rn
1E~ o. 121Dw 1. 16m 0 .. 215Dw 1. 03m 0 .. 292Dw o. 93m 0 .. 354Dw o. 85m
14 O. 139Dw 1. 13m O.243Dw 1" OOm o. 326Dw o. 89m O.39EDw o. BOrn
16 o. 156Dw 1 .. 11m 0 .. 270Dw 0 .. 96m 0 .. 357Dw 0 .. 85m O.425Dw O.. 76m
18 o. 173Dw 1 .. 09rn 0 .. 29SDw 0" 93m (\ 386Dw O.81m o. 456Dw o. 72rn_r if

20 0. 190Dw 1.07rn 0 .. 320Dw O.90m 0" 413Dw O,,77m 0" 48L,.Dw 0" Sarn
22 O.207Dw 1.04m O.34-3Dw o. 85rn o. 439Dw o. 74m o. 511 Dv.J 0" EArn
24 O.2E:3Dw 1,,02m o. 365Dw O.84m O.463Dw O.71m O,,535Dw O,,61rn
26 o. 239Dw 1. OOm o. 386DI/'J O.81m o. 4·86Dw o. 68m o. 557Dw f.) 12 58rn
28 O.255Dw O,,98m o. 407Dw o. 78m o. 507Dw o. 6Sm o. 579D~'J 0" 5Sm
30 O.271Dw O.. 96rn O. 427Dw o. 75m O.528Dw O.62m o. 598Dw 0" 53ffl

* Note: These columns give the increase in crack depth in
meter when c' = 10 kPa.

matric suction profile factor.
ratio of tensile strength to compressive strength.
(i .. e., crt/Qu)"
unconfined compressive strength.
tensile strength.
depth to water table.
cohesion intercept when (a - ua) and (ua - uw) are
equal tel zet...o.

0 b = friction angle with respect to (ua - uw).



Table C.09: Prediction of crack depth using plastic
equ iIi bl'"" i Ufll ar!al ys is, mat r"" i c suet i or, pro"fi 1e II A"
(i.e., matric suction varies with depth).

Ft = 0.0833, Qu/Ut = 12.0, Min. X Term = 0.70719

Fw=1.5 Fw=2 .. 0Fw=0 .. 5
c'=O c'=10

kPa

Fw=1 .. 0
c'=O c'=10

kPa
c'=O c'=10

kPa
c'=O c'=10

kPa

(>

2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

O.. OOODw
0 .. 024Dw
0.047Dw
0 .. 059D\t'~
O.090Dw
0 .. l11Dw
0 .. 131Dw
0 .. 150Dw
0 .. 159Dw
O. 187Dw
O.. 205Dw
O.222Dw
0 .. 239Dw
0 .. 256Dw
0 .. 273Dw
0 .. 290Dw

*
1.4401
1.41m
i .. 37m
1 .. 34m
1 .. 31m
1. i=:8m
i.25m
1.23m
i.20m
1. 17m
1 .. 15m
1. 12m
1.10m
i .. 07m
1.05m
1.. 02r'1

O.OOODw
O.047Dw
O.. 090Dw
O.12'3Dw
O.155Dw
O.200Dw
O.231Dw
0 .. 261D\t'J
0 .. 288Dw
0 .. 315Dw
O. 3L~ODw
O.364Dw
0 .. 385Dw
O.. 408Dw
O. LJ-29Dw
O.449Dw

*
1. 44m
1 .. 37m
1.31m
1. 25m
i.20m
1 .. 15m
1. 11m
1 .. 07m
1.03m
O.99m
0 .. 95rn
O.92m
O.Bam
O.85m
0 .. 82m
O.79m

O.OOODw
O.. 069Dw
O.129Dw
0 .. 182DN
0 .. 230Dw
0 .. 272Dw
O.311Dw
0 .. 346Dw
O.378Dw
O.. 408Dw
O.435Dw
0 .. i{·51Dw
O.48SDw
O.508DI,'\I
0 .. 530DvJ
0 .. 550Dw

*1. L!-4m
1 .. 34m
1.26m
1. 18m
L.l1m
1 .. 05m
O.. 99m
O.. 94m
O.. 90rn
0 .. 85m
O.. Bim
O.. 78m
o~ 7 LH11

O.. 71m
O.. 68m
O.65m

O.. OOODw
O.. 090Dw
0 .. 165Dw
0 .. 229Dw
0 .. 28L~Dw
0 .. 333Dw
0 .. 375Dw
0" 414DtAJ

0 .. Lj·48Dw
0 .. 479Dw
O.. 507Dw
O.533D 1tJ

0 .. 557Dw
0 .. 580Dw
O.601Dw
0 .. 620Dw

"tEo

1.44m
1 .. 31m
1 .. 20m
1 .. 11m
1.03m
0" 96rn
O.. 90m
O.. 85rn
O.80m
0 .. 75rn
O. 71 fl1

0 .. 67rn
0 .. 5L~f!1

0 .. 61rn
O.58m
0 .. 55rn

Whet""e Fw =
Ft =

Qu =
O't =
Dw =
c' =

* Note: These columns give the increase in crack depth in
meters when c' = 10 kPa ..

matric suction profile factor.
t"'at i.:. cif teY"lsi Ie stl'""ength to compr""essi ve stt""eYlgth ..
(i .. e .. , O't;/Qu) ..
unconfined compressive strength ..
tensile strength.
depth to water table.
cohesion intercept when (cr - ua) and (ua - uw)are
equal to zet"o ..

0 b = friction angle with respect to (ua - uw).



Table C.I0: Prediction of crack depth using plastic
eq'.lilibr.... ium arlalysis., rnatr"ic sucticl)"1 p"r"o'file llA"
(i.e., matric suction varies with depth>.

Ft = 0.0714., Qu/at = 14.0, Min. X Term = 0.65473

Fw=0.5 Fw=1.0 Fw=1.5 Fw=2.0
c'=O c'=10 c'=O c'=10 c'=(> c'=10 c'=O c'=10

$!}b kPa kPa !-t.Pa kPe.

* * * *
0 O.OOODw 1.56m O.. OOODw 1.56m O.OOODw 1.56m O.OOODw 1. 56f11
2 O.026Dw 1. 52m O.051Dw 1.48m O.074Dw 1. 44m O.096Dw 1 .. LJ·lrn
4 O.051Dw 1 n 48f1l O.096Dw 1.41m o. 138Dw 1. 34m o. 176Dw 1.28m
6 O.074Dw 1. 44m O. 13BDw 1. 34m O. 194Dw 1. 25m 0 .. 243Dw 1. 18rn
8 0.O'37Dw 1.41m o. 177Dw 1. 28m O.244Dw 1. 18m O.300Dw 1 .. 0'3m

10 o. 119Dw 1.37m O.212Dw 1.23m O.288Dw. 1. 11m O.350Dw 1.01rn
1···· o. 14·0Dw 1. 3L~m O.24·5Dw 1 .. 18m O.327Dw l. 05f11 O.394Dw O,,94mc.

14 o. 160Dw 1,,31m O.276Dw 1.. 13m 0 .. 364Dw O.99m 0 .. 432Dt.-J O.BBm
16 0" 180Dw 1.28m O.305Dw 1. OBrll O.395Dw O.. 94m 0 .. 467Dw O.83m
18 O. 199Dw 1. 25m O.332Dw 1.04m O.427Dw 0 .. 89m 0 .. 49SDw O.76rn
20 0 .. 217Dw 1 .. 22rn O.357Dw 1.00m 0 .. 455Dw 0 .. 85m O.525Dw O.. 74m·
22 O.236Dw 1. 19m O.382Dw O.. 96m O. 4·81 Dw O.. 81m 0 .. 552Dw 0 .. 70rn
2 Lj- 0 .. 254Dw 1. 16m O.. 405Dw O.93rn O.505Dw O.77i11 0 .. 576Dw O.. 66m
26 0.271Dw 1 .. 13m 0.427Dw O.89m 0 .. 528Dlr'J O.. 74m 0 .. 598Dt.-.) O.. 53rn
28 O.289Dw 1. 11m 0 .. 4 LI-8Dw O.86m 0 .. 549Dw O.. 70m 0 .. 619Dw O .. 59m
30 O.306Dw 1.08rn 0.469Dw O.83m 0 .. 569Dt/'i O.67m 0 .. 638Dw O.. 56rn

* Note: These columns give the i rlC'r"ease i "(I ct"ack depth irl
mete'r"s whel'l c' = 10 k.Pa ..

Whe:':I)'''e Fw =
F'l; =

Qu =
crt =
Dw =
c l =

~2jb =

matric suction profile factor ..
ratio of tensile strength to compressive strength.
(i. e., Ut/Qu).
unconfined compressive strength.
tensile strength ..
depth to water table.
cohesion intercept when (a - ua) and (ua - uw) are
eq ua ltc, zet"ci.
friction angle with respect to (ua - uw).



Whet""e Fw ;;::

Ft =

Qu =
IJ"t =
Dw ;;::

c" =

Table C.ll: Prediction of crack depth using plastic
equi 1 ibrium al'"Jalysis, matric suct iOY'1 p'T"'clfi Ie liB"
(i.e., matric suction is constant with depth).

Fw = 1. 0

Ft = 0.250 Qu/crt = 4.0 Nax. y t er"'fI1 = 0 .. 7698
Ft = o. 167 Qu/r..rt = 6.0 Max. y t et""m = 0.94·27
Ft = o. 125 QuI crt = 8.0 Max. Y t et"'fIl = 1.0887

Qu/crt = 4.0 Qu/crt = 6 .. 0 Qui I1t = B.O
c'=O c'=10 c'=O c'=10 c'=O c'=10

~!ib kPa kPa kPa

* * *
(> O.OOODw 0 .. 83m O.OOODw 1.02m O.OOODw 1. 18m
2 O.029Dw O.83m 0.035Dw 1.02m O.040Dw 1. 18m
4 O.. 057Dw O.. B3m O.070Dw 1.02m O.. OB1Dw 1 " 18m
6 O.086Dw 0 .. 83m 0" 105Dw 1" 02m o. 121Dl.hJ 1 .. 18m
8 o. 115Dw O.83m 0 .. 141Dw 1. 02m 0 .. 162Dw 1. 18m

10 o. 144Dw 0 .. 83m 0" 176Dw 1.02m 0 .. c~04Dw 1 .. 18rn
12 0 .. 174Dw O.83m 0 .. 213Dw 1. 02f11 0 .. 245Dw 1. 18m
14 O.204Dw 0 .. 83m 0 .. 249Dw 1.02m O.2BBDw 1. 18m
16 0 .. 234Dw O.83m O.287Dw 1.02m 0 .. 331Dw 1 " 18m
1.8 0.265Dw O.83m O.325Dw 1. O~~m O.375Dw 1" 18m
20 O.297Dw O.83m O.364Dw 1 .. 02m 0 .. 420Dw ~ 18mJ.1lI

22 O.330Dw O.83m O.. 404Dw 1. O;=:m O.466D'I'J 1 .. 18rn
.-,1. O.363Dw O.83m 0 .. 445Dw 1 .. Oc:rn O.. 514Dw .. 18m,=. t .....
26 0 .. 398Dw O.83m O.488Dw 1 .. 02m 0.563D\."4 1. lern
28 0.434Dw 0 .. 83m O.532Dw 1 .. Oi:::m O.E.,14Dw 1 .. 18rll
30 0 .. 471Dw O.83m O.577Dw 1.02m 0 .. 667Dw 04 18m.l. ..

*' NCite~ These col Ufn1'"IS give the i Y-Ict"'ease i 1'"1 crack depth :l."n
metet·,s IfJherl c' ;;:: 10 k.Pa.

matric suction profile factor.
ratio of tensile strength to compressive strength ..
(i .. e • ., crt/Qu)"
unconfined compressive strength ..
tensile strength.
depth to water table.
cohesion intercept when (a - ua) and (ua - uw) are
equal to Z8t"'i;).

0 b = friction angle with respect to (ua - uw)"



Whe)""'e Fw =
Ft =

Qu =

O"t =
Dw =
c' =

Table C.12: Prediction of crack depth using plastic
eqlli 1 ibrium a1'"lalysis, mat'l""'ic suct iorl profi Ie uBI!
(i.e., matric suction is constant with depth),

Fw = 1. 0

Ft = o. 100 Qu/lJt == 10.0 Max. Y tet"'m == 1. 21 7E~

Ft = 0.083 QuI Ut == 12.0 Max. Y t et"'!)l - 1 .. 3336
Ft -- 0.071 QuI fJt == 14.0 Max. y tet"'m == 1. 44·04-

QU/Ut =10.0 Qu/Ut ==12.0 Qu/crt =14.0
c'=O c'=10 c' ==0 c"==10 c' ==0 c'=10

~!jb kPa kPa .kPa

* * '*
0 O. OOODw 1. 32m O.OOODw 1. L}4rn O.OOODw 1.5cm
2 o. 045Dw 1.32m 0.049Dw 1. 44m 0.053Dw 1" 56rn
4 O.090Dw 1. 32m 0. 099Dw 1. 44m O. 107Dw 1.5cm
6 o. 136Dw i.32m o. 149DftoJ 1.44m o. 161Dw 1.56rn
8 0. 181Dw 1. 32m o. 199Dw 1. .l.J·4m O.215Dw 1. 56m

10 0. 228Dw 1.32m o. 249Dw 1. 44m O. 269Dw 1. 56rn
1--' O.274Dw 1. 32m 0. 301Dw 1 • 44m 0" 325Dw 1 .. 5Smc:.

14 O.322Dv-J 1. 32m 0. 353Dw .. 4-Lt·m o. 381Dw 1.56rn.1.

16 o. 370Dw 1 .. 32m O.. 406Dw ~L • 44m o. 438Dw 1. 5cm
18 0" 419Dw 1. 32m O.460Dw 1 .. 44m o. 496Dw 1.56m
20 0 .. Lj·70Dw ~ 3E:rn 0.515DtAJ 1.44m 0. 556Dw 1 " 55m.I. II

22 0.522Dw 1.3i:::m O.571DI""; 1 • 4'+m 0 .. 617D!."J 1 .. 56rn
24 0. 575D~"", 1 .. 32m 0 .. 630Dw 1. 44m 0" 680Dw 1 .. 56m
26 0. 630DiAl 1. 3i=:m O.690Dv-J 1.4A-m O.7l }5Dw :1." 56rn
28 o. 686Dw j, • 3E:m O.752Dw " 4'-I,m 0 .. 812Dw '1 56mJ. • .l. ..

30 0 .. 7'+5Di,'J 1. 32m o. 817Dw 1. 44m o. 882Dw 1 .. 56n~~

* NClte: These columns give the i ~""!C'l"""ease i r, cr"'ack depth i 1'"1
rnete'l""'s Whe'fl c' == 10 kPa.

matric suction profile factor.
ratio of tensile strength to compressive strength.
(i .. e .. ., Ut/Qu).
unconfined compressive strength.
tensile strength.
depth to water table.
cohesicli""l i'ntsl""'cept wher"! (r.r - lola) and (ua - uw) a)""'e
equal to ZE'r"'O ..

0 b = friction angle with respect to (ua - uw).



APPENDIX D

Experimental Results on Shrinkage Tests and Cracking Tests.



L'N!VERSITV OF SASKATCHEWAN, DEP. OF CIVIL ENGINEERING.

SHRiNKAGE T:-rt... R~=l ~1'":ltO! "I:.W"U.. 1

Test no. . SOl Date started . 11/25/86 Page no• · 2 of 3. . ·
Soil type : Indian Head Till Conducted by · J. Lau·

TIME Bros::, w+ Dia. Ht. dr. Ht. edg H+ H-Strain V-Strain Net Wt. Vol. w Spe. Voi... ,..
hr. ;ralll mm taro rom mill gralll eu. !1lrJI % 100ec/;

.------------------------------------------------------ --------------------------------

.1/26/85 1\ 413.45 52.50 21.75 22.30 22.03 -0.01730 -0.11010 133.31 57572.01 27.57 64.&6:'l

8:00 Gem. 17.50 B 413.16 62.50 21.85 22.25 22.05 -0.01652 -0.lOS09 133.72 67648.71 28.36 64.94
" 413.14 &2.50 21.75 22.30 22.03 -0.01730 -0.11010 132.80 67572.01 21.55 54.55I.

Ave. -0.01704 -0.10976 Ave. 27.86 64.85
A 412.24 &1.'35 21.65 22.30 21.98 -0.02594 ~O.11212 132.09 66237.27 25.40 53.38

0:05 a. mil 19.35 B 411.91 61.95 2L.75 c~ ?c: 22.00 -0.02518 -0.11111 1~.47 66312.52 27.1& 63.65........w

C 411.8'2 61.95 21.70 22.20 21. 95 -0.02594 -0.11313 131.48 6&11;1.91 26.38 63.60
Ave. -0.02569 -0.11212 Ave. E'b.65 63.54

H 411.18 61. SO 21.45 22,30 21. aa -0.03302 -0.11615 131.03 64981.42 25.39 62.18
2:00 p. m. 21.50 B 41\).83 61.50 21 .. 75 22.15 21.95 -0.03225 -0.11313 131.39 65204.21 26.12 62.59

" 410.73 51.50 21,65 22.10 21.88 -0.03302 -0.11616 130.39 64931.42 25.34 62.45I.<

Ave. -0.03277 -0.11515 Ave. 25.61 62.41
A 408.82 60. 7S 21t35 ~2a15 21.75 -0.04481 -0.12121 t28.67 63043.85 23.13 60.33

':00 p. t~. 25.50 B 4OB.5C 60.75 21.35 21.95 21.65 -0.04406 -0.12525 125.06 62753.59 23.88 60.24
~ 408.44 60.75 21.25 21.85 21.55 -0.04481 -0.12929 128.10 62464. 14 23.13 50.04..

Ave. -0.04455 -0.12525 Ave. 23.3B 60.20
A 405.65 59.85 20.75 ~1. 75 21.2:; -0.058% -0.14141 125.50 59783,05 20.09 57.21

:30 p.m.. 31.00 B 405.25 59.85 20.85 21. 75 21.30 -0.05822 -0.13939 125.81 59'323.73 20. 76 57.52
C 404.% 59~85 20, T5 21.75 21.25 -0.0513% -O,141lil 124.62 59783.05 19.79 57.47

Ave. -0.05872 -0.14074 Ave. 20.22 57.40
1271PIc 1\ 403,;2'3 59~30 20.55 211155 21.10 -0.06751 -0.14747 123.14 58275.05 17.84 55.76li

~45 a,mJ 35.25 B lr02'192 59.30 20~S5 21:150 21.13 -0.06588 -0. 146l;5 123.48 58344.11 18.53 55.00
" 402.55 53.30 20~SS 21.55 21.05 -0.05161 -0.14949 t.-;::> J.:J~ 58135.97 17.47 55.88.. ...Ca-.~ ...

Hve. -0.06737 -0.14781 Ave. 17.95 55.88
A 3S9n91 53.40 N.2S 2L:35 20.80 -0.08175 -0.15960 119.76 55716.00 14.60 53.32

~30 a.m.. EW B 3'99.52 56. ~+O 20.25 2LI25 20.75 -0.08104 -0.16162 120. OS 555B2.07 15.25 53.35
" 333.17 58.05 20.35 21.35 20.85 -0.08726 -0. 15758 I1B.83 55182.50 14.22 53.04...

Ave. -0.08335 -0.15350 Ave. 14.70 53,24
A 33,s.7S sa. 20 20.15 ::l' I'" 20.65 -C.08491 -0.16566 118.51 54935.9'3 13.50 52.57... 1. •• lJ

:30· Ca fl~ .. 451100 B 398,38 :58,15 20.20 ~:: -'! of ".. 20.£8 -0.08497 -0.1&455 118.94 54908.03 14.17 52.71~1,,j,;)

C 398.75 57.95 20.15 21.15 20.65 -0.08884 -0.165&5 118.41 54465.04 13.82 52.35
Ave, -0,08624 -0.15:32 Ave. 13.83 52.54

A. 397.7S 5B310 20.15 2L:C5 20.50 -0.08648 -0.16768 117.61 54614.80 12.54 52.26
~45 ;i.m. 47::25 B 397.42 58:105 20~20

..... ,. ror:. 20.63 -0.0855'5 -Q.15S57 117.98 54587.01 1~ ~i=. 52.40C:J.a l ..}."; ............!oJ

C 397. tlb 57.B5 20.05 21.05 20.55 -0.05041 -0.16970 116.72 54014.39 12.20 51.92
Ave. -0.08781 -0.15801 Ave. 12.66 52.19

A 3S5.60 58.00 20.05 21.05 201155 -0.013805 -0.16970 115.45 54294.85 10.48 51.%
.,,1:: p"m. S.4.58 B 395110: 57.85 20.15 20.95 20.55 -0.OB'359 -0.15970 115.57 c:' ...~"" 7~ 10.93 51.85.11'" w'tV.l't."j

C 334.% 57.80 20.05 21.05 20.55 -0.09119 -0.16970 114.62 53921.06 10.16 51.83
Ave. -0.08%5 -0.15970 Ave. 10.53 51.68



UNiVERSITY OF SASKATChEWAN, DEP. OF CiVIL ENGINEER!NS.

SHRINKAGE TEST RESULT

Test no. : 501 Date started ; 11/25/136
Soil type: Indian Head Till

Page no. : 3 of ,3

Conducted by : J. Lau

/28/86
:00 a. fiFJl

:10 p. ffi.

'01/65 *
:15 a. m.

T!M:E Gt~oss wt Dia. nt. ctr. Ht. ed~ Ht. H-Strain V-Strain Net Wt. Vol. VI Spe. Vol.
ht'. ~ram n11t1 mm Slim Il'uil gram cu. fl1m ~ 10C'ICc!g

A 393.29 57.75 19.95 20.95 20.45 -O.OSlSB -0.17374 113.14 53555.87 13.27 51.26
63.50 B 392.59 57.75 20.00 20.'35 20.48 -0.09127 -0.17273 113.15 53631.35 B.61 51.46

I'" 392.75 57.75 20.05 21.05 EOa~5 -0.0919-8 -0.15970 112.41 53827.81 8.05 51. 74Lor

Ave. -0.09174 -0.17205 Ave. 8.31 51.49
A 392.33 57.70 19.95 20.95 20.45 -0.09277 -0.17374 112.18 53473.16 7.35 51.17

67. 75 B 391.57 57.BO 20.00 20.30 20.45 -0.. 09048 -0.17374 112.13 53658.67 7.63 51.51
C 391.81 57.70 20.05 21.00 20.53 -0.09277 -0.17071 111.47 c:.~r~"'" ....,... 7.15 51.59~Otfj. c:.1

Ave. -1).092:00 -0.17273 Ave. 1.38 51.42
~ 391.43 51. 70 19.95 20.95 20.45 -0.09277 -0.17374 111.28 53473. 15 6.49 51117

72.67 B 390.59 57.70 20.00 20.90 20.45 -0.09205 -O.17371~ 11:.15 53473.16 6.69 C::~ 77
":4. i,J1J

C 390.93 57.70 20.05 21.00 20.53 -0.09277 -0.17071 110.59 53&69.27 6.30 51.59
Ave. -O.OS253 -0.17273 Ave. 6.49 51e36

A 390.57 57.70 19.95 ~!\ Oe" 20.45 -0.09277 -0.17374 110.52 53473. 26 c: ~p 51.11\..VlI../W .... to

18,:7 B 389.81 57.70 20.00 20. SO 20.45 -0.09205 -0.17374 110.37 53473.16 5.94 S' ":\:'7.I. .......

C 390.19 57. 70 2(}~ 05 21.00 20.53 -0.09277 -0.17071 109.85 53669.27 5.59 51.59
Ave. -0.05253 -0.17273 Ave. 5.75 51.36

A 2:84.55 57.70 '0 ",r: ....(1, pc::: 20.40 -0.09277 -0.17576 104.50 53342.42 O.CO 51.04... .1& JIJ C:v.;,.;..

126.75 B 383.62 57.70 2(1,00 20~85 20.43 -0.0'3205 -0.17475 104.18 53407.79 0.00 51.27
I'"l 384.37 57. 70 20.05 20.75 20.40 -0.09277 -0.17576 104.03 53342.42 0.00 51.27...

Ave. -0.09253 -0.17542 Ave. 0.00 51.19

NOlES: * Sa~ples were oven crier.



UNIvtHSITY OF SASRATCHrwAN, DEP. OF CIVIL 8~BINEERING.

SHR!NKAGE T:EST RESULT

Test no.
Sedl type

502
Indian Head

Date starteD ; 12/16/86 Page 00.

Ccrlduded by
1 of .3
J. Lau

Initial Conditions
Gress Wt. w

gram ~

427.31 31.15

30.81 111.96

Brass Container A
Brass CDntai~er B
Brass Container C

Tare
gram

280.17
279.45
280.36

426.89
425.82

30.9B

Net Dr'y Wt.
grarl1
112.19
112.57

TIiME
hr.

Gross tr;t
gram

Ht. H-Strain V-Strain Net wt. Vol.
mm gram cu. m~

w
1.

Spec Vol.
100cc/g

24.10 -0.00393 -0.02625
24.08 -0.00550 -0.02727

24.30 0.00000 -0.01818
24.28 O.OOOCO -0.01319
Ave. 0.00000 -0.01852
24.10 -O.005~) -0.02625

0.1)0000 -0.(:(1308

67.56

70.08
59.74
70.23
70.02
69.52
69.18
53.55
69.45
58.81
58.47
58.3B
58.72
67.49
57.38

30.1i
30.31

30.35

29.02
28.97
2B.59

29.60

29. 75
29.67
2'3.39.

30.81
30.98
30.48

31.15
30.9B

143.9775E44.55

145.39 77993.18
145.73 77870.50
145.5677993.18

Ave.
145.57 77198.95
145.97 77077.52
144.87 7711'3.53

Ave.

145.18 75842.97
144.7575723.21

147.14 78528.55
147.44 78504.98
146.45 78828.55

Ave.

0.00000

O. (lOCOO -0. 00808
0.00000 -O.Ola18

O.OCOOO O.OOOCO
0.00000 O.COOOO
0.00000 0.00000
0.00000 -0.00808
0.00000 -0.00808

0.00000

Ave.
24.55

24.55
~ve.

24.30

',f "'r..../f.f..J

24.75
24.75

24.55

24.35

24~30

24.45
24.45
24.40

24.30

24~55

cA. 55
24.55

24.75
24.75

23~85

24,15

23.90
23.85

24.55

24.55

24. 15

24.75
24.75
24.75

53.25

53~25

53.60

53.60
E,3.55

63.50

63.30

63.50
63.55
63.60

£3.60
63.55

425. 74

425.55
425.:6
425.04

424.9'2
424.63
424.33

425.42

427.31
426.89
426.82

c

c
3.00 E·

1. (10 B

A
2.00 B

A
0.00 B

C

/15/B6
:00 a.m.

:00 a.m.

23.50 -0.03055 -0.05051 133.81 70149.55
23.55 -0.02'950 -0.04B48 140.34 7(:29S.8i
23.50 -0.03055 -0805051 13a~97 70:49.55
Ave. -0.030~1 -0.04983 Ave.

53.91

52.45

54.59

8.77

EA. 78
54.'37

55.46

62.65
62.54

55.98
65.85
64.77

63.82

65.75
55.E.a
65.95
55.62

66.83
67.~B

24.67
24~12

25.55

24.62

24.47

26.14

25.05

25.69

25.07

25.66

27. l tB
27.52
27.08
27.36
26.78
25.62

28.65
28.28
28.25
27.88

Ave.

Hve.

141:1 -42 715.55,9:8
141.9171783r14

Ave.
142.24 72571.15
142.7£ 72707.73
141.48 72747.72

Ave.

Ave. -0.02333 -0.04444

Ave. -0.01258 -0.03535

Ave. -0.00498 -O.02bSO

Ave. -0.01809 -0.04040
23.53 -0.0235B -0. 045~i5
23.70 -0.022B2 -0.04242

23.78 -0.01810 -0.03939
23.75 -0.01808 -0.04040

23.73 -O~0180a-O.04141

23.98 -0.0073S -0.03131 143.9274973.5B
24.00 -0.00655 -0.03030 144.38 74814.05
23.98 -0.00943 -0.03131 143.18 74735.13
Ave. -0.00855 -0.03098 Hve.
23.85 -0.01179 -0.03535 143.02 73992.87
23.93 -0.01338 -0.03333 143.54 73871.67
23.85 -0.01253 -0.03&35 142.28 73875.18

24~15

24.00

24~05

23.95
23.95

24.00

24.25

24.25

24.20
24.15

::n .?=
_-';'.l-1o.~

23,.05
:::ti. ~ lZ
"""t.;'! • ...;

23.25
23.40

23.40

23.55
23.65
23.55

23. 70
23. 75
:23.7t)

61.55

"1 r::
0.1. .. 0..)

£3. i);)

61.55

53.1()
53.00

62. :0
62.:0
62. 10

62.45
62.40

62.85
62.70

C 420.93

q 423.19

C 422.64

,q 421~ -S~3

7~OO B 421r35

A 422.41
6.00 B 422.21

C 421. 34

9.25 Pi 419.79

A 424.09
4.00 B 423.83

C 423.:-4

00 p. m.

15 p.m.

00 p. m.



UNIVERSITY OF SASKATCHEwAN, DEP. OF CIVIL EN6INEERI~3.

SHRINKAGE TEST RESULT

Test no. 502 Date started : 12/16/86
Soil ty~e 1ndian Head Till

Page no. 2 of 3
Conducted by J. Lau

TI~E

hr.
Gr-ossWt Dia. Ht. ctr. Ht. edg

mm ~~1 mffi
Ht. H-Strain V-Strain Net Wt. Vol.
mm graIfl cu. mill

Spe. Vol.
100cc/g

--------------------------------------------------------------------------------------------------------------------------
/16/86
~0'O p. m.

117/86

:00 a. fro

:co p. m.

P
11.00 B

c

A
13.00 B

C

A
Hi.OO B

C

A
19.00 E

c

A
25~OO ~

28J (iO B
c

P.
31). t)O B

c

32.75 B
c

H
40.50 B

r
'i..'

418.69
418.53
417.97

417.22
417. OS
416.59

415.37
415.28
414.78

413.45
413.47
412.91

412.02
411. 93
411.28

40'3.53

408.86

407.50
407.49
405.92

4(:6.34
~Ob.23

405.77

404.50
404.74
1;,04.41

402.38
402.17
402.04

61.50
61.50
61.50

61.00
61.00
61.00

60.50
60.40
60.50

60.00
60.00
60. CO

59.40
59.40
59.40

5B.75
58.80

5B.40

58.40
SH.40
5B.40

58.35
53.30
58.40

58.20
58.30

22.85
22. SO
22.85

22.65
22.55
22.60

22.45
2'2.45
22.45

22.30
22.25
22.30

22.20
22.15

21.90
21.95
2:.95

21. 75
21.80
21.80

21. 70
21.70
21~80

21.b5
21.75

21.60
2loB5

23.80
23.80
23.85

23.65
23.65
23.75

23.55
23.45
23.50

23.2:5
23.25
23.25

~., ~,C::
~W:lJ.,""

23.10
23.10

22.55

22.75

.22c50
:22.65
22.70

22~55

22.55
22.60

2'2.45
22,4-5
22.45

23.33 -0.03302 -0.05758
23.35 -0.03226 -0.05657
23.35 -0.03302 -0.05557
Ave. -0.03277 -0.056S0
23.15 -0.04088 -0.05465
23.15 -0.04013 -0.06465
23.18 -0.04088 -0.05354
Ave. -0.04053 -0.05431
23.00 -0.04874 -0.07071
22.95 -0.04957 -0.07273
22.98 -0.04874 -0.07172
Ave. -0.04902 -0.07172
22.78 -0.05660 -0.07980
22.75 -0.05586 -0.08081
22.78 -0.05560 -0.07980
Ave. -0.05536 -0.08013
22.65 -0.05604 -0.08485
22.65-0.0&530 -0.08485
22.63 -0.06604 -0.08586
Ave. -0.05579 -0.OB519
22.3B -0.07626 -0.09596
22.43 -0.07474 -0.09394
22.45 -0.07390 -0.05293
Ave. -0.07497 -0.09428
22.15 -0.08175 -0.10505
22.25 -0.07663 -O.10~01

22.28 -0.07940 -O~lCOCO

HVE. -O.07S95 -0.10202
22.10 -0.08176 -0.10707
22.18 -0.06104 -Q.l0404
22.25 -0.OB176 -0.10101
~ve. -0.08152 -0.10404
22.10 -0.08255 -0.10707
22.15 -0.08251 -0.10505
22.18 -0.08176 -0.10404
Ave~ -0.08231 -0.10533
22.03 -0.08491 -0.11010
22.05 -0.Oa419 -0.10909
22.05 -0.08333 -0.10309
Ave. -0.0>3414 -0.10943

138.52 69288.75
139.08 6'3363.02
137.S1 69363.02

Ave.
137.05 67655•.26
137.54 67655.26
135.2357723.32

Ave.
135.20 65119.49
135.83 65157.83
134.42 66047.62

Ave.
133.28" 64394.55
134.02 64324.26
132.55 64394.95

AVE ••

131.65 62767.09
132.48 E2767~09

130.92 62597.81
~h/e.

:29.35 50555.43
130.00 60894.49
128.50 6116S,91

Ave.
127.33 59332.18
123.04 5SS{:6.61
125.56 59973.92

Ave.
125.17 59198.25
:25.7B 533'9~.15

125.41 59600.05
Hve.

124.73 59095.93
125.29 53129.16
124.05593S9.15

122.21 5B593~S5

122.72 58550.45
121. 63 58862.21

Ave.

23.47
23.55
22.91
23.31
22.15
22.27
21.57
22.03
20.51
20.57
20.06
20.41
lS.BC
19.05
18.33
18.75
17«52
17.69
16.93
17.38
15,<30
15.49
14.77
15.19
13.49
13.75
13.04
13.42
12.46
12.53
12.01
12.35
H.18
11. 30
:0. 79
11. 09
8.93
S.02
8.56
8.88

61.76
61.62
51.95
61.78
60.30
60.10
60.49
60.30
55.33
58.42
58.99
58.78
57.40
57.14
57.51
57.35
55.95

56.00
55.90
54.06
54.10
54.63
54.25
52.S8
53.22
53.57
53.22
52.77
52.77
53c23
52.92
52.67
E;;~ :::7
....... • hJ

53.05
52.75
52.23
52.11
52.57



UNIVERSITY OF SASXATCHEWAN, DEP. OF CIVil ENGINEERIN~.

SHRINKAGE TEST RESULT

Test r~. SC2 Date started : 11/25/86
S?il type Indian Head Till

Page no.
Corllucted by

3 of 3
J. Lau

1:8/85
:00 a. iil.

:00 p. m.

123/85 *

"""'lrf:'" Gross wt '1'\' Ht. dr. Ht. ecig Bt. !-i-Strain V-Strain Net Wt. Vol. w Spes Vol.{.l.lt ,!:. iJla.

hr. gram. mm mm mm Nffi gram cu. mfl] ~ lCOcc/g

A 400.69 5B.10 ?'t r(\ 22.45 22.03 -0.08548 -0.11010 120.52 58392. 77 7.42 52.05.J..QV

48.00 B 400.50 58.10 21.65 22145 ....':/ ."C' -0.08576 -0.10909 121.05 59459.05 7.54 51.93C~IIV1.J

!'" 400.42 58.20 21.65 22.45 22.05 -0.08491 -0. 10909 120.06 58560.46 7.23 52.39...
Ave. -0.08571 -0.10943 Ave. 7.40 52.12

A 393.68 56.00 21.&0 22.45 22.03 -0.08805 -0.11010 119.51 58191.94 &.52 51.87
54.00 B 399.45 58.00 21.£0 22.45 22.03 -0.08733 -0.11010 120.00 58191.94 6.60 S1. 70

C 399.44 58. 10 •",,~ ?-1:' 22&145 22.05 -0.08548 -0. 10909 119.08 58459.05 r .,r 52.21::'.I..ClJ 0.",,0

Ave. -0.08729 -0. 10376 Ave. 6.49 51.93
A 392.35 57.80 21.60 22.40 22.00 -0.09119 -0.11111 112.19 57i25.71 0.00 51.45

of r .... "..r:; B 392.02 57. eo 21350 "22.35 21. 98 -Q.Og048 -0.11212 112.57 57560.11 0.00 51.22.LOI. C:.J

C 392.32 58.00 21.65 22.35 22.00 -0.08805 " of ~ ~ or, <l 11:' 96 58125.88 0.00 51.S1-v... J. ... "J.

Ave. -0.08991 -0. 11145 Ave. O.(}O 51.53

* Sa~ples were DV2n-drie~.

** End of Test no. 802 **



UNIVERSITY o~ SHSKATCHEWAN, DEP. OF CIVIL ENGI~~ERIN3.

S:-lRI N;<ASE TEST RESULT

Test r~o. : S03
Soil ty?C ; Regina Clay

Date started : 01/20/87 Page no. 1 of 4
Conducted by : J. Lau

Brass Container A;
Brass Container B :
Brass Container C :

Tare
gram

280.17
27'3.46
280.35

Initial Conditions
6ross \<It. w Net Dry Wt.

gram ~ gram
400.06 79.:C 55.79
400.45 80.07 £7.19
400.24 80.39 65.46

Ht. edg
rom

TIME
hr.

Gross :.it
g1"am mm

fit. ctr. ,Ht. H-Strain V-Strain
m:n

Net Wt. Vol. Spe. Vol.
100cc/g

---------------------------------------------------------------------------------------------------------------------------

10t.30

i 15. 56

100.24
101,GB

104.86

111.76

lC:5.48
105.95
10'5.43

105,27
l04~85

112,33

10'3.08
108.90

111.42

109.35

111.53

113.83
112.94

114.SS

115.21
113,44

115~ 11
115.16

106.84
107.09

117.72

115.94
115.90
115.63

117.62

115.84

56.23 100~87

70.52

73.93

79. HI

70.29

72.43
S9~59

72~6E

74.88
74.85
74.'57
71.89
72. 75

76.39
77.03
77.16
7S.SS
75,04
75. 77
75.85
75.55

65.55
66.75

79.49
19.08
77.51
78.18
78.43
78.04

79.50
80.07
80.39
7'3.'3'3
78,57

Ave.

~ve.

110.70 E7322c55

110,57 55951.83
112.04 57915.7:)

Ave.
114.81 7003'3. 43
1Hi. 07 717B9.55
114.75 71173. '39

Pve,
113.2770(:31.84
114.54 JN172.84
113.42 70414.11

118.5975801.84

~ve.

11&.21 72653,,31

Ave.
ua. 55 7SaB~. 25
119.72 77235.21

119.29 77515. &4

117.:0 73168.02
:15.21 73168.02

117.8.1 75759134
118e 95 7588"8 .. :5
117. 74 75589. 92

Ave.
116, '31 14419.15
::6.1074935.57
l1E.87 74557.42

119.89 7852B.56
120.59 18504.58
11 S. 89 78528,56

Ave.
!19.2777437.22
120.33 77870.60

23,33 ~~.01495 -0.0575B

Ave. -0.01755 -0.06397
22,90 -0,01887 -0.07475

23.25 -0.00472 -0,0&0&1
Pve, -0.00446 -0.06195

23,03 -0.01837 -0.C5970
PVE. -0.01861 -0.06935
22,58 -0.03381 -0.087&8
22.90 -0.03304 -0.07475
22.70 -0.03381 -0.08283

23.50 0.00000 -0.05051
Ave. 0.00000 -0.04S83
23.15 -0.00472 -O.OS4S5
23.25 -0.00393 -0.06051

23,05 -0.0220: -0.05859

24.75 0.00000 0.00000
24.75 0.00000 0.00000
24,75 0.00000 0,00000
~ve. 0.00000 O.OOCOO
24.38 0,00000 -0.01515
24.55 0.00000 -0.0080B
24.40 O.COCCO -0.01414
Ave. 0,00000 -0.01245
24.20 O.OOC:Xl -0.02222
24.35 0.00000 -0.01515
24,18 O.O(~:OO -0.02323
Ave. 0.00000 -0.02054
23,85 0.00000 -0.03535
23.53 o.oeooo -0.03333
23.83 0.00000 -0.03737
Ave. O.COOOO -0.03569
23.43 O.OO(~O -0.05354
23.53 O.COOOO -0.04545

23~15

22,-85

23~35

23~15

23~15

';:17 ,:::
~sJ'J·"""",

23~SS

22.85

23~ 15

23.35

23.25

23.20

24.00
23,,95

23. 70

23.35

24. 15
24.40

24.40

24.40
24.55

24.75
24. 75
24. 75

24.35

22.55

22:190

~~ ~c:
_\,.,i~wW

22.55

2.3.55

23.00

23.35

~23. 75
23.85
23.70

24.25
24.30

24.40

:2~31 35

24.:0

24.75
24.75
24, 75

63.:55

63,60

53,30

52.40

51.45

52.60

53.50
£.3,55

53,50

52.20

53.30
63~30

63, SO

63,55
53.60

63. EO
63,55
63.50

63.&0
53.55

C 398.94

C 395.10

C 398.09

A 3'37.03

A 399.44
L 00 B 3'39.85

C 399.£4

~t 00 B 397. 56

A 334, sa

C 397.22

A 400.05

5.00 B 3%.%
C 3'36.55

7~ CO B 3,95~ 53

P 393.44
9,00 B 354.:0

C 393.77

A 398.73
2,00 B 3'S.iB

A 397.98
3.. 00 B 398.41

0.00 B 400.45
C 400.24

A 3S:0c74
13~CO B 391a5Q

1:30 p.m.

1120137

2:30 p.m.

I
1"'3r: ~ ,.r' J ".'J.
I
I

f:30 p.n:,

I
I
l.~" " '"
il'~V ".J"

i
I
I

l:""r\ ., '.'~"w""",~ ',1.11

I
I



UNiveRSITY OF SASKATC~EWAN, DEP. OF CIVIL ENGINEERING.

SYRINKAGE TEST RESULT

Test TIO. : 803
Soil ty~e : Regina Clay

Date started : 01/21/87 Page no. : 2 of I;

Cc.r,ducted by : J. Lau

TIME
hr.

Gress \-it
g1"a;,l

Dia. Ht. ctr. Hte eig
.rum frn1 MJ'fl

Ht. H-Strain V-Strain Net wt. Vol.
mil' gra'l'l cu. mm

w Spa. Vol.
~ 100cc/g

-----------------------------------------------------------------_._--

C 360.27
50.OS 83.75

a5~bO

83.00

8S.57

83,90

93.,03

91.73

84.35

96.94

85.36

67.86
87.131
B7.41
85.33
86.%

52.64

92.47
89.02
'30.43
90.39
89.95

97.66
97,96
97.52
94.17
SS,10
95.39
94.89

55122

50.34
50.82

52.54

5'3.03

55.81
55.48
56.17
52.97
54.59
54.44
54.03
51.05

58.33

62.55
53.66
63.54
63.32
59.59
61.00
60.65
60.41
57.45

Ave.

110.10 65615.S1

108.1B 63B98.19
iC5. 77 633'38.43

Ave.
105.1761255,B1
105.85 62247.18
105.35 51625.59

Ave.
103.57 59454.%
105.35 60762.41
104.00 &0074.28

Ave.
102.1757819.97
103.94 59031. 57
102,&4 58358.46

Ave.
100.8S 55993.57
102.67 56427.51
101.38 5753S.71

Ave.
99.53 55434.28

101.34 55575.32
99.92 557£1.13

108.57 64744.51

lOB. 59 65107.42
Ave.

105.5962558.57

Ave. -0.09253 -0.13535

Ave. -0.08152 -0.12953
21.50 -0.08097 -0.13131

2~.20 -0.09271 -O~ 14343
21.68 -0.09205 -0.12~24

21.93 -0.07868 -0.11414
21.58 -0.07940 -0.12424
P.ve. -0.07916 -0.12357
21.35 -0.08333 -0.13737
21.78 -0.08025 -0.12020

22.30 -0.04403 -0.09899
22.60 -0.04327 -0.08587
22.43 -0.04403 -0.09394
Ave. -0.04377 -0.09327
22.03 -0.05189 -0.11010
22.38 -0.05114 -0.09555
22.20 -0.05189 -0.10303
Ave. -0.05154 -0.10303
21.85 -0.05053 -0.11717
22.20 -0.05980 -0,10303
22.05 -0.06053 -0.10909
Ave. -0.06029 -0.1097&
21,60 -0.06918 -0.12727
22.08 -0,0&645 -0.10808
21.83 ~?06S18 -0.11818
Ave, -0.06894 -0.11785
21.48 -0.07940 -0.13232

21~85

22.25

21. 70

21.85

22.35

22.C{)

22.05

22.15
21.75

22.25

22.65

22.45

22.55

21.95
22.40

22.50

22.85

22.40
22.70

22.55

21.15

21.20

22.05
21.95

21.45

20.70
21. 20
20,90

20.85
21.30

21.65
21.50

2l.S5
21.75

21.00
21..45
21.30

21.95
22.35

57.70

5B~55

59.E'0

59.20
59.20

58.45
58.1;5

57.70
57.70

58.55
58.55

59.75
59. 75
59.75

50.30
60.30
60.30

EO. 80
60.80
60.8e

381. OS

379. 70

3831156

381.73

3861:3:1
385.70

382.13

383.84
384.82
384.35

362.34
383.40
382.99

385.34

389.04

3aB.74

385. 76
387.64
387.12

c

A
21.50 B

A
27.50 B

r"w

A
29.50 B

23.50 B
C

Ii
19. ~4) B

C

A
25.50 B

C

A
16.25 B

C
3:45 a.m.

;:~ :00 a. m.

1121/87

1:00 a.m.

I

l:OO a.m.

:15 ;lr.!f!1l

~45 p. m.

I

,.il/?'~/A-
", ....L.. ...,1

~:!5 a, m"

A
31.75 B

c

34.25 13

35. 75 B
c

378."2
379.45
378.. S4

375.97
3TI,SS
377.4'3

375,53
375.53
37E.. :1

57~15

57.15
57"115

56.60

56.60

551035
56.35
55.35

20.45
20.'35
20. 70

20.70
20.30

20.15
20.55
20.30

21.40
22.00
21.50

2L.35

_j.t, ,~

... .:..w\,t

21. 15
21.55

20.93 -0.10142 -0.15455
21.48 -0.10071 -0.13232
21a15 -0.10142 -0.14545
Ave. -0. lOllS -Ow 14411
20.83 --0. :1CGS' -0.15,859
21~30 -0.10935 -0.13939
20.83 -0. 110G5 -0,15859
Ave. -0.10983 -0.15219
20.55 -0.11359 -0.15565
21.10 -0.11330 -Or 14747
20~78 -0.11399 -0.16051

99.2-5 53577.07
59.99 55C187. S4
98.53 54254.25

Ave.
%.80 52397.ES
98.50 53592.42
97. 14 52397, 23

AV2JC

S5~4b 51493.'00

95.7551810.74
Ave.

47.10
48.82
48.34
48.09
44.93
45.60

45.90
42~92

44~62

44.08
43.,33

80.37
al.g~

81.53
8:.33
78.45
79.75
7B~a4

79,,02
77.10
78.32
77.95
77.79



UNIVERSITV OF SASKATCHEWAN, DEP. CF CIVIl. ENGINEER!NS.

Test no. : 503
Soil ty~e ~ Reai~a Clay

Date started : 01/20/87 Page no. 3 of 4
Conducted by J. Lau

hr.
Gross wt

gram
Dia, Ht. ctr. h~. ed£

rom mm mm
tit. H-Strain V-Strain Net Wt. Vol.
rmil gram cu. rom

w Spe. Vol.
~ 100cc/g

~------------------------------------------------------------------------------------ ---------------------------------------

55,30
55.49

59.56
57.56
5~B, sa

52.79

5ScOS

65.89

"''' c-,loJ'JI'wl:'"

53.32
55.85

55.S8

55.19

58.71

59.95

70.21

59.34
70.65

70.07
57.94
68.9i~

&8.52
58.48

62.52
58.75

54.74
6&.08

72.13
71.72

65.57
62.08
62.98

73.71
74.89
74.30
74.47
70.90
72.14

20.£3
20.23

19.84

24.92

35.33

21. 7S 55.31
21. 78

21.30

231153

25.20

24.34
25.43

23.47

32. 18
31.58
31.54

39.%
41.43
40.89
40.75

35.30
33.22
34.52
33.97
33.94
30.66

37.2~

38. 75
38.05
38.03
3'5.57
35.98

79.91 37258.74

Ave.

e1. 04 37159.33

Ave.,
801104 37060.02

Ave.
83.05 39244.70

aa.98 45375.85
90.45 4£291. 24
89.04 45505.44

Ave.
87. 40 43241. 30
sa.81 44399.55
87.45 43792.84

Ave.
85.50 41455.41
85. S1 42Wl.17

~ve.

82.1238l;55.19
83. 25 39425. 53
82.1035017.97

Ave.
81. 02 37307.28
82.03 37755.15
80.94 37805.04

93.48 49231.30
95.03 50319.95
93.64 49715,14

Ave.
91.7047352.25
93.23 48458.49
91.7547939.74

Ave.
SO. 55 45314.8a
92.04 47472.75
SO.51 45552.24

, 84a26 ~02BO, 18
83~ 07 3'3a:55.9-·9

18.95 -0.19261 -0.23434

18.83 -0.15811 -0.23939
19.30 -0.19748 -0.22020
19.10 -0.19811 -0.22828

lB.65 -0.209:2 -0. 24EA5
18.70 -0.20350 -0.24444
1B.75 -0.20912 -0.24242
Ave. -0.20891 -0.2.4444

Ave. -0.19240 -0.22357

18.95 -0.20755 -0.23434
Ave. -0.20734 -0.23605

19,58 -0. 130B2 -O~20909

19~2S -0.19261 -0.22222

18.70 -0.20755 -0.24444

Ave. -0.18060 -0.20707

19.45 -0.19197 -0.21414

Ave. -0.14600 -0.18315
19.85 -0.15173 -0.19798
20.25 -0.15106 -0.18182
19.55 -0.15173 -0.19394
~ve. -0.1515~ -0.19125
19.50 -0. 16S57 -0.20808
20.13 -0.16501 -0.18587
19.85 -0.15557 -0,19798
Ave. -0.16545 -0.19764
19.45 -0.18082 -0.21414
19.85 -0.18017 -0. 19758

20.15 -0.14623 -0.18585

20.35 -0.12736 -0.17778
20.80 -0.12567 -0.15960
20.55 -0.12736 -0.16970
Ave. -0.12713 -0.15902
20.15 -0.13994 -0.18585
20.63 -0.13925 -0.16567
20.40 -0.13994 -0.17575
Ave. -0.13571 -0.17609
20.00 -0.14523 -0.19192
20.50 -0.14555 -0.17172

19.20
19.. 35

19.20

lSl!15
19.05
1S~10

29.75
19.35

19.35

20.05

2Vc35

19.95

20.35

19~55

20.65

20.45

20.05
20.75

20.35
20.80

20.00

20.50
21.05

21.35
21~05

21.2:0
20.95

20.65

20.80

lB~55

18.S5

18.15

18.55
18.65

19.35

13.85

18.35
18.40

19.35

19.10

19.15
19.50
19.35

18.30

19.55

19.85

19.50
19.95
19.65

19~90

20.05

20.25
20.05

:9.70
19.45

52. 10

52~10

SO.4C

51.0'0

53.00

50.30

53.00

51.35

50.3:)
cr. ~t\

~'\l4: ~v

511135

53.95
.c:~ c.:::
t.i~I.jV

50.40
50.40

53.95

55.50
55.50
55.50

53~CO

54.30
54.30
54.30

54. 70
54.70
54.70

361.19

352. 72.

353.22

362J29

365.27

351.54
351.29

362.45

355.67

357.57
358.27

353.74
363.42

369.15
359:91
35'3.39

370.72.
;m.50
370.95

373.65
374.49
373.99

371.87
372.&9
372.10

A
59.0{l E

C

A
65.50 B

C

52,75 B
C

C 365.91

A 350.21
71.50 B 350.50

C 360.25

c

55.S0 B

A
52¥50 B

A
46.50 B

Ii
49.50 B

~

44.50 B
C

41.00 B
C

~:oo a.m.

:eo a. m.

123/67
i:1S a.ril.

I

1/22/87
r:30 a.m.
I



u'Nlv'EflSITY OF SASKATCHE'tiAN, DEP. OF CIVIL ENSINEER1NB.

SHiHNKR6E TEST RESULT

Test 1'10. : 803
Soil type : Regi~a Clay

Date started : 01/21/87 Page no. : 4 of 4
Conducted by l J. Lau

)1/23/97
4:30 p•..,.

19:00 p.m.

i
I

'1/24/67
17:30 a.m.

I

I:::/:~"
8:00 a.m.

:00 ~. f!1.

TIME Gross n. Dia. Ht. ctr. Ht. ed~ !-It. H-Strai1'l V-StraiT. Net ~t. Vol. \II Spe. Vol.lI'.

hr. g~am ffir"l rom mm fl1lll gram cu. mm " 100ce!g

!\ 358.30 50.20 17.85 18.85 18.35 -Oscl069 -0.25859 78.13 36319.04 16.SB 54.38J"!

77.00 B 358.40 50.20 18.25 19.05 18.65 -0.21007 -0.24645 78.94 36912.82 17.49 54.94
C 358. 15 50.20 18.05 18.65 18.35 -0.21059 -0.25859 77.BO 36319.04 17.06 54.55

Ave. -0.21048 -0.25455 Ave. 17.17 54.65
A 357.21 50. ('.0 17.75 18.40 18.08 -0.21384 -0.25970 77.04 35490.25 15.34 53.14

81.50 B 357.17 50.00 18.C5 18.95 18.50 -0.21322 -0.25253 77.71 35324. 75 15.56 54.06
C 357.05 50. CO 18.00 18.65 18.33 -0.21384 -0.25960 75.71 35981.14 15.42 54. 14

Ave. -0.21363 -0.25061 Ave. 15.47 53.78
p. 355.20 49.30 17.~5 18.35 17.95 -0.21541 -0.27475 15.03 35103.9'3 12.34 5? C:!=._lIt••n ••

92.00 B 355.01 49.90 17.95 18.55 18.8:5 -0.21479 -01125253 75.61 35690.68 12.53 53.12
C 355.05 49.90 17.85 18.25 18.05 -0.21541 -0.27071 74.10 352.99.55 12.40 53cl1

Ave. -0.21520 -0.25935 Ave. 12.42 52.93
A 353.31 49.90 17.55 18.25 17.90 -0.21541 -0.27677 73.14 3500&.20 9.51 S2.41

105.25 B 353.04 43.'30 17.75 18.45 18.10 -0.21479 -0.258&9 73.58 35397.33 9.51 52.68
C 353.16 its. SO 17.75 18.10 17.'33 -0.21541 -0.2757£. 12.81 35055.10 9.55 52.74

Ave. -0.21520 -0.27374 Ave. 9.52 52.&1
~ 352.45 49.'30 17.55 lBc25 17.90 -0.21541 -0.27677 72.28 35005.20 8.22 52.41

115.50 B 352.16 49.90 17.75 18.40 18.0B -0.21473 -0.25970 72.70 35348.44 8.20 52.61
C 352.27 49.90 17.75 18.10 17.93 ~-O. 21541 -0.2757~ 71.92 35055.10 8.21 52.74

hvea -0.21520 -0.27407 Ave. 8.21 52159

" 351.73 49.90 171155 18.eS 17.S0 -0.21541 -0. 27E:!7 71.~b 35006.20 7.14 52.41J"!

125:=50 B 3"" "'~, 49,'30 17,75 18.40 18.08 -0.21479 -O.2S97!) 72.06 35348,44 7.25 52.61..Jl..~J:

C 351.65 49.90 17.75 18.10 17.93 -0.21541 -0.27575 71,30 35055.10 7.28 52.74
Ave. -0.21520 -0.27407 Ave. 7.22 52.59

A 351.13 49.90 11.55 16125 17.90 -0.215·41 -0.27577 70.96 35006.20 6.24 52.41
143.00 B 350.50 49.90 17. 75 18.40 18.0B ~J.21479 -0.25970 71.44 35248.44 5~32 52.51

C 351.03 /1'3. SO 17.75 18.10 17.93 -0.21541 -0.27575 70. sa 35055.10 6.35 52.74
Ave. -0.21520 -0.27407 Ave. 6.30 52.59

A 346.96 49.50 17.45 18.05 17.75 -0.22170 -0.28283 £6. 79 34158.57 0.00 51.14
*157.00 B 346.55 49.50 17,65 18.25 17.'35 -0.22109 -0.27475 67.19 34543.45 0.00 51.41

C 346.81 49.40 17.55 18.05 17.85 -0.22327 -0.27879 65.46 34212.35 0.00 51. 48
Ave. -0.22202 -0.27879 Ave. 0.00 51.34

* Samples itiere
j •.1overl-orlec.

a ETid of TEst no. 503 n



~~!VERSrTY OF SASKATCHEWAN, DEP. OF CIVIL ENGI~tERING.

SHRIM(AGE TEST RESULT

Test no. : 501 Date started : 11/25/86
Soil type : Indian Head Till

Pise no. : 1 of 3
Conducted by : J, lau

Brass Co~tainer A:
Brass [.ontainer B :
Brass Container C :

Tare
~ram

280.15
279.44
280.34

Initial Conditions
Gross Wt. w Net Dry Wt.

gram j gram
424.07 37.72 104.50
423.03 37.83 104.18
423.53 37.64 104.03

T!~E Gress wt Dia. tit. dr. Ht. eng
hr. gram rmn mm r~1M

---------------------------------------

Ht. H-Strain V-Strain Net Wt. Vol.
rom gram cu. Ill!II

w Spe. Vol.
% 100cc/g

1/25/B5
2:30 p. i~.

i

13:45 p.m.

l'45 p."
j

7:05 ;lIm.

,

I

1~OO ~~m.

I

\

./26/85
t~20 atm~

"

i

"' ~irt~\J,J aa:]~

A 424.07 63.60 24.75 24. 75 24.75 0.00000 0.00000 143.52 78626.56 37.72 75.24
O.CO B 423.03 63.55 24.75 24. 75 24. 75 0.00000 0.00000 143.59 78504. sa 37.83 75.36

C 423.53 63.60 24.75 24. 75 24.75 O.OCOOO 0.00000 143.19 7862B.56 37.64 75.58
Ave:r 0.00000 0.00000 Ave. 37.73 75.39

fl 423.56 53.50 24.60 24.60 24.60 0.00000 -0.00506 143.41 78152.02 37.23 74.79
1~25

~

422~54 S3.55 24.50 24.50 24.60 0.00000 -0.00506 143.10 7802'3.19 37.35 74.90~

E 422.90 63.50 24.50 24.60 Z4.50 0.00000 -0.00606 142.56 78152.02 37.03 75.12
Ave. 0.00000 -0.0(:606 Ave. 37.21 74.94

A 422,94 63.60 24.45 24.55 24.50 0.00000 -0.01010 142.79 77834.33 36.64 74.48
2.25 B 421.97 53.55 24.45 24.45 24.45 0.00000 -0.01212 142.53 77553.40 36~Bl 74.44

C 422.2& 63.60 2*r35 24.40 24.38 O.ocooo -0.01515 141.92 77437.22 36.42 74.44
Ave. 0.00000 -0.01245 Ave. 36.62 74.45

H 421.43 6,3.50 23.65 24.05 23.85 0.00000 -0.03636 141.28 75769.34 35.19 72.51
4158 E 420.57 53.55 23.75 24.05 23.90 o.oocoa -0.03434 1£11.13 75808.85 35.47 72.77

f'" 420.85 63.60 23. 7S 24.05 23.'30 O.OOOCO -0.03434 140.51 75528.19 35.05 72.99t..

Ave. 0.00000 -0.03502 AVE!. 35.24 72.75
A 419.78 63.60 23.25 23,55 22.40 0.00000 -(l.O5455 133.63 74339.73 33.61 7i.14

7.17 13 413.13 53~55 23~35 23155 23.45 0.00000 -0.05253 133.53 74381.49 34.09 71.40
C 419.31 53;,50 :''' ~5 23 11 45 ...... ""l, 'co 0.0(;00(1 -0.05657 138.97 74180.89 33&5B 71.31I,;.~,~ C':\.oI..J

Ave. 0.00000 -0.05455 Ave. 33.76 71.28
A. 418. ';:) 63.60 23c 10 23.25 23.18 0.00000 -0.06354 136.75 73524.93 32.77 70.45

8.50 B 4-t5135 63.:,5 ",., 1'\ 23.45 23.30 0.00000 -0.05859 138.92 73905. 70 33.35 70.94~,""l:r .. 'lo,i,..
418.46 53.S0 23.0C! ~1: 7C: 23.18 O.OCOOO -0.06364 138.12 73624.93 32.77 70.77I.> l..,,",",W~

Ave. 0.00000 -0.05195 Ave. 32.% 70.72
H 416.05 63.£0 22.85 23.03 22.94 O.O'.jl)OO -0.07313 137.91 72878.35 31.37 69.74

9:83 B 417:155 63.55 22:r85 23.05 22.95 0.00000 -0.07273 133.15 72795.53 32.51 69.a8
~ 417.65 £3.50 22.75 23~C5 22.90 f).oonco -0.07475 137.31 72751.28 31.99 69.93iJ

AVE. 0.00000 -0.07354 Ave. 32.19 69.85
A 417~1)5 &3.50 C:2.35 22~ BS· 22. SO -0.00157 -0.08587 136.31 71572.60 31101 68.49

11:58 R 4101155 6J:55 22:14(1 22.85 22.63 0.000;)0 -0.08586 137.22 71754.65 31.72 iSa.aS..
" 416.70 53.50 22~25 22.75 22,50 0.00000 -O.Og091 135.36 71480.51 31.07 68.71l,.;'

Ave. -0.00052 -0.OB788 Ave. .... 1 OJ..... 58.70~•• ;..I

f'
415~ flo 63.00 21,8'S ...,•...., -"1:' 22.10 -{l:eO(iS43 -0.10707 1.35.71 68891.28 2"'.6S 65.'32" ~C,f~'-'

13:58 B 415.49 63.00 2.2.05 22135 22.20 -0.00865 -0.10303 135.05 69203.0! 30.5~ 65.43
l" 415.51 53.00 M 00:: 22.35 22.15 -0.00943 -0.10505 135.17 69047.15 29.93 65.37'" C:.i • .J"-J

AVE:. -0.00917 -0.105(;5 Ava. 30.13 65.24



UNIVERSITY Of SASKATCHEWAN, DEP. Of CIVIL ENGINEERING.

CRACKING TEST RESULT

Test no. : TOI Date started: 11/25/86 Page no. : 1 of 1
Soil : Indian Head Till Conducted by : J. lau

Initial Soil Thickness (1m)
at ref. 11 : 58.00
at ref. 12 :58.65
at ref. 13 : 60.73
at ref. 14 : 57.99

Tille Suction V~rti(al Shrinkage Vertical Strain Average
11 12 13 14 11 12 13 14 11 12 13 14 Strain

hr. kPa kPa kPa kPa mm ITiI lflll IIIII

-------------------------------------------------------------------------------------------------------------
0.00 0.0 0.0 0.0 0.0 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000 0.00000
2.25 0.0 0.0 0.0 0.0 -0.20 -0.20 -0.38 -0.38 -0.00345 -0.00341 -0.00627 -0.00627 -0.00485
4.58 0.0 0.0 0.0 0.0 -0.30 -0.30 -0.56 -0.51 -0.00517 -0.00512 -0.00920 -0.00836 -0.00696
7.17 0.0 0.0 0.0 0.0 -0.50 -0.30 -0.84 -0.51 -0.00362 -0.00512 -0.01380 -0.00836 -0.OO8~8

B.50 0.5 0.3 0.8 0.2 -0.80 -0.70 -1.02 -1.02 -0.01379 -0.01194 -0.01673 -0.01673 -0.01480
9.83 0.8 0.5 0.9 0.2 -0.82 -0.72 -1.07 -1.02 -0.01414 -0.01228 -0.01757 -0.01673 -0.01518

11.58 0.8 0.5 1.0 0.2 -1.00 -1.00 -1.24 -1.09 -0.01724 -0.01705 -0.02049 -0.01798 -0.01819
13.58 1.0 0.8 1.2 0.4 -1.10 -1.25 -1.42 -1.27 -0.01897 -0.02131 -0.02342 -0.02091 -0.02115
17.50 1.2 1.0 1.6 0.6 -1.50 -1.50 -1.78 -1.52 -0.02586 -0.02558 -0.02928 -0.02509 -0.02645
19.35 1.5 1.2 1.8 0.9 -1.70 -1.75 -2.03 -1.78 -0.02931 -0.02984 -0.03346 -0.02928 -0.03047
21.50 1.8 1.6 1.9 1.0 -1.90 -1.85 -2.29 -2.03 -0.03276 -0.03154 -0.03764 -0.03346 -0.03385
25.50 2.2 !.8 2.0 1.2 -2.40 -2.20 -2.79 -2.34 -0.04138 -0.03751 -0.04601 -0.03848 -0.04084
31.00 3.0 1.9 2.4 1.B -2.95 -2.80 -3.43 -2.92 -0.05086 -0.04774 -0.05646 -0.04810 -0.05079
36.25 3.3 2.5 3.0 2.2 -3.25 -3.05 -3.81 -3.18 -0.05603 -0.05200 -0.06274 -0.05228 -0.05576

*43.00 4.5 3.1 3.8 3.0 -3.70 -3.50 -4.19 -3.56 -0.06379 -0.05968 -0.06901 -0.05855 -0.06276
45.00 4.5 3.1 4.0 3.8 -3.90 -3.55 -4.45 -3.68 -0.06724 -0.06053 -0.07319 -0.06065 -0.06540
47.25 4.5 3.2 4.2 3.8 -4.05 -3.80 -4.57 -3.81 -0.06983 -0.06479 -0.07528 -0.06274 -0.06816
54.58 6.2 3.8 4.0 3.0 -4.30 -4.40 -4.83 -3.94 -0.07414 -0.07502 -0.07947 -0.06483 -0.07336
63.50 9.0 6.0 5.8 4.8 -4.55 -4.75 -5.08 -4.06 -0.07845 -0.08099 -0.08365 -0.06692 -0.07750
67.75 11.8 7.1 7.5 6.0 -4.75 -4.90 -5.44 -4.57 -0.08190 -0.08355 -0.08950 -0.07528 -0.08256
72.67 14.5 8.5 9.5 1.5 -5.15 -5.05 -5.72 -4.83 -0.08879 -0.08610 -0.09411 -0.07947 -0.08712
78.17 17.9 10.1 11.5 9.0 -5.40 -5.25 -6.05 -4.~a -0.09310 -0.08951 -0.0~954 -0.08198 -0.09103
91.50 24.5 14.2 16.5 13.0 -5.90 -5.75 -6.58 -5.41 -0.10172 -0.09804 -0.10833 -0.08909 -0.09929

113.25 49.5 26.5 43.5 2&.5 -6.70 -6.50 -7.37 -6.10 -0.11552 -0.11083 -0.12129 -0.10038 -0.11200
123.50 77.0 36.5 65.0 36.2 -7.05 -6.80 -1.75 -6.60 -0.12155 -0.11594 -0.12756 -0.10B74 -0.11D45
138.75 +86.0 55.0 68.0 54.0 -7.50 -7.25 -8.13 -6.99 -0.12931 -0.12361 -0.13384 -0.11502 -0.12545

** End of Test TOI **

NOTES: *Soils sample start~d to crack at the locations wh~r~ suction sensors were installed.
All suction sensors were installed horizontally, with 150 mm embedment in the soils,

from the container sid~Yalls.



UNIVERSITY or SASKATCHEWAN, DEP. or CIVIL ENGINEERING.

MOISTURE CONTENT TEST RESULTS

T~st no. : TOI Date started : 11/25/86 Pag~ no. : 1 of 1
Soil type: Indian Head Till Conducted by : J. Lau
Total sampl~ thickness: 60.0 118 approx.

TIME SAMPLE JAR I TARE GROSS GROSS NET MOISTURE REMARKS
DEPTH WET WT. DRY WT. DRY WT. CONTENT

hr. II gram gram gral gral %
--------------------------------------------------------------------------------------------
11/25/86 0.00 Bulk Xl 102.13 215.99 184.73 82.60 37.85 Initial 117-
2:30 p.m. Bulk X2 102.60 222.76 189.83 87.23 37.75

11/26/86 18.00 0.0-12.0 D 102.08 113.26 110.43 8.35 33.89
8:30 a.m. 12.0-24.0 J7 102.23 112.62 109.94 7.71 34.76

24.0-36.0 11 103.13 113.47 110.78 7.65 35.16
36.0-48.0 12 102.20 110.67 108.45 6.25 35.52
48.0-60.0 13 102.33 107.03 105.81 3.48 35.06

11/27/86 43~60 0.0-12.0 L1 103.01 117.66 114.10 11.09 32.10 Soil (1 acked
10:10 a.m. 12.0-24.0 f5 135.72 149.91 146.43 10.71 32.49

24.0-36.0 J6 102.31 111.09 108.89 6.58 33.43
36.0-48.0 R7 136.17 148.10 144.% 8.79 35.72
48.0-60.0 XI0 99.18 108.B8 106.43 7.25 33.79

11128/86 63.50 0.0-12.0 X2 103.13 120.62 116.79 13.66 28.04
6:00 a.lII. 12.0-24.0 l3 99.46 115.12 111.61 12.15 28.89

24.0-36.0 T12 101. 95 114.27 111. 48 9.53 29.28
36.0-48.0 V31 100.06 112.32 109.53 9.47 29.46
48.0-60.0 SEB 102.46 11'3.05 115.24 12.78 29.81

12/1/86 126.75 0.0-12.0 D 102.07 142.18 134.58 32.51 23.3B End of test
9:15 a.fiI. 12.0-24.0 J7 102.24 127.47 122.68 20.44 23.43

24.0-36.0 11 103.13 128.61 123.72 20.59 23.75
36.0-48.0 13 102.33 137.68 130.84 28.51 23.99
48.0-60.0 V33 101.79 125.36 120.83 19.04 23.79

** End of T~st TOI **



UN!VE~SITY OF SASKATCHEWPNJ DE? Lr CIvIL EN6!NEERINB.

CRACKING ~"""'J"'\~

ft.~? HES·ULT

Soil typ,e
12J03/B5 Pa;e riO.

CCjr"idudec by
1 of 2
J. Lau

at ref. #1
at :r-ef. *2
at ref. E3

54.57
53.75

at ref. #4

Sht~ i nkage
"?ti.. #1

StraiTs
#4

Averaae
Strain

kiJa kPa mm mm

0.0 -0.50 -0.48 -0.48 -0.48 -O.OOS2B -0.00830 -0.00898 -0.00898 -0.00901

f1 IV';v.v\.'

2.:25
0.0
0.0

0.0
-0.0

0.0
0.0

0.0 0.00 0.00 o.co O.CO 0.00000 0.00000 O.COOOO 0.00000 0.00000

0.8 -2.42 -2~40 -2.03 -2~11 -O.O~431 -0.04398 -0.03780 -0.03922 -0:04148
1.S -2.65 -2.75 -2.41 -2.54 -0.04918 -0.05039 -0.04489 -0.04726 -0.04793
2.2 -2~93 -3~10 -2.59 -2.£2 -0.05428 -0,05581 -0.0·4820 -0.04857 -OaQ5202

5.50
7.50

12.17
21~50

28. GO

0.0
j,,! ,',.... v

0.0
1.0
1.6

0.0
0.0
O. (l

l~O

0.0
0.9

0.0
0.0

-1,25 -1.20
-1.07
-1~14

-lc52

-1~C2 -O.013~3 -0.01324 -0.01955 -0.01830 -O~O:937

-1.02 -0.(:·23:20 -0.02193 -0.02;,27 -0.01890 -0.0:2:34
-1~50 -0.03052 -0.03115 -0.02835 -0.02977 -O~C2S98

-4.45 -0.03:)01 -0.03S87 -0.091,51 -0.08270 -0.03177

-3~ 05 -O~ 0555-5 -0.05772 -0.05340 -'0.05571 -0.05'568
-3.18 -0.05933 -0.05047 -0.02571 -0.05'307 -0.05391
-3t 43 -0. -06403 -Q. (}55~)5 -0.05907 -0.OS38.(1 -0.0-529'3-

-3.05
-3.13

-2.B7
-3.30
-3.15

-4.&5 -5.45

-4.45

-3.45
-3.20

4=8 -3:7·5 -3.30 -3~55 -3a8! -0.05960 -O"C7147 -0,055:5 -0.07082, --o~OSgS3

5.. (; -3. BS -4~ 00 -3# sa -3~ B1 -(}.07201 -Ot: 07330 -~). 068,52 -0. G70Ba -·0. 07118
-4~ 05 -3.68 -3.94 -0. 073-58. --O~ 07-~22 -0.05352 -0.0732: -0,. (1-7242

., (.
walj

5u5 -4,;30 -4:55 -4c32 -4.32 -0.07321 -0.08338 -0,,08033 -0.08033 -O~0809S

5:1 5· -·4.3f) -~~ 55 -4245 -4, 32 -O~ 07S-81 -·0.03333 -01 03~270 -0I03t)'33 -0.08155

2.8

l!a;~ ~3~55 -3.70 -3~-4-S -3,,5S -0.. 05:559 -O~OS7a.O -O~O-S427 -0.055:5 -0.05503
4.5 -3.£0 -3.70 -3.45 -3.G& -0.06582 -0.C6780 -0.05427 -0.05552 -C.05SE5

5.5 -4.10 -4.35 -4.05 -4.86 -0.075:0 -0.07971 -0.07551 -0.0755: -0.07576
6.1 -4.30 -4.35 -4.24 -4.32 -0.07561 -0.07971 -0.07892 -0.0B033 -0.07969

~ ..:: ~
.il.k-j; ..,;

6.0

1·4.• 1 -4a t35 -5155 -51-08 -4.57 -O.~)Sla7 -01:0170 ~)~OS~51 -Oa0850S -Q~O'9329

17~2 -5.10 -5c60 -5.33 -4~57 -0.09465 -0.10252 -0.09924 -OeC85G5 -0.09539

20.2 -5~45 -5.60 -5.~S -4,75 -0.10115 -0.102£2 -O~10160 -0.08837 -O.CS843

8.8

3.0

3.5
4.6
5.0

5.B

6.5
7.5

20.0

3.5

7.a

4.0

2.8

1.7.0

3.. 0

-5 .. 5

E.2

5.0

i C. t"l
.WI i.l

23.0

",~, ~.f\ ..
lA-If.v

31:50

84,50

co; -,":{
~,;;..-::..;

42.50

47.00

108,150 47.5 37.5

32.2
45~O

54,2

2·6~2

44.0

-5~45

-5.75
-'5,,60

-5.5'9

NDTES~ '* Sc~:ls s2r:?le statted J~o_ cr-ack at thE lccc~ti·.or:,st;·~ere s'J:ti(-~ seriscrs ~;Ere ir:stallec.
All suc';ic~rg se't:sc'i'S ;~e-tE =~r~st:3:1,=c v-=;~;;i::'-?,lly rrcm the j·ottOPi~J ~~ith C,b'i:;f,:~~ 3'5J17:1 soil -2mIJe:~J'E~t



UNIvERS1TY DF SASKATCHSW?N; !"'\~~

Ui:,r-·.1 DF CIVIL E~EIt\EER!NB.

'"''1''I'-,M.'"''

~:.~t RESULT

Test riO. T02 r:atE started
~;~;

:';;'.1.,;;.

12/03/66 ~age no.
Cc:r:ducted by

2 of 2
J. Lau

ime Suet icn Sh~~inka£e
.:..:.~ 't2 ~3 :;4. .1.'1 #2 #3 #4 H<-it ~ '!r~

h:~"':r kPa k?a !(Pa kPa mm l'frtl mm fftm

Strain
:u.....
'ifC #3

Average
Strain

-0.12003 -0.12£54
-0,12287 -O~:3C29

-0.11814 -0.12310

-0.10822 -Oa11350

-0.10538 -0.11023
-0.10538 -0.i1023
-0.10633 -0.11088

-5.65 -0.11507

-5.89 -0.12064
-5.35 -0. 1280S

-5aSS -O~11507

-5.82 -0111878

-5.60 -0.13771

-5.72 -0.11544

-5.45 -4.95 -0.i1043 -0.11178 -0.10150 -0.09215 -0.103S9
-5.46 -5.33 -0.11135 -0.11252 -0.10150 -0.09S24 -0.10618
-5.46 -5.59 -0.11321 -0.11270 -0.10150 -0.10395 -0.10787
-5.45 -5.45 -0.11321 -0.11352 -0.10150 -0.10160 -0.10751

50.2 _!:: c~ -6. 10war .I;";;

59. I'''~ _c 00 -0. 14\! '...I.

7;; ,.. -6. 4" -5. li.C'
10-. C ~v ~,.j

75tO -5. 10 -0.. 20
75. 0 -5.20

-5. 20
-6,22
-6. 40
-S.50
-5. 90
-7. 16
-7. 42

75.5
80.0

53.0

5;2.5
52.0

49.5

+52.0 +85.0

77.5
81.0
85.e
ag.o

71.C

147io75 +SO~O

124.00
12:5.50

191. 50
1S8.25

168325
173:50

119.50

144.00

149.75

21S~GO



UNIVERSITY or SASKATCHEWAN, DEP. Of CIVIL ENGINEERING.

MOISTURE CONTENT TEST RESULTS

Test no. : T02 Date started : 12/03/86 Page no. : 1 of 2
Soil type: Indian H~ad Till Conducted by : J. lau

Total sample thickness: 55.0 fAm appro>:.

TIME SAMPLE JAR i TARE GROSS GROSS NET MOISTURE REMARKS
DEPTH WET WT. DRY WT. DRY WT. CONTENT

hr. 1m grail gram gral gral %
---------------------------------------------------------------------------------------------
12103/86 0.00 BULK V31 100.04 170.82 151. 25 51.21 38.22 Initial wI
9.30 a.m. BULK W20 103.16 192.44 167.83 64.67 38.05

12/04/86 34.50 0.0-11.0 11 103.10 125.01 11'3.64 16.54 32.47 Soi 1 Cracked
B.OO p.lI. 11.0-22.0 L3 99.46 118.52 113.82 14.36 32.73

22.0-33.0 Tt2 101.95 126.93 120.71 18.76 33.16
33.0-44.0 F5 135.70 155.22 150.30 14.60 33.70
44.0-55.0 V33 101. 79 122.29 117.10 15.31 33.90

12/05/86 42.50 0.0-11.0 D 102.07 128.32 122.06 19.99 31.32
4:00 a.m. 11.0-22.0 W4 99.44 117.% 113.50 14.06 31.72

22.0-33.0 11 103.13 125.61 120.16 17.03 32.00
33.0-44.0 Tt2 101.96 116.11 112.67 10.71 32.12
44.0-55.0 13 102.34 120.52 116.08 13.74 32.31

12/06/86 71.50 0.0-11.0 Ll-2 101.95 124.52 119.67 17.72 27.37
9:00 a.lll. 11.0-22.0 L1-5 103.19 118.25 114.94 11.75 2B.17

22.0-33.0 r-5 135.71 155.80 151.34 15.63 28.53
33.0-44.0 L1-6 101.74 119.31 115.38 13.64 28.81
44.0-55.0 137 137.75 155.70 151.69 13.94 28.77

12/07/86 94.25 0.0-11.0 L1 103.01 127.56 122.53 19.52 25.77
7:45 a.ra. 11.0-22.0 C2 102.61 121.45 117.51 14.~O 26.44

22.0-33.0 L3 103.42 126.85 121.81 18.39 27.41
33.0-44.0 J7 102.24 113.96 115.35 13.11 27.54
44.0-55.0 12 102.21 125.8B 120.82 IB.61 27.19

12/08/86 119.50 0.0-11.0 D 102.06 129.9'3 124.~1 22.85 22.23
9:00 a.lYI. 11.0-22.0 L3 99.42 129.13 123.64 24.22 22.67

22.0-33.0 Tt2 101. 95 134.10 127. '35 26.00 23.65
33.0-44.0 13 102.33 120.86 117.27 14.94 24.03
44.0-55.0 V31 100.04 123.02 118.58 18.54 23.'35



UNIVERSITY OF SASKATCHEWAN, DEP. OF CIVIL ENGINEERING.

MOISTURE CONTENT TEST RESULTS

T~st no. : T02 Dat~ started : 12/03/86 Pag~ no. : 2 of 2
Soil type: Indian Head Till Conducted by : J. Lau

Total sa.pl~ thickn~ss : 55.0 Illlil approx.

TIME SAMPLE JAR I TARE GROSS GROSS NET MOISTURE REMARKS
DEPTH WET WT. DRY WT. DRY WT. CONTENT

hr. liA gram gram grail gral X
---------------------------------------------------------------------------------------------
12/09/86 129.50 0.0-11.0 Jl 103.38 133.90 129.19 25.81 18.25
3:00 p.I. 11.0-22.0 1 102.14 134.17 129.11 26.97 18.76

22.0-33.0 L1 102.91 133.25 128.28 25.37 19.59
33.0-44.0 11 103.13 121.07 118.11 14.98 19.76
44.0-55.0 120 103.13 127.86 123.83 20.70 19.47

12/12/86 217.50 0.0-11.0 L1 102.69 136.29 134.03 31.34 7.21 At Crack
11:00 a.m. 11. 0-22. 0 L3 103.14 130.50 127.% 24.82 10.23 face

22.0-33.0 WI 135.55 153.78 151.87 16.32 11.70
33.0-44.0 J6 102.31 123.60 121. 26 18.95 12.35
44.0-55.0 XI0 99.81 122.01 119.45 19.64 13.03

12112/86 217.50 0.0-11.0 C2 102.61 146.93 142.33 39.72 11.58 At Centre
11:00 a.i. 11.0-22.0 L2 101.95 170.08 162.07 60.12 13.32 of soil ped

22.0-33.0 F5 135.72 196.39 188.93 53.21 14.02
33.0-44'.0 L6 101.75 149.70 143.72 41.97 14.25
44.0-55.0 12 102.20 158.54 151.55 49.35 14.16

** End of Test T02 **



Date sta~tec

Indian Head Till
12/16/B6 Pa~e TiO.

Cor;oueted 'Dy
1 of 1
J. Lau

Initial 8cil Thickness
at ref. #1 61.33
at ref. #2 59.35
at ref. #3 61.95
at ref. #4 58.35

hr.
#3
kPa kPa

Shrinkage
#2 #3 ~7.,.,..

Strain
#2 #3

Ave'r~age

Strairl

0.00000

-0. O~~111

-0.0284'3
-0.03234

-0.04412
-0.04597

-0.01643

-Oe05563

-0.02521

-0.00740
-0.00585

-0.01754
-0.02163

-0.03508

-0.00422
0.00000 0.00000 0.00000

-0.05707 -0.05897 -0,05084

-0.03537 -0.03370 -0.027!t4
-0.03750 -0.02707 -0.03065
·'0.03995 -0.03875 -0.03228
-0.04402 -0.04381 -0.03551
-0.04555 -0.04718 -0.03954
-0.04810 -0.04802 -0.D4180

-0.03058 -0.02943 -0.02502

-0.OOS78 -O.OlOU -0. (:0958
-0.01457 -0.01515 -0.01372
-0.01531 -0.015&5 -O.O~514

-0.00408 -0.00455 -0.00403
-0.00815 -0.00758 -0. :)0545

-0.01794 -0.01853 -0301514
-0.02:201 -0.02130 -0.02098
-O~C2772 -O~02S12 -O~02179

_.; ~c:
..!.I-.i-.J

-0.85

-2.20
-2.00

-1.35

-:.00

-:.30

-1~ 70
-l.S'O

-0.60

0.00
-0.25
-0.40

-2.00

-1.30
_i ;::r:;:

.I. ...:.,.;

0.00
-0.27

-0.90

-3.50

-0.45

-1.00

-0.50

-1. 75

--2. 70 -2. 60

0.00

-3.50

-2.30 -2.20

-0.50
-0.60
-0.90

-0.25

~.tl -1.35

-2.20

4.4 -1. 70

2.0

4.2

., (\
! .....~

0.9

13.. 5

oE ~ ::.
~.,;.....,;

'! ,,\
,.i.j".v

--::<!" !\
ColI' V

1.4

0.8

9.5
i,' l::
~j..i • ...,'

16.0
12.5

'! (\... v

1.4

3.0

. ,.
.i. • .:)

0.5

11.8

19.2

S.25
~.
..ii..i~

e r ....rl
.J. ~"j·,i

5.00

0.00
2.00
3.00

*4.00

32~75

13~OO

40.50

-0~09351

-OJl05780

-0.060,28

-0.02058-2

-0.(;5539

-0.07515
-0.0740:

-0.07641

-0, 09783 -O~ 10358 -,0. C9519

-0.08071 -0.09351 -0.07747

-0.06571 -0.05S52 -0.05052

-0. 07403 -O~ 08340 -O.{}710:
-0.07552 -OcOS677 -0:07263

-0.05114 -0.05403 -02055£8
-3e75
--35 SO '
-4~ 25.

-5.SS-5.45

-4. ~)3 -4,,:5

-5:95 -£.35 -5.78

-4.45 -4.80

-5~CO

-5~50 -5~OO -5.45

52~O

29.0

53.5

44.4
71. (;0

·=0,',(\
w.IiM v:...

54.00

75~OO

150£(;0

:92.00
216.50

-51130
-S.SB

-S.35
-6.90

-6.. 04
r ~r

-n~lO

-5.S'5

-0.103G5

-o.~0712



UNIVERSITY or SASKATCHEWAN, DEP. or CIVIL ENGINEERING.

MOISTURE CONTENT TEST RESULTS

Test no. : T03 Dat~ start~d : 12/16/85 Pag~ no. : 1 of 1
Soil typ~ : Indian H~ad Till Conducted by : J. Lau
Total sample thickness : 55.0 mil approx.

TIME SAMPLE JAR , TARE GROSS GROSS NET MOISTURE REMARKS
DEPTH WET WT. DRY WT. DRY "IT. CONTENT

1m gram gram grafll gral 7.
---------------------------------------------------------------------------------------------
12/16/86 0.00 BULK L1 102.69 172.5'3 155.8', 53.20 31.39 Ini tial w1.
10:00 a.m. BULK L3 103.14 193.92 172.51 69.37 30.86

12/16/86 5.00 0.0-11.0 11 '39.71 120.74 116.07 16.36 28.55 1 hr. after
3:00 p.m. 11.0-22.0 J6 102.31 123.06 118.39 16.08 29.04 soil crack~d

22.0-33.0 XlO '39.17 115.71 11 t. 89 12.72 30.03
33.0-44.0 137 137.74 155.89 151.6B 13.94 30.20
44.0-55.0 SEB 102.45 130.10 123.63 21.18 30.55

12117/86 25.00 0.0-11.0 Jl 103.37 133.40 126.94 23.57 27.41
11:00 a. fIl. 11.0-22.0 W4 '39.43 132.07 124.84 25.41 28.45

22.0-33.0 U 101. 74 134.37 126.99 25.25 29.23
33.0-44.0 V33 101.79 129.83 123.40 21.61 29.75
44.0-55.0 W20 103.13 138.04 130.10 26.97 29.44

12118/86 59.00 0.0-11.0 L1 t02.n 143.04 135.35 32.43 23.71
9:00 p.m. 11.0-22.0 Kl 102.19 130.11 124.61 22.42 24.53

22.0-33.0 11 103.14 137.57 130.77 27.63 24.61
33.0-44.0 Ttl 102.35 128.80 123.57 21.22 24.65
44.0-55.0 13 102.34 134.75 128.22 25.83 25.23

12120/86 65.25 0.0-11.0 D 102.07 131. 72 126.95 24.83 1'3.17
3:15 p.m. 11.0-22.0 L1 101. 76 126.55 122.56 20.80 19.23

22.0-33.0 L2 101.95 133.88 128.55 26.60 20.04
33.0-44.0 V31 100.06 128.36 123.49 23.43 20.79
44.0-55.0 Ji01 103.20 134.12 128.73 25.53 21.11

12/24/86 193.00 0.0-11.0 11 103.00 139.89 135.75 32.75 12.64
11:00 a.m. 11. 0-22. 0 L3 103.14 139.38 135.05 31. '31 13.57

22.0-33.0 F5 135.72 180.21 174.70 38.93 14.14
33.0-44.0 J6 102.31 147.33 141.66 39.35 14.41
44.0-55.0 V30 '39.71 13&.83 132.13 32.42 14.50

12/30/86 337.00 0.0-11. 0 J1 103.38 141.15 139.93 36.55 3.34 End of test
11:00 a.m. 11.0-22.0 l3 '3'3.44 138.21 136.48 37.04 4.67

22.0-33.0 13 102.33 148.08 145.52 43.19 5.93
33.0-44.0 V31 100.06 113.14 117.30 17.24 4.87
44.0-55.0 D 102.07 154.15 151.15 49.08 6.11



~~ACKINS TEST RESULT

;04 Date started : 01/05/87
I~~ia~ HEad Till

Pa£2 nc.
Coriducted by J. Lau

Initial Soil Thickness (mm;
at ref. #1 32.50

at ref. #3 33.30
at ref. 44 35.75

Vertical Shri~kage

#3 #4
mm

#1
Vertical Strain

#3 #4
AVEra~e

Strain

1.0(:
2.00
4.00
5.00

0.0

0.0
0.3
0.8

( f .'"·:;pV

0.0

oc;

0.5

1"\ ,..,
v.v

0.0
0.0
0.5
O.B

0.0 0.00 0.00
0.0 -O~20 -O~15

0.2 -0.50 -0.30
0.8 -0.70 -0.50
i.O -0.804).50

O 1'/',.vv
-O~15

-0.20

-0.60
-0.70

0.00 0.00000 0.00000 0.00000 0.00000 O.COOOO
-0.20 -0.00515 -0.00452 -0.00450 -0.00501 -0.00530
-0.30 -0.0153-8 -0400905 -0.00501 -0,00901 -OwG0386
-O~50 -0.02154 -0.01505 -0101552 -0.01502 -0.01704
-0150 -0&02462 -Oc01B10 -0.01B02 -0.01502 -0£01894

7.00 1.2 1m2 -l.CO -0.75 -0.70 -0.85 -0,02077 -O~02252 -0.02:02 -0.02553 -Oa02499

-1.75 --0.06::4 -0,,04977 -0.04354 -0105255 '-0.0:5185

-2. 3~) -(i.08-:54 -C,05.3.35 -0:1 G5GG6 -0.1 (;6907 -0. CEE5:)

-·2,55 -0. 0'9538 -O~ 075!}3 -~), 0750a -0:. 0795,8 -O~ OB212
-2c 80 -O~ 013538 -O~ 07554· -0.073(13 -Os 08408 -0. OB~~37

'-2.00 -0.055:23 -0. 05279 -o~ O~955 -0.. 05005 -01' 05791

-2.35 -0.08154 -0.05537 -0.06455 -0.07057 -0.07075

-2. SO

-1.65

-2;iSO

-1.55
-1.75

-2.65-3~10

-2. CO
-2~25

5.1 -2.85 -2130 -2a20 -2~45 -O~C8769 -O.CS93B -O~05507 -0207357 -O~07418

5.4 -2.5'0 -2r 25 -2. 2;5 -2~ 50 -0.08923 -0# 070e-3 -0.07057 -0.07B{)8 -0.077:g

7~C -3,20 -2.8) -2330 -2~S5 -O.:013~ -O.0S~4E -0208408 -O~02859 -0.06967
7~ '3 -3. 4(~ -2; 30 -2. S<) -3s 05 -'O~ :OLE2 -0.08748 -Oz 08709' ~). 0515/9 -0.05259

510

1.9

1.3

-, ,\
.it.}•• .a:\.J

1.3
:.4
1.1

S.b

4.5

5.B
5.2

1. a
1.3

5.0

7.0

5.3

C 1:(-,
~. W,",

..j ~:t ='(~
_.. ,1...:-.,;.\.1

~; -: C': ~..~
~.:;.. '~\l

·:'i ,~t~
~! 'f ~;"JV

35... 75

23,·50

50.00

33~50

47.00

25.50

'* 8J: Is sarcple ,..."t-I.... ::-\..,.".
.:1-':";'-;"" >t J.~'j:;:



UNIVERSITY OF SASKATCHEWAN, DEP. OF CIVIL ENGINEERING.

CRACKING TEST RESULT

T~st no. : T04 Dat~ started : 01/06J87
Soil type: Indian H~ad Till

Page no. : 2 of 2
Conducted by : J. Lau

Time Suction Vertical Shrinkage Vertical Str ai n Averag~

11 12 I'" ~4 11 12 ~") *4 #1 #2 ~3 #4 strai t1~ 11' <oJ

hr. kPa kPa kPa kPa fIJm fiJITi mfJI fflTil

54.00 20.8 19.8 15.6 1'3.0 -3.'35 -4.00 -3. '30 -4.10 -0.12154 -0.12066 -0.11712 -0.12312 -0.12061
56.50 ":'., 0 21.5 1'1':' 21.8 -4.00 -4.10 -4.10 -4.30 -0.12308 -0.12368 -0.12312 -0.12913 -0.12475J.t.J.u • J • .l-

61.75 31.2 25.8 23.0 23.5 -4.00 -4.15 -4.35 -4.55 -0.12308 -1).1251') -0.13053 -0.13664 -0.12888
70.50 41.9 36.9 31.0 31.0 -4.10 -4.25 -4.45 -4.70 -0.12515 -0.12321 -0.13363 -0.14114 -0.13228
74.50 4'3.8 44.8 38.5 38.5 -4.10 -4.30 -4.50 -4.80 -0.12615 -0.12'371 -0.13514 -0.14414 -0.1337'3
85.00 70.0 68.8 62.0 64.5 -4.10 -4.40 -4.50 -4.85 -0.12515 -0.13273 -0.13514 -0.14565 -0.13492
93.25 77.0 7'" ? 72.5 77.8 -4.10 -4.40 -4.60 -4.90 -c. 12615 -0.13273 -0.13814 -0.14715 -0.136044 ...

105.25 +80.0 +80.0 +80.0 +80.0 -4.30 -4.40 -4.50 -4.95 -0.13231 -0.13273 -0.13514 -0.14865 -0.13721
126.75 -4.50 -4.50 -4.55 -5.00 -0.13346 -0.13575 -0.13664 -0.15015 -0.14025
145.00 -4.60 -4.50 -4.60 -5.10 -0.14154 -0.13575 -0,13814 -0.15315 -0.14214
169.25 -4.82 -4.55 -4.70 5 ,-,I:' -0.14831 -0,13725 -0.14114 -0.15756 -0.1460')- • LJ

192.00 -4.90 -4.55 -4.70 -5.35 -0.15077 -0.13725 -0.14114 -0.16066 -0.14745

:t.t End of T~st HJ4 :tt



UNIVERSITY Of SASKATCHEWAN, DEP. or CIVIL ENGINEERING.

MOISTURE CONTENT TEST RESULTS

hst no. : T04 Dat~ started : 01/06/87 Pag~ no. : 1 of 1
Soil typ~ : Indian H~ad Till Conduct~d by : J. lau
Total sampl~ thickn~ss : 33.0 mm approx.

TIME SAMPLE JAR I TARE GROSS GROSS NET MOISTURE REMARKS
DEPTH WET WT. DRY WT. DRY WT. CONTENT

ml gram gram gram gram %

-------------------------------------------------------------------------------------------
(JU06/B7 0.00 BULK V31 100.07 137.29 127.02 26.95 38.11 Intial w!
09:30 a.lI.

01/07/87 25.00 0.0-11.0 L1 103.01 126.37 120.62 17.61 32.65 Soil cracked
8:30 a.m. 11. 0-22. 0 F5 135.72 149.65 146.16 10.44 33.43

22.0-33.0 J6 102.31 116.B5 113.22 10.91 33.27

01/08/87 47.00 0.0-11.0 Jl 103.38 114.37 111.93 8.55 2B.54
8:30 a.m. 11.0-22.0 Kl 102.19 114.18 111. 49 9.30 28.92

22.0-33.0 L3 99.44 107.79 105.89 6.45 29.46

01/08/87 56.50 0.0-11. 0 C2 102.61 117.71 114.54 11.93 26.57
6:00 p.m. 11.0-22.0 11 103.13 120.87 117.04 13.91 27.53

22.0-33.0 13 102.33 114.31 111.72 9.39 27.58

01/10/87 69.25 0.0-11.0 1 102.14 121. 05 117.59 15.45 22.39
6:45 a.lI. 11.0-22.0 L1 99.72 118.06 114.71 14.99 22.35

22.0-33.0 12 102.21 126.42 122.02 1'3.81 22.21

01/14/87 240.50 0.0-11.0 Lt-3 103.15 160.37 157.27 54.12 5.73 End of test
10~OO a.ff!. 11.0-22.0 L1-6 101. 75 135.64 132.98 31.23 8.52

22.0-33.0 6EB 102.46 127.B7 125.94 23.48 8.22



UNIVERSlrf OF SHSKHTCHE~HN, DEPm OF C1VIL ENGINEERINSc

CRACKING ~-l'"'l,~ ~I' ~

t1C.~~1. i

Soi 1 typ·a
r05 Date started
Regi 1"':a Clay

01120/87 Page nQ.
Conduded by

Initial Seil Thickness {m~)

at. ref~ ~1

at ref. ~p

at rE1". 13

59~80

57.35
51.00

at ref. ~~4 60.60

Time Sucticr~ Shrinkage
....,
1'h.J #1

HVEn'age
S::t'cin

1.00
0.2

0.0
0.5
0.5

0.0
1.0
1.2

0.00
0.4 -0.05
o~ a -0'110

-0.05
0.00

-0. (,5
-0.10

0.0~ 0.00000 0.00000 0.00000 0.00000 0.00000
C~ 00 -0& OC084 -O.Otlf)87 -0.0006·2 O.OCCC-O -090(H)63

-C. 10 -0.00167 -0.00174 -0.001&4 -0.00164 -0.00167

-0.05245 -0.05127
-0.05245 -0.05170

-O~04590

-0.04672
-Ctt054C5
-0.05453-i).052'EB

-t},OS2Sa

-0.35 -0.00S59 -0.00597 -0. 00574 -~). 00574 -0.00528

-2.. lei -0 .. 03SgS -0.039:23 -0.03525 -Os 03·443 -0. C~3:S21

-0.20 -0.00:251 -0.00523 -0.00410 -0.00323 -0.00378

-3.20

-0135
-0.25

-3.15
-3,10

-0.40

-2~25-2~ 15

-3.:5
-3.15

-0.15
-0.40

5.0

-ta70

4,2

I.. 0 -Oe 40 -0. it!) -0.50 -0. 2~5 -0.OC-S6'3 -0, ~)CbS7 -0.0(:320 -t).00574 -0. C~)E/3~)

0.9

3.0 -1.75 -1.85 -1~ 7: -1:05 -Oc02925 -0.03226 -0.02359 -O~02705 -Oc02931
3."5 -1~aO -1~35 -1.185 -1. i(~ -OaO.3010 --0.03400 -().03033 -O~027:a7 -G,O·3G57
3.8 -2.00 -2A 15 -1.35 -l.BO -O.(t33LJ,,4 -0.0374:9 -0,,03197 -0.0235: -0.03310

4'c5 -2.20 -2_45 -2~35 -2.25 -C~03679 -0.04272 -0.03552 -0.03559 -0.03873
51 0 -2~ 45 -2155 -21 :;5 -2:4 40 -o! 04097 -0.04621 -f) I 04:,30 -Oa 03934 -0.04208
511 B-2. 70 -2~ 8(~ -2.65 -2.65 -Oc 045:5 -0" OirB-52 -0. G4344 -0. 04344 -O~ '04521
5.8 -2.80 -2~90 -2~ 70 -2.30 -0104682 -0.05057 -0.04426 -0.04530 -0.04689
52B -3~OO -3.05 -2.75 -3.20 -0105017 -0.05318 -O~C4508 -0.05245 -O~05C22

1.9
2.0

0.8 -0.10 -0.20 -0.20 -0.20 -0.00157 -0.00349 -0.00328 -0.00328 -0.00293

~. S

" Q
... ..1

7.0

4.5

B.G

i.a
1.9

1.6

7~O

5.0

3.2

1.2
1.2
, !.
i-l"-r

1.0

a.o
B.3

7.2

5.8

3.0

9.5

o.a
0.3

1.0

5.5
7.2

0.5
0.4

(l.B
o.a

0( '";' ~f"~·r~
......... z-Vj

'3.00
7. ::;0

";;, {\(\
"".vv

·~o =crt
.. ..I,fW'V

35175

15•. 25

27:50

2:.50

34~25

52.50



OF C1VIL ENG!NEER!NSa

CRACKING TEST RESULT

T:::st w.
Soil type

T05 Date st~rted 01i20/87 Page no.
Conducted by

2 of 2
J. Lau

hr.
#1 #2 #3 #4-
k?a kPa kPa kPa

Shrin;'{age
~2 #3

Strain
#2 #3

Avera·~e

Strain

-3.35 -0.05435 -0.05754 -0.04754 -0.05492 -0.05359
-3.40 -0.05636 -0.05929 -0.04518 -0.05574 -0.05525
-3.45 -Oz05759 -0.06626 -0.04'318 -0.05555 -0.05742

-\.),.10159

-0.1352£

-0.(:8925

-0.14381

-0.10843
-0.11727

-0.14381

-0.07215
-o.078B9

-0.11940 -0.13837 -0.09344

-0.13452 -C.i4B21 -0.12295

-0.OB595 -0.10375 -0.07705
-O.101i7 -Ocl1SCB -0.OB852

-0.14381
-0.14381

-O~12525 -O~ 14124 -0.11393

-0.05438 -O.CB~S5 -0.05738
-0.05555 -0.08305 -0.05'334
-0.07525 -0.09503 -0.06639

-3.50 -0.06104 -0.07847 -0.05245 -0.05738 -0.06233
-3.70 -0.05271 -0.07a47 -0.05245 -0.05066 -0.06357

-0.05750

77.00 9.2 ;('; ~ 8.B S,5 -3.25 -3130 -2.90J. ....y::...

81.50 10.2 11.5 10.0 10.0 -3.40 -'. 40 -3.00""'.
923 (}() 11.0 13#2 ~-::'I s::;: 12.5 -3845 -3.30 -3.00~.i.-a W

105.25 24.5 15.2 ~., ~ 15.2 -3.65 -4.50 -3.20J. 10 :l

$115.50 31.8 15.8 22.0 19,'9 -3. 75 -4.50 -":( ~,.,
........J

~":tt: C"t'. 40.8 18.5 26.5 25.0 -3.B5 -4.70 -3.50,J.:l,;;,.,.,,:.sJv

:43.00 5818 29.0 38.0 34:.B -4. 10 -5.05 -3. :55
155.00 '50.8 42.5 48.0 47.B -4.5·0 -5.45 -4,05
1-3'3.25 52.2 ~3a2 60.2 60.2 -5c 2{) -5.95 -4.70
213.50 56.2 76.2 65.0 70.0 -S.05 -5.50 -5£lrO
237.00 ,SB,O 78.2 +80.0 7-') i -5.49 -7. 12 -5.55..... ..
£:9.5.'-0 71.0 7° P +80.0 -7. 14 -7.97 _t:', ,,.,

.1.0 'loot!: tV

22,€~~
..,.:;

+80~O +S·O~O -7255 -Sa 10 -6.'35I",

3:3.50 -8.05 -8:50 -7.50
3341 50

,..
50-t:!1

358.00 -8.60



UNIVERSITY OF SASKATCHEWAN, DEP. or CIVIL ENGINEERING.

MOISTURE CONTENT TEST RESULTS

T~st flO. . TOS Dah started : 01/20/87 Page no. . 1 of 1. .
Soil type : Regina Clay Conduded by : J. Lau
Total sample thickness : 60.0 rom approx.

TIME SAMPLE JAR t TARE GROSS GROSS NET MOISTURE REMARKS
DEPTH WET WT. DRY WI. DRY WT. CONTENT

hr. 11m gram gram gram graft i.
-------------------------------------------------------------------------------------------

1120/87 0.00 BULK C2 103.37 154.74 131.53 28.16 82.42 Ini tial Iii?

11:30 a.lli. BULK W20 102.61 164.72 136.60 33.99 82.73

1122187 56.50 0.0-12.0 L1 101.76 11'3.53 112.15 10.3'3 71.03 Soil cr·~d ed
8:00 p.m. 12.0-24.0 K1 102.20 118.51 111.67 9.47 72.23

24.0-36.0 6 137.45 153.09 146.46 9.01 73.58
36.0-48.0 T12 101.% 114.89 109.35 7.39 74.97
48.0-60.0 13 102.34 115.84 110.01 7.67 76.01

1/24/87 92.50 0.0-12.0 D 102.08 118.75 112.08 10.00 66.70
8:00 G.IIi. 12.0-24.0 L1 102.70 120.07 113.00 10.30 63.64

24.0-30.0 8 102.60 112.44 108.40 5.80 69.66
36.0-48.0 GIl 102.2', 103.99 106.25 3.96 6'3.19
48.0-60.0 e12 137.75 149.15 144.52 6.77 68.3'3

1125/37 116.50 0.0-12.0 Jl 103.38 124.55 116.48 13.10 61.60
8:00 a.m. 12.0'-24.0 C2 102.62 122.67 114.96 12.34 62.48

24.0-36.0 L1 103.14 117.52 111. 94 8.80 63.41
36.0-48.0 Til 102.36 115.10 110.11 7.75 64.39
48.0-60.0 12 102.20 116.62 111.00 a.80 63.86

1/28/87 189.50 0.0-12.0 11-2 101. 95 125.62 117.51 15.56 52.12
9:00 a.i. 12.0-24.0 F5 135.71 15'3.08 150.90 15.1 '3 53.85

24.0-36.0 U-6 101.74 120.80 114.04 12.30 54.'36
36.0-48.0 J6 102.31 122,58 115.30 12.99 56.04
48.0-60.0 J101 103.19 127.16 118.54 15.35 56.16

1/31/87 25'3.50 0.0-12.0 1 102.14 132.57 123.10 20.96 45.18
7:00 a.m. 12.0-24.0 L1 103.00 124.16 117.39 14.39 47.05

24.0-35.0 \1" 101. 6', 131.03 121.40 19.71 43.86y,j

36.0-48.0 W4 99.44 120.29 113.39 13.95 49.46
48.0-60.0 XI0 99.18 126.36 117.22 18.04 50.67

2/05/B7 383.00 0.0-12.0 D 102.07 155.07 144.99 42.92 23.49 End of T~st

10:30 a.!iJ. 12.0-24.0 L1 102.6'3 138.46 130.85 28.16 27.02
24.0-36.0 K1 102.19 129.50 123.38 21.19 28.83
36.0-48.0 C12 137.75 172.0'3 164.13 26.38 30.17
48.0-£0.0 T12 101. 95 134.79 127.06 25.11 30.78



L~IVERS!TY OF SASKATCHEWAN; DE? OF CIVIL ENGiNEER!NB.

CRACKING TEST RESULT

Test no. T06 Date started : 02/14/87
Soil type Indian Hearl Till

Page no. 1 of 2
Conducted by J. Lau

Initial Soil ihick~ess (m~)

at ref. i1 60.45
at ref. #2
at ref. #3
at ref. #4

61.25
60.20
61.45

#1
kPa

Suction
~2 *3
kPa kPa

#4
kPa

Vertical Shrinkage
*1 #2 #3 #L}

rom
il

Vertical Strain
*2 #3 #4

HveragE
r\~ •

::l"ralrl

-6.30 -O.OSOS8 -0.09459 -0.09219 -O.10~S5 -0.05553

-3.60 '·0.05542 -0.05551 -0.05316 -0.05312 -0.05680

-5:10 -0.08933 -O~09306 -0.08804 -0.10133 -O~09234

-3.70 -0.05128 -0.05305 -0.05055 -0.05145 -0.05412

-4.60 -0.06517 -0,0£594 -0.05478 -0.07641 -0.06858
-4.90 -0.07113 -0.07:02 -0.05394 -0.08140 -0.07312
-5.20 -0.07444 -0.07673 -0.07475 -0.08533 -0.07808
-5.53 -O.Ca040 -0.082:2 -0.07973 -0.091B6 -0.08353

-410~ -Oa05955 -0.05959 -0.05814 -0,06545 -0.05093
-4.20 -0.06285 -0.062B5 -0.06145 -0.05977 -0.05424

-5~74 -O~08420 -C~CaB82 -0=08272 -O~OS535 -0.08777
-5.04 -0.OB718 -0.09305 -O.CaSBS -0.10033 -0.OS155

-3.30 -0.04467 -0.0489g -O.OA568 -0.05482 -0.04B54
-3.15 -0.04301 -0.04490 -0.04402 -0.05233 -0.04505

-1.75 -0.02151 -0.02449 -0.02243 -0.02907 -0.02437
-2.00 -0.02481 -0.02776 -0.02432 -0.03322 -0.02768

0.00 0.00000 0.00000 O.OOCOO 0.00000 O.OCOOO
-0.20 -0.00155 -0.00153 -0.00155 -0.00332 -0.00207
-0.40 -0.00455 -0.00571 -0.00496 -0.00554 -0.00558
-0.55 -0.00327 -0.00815 -0.00331 -0.00914 -0.00847
-0.75 -0.00993 -0.00638 -O.COS~7 -0.01246 -0.01033
-O.BO -0.01075 -O.010S1 -0.C1080 -0.01329 -0.01135
-O.SS -0.01158 -O.O~224 -0.01323 -0.01578 -0.01322
-1.10 -0.01241 -0.01306 -O~01412 -0.01827 -0.01447
-1.30 -0.01737 -0.01878 -0.0:744 -0.02159 -0.01B80

-2.50 -0.03226 -0.03429 -0;03322 -0104153 -0.03532
-2.BO -OE03539 ~O.0331B -O~C3e2i -0.04£51 -0.04007

-5.55
-5.30
-5.23

-3.70
-3.90

-3.05

-4.15

-1.35

~ l\t;:
- ... Vw

-2.30

-3.50

-4.50
-4.80
-~.sa

-2.75
-2.E5

-3.20

-0.80

-1.50
-2.00

-0.65

-5~80

-4.70

-2. ~·o

-5.44
-5.70
-5.70

-4.:0
-'".35

-5.03

-t.15

-2.75

-3.25
-3.40
-3.&5

-2.10

-0.75
-0.80

-1.50
-1.70

-3.B5

-5.27

-4.00

-4.86
-5.09

-3.35

-1.30

-3.60
-3.BO

-4.30

-3.l0

-4.50

-1.50

-2.50
-2. 70

_1 at::
.:.. J-..J

-2.20

-0.70
-0. 75
-1.05

0.1

LO

6.5

0.0

0.5

0.0

0.0 0.00 0.00 0.00
0.0 -0.10 -0.10 -0.10
0.0 -0.30 -0.35 -0.30
0.0 -0.50 -0.50 -0.50
0.0 -0.60 -0.55 -0.50
0.0 ~O.55 -0.55 -0.65

~ C' C" _~ c:t~
",,--.}.'t.,i '''';.-.1\/

12.0
9. S

0.1

8.5

3.2

4.2

1. a
2.0
? .,
.... j

6.0
7.9

O.C
0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0

~_"-j 04

~CJ'l

of <l: ~~

j, ,;. c.

14.5

4· J.'l
• 'w

3.5

1.0

2.9

0.5

0.0
0.0

0.0
0.0
0.0

0.1

0.0
0.0

0.0

O ..,.v
6.0

S,S
7.9
8.5

10.2

i.O
i 0
•• .J

O. 1

0.0

4.8
5.5

2.2
2.9
i c:-
";.\00;:

6.5

0.0 .

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

12.0

3.00

1.00
2.00

4.00

0.00

£8.50

32.00
-'7 ;:;1'",j l • wi)

4:'.00

731.50
70.50

51.50

6<00
7.00

11.00

27l.25

48.00

16.50
21.50

78.50
*81. 50

Neta: 'Cc~ntair!2:'sidE1'\a:l'5 ~e?"e 2ir~ed flit:1 waxp.apeY'at~d al·Limimum f:oil.
PI: slictic:fi sef!scrs wer~e ir~stallEd vE-!lttically frc~m the bott::!m o'f tt:2 ~;~n·ta.irjEr.

No si~~: of C't'ac:-{lr;g, Jut t~2 ~=.c:il sam~le pulled away fr"om
conta:~Er sidE wall by b mm.

* Soil r:rac~~;ed at 'S?'0_SDr'~ *1 i ..



U~IV£RSITY OF SASKATCHEWHN, DE? OF CIVIL ENGiNEERiNG.

CRHC~!NG TEST RESU~T

Test flO.

Scil type
TOG Date startEd : 02/14/87
Indian HEad Till

Page flO,

Conducted by
2 of 2:
J. Lau

.... Suction Vertical Shrinkage-~ 1me
.u~ #2 #3 #4 #1 #2 #3 #4;1'J,

hr. kPa k?a k:Ja kPa mm mm mm mm
#1

Vertical Strain
#2 #3 #4

Pverage
Str"ain

[iSS. 00 u:: ~
.hh..J

98.50 17.2
101. :0 19.2
107.50 ~p ~........ '"

119.. 00 29.5
122.25 33.0
127.00 35.8

"132.75 43.0
142275 54.8
147.00 62c5
151.00 £8.5
157.25 +EO.O
174.00
159.00
2j6.00
'j/;.; IV\
_j.IV~.1

257.00
29:.00

15.5 17.2
18.2 18.5
20.2 20.1
24.5 23.0
........ ~, 29.0,jc.o.J

35.8 ,,-, "o.Jc..v

3'3,5 32.50
4f:; !J 35.5...;~ -I

57.8 49.20
63.2 57.00
6B.0 63.00

+80.0 +80.0

13.8 -5.80 -5.10 -5.85 -5.45 -0.09595 -0.09959 -0.09718 -0.10714 -0.09996
15.9 -5.85 -6.20 -5.95 -6.55 -(l.OSEn -0.10122 -0.09884 -0.10860 -0.10141'
18.0 -6.05 -6.25 -5.05 -6.50 -0.1000B -0.10204 -0.10050 -0.10963 -0.10305
22.8 -6.15 -6.60 -6.35 -6.75 -0.10174 -0.10776 -0.10548 -0.11213 -0.10678
31.8 -6.20 -5.90 -5.55 -7.00 -0.10255 -0.11255 -0.10880 ~?11528 -0.11008
35.2 -£.25 -7.10 -6.70 -7.05 -0.10339 -0.11592 -0.11130 -C. 11711 -0.11193
39.5 -6.25 -7.25 -5.70 -7.10 -0.10339 -0.11837 -O.i1130 -0.11794 -0.11275
43.S -5.25 -7.35 -6.70 -7.15 -0.10339 -0.12000 --0.11130 -0.11877 -0.11336
53.8 -5.30 -7.60 -5.70 -7.30 -0.10422 -0.12403 -0.11130 -0.12125 -0.11521
60.5 -6.30 -7.70 -5.70 -7.35 -0.10422 -0.12571 -0.11130 -0.12209 -0.11563
65.8 -5.35 -7.80 -6.70 -7.40 -0.10505 -1).12735 -0.11130 -0.12292 -0.11555

+80.0 -6.55 -8.00 -6.BO -7.70 -0.10835 -0.13051 -0.11295 -0.12791 -0.11996
-6.75 -8.15 -6.90 -7.85 -0.11:65 -0.13305 -0.11462 -0.13040 -0.12244
-7.10 -B.iS -7.20 -8.25 -0.11745 -0.13306 -O.~1960 -0.13704 -0.12579
-7.55 -8.20 -7.45 -8.55 -0.12490 -0.13388 -0.12375 -0.14203 -0.13114
-B.l0 -B.20 -7.70 -8.90 -0.13400 -0.13388 -0.12791 -0.14784 -0.13591
-8.30 -8.30 -8.00 -9.10 -0.13730 -O.13~j: -0.13289 -0.15115 -0.13922
-8.35 -8.30 -s.ca -9.10 -0.13813 -0.13551 -0.13289 -0.15116 -O.13S42

** End of Test r05 **



UNIVERSITY DF SASKATCH~WANJ CEP. OF CIVIL E~G!NEER!N6.

~uISTURE CONTENT TEST RESuLTS

Test no. : TOS Date started : 02/14/87
Soil type: Indian Head Till
Total samplE thicxress: 61.0 mm approx.

Page no. : 1 of 1
Conducted by : J. Lau

.TIME SA~lPLE JAR # TARE GROSS BROSS NET MOlSTtlRE R8fJARKS
DEPTH WC"T WT. DRY "T DRY WT. CONTENTii-J w! •

hr. lI'lill £ram ~rall1 gram gram ~

02/14/87 0.00 BULK V12 102•.20 171.05 152.27 50.07 37.51 Intial w~

10:00 a. m. BULK V20 103.13 170.39 152.02 48.89 37.57

02/17/87 S8.00 0.0-12.0 L1 102.70 130.68 124.30 21.60 29.54
6:00 a.m. 12.0-24.0 V~ 102.20 129.48 123.22 21.02 29.781\..

24.0-36.0 C1 -::: 137.76 172.35 lEA. 34 26.58 30.14.1-

36.0-48.0 "'l'i1 102.36 137.72 129.34 25.98 31. 0'5::J,.4

48.0-61.0 BEB 102.47 128.85 122.57 20.10 31.24

02/17/87 ;Q1 ~""l 0.0-12.0 D 102.06 123.,85 119. if 17.11 27.35 Soil c'tackedw•• wv

7:30 p. r!i'i. 12.0-24.0 ,.~ 103.37 129.13 123.51 20.14 27.90...to!.

24.0-35.0 Cii 102.29 128.14 122.33 20.04 2,9.99....
36.0-48.0 T12 101.95 117.03 113~ 62 11.67 29.22
48.0-61.0 13 102.32 119.92 115.98 13.65 28.84

02/19/87 119.00 0.0-12..0 6 137.45 165.41 160.54 23.09 25.42
9~OO O.n1l1 12.0-24.0 t ~-. 102.92 129.99 124.44 21~52 25.79'-..I. {

,Lt. 0-36. 0 8 102.60 127.00 121.93 19~33 26.23
35.0-48.0 J22 102.95 128.97 123.50 2().54 25.53
48.0-61.0 J30 102.42 133.81 127.20 24. 78 26.57

02121157 1-" ,.\t, 0.0-12.0 1 103.01 135.06 129.38 26.37 21.54.... { .! I ~)\J ... ..1.

1:00 p. m. 12.0-24.0 L1Z 103.13 126.75 122.50 19.37 21.94
24.0-35.0 L3 53.44 125.54 121.67 22.23 22.35
35.0-48.0 X10 99.18 123.53 119.19 20.01 21.94
48.0-'61. 0 3101 103.19 137~ 3-9 131.25 28.07 21.a4

02./25/87 291,(;0 0.0-12.0 Ti 103.38 140.65 13-S~ 16 34.78 7.16u"
1:00 p. rile 12.0-24.0 ~ ~ '4 102.70 139.36 136.04 33.34 "' ,.",..

;...:. ... ':J.":1b

24.0-36.0 K1 102,19 144.65 140.30 38.11 ~ i 1-1...... -r ""

35.0-4B.0 711 102.36 140.55 136.51 34~25 11:t80
48.0-6i.0 H2 lOla 95 140.68 135.40 34.45 12.42 El";d cf test
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