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ABSTRACT

RELATIONSHIP BETWEEN SUCTION AND SHEAR STRENGTH

PARAMETERS OF COMPACTED METU CAMPUS CLAY

Tilgen, Hiiseyin Pars
M.S., Department of Civil Engineering
Supervisor: Prof. Dr. Erdal COKCA

September 2003, 120 pages

In this study, the relationship between soil suction and shear strength parameters of
compacted METU campus clay were investigated at different moisture contents. Soil
samples were tested at optimum moisture content (i.e. w=20.8%), at dry side of
optimum moisture content (i.e. w=14.8%, 16.8%, 18.8%) and at wet side of optimum
moisture content (i.e. w=22.8%, 24.8%, 26.8%). Direct shear tests were performed to
measure shear strength parameters (c¢', ®@') and soil suctions were measured by filter
paper method after direct shear tests. These relationships were also investigated on
soaked samples. The trends for suction, angle of internal friction and cohesion, which
change on the dry side and wet side of optimum moisture content, were analyzed.
The compacted METU campus clay gains granular soil fabric at the dry side of
optimum moisture content. As moisture content increases, cohesion increases up to
optimum moisture content and then decreases. But angle of internal friction

decreases as moisture content increases. Soaking affects the samples more which are
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on the dry side of optimum moisture content. The soil suction (total suction and
matric suction) affects the shear strength, and an increase in soil suction increases the

shear strength.

Keywords: Clay, compaction, expansive soil, filter paper, moisture content, shear

strength, suction, standard proctor energy.
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SIKISTIRILMIS ODTU KAMPUS KILINDE EMME BASINCI ILE KAYMA

DAYANIMI PARAMETRELERI ARASINDAKI BAGINTI

Tilgen, Hiiseyin Pars
Yiiksek Lisans, Insaat Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Erdal COKCA

Eyliil 2003, 120 sayfa

Bu calismada cesitli su muhtevalarinda sikistirilmis ODTU  kampus  kili
numunelerinin emme basinci ile direkt kayma dayanimi parametreleri arasindaki
iliski arastirilmistir. Numuneler optimum su muhtevasinda (w=%20.8), optimum su
muhtevasinin kuru tarafinda  (w=%14.8, %16.8, %18.8) ve optimum su
muhtevasinin yas tarafinda (w=%22.8, %?24.8, %?26.8) test edilmistir. Kayma
dayanimi parametreleri (c', @') direkt kesme deneyleri yapilarak elde edilmis ve
emme basinglart filtre kagidi yontemiyle kesme deneylerinden sonra Sl¢tilmiistiir.
Ayrica bu iliski suya bogulmus numuneler {izerinde de arastirilmistir. Emme basinci,
igsel siirtinme agis1 ve kohezyon optimum su muhtevasinin kuru ve yas kisminda
ayr1 ayri analiz edilmistir. Sikistirilmis ODTU kampus kili optimum  su

muhtevasinin kuru tarafinda granuler bir yap1 kazanmaktadir. Su muhtevas arttikca



kohezyon optimum su muhtevasi seviyesine kadar artmakta ardindan azalmaktadir.
Fakat su muhtevasi arttikca icsel siirtlinme acis1 azalmaktadir. Numuneleri suya
bogma optimum su muhtevasinin kuru tarafindaki numuneleri daha ¢ok
etkilemektedir. Zeminin emme basmci (toplam basing ve matrik basing) kayma

mukavemetini etkilemektedir, emme basinci arttik¢a kayma mukavemeti artmaktadir.

Anahtar Kelimeler: Kil, sikistirma, sisen zemin, filtre kagidi, su muhtevasi, kayma

dayanimi, emme basinci, standart proktor enerjisi.
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CHAPTER 1

INTRODUCTION

Compacted soils are the part of many earth structures. Therefore their shear
strength parameters (cohesion and angle of internal friction) are very important in
geotechnical problems like, bearing capacity, slope stability, lateral earth pressures.
To determine these parameters usually laboratory samples are tested which have the

same moisture content and dry density with the fill.

The fill can be wetted, the source wetting is primarily by rainfall. Rising
groundwater may be a source of wetting. In addition, broken utility lines, utilty
trenches, street subgrades, permeable layers, gravel packed subdrains, all acts as

subsurface conduits that lead water to fill (Croney et al., 1958).

Fredlund (1997) states the following shear strength problems about the

unsaturated compacted soils:

1. The stability of loosely compacted fills can result in high velocity mass
movements upon approaching saturation.

2. The backfill material for an earth retaining structure should be a cohesionless
material. However, many retaining structures are backfilled with cohesive
materials which change shear strength in response to the intake of water. The
lateral pressures against the wall are a function of the shear strength of the

unsaturated soil and extent of wetting.
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3. The bearing capacity of shallow footings on compacted fills is commonly
based on the compressive strength of the unsaturated soil. The strength
measurements are often performed on soil specimens which has negative pore
water pressures. The assumption is then made for design purposes that
conditions in the future will remain similar. This may not be a realistic

assumption.

In this study, suction and shear strength parameters of an unsaturated
compacted METU campus clay were measured. The soil suction was measured by
filter paper method and direct shear testing method was used to measure shear
strength parameters. Additional direct shear tests were performed where the
compacted samples were soaked and consolidated prior to shearing. The
relationships between moisture content, suction and shear strength parameters were

found.
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CHAPTER 2

LITERATURE REVIEW

2.1 The Strength of Compacted Clays

Many researchers such as Rosenqvist (1959), Escario and Siez (1986),
Alonso et al. (1990), Fredlund and Rahardjo (1993), Wheeler and Sivakumar (1995),
Leroueil and Barbosa (2000), Kong and Tan (2000), Kos et al. (2000) have studied

the shear strength of unsaturated compacted soils.

The mechanical or physical component of shear strength is attributable
primarily to the granular particles and, for a soil of a given composition, the
magnitude of this component is essentially dependent on the effective normal
pressure between particles (Rosenquist, 1959), and cohesion is taken to mean that
part of the soil strength that is present independently of any applied pressures (i.e. the
shear strength, T - intercept of the failure envelope). Fredlund and Rahardjo (1993)
states that the suction influences the shear strength of unsaturated compacted

specimens.
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There are certain limits of the water content for each compaction pressure
within which the shear strength is maximal. The optimum water content decrease
with the increasing compaction (consolidation) pressure. This is the result of two
influences on the global effect of pore water suction: the force of adhesion between
two soil particles and the relative amount of soil particles connected by capillary
(contact) water. The first influence decreases with the increasing particle diameter,
water content and water temperature. The second influence increases with the
increasing water content (saturation ratio) and soil density. The increasing water
content negatively influences the force of adhesion, but positively the total number of
connected particles. It means that, as a compromise, there is an optimum water

content (Kos et al. 2000).

2.2 The Influence of Fabric on the Shear Behavior of Unsaturated Compacted

Soils

The interparticle forces, in conjunction with the external forces at the time of
formation of the soil and the stress history, are resposible for the structure of a
compacted cohesive soil (Seed et al., 1961). Leroueil and Vaughan (1990) states that
“the effects of structure are as important in determining engineering bahaviour as are

the effets of initial porosity and the stress history”.

Much attention has been paid to the understanding of the structure of
compacted soils and to the effects of water content changes on the structure. From a
fundamental point of view, observations at a microstructural level involving
elemental clay platelets and their aggregations are also important, since they should

help further understanding of their structural levels (Delage et al. 1996).

Lambe and Whitman (1979) states that for a given compactive effort and dry
density, the soil tends to be more flocculated for compaction on the dry side as
compared to compaction on the wet side (i.e. on the wet side the soil is more

dispersive).
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In clays, the water content is important; it controls the ease with which
particles and particle groups can be rearranged under the compactive effort (Mitchell,
1993). Increasing the moisture content tends to increase the interparticle repulsions,
thereby permitting a more orderly arrangement of the soil particles to be obtained

with a given amount of effort.

In general, an element of floculated soil has a higher strength than the same

element of soil at the same void ratio put in a dispersed state (Lambe and Whitman,

1979).

Previous studies (Mitchaels , 1959; Daimond, 1970; Brackley, 1973, 1975;
Zein, 1985; Delage et al., 1996; Kong and Tan, 2000; Toll, 2000) show the
development of an aggregated fabric in materials compacted dry of optimum
moisture content. This type of aggregation was not found to exist in the materials

compacted on the wet side of optimum moisture content.

Mitchaels (1959) observed a reduction in the cohesion with decreasing
moisture content below optimum moisture content (OMC) in unsaturated compacted
clays. The lower magnitude of cohesion at dry side of optimum is attributed to the

presence of clay aggregates that give rise to a granular character to the soil mass.

Diamond (1970) did manage to show the fundamental differences between
the structures of soils compacted wet and dry side of optimum water content. On the
dry side he showed the existence of aggregates or packets of platelets adhering to
each other with a dimension of about 5 um; between these aggregates, he found
fairly large pores, well-defined in mercury porosimetry, with an average diameter of
0.5 pm. On the wet side, he found a much more compact structure, with no evidence
of large pores. It is clear that capillary effects, which are much more on the dry side,

favour the formation of aggregates by binding the platelets together.
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Brackley (1973, 1975) proposed a model of unsaturated clay fabric in which
the clay particles grouped together in ‘packets’. The soil within the aggregation or
‘packets’ is held together by suction, and the packets act as individual particles. The
larger effective particle size produces more frictional behavior and hence a higher

angle of friction.

Zein (cited in Toll, 2000) showed that although compacted materials are
highly aggregated on the dry side of optimum moisture content, aggregation does not
exist on the wet side; Zein identified the degree of aggregation of a clayey soil for
British Standard (BS) light (Proctor) compaction (2.5 kg rammer falling through
300mm, 62 blows/layer, 3 layers of soils). He noted that at optimum moisture
content (and also wet of optimum) there were no aggregations and matrix material
dominated. However the degree of aggregation increased as the water content
reduced below optimum water content; at moisture contents below 70% of OMC the

material was completely aggregated with no matrix material.

The effect of compaction water content (at three points of the Proctor curve,
i.e. dry, OMC and wet) on the microstructure of Jossigny silt (the clay fraction is
34%) was studied by Delage et al. (1996); on the dry side: A well-developed granular
aggregate structure with large interaggregate pores visible in porosimetry occured,
due to high suction, compaction cannot entirely break them down. At optimum water
content: A more massive structure with less obvious aggregates occured. The greater
density is a result of lower resistance to deformation of the aggregates, which
deform and break down more easly, reducing in particular the interaggreagate
porosities. On the wet side, due to hydration, the clay volume is much larger and
forms a clay paste surrounding the silt grains. Also, suction pressures probably reach
null or positive values. Delage et al. (1996) state that “the results obtained on various
clays by Ahmed et al. (1974) are similar to the ones of this study, the same
conclusion should be valid for clays. In this case, the solid state would correspond to
a microstructure composed of clayey aggregates, which behave like rather rigid

grains.”.
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Kong and Tan (2000) have studies the shear strength characteristics of an
expansive soil. The correlation between the shear strength parameters and initial
water content of unsaturated compacted expansive soil was established. Two of the
data points were at dry of optimum (i.e. 26.5%, 28.5%), two of them (i.e. 29.3% and
30.8%) were near OMC (i.e. 30%), five of them were at wet of optimum (i.e. 31.6%,
33.6%, 34.8%. 37.0%, 41.2%). They found that the cohesion reduces with the
increase of water content, the friction angle decreases significantly in the range of
water contents less than the plastic limit (34.7%), whereas as the water content is

more than the plastic limit, the friction angle tends to a constant value.

According to Toll (2000) fabric plays a vital role in determining the
engineering behavior of compacted soils. Clayey materials compacted dry of
optimum moisture content develop an aggregated or ‘packet’ fabric. The presence of
aggregations causes the soil to behave in a coarser fashion that would be justified by
the grading. For soils compacted to degrees of saturation of 90% and over, the
material would be expected to be non-aggregated. As the degree of saturation drops,
the amount of aggregation increases rapidly and reaches a fully aggregated condition

for degrees of saturation below 50%.
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CHAPTER 3

UNSATURATED SOIL MECHANICS

The general field of soil mechanics can be subdivided into two portions
dealing with saturated soils and dealing with unsaturated soils (Figure 3.1). The
differentiation between saturated and unsaturated soils becomes necessary due to
basic differences in their nature and engineering behavior. An unsaturated soil has
more than two phases. As known from saturated soil mechanics, there are two
phases; water and soil. But an unsaturated soil has four phases which are; solids,
water, air and air-water interface which is called as contractile skin. And unsaturated

soils’ pore water pressure is negative relative to the pore-air pressure.
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Mechanics
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Unsaturated

Soil Mechanics

Mechanics

Natural, desiccated
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P ’ Silts & Clays
residual soils
Uy >0
(generally) Uw <0
(generally)

*may be saturated or dry

Figure 3.1 Categorization of soil mechanics (after Fredlund, 1993).

3.1 Types of Problems

The types of problems of interest in unsaturated soil mechanics are similar to

those of interest in saturated soil mechanics. Common to all unsaturated soil

situations are the negative pressures in the pore-water. These types of problems can

be listed as;

Construction and operation of a dam
Natural slopes subjected to environmental changes
Mounding below waste retention ponds

Stability of vertical or near vertical excavations
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e Lateral earth pressures
e Bearing capacity for shallow foundations
e Ground movements involving expansive soils

e Collapsing soils

3.2. Phases of an Unsaturated Soil

Saturated soils have phases of soil solids and water. However, unsaturated

soils have soil solids, water, air and the fourth one air-water interface.

3.2.1 Air-Water Interface or Contractile Skin

The most distinctive property of the contractile skin is its ability to exert a
tensile pull. It behaves like an elastic membrane under tension interwoven through

soil structure.

It is advantageous to recognize an unsaturated soil as a four-phase when
performing stress analysis on an element. An unsaturated soil can be visualized as a
mixture with two phases that come to equilibrium under applied stress gradients; i.e.,
soil particles and contractile skin. And two phases that flow under applied stress

gradients; i.e., air and water.

Consideration of the contractile skin as a fourth phase is later used in

theoretical stress analysis for an unsaturated soil.
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3.2.2 Surface Tension

The air-water interface possesses a property called surface tension. The
phenomenon of surface tension results from the intermolecular forces acting on
molecules in the contractile skin. These forces are different from those that act on

molecules in the interior of the water (Figure 3.2.a).

‘;‘ Molecule at the air-water interface.

Molecule in the interiour water.

w
F 3

(a)

(b)

Figure 3.2 Surface tension phenomenon at the air-water interface. (a) Intermolecular forces on

contractile skin and water; (b) Pressures and surface tension acting on a curved two-

dimensional surface (after Fredlund, 1993).
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A molecule in the interior of the water experiences equal forces in all
directions, which means there is no unbalanced force. A water molecule within the
contractile skin experiences an unbalanced force towards the interior of the water. In
order for the contractile skin be in equilibrium, a tensile pull is generated along the
contractile skin. The property of the contractile skin that allows it to exert a tensile
pull is called a surface tension, Ts. Surface tension is measured as the tensile force
per unit length of the contractile skin (N/m). Surface tension is tangential to the
contractile skin surface. Its magnitude decreases as temperature increases. Table 3.1

gives surface tension values for contractile skin at different temperatures.

Table 3.1 Surface tension of the contractile skin (from Fredlund, 1993)

Temperature, Surface Tension,
t° (°C) Ts (mN/m)*
0 75.7
10 74.2
15 73.5
20 72.75
25 72.0
30 71.2
40 69.6
50 67.9
60 66.2
70 64.4
80 62.6
100 58.8
* Tensile force per unit length of the
contractile skin - milli Newton per meter
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The surface tension causes the contractile skin to behave like an elastic
membrane. This behavior is similar to inflated balloon, which has a greater pressure
inside the balloon than outside. If a flexible two-dimensional membrane is subjected
to different pressures on each side, the membrane must assume a concave curvature
towards the larger pressure and exert a tension in the membrane in order to be in
equilibrium. The pressure difference across the curved surface can be related to the
surface tension and the radius of curvature of the surface by considering equilibrium

across the membrane (Figure 3.2.b).

The pressure acting on the membrane are u and (u+Au). The membrane has a
radius of curvature of, Ry, and a surface tension Ts. The horizontal forces along the
membrane balance each other. Force equilibrium in the vertical direction requires

that

2 T sinf3 =2 AuRgsinf3 3.1

Where,

2 Ry sinf = length of the membrane projected onto the horizontal plane.

Rearranging Eq. (3.1) gives
Au=Ts/ Ry (3.2)

Equation (3.2) gives the pressure difference across a two-dimensional curved
surface with a radius, R, and a surface tension, Ts. For a wrapped or saddle-shaped

surface (i.e., three-dimensional membrane), Eq. (3.2) can be extended using Laplace

equation (Fig. 3.3)
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Figure 3.3 Surface Tension on wrapped membrane and surface tension on soil water particle
(after Fredlund, 1993).

Au="Ts / (1/R})+(1/R2)) (3.3)

Where,

R; and R, = radii of curvature of a wrapped membrane in two orthogonal

principal planes.

If the radius of curvature is the same in all directions (i.e., R; and R; =Ry),

Eq. (3.3) becomes

Au=2T, /R, (3.4)

In an unsaturated soil, the contractile skin would be subjected to an air
pressure, u,, which is greater than the water pressure, u,. The pressure difference,
(ua - uy), is referred to as matric suction. The pressure difference causes the

contractile skin to curve in accordance with Eq. (3.4):
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(ua -uy) =2T;/ R 3.5)

Where,

(ua - uy) = matric suction or the difference between pore-air and pore water

pressures acting on the contractile skin.

Equation (3.5) is referred to as Kelvin’s capillary model equation. As the
matric suction of a soil increases, the radius of curvature of the contractile skin
decreases. The curved contractile skin is often called a meniscus. When the pressure
difference between the pore-air and pore-water goes to zero, the radius of curvature,
Rs, goes to infinity. Therefore, a flat air-water interface exists when the matric

suction goes to zero.

3.3 Theory of Soil Suction

Soil suction is commonly referred to as the free energy state of soil water.
The free energy of the soil water can be measured in terms of the partial vapor
pressure of the soil water. The thermodynamic relationship between soil suction (or
the free energy of the soil water) and the partial pressure of the pore-water vapor can

be written as follows:

P = - (RT/(Vaoy)). In(uy/uyo) (3.6)

Where,

vy = soil suction or total suction (kPa)

R = universal molar gas constant [ 8.31432 J/(mol K)]
T = absolute temperature [ T= (273.16 + t°) (K)]

t°® = temperature (°C)
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Vo = specific volume of water or the inverse of the density of water [1/py, (m’/kg)]
pw = density of water (998 kg/m® at t°=20°C)

oy = molecular mass of water vapor (18.016 kg/kmol)

u, = partial pressure of pore water vapor

Uy = saturation pressure of water vapor over a flat surface of pure water at the same

temperature (kPa).

If select 20°C and put constant values we will get;

¥ = - 135022 In(uy/uyo) (3.7)

Here, uy/uy is called as relative humidity, RH. The concentration of water
vapor in the air is commonly expressed in terms of relative humidity. A RH value

less than 100% indicates presence of suction in the soil.

RH= u,(100)/uyo (3.8)

3.4 Components of Total Suction

The total suction,y, of a soil is made up of two components, namely, the

matric suction, (u, — uy), and the osmotic suction, 7.

Figure 3.4 illustrates the concept of total suction and its component as related
to the free energy of the soil water. The matric suction component is commonly
associated with the capillary phenomenon arising from the surface tension of the

water.
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" Total,
Uvo
1 v
Soil water Pure water

Figure 3.4 Total suction and its components: matric and osmotic suction (after Fredlund, 1993).

Consider a capillary tube filled with a soil water. The surface of the water in
the capillary tube is curved and is called meniscus. On the other hand, the same soil
water will have a flat surface when placed in a large container. The partial pressure
of the water vapor above the curved surface of soil water, uy, is less than the partial
pressure of the water vapor above a flat surface of the same soil water, uy;. In other
words RH in a soil will decrease due to the presence of curved water surfaces
produced by the capillary phenomenon. The water vapor pressure or RH decreases as
the radius of curvature of the water surface decreases. At the same time, the radius of
curvature is inversely proportional to the difference between the air and water
pressures across the surface [i.e., (u, — uy)] and is called matric suction. This means
that one component of the total suction is matric suction, and it contributes to a

reduction in the relative humidity.
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The pore-water in a soil generally contains dissolved salts. The water vapor
pressure over a flat surface of solvent, u,, is less than the water vapor pressure over
a flat surface of pure water, uy. In other words, the relative humidity decreases with
increasing dissolved salts in the pore water of the soil. The decrease in RH due to the

presence of dissolved salts in pore-water is referred to as the osmotic suction, 7.

3.5 Capillarity

The capillary phenomenon is associated with the matric suction component of
total suction. The height of water rise and the radius of curvature have direct
implication on the water content versus matric suction relationship in soils (i.e., the
soil — water characteristic curve). This relationship is different for the wetting and
drying portions of the curve, and these differences can also be explained in terms of

the capillary model.

3.5.1 Capillary Height

Let us consider the vertical force equilibrium of the capillary water in the

tube shown in Fig. 3.5.;
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Figure 3.5 Physical model and phenomenon related to capillarity (after Fredlund, 1993).

2nrTscosa = nrzhcpwg 3.9

Where,

r = radius of the capillary tube
Ts = surface tension of water
o = contact angle

h, = capillary height

g = gravitational acceleration.

From eq. (3.9);

h. =2Ty/pwgRs (3.10)
Where,

R, =radius of curvature of meniscus (i.e., r/cosa.).
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3.5.2 Capillary Pressure

As can be seen from the Figure 3.5, water pressures, uy, at points A and B are
atmospheric; so, they are equal and zero. Also point A and B at zero elevation and
therefore their hydraulic heads also zero. The hydrostatic equilibrium among points
C, B, and A requires that the hydraulic heads at all three points be equal. So,
hydraulic head at C also zero. So, at point C;

Uy = - pwgh, and

u, =0 ( Atmospheric air pressure) (3.11)

If we subtract u, — uy ;

(u, —uy) = pwghe (Matric Suction) (3.12)

Substitute (3.10) in (3.12)
We will get;

(ua—uy) =2Ts/ Ry (3.13)

Eqn. (3.13) is exactly same what we get in surface tension section (Equation 3.5).

As a result, the smaller pore radius r, the higher soil matric suction. The
surface tension associated with the contractile skin results in a reaction force on the
wall of the capillary tube (Figure 3.6). The vertical component of this reaction force
produces compressive stresses on the wall of the tube. In other words, the weight of
the water column is transferred to the tube through the contractile skin. In the case of
a soil having a capillary zone, the contractile skin results in an increased compression
of the soil structure. As a result, the presence of matric suction in an unsaturated soil

increases the shear strength of the soil.
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Figure 3.6 Forces acting on a capillary tube (after Fredlund, 1993).

The use of pore radius in the capillary Equation (3.13) causes the model to be
impractical for engineering practice. In addition, there are other factors that
contribute to being able to sustain highly negative pore-water pressures in soils, such

as the adsorptive forces between the clay particles (Fredlund, 1993).

3.6 Shear Strength for Unsaturated Soils

The shear strength of an unsaturated soil can be formulated in terms of
independent stress state variables (Fredlund et al. 1978). The stress state variables,
(o-u,) and (u,-uy) are the most advantageous combination for the practice. Using

these stress variables, the shear strength equation is written as follows:

=" + (OrUa)rtan®’ + (ug-uy)r tand® (3.14)
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where,

c = Intercept of the “extended” Mohr-Coulomb failure envelope
on the shear strength axis where the net normal stress and
the matric suction at failure are equal to zero; it is also

referred to as “effective cohesion”

(oruy)s = Net normal stress state on the failure plane at failure
Uaf = Pore-air pressure on the failure plane at failure
0} = Angle of internal friction associated with the net normal

stress state variable, (op-u,)¢
(ua-uy)r = Matric suction on the failure plane at failure
@° = Angle indicating the rate of increase in shear strength

relative to the matric suction, (u,-Uy)s.

A comparison of Egs. (3.14) and shear strength equation for a saturated soil
reveals that the shear strength equation for an unsaturated soil is an extension of the
shear strength equation for a saturated soil. For an unsaturated soil, two stress state
variables are used to describe its shear strength, while only one stress state variable

(i.e., effective normal stress (cs-uy)r) is required for a saturated soil.

The shear strength equation for an unsaturated soil exhibits a smooth
transition to the shear strength equation for a saturated soil. As the soil approaches
saturation, the pore-water pressure, u,, approaches the pore-air pressure, u,, and the
matric suction (u,-uy), goes to zero. The matric suction component vanishes and Eqn.

(3.14) reverts to the equation for a saturated soil.
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CHAPTER 4

MEASUREMENTS OF SOIL SUCTION

The free energy of the soil water (total suction) can be determined by
measuring the vapor pressure of the soil water or RH in the soil. The direct
measurement of RH in a soil can be conducted using a device called a psychrometer
(Fredlund and Rahardjo,1993). The RH in a soil can be indirectly measured using a
filter paper as a measuring sensor. The filter paper is equilibrated with the suction in

the soil.

4.1. Soil Suction Measurements with Filter Paper Method

There is a cheap and easy technique to measure soil suction, which is filter
paper method. When psychrometer method compared to filter paper method, filter

paper method gives more consistent results (Bulut et al., 2000).

The filter paper method is a laboratory test method, and it is inexpensive and
relatively simple. It is also the only known method that covers the full range of
suction. The working principle behind the filter paper method is that the filter paper
will come to equilibrium with the soil either through vapor flow or liquid flow, and
at equilibrium, the suction value of the filter paper and the soil will be the same.With

the filter paper method, both total and matric suction can be measured.
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If the filter paper is allowed to absorb water through vapor flow (non-contact
method), then only total suction is measured. However, if the filter paper is allowed
to absorb water through fluid flow (contact method), then only matric suction is

measured.

In the filter paper method, the soil specimen and filter paper are brought to
equilibrium either in a contact (matric suction measurement) or in a non-contact
(total suction measurement) method in a constant temperature environment. After
equilibrium is established between the filter paper and soil the water content of the
filter paper disc is measured. Then, by using a filter paper calibration curve of water
content versus suction, the corresponding suction value is found from the curve, so
the filter paper method is an indirect method of measuring soil suction. Therefore, a
calibration curve should be constructed or be adopted (i.e., the two curves presented
for different filter papers in ASTM D 5298 — 94 Standard Test Method for
Measurement of Soil Potential (Suction) Using Filter Paper) in soil suction

measurements.

Leong et al., 2002 (after Van der Raadt et al, 1987) states that the filter paper
field measurements showed that at high suctions (more than 1000 kPa) most of the

movement occurs through vapor transfer than capillary transfer.

4.1.1. Required Apparatus

For Calibration Procedure and for Suction Measurements:

(a) Filter papers; the ash-free quantitative Schleicher & Shuell No.
589 White Ribbon or Whatman No. 42 type filter papers. Based
on the test results of Sibley and Williams (1990) suggested that
Whatman No. 42 filter paper was the most approprate for use over
entire range of suction investigated (Leong et al., 2002).

Therefore, in our tests Whatman No.42 type
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(b)

(©)
(d)

(e)

®

(2

(h)

filter paper was used.

Salt solutions; sodium chloride (NaCl) solutions in a range
between 0 (i.e., distilled water) to about 2.7 molality.

Sealed containers; 250 ml glass jars with lids, which work nicely.
Small aluminum cans; the cans with lids are used as carriers for
filter papers during moisture content measurements.

A balance; a balance with accuracy to the nearest 0.0001 g. is used
for moisture content determination.

An oven; an oven for determining the moisture contents of the
filter papers by leaving them in it for 24 hours at 105 + 5°C
temperature in the aluminum moisture cans (as in the standard test
method for water content determinations of soils).

A temperature room; a controlled temperature room in which the
temperature fluctuations are kept below +1°C is used for the
equilibrium period.

An aluminum block; the block is used as a heat sink to cool the
aluminum cans for about 20 seconds after removing them from the

oven.

In addition, latex gloves, tweezers, plastic tapes, plastic bags, ice-chests,

scissors, and a knife are used to set up the test.

4.1.2 Filter Paper Calibration Procedure

Two persons perform the filter paper water content measurements in order to

decrease the time during which the filter papers are exposed to the laboratory

atmosphere and, thus, the amount of moisture lost and gain during measurements is

kept to a minimum. All the items related to filter paper testing are cleaned carefully.

Gloves and tweezers are used to handle the materials in nearly all steps of the

calibration. The filter papers and aluminum cans are never touched with bare hands.
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The filter paper calibration curve is constructed using salt solutions as an

osmotic potential source for suctions above about 2.5 pF. The procedure that is

adopted for the calibration is as follows:

(a)

NaCl solutions are prepared from 0 (i.e., distilled water) to 2.7
molality. The definition of molality is the number of moles of
NaCl in 1000 ml of distilled water. For example, one mole of
NaCl is 58.4428 g. Thus, 2 molality NaCl means 2 times 58.4428
gor 116.8856 g NaCl in 1000 ml distilled water. Table 4.1 gives

the NaCl weights at different suction values.
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Table 4.1 Osmotic suction values of NaCl solutions at 25°C

NaCl Suction in | Suction in | Suction in | NaCl amount
Concentration | cm pF* kPa in grams
(in molality) units units units (in 1000 ml
distilled water)
0.000 0 0.00 0 0
0.003 153 2.18 15 0.1753
0.007 347 2.54 34 0.4091
0.010 490 2.69 48 0.5844
0.050 2,386 3.38 234 2.9221
0.100 4,711 3.67 462 5.8443
0.300 13,951 4.14 1,368 17.5328
0.500 23,261 4.37 2,281 29.2214
0.700 32,735 4.52 3,210 40.9099
0.900 42,403 4.63 4,158 52.5985
1.100 52,284 4.72 5,127 64.2871
1.300 62,401 4.80 6,119 75.9756
1.500 72,751 4.86 7,134 87.6642
1.700 83,316 4.92 8,170 99.3528
1.900 94,228 4.97 9,240 111.0413
2.100 105,395 5.02 10,335 122.7299
2.300 116,857 5.07 11,459 134.4184
2.500 128,625 5.11 12,613 146.1070
2.700 140,699 5.15 13,797 157.7956
*pF = log;o(cm |suction|) and 1 kPa= 10,198 cm (negative head)

(b) A 250 ml glass jar is filled with approximately 150 ml of a
solution of known molality of NaCl and the glass jar is labeled

with the solution molality used for that jar.
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(© Then, a small plastic cup is inserted into the glass jar. Holes are
made in plastic cups in order for the filter papers to interact with
and absorb water from the air in the closed jar. The configuration
of the setup is shown in Figure 4.1. Two filter papers are put on
the plastic cup one on top of the other in order to double check the
errors in the balance readings and in a case when one of the filter
paper is accidentally dropped, the other filter paper is used. The
glass jar lid is sealed with plastic tapes very tightly to ensure air

tightness.

A IAAIRIINI 1 Filter papers

Glassjar —® :

Plastic support

Salt solution

Figure 4.1 Total suction calibration test configuration

(d) Steps b. and d. are repeated for each of the different NaCl

concentrations.

Then, the prepared containers are put into plastic bags for extra protection.
After that, the containers are put into the ice-chests in a controlled temperature room.

The suggested equilibrium period is at least one week.
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After the equilibrium period, the procedure for the filter paper water content

measurement is as follows:

(a)

(b)

(c)

(d)

(e)

Before starting to take measurements, all the items related to the
calibration process are cleaned carefully and latex gloves are used
throughout the process. Before taking the glass jar containers
from the temperature room, all aluminum cans that are used for
moisture content measurements are weighed to the nearest 0.0001
g. accuracy and recorded on a filter paper water content
measurement data sheet.
After that, two persons carry out all measurements. For example,
while one person is opening the sealed glass jar, the other person
is putting the filter paper into the aluminum can very quickly (i.e.,
in a few seconds, usually less than 5 seconds) using the tweezers.
Then, the weights of each can with wet filter papers inside are
taken very quickly. The weights of cans and wet filter papers are
recorded with the corresponding can numbers and whether the top
or bottom filter paper is inside.
Step (c) is followed for every glass jar. Then, all cans are put into
the oven with the lids half-open to allow evaporation. All filter
papers are kept at a 105 + 5°C temperature for 24 hours inside the
oven.
Before taking measurements on the dried filter papers, the cans are
closed with their lids and allowed to equilibrate for 5 minutes in
the oven. Then a can is removed from the oven and put on an
aluminum block (i.e., heat sinker) for about 20 seconds to cool
down; the aluminum block acts as a heat sink and expedites the
cooling of the can. After that, the can with the dry filter paper
inside is weighed again very quickly. The dry filter paper is taken
from the can and the cold can is weighed in a few seconds.
44



Finally, all the weights are recorded on the data sheet.

® Step (e) is repeated for every can.

The filter paper calibration curve of water content versus corresponding
suction values is obtained from the calibration testing procedure. If suction values in
pF or log (kPa) units are plotted with corresponding filter paper water content values
a calibration curve for that specific type filter paper is obtained. Such a curve for
Schleicher & Schuell No. 589 White Ribbon and Whatman No. 42 type filter papers
is given by ASTM D 5298 (1994) and is reproduced in Figure 4.2, on which the

suction values are plotted as log (kPa).

6 | | |
—e— Whatman No. 52
log (kPa) =5.327 - 0.0779 w
5 —a— Schleicher & Schuell No. 589
4 _

Suction, log (kPa)
w

=2.412-0.0135w
log (kPa) = 5.056 - 0.0688 w

log (kPa) = 1.882% 0.0102 w

0 T T T T
0 10 20 30 40 50 60 70 80 90

Filter paper water content, w (%)

Figure 4.2 Calibration curves for two types of filter papers (reproduced from ASTM D5298).
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4.1.3 Soil Suction Measurements

Both total and matric suction measurements are possible from any type of
soils and soils at any conditions (i.e., natural unprocessed and uncompacted, loose,
compacted, treated soils, etc.) using the filter paper method. However, care must be
taken when measuring matric suction because intimate contact between the filter
paper and the soil is very important. If a good contact is not provided between the
filter paper and the soil, then it is possible that the result will be total suction

measurement rather than matric suction measurement.

Two persons perform the filter paper water content measurements in order to
decrease the time during which the filter papers are exposed to the laboratory
atmosphere and, thus, the amount of moisture lost and gained during measurements
is kept to a minimum. All the items related to filter paper testing are cleaned
carefully. Gloves and tweezers are used to handle the materials in nearly all steps of
the experiment. The filter papers and aluminum cans are never touched with bare
hands. From 250 to 500 ml volume size glass jars are readily available in the market
and can be adopted for suction measurements. Especially, the glass jars with 3.5" to
4" diameter in size can contain the 3" diameter Shelby tube samples very nicely. A
typical setup for both the soil total and matric suction measurements is depicted in

Figure. 4.3 and 4.4. The procedure that is adopted for the experiment is as follows:

4.1.3.1. Soil Total Suction Measurements

(a) At least 75 percent volume of a glass jar is filled up with the soil;
the smaller the empty space remaining in the glass jar, the smaller
the time period that the filter paper and the soil system requires to
come to equilibrium.

(b) A ring type support (1 to 2 cm in height) is put on top of the soil to

provide a non-contact system between the
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(©)

(d)

(e)
®

filter paper and the soil.

Two filter papers one on top of the other are inserted on the ring
using tweezers. The filter papers should not touch the soil, the
inside wall of the jar, and underneath the lid in any way.

Then, the glass jar lid is sealed very tightly with plastic type
electrical tape.

Steps a., b., c., and d. are repeated for every soil sample.

After that, the containers are put into the ice-chests in a controlled

temperature room for equilibrium.

The suggested equilibrium period is at least one week. After the equilibrium

period, the procedure for the filter paper water content measurement is as follows:

Measurement of
Total Suction

Filter papers
————
- =
illgﬁort >
4
Filter paper in between Measurement of

Matric Suction

two protective papers

I

—

— = ]
//

Soil

Figure 4.3 Contact and noncontact filter paper methods for measuring total and matric suction

(1% Step)
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Figure 4.4 Contact and noncontact filter paper methods for measuring total and matric suction

(2" Step).

(a)

(b)

(©)

Before starting to take measurements, all the items related to the
measurement process are again cleaned carefully and latex gloves
are used throughout the process. Before taking the glass jar
containers from the temperature room, all aluminum cans that are
used for moisture content measurements are weighed to nearest
0.0001 g accuracy and recorded on a filter paper water content
measurement data sheet.

After that, all measurements are carried out by two persons. For
example, while one person is opening the sealed glass jar, the
other person is putting the filter paper into the aluminum can very
quickly (i.e., in a few seconds, usually less than 5 seconds) using

the tweezers.

Then, the weights of each can with wet filter papers inside are
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(d)

(e)

®

taken very quickly. The weights of cans and wet filter papers are
recorded with the corresponding can numbers and whether the top

or bottom filter paper is inside.

Step (c) is followed for every glass jar. Then, all cans are put into
the oven with the lids half-open to allow evaporation. All filter
papers are kept at a 105 £ 5°C temperature for 24 hours in the
oven.

Before taking measurements on the dried filter papers, the cans are
closed with their lids and allowed to equilibrate for 5 minutes in
the oven. Then a can is removed from the oven and put on an
aluminum block (i.e., heat sinker) for about 20 seconds to cool
down; the aluminum block acts as a heat sink and expedites the
cooling of the can. After that, the can with the dry filter paper
inside is weighed again very quickly. The dry filter paper is taken
from the can and the cold can is weighed in a few seconds.
Finally, all the weights are recorded on the data sheet.

Step (e) is repeated for every can.

After obtaining all of the filter paper water content values an appropriate

calibration curve is employed to get total suction values of the soil samples.

4.1.3.2. Soil Matric Suction Measurements

(a)

(b)

A filter paper is sandwiched between two bigger size protective
filter papers. The filter papers used in suction measurements are
5.5 cm in diameter, so either a filter paper is cut to a smaller
diameter and sandwiched between two 5.5 cm papers or bigger
diameter (bigger than 5.5 cm) filter papers are used as protective.

Then, these sandwiched filter papers are inserted into the soil
sample, which can fill up the glass jar, in a very good contact

manner. An intimate 49 contact between the



(©)

(d)
(e)
®

filter paper and the soil is very important.

After that, this soil sample with embedded filter papers is put into
the glass jar container.

The glass container is sealed up very tightly with electrical tape.
Steps a., b., c., and d. are repeated for every soil sample.

The prepared containers are put into the ice-chests in a controlled

temperature room for equilibrium.

The suggested equilibrium period is 3 to 5 days. After the equilibrium

period, the procedure for the filter paper water content measurement is as follows:

(a)

(b)

(©)

(d)

Before starting to take measurements, all the items related to the
measurement process are again cleaned carefully and latex gloves
are used throughout the process. Before taking the glass jar
containers from the temperature room, all aluminum cans that are
used for moisture content measurements are weighed to nearest
0.0001 g accuracy and recorded on a filter paper water content
measurement data sheet.

After that, all measurements are carried out by two persons. For
example, while one person is opening the sealed glass jar, the
other person is putting the filter paper into the aluminum can very
quickly (i.e., in a few seconds, usually less than 5 seconds) using
the tweezers.

Then, the weights of each can with wet filter papers inside are
taken very quickly. The weights of cans and wet filter papers are
recorded with the corresponding can numbers.

Step (c) is followed for every glass jar. Then, all cans are put into
the oven with the lids half-open to allow evaporation. All filter
papers are kept at a 105 + 5°C temperature for 24 hours inside the
oven.
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(e) Before taking measurements on the dried filter papers, the cans are
closed with their lids and allowed to equilibrate for 5 minutes in
the oven. Then a can is removed from the oven and put on an
aluminum block (i.e., heat sinker) for about 20 seconds to cool
down; the aluminum block acts as a heat sink and expedited the
cooling of the can. After that, the can with the dry filter paper
inside is weighed again very quickly. The dry filter paper is taken
from the can and the cold can is weighed in a few seconds.
Finally, all the weights are recorded on the data sheet.

® Step (e) is repeated for every can.

After obtaining all of the filter paper water content values an appropriate

calibration curve is employed to get matric suction values of the soil samples.

Filter paper method can reliably be used with suctions from about 80 kPa to
in excess of 6000 kPa, a much larger range than any other single technique (Chandler
and Guiterrez, 1986).

4.1.3.3 Equilibration Times for Filter Paper Method

Equilibration times for filter paper method from (Leong et al., 2002) is given
in Table 4.2.
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Table 4.2 Equilibration times for filter paper method (after Leong, 2002)

Equilibration
References Time Filter Paper Method

Faweet and 67 days Contact

Collis-George

{1967)
MceQueen and 7 days Contact

Miller {1968b) )
Al-Khafaf and 2 days Contact and uncerlain

Hanks {1974) contact
Hamblin (1981} Minutes—-36 days Clontact
Chandler and 5 days Contact

Ciutierez (1986}
Duran {1986) 7 days Noncontact
Greacen et al. {1987) 7 days Contact
Sibley and 3 days Contuct

Williams (1990) 10 days Noncontact
Lee and Wray {1992} 14 days Contact and noncontact
Houston et al. {1994) 7 days Contact and noncontact

Harrison and Wetting and noncontact

Blight (1998}

7-10 days

Drying and noncontact
Wetting and contact
Dirying and contact

21 days
10 days
25-30 days

Also, suggested equilibration time from ASTM is 7 days and several filter
paper suction measuremnts done by Ling and Toll (2000) shows that in seven days

approximately 97% of the equilibration is completed.

Different workers have used different time periods for the equalization of the
filter paper with the suction of the soil sample: usually 7 days are allowed but at least

5 days are required (Chandler and Guiterrez, 1986).

Wet samples takes longer to reach equilibrium and that takes about 7 days.

Most samples reach equilibrium at 4 days to a 1% error (Swarbrick, 1995).
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4.1.3.4 Properties of the Whatman No.42 Filter Paper

The typical properties of Whatman No.42 grade cellulose filter paper is given
in Table 4.3.

Table 4.3 Typical properties of Whatman No.42 grade cellulose filter (from Whatman product
catalogue)

Typical Properties of Whatman No.42 Grade Cellulose Filter

* 175) (\T\

£z a S 52 3 &2
o |5 22 Elg |2 o2 |5 |2 |g &
2 8 o 8 E| T ﬁ E| &b & Z = @
S  Z| o S| <« 3| ‘o = = o =
© l2 5% 2|2 s Tl |8 |2 |23

S = |z B |98 |2

- M
42 2.5 107 0.008 200 100 | 0.7 | 25 55.8

Ash is determined by ignition of the cellulose filter at 900°C in the air.

* 98% Particle Retention Rating.

Figure 4.5 shows Whatman cellulose filter papers. Typical analytical
precipitates in the Whatman cellulose filter papers include barium sulphate,

metastannic acid and finely precipitated calcium carbonate.

Figure 4.5 Whatman No.42 type filter paper (from Whatman product catalogue).

53



CHAPTER 5

EXPERIMENTAL STUDY

5.1 Introduction

The soil sample used in this study was taken from METU Campus area and
classified according to Unified Soil Classification System by using the test results of
the sieve analysis, hydrometer analysis and Atteberg limits. Also specific gravity,
maximum dry density and optimum moisture content of the sample were determined.
The dry density versus moisture content curve of the sample was plotted by using the
compaction test results in which standard proctor compaction mould and hammer

was used.

After proctor compaction test, soil samples were prepared as stated in Table

5.1;

Table 5.1 Moisture contents of the samples

As
-6% of | -4% of | -2% of +2% of | +4% of | +6% of
Compacted oMC
OMC | OMC | OMC OMC OMC OMC
Samples
Soaked -6% of | -4% of | -2% of oMC +2% of | +4% of | +6% of
Samples OMC | OMC | OMC OMC OMC | OMC
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Shear strength parameters of the tested samples were determined by using

direct shear apparatus which is shown in Figure 5.1.

All samples were sheared under 75 kPa, 150 kPa, and 225 kPa normal

pressures and after that same samples were used in filter paper suction

measurements.

Figure 5.1 Direct shear apparatus

5.2 Procedure for Direct Shear Test

In this test program 14 sets of direct shear tests were made and each set
contains 3 direct shear tests individually (moisture contents of the samples are given

in the Table 5.1).

To prepare the samples, oven dried samples were mixed with appropriate
mass of water and waited 24 hours in the plastic bag in the humidity room to have an

homogeneous mixture.

After that samples were compacted dynamically by using proctor
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compaction mould. Then samples were taken out from compaction mould by using

direct shear mould and hydraulic jack.

It is very important to prevent the soil sample from moisture lost since the
sheared samples were used for suction measurements after the direct shear test.
Therefore, direct shear box was wrapped with nylon stretch film and covered with

moisturized cloth after placing the sample in the direct shear machine.

Placed samples left one day for consolidation under normal stress of c,= 75
kPa, o,= 150 kPa, and o,= 225 kPa. Each set contains three stages and each stage

finalized in two days. After consolidation, samples were sheared.

In order to prepare and test a soaked sample, same procedure was used but
before the direct shear machine switched on, samples were soaked and left for 24

hours under weights giving normal stresses of 75 kPa, 150 kPa, and 225 kPa.

Since Consolidated Drained test procedure was followed, horizontal
displacement rate was very important. Therefore after each consolidation day by
using log time and root time method tsp and tgy values were determined and by using

following equations (ASTM 3080) failure times were calculated for each sample.

t=11.7 tog (5.1)
t= 50 ts50 (52)

And after a few calculations it was seen that 6 to 10 hours was enough for
failure time and lateral displacement 6 to reach the soil peak strength was in between

3mm to Smm. So, by using following formula displacement rate was choosen as 1.0

x 10”* mm/sec, which was slower than calculated, to be on the safe side.

V=5/t; (5.3)
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After the direct shear test, tested sample was taken out from the direct shear
box. After taking the samples for moisture content check, remaining sample was
used for filter paper suction measurements, which will be explained in the following

section.

5.3 Suction Measurements

Suction measurements were done by using filter paper method. In this study

ash free Whatman No. 42 type filter papers were used.

5.3.1 Procedure for Calibration of Filter Paper

In calibration procedure instead of soil sample, salt solutions which are given
in Table 4.1, were used to built up calibration curve. Also, glass jar, long supports
and top and bottom filter papers were used (Figure 5.2). In calibration procedure
glass jar was filled by salt solutions with known molality (Figure 5.3). Long
cylindrical plastic supports, which will hold the filter papers, were immersed into the
solution (Figure 5.4). After that waited for equilibration and moisture contents of the
filter papers were measured in the order of 0.0001 g. So by using these filter paper

moisture contents and suction values which calibration curve was drawn.
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long plag support ’

S top and bottom
glass jar filter papers

Figure 5.2 Glass jar, support and filter papers.

Figure 5.3 Glass jar filled with salt solution.
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Figure 5.4 Cylindrical plastic support hold the filter papers.

The calibration curve for Whatman No.42 type filter paper is given in Figure
5.5.

45 -

T

25 \
2 ~

15 4 y|=-0.0741x+5.1887
1 R?=0.9903

0.5

Suction, log (kPa)

0 10 20 30 40 50 60
Filter Paper Water Content, w (%0)

Figure 5.5 Calibration curve result for Whatman No. 42 type filter paper
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5.3.2 Procedure for Soil Suction Measurements by Filter Paper

Filter paper suction measurements were done in the glass jars which were
placed in the ice chest which was isolated one more time with the additional thermal
isolators to minimise the temperature changes in the chest. Ice chest is shown in the

Figure 5.6.

ICE CHEST

Figure 5.6 Ice chest

Samples were taken from direct shear box which were already divided into
two parts from the shearing surface. Then oven dried and cooled (in the zero
humidity desiccator, Figure 5.7) 3 filter papers (two protective with bigger radius
(55mm), and one for measurements with smaller radius (50mm)) placed between
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these two surface by using tweezers for matric suction measurements (Figure 5.8).
Filter paper should be oven dried to remove moisture to be ensure that the same

wetting path is followed in each case to avoid hysteresis effects (Swarbrick, 1995).

Filter:papers in the'zero humidity desiccant jar

Figure 5.7 Filter papers cooled in the zero humidity desiccant jar.
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3 filter papers for matric

suction measurcment

Figure 5.8 Filter papers placed for matric suction measurements.

After that, filter papers sandwiched between two surface and to protect the

filter papers from vapor transfer edges of the soil sample were wrapped with plastic

tape as shown in Figure 5.9.

|

¢dges of the sampe EXEL VL eleclricaltapé

Figure 5.9 Sample wrapped with electrical tape.

Then sample was placed into glass jar and plastic ring support put over the

soil sample. Then two filter papers were placed over this support for total suction
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measurements (Figure 5.10).

top and bottomn filfer papers
for total suction measurements

Figure 5.10 Top and bottom filter papers placed over the plastic ring support.

After that, glass jar was closed and sealed with plastic tape and then wrapped

with stretch film (Figure 5.11).

glass jar sealed with
electrical tape

Figure 5.11 Sealed glass jar.
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Then labeled jar is placed into ice chest (Figure 5.12).

Figure 5.12 Jars placed into ice chest.

After an equilibrium time of one week, jar was taken out from the chest.
Before opening the glass jar, aluminum box, which would be used for moisture

content, was weighed, and recorded as cold tare mass, Tc. (Figure 5.13).

Aluminum metalcontamer

0,0001 g readable balance

Figure 5.13 Aluminum box is weighed before filter papers taken out from the jar.
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Then glass jar was opened and top and bottom filter papers were taken one by
one and put into aluminum boxes quickly by using tweezers (Figure 5.14). And
aluminum boxes were enclosed tightly very fast to prevent filter papers from
moisture lost. After that aluminum boxes were weighed very quickly and recorded as
M. After top and bottom filter papers, middle filter paper was taken out and quickly
put into another aluminum box, which had been weighed (Figure 5.15). Then

Aluminum boxes were put into oven.

Top and oftom e agersar i et bove

Figure 5.14 Filter papers are put into aluminum boxes for total suction.

65



-

top and bottom il g

Figure 5.15 Filter papers are put into aluminum boxes for matric suction.

After waiting overnight aluminum boxes’ lids were closed and waited in the
oven for 5 minutes to have an equilibrated temperature in the boxes. Then boxes
were taken one by one and before weighing them, they were put over the metal mass
to cool them fast (Figure 5.16). And cooled boxes were weighed in 20 seconds after
taking them from the oven and this was recorded as M. Then aluminum box

weighed without filter papers and this mass was recorded as hot tare mass, Tj,.

Aluminum boxes put overmetal block to hasten cooling

Figure 5.16 Aluminum box put on the metal mass to cool it down fast.
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Filter paper water content (w), which will give total and matric suction value

is found by following formula;

Mw M, -M,-Tc+Th
W= =

5.1
Mf M, —Th D

After that, filter paper water content value put into Equation 5.2 to get suction

value.
Log (kPa)=5.1887 — 0.0741w (5.2)

A representative data sheet for filter paper measurements is given in
Appendix A.
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CHAPTER 6

TEST RESULTS

6.1 Soil Properties

Soil sample taken from the Middle East Technical University campus area
(Ankara) and its index, compaction, swell, and suction properties are given in Tables

6.1 and 6.2.

Table 6.1 Basic properties of the clay sample

Property Value
Specific Gravity 2.73
Liquid Limit, (LL) 48%
Plastic Limit, (PL) 21%
Plasticity Index, (PI) 27%
Clay Fraction (<2% finer than 2 pm) 67.9%
Activity, (PI/ % finer than 2 pum) 0.40
Optimum Moisture Content, (Wopt) 20.8%
Maximum Dry Density, (pq) 1.67 Mg/m’
Classification (According to Unified Classification System) CL
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Table 6.2 Swell and suction properties of the undisturbed sample

Test Results
Free Swell 2.4%
Natural Water Content 21%
Applied Normal Pressures: 75 kPa 150kPa 225 kPa
Total Suction (kPa) 3136 4110 4414
Matric Suction (kPa) 3054 3090 3042
Osmotic Suction (kPa) 81 1020 1372

Dry density versus moisture content and grain size curves of the soil sample

are shown in Figure 6.1 and Figure 6.2 respectively.
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Figure 6.1 Dry density versus moisture content.
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6.2 Shear Strength Measurements

The resulting graphics which are shear stress versus shear displacement and
vertical stress versus shear strength for all moisture contents (for samples at
compaction moisture content and for soaked samples) are illustrated on Figures 6.3

to 6.30.
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Figure 6.3 Shear stress versus shear displacement curves for -6% of OMC.
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Figure 6.4 Vertical stress versus shear strength graph for -6% of OMC.
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Figure 6.5 Shear stress versus shear displacement curves for -4% of OMC.
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Figure 6.6 Vertical stress versus shear strength graph for -4% of OMC.
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Figure 6.7 Shear stress versus shear displacement curves for -2% of OMC.
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Figure 6.8 Vertical stress versus shear strength graph for -2% of OMC.
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Figure 6.9 Shear stress versus shear displacement curves for OMC.
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Figure 6.10 Vertical stress versus shear strength graph for OMC.

76




Shear Stress, ¢ (kPa)

140

120

100

[e]
o

(<2
o

S
o

N
o

Shear Displacement, Al (mm)

1 N on=225 kPa
A A A
A g m wmE A%
A -:' ne "
. A- i.—. * ol 1_150 -\Pa
A M MR
-A 'S
mA . _
. on=75 kPa
LS
1 *
| e
a®
L 3 T T T
0 10 20 30 40 50 60

Figure 6.11 Shear stress versus shear displacement curves for +2% of OMC.
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Figure 6.12 Vertical stress versus shear strength graph for +2% of OMC.
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Figure 6.14 Vertical stress versus shear strength graph for +4% of OMC.
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Figure 6.15 Shear stress versus shear displacement curves for +6% of OMC.
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Figure 6.16 Vertical stress versus shear strength graph for +6% of OMC.
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Figure 6.17 Shear stress versus shear displacement curves for -6% of OMC for soaked samples.
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Figure 6.18 Vertical stress versus shear strength graph for -6% of OMC for soaked samples.
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Figure 6.19 Shear stress versus shear displacement curves for -4% of OMC for soaked samples.
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Figure 6.20 Vertical stress versus shear strength graph for -4% of OMC for soaked samples.
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Figure 6.21 Shear stress versus shear displacement curves for -2% of OMC for soaked samples.
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Figure 6.22 Vertical stress versus shear strength graph for -2% of OMC for soaked samples.
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Figure 6.23 Shear stress versus shear displacement curves of OMC for soaked samples.
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Figure 6.25 Shear stress versus shear displacement curves for +2% of OMC for soaked samples.
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Figure 6.26 Vertical stress versus shear strength graph for +2% of OMC for soaked samples.
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Figure 6.27 Shear stress versus shear displacement curves for +4% of OMC for soaked samples.
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Figure 6.28 Vertical stress versus shear strength graph for +4% of OMC for soaked samples.

85



120
—~ 100
< RV e Y N YA
k" N on=225 kPa
= 80
e at - .
% A | um uE" "= on=150 kPa
3 60 at
= A=
|
wn
= 40 A o 0000
S - o** on=75 kPa
< .0’
Y 20 ’e
0 l :
0 10 20 30 40 50 60
Shear Displacement, Al (mm)

Figure 6.29 Shear stress versus shear displacement curves for +6% of OMC for soaked samples.

120
y=0.3891x + 10.993
2 _
< 100 - R°=1
[a
-
N—r
o 80 -
=
e
S 60 _—
[«
=
n '=
D 40 - c'=10 kPa
o D'=21°
=
wn 20 /
0 : ;
0 50 100 150 200 250
Vertical Stress, o (kPa)

Figure 6.30 Vertical stress versus shear strength graph for +6% of OMC for soaked samples
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6.3 Comparision of Direct Shear Results for As Compacted and Soaked
Samples

The comparision of the shear strength parameters of the samples at
compaction moisture content and for soaked samples are shown in Figures 6.31 —

6.37.
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Figure 6.31 Comparison of vertical stress versus shear strength graphs of both soaked and as
compacted samples for -6% of OMC.
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Figure 6.32 Comparison of vertical stress versus shear strength graphs of both soaked and as
compacted samples for -4% of OMC.
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Figure 6.33 Comparison of vertical stress versus shear strength graphs of both soaked and as
compacted samples for -2% of OMC.
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Figure 6.34 Comparison of vertical stress versus shear strength graphs of both soaked and as
compacted samples for OMC.
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Figure 6.35 Comparison of vertical stress versus shear strength graphs of both soaked and as
compacted samples for +2% of OMC.
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Figure 6.36 Comparison of vertical stress versus shear strength graphs of both soaked and as
compacted samples for +4% of OMC.
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Figure 6.37 Comparison of vertical stress versus shear strength graphs of both soaked and as
compacted samples for +6% of OMC.

The shear strength parameters for all cases are given in Table 6.3.

Table 6.3 Comparision of direct shear results for soaked and as compacted samples

As Compacted Parameters | Soaked Parameters
Sample ¢ (kPa) ¢ | ckPa)| @)
-6% of OMC 65 49 4 21
-4% of OMC 77 46 9 24
-2% of OMC 81 32 18 24
OMC 84 30 12 15
+2% of OMC 56 15 9 22
+4% of OMC 47 16 20 19
+6% of OMC 24 19 10 21
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Figure 6.38 Water content versus cohesion graph for both soaked and as compacted samples

The behavior of cohesion versus moisture content is illustrated on Figure
6.38. The cohesion exhibits an increasing trend up to OMC and then drop. For

soaked samples cohesion value is almost constant (c'=12 kPa).

As it can be seen from Figure 6.38 when come close to the saturation water
content (27%), c¢' values of the as compacted samples and soaked samples come

closer, and this cause a decrease in shear strength of the samples.

Micheals (1959) explained the reduction of cohesion with decreasing
moisture content below OMC in unsaturated compacted clays as follows “as in
conventional laboratory tests, the soil sample used in this study is air dried, before
molding the necessary amount of water. The soil in this state consists of aggregates
of clay particles, and the mass will be granular material. That is to say these
aggregates may not be completely break down and some vestiges of their structure
may remain in the compacted soil, even though there are indications that the material
is dispersed in some areas. Thus lower magnitude of cohesion at dry side of optimum
is due to the presence of clay aggregates that give rise to a granular character to soil

mass (cited in Armangil, 1999).”
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The reduction of the cohesion at wet side of optimum is attributed to the
lubrication effect of excess water that give rise to thicker water films around clay
particles. The result is a reduction in both the cohesion and the angle of internal

friction with increasing water content above optimum (cited in Armangil, 1999).

The behavior of the angle of internal friction, @' versus moisture content is
illustrated on Figure 6.39. The angle of internal friction decreases as moisture
content increases up to OMC. On the wet side of OMC angle of internal friction has

almost a constant value (®'=17°).
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Figure 6.39 Water Content versus internal friction angle graph for both soaked and as
compacted

For @' values, as compacted samples have a decreasing @' value as moisture
content increase (Figure 6.39). However for soaked samples it is constant at about
22°. Also, as can be seen from Figure 6.39, on the wet side of OMC, @' values of as

compacted and soaked samples’ are close to each other.
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Decreasing trend of @' with the increasing w is explained by Micheals (1959)
as “@' does not depend on the moisture content but primarily depend on the particle
size, when the moisture content increases the amount and size of clay aggregates is
reduced, and the soil mass becomes composed of finer particles with clay phase

dominating the shear strength behaviour.”

6.4 Test Results of Undisturbed Samples

The shear stress — shear displacement and shear stress — normal stress
relationships for undisturbed METU campus clay (at natural moisture content and for

soaked samples) are given in Figures 6.40 — 6.43.

6.4.1. Shear Strength Test Results for Undisturbed Samples
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Figure 6.40 Shear stress versus shear displacement curves for undisturbed samples
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Figure 6.41 Vertical stress versus shear strength graph for undisturbed samples.
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Figure 6.42 Shear stress versus shear displacement curves for undisturbed soaked samples
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Figure 6.43 Vertical stress versus shear strength graph for undisturbed soaked samples.

Figures 6.41 and 6.43 show that for undisturbed samples @' and c' values are
slightly higher when they are compared with remoulded samples which have almost
the same inital water content and density. And when undisturbed samples soaked,
they again show a behaviour similar to the remoulded samples. ¢' and @' decreases to

the values for the remoulded samples.

6.5 Suction Test Results

The soil suction values (Total, matric and osmotic suction) measured by filter
paper method are given in Table 6.4 and in Figures 6.44 — 6.47 (for normal stresses
o,= 75, 150, and 225 kPa) for as compacted samples. The total suction values for

soaked samples for o,= 75, 150, and 225 kPa are given in Table 6.5 and in Figures
6.48 — 6.50.
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Table 6.4 Suction test results

Total Suction, ¥ (kPa)

Matric Suction, (u, —uy)

Osmotic Suction, 7t (kPa)

(kPa)

Water content B After Removal of '§ After Removal of B After Removal of

of the sample » 2 Normal Stress w 2 Normal Stress w 2 Normal Stress

< & < & < &

g 75 | 150 | 225 1 75 | 150 | 225 S| 75 | 150 | 225
O | kPa | kPa kPa O | kPa | kPa | kPa O | kPa | kPa | kPa
-6% of OMC | 2365 | 2596 | 4000 | 8865 | 1795 | 2020 | 3660 | 7450 | 570 | 576 | 340 | 1415
-4% of OMC | 1707 | 1783 | 2816 | 4004 | 1091 | 1497 | 2400 | 3400 | 616 | 286 | 416 | 604
2% of OMC | 1161 | 1200 | 1400 | 1800 | 907 | 712 | 936 | 1292 | 254 | 488 | 464 | 508
OMC 876 | 1079 | 1200 | 1300 | 642 | 548 | 680 | 790 | 234 | 531 | 520 | 510
2% of OMC | 530 | 690 | 900 | 1010 | 400 | 275 | 350 | 403 | 130 | 415 | 550 | 607
+4% of OMC | 497 | 658 | 747 | 792 | 185 | 372 | 430 | 480 | 312 | 286 | 317 | 312
+6% of OMC | 488 | 634 | 700 | 780 | 291 | 384 | 420 | 520 | 197 | 250 | 280 | 260
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Figure 6.44 Total, matric and osmotic suction results on moisture content versus suction graph
for as compacted samples.
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Figure 6.45 Total, matric and osmotic suction results on moisture content versus suction graph
for ¢,= 75 kPa samples.
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Figure 6.46 Total, matric and osmotic suction results on moisture content versus suction graph
for o,= 150 kPa samples.

10000 - | |

9000 - Total Suction o
< 8000 } }
£ 7000
= i Matric Suction
B4 6000 -
C
S 5000 -
—
3 4000
3 ,

3000 &

2000 - Osmotic Suction .

1000 4 = N\e

A AT AT
0 . "‘\i
0 5 10 15 20 25 30
Moisture Content, w(%o)

Figure 6.47 Total, matric and osmotic suction results on moisture content versus suction graph
for o,= 225 kPa samples.
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Figures 6.44-6.47 show that, for all normal pressures total, matric and
osmotic suction change with moisture content are similar. Change in osmotic suction
values are less than matric suction values. Also these Figures show that most of the

total suction is matric suction.
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Table 6.5 Suction results for soaked samples

Total Suction

Matric Suction

Osmotic Suction

After Removal of

After Removal of

After Removal of

Sample Normal Stress Normal Stress Normal Stress
75 | 150 | 225 | 75 | 150 | 225 | 75 | 150 | 225
kPa | kPa kPa kPa | kPa | kPa | kPa | kPa | kPa
6% ofOMC | g15| 98s| 603| 188| 653| 391| 630| 335| 212
A% ofOMC | 602 | 709 | 810 | 122| 223| 555| 480 | 486| 255
2% 0fOMC | 595 | 712 | 820 | 90| 416| 400| 502| 296| 420
OMC 492 | 519 | 803 | 99| 389| 401| 393| 130| 402
2% ofOMC | 651 | 725 | 700 | 105| 256| 159| 516| 469 541
A% ofOMC | 497 | 8s1| 1240 34| 281 385| 463| 570| 855
6% ofOMC | 1012 | 1400| s62| 10| 193] 4361002 | 1216 | 426
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Figure 6.48 Total, matric and osmotic suction results on moisture content versus suction graph

for ¢,= 75 kPa soaked samples.
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Figure 6.49 Total, matric and osmotic suction results on moisture content versus suction graph

for o,= 150 kPa soaked samples.
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Figure 6.50 Total, matric and osmotic suction results on moisture content versus suction graph
for o,= 225 kPa soaked samples.

When the total suction — moisture content graphs of soaked samples are
compared with as compacted samples (Figures 6.44-6.47 and 6.48-6.50), the trend
for compacted samples disappear due to soaking. Again there is a trend of Total
suction > Matric suction > Osmotic suction. Figures 6.48 -6.50 show that, for soaked
samples, total suction values are generally changing between 600 kPa and 850 kPa

for all normal pressures.

6.5.1 Moisture Content and Total Suction Relationships

The moisture content versus log total suction relationships are given in
Figures 6.51 — 6.54 for different o, values. Figures 6.51 — 6.54 indicate that the soil
suction increases as the water content decreases at the dry side of optimum, and in
this range of water content the moisture content versus log suction behaviour is linear

(regression equations are given on the Figures).
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Figure 6.51 Moisture content versus total suction graph for as compacted samples.
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Figure 6.52 Moisture content versus total suction graph for o,= 75 kPa samples.
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Figure 6.53 Moisture content versus total suction graph for ,= 150 kPa samples.

30

10000 -+
\\\
<
[a
<
5.: *
§ 1000 | Iny=13.845-0.3279w A -
= R?=0.97 S
wn
IS
S
|_
100 . . )
0 5 10 15 20 25
Moisture Content, w (%)

Figure 6.54 Moisture content versus total suction graph for o,= 225 kPa samples.
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Figures 6.51 — 6.54 show that total suction decreases upto OMC and then it
has an almost constant value. For the values less than OMC, change in total suction

1s much more than for the values on the wet side of OMC.

6.5.2 Total Suction and Shear Strength Relationships

The total suction (log) versus cohesion and total suction (log) versus angle of
internal friction relationships are given in Figures 6.55-6.57 and 6.58-6.60

respectively.

Figures 6.55-6.57 show that, for all normal pressures (for as compacted
samples), upto OMC, as total suction decreases, cohesion increases, at the wet side of
OMC as total suction decreases cohesion decreases. Also from the graphs it can be

concluded that at dry side change in cohesion is less than change in total suction.
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Figure 6.55 Comparison of soaked and as compacted samples’ total suction vs cohesion graphs
for 75 kPa.
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Figure 6.56 Comparison of soaked and as compacted samples’ total suction vs cohesion graphs
for 150 kPa.

907 ‘ ‘
80 +

*
70 As Compacted —» \
60 - ¢

50 -
40 -

Cohesion, c' (kPa)

30 +

20 u =

10 | Soaked —» "'iﬁ""

o |

100 1000 10000
Total Suction, ¥ (kPa)

Figure 6.57 Comparison of soaked and as compacted samples’ total suction vs cohesion graphs
for 225 kPa.

Figures 6.58-6.60 show that, for all normal pressures (for as compacted
samples) change in total suction with respect to angle of internal friction shows

similar and increasing behavior from wet side to the dry side.
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Figures 6.58-6.60 show that @' values of compacted samples at the wet side

of OMC is close to the @' values of the soaked samples.
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Figure 6.58 Comparison of soaked and as compacted samples’ total suction vs angle of shear
resistance graphs for 75 kPa.
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Figure 6.59 Comparison of soaked and as compacted samples’ total suction vs angle of shear
resistance graphs for 150 kPa.
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Figure 6.60 Comparison of soaked and as compacted samples’ total suction vs angle of shear

resistance graphs for 225 kPa.

The shear strength of the compacted samples which are defined as the
maximum stress measured in the direct shear tests are plotted against total soil
suction on the logarithmic scale as shown in Figure 6.61 (for as compacted samples)

for the three normal stress ranges studied and for the soaked samples are given in

Figure 6.62.
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Figure 6.61 Total suction versus shear strength graph for o,= 75, 150, 225 kPa

Figure 6.61 shows that, for all normal pressures change in total suction with
respect to shear strength shows similar behavior. Towards dry side of OMC, shear

strength increases.
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Figure 6.62 Total suction versus shear strength graph for ¢,= 75, 150, 225 kPa for soaked
samples
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From Figure 6.62 due to soaking, initial moisture content loose its importance
for the shear strength and total suction relationship, it can be seen that as normal
pressure increase, shear strength increase, too. However, this increase in normal

pressure does not effect total suction values.
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Figure 6.63 Matric suction versus shear strength graph for ¢,= 75, 150, 225 kPa.
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Figure 6.64 Matric suction versus shear strength graph for soaked samples (¢,= 75, 150, 225
kPa).
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CHAPTER 7

CONCLUSION

In this study, effects of compaction moisture content and soaking on the
unsaturated shear strength parameters and suction of METU campus clay were
investigated. Experiments were done on samples compacted at optimum moisture
content (w = 20.8%), at the dry side of optimum (w = 14.8%, 16.8%, 18.8%) and at
the wet side of optimum (w = 22.8%, 24.8%, 26.8%). The following conclusions

were drawn from the study:

When the sample is soaked cohesion is reduced with respect to sample

without soaking.

At the dry side of OMC, as moisture content increases, the cohesion exhibits
an increasing trend, after the OMC it drops. For soaked samples cohesion value is

almost constant (i.e. 12kPa).

For as compacted samples, @' values decrease as moisture content increases.
However for soaked samples, it is almost constant (=22°). On the wet side of OMC

both soaked and as compacted samples have @' values close to each other.

For undisturbed samples @' and c' values are slightly higher when they are
compared with remoulded samples which have almost the same inital water content
and density. And when undisturbed samples soaked, they again show a behaviour

similar to the remoulded samples.
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For all normal pressures total, matric and osmotic suction change with water

content show similar trend. Matric suction values are close to the total suction values.

The total soil suction increases as the moisture content decreases at the dry
side of optimum, and in this range of moisture content the moisture content versus
log suction behaviour is linear and after the OMC it has an almost constant value.
For soaked samples total suction values changes between 600 — 850 kPa for all

normal pressures.

For all normal pressures, at the dry side of OMC cohesion increases as total
suction decreases upto OMC, and after OMC, cohesion decreases as total suction
decreases. For all soaked samples c' values decrease and give values less than the ¢'

value of the as compacted sample +6% of OMC.

For all normal pressures, at the dry side of OMC angle of internal friction
decreases as total suction decreases upto OMC. @' values of the compacted samples

at the wet of OMC is close to the @' values of the soaked samples.

The soil suction (total suction and matric suction affects the shear strength,

and an increase in soil suction increases the shear strength.

This study shows the effect of the compaction moisture content (and total
suction and matric suction) and soaking on the shear strength parameters (c' and @)
and shear strength of the soil (shear strength decreases after soaking). Therefore, to
properly study the shear strength behaviour of unsaturated compacted soils, tests

should be performed on the soil in its ‘as compacted’ condition and after soaking.
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APPENDIX A

Table A.1 Measurement of soil suction by filter paper — data sheet.

MEASUREMENT OF SOIL SUCTION BY FILTER PAPER - DATA SHEET

Sarple Type Wopr.. B0 kPal NS /5| Wop.... %] kPa| WS /5| Wop.... %0 kPal W5 /5. Tested By:
Moisture Tin Mo H. Pars Tilgen
Top / Bottorn / Middle Filter Paper | T (Tot) B (Tot) M (Mat) |T (Tat) B (Tot) M (Mat) T (Tot) B (Tot) M (Mat) Test Date:
Cold Tare Mass, g D R T e f.......12003
Mass of Wet Filter Paper + M
Cold Tare Mass, g 1 Test Date:
Mass of Dry Filter Paper + Hot M
Tare Mass, g X 1 vt 1 v 0. Fo #2003
Hat Tare Mass, g Th Test Date:
Mass of Dry Filter Paper, g M,
M2-Twy e Lo £2003
hWass of Water in Filter Paper, M
g (W1 - M2 - Te + Th) “' Temperature:
Filter Paper Water Content, % W
hweltg | ¢ ¢ ° L 5
Suction h




