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THESIS SUMMARY

Aston University. :

The Deformation Behaviour of the Collapsing and Destructured Soils of the
Sana'a Area and Their Response to Field Treatment.

Khaled Abdallah Al-Gasous.

PhD.

1995.

Previous work has indicated the presence of collapsing and structured soils in the
surface layers underlying Sana'a, the capital of Yemen Republic. This study set out initially
to define and, ultimately, to alleviate the problem by investigating the deformation behaviour
of these soils through both field and laboratory programmes. The field programme was
carried out in Sana'a while the laboratory work consisted of two parts, an initial phase at
Sana'a University carried out in parallel with the field programme on natural and treated soils
and the major phase at Aston University carried out on natural, destructured and selected
treated soils.

After an initial assessment, four sites were selected for the field programme and four
major treatments - ponding, preloading, roller compaction and deep compaction - were applied
at 28 locations within these sites which were subjected to standard penetration and dry density
testing. Disturbed and undisturbed (block) samples were obtained from all the soil layers at
these locations for the laboratory programme. ‘

The initial phase of the laboratory programme included classification, permeability,
and single (collapsing) and double oedometer tests while the major phase, at Aston, -was
extended to also include extensive single and double oedometer tests, Scanning Electron

Microscopy and Energy Dispersive Spectrum analysis. The mechanical tests were carried out
on natural and destructured samples at both the in situ and soaked moisture conditions.

The engineering characteristics of the natural intact, field-treated and laboratory
destructured soils are reported, including their collapsing potentials which show them to be
weakly bonded with nil to severe collapsing susceptibility. Flooding had no beneficial effect,
with limited to moderate improvement being achieved by preloading and roller compaction,

while major benefits were achieved from deep compaction. From these results a comparison
between the soil response to the different treatments and general field remarks were presented.

Laboratory destructuring reduced the stiffness of the soils while their compressibility
was increased. Their collapsing and destructuring mechanisms have been examined by
studying the changes in structure accompanying these phenomena. Based on the test results
for the intact and the laboratory destructured soils, a simplified framework has been developed
to represent the collapsing and deformation behaviour at both the partially saturated and
soaked states, and comments are given on its general applicability and limitations. It has been
used to evaluate all the locations subjected to field treatment. It provided satisfactory results
for the deformation behaviour of the soils destructured by field treatment. Finally attention is
drawn to the design considerations together with the recommendations for the selection of
potential improvement techniques to be used for foundation construction on the particular soils
of the Sana'a region. '

Key words:- Collapsing Soil, Destructuring, Soil Structure, Soil Improvement,
Deep Compaction.
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CHAPTER 1

INTRODUCTION

1.1 THE STUDY AREA

The Yemen Republic (Y.R.) lies along the south western part of the Arabian
Peninsula, and the study area of this research is Sana'a, the capital of the Yemen Republic
(Figure 1.1). It is located in the central high mountains of the Sana'a Basin at an elevation of
2300 metres above the sea level with the surrounding mountains rising a further 750 metres
above the Basin. Sana'a is an arid to semi arid region, in which the evaporation rate is
considerably in excess of the precipitation rate. The mountains bound the study area from the
west, east and partially from the south. These steeply sloping mountains coupled with the

arid climate have greatly influenced the processes of the soil formation.

Major developments have taken place in the region since 1962 leading to a great
expansion in construction. This urban development has been restricted by the surrounding
mountains forcing new works to concentrate in a limited area. This has lead to the
construction of multistorey buildings to provide the essential number of housing units. In the
Yemen Republic, much of this development has involved combinations of different structural
systems, often through additions to existing structures. Consequently, masonry, bricks and/
or stonewalls are often deployed with reinforced concrete in the same structure; either side by
side or on top of one another. In addition, different materials are used within the same
structure. These practices require extreme care in both design and construction to safeguard

against differential settlement which could jeopardize the safety of individual structures.

1.2 THE BACKGROUND AND THE PROBLEM

The recent upsurge in construction activities, coupled with shortage of local design
experience, has placed high demands on the engineering community in the Yemen Republic,
particularly those involved with building construction. Foremost of these demands is the need
to establish geotechnical guide-lines and a code of practice to guide the selection of appropriate

geotechnical parameters for the safe and economic design of individual structures.
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The initial phase of this task was commenced in the 1986. The geotechnical properties
of the surface soils of Sana'a were studied as a first step in identifying all the soils in the
Yemen Republic (Al-Gasous, 1988). Unfortunately, these initial investigations indicated
considerable variations in the soil types. Of particular concern was the presence of some soils
that seemed to be sensitive to water. Such soils were characterized by having an open, micro-
fabric structure of silt and quartz, with calcite as a cementing agent. These soils, characterised
by a tendency to collapse upon wetting, are defined as collapsing soils and, as such, resemble
Loess soils. In common with Loess soils, they have high shear strength when dry so, under
such conditions, can safely carry superstructures resting on shallow foundations. However,
when wetted or the moisture content raised, this can produce both a considerable drop in shear
strength and an excessive settlement or, even, collapse. Under such conditions, structures
resting on shallow foundations are not safeguarded against differential settlement which may

jeopardize their safety.

The initial investigation (Al-Gasous, 1988) indicated that many structures have been
damaged by settlement movements. Although over 95% of the buildings in Sana'a are light
structures of one to three floor storeys, a great number have exhibited moderate to severe
cracks in their finishes, bearing walls and even the structural skeleton. Roads have also been
repeatedly damaged by collapse within the subgrade, necessitating repair and repaving. With
all these failures, changes in the moisture content within the bearing soil were found to be the
principal trigger causing such failures. This breakdown within the surfacial soil structure,
" due to the wetting, has been termed as collapse, subsidence, hydrocompaction or
hydroconsolidation. Throughout this study the terms collapse and collapsing soil will be

used.

As an arid to semi arid region the water table within Sana'a is also very low. The
current damage to structures due to collapsing in the underlying soil arises primarily as a result
of the rapid urban development in the capital. As an example, 30 years ago the use of water
was limited both in and around buildings and large-scale irrigation was almost non-existent.
Furthermore sewage was treated in its dry state and so only limited liquor discharges were
produced. However, when such an arid area is opened up to industrial and urban
development, the opportunities are provided for spillages of large quantities of water, not only
through irrigation but also from the discharge of waste sewage into septic tanks. Typically
individual septic tanks are constructed for each structure so that they extend below the
foundation level. This enables water to reach the bearing soil layers, leading to an extensive
collapse in the adjacent super-structures. Indeed, during the construction of the main sewer
lines in Sana'a, the temporary increase in moisture content of these soils produced by the
construction processes led to unbelievable cases of failure in the existing structures and roads.

These became so severe that the insurance company cancelled its policy with the main
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contractor. The scale of these problems can be seen from Plate 1.1. Some cases of failures

were investigated by the author and these are summarized in Table 1.1.

1.3 THE OBJECTIVES

The problems associated with the collapsing potential of Sana'a soil are the subject of
this thesis. The research has both investigated the mechanisms of collapse and considered

solutions to these problems. The main aims of this research may be summarized as follows:

1) To study the mechanical properties and behaviour of the various collapsing soils, in the

Sana'a area, and to classify and identify their degree of collapsibility.

2) To study the collapsing potential in the field and to investigate the effects of different
compaction techniques - steel roller compaction, dynamic compaction and preloading - and
flooding with water, including the combined effects of flooding with the individual
compaction processes on Sana'a soils. The effectiveness of these treatments to be assessed
both by laboratory (collapse potential, water infiltration, deformation characteristics) and field

testing (SPT and dry density).

3) To establish a laboratory framework to evaluate the response of the soils to the various
field treatments, including both the mechanism(s) of collapse and the role of soil structure,

and destructuring, on the observed deformations.

4) To analyse both the field and laboratory data to provide the most appropriate techniques to
minimise the collapsing potential within the Sana'a soils. In addition, it is intended to produce
recommendations for the design and construction of both safe and economic foundations on

the collapsing soils of Sana'a.

Generally, the deformation of collapsing soils has been studied and evaluated by
defining the collapsing potential following wetting, with or without static loading. However,
the influence of destructuring on the collapsing behaviour has not been considered previously.
Consequently, a further aim of this study is to investigate the relationship between the

collapsing and destructuring phenomena of these soils.
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14 THE LAYOUT OF THE THESIS

The main aim of this thesis is to study the mechanical behaviour and collapsing
mechanism of Sana'a soils and their response to field treatment. Previous work on these
Sana'a soils is described in Chapter 2, and is followed by a literature view dealing with
collapsing soils, the effect of structure on the behaviour of natural cemented soil and
techniques that have been used to improve such soils. The scope of investigation, in both the
field and the laboratory, is described in Chapter 3. Chapter 4 gives a general description of
the soil formations, selected sites and engineering properties, while the mechanical behaviour
(collapsing and deformation) of the soils are given in Chapter 5. The field study and the
associated data are presented in Chapter 6 together with the analysis of this data. The
mechanical behaviour, collapsing and deformation of the laboratory destructured soils are
given in Chapter 7 together with the analysis and correlation of these results with those of the
natural soils. The laboratory framework of the collapsing and deformation behaviour is
presented in Chapter 8 which includes the interpretation, evaluation and correlation of the data
from both the field and laboratory investigation. Finally, the general conclusion,
recommendations and suggestions for further work are presented in Chapter 9. This final
Chapter, is followed by the references and the Appendices A2- B4, C5, D6, E7, F8 and G9
corresponding to the Chapters 2, 4, 5, 6,7, 8 and 9.
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Table 1.1 : Representative cases of failure in different structures due to increased moisture
content (1983 - 1990).

TYPE OF THE SOURCE OF
STATION | DESCRIPTION STRUCTURE WETTING FAILURE REMARKS
g Al Harazi 3 storeys of water pipe at Severe cracks
S house mixed materials 1.0m depth all over
N
= Al Khamisy 4 storeys of water pipe at Moderate cracks
= house mixed materials 1.0m depth in stairs
E In front of 2 storeys of mixed | water pipe at Minor cracks within
< Al Harazi house materials 1.0m depth the front bearing wall
Sha'areh 3 storeys of mixed | water pipe at Severe cracks in the front
g house materials 1.2m depth bearing wall
= .
= South of 2 storeys of mixed | Water pipe at Moderate cracks within
= Sha'areh house materials 1.2m depth the front bearing wall
=4
8 Eastern of 3 storeys of mixed| water pipe at Moderate cracks within
« Sha'areh house materials 1.2m depth the front bearing wall
=
E Abdul Qadd 3 storeys of mixed S ks in th
A adder rey ix . evere cracks in the
S house materials Sewage excavation| 4,y bearing walls
<
Al Kohali office | 1floor of bearing | Trrigation Moderate cracks
= blocks all over
= .8
é 2 Al Thari 1 floor of mixed Plants and Moderate cracks
& g house materials irrigation all over
Z—-
<< Al Aossta Jameh | 1 floor of mixed Rain ‘Severe cracks all over
school materials
E3
E a2 Street of Paved road Sewage line Severe cracks in the
= & Blood Bank pavent
==
S . Flooding of open Total faliure in the
.= £
& Augbah house Bea‘gl{t% Cl:]y (f::lrltand excavation from vertical cut reached
= broken pipe the foundation
= Al Gasous house | 1 floor of mixed Plants and Moderate cracks in the
£ materials irrigation bearing walls
]
- _ . Dump due to Moderate cracks in the
= Al Talabi 2 floors of mixed |sealing the adjacent| bearing wall above the
2 house material yard surface wetted area
o Accumulation of | Moderate cracks in the
g 9 storeys of water in the back bearing wall of th
o Mareb Hotel reinforced ; g €
& concrete due to depresion bacement above the
= in ground level wetted area
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Plate 1.1 : Various inspected failures and cracks due to wetting in;

a) fences, b) subgrade and pavement,

c) and d) light masonry and reinforced concrete structures, and

e) tilting in nine storeys of a reinforced concrete structure.
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CHAPTER 2

THE LITERATURE REVIEW

To cover the field of this study the literature survey is divided into four sections. The
first section, 2.1, deals with previous work on the soils of Yemen and, more specifically, the
Sana'a soils. The general review of the collapsing phenomenon and collapsing soil and their
characteristics are considered in section 2.2. Section 2.3 describes the properties of naturally
cemented soils including their structure and the consequences of destructuriﬁg. The final
section considers the field improvement of the collapsing soils by compaction, flooding,

hydroconsolidation, preloading, pounding and roller compaction.

2.1 THE SOIL IN SANA'A AREA

Information on the geotechnical properties and soil characteristics for the soils of the
Yemen Republic are almost nonexistent. Most of the available information is in the form of
. geological profiles, maps and water-well data, and cannot be labelled as geotechnical per se.
Documented information on the Yemen in general and, more specifically, on the Sana'a area
in terms of published reports and books covers only the surface geology, the physiography
ard the hydrology of the region (Italconsult, 1973). The exception being recent work
undertaken at King Fahd University, KFUPM, (Abduljauwad, Al-Mana and Al-Gasous,
1991). Additionally, construction and geotechnical reports on projects executed in Sana'a and
nearby areas are available and have provided preliminary information on the geotechnical

setting of th_ Sana'a region (Ministry of Public Work, 1985).

The physiography of the Yemen Republic (North) can be divided into five regions,

which, from west to east, are the Western Plain (Tihama), the Western Slope, the Highlands,

the Eastern Slope and finally the Eastern Plain as shown in Fig. 2.1 (Al-Gasous, 1938;

Mustafa, 1985).

The Highlands lie in the central part of the country with an elevation varying from

1500 to 3000 metres. The Sana'a area lies within this region some 2200 to 2300 m above sea

level. A great variation exists in the types of rock within this region, for example Precambrian
rocks. marine Jurassic rocks and Quaternary volcanic rocks. A series of highland plains

(basins) separates the discontinuous mountains in the Highlands region. These are the
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Dhamar, Yerim, Sana'a, Amran and Sadah plains and they are filled with alluvium and

alluvial deposits derived from volcanic debris (El-Anbaawy, 1985).

The morphology of the Sana'a Basin is typified by flat tabular forms with a deeply
entrenched valley and the morphogensis is quite recent, primarily of the Quaternary period.
These rocks are of two types: Quaternary basalt volcanic rocks, with a thickness that varies
from 0.0 to 300 m, and Quéternary sediments (Italconsult, 1973). The Quaternary sediments
are divided, according to the transportation mode, into aeolian (wind-laid) and fluvial (water-
laid). Within the Sana'a region these alternate as coarse (water-laid) and fine (mostly wind-
laid) horizons. The former is composed of silty-sandy gravel with boulders that range
upward to 50 centimetres in diameter and are light brown to light greenish-white in colour.
The layer thickness of individual coarse material can be 10-15 metres. The fine horizons from
the inter bedding - light brown silt or sandy silt - being only a few metres thick. Indeed, beds
of clean sand and gravel are quite rare. Instead, a clayey-silty matrix is almost always present
(Italconsult, 1973).

The geological map of Sana'a which was developed by W. Kruck in 1983 shows that
the area under study is covered by washplain sand and basin alluvium deposits. Fig. 2.2
shows the different geological formations, surrounding the Sana'a area (Al-Gasous, 1988;
Kruck, 1983). Grolier and Overstreet (1983) published a geological map of Yemen Republlic
which indicated that alluvial (gravel, sand and silt) deposits covered the flood plains at stream
levels, while fluvial deposits covered the base of the hills. The studies which were carried out
by Italconsult, for the Sam Wan Company as part of the project for the Sana'a water supply,
and by the Ministry of Public Works (Sam Wan, 1982) describe the surface soils of Sana'a as
silty-sandy soil, silty-clayey with sharp pebbles and some as gravelly sand with a matrix of

clayey silt.

The work by the author while at KFUPM (Al-Gasous, 1988) indicated the existence
of the wind deposits which are dominated by aeolian silt accumulation and evaporated
deposits with some sand accumulations. These sediments are of well-sorted particles and
most of the grains are quartz. The fine cementing agent is primarily calcite. The general
features and the engineering characteristics of this deposit are mostly recognized as a loess
deposit. They exist within the middle of three strips of the study area extending from south to
north (Wadi area, as will be indicated in detail in Chapter 4). This loess soil was deposited by
the wind forming the primary loess soil-sandy silt. The primary loess soil may have been
reworked and deposited by water forming a secondary loess soil, consisting of sandy-clayey
silt with gravel (Al-Gasous, 1988).

The identification of both sandy silt and sandy-clayey silt with gravel from both the
engineering properties and scanning electronic microscopy, indicated that those two types of

soil are similar to loess soils. In addition, laboratory tests showed that these soils exhibited
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excessive settlement when wetted. This is termed a collapse within the structure domain of

the soil and is a major characteristic of loess soil (Abduljauwad and Al-Gasous, 1991).

2.2 COLLAPSING SOIL

2.2.1 General

Collapsing soils are widely distributed throughout the world, in the United States,
Russia, Europe, South Africa, China and other parts of Asia. These deposits exist
extensively in the form of wind-borne and/or water-borne deposits. In addition, residual soils
and volcanic tuffs may produce collapsing soils, as may also some man-made formiations such
as fills. All these soils are deposited so that they exist in a metastable form at both a relatively
low density and in an unsaturated condition, so that wetting leads to a great reduction in
volume. This collapse mechanism may also be produced by the application of stress,
particularly during compaction, and further accentuated when accompanied by an increase in
water content. Indeed, this generalization of the definition is sufficient to include all the
variety of surface subsidence and soil structure collapse that may be caused by means other
than soaking. The collapsing soil, in it's natural state, is characterised by low moisture
content, low dry density, high shear strength and a loose structure of bulky shaped grains,

often in the silt to fine sand size range.

2.2.2 Soil Formation

2.2.2.1 Aeolian Formations

These deposits consist of materials transported by wind and produce features such as
sand dunes, loess, loessial-type deposits, aeolic sand beaches and large volcanic dust deposits
(Clemence and Finbarr, 1981). Loess deposits are widespread throughout the midwestern
and western United States, China and other parts of Asia, South Africa, Europe, Russia and
Siberia (Clemence and Finbarr, 1981).

The loess particles are predominantly of silt-size and composed of quartz and feldspar.
A small amount of clay, usually not more than 15 %, may be present. Loess may be
identified by its colour and particle size. Loess is tan to light brown in colour, crumbly, and
essentially devoid of stratification. Its open fabric structure and ability to stand in vertical
cuts, at natural moisture state, are also distinguishing characteristics (Sheeler, 1968). The

density of undisturbed soil may be as low as 1.2 Mg/m3, although the specific gravity of loess
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varies between 2.59 and 2.79, and the natural water content is low of the order of 10%. Most
loess plot near the A-line in the plasticity chart (Gibbs et al, 1960; Sheeler, 1968; Mitchell,
1976). Loess is also characterised by the existence of the vertical root holes, produced by the
gradual burial of grassy plains, so that the vertical coefficient of permeability is appreciably
greater than that for horizontal flow. Along the sides of these root holes and between the
particles, calcite precipitates and acts as a weak cement so that both clay and calcite can serve
as the cementing agent within loess deposits, with the calcite content reaching 30% (Gibbs et
al, 1960; Terzaghi and Peck, 1967; Das, 1984).

Typical of these formations are the Aeolian sands that occur widely in South Africa
(Jennings and Knight, 1957) and which are composed of quartz and feldspar with small
amounts of heavier minerals, the predominant clay mineral being kaolinite. As a consequence
of drying during the deposition of these grainsv, in arid to semi-arid regions, clay and some -
colloidal clumps have formed at the contact between sand grains. These clusters acted as
bridges or buttresses to support the sand grains in their position (Dudley, 1970) so that the
soil structure was at equilibrium under the natural overburden pressure and in situ degree of
saturation. For such soil the range of the dry density is 1.09 - 1.68 Mg/m3; with a liquid limit
range of 21- 25% and the plasticity index between 9-12%. However, the addition of water
and more load resulted in a cdllapse (Jennings and Knight, 1957). The observed settlement
within such soil reached 150mm (6in) (Dudley, 1970).

2.2.2.2 Water-laid Deposits

Water-laid deposits are primarily alluvial fans, flowslides and sheet flows. Such
deposits consist of loose sediments, laid down suddenly and locally forming a loose,
metastable structure with stream deposits, in particular, producing a loose, poorly graded
material. Clay present in these materials can act as a binder, while additional cementation may
develop from the upward movement of water which, in arid regions, evaporates and so
precipitates the dissolved salts. The resulting structure is susceptible to collapse if wetted, and
collapses of up to 4.3m have been reported in such deposits (Clemence and Finbarr, 1981;
Dudley, 1970).

The collapse phenomena in such deposits are influenced by the clay content. When
the clay content of the soil is below 5 per cent, the soil is unlikely to exhibit collapse. The risk
of collapse increases as the clay content increases above this figure and when it reaches some
12 per cent of the soil, the risk of collapse is high. When the clay content exceeds 30 %, the
soil becomes susceptible to swelling. However, at clay contents between 12 and 30 per cent,
the void ratio becomes the predominant factor controlling the collapsing potential so that the
risk of collapse is directly related to the void ratio. The role of the moisture content is linked

to the deposition process since the deposits dry as they are laid down so the soil is typically at



30

low moisture content. This rises rapidly following flooding and so, in general terms, the drier

the soil is before flooding, the greater the collapse (Dudley, 1970).

2.2.2.3 Residual Deposits

The deposits produced by the in situ weathering of crystalline rocks are known as
residual soils. While the texture of these soils may be similar to that of the parent rock, the
sediments vary in size from large fragments to gravel, sand, silt, clay, colloidal and, in some
cases, organic matter. The intense weathering and leaching, coupled with an abundance of
colloidal silts, result in fabrics and textures ranging from open metastable structures at the top
horizons to denser fabric structures lower in the ho‘rizon. The weathering processes 1s more
pronounced within the upper horizon than the lower horizon. The resulting high void ratio
and low dry density make this top horizon more prone to collapse while, in the lower horizon,
the structure is denser with a higher clay content due to leaching from top horizon.
Concretion, crumbing and nodules are common in residual soil (Barden, 1973 and Smart,
1975). Such residual collapsing soil occurs in South Africa, and Rhodesia (Clemence and
Finbarr, 1981).

2.2.2.4 Other Collapsing Soils

Man made fill is another formation that may exhibit collapse upon wetting.
Compacted embankments for roads and earth dams are those that may collapse. Any
compacted clay soil or clayey sand can collapse significantly under both loading and wetting
and, especially, if they are compacted dry of the (Proctor) optimum water content (Barden et
al, 1973; Hausmann, 1990; Bell, 1992). The collapsing potential in compacted fill has been
primarily related to both the initial structure and the negative pore water pressure (Barden et al,
1973).

Other soil types which exhibit collapse upon soaking are those derived from cemented
loose sand, dispersive clays, volcanic tuff, gypsum soil and sodium-rich montmorillonite

clays (Clemence and Finbarr, 1981).

2.2.3 Criteria for Recognizing Susceptibility to Collapse

The susceptibility to collapse and its magnitude are related to many factors such as the
natural moisture content, density, soil structure, applied stress, testing method and the
weathering effect. Peck et al (1974) classified the loess deposits with respect to the soil
formation as primary loess, upper horizon, and secondary loess, lower horizon. The
collapsing tendency is known to be more prevalent in the primary loess than in the secondary

loess. Al-Gasous (1988) and Gao (1988), indicated that leaching and fines migration effect
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both the formation of loess and collapsing soils and their collapsing tendency. The loss of
fine particles and cementation from the upper horizon, due to leaching, increased its tendency
to collapse resulting in a primary collapsing horizon, while deposition of these materials
within the lower horizon increased its stability and minimized its tendency to collapse resulting
in a secondary collapsing soil. Therefore, some of the soil deposits described in section 2.2.2
may not exhibit a primary collapse being considered to only exhibit secondary collapse.
Several methods are available for the identification and evaluation of the collapsibility of soil
and they are based on a number of factors such as void ratio, moisture content and density. In
addition, experimental techniques have become powerful methods for defining such criteria.

Some of these qualitative and quantitative methods are described in the following sections.

2.2.3.1 Qualitative Methods

Qualitative Methods Based on Void Ratios: Denisov (1951) defined a coefficient of
subsidence as K :-

Ko = BL €0 i (2.1)
where, e, = void ratio at the liquid limit, and
eo = in situ void ratio.
Kc =0.5-0.75 : Highly collapsible soil.

Ke = 1.0 : Non-collapsible loam.

-~
o
It

1.5-2.0 : Non-collapsible soils.

The USSR Building Code (Northey, 1969) also employs a relationship based on the

void ratio. For soils with a degree of saturation, Sq, below 60% and

(eg—cL) /(L +eg) > - 0.1 e, (2.2)

the soil is susceptible to collapse, where
| eo = in situ void ratio, and
e[ = void ratio at liquid limit.
Denisov (1951) used relationships to evaluate the magnitude of collapse due to loading

only, and due to the combination of both loading and soaking, as :-

Rp = (CO - ep) /(1 + CO) .................................................... (23)
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where, Rp is the coefficient of subsidence or collapse due to loading only, and
ep = void ratio in oedometer under pressure p, before wetting, similarly
Ri=(eg-ew) / (1 +€0) it (2.4)

where, R is the coefficient of the total collépse, and

ew = void ratio after wetting under the same pressure p.

The difference between Rp and Ry is the collapse due to wetting.

Feda, 1964, stated the possibility of collapse in terms of the porosity of the soil, ng,
rather than the void ratio. He stated that, if the initial porosity, ng, is greater than 40 per cent

the soil is susceptible to collapse.

Qualitative Methods Based on Moisture Content: Priklonski (1952) suggested a
relationship between moisture content, Atterberg Limits and an indicator factor Kq as

follows:-

Kd = (WL - Wo)/Ip ........ (2.5)
where, Wi, = Liquid limit,
W, = Natural moisture content, and
Ip = Plasticity index.
Kq<0 Highly collapsing soil.
K4 = 0.5 Non-collapsing soil.

Kq > 1.0 Swelling soil.

Feda (1964) developed Priklonski's relationship by including the initial degree of
saturation, thus :-

Ki= (Wo/So) - (Wp/lp ) e (2.6)
where, W, : Natural moisture content,
So : Natural degree of saturation,

W, : Plastic limit, and

p
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Ip : Plasticity index.

Partially saturated soils with K values greater than 0.85 are classified as collapsing soil, Feda

used the term "Subsident Soils". For the other soils, collapse should be expected upon
wetting when S5 < 0.6.

Qualitative Methods Based on Density: If the density of a soil is sufficiently low to produce

a void spaée larger than that required to hold the liquid limit water content, collapse problems
are likely (Gibbs and Bara, 1962). However, if the void space is less than that required to
accommodate the liquid limit water content upon saturation, Wy, collapse is not likely, N.L.,
unless the soil is also loaded. On the basis of these observations, a relationship has been
developed to predict collapse by plotting dry unit weight against liquid limit for different
values of the specific gravity, Gg, as shown in Fig. 2.3, where Gibbs and Bara (1962) used
the unit weight in kN/m3 rather than the more usual density in Mg/m3. Clevenger, 1956,
related the collapsing potential, in terms of the expected settlement, directly to the dry density.
He stated that, if the dry density is less than 1.28 Mg/m3, the settlement will be large, while it
will be limited if the dry density is greater than 1.44 Mg/rn3.

In addition to these methods, others have been presented which combine physical
properties with the soil texture. Anderson (1968) developed a relationship to define a
collapsing ratio, R, in term of the Atterberg Limits, uniformity coefficient, the grain diameters
corresponding to specific percentages of the soil and the the fraction passing No. 10 and 200
sieves as indicated in Table 2.1. Use of the soil texture to define the collapsing criteria was
also reported by Handy, 1973, who related the collapse probability of an Iowa Loess solely to

the clay content as follows:-
Clay contents <16 % = high probability of collapse
16 to 24 % = probably collapsible.
24 to 32 % = less than 50% probability.
> 32 % = usually safe from collapse.

Qualitative Experimental Methods: A lot of experimental methods have been presented to

indicate the susceptibility to collapse. Among these Benites (1968) suggested a simple
dispersion test which consists of dropping 2 grams of natural soil, in its bulky form, into a
cup containing 125 cc of distilled water, and recording the time required for the sample to
disperse. The dispersion time for collapsing soil is 20 to 30 seconds (Northey, 1969). Table

2 1 summarises the criteria for collapsing identification, methods mentioned above, described

by Lutenegger and Saber (1988).

The following approach, as a field identification, was suggested (Kantey, 1967):
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(1) Most collapsing soils, when removed in the form of small lumps, will break
down readily between the fingers.

(2) If an auger hole is excavated and refilled with the soil removed from the hole,

collapse is likely if the returned soil does not fill the hole.

(3) A very simple test, referred to as the sausage test (Clemence and Finbarr, 1981), is
similar to (2) above, and can be readily carried out in the field. A hand-size sample of the test
soil is broken into two pieces, and each is trimmed until they are of equal volume. One is
moulded and wetted in the hands to form a damp ball. The two volumes are compared again

and collapse can be expected if the wetted soil is obviously smaller in volume (Clemence and
Finbarr, 1981).

Audric and Bougquier (1976) distinguished between collapsible and non-collapsible
soils by performing a series of consolidated undrained triaxial tests. They noted that when
collapsible loess was tested, the deviator stress reached a peak at a rather small value of axial
strain and decreased with further straining, although the pore water pressure continued to
increase after the peak deviator stress had been reached. With the non-collapsible soils, the
deviator stress continued to increase with strain although the accompanying increase in pore

pressure was small

The most powerful experimental method for identifying the collapsing susceptibility is
the oedometer test suggested by Knight (1963). A natural sample of the tested soil is trimmed
to fit in the oedometer ring, and stresses are applied progressively to approximately 200 kPa.
At this stage the specimen is soaked by water and left for a day when the test is resumed and

taken to the maximum loading limit. A typical curve resulting for this procedure is shown in
Fig. 2.4, from which the collapsing potential, Cp’ can be defined as:-

Cp = Aec I (14€0)  eoveriieiee e (2.7)
where, Ae. = difference in void ratios upon soaking; (ej-e2) and e}>e;
eo = natural void ratio.
This collapsing potential Cp may also be defined as:
Cp = AHe / Hg (2.8)
in which, AH_. = change in height upon soaking; and
H,, = initial height of the sample.

Jennings and Knight (1975) have suggested values for this collapsing potential, Cp, to

indicate the severity of the collapsing problem and these are given in Table 2.2.
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2.2.3.2 Quantitative Methods

Jennings and Knight (1975) have developed a method to give not only a qualitative
determination of the susceptibility to collapse, but also quantitative measures to predict the
magnitude of the collapse. It consists of concurrently running two oedometer tests on natural,
undisturbed samples of the soil, preferably obtained from block samples trimmed by hand.
One sample is tested at its natural moisture content while the other is inundated with water.
An initial load of 1.0 kPa is used as the setting load for each test, and this load is doubled each
24 h throughout the normal oedometer test, with the results expressed graphically as a
consolidation curve with void ratio, e, plotted against the pressure, p, on semi-logarithmic
paper as shown in Appendix A2-1. The magnitude of the settlement, due to either loading at
natural moisture (A ep) or loading and wetting (A ec), can be estimated by superimposing the

consolidation curves for the two tests. The method of calculation depends on whether the soil -

is normally consolidated or overconsolidated as shown in A2-1 (Jennings and Knight, 1975).
However, for the investigated soils as slightly 6verconsolidated soils, the setting pressure was
used instead of the overburden pressure, po, in A2-1 after Houston et al (1988). In fact,
since 1975 this quantitative method has been used widely to predict and classify the collapsing
potential and has recently been published as a standard method by ASTM (1992). According
to ASTM (1992), a single oedometer tests is employed to define the value of the collapsing
potential, I¢, under any pressure while that occurring under a pressure of 200 kPa 1s defined
as the Collapsing Index, Icx. There are some differences between these parameters and the
Cp, employed by Jennings and Knight, and these are related to variations in the classification
ranges and the corresponding degree of collapse identification. Both of these methods have
been employed in this study and the particular testing procedures and classification systems

are presented in Chapter 5.

2.2.4 Effect of Inundation on Soil Structure

The infiltration of water into the soil mass leads to an increase in the moisture content.
Extensive study has indicated that there are four main types of inundation that can trigger the

collapse of soils (Goldshtein, 1969) and these are as follows:-

a) Local, shallow wetting caused by water from pipelines and/or septic tanks and the
uncontrolled drainage of surface water during construction. In addition, extensive irrigation
adjacent to the construction can be another source of local wetting. This does not usually
penetrate to great depths, so that rises in the ground water level are not normally expected with
settlement primarily occurring in the upper layer of soil below the inundated zone. As a
consequence of this local wetting, differential settlement can be expected which may

jeopardize the safety of structures in the immediate surroundings.
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b) Intense, deep, local inundation caused by the discharge of industrial effluents or
irrigation. If the flow rate is sufficient to cause a continuous and considerable rise in the
ground water level, the entire zone of collapsible soil can be rapidly saturated. This can
produce dangerous and extremely uneven settlements which may involve the whole thickness
of the soil layer. Such collapse may be initiated by either the load from existing structures or

even the weight of the overlying soil.

c) Slow and relatively uniform rise in the ground-water level from water flow from a
source outside the collapsible area. In this case, the settlement is normally uniform and

gradual.

d) Gradual, slow increase in the moisture content of a thick layer of soil resulting from
the condensation of water vapour caused by changes in the evaporation conditions, such a
case occurs when the ground is covered by asphalt or concrete. The weakness within the
internal bond of the affected soil is partial so settlement is incomplete, and increases slowly
with the wetness of the soil. Collapse may occur due to water alone, or due to the combined

action of soaking and loading.

2.2.5 The Mechanism of Collapse and its Requirements

Investigations have indicated that the collapsing mechanism of these partially saturated
soils is due to local shear failure between the soil grains or peds, so it is compatible with the
principle of effective stresses (Barden, 1973; Maswoswe, 1985). This collapse mechanism 1s
best considered in terms of two separate components of effective stress, namely the applied
stress and the suction, as demonstrated by Bishop and Blight (1963). Both these components
develop intergranular stresses by different mechanisms. The applied stress causes shear
stresses leading to instability at intergranular contacts, while the suction is a normal stress and

hence increases the stability of the intergranular contacts.

Holtz and Hilf (1961) explained collapse on the basis that soaking reduces suction to
zero, thereby causing the effective stress path to be translated (at constant shear stress, q)
across the Mohr-Coulomb failure envelope by an amount equal to the presoaking suction.
Intersection of the effective stress path with the failure line would result in the sample
undergoing general shear failure and additional settlement . They also obtained compression

curves showing that collapse occurs in soils compacted to high densities when dry of

optimum water content.

A similar approach has been used by other researchers to explain the collapse
mechanism. Jennings and Burland (1962) described the increase in effective stress in a

partially saturated soil, due to water menisci at the grain contact points, as a form of
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"bonding" that offers considerable resistance to local shear forces. If, however, the partially
saturated, granular soil is wetted while under load, these interparticle "bonds" are removed
and the soil collapses as indicated in Fig. 2.5. Barden, Madedor, and Sides (1969) postulated
that the soil suction in a partially saturated soil provides the structure with a temporary rigidity

which is removed by wetting, thereby leading to collapse.

The bonding or rigidity in a soil, which is reduced during collapse, is not necessarily
due to capillary suction. A similar effect can be produced by chemical cementing agents such
as iron oxide and calcium carbonate (Barden, McGown, and Collihs,1973). Whatever the
basis of the bonding strength, all types are weakened by the addition of water, thereby
allowing locally large shear stresses to collapse the structure. In the case of capillary suction
the drop in strength will be immediate, whereas in the case of chemical cementing, it is usually

slow.

Arother approach for analysing the collapsing mechanism is to consider the soil
structure and its effect on this phenomenon. The arrangement of the soil particles has an
important role in determining the extent of the collapse that occurs when the soil is wetted
under a given set of conditions. Generally, appreciable collapse requires satisfaction of the

three following conditions:-

1) An open, potentially unstable, partially saturated structure,
2) An appropriate level of applied stress to produce a metastable condition,
3) A soil sufficiently bonded, by suction or cementing action, to hold the

intergranular contacts in position but which, upon soaking, will collapse.

The individual contribution of each of these factors can greatly affect both the magnitude and

the rate of collapse (Barden et al, 1973).

2.2.5.1 Unstable Soil Structure

The term "structure” is broadly applied to cover the combined effects of particle
arrangement and interparticle forces. The metastable structure of the collapsing soil is
characterised by having an open fabric structure of bulky shaped grains individually held in
place by some bonding materials or forces. This open fabric has been termed a honeycombed
structure by Casagrande (1932) and typically consists of highly compressed, bonding clay
trapped between silt and fine sand grains as shown schematically in Fig. 2.6 (Mitchell, 1976).
The arrangement of the grains and the bonding agent within the collapsing soil domain can
take different structural forms as shown in Fig. 2.7 with bonding, attributed to capillary
tension (Fig. 2.7(a)) and fine material, such as silt or clay, supporting the (collapsing) soil

structure. These materials and/or forces are susceptible to reduction or elimination by
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increasing the moisture content, so the support is reduced and the grains are able to slide on
one another and into the vacant space (Dudley, 1970). In fact, the bulky metastable structure

of the silt particles is a key element leading to the collapsing criteria.

2.2.5.2 Metastable Stress Condition

Collapsing soils have the ability of carrying very high loads with only limited
deformation at low moisture contents for, under these conditions, the bonding materials
and/or forces provide the necessary shear strength to support the applied pressures.
Therefore, under dry conditions, the structure remains highly voided and the potential for
collapse exists (Houston et al, 1988). When the moisture content of the collapsible silt starts
to rise, for whatever reason, the supporting system will weaken. Ultimately, as the moisture
content continues to rise, the bonding reaches a limit where it can no longer resist the existing
applied stress and hence the soil collapses. This collapse will be accelerated if the applied load
also increased and this could be due to an increase in the overburden pressure, produced by

the deposition process, or an increase in the external load as a consequence of construction.

2.2.5.3 Bonding Strength

The interparticle bonding strength is greatly affected by the depositional system and
the climate. Water-borne fine deposits, after deposition, or the wind-borne deposits subjected
to rainfall exist in a wetted condition, although rainfall affects only soils near the exposed
- surface. As the wetted soil starts to dry by evaporation, capillary tension pulls the remaining
water into the spaces at the soil grain interface and this water may contain soluble salts, clay
colloids, and silt particles. As the soil continues to dry, the dissolved salts, clays, and silts
come out of solution and bond or weld the larger soil particles together at their interface
through capillary tension, clay bonding and cementation. These processes produce significant
interparticle forces (Mitchell, 1976; Houston et al, 1988; Ismael, 1993). In arid climates,
where the rate of evaporation exceeds the rate of precipitation, most deposited soils are
primarily silty sands, sandy silts, and clayey sands of low plasticity, typical of this study. As
a consequence, these soils possess bonding forces in the form of capillary tension, clay
bonding and cementation (Gibbs et al, 1960; Mitchell, 1976).

Capillary Tension: When a collapsing soil consists primarily of sand with a fine silt

binder, the capillary tension forces are considered to provide the silt-silt and silt-sand bonds as
shown in Fig. 2.7. When the moisture content of the soil falls below the shrinkage limit, the
remaining water is attracted to the soil particles by surface tension, and so -withdraws into the
narrow spaces close to the junctions between the soil grains (Fig. 2.7(a)). The curved air-
water interface produces a pore water tension which, in turn, generates an effective
compressive stress between particles. In effect the soil is internally prestressed so that an

apparent increase is produced in the effective stress due to the bonding mobilised by capillary
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tension (Burden, 1973 ; Derbyshire and Mellors, 1988). However with the arrival of water,
the surface tension is released, and as the strength is reduced, the risk of collapse is increased
which can lead to a rapid decrease in the volume.

Aitchison and Donald (1956) demonstrated that, for uniform spherical grains in an
open or cubical packing, the maximum added pressure due to capillary effect occurs at a
moisture content of about 32%. For the densest packing of uniform spherical grains, the
maximum tension force occurs at moisture content of 10%. In fact, due to the inherent
variation in grain sizes and shapes, the peak effective stress values of the various collapsing
soils occur at moisture contents above 10% and below saturation (Dudley, 1970; Clemence
and Finbarr, 1981). The maximum effective intergranular stress due to moisture films was
calculated to be of order of 13.7 kPa (Dudley, 1970). In contrast, for unéaturated silts, with

particle sizes from 0.02 to 0.002 mm, the effective stresses may be in the range of, 34.3 to
343 kPa,

Clay Bond:  Clay particles represent the predominant bonding agent when they exist among
the bulky sand and silt grains of the collapsing soil. A number of different structural
arrangements of the clay particles, either within their domains or with respect to the silt and
sand grains, are possible depending on the geological origins and history of the soil. When
the clay is formed in place by authogenesis, changes in surface texture, conversion .of
minerals and the formation of interparticle bonds may take place as a result of temperature,
pressure and time. Under such effects, the formation of a parallel plates around the quartz
particles can lead to the aggregated clay grains form (Fig. 2.7(c)). When the soil begins to
dry by evaporation, the capillary tension causes the clay particles to withdraw with water into
the junctions of the larger grains forming a random, flocculated arrangement leading to a
buttress support as shown in Fig. 2.7(d). The subsequent addition of water causes the clay
grains to separate, thereby producing a collapse in the soil structure (Knight, 1963; Dudley
1970).

The bond due to clay action can result from capillary and/or electrochemical effects.
The interference between these two phenomena makes it complex to separate these two
components (Clemence and Finbarr, 1981) for, when water is added, the capillary tension
would be relieved while the ion concentration in the fluid would also be reduced. Both would
increase the repulsive forces existing between particles as shown in Fig. 2.8. In the
flocculated structure, the ion concentration affects the amount and type of forces between
particles. In the same structure any two grains would have portions at various distances of
separation. At the high ion concentration all parts would be attracted while at the low
concentration a portion could be at a distance that produces a net repulsion. Thus, with this
type of clay bond, adding water would change the ion concentration which in turn would
produce a change in the supportive and cohesive effects of the clay buttresses (Dudley, 1970).

It has been generally observed that the lower the water content, the greater the bond strength.
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This flocculated structure is not the only possible arrangement in the clay. Among the
clay particles, aggregations can be formed and each aggregation acts as a grain in a flocculated
structure thereby producing their own capillary tensions as the silt grains. The amount of clay
within the soil structure has an important effect on the collapsing behaviour. Bull (1964) has
shown for maximum collapse the clay should comprise about 12% of the total solids. Above
30% the clay swells, while below 5% there is a little collapse. In between, there are cases in
which soil with larger pore spaces collapse more than those at the same void ratio, but with

smaller pores.

Cementation Bond: Many collapsing soils contain cementation agents such as calcite, iron

oxide, silica, and alumina (Mitchell,1976; Bell, 1992). Calcite is the predominant cementing
agent in loess soil while alumina and iron oxide are the predominant bonding agents in
residual soil. The cementation action is the prime source of bonding in loessial soil. Upon
saturation the soil loses its bond strength and a noticeable volume decrease accompanies this
weakening from wetting. In contrast, the cohesion is higher and the deformation is much
lower for a similar unsaturated sample so, for these collapsing soils, the lower the water
content the higher the bond strength (Clemence and Finbarr, 1981).. The loss of the
cementing action is directly related to the degree of wetting and the presence of contamination
in the water, together with the applied load. Generally the higher the level of saturation and
the higher the applied stress, the greater the loss of cementation (Gillott, 1987).

However, irrespective of the basis of the bond strength, all collapsing soils are
weakened by the addition of water. Collapse is fastest when the grains are hold together by
capillary suction, and slower when cementing agents provide the bonding, and slowest in the

case of clay buttresses. In all cases, the addition of water to the soil is the triggering action.

2.3 DESTRUCTURING OF THE CEMENTED SOIL STRUCTURE

2.3.1 Iﬁtroduction

The conventional soil mechanics concepts, which rely upon the stress history and
initial porosity, still provide the guidelines for describing the behaviour of engineering soils.
In the recent years, some investigators have expressed reservations concerning the continuous
use of these concepts with such soils as residual soil, soft clays, stiff clays, and sands.

Among these are Mitchell and Sitra, 1982; Vaughan, 1985; Leroueil and Vaughan, 1990;
Wesley,1990.

Vaughan (1985) stated that the use of the conventional concepts of soil mechanics,

based on sedimentary soils, is "universally inapplicable to the behaviour of residual soil, and
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misleading if inadvertently applied". Wesley (1990) has shown that "residual soils can be
wrongly evaluated as problem soils simply because some aspects of their behaviour do not
confirm to that of sedimentary soil". Mitchell and Sitra (1982) found that caution was
necessary before applying the classic concepts of soil mechanics to the behaviour of residual
soils. In fact, all these investigators drew attention to variations in the weathering and
deposition processes which primarily account for the variations in soil structure and bonding.
It has been suggested that the structural effects should be introduced into the general concepts
of soil mechanics, together with the initial void ratio and stress history, as they are considered
to be of similar importance in describing soil behaviour (Vaughan,1985; Leroueil and
Vaughan, 1990; Wesley, 1990).

The behaviour of collapsing soil is primarily characterized and described by the solil
structure. The effect of wetting on the soil structure has been investigated and identified as the -
collapsing phenomenon. This collapse, as indicated earlier, is attributed to a release of the
capillary tension and/or a weakening process of the bonding or cementation agents. In fact,
such effects do not represent complete destructuring, since part of the structure will remain
even after collapse has taken place as will be considered subsequently. The relation between
the soil structure, collapsing and destructuring of the collapsing soils has not been studied in
the manner that it has been for residual soils. It is, therefore, encouraging to investigate this
relation, particularly when some of the collapsible soils are also residual soils. Moreover,
there is similarity between collapsing and residual soils with respect to the existence of the
open structure and the bonding forces, although the bond is weaker in the collapsing soils.
To study the collapsing and the destructuring of collapsing soils on the basis of the soil
structure, it is important to review the importance of structure on the behaviour of naturally

cemented soils.

2.3.2 Importance of Structure

The term structure reflects the effects of particle arrangement within the fabric and the
interparticle forces that provide the bond strength or cementation. Leroueil and Vaughan
(1990) have considered different types of soils - soft clay, residual soils, volcanic tuff, and
artificially bonded soils - that possess bonding forces and they have been defined as structured
soils. These structured soils exhibited the same soil behaviour but, when their structure is
destroied by destructuring through the loss of bonding and the accompanying changes in the
particle arrangements, they exhibited different behaviour. They concluded that the effects of
structure in widely different soils are essentially similar, and these can be formulated in a
general way, similar to the description of the effects of stress-history and overconsolidation in
the plasticity models and the concepts of yield developed for sedimentary clays. This

indicates that it may be possible to adapt these models to include the effects of structure.
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Collapsing soils are characterized by their open fabric structure and internal bonding
which are common with residual soils and, as indicated earlier, some residual soils are also
collapsing soils. In spite of the similarity, there are some differences between collapsing and
residual soils. Such differences are the variations in the degree of bond and the initial degree
of saturation due to differences in the local climate, arid and humid. Collapsing soils, which
are mostly found in arid climates, exist at low moisture content while residual soils occur in
tropical regions where intensive rainfall is common. The leaching processes and cycles of
wetting and drying within collapsing soils, in arid region, are less marked than in residual
soils so the amount of cementation in collapsing soils is less than that in residual soils. The
most common cementation agent in collapsing soil is calcite while iron oxide and aluminum
oxide perform this role in residual soils. Such differences may account for some of the
variation in the soil behaviour of each soil type. This may also explain why residual soils
exhibit higher apparent preconsolidation pressures and so act as overconsolidated soils, while
the collapsing soils with lower apparent preconsolidation pressures act as a slightly
overconsolidated soils. Some of the secondary collapsing loess soils, that occur in the lower
formations, can exhibit the same behaviour as residual soils due to their high bonding
strength. The concepts proposed by Vaughan (1985) to include structure along with the stress
history and pore voids, appear to provide not only a basis for understanding the behaviour of
residual soils but also provide a link between residual and sedimentary soil behaviour patterns
(Wesley 1990).

2.3.3 Natural Cemented Soils

Natural cemented soils occur widely in many formations, albeit with different degrees
of cementation. These range from sensitive clays, like Leda clay, to varved clay and deep
marine clays (Sangrey, 1972), through porous volcanic soils, like those from Canary Island
(Uriel and Serrano, 1973), to natural cemented sands (Saxena and Lastricb, 1978; Clough et
al, 1981). Such a broad classification includes both residual soils and collapsing soils.
Studies of natural cementation or bonding have led to the development of a number of
explanations. These have included calcium carbonate precipitation from supersaturated
solution (Houston and Mitchell, 1969), aluminium and iron hydroxide precipitation (Quigley

and Thompson, 1966), and amorphous manganese oxides and organic compounds (Mitchell

and Solymar, 1984).

Cementation has important effects on the properties, stability, and behaviour of many
soils. It is not always easily identified, nor are its effects always readily determined
quantitatively, although it is well known to contribute to soil sensitivity (Mitchell, 1976) and
to the development of an apparent preconsolidation pressure (Kenney, Moum and Berre,
1967; Bjerrum and Wu, 1960). The sensitivity of Leda clay has been found to range from 45
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to 780 (Sangrey, 1972) while the apparent preconsolidation stress, pc, has been found to be

larger than any past stress history of the soil. Similar behaviour has been exhibited by a late
glacial plastic clay from Sweden. It has a sensitivity of 30 to 70 and an apparent
preconsolidation pressure much greater than the maximum past overburden pressure (Bjerrum
and Wu, 1960). Bjerrum (1967) indicated that the removal of carbonates, gypsum, and iron
oxide by leaching with a disodium salt of ethylene-diamine-tetra acetic acid, EDTA, resulted in

a marked reduction in the apparent preconsolidation pressure of a quick clay from Labrador.
Both sensitivity and apparent preconsolidation stress, p¢, are employed to distinguish between

cemented and non-cemented soils (Sangrey,1972). The value of p. is very high, when
compared with the existing overburden pressure, pg, for highly cemented soils as shown in
Fig. 2.9 (Terzaghi and Peck, 1967), a typical void ratio/ log p curve for a cemented soil. The
curve is quite flat at low stresses but breaks abruptly after p. when the soil structure collapses.
When the difference is small, the soil may be slightly cemented soil, such as a lightly
cemented sands (Saxena and Lastrico, 1978).

Cementation affects both the shear strength and deformation behaviour of the soils for,
up to a limiting applied stress, it increases the resistance to deformation. When the
cementation is broken, the magnitude and the rate of deformation are largé usually leading to
an engineering failure or yield, although a higher ultimate strength may be obtained with
further strain beyond this yield point. This yield point has been found to be stress path
independent (Maccarini, 1987) and, before destroying the bond, the cemented soil behaves
elastically with the behaviour being independent of the stress ratio followed. Following the
deterioration of the bonds, the soil behaved plastically and the behaviour was dependent on
the stress ratio (Maccarini, 1987). At low confining stresses, the bond strength predominates
over the frictional resistance while, at larger confining stresses, the opposite occurs with the

bond component being less dominant.

2.3.4 Soil Destructuring

The concept of using the soil structure as a basic soil parameter has been employed
over the last ten years as discussed earlier, by many investigators. Leroueil and Vaughan
(1990) iﬁdicated that the behaviour of soils which possess bonding and cementation is greatly
influenced by the structure. Such soils are termed structured, while those that have never

possessed a definite structure or which have been strained, remoulded or highly disturbed are

described as destructured.

Destructuring can result from many actions, such as remoulding the soil or straining it
to a high limit. Soil sampling, handling and preparation for testing may also result in
(relative) destructuring. When the natural soil is subjected to liquefaction, earthquake or

compaction destructuring is produced, unusually with the degree of deterioration ranging with
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depth, and such destructuring has been studied by many investigators. The influence of the
soil structure and the consequences of its removal by remoulding intact samples was
recognized by Vargas in 1953. He presented the results of oedometer tests carried out on both
intact and remoulded samples of the same soil, shown in Fig. 2.10, which clearly show the
influence of soil structure on the behaviour of the soil. The curve AB represents the intact
sample while A"B" is the curve of the remoulded sample prepared at its natural water
content. The curves A'B' and A"B" represent remoulded and compacted samples prepared at
the liquid limit(A'B") and the optimum moisture content (A"B"). Vargas'suggested that the
curve A"'B" would be plotted in the region between A'B' and A"B". He also suggested the
existence of the virtual pre-consolidation p. within the upper horizon of the residual soil while
in the lower layers of the same soil, this virtual pre-consolidation pressure followed the
concept of pre-consolidation load, introduced by Casagrande. Wesley (1974) demonstrated
that the natural soil was stiffer and could sustain a higher pressure than the destructured soil

for the same void ratio, as shown in Fig. 2.11.

Leroueil et al (1979) studied the behaviour of three destructured, natural clays. They
indicated that destructuring a clay produced important modifications in most of the mechanical
characteristics, such as the shape and position of the limit state curve, the shear and bulk
moduli in the overconsolidated state, the peak and large strain strengths and the coefficient of
volumetric compression in the normally consolidated state. The effect of destructuration on
these characteristics is shown in Fig. 2.12. The effect of destructuring can also be recognized
" by compaiing the oedometer test results for both natural and re-sedimented soils, reconstituted
from slurry, as shown in Fig. 2.13 (Leroueil and Vaughan, 1990). - These show the
difference in void ratios between the natural and re-sedimented soils, the structure having been
removed from the re-sed