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Synopsis

Loess is a geologically young deposit, found all over the world. Large volume 

reductions can occur in the deposit due to loading and/or wetting. The collapse of a 

soil due to wetting is often referred to as hydrocollapse. Hydrocollapse of loess soil is 

a significant hazard for the built environment. This thesis discusses some of the 

modelling techniques that can be used for collapsible loess soils.

Estimation of the likely magnitude of hydrocollapse can be made by conducting a 

series of one-dimensional oedometer tests on specimens of the soil. The percentage 

hydrocollapse calculated in these tests can be used to compare loess samples from 

different regions. The amount of hydrocollapse observed will depend on the factors 

such as the density of the deposit and the amount of pore water present in the soil. The 

influence of each of these properties on the magnitude of hydrocollapse is difficult to 

determine from natural samples because the properties will be different from one 

region to another.

An artificial material has been developed to model the behaviour of collapsible loess 

soils. The properties of the artificial material can be varied and so the relative roles of 

the constituents can be determined. Another advantage of the artificial material is that 

it can be formed in the testing rig and therefore is not subjected to any sampling 

effects before testing. The artificial material has been tested in the oedometer and 

triaxia! equipment. The behaviour of the artificial soil compared well with natural 

loess soil from the UK. The artificial material also shows similar strength and 

stiffness to the natural loess soil.

The artificial material was used in a small-scale test of a strip footing. Rising ground 

water was simulated in the test and the settlement of the footing was monitored. The 

strip footing test was modelled using finite element techniques and compared with the 

laboratory results. A simple but effective method of estimating collapse below a strip 

footing on a collapsible loess soil was determined.
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Introduction

Introduction

1.1. COLLAPSING SOILS

Collapsing soils present a major problem for geotechnical engineers. There are many types 

of collapsible soil, such as loess, sensitive clays, volcanic ash, residual soils, man-made fills 

and colliery spoil. The properties and mineralogical composition of the different types of 

soils can vary considerably. However, they generally have an open, metastable pacldng and 

are geologically young. Loess is one of the most widespread collapsing soils. The aim of 

this thesis was to model collapse, both physically and numerically. The testing and 

modelling techniques used in this thesis were concentrated around loess. However, most of 

the techniques used would be equally valid for other types of collapsible soils.

1



Introduction

1.2. LOESS-A TYPICAL COLLAPSIBLE SOIL

Loess covers around 10% of the Earth’s land-mass. Most loess is of aeolian origin and has 

accumulated over large areas of North America, Europe, Russia and China during the last 

two to three million years. Although, it is claimed that some deposits are of alluvial origin, 

Bell (2000). Loess particles are mainly of silt size. These particles are sub-angular and sub

rounded and separate from each other, being connected by bonds and bridges with 

uniformly distributed pores. The bridges are formed of clay-sized materials of clay 

minerals, fine quartz, feldspar or calcite. This clay-sized material also forms coatings 

around the grains. As the sand and silt particles are not in contact, the mechanical behaviour 

of loess is governed by the structure and quality of the bonds, Barden et al. (1973).

Disasters, failures and collapse caused by loess soils are well documented. Hydrocollapse 

of loess occurs under load and/or wetting and, as such, loess can be considered a major 

geohazard to the built environment. For example, in 1976, the collapse of the Teton Dam in 

Idaho occurred while the dam was still being filled for the first time. The catastrophic 

collapse happened due to lack of understanding of the properties of loess (Smalley, 1992). 

Smaller subsidence and landslide problems are virtually an everyday occurrence for 

communities founded on collapsing loess soils (Klukanova and Frankovska, 1995).

The genesis and properties of collapsing loess soils have been researched since the mid 19* 

Century. Much of this research covers a wide range of disciplines, including soil science, 

geology and engineering. The importance of these soils has meant that a vast body of 

research has been carried out and reported on. These papers generally report on a particular 

local loess soil, and give some typical properties and results. Most of the work does not 

give a global picture of loess, although there are a few notable exceptions that bring some 

of the key papers together and these will be discussed in Chapter 2.

Due to the fragmented research, different properties can be reported for each location. For 

example, some papers give clay and carbonate content, others may leave this information 

out but give liquid limit and plastic limit, making it hard to compare loess from region to 

region. This comparison is made harder due to the fact that there is more than one way to 

calculate the amount of collapse observed in the sample (Northmore et al. 1996). Also, 

‘typical’ results are often given for collapse tests, and ranges of properties are given for the
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region as a whole, rather than specific properties being related to specific collapse tests. 

This makes it hard to evaluate the relative influences of the different properties on 

magnitude of collapse. This project is an attempt to bring loess research together.

The properties of natural loess can be tested but cannot be altered. An artificial loess has 

been developed in which the properties can be controlled. The artificial loess allows the 

systematic variation of the constituents, so that their influence on the behaviour of loess can 

be identified. The exact water, clay and silt contents are known for each specimen of 

artificial loess. Tests for collapse and strength can be earned out on each specimen and 

correlated with its properties. Analysis of the test results on the artificial loess has helped to 

fill in gaps in the knowledge from the literature. This has allowed an evaluation of the key 

contributors to the magnitude of hydrocollapse.

The artificial loess has been tested in oedometer and triaxial tests and compared with 

natural loess. Void ratios, strength and magnitude of hydrocollapse all compare well with 

the natural loess. The artificial loess was then used in a model of a footing on collapsible 

soil. The behaviour of the footing was monitored during a period of simulated rising ground 

water level. The deflections of the footing were recorded and compared with a prediction of 

the amount of footing movement given by a Finite Element Modelling (HEM) analysis, 

using the CRItical State Program (CRISP) developed by Cambridge University. The 

parameters for the FEM analysis were estimated from the triaxial tests carried out in the 

laboratory. The project has succeeded firstly, in producing an artificial soil that can be 

favourably compared to a natural loess soil. Secondly, it has succeeded in predicting the 

deformations of a footing founded on collapsible material using finite element analysis.
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Collapsible Soils

An extensive literature review has been carried out to give a broad understanding of 

collapsible soils and in particular loess. The literature has revealed areas that would benefit 

from further research and explanation, and has helped to clarify the aims and objectives of 

the project. Loess is the archetypal naturally occurring collapsing soil and has been 

investigated by numerous authors since the middle of the nineteenth century. Recent review 

papers have thoroughly discussed collapsible soil composition and behaviour. Papers by 

Dudley (1970) and Rogers et al. (1994a) together with the work of Assallay (1998) and 

Dibben (1998) have brought together previous research and are briefly summarised in this 

chapter. Nevertheless, there are many questions and contentious issues that have not been 

answered in the literature. This review outlines the areas of research that still need to be 

addressed and defines the scope of the project. The objective was to provide a consistent 

and reliable approach to the analysis of collapsible soil behaviour for application in 

assessment of potential movements of footings supported by collapsible soils.

2.1 KEY PAPERS

Dudley (1970) wrote an extensive review of collapsible soils detailing the collapse 

phenomenon, mechanisms of collapse and the types of soils involved. The paper is now 

over 30 years old but remains a valuable reference. The paper discusses residual soils and
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alluvial sands but not sensitive clays. Schwartz (1985) gave a review of the collapsing soils 

in South Africa. Many collapsible soils exist in this area such as residual granite sands and 

aeolian sands, but literature in this area is limited. Procedures to identify and quantify 

collapse were discussed and some engineering solutions to collapse problems were also 

given. Mackechnie (1993) produced a review paper of the 18 submissions to the session on 

collapsible and swelling soils for the 1993 International Soil Mechanics and Foundation 

Engineering (ISMFE) conference in Rio de Janeiro. The need for a general definition of 

collapsible soils was raised in this paper. Following this, the NATO Advanced Workshop 

on the Genesis and properties of collapsible Soils (1994) gave an opportunity to discuss this 

definition. Rogers (1995) produced a review paper for this conference. This paper discussed 

the definition of collapsing soils and produced a systematic classification for both natural 

and man-made materials. A large amount of the literature reviewed was on loess but papers 

also covered sensitive clays and sands. One of the definitions for collapsible soil from the 

conference was given as follows:

“  A collapsible soil is one in which the major structural units are arranged in an 

open packing, which may become a more stable, closer packing with important 

geotechnical consequences. In most cases, the structural collapse is caused by 

loading and/or wetting in unsaturated materials, but higher moisture content and 

saturated systems such as quick clays and submarine sands may also be 

considered collapsing soils”.

This definition was an attempt to include all soils with collapsing characteristics including 

quick clays, which can sometimes be neglected by these definitions. A global review on 

collapsible loess soils was written by Rogers et al. (1994a). The wide range of topics under 

discussion included rheology, thermodynamics, phase movements, particle packing, 

interparticle bonding, pore structure and distribution, catastrophe theory, topology and 

simple structural frameworks. literature from China, North America and Europe were 

discussed, as well as introducing the literature from Russia. The literature shows an 

interesting divide of research. The Chinese, North American and European literature is 

mainly focused on the mechanisms of collapse, whereas the Russian literature also retains 

interest in the origin (or genesis) of the hydrocollapse properties. What the literature does 

agree on is that loess is a typical and extensive collapsing deposit.

5



Chapter 2: Collapsible soils

2.2 EXAMPLES OF COLLAPSIBLE SOILS

All soils can exhibit collapse given the required stress history, as shown by Alonso et al. 

(1987). However, some soils are more prone to collapse behaviour and typically exhibit 

significant and consistent collapse strain under load and/or wetting. These soils have 

become known as collapsible and are considered below.

2.2.1 Loess

Loess is typically around 60-90% quartz and feldspar particles, 5-30% clay minerals with 

some carbonates, sulphates and salts. The presence of macro-pores enables the collapse of 

loess soils to take place. The void ratio expressing the quantity of macro-pores therefore has 

a determining effect on the degree of collapse, Rogers et al. (1994a). Loess is considered to 

be unstable as a foundation material because of the potential for large settlement. Problems 

result because loess undergoes structural collapse when wetted. The problems can be even 

more severe if differential settlement occurs. An example is a three storey building in 

Xining, Qinghai, destroyed beyond repair due to subsidence of the foundation soils upon 

wetting (Qian and Lin, 1988).

Collapse occurs if the initial dry density is low and initial water content is low (Dijkastra et 

al., 1995). There is still some argument as to why loess collapses. Collapse may occur due 

to the reduction of suction between the particles or it could be due to the break down of the 

clay and carbonate bonds between the silt particles, or quite possibly a combination of the 

two. To elucidate this problem it is necessary to examine both macroscopic and 

microscopic aspects of loess collapse (Feda, 1995), (Dibben 1998), (Dibben et al, 1998).

Large areas of the earth’s crust are covered with loess. China, America, Eastern Europe and 

Russia all have deposits ranging in depths from lm  to 100’s of metres. For example, around 

14 % of the total territory of the old USSR is covered by loess where the deposits are 

around 20m and deeper (Abelev, 1988). Consequently, many residential buildings in cities 

and towns and big industrial enterprises have been erected on loess around the world.

2.2.2 Residual soils

Residual soils represent a large proportion of collapsible soils. In general, residual soils can 

be found in plateau regions (Fookes and Best, 1969). They are produced by the in situ 

weathering of the underlying rock. They are relatively weak materials and usually quite
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permeable. A dominant feature of residual soils is the bonding together of the particles by 

the chemical process of weathering. Bonding may be broken by loading or strain and once 

broken is irrecoverable. Two other features of residual soils are that they are usually 

unsaturated and they also inherit discontinuities from the parent rock. Both of these features 

have a major influence on the engineering behaviour. Two yield points are often observed, 

the explanation for this is postulated by Vaughan et al. (1988). The bonds during initial 

loading carry an increasing stress, as the bonded soil is stiffer than a similar soil without 

bonds. At some point some of the bonds start to yield, and a first yield point is observed. 

Thereafter, the average contribution of the bonds to the strength of the soil (the bond 

strength) decreases with increasing strain. However, the soil is still stiffer than it would be 

in the unbonded state, and the stress on the bonds (the bond stress) continues to increase. 

The decreasing bond strength will eventually become equal to the increasing bond stress 

and a second yield occurs. Typically this is followed by large strains, the progressive loss of 

remaining bond strength and a matching reduction in bond stress, until the soil looses its 

bonding entirely and becomes de-structured.

2.2.3 Man-made filis

Compacted soils are interesting for engineers as they are increasingly being used as new 

areas for construction. Their behaviour is only just being fully understood. A block of eight 

two-storey houses in Ilkeston, UK, was built on a stiff clay opencast backfill with a 

maximum depth of 12m. Soon after the brickwork was completed in 1973, damage was 

observed at one gable end. The BRE carried out inundation tests in 1975, which indicated 

that the fill was susceptible to collapse compression. The block was never occupied and 

was demolished in 1982, at which time the total settlement was estimated at 0.3m, Charles 

and Watts (1996).

An open, collapsible fabric made up of clay aggregates, and/or sand and silt particles, is the 

accepted explanation for the high collapse strains, Alonso et al. (1987). A substantial 

collapse is observed in specimens compacted dry of optimum. Volume reduction occurs 

when a partly saturated fill becomes saturated, Naylor et al. (1989). Inundation by rising 

ground water can cause significant settlements in opencast coal mine backfill, Blanchfield 

and Anderson, (2000). The collapse can occur without any increase in applied stress. This 

behaviour is being researched by the Building Research Establishment (BRE) and has been 

discussed in papers by Charles and Watts (1996), Skinner et al (1999) and Skinner (2001).
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Non-engineered fill may have been inadequately compacted or placed excessively dry and 

can undergo a reduction in volume when the moisture content is raised. The moisture 

content may increase due to downward infiltration from the surface or from rising ground 

water levels. A methodology for measuring collapse potential in fills is proposed by 

Charles and Watts (1996).

2.2.4 Quick clay

Quick clays are marine deposits, formed at the end or after the last ice age when melt water 

from the glaciers carried large quantities of fine grained sediments into the sea, Bell and de 

Bruyn (1997). They have restricted geographical distribution, occurring in certain parts of 

the northern hemisphere. However, quick-clay can produce possibly the largest scale 

collapses. Quick clays are characterised by high sensitivity and they may liquefy when 

disturbed which can lead to the notable landsliding. Spontaneously, or as a  result of an 

abrupt shock, fluid flow expands in a cumulative manner over large distances, at times on 

an almost flat surface (Kerr and Drew, 1968). The 1971 St. Vianney landslide was 

responsible for considerable damage to the town of St. Jean Vianney. The constituent 

materials were primary minerals of quartz and feldspar, 2-6 microns in size with short- 

range bonds. The clay-sized primary mineral system accounts for the unusual flow 

behaviour of the soil. Many destructive landslides have occurred due to the properties of 

quick clay (Smalley et al, 1975). Inundation can also lead to the failure of foundations 

beneath a structure.

2.3 WHY CONCENTRATE ON LOESS?

Loess is a typical collapsible soil and is found all around the world. It has caused major 

disasters and understanding its behaviour is important so that foundation designs can be 

made safer. It is a classic collapsing soil, it has an open packing, is unsaturated (or partially 

saturated) and collapses upon loading and/or wetting. As loess is unsaturated it therefore 

has three phases (water, air and soil); this is a growing field of research at the present time. 

Techniques have been developed to model unsaturated soils which are uncemented, these 

soils are bonded by suctions only. In loess the bonding is more complex as the larger 

particles are joined by clay bridges and bonds and carbonate cementation as well as 

suctions. It is therefore necessary to take into account suctions along with other types of 

bonding when trying to model the behaviour of such soils. However, a simple model is 

needed so that modelling is not made over complicated.
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2.4 ORIGIN OF LOESS

To make a physical model of the soil it is important to look at the processes that the soil has 

been through to make the structure it has today. Understanding the formation processes of 

natural deposits of loess should allow a more realistic artificial soil to be produced. The 

generally accepted western view is that collapse properties in loess are formed due to 

aeolian deposition. Russian literature supports two theories for the formation of 

collapsibility in a deposit. The ’syngenetic’ theory proposes that the collapse properties are 

formed in the course of accumulation and early diagenesis of silty sediments in arid 

conditions, in line with the western view. However, the ’epigenetic’ approach is also 

supported; this proposes that collapsibility can develop in-situ in an originally non- 

collapsible material. L.S. Berg was the major proponent of the in-situ formation hypothesis 

and his influence is still felt in geotechnical investigations of loess properties (see Smalley, 

1971 and 1991 for a recent history). Densisov and Abelev are two of many researchers who 

have also discussed the genesis of collapsibility.

Outside Russia the idea of ‘epigenetic’ formation of collapsibility in loess materials is not 

recognised. The generally held view is that the silty material is transported and 

subsequently deposited and held in an open structure by various bonding mechanisms. 

Smalley and Smalley (1983) and later Tye (2000) reported four main stages in the 

formation of loess deposits,

• Formation of loess size particles (20-60pm).

• Transportation of the loess material

• Deposition of this material

• Post-depositional modification

In the UK, these stages may have been repeated a number of times to get to its current state. 

The formation of the basic particles of loess are due to its geological development and the 

palaeogeographic conditions of the time (Sajgalik and Klukanova, 1994). The source of the 

silt size particles is also still disputed. Smalley suggests that during periglacial climatic 

conditions a considerable quantity of particles were weathered with dimensions ranging 

from 0.1-0.01mm. This is the size of the basic unit in loess. What is not clear from the 

literature is if some of the clay particles were deposited at the same time as the silt particles
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or if only the silt particles were deposited. Other theories show the silt particles can come 

from mountain and desert sources, see Pye (1995), Wright et al. (1998).

From the UK perspective, once formed, the particles were transported and deposited. 

Disintegration of the quartz particles and feldspars took place by freezing and thawing of 

water in the dislocation channels, either during transport or following deposition. First the 

particles were moved by glacial action, then by fluvial action and then by the wind. The 

loess may have been picked up and deposited several times by the wind before coming to 

its present location. Reworked loess such as this is known as a loess-like deposit. A 

combination of geochemical processes during formation, transportation and deposition 

affect the amount of carbonate cementation and clay mineral content. Modifications to the 

cementing agents can take place within the deposit after it has been deposited.

Gourai (1988) identified five stages in the development of loess:

1. The loessization stage -  Aggregate grains and larger fragment grains in dust (10-50 

micrometers in size) form the skeleton grains of loess structure. The loess in the 

northwest border region of the Loess Plateau in China is at this stage.

2. The formation stage - where the silt grains are loosely cemented together under climatic 

conditions. Rain can initially penetrate the structure and cementation strength is not 

sufficient to resist the weight of the overlying soil mass. The soil on the top of the 

deposit will collapse under its own self-weight, creating a layer of soil that will not be 

penetrated by the rain. The soil beneath this layer is uninfluenced by the rain and forms 

a self-weight collapsing loess stratum. This self-weight collapsing layer can become 10- 

15m thick if there is no variation in the climatic conditions. This was also described as 

the unstable stage by Dibben (1998). Such loess will possess very high collapsibility, 

low initial pressure of collapse (0.5 kPa) and rapid response to collapse. Loess in the 

northwest region of the Loess Plateau in China is an example of loess at this stage.

3. The development stage - As hydrogeological conditions vary, water will penetrate into 

the structure and cementation is reduced or even destroyed. The grains rearrange to 

form a new metastable structure to become a non-self-weight collapsing loess. 

Cementation between the rearranged grains is gradually developed. The new structure 

will possess less collapsibility and higher initial pressure of collapse (1 kPa) and
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response to collapse will be slower. The loess in the middle region of the loess plate is 

at this stage of development, for example in Bulgaria.

4. The degeneration stage - The soil mass continually extends to non-self-weight 

collapsing loess stratum, with considerable thickness. The initial collapse pressure is 

higher (1.5 kPa) and the response to collapse is slower. The loess in the Eastern region 

of the loess plateau in China corresponds to this stage.

5. The clayization stage - If the climate is more humid, weathering and leaching effects 

will be greater and calcium will be leached out. Some aggregate grains will flow and 

others will soften and deform under their own weight. The softened grains coagulate 

with each other. The pore spaces in the soil mass collapse one after another and the 

inter-grain pores are filled which makes collapsibility gradually disappear. The loess 

will eventually not possess collapsibility. Loess in partial regions near the Southeast 

border of the loess plateau in China is at this stage, also loess in the UK, to some extent.

Guorui, (1988) suggests that climatic conditions explain regional differences in loess. 

Generally, as the climate becomes more humid collapsibility gradually disappears. As is 

seen in the regions of the Loess Plateau in China, where the Northwest is arid (more 

collapse) and the Southeast part is humid (less collapse). The more humid atmosphere of 

the Southeast of China has created a less collapsible deposit, possibly due to the increased 

bonding during the clayization phase or more self weight collapse as discussed above.

2.5 COMPOSITION OF LOESS

The structure of loess is dominated by silt (20-60jnm) quartz particles of 8:5:2 aspect ratio, 

Rogers and Smalley (1993), known as blade-shape particles (Rogers et al., 1994a). The 

most widespread minerals are quartz, feldspar, carbonates, micas and gypsum which are 

found in dusty and sandy fractions. In clay fractions, illite, montmorillonite and mixed- 

layered kaolinite dominate (Osipov and Sokolov, 1995). Most loesses are characterised by 

carbonate content varying from a fraction of 1 to 25%, medium soluble mineral (gypsum) 

content -  from 4 to 10%, readily soluble salt (chlorides) content -  under 2%, half soluble 

oxides and hydroxides -  under 2.4% and humus -  1-2%. Silica and iron oxide may be 

concentrated as cement at grain contacts and overgrowths of silica occur on the grains of 

quartz and feldspar.
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Collapsible loess soils are characterised by high porosity, usually between 40-48% (Osipov 

and Sokolov, 1995). Typical void ratios (e) are 1.5 for unstable (wind blown deposits) and 

1.0 for metastable (pre-collapse) deposits. A denser more uniform structure is formed 

following collapse, with void ratios reducing to 0.4 - 0.6 in most cases, Dibben (1998).

Authors,

Location,

LL

%

PL

%

PI

%

Gs Natural

void

ratio,

Natural

water

content

%

Void

ratio

after

collapse

Coeff.

Subsidence 1 

Ae/(l+e’)

Kane (1973) 

Oakdale, Iowa, US

27 23 4 2.72 0.8-0.94 21-23 0.45 19

El-Ruwaih and Touma 

(1986)

Saudi Arabia,

33-

38

11-24 10-

13

2.55

2.74

1.00 4-23 0.68 16

N. Phein-wej et al. (1992) 

Thailand, Khon Kaen City,

18 13 5 2.63 0.84 5 0.58 14

Fookes and Best (1969) 

Kent, England

29-

31

19-21 10 2.72 0.75-

0.63

2-10 0.42 13

Yu Chi-Ying China (1982) 

Lanzhou, yellow river

30.1 16.3 13.8 2.7 1.08 14.3 0.83 12

Feda(1966)

Prague, Czech Rebublic

26-

38

16-21 12-

19

2.7 0.61 14-17 0.50 7

Tan Tjong Kie (1988) 

north western China, 

Lanzhow, Lansu

27 15 12 2.72 1.05 8-11 0.94 5

Qian and Lin (1988) 

China, northern areas,

27.6 18.2 9.4 2.7 1.03 9 0.93 5

Klukanova and Frankovska 

(1995)

Slovakia,

30 24 6 2.71 0.97 15

Dibben (1998). Bulgaria. 29 25 4 2.71 1.14 20.1 0.52 29

Dibben (1998).

Star Lane, Essex, UK

34 20 14 2.67 0.80 18.4 0.45 20

Table 2-1 Examples of Index properties of some natural loess deposits.2

After Abelev (1948).

LL = Liquid limit, PL = plastic limit, PI = plastic index, Gs = Specific gravity.

es = initial void ratio Ae = change in void ratio at a specific load, e’ = void ratio before collapse
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Typical index properties have been collected from the literature and are given in Table 2-1. 

The collapse coefficient (discussed in Section 2.9.1) at 200kPa is often 10-20%, which 

presents an enormous risk for buildings built on such material. The low plasticity index, PI, 

(5-15%) shows loess’s sensitivity to changes in water content. It is clear that although the 

samples have been taken from a wide variety of sites all over the world, the index 

properties are consistent.

The ’dirt map’ is being produced as an INQUA project run by the loess commission. This 

project has been organised to collect data on loess from around the world. This will form a 

valuable reference and may make climatic and geographical influences on loess 

collapsibility more clear.

2.6 BONDING MECHANISMS

Metastable structures formed in loess are dependent on a number of factors such as clay 

bonding and suctions. The main types of bonding are capillary tension (or matrix suction), 

clay buttresses, bridges and skins which are shown in Figure 2-1. Chemical cementing may 

also be present.

Clay
ButtressWater

Flocculated Clay BondSuction

Aggregated Clay Bond Clay Bridge Structure

Figure 2-1 Bonding mechanisms in loess soil, after Barden et al. (1973)
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Bonding and suctions have been studied in detail by various authors to help explain the 

collapse mechanism e.g. Barden et al., (1973), (bonding) and Alonso et al., (1987), 

(suctions). As yet, the role of suctions are still to be fully understood in soils such as loess. 

The relative contributions of suctions and other forms of bonding are also not well 

understood, and yet to model these soils successfully it seems vital that the contribution that 

each bonding mechanism has on the strength of the soil is known.

2.7 COLLAPSE MECHANISMS

Hydrocollapse to a new equilibrium occurs when water is introduced to a system. 

Importantly, both suctions and clay bonding, common in loess soils, are weakened with the 

addition of water (Bally, 1988), although the degradation process develops at different rates 

in both systems. Suctions are reduced immediately, clay bridges and buttresses will reduce 

in strength at a much slower rate and in the case of chemical cementing the reduction in 

strength may be even slower (Barden et al., 1973). Clay dominated systems may therefore 

have a slower response than pure suction systems such as non-engineered fill. The original 

open structure is reduced to a closely packed structure, which is much more stable. Once 

collapsed (due to increased moisture content and/or load) the deposit will not collapse to the 

same degree again, as the open macro-pores will never be formed again, unless the deposit 

is reformed or transported (e.g. by the wind). Soil improvement techniques often use this 

process to enhance the properties of the ground, see for example Evstatiev (1995).

2.8 SUCTIONS

In some structures such as fills and granular material, the bonding between grains is formed 

entirely from suctions. Suctions are developed due to the menisci within the soil skeleton. If 

the saturation is low then the air will be continuous and the water will be held at 

intergranular contacts by surface tension. If the saturation is high, the water will be 

continuous through the soil and air bubbles will appear as discrete bubbles in the pore 

water. At intermediate saturations both the water and air phases may be continuous, 

Anderson et al. (1993). Due to surface tension effects, the pore air pressure, ua, will be 

higher than the pore water pressure, uw. Matrix suction, S, is defined as the difference 

between the pore air pressure and the pore water pressure ( ua - uw).
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2.8.1 Measuring suctions

There are a number of techniques to measure suctions described by Fredlund and Rahardjo, 

(1993). The main techniques are shown in Table 2-2. These methods are explained in detail 

in Fredlund and Rahardjo (1993). Other techniques have been developed at Imperial 

College where the use of a suction probe and suction controlled oedometers, Dineen and 

Rurland (1995), and triaxial equipment have been used for a number of years and are still 

being developed.

However, it is unclear what suction measurements would indicate in a soil such as loess. 

The capillary tension between two small clay particles will be considerably greater than the 

capillary tension between two, relatively larger, silt particles. It could be assumed that the 

suction measurements would give an average suction throughout the sample. The average 

suction may not indicate the true collapsible nature of the soil.

Name of device Suction Component 

Measured

Range

(kPa)

Time Comments

Psychrometers Total 100-

-800

minutes Constant temperature environment 

required

Filter paper (in 

contact)

Matrix Entire

range

7 days

Filter Paper (no 

contact)

Total Entire

range

7-14

days

May measure matrix suction when in 

good contact with moist soil

Tensiometers Negative pore-water 

pressures or matrix 

suction when pore-air 

pressure is atmospheric

0-90 Minutes Difficulties with cavitation and air 

diffusion through ceramic cup

Null-type 

pressure plate 

(axis translation)

Matrix 0-1500 Hours Range of measurement is a function 

of the an entry value of the ceramic 

disk

Thermal

conductivity

Matrix 0-

-400+

Weeks Indirect measurement using a 

variable pore size ceramic sensor

Pore fluid 

squeezer

Osmotic Entire

range

Hours Used in conjunction with a 

psychrometer or electrical 

conductivity measurement

IC tensiometer Matrix 0-1800 Minutes

Table 2-2 Summary of the methods of measuring suctions
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Total suction is the sum of the matrix suction and osmotic suctions which are the 

components of free energy of the soil water. Phein-wej et al, (1992)-refers to Udomchoke

(1991) who measured the suction pressure of undisturbed loess samples treated for the 

whole range of degree of saturation and established their correlation. He found that the 

capillary suction corresponding to the natural water content (10-12%) of Red Loess was 

around 10-30kPa. This capillary tension is several times smaller than the threshold pressure 

(100-200kPa) required for the start of collapse found for Red Loess. In addition, it was 

observed that the full collapse settlement in both the double consolidation tests and plate 

beating tests did not develop instantaneously following wetting. In fact, it requires a 

considerable lapse of time l-2hr in the plate bearing tests. Therefore any significant role for 

capillary tension was ruled out by Udomchoke.

To predict the collapse settlement in a period of time, it is necessary to know the 

characterisitc stress-strain relationships of the soil. The stress-strain behaviour is greatly 

influenced by its water content. The effect of water content was addressed by Redolfi and 

Mazo (1994). With the objective of determining the stress-strain relationships for loess 

specimens from Argentina at different water contents, a number of oedometric tests were 

conducted under constant suction conditions. Variation of water content was very small 

when loading under constant suction. Suctions in the range of 100-500 kPa were 

investigated. The suctions in these samples were significantly higher than the natural 

suctions reported by Udomchoke (1991). The suctions in these tests will therefore have 

more influence on the samples.

2.9 COLLAPSE PREDICTION

In the following sections some of the methods that are currently used to predict the 

behaviour of soil are discussed. Particle packing, finite element methods and more simple 

predictive equations have been used to describe collapse by some authors. Recently a 

debate at imperial college discussed the motion "this house believes continuum models are 

past their sell-by-date", Dr. Colin Thornton of Aston University was the speaker for the 

motion and John Atkinson spoke against the motion. Dr. Thornton's view was to "throw out 

the garbage and get back to physics". He discussed that particle physics could be applied to 

soils and would take away the "black box" approach to geotechnical analysis. Against the
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motion the view was that "other techniques such as the particle packing approach would 

have a role to play in improving the constitutive equations".

The debate shows the range of approaches available to geotechnical engineers in order to 

solve problems. The issue here is which is the most relevant for the current problem. 

Obviously the majority of people still see continuum models as the future for soil 

mechanics. However, it is important not to rely solely on the "black box" solutions and 

think about the physics behind the problem.

2.9.1 Laboratory Tests

The main feature of this type of soil is that it is prone to collapse due to its open packing 

arrangement. After collapse it will form a more closely packed structure. Upon saturation, 

the bonding disintegrates and a denser structure is achieved by sudden collapse of the soil 

particles - often known as hydrocollapse. Saturation of the soil can occur through 

infiltration due to pooling of water from above, leakage from pipes and guttering or through 

rising ground water levels, Schwartz (1985). The collapse of the internal structure occurs 

when the stresses between particles exceed the bond strength provided by the bridging 

bonds (Holtz and Gibbs, 1951).

Some authors have discussed collapsibility in terms of fundamental properties of the soil. 

For example, Denisov (1951), states that collapse is probable when,

ei/e0 < 1  (2.1)

where, eL = void ratio at the liquid limit

e0 = natural void ratio

Criterion based on void ratio, moisture content, Atterberg limits and dry density (e.g. Gibbs 

and Bara, 1962), have all been developed. These relationships tend to predict the 

probability of collapse, but not the magnitude of collapse.

The best known technique for testing collapsible soils is to perform one-dimensional 

compression tests using the oedometer (or consolidometer). Oedometers can be used in two 

ways to predict collapse. The first is known as a single oedometer test because only one
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specimen is required. The oedometer is loaded in increments to apply a certain stress on the 

specimen, for example, 200kPa, and then the specimen is saturated. The oedometer is 

subsequently loaded in increments until the applied stress on the specimen is 1600kPa. The 

second test is the double oedometer test. This test requires two identical specimens, 

something very difficult to guarantee in natural samples due to sampling effects (Culshaw 

et al., 1992). One of the specimens is tested unsaturated and the other is saturated before 

any stress is applied. The oedometers are loaded to apply stresses up to 1600kPa to each of 

the specimens in the same increments as for the single oedometer test. The difference 

between the settlements observed in the two samples at a given stress, is assumed to 

represent the amount of collapse that would be observed in a single oedometer test at the 

same stress. The coefficient of collapse (ic) is defined by Abelev (1948) and presented by 

Lutenegger and Hallberg (1988) and is often determined for applied vertical stresses of 200 

or 300kPa.

Ae e '-e ” (2.2)

where, Ae = decrease in void ratio 

e’ = void ratio before wetting 

e” = void ratio after wetting

Generally, if ic>0.02, the soil is considered to be collapsible. Oedometer tests are discussed 

further in chapter 3, on geotechnical testing. Northmore et al. (1996) gives a discussion on 

other ways to calculate collapse coefficients.

To elucidate the problems associated with collapsible loess soils, a ’model’ loess soil has 

been developed building on the work of Assallay (1998) and Dibben (1998). The model 

soil behaves in a similar way to natural loess under load and exhibits the same 

hydrocollapse behaviour when wetted. The material constituents can be directly controlled, 

thus providing a good method of assessing the effect of varying the contents on the overall 

collapse behaviour. The artificial material also allows 2 samples to be made ‘identically’ for 

use in the double oedometer test. Oedometer tests using the artificial loess have been 

carried out to examine the effect of varying clay content, initial compaction and initial 

saturation on the collapse process.
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The artificial specimens were produced from silt sized particles mixed with clay. Samples 

were produced using the same mass (Dibben, 1998) or same void ratio (Assallay, 1998) for 

each clay content, see chapter 3 for methods. The samples were given an open structure by 

first sieving the material, were then steamed to produce a low water content and then placed 

in the oven to develop the clay bonds, see method by Dibben (1998). The limitations of this 

approach are discussed in chapter 3. Dibben (1998) discussed three important stages in the 

formation of the artificial loess. Firstly, the unstable stage (after the sample has been sieved 

into the container) representing an air-fall deposit. Secondly, the metastable stage (pre

collapse) when the sample may be loaded and exhibit relatively stiff behaviour for low 

loads. Finally, the stable stage (post-collapse) where the sample has been wetted and 

collapsed due to the load and moisture content of the sample.

2.9.2 Field Tests

Field tests have been developed to identify potentially collapsible soils, Houston et al. 

(2001). The tests normally involve comparing samples in their natural condition with 

saturated samples. Often, limitations are imposed on the relationships. For example, the 

saturation must be less than unity and the porosity above 40% (Fookes and Best, 1969). 

Again, most prediction criteria are qualitative methods, they do not provide details on 

magnitude or rate of collapse.

2.9.3 Particle Packing

Collapse can be defined as the transformation from an open, metastable packing to a closer 

packed more stable structure of significantly reduced volume (Rogers, 1995). Particle 

packing was developed to look at individual particles and can be used to understand the 

transitions from metastable to stable structures. Rogers et al. (1994b) discuss how packing 

influences a wide range of geotechnical properties including:

• the amount of pore fluid which can be held in a sediment,

• the ease of movement of fluids through a deposit,

• the extent to which dissolved or dispersed materials can be introduced and

• the strength of the aggregate under shearing or vertical stress.

Particle packings can be characterised by their packing density and co-ordination number 

(CN). The packing density is the fraction of the packing volume occupied by its particles 

and the co-ordination number is the number of particles that contact a particular particle.
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Packing Density = Volume of solids/ (Volume of Solids + Volume of Voids) (2.3)

The closest packing of a layer of spheres occurs where the spheres are arranged in a 

rhombus with angles of 60° and 120°. Graton and Fraser (1935) describe six packing 

arrangements for regular spheres, ranging in density from a relatively open cubic pacing to 

a dense rhombohedral packing. This was extended by Smalley (1970) to give nine possible 

cells representing simple packings. Uniform packing has been described using unit cells, 

which is the repeating pattern of particles within the packing. The cubic cell, for example, 

has 6 square faces and is described by the symbol 600, see Figure 2-2. The first number 

refers to the number of square faces of the unit cell, the second to the number of faces with 

acute angles between 60° and 90° and the third with acute angles of less than 60°. A 

packing of 402 would therefore have 4 square faces and 2 faces with angles of less than 

60°, see Figure 2-2.

Figure 2-2 (a) Cubic Packing (600) and (b) Orthohombic packing (402) as 
discussed in Rogers et al. (1994)

A key paper, written by Dijkstra et al. (1995), describes the nine different packings in detail. 

The transformation from state to state is central to the packing problem as applied to loess 

structure collapse, in which packings transform from loose packing to denser packing. The 

transition from 600 to 402 might have much in common with the collapse of the loess 

structure. For loess there is the transition between dust cloud and to initial open structure, 

the transition from rigid open structure via hydrocollapse to a much more tightly packed

20



Chapter 2: Collapsible soils

structure. The slow transition from an open Malan loess to a somewhat more tightly packed 

relatively rigid Wucheng loess could be described in this way (Derbyshire et al., 2000).

Morrow and Graves (1969), pointed to a possible way to assess the transitions and 

transformations of packing structures. They suggest that one way forward in the study of 

packings is to concentrate on transitions rather than the basic packings. The transition from 

one relatively unrealistic model packing to another might in fact model well the transition 

from one real packing to another. In this way it might be better to model the process than to 

model the basic structures. They also considered that, although random packings exist, they 

would contain a high percentage of structures that will be associated with certain unit cells 

of the regular packings.

Nolan and Kavanagh (1992) have shown some random structures that are directly involved 

in random packing transitions. These are random loose packing (RLP) and random close 

packing (RCP) see Figure 2-3. In addition, they have offered a transformation chart that 

may be applied to the loess collapse situation. They propose four types of random packing. 

Figure 2-4 indicates the boundaries of the random packing system. They have demarcated 

regions of CN and packing density in which transitions occur. Their model simulations 

showed that packing densities he between 0.509 (RLP) and 0.638 (RCP) see Figure 2-4. 

The dynamic activities shown on their diagram can be related to loess collapse, if the 

collapse process is seen as a transition from random loose packing to random close packing. 

The proposed transition for loess particles shown in Figure 2-4 was added by Dijkstra et al. 

(1995).

Figure 2-3 Random Loose Packing (RLP-Left) and Random close packing (RCP- 
Right) for spheres and loess particles, (after Dijkstra et al., 1995)
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Figure 2-4 The boundaries of random packing, after Nolan and Kavanagh,
(1992).

Tests on contemporary loess show that the voids ratio is usually about 1.0 (i.e. the packing 

density is about 0.5, half solids and half voids). This structure is metastable and tends to 

deform relatively easily. The densities theoretically proposed by the computational study by 

Nolan and Kavanagh (1992), fit in very well with data on pre-and post-collapsed densities 

of loess. The RLP has a density of 0.5 (e=1.0), as seen in natural loess (see Figure 2-4). 

When collapsed the density is increased, the void ratio expected in a natural collapsed loess 

would be around 0.5 - 0.6 which equates to a density of 0.66 - 0.625, close to the RCP 

value of 0.638, (also shown on Figure 2-4). The highest density packing found empirically 

has been 0.740 which corresponds to void ratios of 0.351, Nolan and Kavanagh (1992). 

None of the loess investigated within the literature has a void ratio less than this value, as 

expected. The packing literature helps to elucidate the current understanding of collapse, for 

it is ultimately the way the particles pack that controls collapsibility.

There are large differences between sphere packings and those composed of simulated 

loess particles (including differences in packing density, CN, potential surface area for 

cementation, clay bonding of the structure, sensitivity). Two loess particles may be
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sufficient to keep the structure stable due to the blade shape particles. However the model is 

useful to study particle packing theory, which has been developed using spheres.

2.9.4 Constitutive Modelling

The measurement and description of volume change of unsaturated soils under a variety of 

stress and suction paths has received considerable attention e.g. Fredlund and Rahardjo

(1993). Collapse and swelling behaviour has been frequently reported in the literature. 

Oedometer tests and suction controlled cells have provided information on volume change 

and suction changes in loess. Smaller amounts of data are available for isotropic stress 

conditions for loess.

An increase of suction increases the stiffness of the soil against externally applied pressure 

(Dudley, 1970). Soils with an open structure experience collapse for a wide range of 

applied stress, p (mean normal stress). In fact, the amount of collapse increases with an 

increase of applied normal stress. Most low plasticity silty clays can either swell or collapse 

upon saturation depending on the confining stress. If p is sufficiently low, swelling occurs, 

or if sufficiently high, collapse occurs (Alonso et al, 1987).

The mechanical behaviour of unbonded, unsaturated soils can be inteipreted in terms of 

changes of two stress variables: net total stress and soil suction, see Maty as and 

Radhakrishna (1968), and Fredlund and Morgenstem (1977). When the measured volume 

change of an unsaturated soil subjected to changes in net total stress and soil suction is 

plotted in a three-dimensional plot (e-void ratio, p-applied stress and S-suction) space, 

collapse and swelling conditions are readily interpreted and modelled. This was given the 

term ’state surface’ and was proposed as a constitutive relation for unsaturated soils, see 

Figure 2-5.

This approach, however, has important limitations and was discussed and criticised by 

Alonso et al. (1987) and Alonso and Gens (1993) as follows:

a) It is useful to represent volume change under certain isotropic stress paths but this 

representation can hardly be extended to take account of deviatoric stresses and 

deformations.
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b) Unsaturated soils exhibit strong irreversible behaviour just as saturated soils do. A 

consequence of irreversible behaviour is that collapse is stress path dependent if loading 

and unloading sequences are considered.

c) An additional strong path dependence is observed in soils that experience suction 

changes. This feature manifests itself in collapsing soils and, more strongly, in swelling 

soils. In general, alternate applications of suction and net total stress changes, which 

lead to a common final value of the effective stresses, rarely result in the same 

deformation.

void
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Figure 2-5 Void ratio constitutive surface for a mixture of flint and kaolin under 
Ko loading, after Fredlund and Rahardjo (1993).

Evidence supporting a non-unique state surface has been reported by many authors in the 

literature, Lloret and Alonso (1985). The state surfaces tend to be unique only for isotropic 

and oedometric conditions if the imposed paths always involve a non-decreasing degree of 

saturation (Matyas and Radhakrishna, 1968), i.e. no drying stages which increase the 

suction. Barden et al. (1973) came to the same conclusions. Lloret and Alonso (1985) found 

a unique state surface provided that there was no increase in suction or decrease in load. 

Also, state surfaces only reflect the response in terms of volume change of the soil to a
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given imposed stress path, which does not provide a good framework to integrate volume 

change behaviour of unsaturated soils into a more general stress-strain relationship.

2.9.4.1 Finite Element Models

Elasto-plastic models such as Cam-Clay and modified Cam-Clay have been used for many 

years to model saturated soils using critical state parameters, Alonso et al. (1987). These 

models enabled soil displacements up to failure to be determined for saturated soils. New 

frameworks have been developed to extend these models to include the effect of suctions 

for unsaturated soils. These ideas were introduced by Alonso et al. (1987), Wheeler and 

Sivakumar (1995) and implemented in CRISP84 by Nesnas (1995). The model produced 

by Alonso et al. (1987) is often referred to as the Barcelona model and is intended to 

describe unsaturated behaviour, using the knowledge of irreversible strains which occur as 

a consequence of changes in external stresses and suction for non-cemented, non-expansive 

soils. The Barcelona model has subsequently incorporated increasing numbers of new 

features (expansion, chemical and thermal coupling, etc.) and is becoming very 

comprehensive. Additional parameters need to be included in these models, which 

increases with the complexity and makes them more difficult to use. A great deal of 

expertise and effort is needed to generate these parameters and renders the problem even 

more difficult.

The model uses the ideas of hardening plasticity. The yield surface or locus of points, in 

relevant stress space, describes the boundary between elastic and plastic deformations. 

Irreversible deformations occur when the boundary surface is reached, which causes the 

yield surface to move to a new position. Either loading or decreasing suction may force the 

yield surface to move if the elastic limits of the yield curve are exceeded. The Load- 

collapse curve (LC) is shown in Figure 2-6 with axes S, soil suction and p, net mean stress. 

A three dimensional view of the yield surface is presented in Figure 2-7 in p,q,s space. 

Where p (net mean stress) and q (deviatoric stress) are stress invariants and S is matrix 

suction. As load or suction is increased, the yield surface becomes larger and plastic 

deformations occur.
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Figure 2-6 Loading collapse (LC) yield curve and Suction Increase (SI) yield 
curve, after Alonso et al, (1987).
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Figure 2-7 Three-dimensional view of the yield surfaces in (p,q,s) stress space, 
after Alonso et al., (1987). p=net mean stress, q = deviatoric stress and S = suction

Nesnas (1995) successfully incorporated an elasto-plastic constitutive model to predict the 

behaviour of unsaturated soils including collapse into the CRISP program. The model he 

used was the Barcelona model developed by Alonso et al. (1987). His study showed that 

the model successfully modelled theoretical results. However this model only predicts the
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behaviour of uncemented unsaturated soils whose only bonding is provided by suctions 

between the particles. There is a wide range of soils that have cementation and other forms 

of bonding. These soils may not be modelled so successfully, especially given the 

difficulties in measuring suctions in such soils.

2.9A.2 Including bonding/cementation in unsaturated frameworks 

An addition that has been discussed is the inclusion of bonding terms to include the effects 

of structure. Leroueil and Vaughan (1990), discuss the influence of structure on engineering 

behaviour. The concept of yielding developed to describe the effects of stress history in 

sedimentary clays is used to discuss the effects of structure. The shape of the yield curve 

due to structure is similar to that due to overconsolidation. They state that the effects of 

structure are as important in determining engineering behaviour as are the effects of initial 

porosity and stress-history, which are the basic concepts of soil mechanics. It is concluded 

that structure and its effects should be treated as a further basic concept of equal importance 

for natural sedimentary and residual soils.

Gens and Nova (1993) use these concepts to tentatively discuss the inclusion of a bonding 

term within the Barcelona model. This is a possibility for future work, although this 

complicates the models further with more parameters, which cost both time and money to 

derive. These models are becoming increasingly complicated with further additions of new 

parameters to include new concepts. They rely on the modeller undertaking a large amount 

of tests to find out the relevant parameters and coefficients to use these equations.

2.9.5 Modelling Collapse

One of the oldest approaches to collapse problems is that presented by Nobari and Duncan 

(1972). Two property sets are defined, one for dry (d) conditions and one for saturated (s) 

conditions. Dry conditions are assumed initially up to point A (see Figure 2-8) and then 

collapse is simulated in two stages. In the first stage, a switch to the saturated curve is 

performed without strain changes, this is represented by point B. The corresponding stress 

is known as the clamped stress (a6). In the second stage, equilibrium is restored by the 

application of the unbalanced stresses, a A-aB, to reach point C.

In order to find the clamped stress, o B, (Figure 2-8) for the saturated soil, Nobari and 

Duncan (1972) proposed that the dry soil is loaded with dry properties (w(d)) along the
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stress path OPA (Figure 2-9a) and the corresponding strain path OP A ’ is recorded (Figure 

2-9b). The saturated soil is loaded along the same strain path as the dry soil to find the 

stress point crB for the saturated soil, along the stress path OQB (Figure 2-9c). In Figure 2-9, 

q and p are deviatoric and normal stress invariants respectively and £q and £p are their 

associated strains.

stress o

Dry
Saturated

Collapse
Aa

Ba

strain s

Figure 2-8 Collapse modelling using one set of parameters for the dry soil and one 
set of parameters for the saturated soil, after Farias et al. (1998)
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Figure 2-9 Stress and strain paths, after Farias et al. (1998) where q and p are 
deviatoric and normal stress invariants respectively
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Nobari and Duncan’s method of producing collapse overcomes the difficulties presented by 

the complexities of the elasto-plastic models described earlier in this section. It is a simple 

and effective way of evaluating the collapse potential of a deposit. The method uses the 

same assumption that is used for double oedometer tests. That is that difference in strain 

(AC) between a dry sample and a saturated sample would also be observed if a sample was 

loaded initially dry to g a and then saturated, see Figure 2-8.

Farias et al. (1998) have extended Nobari & Duncan's procedure so that any constitutive 

model may be used. The method was implemented in finite element routines using non

linear elastic models and critical state models, but still require development to model some 

behaviours such as the effect of horizontal expansion during collapse.

2.10 THE SCOPE OFTHIS RESEARCH

From the literature survey it can be seen that many results have been reported on the 

physical modelling of collapsible soils using oedometer techniques. These techniques have 

been used to estimate the likely magnitudes of collapse in loess soils. Particle packing ideas 

can help to explain the phenomena observed in the oedometer tests. Assallay (1998) and 

Dibben (1998) started to develop an artificial material, which can be used to examine the 

effect of changing the constituents of the collapsible sample in a controlled way. These 

models have serious limitations but can be improved upon. There is a lack of comparable 

data in the literature. The artificial loess will help to broaden the understanding of the effect 

of the properties of loess on collapse behaviour.

Various approaches have been used to predict the behaviour of collapsible soils the main 

techniques employed have been discussed in this chapter. The broad aim of this research is 

to model the collapse both physically and numerically.

From the numerical modelling work presented above it is easy to see that a lot of work has 

been carried out on unsaturated soil behaviour. However, most of this work has 

concentrated on uncemented soils, which gain their strength from suctions. Cementation is 

an important factor for controlling collapsibility in loess and other natural soils.

29



Chapter 2: Collapsible soils

Elasto-plastic models such as Cam-Clay and modified Cam-Clay have been used for many 

years to model saturated soils. New frameworks have been developed to extend these 

models to include the effect of suctions for unsaturated soils. These ideas were introduced 

by Alonso et al. (1987), Wheeler and Sivakumar (1995) and implemented in CRISP84 by 

Nesnas (1995). These models were intended for unsaturated, unbonded soils. Additional 

parameters need to be included in these models for bonding, which increases with the 

complexity and makes them more difficult to use. A great deal of expertise and effort is 

needed to generate these parameters and renders the problem even more difficult.

The inclusion of bonding tenns allows the effects of structure to be examined. Leroueil and 

Vaughan (1990), discuss the influence of structure on engineering behaviour. Gens and 

Nova (1993) use these concepts to discuss the inclusion of a bonding term within the 

Barcelona model. This is a possibility for future work, although this complicates the models 

further with more parameters, which cost both time and money to derive. These models are 

becoming increasingly complicated with further additions of new parameters to include 

new concepts. The literature review allowed a reassessment of the aims and objectives at 

the beginning of the project. The aims of the project were to:

1. Determine the factors that influence the saturation collapse of loess soils by using and 

developing physical and numerical models of the soil.

2. Use the knowledge of unsaturated soil behaviour to produce a numerical model that can 

take account of cementation effects, to assess the effect of collapse under load/wetting.

3. Implement the model using finite element methods based on this model to compare the 

predictions of the model against a laboratory model of a footing supported by loess.

4. Compare the artificial and natural loess in terms of collapse.
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3 Element Test Methods

3.1 INTRODUCTION

The first aim of the project, as stated in Chapter 2, was to determine the factors that 

influence the saturation collapse of loess soils using a physical model. This chapter 

describes the methods used to develop the physical (or artificial) model soil. The 

artificial soil has helped to answer questions about the relative importance of the 

constituents and properties of the soil on the magnitude of collapse and has provided 

improved understanding of loess formation and collapse mechanisms. It has also proved to 

be a good method of producing a large uniform sample for modelling foundations built on 

loess.

The artificial loess deposits were produced in the laboratory, adapted from methods 

previously discussed by Dibben (1998) and Assallay (1998) to behave in the same way as a 

typical natural loess deposit. The silt and clay particles of the natural loess were represented 

by crushed sand and kaolinite, which were mixed together to form an open structured 

deposit. The artificial loess was further developed to produce a material with controllable, 

uniform collapse properties.
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This chapter discusses the formation of the model loess and the main testing methods used 

to examine the geotechnical properties and collapse behaviour of the artificial loess. Index 

testing and the scanning electron microscope (SEM) were used to study the model soil. 

Hydrocollapse testing in the oedometers was carried out to assess collapsibility and triaxial 

tests were used to find values for Young’s modulus. Laboratory testing provided plastic and 

liquid limits, particle shape and hydrocollapse results that were used for comparison with 

natural loess, hence, linking the artificial model with the behaviour of natural collapsible 

loess soils.

3.2 CLASSIFICATION

3.2.1 Geometrical Characteristics

Scanning electron microscopy (SEM) is widely used as an analytical tool. SEM testing was 

carried out at the Department of Geology at The University of Leicester using an SEM of 

type Leo 435. SEM analysis has the benefits of ease of preparation, good resolution and 

high magnification range. The technique was used in this project to look at grain shape, 

soil fabric and clay bonding in the artificial soils. The SEM consists of an electron optics 

column and an electronics console. Samples were oven dried and carefully fractured to 

expose an unaltered face to analyse. A small piece of material was glued to the SEM plug. 

The free soil particles on the surface of each sample were removed using a jet of 

compressed air. The small samples are coated with gold and then placed in a vacuum. The 

gold coating helps to avoid the specimen from charging under contact with the electrons. A 

schematic diagram of this equipment is shown in Figure 3-1. Results of the analysis are 

shown in chapter 4.

3.2.2 Index testing

Index tests provide a basic classification of the soil that can be used to compare samples. 

Liquid and plastic limit testing was carried out on all the samples using the method detailed 

in BS 1377:1990 - Part 2 (BSI, 1990). Specific gravity testing was carried out on all the 

materials used for making the samples. The gas jar method was employed according to the 

methods described in BS: 1990-Part 2 (BSI, 1990). The moisture content of the artificial 

samples was controlled using the methods described later, in Chapter 4, Section 4.3.
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Figure 3-1 SEM equipment

3.2.3 Particle Size Analysis

A particle size distribution for each of the three materials used to simulate the silt-sized 

particles was carried out using the SediGraph, S5100, at the Britsh Geological Survey 

(BGS) in Keyworth, Nottingham. The SediGraph determines particle sizes by using a 

sedimentation technique that measures the gravity induced settling rates of different size 

particles in a liquid of known properties. The largest particles fall fastest while the smallest 

particles remain in suspension for longer and therefore fall slowest, as described by Stokes’ 

Law. The samples were prepared using Calgon (0.5 Molar Solution of Sodium 

Hexametaphosphate) which is a de-flocculent and, as such, separated the particles.

As particle shapes are never uniform, the size of the each particle is described using an 

'equivalent spherical diameter'. A fine beam of x-rays pass through the sample cell to a 

detector. The percentage of x-ray beam that reaches the detector is used to calculate the 

particle size distribution.
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3.3 PRODUCTION OF ARTIFICIAL LOESS SPECIMENS

To produce the model loess it was necessary to simulate the silt particles and clay bonds 

that form the basis of loess material. The primary silt particles were simulated using 

Ballotini balls, Leighton Buzzard sand, crushed to produce silt size particles or HPF4 silica 

particles. The Ballotini balls are spherical glass particles, purchased in the size range of 

4pm  to 90 (am. The characteristic mode size of loess (Rogers and Smalley, 1993) is 20- 

60pm. Large ballotini particles were removed using a 63pm sieve. A sedimentation 

technique was used to reduce the amount of fines using a BS 1377: (BSI, 1990 -  Part 2) 

standard dispersant solution of 33g sodium hexametaphosphate and 7g of sodium carbonate 

to 1 litre of distilled water. The solution was mixed and shaken well and left to stand for 10 

minutes. Ten minutes was calculated using Stokes Law and corresponds to the time taken 

for particles greater than 20pm to settle, leaving the smaller particles in suspension. The 

smaller fines can then be decanted off.

Crushed sand was prepared using the mechanised grinder and then the same method as 

above was used to reduce the resultant silt to the required size range. ‘HPF4 Silica Flour’ 

was also purchased (from Hepworth Minerals and Chemicals Ltd) to reduce the amount of 

time spent grinding the particles to the required size. These particles were purchased in the 

size range 2pm to 100pm. The same techniques were applied to produce particles within 

the required size range for artificial loess production.

The clay used was Kaolinite which was found in previous studies to give the best results 

due to its non-swelling properties (Assallay, 1998).

3.3.1 Previous methods

An air fall specimen was built up using a sieving technique, Dibben (1998). The sieve is 

held 400mm above the oedometer ring in which the sample is prepared. This is sufficient 

height to ensure a random deposition within the ring. The initial unstable structure is very 

sensitive and will collapse almost immediately under its own weight. For the artificial 

samples a constant mass of 120g of material was used for the crushed sand and 140g of 

material was used for the ballotini balls. This is in contrast to the work of Assallay (1998) 

who used a quantity of material capable of producing samples with a constant void ratio of 

around 0.9.
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Flow of material

< 200 micron sieve

Funnel to collect the 

sieved materialI
Oedometer ring 
Porous disc

Figure 3-2 The equipment used for the air fall method of creating a dry sample. Dry 

mixed clay and silt particles are sieved into the oedometer ring prior to steaming.

Once the dry sample was formed, it was necessary to add a small amount of moisture to the 

sample to form the bonds. Distilled water was used for this. Dibben (1998) used a steaming 

method. The sample was placed over a boiling container of water. The steam from the 

container was forced through the specimen until the whole sample was wetted. This is 

determined when the sample became wet and therefore darker in colour at the top of the 

sample. A period of 1 hour gave a moisture content of around 12-13%.

Assallay (1998) investigated two methods of forming the samples; dry mixing and wet 

mixing. In the dry mixing method the silt and clay are mixed using a pestle and mortar and 

sieved through a 63pm sieve to form unstable specimens. In the wet mixing method the 

particles were again mixed together in the pestle and mortar. Water was added to fonn a 

slurry at approximately the Liquid Limit and the slurry was mixed using the pestle and 

mortar. The wet soil was placed on a glass plate and partial evaporation of water was 

permitted. The soil lumps were oven-dried and sieved through a 63 pm  sieve. The oven- 

dried material was used to form the samples in the oedometer ring and no extra moisture 

was added, unlike the method employed by Dibben (1998), who used the steaming method.
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The steaming method provided better bonding between the particles as the bonds were not 

broken once the specimen had been formed.

Advantages of these methods:

1. Samples formed using the methods above produced a model soil that behaved in a 

similar way to natural loess under load and exhibited similar hydrocollapse behaviour 

when wetted.

2. The material constituents could be directly controlled, thus providing a way of 

assessing the effect of varying them on overall collapse behaviour

However, key limitations exist in these methods. The disadvantages are as follows:

1. The steaming method employed by Dibben (1998) could only be used on small 

samples. If larger samples are steamed the lower layers of the sample collapse under 

the weight of the higher material due to the high water contents produced lower down 

in the sample.

2. Moisture contents cannot be controlled using the steaming method.

3. Previous methods compared samples with either the same mass (Dibben, 1998) or the 

same void ratio (Assallay, 1998). The effect of clay content on the initial void ratio is 

therefore neglected. Initial void ratio will affect the magnitude of hydrocollapse it is 

therefore important that initial void ratios are not forced’ but instead are foimed 

’naturally’ so that the effect of the clay content on initial void ratio and quantity of 

hydrocollapse can be analysed.

4. Since either the mass or void ratio is kept constant, the samples do not relate to natural 

conditions in the ground. The effort needed to foim the sample was greater for 

specimens with higher clay contents, using the methods employed by Dibben (1998) 

and Assallay (1998). Initial void ratios were therefore being forced to be unnaturally 

high for high clay contents, in the previous methods. A new approach is needed to 

produce samples with more natural void ratios.

3.3.2 A new approach

To eliminate effects 3 and 4 a new method was developed to produce more comparable 

samples. It was decided that instead of forcing the samples to the same void ratio, the 

samples would be left to form naturally. This was done by using the same energy to 

compress each of the samples. Each specimen is subjected to a known stress, using the
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oedometer apparatus. The stress represents an equivalent overburden pressure and 

therefore allows the specimen to form at its ’natural’ void ratio and mass. This simulates a 

sample at a given depth, therefore making the samples more comparable to natural samples. 

In addition, this allows different depths to be simulated by using different formation 

pressures.

Oedometer tests, triaxial tests and larger scale footing experiments were to be undertaken 

during this project. Steaming would not be possible in larger samples because the base 

would become completely saturated while the top would remain dry. The oedometer tests 

and footing tests must be comparable and therefore made using the same methods. New 

methods for wetting the samples were investigated. These new methods were developed in 

the oedometers and assessed for their potential for use in the footing test.

3.4 PRODUCTION METHODS USED

The silt fraction and clay fraction of the loess need to be modelled. To simulate the silt 

sized fraction of loess, three materials were compared for performance. These were:

1. Ballotini balls

2. Crushed sand

3. HPF4 Silica flour -  High purity quartz sand, dry ground, from Hepworth Minerals and 

Chemicals Ltd.

These materials were all prepared as explained in Section 3.3 to produce silt particles of the 

required size range. The clay binder used, continuing from the work of Assallay (1998) and 

Dibben (1998), was kaolin. Assallay reported that this was the only practical clay mineral to 

use, as the grains do not swell on contact with water. Hydrocollapse results are therefore 

not masked by swelling behaviour of the clay, as would be the case for a clay such as 

montmorillonite. Using this clay also means that results from the project can be directly 

compared to the work of the two previous authors.
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3.5 MIXING METHODS

3.5.1 Method 1 - The airfall method

Following the method used by Dibben (1998), a number of samples were produced. The 

samples were made from ballotini, crushed sand or HPF4 to compare the influence of 

particle shape on the characteristics of the artificial soil. The required amounts of silt and 

clay fractions were mixed together dry and sieved into the oedometer ring. The sample was 

tapped down to fill the ring using the same mass of the mixed particles. A pallet knife was 

used to smooth the surface and the sample was placed on steam bath. The steam was 

allowed to rise through the sample until the surface of the sample was damp. The sample 

was then weighed and dried in the oven to enable bond formation. The specimen was 

finally weighed again before testing in the oedometer.

3.5.2 Method 2a - The wet paste method

Method 2a was developed to eliminate the need for steaming which could not be used in 

the future for larger samples as it provides no control over water content. As before, the 

required amounts of silt and clay were mixed together dry. The required amount of water 

(later referred to as the preparation water content) to form a paste was added and mixed 

well on a glass plate using a palette knife. The mixture was lightly compacted into the 

oedometer ring using a 20mm diameter wooden pole. Twenty light taps were used on the 

surface of the material to ensure that any large air pockets were removed. Care was taken 

to use the same effort each time a sample was made. A static compressive stress was used 

to further compress the samples to produce natural initial void ratios, as explained in section 

3.3.4. The oedometer ring was placed in the oedometer case and screwed down. This was 

placed in the oedometer rig and the loading arm and disc were lowered onto the sample. 

Different overburden pressures were simulated by adding weights to the oedometer, 

calculated to apply the required stress on the specimen. This approach was used instead of 

forcing the void ratios to be the same for all clay contents (as in method 1). The sample 

was then weighed, dried and weighed again before testing. Some samples were oven dried 

to provide very low moisture contents, others were allowed to dry in air to be tested with 

higher moisture contents (this is the initial water content of the specimen).
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3.5.3 Method 2b - The spray method

In this method, spraying the samples instead of steaming was carried out. The sample was 

formed in the oedometer ring and as in method 2a. The required percentage o f  silt and clay 

particles were mixed together. Water was added to form a paste, which was left to dry on a 

glass plate, as in the Assallay (1998) method. The dry porous disc and ring were weighed 

and a shallow layer of the dry mixture was crumbled and sieved into the oedometer ring. 

The dry layer was weighed, sprayed with distilled water and then weighed again. This step 

was repeated 6 more times to fill the oedometer ring in layers. The specimen was then 

placed in the oedometer and loaded to achieve the required preconsolidation pressure, as 

above in Section 3.5.2.

3.6 OEDOMETER TESTING

The amount and rate of collapse can be estimated from oedometer tests. The oedometer 

consolidation test is a well established technique and is described in BS 1372: 1990. The 

standard technique has been modified to investigate collapse behaviour of metastable soils 

by Kane, (1969), Jennings and Knight (1975), Handy (1973), Mellors (1978) and 

Lutteneger and Saber (1988) and many others. This technique is widely used to provide 

information on collapsibility of soils. The oedometer collapse test has become known as 

the hydro-collapse test due to the collapse response of the soil upon wetting. The two tests 

that have been consistently used in the literature are the single oedometer test and the 

double oedometer test. These methods have been shown to provide similar estimates of the 

magnitude of hydrocollapse (Lawton et al. 1989).

3.6.1 Apparatus

Front lever loading, fixed ring oedometers manufactured by Wykeham Farrance 

Engineering Limited were used for the oedometer tests. Vertical stresses are applied using 

dead weights. A counterbalance lever arm can be adjusted to maintain the lever ami in a 

level position. The applied stress is transferred to the specimen via the load shaft on to the 

loading yoke to ensure the loading is non-eccentric.

Vertical displacements are measured using a strain gauge with 0.001mm per division. The 

strain gauges are attached to transducers, which enables the data logger to record the 

displacements every minute. These two methods of measuring the strain were calibrated in
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the laboratory using a micrometer before commencing the experiments. Smooth polished 

stainless steel rings of 76mm diameter and 19mm height are used to hold the specimens. 

The rings are held in place using an outer confining ring which slots onto the oedometer rig.

3.6.2 Samples

Artificial samples were made using methods 1, 2a and 2b. Method 1 was earned out to 

compare with the work of Dibben and Assallay. Methods 2a and 2b investigated using the 

same energy to make each of the samples. Natural samples taken from Essex were also 

tested from Star Lane brickworks, near Southend in Essex, NGR: 590 186. The samples 

were taken from site using the U100 sampling equipment developed by the BGS, described 

in Culshaw et al. (1993). The equipment for taking undisturbed samples is shown in Figure 

3-3. This method is advantageous for a number of reasons including, drying out is virtually 

eliminated, the samples are simple to remove in the laboratory and oedometer samples can 

be prepared with the minimum of cutting away while the remainder of the sample can stay 

supported within the tube.

mandrel

pushrod

spacer/vent

sample tube

cutter

1

Figure 3-3 Schematic representation of the tripod sampler
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3.6.3 Testing for hydrocollapse: Single oedometer test

Specimens were prepared and loaded using the oedometers. In the single oedometer test 

only one specimen is required. The specimen was stressed in increments, typically to 

200kPa, and then saturated. The specimen was subsequently stressed to 1600kPa. The 

deformations at each stage were measured using a vertical dial gauge and transducer 

(LVDT), which allowed the readings to be logged over the duration of testing. Calibration 

of the LVDT’s was carried out by comparing the readings to the vertical dial gauge, which 

in turn, was tested using a Vernier scale. The percentage change in height from before to 

after flooding was calculated and is expressed as the percentage hydrocollapse.

The sample was weighed before and after the test, to calculate the water content for each of 

the samples. Weighing the wet sample is not a true indication of the saturation ratio 

because during unloading in the oedometer, the specimen will draw in more water from the 

surrounding container. Even if the surrounding water is removed before unloading, the 

water from the porous disk is drawn into the sample. After weighing, the sample was oven 

dried for 24 hours at 105°C and then weighed again in order to find the dry mass of the 

sample.

3.6.4 Testing for potential hydrocollapse: Double oedometer test

The second test is the double oedometer test. This test requires two identical specimens, 

something very difficult to guarantee in natural samples due to sampling effects (Culshaw 

et al.1992) and the material variability. One of the specimens is loaded in its unsaturated 

state and the other is flooded before loading. Deformations are recorded for the saturated 

and unsaturated specimens with a vertical dial gauge. The difference between the 

settlements observed in the two specimens at a given stress, represents the amount of 

collapse that would be observed in a single oedometer test. The coefficient of collapse (ic) 

was used by Abelev (1948) and Lutenegger and Hallberg (1988) and is often determined 

for stresses of 200 or 300kPa.

ic = Ae/(1+ e') = (e1- e")/(l+ e’) = Ah/(1+ h') = (h‘- h")/(l+ h') (3.1)

where, Ae = change in void ratio

e' = void ratio before wetting
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e” = void ratio after wetting 

Ah = change in height 

h ’ = height before wetting 

h” = height after wetting 

Generally, if ic > 0.02, the soil is considered to be collapsible.

Collapse coefficient can also be obtained from:

ic = Aec/(l+eo), (3.2)

Where, Aec is the change of void ratio upon wetting and e0 is the natural void ratio. This 

latter calculation takes in to account the deformation due to loading as well as the collapse 

observed due to wetting, Knight (1963). The coefficients vary with stress at wetting, so it is 

important to quote what the saturation stress was, as well as the method for calculating the 

collapse coefficient. This project has used the former definition (3.1) for collapse 

coefficient at a stress of 200kPa.

3.6.5 Procedure

All experiments were carried out in a temperature controlled room, to ensure repeatability. 

Loading was carried out using modifications to BS 1377:1990 (BSI, 1990). A stressing 

sequence of 5 ,10,25, 50,100,200,400, 800 and 1600kPa was used. The required load was 

added to the loading arm after 1 hour in most cases, long enough for the structure to densify 

under each applied stress (Dibben, 1998). After flooding the specimens were left for up to 

12 hour's to allow for complete hydrocollapse. A summary of the oedometer tests 

undertaken are given in Table 3-1.

3.6.6 Testing the oedometer for creep

To make sure the deformations recorded are from the settlement of the sample and not from 

creep of the apparatus, the following procedure was followed every 6 months. A steel plate 

with a known stiffness was tested in the oedometers. The apparatus, with the steel plate, 

was left with no load for one hour and the displacements are recorded. A vertical stress of 

5kPa was applied to the steel plate. The applied stress was increased in increments (10, 25, 

50, 100, 200, 400, 800, 1600kPa) every hour, and the displacements recorded. Creep can 

then be worked out from the recorded displacement minus the expected displacement. 

Creep was monitored for the equipment and found to be negligible for the short duration of
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the loading sequence. At 19°C the oedometers were found to be accurate to ±0.001mm. 

The test room was kept at 19°C for the duration of the testing program.

Silt Type Method

(preconsolidation

pressure)

To test Preparation water 

content %

Loess from Star 

Lane, Essex

Typical natural behaviour of 

UK loess

Crushed sand 1 -  constant mass Effect of clay content 

percentage (0-40%)

steam

Ballotini balls 1 -  constant mass Effect of clay content 

percentage (0-40%)

steam

Ground Silica 1 -  constant mass Effect of clay content 

percentage (0-40%)

steam

Ground Silica 2a -  constant effort 

(0,50, lOOkPa)

Effect of clay content

percentage

(10,20,30,40,50%)

17.5 and 30%

Ground Silica 2b -  constant effort 

(5,10 50kPa)

Effect of clay content 

percentage

(0,5,10,15,20,25,30,35,40,60,

100%)

10-20%

Table 3-1 Summary of the oedometer tests undertaken during this project 

3.7 TRIAXIAL TESTING

Like the oedometer test, the triaxial test provides data on an element of soil. However the 

loading conditions can be more readily compared to the stresses that occur in the ground, as 

they involve three-dimensional pressures which can be controlled. Unconsolidated, 

undrained triaxial tests were performed to suggested practice in the testing soil manual 

volume 2, Head (1990). The conventional method of determining strains in soil samples in 

triaxial tests is to measure the displacement of the loading piston relative to the machine 

platen or cell body. This is assumed to be equivalent to measuring the displacement of the 

top cap relative to the base pedestal. Strain measurements of this kind are referred to as
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end-cap measurements. This method is usually satisfactory if large strains occur and if only 

the failure criterion is relevant.

The main sources of error in end-cap measurements of strain are as follows:

1) Deflection of load cell, or bedding of load ring contact searings.

2) Deflection of loading system, including bedding of cell base.

3) Tilting of sample.

4) Consequent reorientation of top cap.

5) Bedding of top cap and base pedestal on to sample.

Deflection of the equipment was found to be negligible compared to the relatively large 

movements found in the sample. It was necessary to make sure that the sample was centred 

on the equipment to avoid tilting and reorientation of the cap. This was done by forming 

the samples in a tube and placing the end caps in the tube during the formation of the 

sample. The bottom cap was placed on the base plate of the equipment and the top cap, 

which had a locating ball on the top, fitted into the hole at the top of the equipment to 

ensure adequate centring of the sample.

3.7.1 Samples

Artificial samples were made using method 2a. A small number of natural samples were 

also tested. The samples were taken from block samples taken from Pegwell Bay, near 

Ramsgate in Kent, NGR: 635 165.

3.7.2 Method for Undrained Triaxial Tests

A number of undrained triaxial tests were performed on samples with 30% kaolinite 

content to further test the stiffness of the soil, as this clay content was found to give a good 

representation of the behaviour of natural loess, see chapter 4. Formation of the samples 

was carried out on a similar basis to the oedometer tests. Samples were compacted, using 

the same effort as for the oedometer tests. Specimens of 38mm diameter and 76mm in 

height were formed in the triaxial membrane, which was inserted in a metallic tube on the 

triaxial cell base. This allowed the sample to keep its shape until it had dried sufficiently. 

The samples were left to dry in air for 1, 2, 3 and 4 days and some for up to 3 months, to 

produce samples with different initial water contents and bonding strengths.
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Minor principal stresses of 100, 200 and 300kPa were used and axial stresses were applied 

until failure. These stresses were used to represent the stresses of a heavy foundation on the 

soil. The strain rate was 1.5mm/min, as for traditional quick undrained triaxial tests. These 

tests were performed on saturated and unsaturated specimens to produce Young’s Moduli 

for both saturated and unsaturated states. This gave an idea of how much the sample would 

collapse if loaded and then wetted as for the oedometer tests. A range of water contents 

were tested to get an idea of how much settlement to expect as ground water level is raised 

and water content is therefore increased. This is important for the next stage of testing and 

prediction, which involved a model foundation on loess soil with increasing ground water 

level

3.7.3 Elastic Parameters

A small number of tests were carried out using the triaxial apparatus to get an approximate 

idea of the stiffness compared to that in oedometer apparatus where vertical displacement 

can only take place.

Youngs Modulus, E, and Poisson's ratio, v, are needed for use in the stress analysis. A 

vertical stress a v produces a vertical strain sv equal to x/L, where x is the deflection and L  is 

the original length. Within the elastic range, change of strain is related to change of stress 

by the equation

d av =E.dev 3.3

Where E is defined as the Young's modulus of elasticity.

Eu for undrained

E’ for drained conditions 

Derivation of the elastic moduli can be done in one of three ways. The tangent modulus can 

be derived by drawing the tangent to the stress-strain curve at a selected stress or strain. The 

secant modulus is the slope of the line connecting the origin to a particular point at a 

particular stress value. These moduli are normally found for the plastic part of the stress- 

strain curve. The elastic modulus, or Young’s modulus, can be found for the straight line 

part of the curve, where initial loading causes elastic behaviour.

The derived modulus value varies with the selection of the relevant points on the stress- 

strain curve. In traditional practice the modulus is related to a realistic stress range, or to a 

specified fraction of estimated or measured failure stress. For many applications it is the
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behaviour at very small strains that is most significant, as foundations will be designed to 

produce the lowest settlements possible in the soil. The chosen method will depend on the 

shape of the stress-strain curve. For loess it will be the difference between the unsaturated 

and saturated curves that will prove most significant.

Young’s Modulus is related to the constrained modulus found from the oedometer tests. 

The constrained modulus (confined compression), D, is defined as, change in normal stress/ 

change of strain.

3.8 SUMMARY

This chapter has looked at the methods used to generate a physical model of loess soil. It 

has also looked at the methods used to validate this model by comparing it to natural loess. 

The methods used to determine the geotechnical properties, soil structure and collapse 

mechanisms of both the natural and artificial loess were discussed. The results from these 

tests are given in the following chapter.
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4 Element Test Results

This chapter presents the results of the index, oedometer compression and triaxial 

compression tests that were carried out on artificial loess specimens prepared using the 

methods discussed in chapter 3. A summary of the element tests carried out is shown in 

Table 4-1.

Test To examine On natural Number On
artificial

Number

SEM,

photography

Particle shape, bonding no (see 

Smith, 1999)

yes 3

Atterberg

limit

Liquid and plastic limits yes yes 3

SediGraph Particle size distribution no (see 

Dibben,

1998)

yes 1

Oedometer One-dimensional compression. 

Using method 1 of production

yes 27

Oedometer One-dimensional compression. 

Varying clay content, preparation 

water content, overburden 

pressures, method of making the 

sample

yes 2 yes 61

(using 

production 

methods 2a 

and 2b)

Oedometer Hydrocollapse due to different 

flooding water contents (method 2a)

no yes 9

Oedoemeter Unloading in same increments as 

loaded (method 2a)

no yes 2

Triaxial Three-dimensional compression yes 2 yes 5

Table 4-1 Summary table of the element tests carried out
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The oedometer and triaxial tests were used to identify the key parameters that control 

collapse behaviour and enabled investigation of their influence on the magnitude of 

collapse. The methods of producing the artificial soil have been developed to a point where 

the following soil parameters can be controlled during production:

1. Clay content

2. Void ratio

3. Overburden pressure

4. Degree of saturation

5. Moisture content

Points 2-5 were achieved with a major development of the work by Assallay (1998) and 

Dibben (1998). The artificial material produced controllable and repeatable results that 

were used to validate computational models of the collapse behaviour. The repeatability of 

the oedometer tests are shown in Figure 4-1, where the preparation water content and mass 

of the samples were the same and the void ratios throughout the test are similar in the two 

samples. The new techniques of producing the artificial loess overcome the problems 

associated with the original methods, i.e. production of samples with natural void ratios, 

simulation of depth of deposit and control of the level of saturation. A summary of the tests 

undertaken for this project are shown in Table 4-1.

® 0.8 
o

0.6 
;o
>  0.4
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0.2

20001500500 10000

Applied Load, kPa

Figure 4-1 Oedometer results for two similar artificial samples, showing the repeatability 

of the results. Water contents were 18-19%.
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4.1 SHAPE OFTHE PARTICLES

Scanning Electron Microscope pictures show the silt and clay particles in an undisturbed 

sample of natural loess, as seen in Plate 4.1. The clay component between the silt forms 

bonds to hold the particles in a metastable state. Plate 4.2 shows a more clayey sample. 

Both of these samples were collected for a Master’s project and were found in Kazakstan, 

detailed in Smith (1999). The full width of the photograph is 500 microns and therefore a 

large number of the silt particles can be observed. Voids between the particles can clearly 

be seen. These SEM pictures provide a reference on which to base the artificial soil. The 

effect of clay bonding was recreated in the artificial loess in the laboratory. Ballotini balls, 

crushed natural sand and industrially ground silica flour (HPF4) were all used to simulate 

the silt-sized fraction of loess. These particles were mixed with clay binder to form a 

collapsible deposit.

The Ballotini balls are glass spheres and were used by Dibben (1998) and Assallay (1998) 

to make an artificial loess soil. The shapes of all the particles have been examined under the 

SEM. The spherical glass balls have been used to represent the silt particles of loess, but do 

not have the same characteristic blade-shape. However, the glass spheres are a useful link to 

the particle packing ideas which have mainly been developed using spheres see, for 

example, Nobari and Duncan (1972), Dijkstra et al. (1995). The ballotini spheres are shown 

in Plate 4.3. mixed with 20% clay fraction. A clay bridge can clearly be seen in the SEM 

photograph. The width of the photograph is 45 microns and therefore only two particles can 

be seen.

Spherical particles readily adopt their closest packing whereas angular and blade shape 

particles interlock. Rounded grains tend to roll over one another rather than interlock, and 

therefore tend to shift under load. Angular particles resist shear better due to the 

interlocking of the particles. In fact, angular and blade shaped particles of loess can stand in 

very steep cuttings due to the interlocking of the grains. The voids between the spherical 

and angular particles are also different. Pathways for water flow will be larger and more 

open for the rounder particles, compared with the smaller more tortuous routes around the 

angular particles. This will affect the way the particles behave when infiltrated by water. 

Crushed sand was also used as to represent typical silt-sized particles in loess. The crushing 

process produces very angular particles, see Plate 4.4. The loess silt particles are more
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Plate 4-1. Natural Loess from Kazakstan, (Smith, 1999)

Plate 4-2. Clayey Natural Loess from Kazakstan, (Smith, 1999)



Plate 4-3. Artificial Loess made from Ballotini Balls and Kaolinite

Plate 4-4. Artificial Loess made from Crushed Sand and Kaolinite
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rounded than the newly crushed sand due to the weathering and transportation processes 

undergone during formation of the deposit, Smalley (1996). A mixture of crushed sand and 

clay (20%) is shown in Plate 4.4, which clearly shows clay coatings and bridges on and 

between the silt particles. The width of the photograph is 150 microns. The specimen was 

prepared by mixing the silt and clay with water and then the specimen was dried as in 

method 2a, Chapter 3, Section 3.5.2. Although this specimen was dry when photographed, 

the bridges have formed in the same shape as a meniscus, which must have occurred when 

the soil was wet. The clay has stayed in position, post-drying. The same shapes and 

coatings were also observed for the ground silica and clay mixture. Plate 4.5 shows the 

ground silica flour mixed with 30% kaolinite. The kaolinite particles have coated most of 

the silica particles. The photograph is 300 microns across. A large void can be seen in the 

centre of the photograph, in Plate 4.5. Voids like these were formed naturally when the 

particles were mixed with water. Similar voids have been observed in natural loess and 

have been attributed to old root holes or other organic matter, Dibben (1998). However, 

some of these voids could have been made during the formation of deposit just as in the 

artificial loess, rather than being made by organic matter.

In Plate 4.6 the shape of the HPF4 particles can be seen, the width of the photograph is 90 

microns. The cmshed sand and the ground silica material are both fairly angular. These 

particles are not as rounded and weathered as natural loess silt but display the characteristic 

blade shape. The ground silica was chosen for the bulk of the experiments due to the 

convenience of not having to crush the material. The particle size of the silica, according to 

the manufacturers guide lines, are within the required range for loess silt (about 20-60 pm) 

and therefore no crushing was needed. A chemical analysis, provided by the manufacturers, 

shows that 98.5% of the particles are quartz, with a small amount of impurities.

42  INDEX TESTING

Index properties for natural loess were given in Table 2-1, in Chapter 2. Liquid and plastic 

limit (LL and PL respectively) tests have been performed on all three types of artificial 

loess and on natural loess, obtained from the Star Lane site, Essex (see Figure 3.3) for 

comparison. Plasticity index (PI) is difficult to obtain for the artificial loess as the PI (LL- 

PL) is low. The material is very brittle, especially for low clay contents. While 

undertaking the Plastic and Liquid Limit tests it was observed that at water contents of up to
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15% the material remained very brittle and crumbly. A change in the behaviour was 

observed in the artificial soil with water contents above 20%. The material becomes very 

soft and has very little strength. The index properties obtained for the artificial loess are 

similar to natural loess (Table 2.2, Chapter 2) and are shown in Table 4-2. A  value for the 

PI for the ballotini balls could not be obtained as it was non-plastic.

Artificial material 
Silt/Clay ratio 
Method of preparation

LL
%

PL
%

PI
%

Gs

Kaolinite (Grade 50) 56 37 19 2.60
80/20, Ballotini and kaolinite (Grade 50) 
Air fall method 1

- - - 2.50

90/10, Crushed sand/ kaolinite (Grade 50) 
Air fall method 1

22 21 2 2.65

80/20 CS/k (Grade 50) 
Air fall method 1

21 18 3 2.64

80/20, HPF4/kaolinite (Grade 50) 
Air fall method 1

25 17 8 2.64

80/20, HPF4/kaolinite (Grade 50) 
Wet method 2a

25 17 8 2.64

70/30, HPF4/kaolinite (Grade 50) 
Wet method 2a

27 18 10 2.64

70/30JHPF4/kaolinite 
(Grade 50)
Bonding method 2b

27 18 10 2.64

Table 4-2 Artificial loess index properties
Where, LL = Liquid limit, PL = Plastic Limit, PI = Plastic index, Gs = Specific gravity.

The specific gravity, Gs, for each of the artificial materials is also shown in Table 4-2. The 

specific gravity of the ballotini balls was less than for the silt size particles of natural loess. 

The crushed sand and ground silica were both mainly quartz and therefore had specific 

gravity of 2.65, this was confirmed with the specific gravity testing carried out in the 

laboratory, carried out as discussed in Chapter 3.2.2. This value is more comparable to 

natural loess than for the Ballotini balls. The specific gravity is lower than generally found 

for natural loess. This will affect the mass of the samples but should not affect the packing 

characteristics of the grains.
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A particle size analysis of the silt-sized particles was performed using the SediGraph at the 

British Geological Survey (BGS). Results are shown in Figure 4-2 and Figure 4-3. Based 

on the particle size classification given by BSI, 1990, the silica material consists of 40% 

coarse silt, 28% medium silt, 10% fine silt and 4% clay-sized particles. This compares to 

the crushed sand, which had 64% coarse silt, 30% medium silt, 4% fine silt and 2% clay

sized particles. The much coarser Ballotini which had 80%, 12%, 3% and 0% respectively.
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Figure 4-2 Particle size analysis results for kaolinite and silica

The kaolinite had 84% of its particles finer than the fine/medium silt boundary. All the 

kaolinite particles were finer than 20pm. By combining these two results it was possible to 

estimate curves for any clay content. The calculated particle size distribution curves for 

10% and 30% clay are shown in Figure 4-2. Figure 4-3 shows the comparison of the 

particle size distribution curves for 30% clay artificial loess and for the Essex loess. Also 

shown are the boundaries found by Derbyshire and Mellors (1988) for Lanzou loess, China. 

The Essex loess and the artificial loess fit between these boundaries for Lanzou loess. This 

indicates the close comparability of loess from artificial sources to those around the world.
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Figure 4-3 Comparison of particle size distribution for natural and artificial samples

Assallay, (1998) showed that kaolinite was an effective clay mineral to use in laboratory 

tests. Kaolinite has limited surface activity and is less chemically interactive with pore 

water than other minerals. This means the physical mechanisms of collapse can be 

assessed without chemical mechanisms confusing the issue. A chemical analysis of the 

kaolinite used is given in Table 4-3. The quoted mineralogical composition was derived 

from x-ray diffraction measurements and calculations based on chemical analysis produced 

by the manufacturers. Mineralogical analysis of the natural Essex loess, from Star Lane 

brick pit, is provided in Table 4-4. Clay content is around 32% with kaolinite and illite- 

smectite being the clay minerals present. However, since smectite is a swelling clay 

mineral, as discussed above, it was decided that kaolinite would be used to simulate the 

clay bonds for simplicity.

Mineral Puraflow (Grade 50)
Kaolintie 65
Potash Mica 24
Quartz 2
Soda Mica 6

Table 4-3 Mineralogical analysis of Kaolinite (Grade 50)
[Source: Manufacturers data sheet - WBB Devon Clays.]
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Mineral Type Mineral Star Lane, Essex
Quartz Quartz 56
Carbonate Calcite 0

Dolomite 0
Clay mineral Kaolinite 4

Illite-smectite 28
Feldspars Pagioclase 8
Total 96

Table 4-4 Mineralogical Analysis of Natural Loess found in Essex, Star Lane site.

43 OEDOMETER TEST RESULTS

A summary of the oedometer test results is given in this section and the main points of 

interest highlighted. Three methods of producing the artificial loess were used, as discussed 

in Chapter 3. Method 1 is the method used by Dibben (1998), where an air fall deposit is 

created and the same mass is used to produce each sample. Using the same mass has a 

number of limitations associated with it (as discussed in Chapter 3, Section 3.3.1), so a 

second method using the same compressive effort was developed, in order to produce the 

’natural’ void ratio for each sample. Wetting by steaming, as in method 1, is practical for a 

small sample, but an alternative to steaming was also investigated that could be used to 

prepare larger samples. Firstly, by simply mixing the dry materials with water and forming 

the sample wet (2a) and secondly, by spraying the sample as it was formed (2b). A 

summary of the production methods is given in Chapter 3.

Results from oedometer tests on the artificial loess have been compared with results from 

natural loess specimens, to check the validity of the artificial loess model. Typical 

oedometer results for the natural loess obtained from Essex are shown in Figure 4-4. Three 

curves are shown, one sample was loaded unsaturated up to an applied stress of 1600kPa, 

one sample was saturated and loaded up to an applied stress of 1600kPa (double oedometer 

test) and the third sample was loaded initially unsaturated and loaded with an applied stress 

of 200kPa, then saturated and finally loaded to 1600kPa (single oedometer test). The results 

from the single oedometer test are similar to the results of the unsaturated specimen up to 

an applied stress of 200kPa. After saturation, the results are similar to the results of the 

saturated specimen in the double oedometer test. This shows that the soil reaches the same 

stress-strain point independent of the order or wetting and loading. Similar behaviour is 

observed for other collapsible soils, for example colliery spoil, Skinner et al. (1999).
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The graph shows the normal stress applied to the oedometer sample (x-axis) against the 

deformation that this stress produces (on the y-axis). It is usual to plot effective stress 

against void ratio, however, effective stress is not valid for unsaturated materials, as it 

assumes that the material is fully saturated. Deformation has been plotted instead of void 

ratio to illustrate collapse of the specimen on saturation. Results for the oedometer tests for 

the artificial samples are all represented in this way in the following sections. The results 

from the natural samples provide a comparison with the artificial loess soils produced in the 

laboratory. Important points to note are, firstly the same state is gained whether the soil is 

saturated and then loaded or loaded and then saturated. Secondly, the constrained modulus 

of the oedometer samples increases with applied stress.
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Figure 4-4 Typical oedometer results for loess samples from Essex, Star Lane site.

4.3.1 Production Method 1 - The air fall method, after Dibben and Assallay

Three types of silt-sized particle were used to produce the samples using method 1. This 

allowed the effect of the shape of the primary particles on the behaviour of the samples to 

be assessed. All of these samples were made using the Dibben (1998) method using 

varying proportions of silt and clay. The samples were all made with the same mass (105g)
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of material. This produced samples with similar void ratios in each of the specimens with 

varying clay contents.

During production of the samples it was observed that as the clay content increased over 

25% it became harder to fit the same mass of material into the oedometer ring. The 

specimens with higher clay contents required far more effort to pack the particles into the 

oedometer ring. This may have been due to repelling forces in the clay or perhaps because 

of the way the smaller and larger particles pack together. This observation was investigated 

further in methods 2a and 2b and using a computational model explained in Chapter 5.

Typical oedometer results for the ballotini balls are shown in Figure 4-5. The solid line 

illustrates the behaviour of the ballotini and the dotted line shows the behaviour of the 

Essex loess from Star Lane Brickworks, which is provided for comparison. It was 

observed that the artificial loess produces more strain for low applied stresses than the 

natural loess. This was thought to be due to a number of factors, the shape of the particles, 

the smoothness of the glass surface, which may prevent strong bonds from developing, the 

lack of time available to develop bonds, and the lack of brittle carbonate bonds in this 

simplified artificial loess. The bonding between the particles in the artificial samples is not 

as strong as in the natural loess samples in the unsaturated state. The particles pack closely 

due to their spherical shape and initial void ratios were low (0.84). Collapsed void ratios 

are also low, for the same reason.

Typical oedometer results for the crushed sand are shown in Figure 4-6 and for the ground 

silica in Figure 4-7. The results show more settlement than was observed for the natural 

Essex loess. This was perhaps due to the weaker bonding for the reasons discussed above. 

Also, initial void ratios are very high, 1.26 and 1.36 for the crushed sand and ground silica 

respectively. High void ratios in the samples were observed when low compressive stresses 

and low water contents were used to form the specimens. The crushed sand and HPF4 

samples (see Figure 4-7) are more comparable to natural loess than the ballotini balls 

because they have the same specific gravity as the silt fraction of natural loess and have a 

more natural shape. All three methods produce similar curves on the height versus applied 

stress graphs. Collapse is far greater than in the natural loess because the initial void ratios 

are high. Of course, the void ratios could be reduced by initially compacting the specimens 

using a known stress.
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Figure 4-5 Oedometer results for artificial samples made with Ballotini balls/kaolinite 
80/20 method 1, compared to natural loess from the Star Lane site, Essex.
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Figure 4-6 Oedometer results for artificial samples made with crushed sand/kaolinite 
80/20 Method 1, compared to natural loess from the Star Lane site, Essex.
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4.3.1.1 Particle Shape

The Essex loess had a hydrocollapse value of 4.5%. The artificial loess exhibited much 

higher values of hydrocollapse for all three types of silt. The ballotini had around 12.8% 

hydrocollapse, the crushed sand also had 12.8% and the ground silica had 14%. All these 

samples were made with 105g of dry material and were made with 20% kaolinite. The 

values obtained for hydrocollapse are consistent with specimens made from different 

shaped particles, even though the void ratios are not. This indicates that the particle shape 

will affect the void ratio of the sample but will not affect the amount of collapse settlement. 

The influence of the particle shape on the void ratio of the unsaturated specimen is the same 

as the influence over the void ratio of the saturated specimen and therefore the magnitude 

of the hydrocollapse is almost unaffected. The amount of hydrocollapse is not greatly 

affected by particle shape, but magnitude of hydrocollapse was different in the artificial and 

natural samples, this was probably due to the combination of higher void ratios and weaker 

bonding in the artificial samples.
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Figure 4-7 Oedometer results for artificial samples made with ground silica/kaolinite 
80/20 Method 1, compared to natural loess from the Star Lane site, Essex.
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4.3.1.2 Hydrocollapse and void ratio

Oedometer tests were carried out on specimens made using method 1 and clay contents of 

0, 5, 10, 15, 20, 25, 30 and 35%. The hydrocollapse of each specimen was found for an 

applied stress of 200kPa and compared for different clay contents. For all three different 

artificial silts, the largest hydrocollapse is observed for clay contents of around 25%, this is 

shown in Figure 4-8. This trend is not observed in natural samples, see the discussion in 

Section 4.3.4.
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Figure 4-8 Percentage hydrocollapse for varying kaolinite content for samples prepared 
using method 1. Crushed sand and Kaolinite specimens.

The explanation for observing this in the laboratory specimens seems to lie in the way the 

particles pack. The same mass was used for each specimen, regardless of its clay content. It 

was noted that greater effort was needed to pack the same mass of sample into the 

oedometer ring for higher clay contents. The formation process and the way the particles 

naturally pack affected the collapse potential of the specimens. It was therefore necessary to 

further examine the relationship of clay content and particle packing to test this hypothesis. 

The effect of clay content on void ratio and hydrocollapse is discussed in Section 4.3.6.

Figure 4-9 shows the changes in void ratio during the oedometer tests on the artificial 

specimens prepared using Method 1. As the samples are compressed the particles rearrange
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and pack together more closely. The graph indicates that the samples with 25% clay content 

pack most densely on hydrocollapse. This explains the peak of hydrocollapse at this clay 

content, seen in Figure 4-8. The results indicate that specimens would naturally pack at 

different densities for different clay contents. It is therefore proposed that specimens should 

be formed with the same energy to encourage these natural densities to develop in the 

samples during preparation. This approach should mean that the samples are formed with 

void ratios more in line with those that would be found in a natural sample.
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Figure 4-9 Void ratio at the four stages in an oedometer test. (Method 1 - constant mass, 
Crushed sand and Kaolinite)

Where, ei = initial void ratio, epre-c = voids ratio before wetting at 200kPa, epost-c = void 
ratio after wetting at 200kPa, ef = final void ratio at 1600kPa applied stress

4.3.2 Production Method 2a - The wet method

Instead of using the same mass, the same compressive effort was used to make the samples. 

In method 2a the silt particles, clay particles and water were mixed together before forming 

the sample.

4.3.2.1 Preparation water content

The preparation water content was investigated to ensure that the sample was wet enough to 

produce bonds within the material but dry enough so that shrinkage of the samples did not
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occur. The optimum water content was determined by using the same compressive effort to 

make samples with different moisture contents. The results of these tests are illustrated in 

Figure 4-10. This graph shows that a peak density is achieved with preparation water 

contents of around 25%. Specimens were dried in the oven to create the bonds needed 

between the silt particles. Shrinkage of the samples occurred when they were prepared with 

water contents above 20%. A water content of 17.5% was chosen for preparation of the 

majority of the samples which is low enough to avoid shrinkage of the specimens but high 

enough to allow bonding to develop during drying.
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Figure 4-10 Comparison of initial voids ratio of samples made with different preparation 
water contents with ground silica and 10,30 and 50% kaolinite content.

A small number of samples were made using the optimum preparation water content for 

which the samples produced their lowest void ratios. Results for typical oedometer tests on 

this artificial material are shown in Figure 4-11 and Figure 4-12 for 20% (sample a) and 

30% (sample b) clay content respectively. Sample (a) was made with 27% preparation 

water content and had an initial void ratio of 0.72. Sample (b) was made with 25% 

preparation water content and has an initial void ratio of 0.81. Hydrocollapse values 

compare favourably with the Essex loess. Sample (a) showed 4.3% hydrocollapse and 

sample (b) had 5.3% hydrocollapse. This method introduced a strong structure and low 

void ratios that compare favourably with the Essex natural loess samples from the Star
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Lane brick works site. However, the samples produced at this water content shrunk when 

dried. They therefore had to be made in larger rings and transferred to the smaller 

oedometer rings for testing once they had been dried. This meant that the samples had to be 

disturbed from where they were made, and one of the advantages of the artificial loess was 

that it did not have to be disturbed and therefore is not affected by sampling effects.
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Figure 4-11 Oedometer results for samples made using method 2a. Ground silica/ 
kaolinite content 80/20. Preparation water content 27%. Initial voids ratio, e=0.72
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Figure 4-12 Oedometer results for samples made using method 2a. Ground silica/ 
kaolinite 70/30. Preparation water content 25%. Initial voids ratio, e=0.81
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The next stage of the research was to make a larger sample of artificial loess as this would 

be required for the model footing test (see Chapter 6). The specimens above suffered from 

shrinkage during drying. However, shrinkage of the samples does not happen if the samples 

are made with less water. A water-content of 17.5% was used throughout the rest of the 

testing, as samples prepared with this water content did not shrink during drying. Figure 

4-13 shows the oedometer results of samples made with 17.5% water content. This shows 

collapse behaviour similar to that shown by method 1, as the void ratios are similar. The 

initial void ratio of this sample was 1.0. This method provides a much simpler way of 

making the samples and produces very similar results to the method used by Dibben 

(1998). Much more collapse is observed than for samples prepared with the optimum water 

content due to the higher initial void ratios. The preparation water content affects the initial 

void ratio and therefore the magnitude of the hydrocollapse.
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Figure 4-13 Oedometer results for samples prepared using method 2a. Ground silica/ 
kaolinite 70/30. Preparation water content = 17.5%. Initial voids ratio, e=1.0

4.3.2.2 Water content causing collapse

The influence of water content on hydrocollapse was investigated in a series of oedometer 

tests, where the samples were loaded with an applied stress of 200kPa and wetted with

66



Chapter 4: Physical Modelling Results

different amounts of water. A known quantity of water was added to the oedometer ring 

after the sample was loaded. The porous discs and samples were weighed separately pre- 

and post-collapse to obtain the water content causing collapse in the specimens. Specimens 

were produced using method 2a with clay contents of 30%. The results from this test 

showed an increase in hydrocollapse up to a saturation ratio of 0.5. For saturations greater 

than 0.5 there is almost no additional hydrocollapse, see Figure 4-14. Results are reasonably 

close to those found by El-Ehwany and Houston (1990), who report that 85% of full 

collapse is produced at 50% saturation. After 50% saturation it is suggested that the 

bonding has been reduced between the particles allowing movement between the particles, 

so that they can pack as closely together as possible. Any further increase in water content 

merely fills the voids and does not facilitate any more movement of the particles.
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Figure 4-14 Graph to show the relationship between saturation ratio at the time of 
collapse and amount of hydrocollapse, for specimens prepared with 30% clay content.

4.3.3 Preparation Method 2b - Spraying Method

Specimens were formed in layers. Each layer was sprayed with water before adding another 

layer as explained in Section 3.5.3, Chapter 3. A summary table of results is shown in Table 

4-5. The results are ordered by preparation method, then clay content percentage and then 

preparation moisture content. Results are shown in Figure 4-15 for typical results for 

samples produced using method 2b. The initial void ratio for this sample was 1.17 and the 

preparation water content was 13.5%. The hydrocollapse observed in this sample was
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13.7%. Again this behaviour is similar to that observed for methods 1 and 2a for similar 

void ratios and preparation water content.

4.3.4 General Observations for both methods 2a and 2b

Swelling occurs during saturation of an artificial sample if the applied stress is below 

25kPa. Swelling has been shown to occur in natural samples too, Assallay (1998). The 

reasons for this could be due to swelling in the clay minerals in some samples, however, in 

these tests kaolinite is used which is not a swelling clay mineral. Alternatively, the soil has 

been initially over-consolidated and when the soil is wetted it attempts to find its natural 

equilibrium. These results are consistent with observations on compacted kaolin, see 

Zakaria et al. (1995).

Method Percentage
Clay

Mass
g

Moisture
Content
%

Initial 
Void 
ratio, e

Precons
olidation
pressure
kPa

Void
ratio
pre
saturation
at
200kPa

Void
ratio
after
saturation
at
200kPa

2a 10 137.75 0.00 0.65 0 0.62 0.59
2a 10 115.72 17.50 1.00 0 0.73 0.60
2a 10 137.48 26.65 0.64 0 0.61 0.57
2a 10 130.85 29.96 0.70 0 0.64 0.60
2a 20 116.03 17.50 0.95 0 0.75 0.57
2a 20 125.98 21.58 0.81 0 0.69 0.61
2a 20 131.63 29.96 0.72 0 0.67 0.60
2a 30 112.28 0.00 1.02 100 0.90 0.68
2a 30 111.96 16.24 1.04 0 0.83 0.57
2a 30 113.92 17.50 0.94 0 0.83 0.56
2a 30 122.07 17.50 0.84 100 0.77 0.53
2a 30 130.85 17.50 0.72 100 0.68 0.58
2a 30 133.40 17.50 0.73 100 0.68 0.55
2a 30 113.96 17.50 0.99 0 0.84 0.56
2a 30 125.75 17.50 0.81 0 0.72 0.61
2a 30 121.31 17.50 0.87 0 0.77 0.64
2a 30 112.50 17.50 1.02 0 0.82 0.67
2a 30 112.14 17.50 1.02 0 0.90 0.83
2a 30 113.96 17.50 0.99 0 0.84 0.56
2 a 30 120.65 17.62 0.88 0 0.81 0.62
2a 30 120.21 17.62 0.89 0 0.79 0.58
2a 30 112.90 17.63 1.01 0 0.82 0.51
2a 30 112.90 17.63 1.01 0 0.91 0.61
2a 30 112.43 17.68 1.02 0 0.89 0.58
2a 30 112.90 17.68 1.01 0 0.82 0.51
2a 30 112.90 17.68 1.01 0 0.91 0.61
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Method Percentage
Clay

Mass
g

Moisture
Content
%

Initial 
Void 
ratio, e

Precons
olidation
pressure
kPa

Void
ratio
pre
saturation
at
200kPa

Void
ratio
after
saturation
at
200kPa

2a 30 112.43 17.68 1.02 0 0.89 0.58
2a 30 131.53 18.75 0.71 100 0.67 0.53
2a 30 127.29 29.98 0.78 0 0.69 0.60
2a 30 125.16 30.00 0.81 0 0.72 0.63
2a 30 123.02 34.50 0.78 0 0.69 0.60
2a 40 104.25 17.50 1.17 0 0.94 0.61
2a 40 127.08 29.99 0.78 0 0.72 0.62
2a 50 102.49 17.50 1.21 0 0.97 0.62
2a 50 124.18 30.00 0.80 0 0.74 0.63
2b 5 93.80 21.00 1.40 0 0.93 0.72
2b 10 92.20 13.90 1.44 0 0.70 0.54
2b 10 98.71 14.90 1.31 0 0.92 0.68
2b 10 111.74 16.61 1.03 0 0.89 0.72
2b 15 94.31 13.34 1.41 0 0.90 0.62
2b 15 97.33 17.05 1.34 0 0.85 0.62
2b 20 99.80 14.69 1.28 0 0.93 0.68
2b 20 110.86 19.53 1.02 0 0.93 0.66
2b 20 103.49 22.42 1.17 0 0.86 0.60
2b 25 103.41 15.10 1.20 10 0.84 0.57
2b 25 106.31 15.90 1.13 5 0.84 0.57
2b 25 113.22 16.76 0.99 50 0.86 0.59
2b 30 98.74 0.00 1.30 50 0.91 0.68
2b 30 97.35 15.56 1.32 10 0.89 0.58
2b 30 98.85 18.67 1.29 5 0.91 0.62
2b 40 96.27 15.59 1.35 10 0.88 0.56
2b 40 86.84 16.51 1.62 5 0.99 0.64
2b 40 103.35 19.75 1.18 50 0.97 0.67
2b 60 94.60 4.65 1.39 5 0.89 0.61
2b 60 97.39 8.47 1.32 10 0.83 0.61
2b 60 96.98 13.98 1.33 0 1.09 0.78
2b 60 96.67 17.50 1.34 0 0.98 0.64
2b 60 85.50 22.49 1.63 50 1.19 0.79
2b 60 126.51 32.11 0.78 0 0.71 0.61
2b 100 94.60 4.65 1.37 5 0.99 0.87
2b 100 96.98 13.98 1.31 0 1.07 0.77

Table 4-5 Summary table of results for the one-dimensional compression tests for 
methods 2a and 2b.

The specimens were also tested in the oedometer during unloading. Having loaded the 

sample with an applied stress of 1600kPa, the load was reduced in the same increments as it
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was increased. The loading was reduced every hour. Elastic deformation is described as the 

amount of height that is regained during unloading. Plastic deformation is defined as the 

amount of deformation that can not be regained during unloading. The results for a typical 

sample formed using method 2a show that a similar amount of plastic deformation occurs 

in the saturated sample and in the unsaturated sample, 1.19 and 1.275mm respectively. 

However, there is a lot more elastic behaviour exhibited in the saturated sample, which was 

allowed to swell due to the water surrounding it during unloading, see Figure 4-16. 

Swelling occurred in the sample that was saturated under no load. This was due to the low 

initial void ratio (0.6) and overconsolidation of the sample during preparation.
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Figure 4-15 Oedometer results for samples prepared using method 2b. Initial voids ratio, 
e = 1.17. Preparation water content = 13.5%.

4.3.5 Clay Content and Void Ratio

Specimens were prepared with varying clay contents to observe the influence on void ratio 

and collapse. The initial void ratios for all the tests are shown in Figure 4-17. A large 

difference in initial void ratio is observed in the results as the specimens were made with 

different water contents and compressive stresses. A tendency for the particles to pack more 

densely at 25% clay content can be seen from the results of the specimens made using both 

methods. Figure 4-18 shows the void ratios of the same specimens at an applied stress of 

200kPa, before the wetting stage of the test. Figure 4-19 shows the same results split into
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bands according to the initial water content at the start of the test. The range of void ratios is 

reduced because the influence of the consolidation pressure is reduced at 200kPa.
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Figure 4-16 Loading and unloading of oedometer samples prepared using method 2a. 
Preparation water content = 25%, initial void ratio 0.6.
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different preparation methods

♦ ♦

♦ ♦ ♦ i  i  4 ; <<

*
4
*

• *♦
. t ____ ____• ■

1
■■

■ ■ ♦

■ method 2a

♦ method 2b
i---------------------------------i---------------------------------r

71



Chapter 4: Physical Modelling Results

2.00

1.80

1.60

1.40

®  1.20
o'
£3 1.00
;g
>  0.80 

0.60 

0.40 

0.20

0.00
20 40 60

Clay content %
80 100

Figure 4-18 Void ratio of specimens at 200kPa before wetting shown for different 
preparation methods
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Figure 4-19 Void ratio of specimens at an applied stress of 200kPa before wetting shown 
for different initial water contents
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The void ratios of the specimens at an applied stress of 200kPa are less variable than the 

initial void ratios. The influence of the preconsolidation pressure is removed, as the stress 

applied to the soil is greater than the preconsolidation pressure. The specimens were either 

air dried or oven dried. The differences in void ratio at 200kPa could be due to the small 

differences in initial water contents, caused by air drying or oven drying. Or due to the 

drying process itself; using the oven or allowing the specimens to dry more slowly in the 

air. Alternatively, the differences could be due to the differences in preparation water 

contents, which could cause the clay bonds to develop differently between the silt particles.

Void ratios are more consistent after the specimens have been wetted as shown in Figure 

4-20. The initial water content now has no effect on the void ratios. The differences in void 

ratios are mainly due to different water contents after flooding. The specimens at 25-40% 

clay content appear to pack with lower void ratios than the other clay contents. The clay 

content can be seen to influence the void ratios of the specimens throughout the oedometer 

test. The variation of the void ratios at this stage is mainly due to different flooding water 

contents. Generally, the higher the flooding water content the greater the hydrocollapse, as 

can be seen in Figure 4-21. There will also be a natural variation in the void ratio that can 

be achieved, due to the interlocking of particles and the different alignments that could 

possibly be achieved.
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Figure 4-20 Void ratio of the oedometer samples at 200kPa after wetting
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Figure 4-21 Void ratios at 200kPa after flooding of the specimens shown against flooding 
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Figure 4-22 Illustration of optimum clay content

Clay content would appear to affect the void ratios of the samples at all stages of the test 

and therefore the amount of hydrocollapse observed in the samples. The densest initial 

packing is achieved with kaolinite contents of 25% i.e. this is an optimum initial packing 

arrangement. Approximately twenty five percent clay is the optimum amount of clay to fill
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the voids between the silt particles. Above this clay percentage the smaller particles begin 

to dominate, the silt particles are pushed apart which creates larger void ratios. Below the 

optimum 25% clay content, the void ratios may also slightly increase because the clay will 

not fill as much of the void space between the silt particles. This hypothesis is illustrated in 

Figure 4-22. A similar effect was observed by Reddi and Bonala (1997) for a kaolinite-sand 

mix. Samples were compacted in moulds and extruded for testing. 10, 20, 30 and 40% 

kaolinite were tested, which had void ratios of 0.54, 0.36, 0.37 and 0.57 respectively for 

samples compacted dry of optimum.

4.3.6 Effect of Clay Content on hydrocollapse

Figure 4-23 shows the percentage hydrocollapse observed in samples with varying clay 

contents. As clay content increases, hydrocollapse increases, if all other factors are kept the 

same (i.e. preparation water content and initial compaction). Some of the data on the loess 

deposits around the world seems to agree with this trend. Some of the deposits with greater 

clay contents seem to show more hydrocollapse. Other deposits show less hydrocollapse 

and show no correlation with clay content. The magnitude of hydrocollapse is dependent on 

many other factors apart from clay content, such as initial void ratio, initial water content, 

degree of saturation during flooding and bonding from other sources such as carbonates. 

The variation of natural loess deposits and the number of factors affecting hydrocollapse 

make it very difficult to compare hydrocollapse from one region to another. Therefore, a 

relationship between clay content and hydrocollapse can not be seen in the natural samples 

as it can in the artificial soil, where just one of the constituents can be varied.

The results shown in Figure 4-25 explain the hydrocollapse peak observed at 25% clay 

content (as shown in Figure 4-8), produced using method 1, where a constant mass is used 

to form each sample. The specimens also had very near constant initial void ratios due to 

the small change in their specific gravity caused by the small difference in densities of the 

silt and clay grains.

75



Chapter 4: Physical Modelling Results

25 - 

20 -

G)

S. 15 -jc
o0
2 10 -

TO

1
5 - 

0 -
0 10 20 30 40 50 60

Clay content, %

Figure 4-23 Comparison of hydrocollapse for samples prepared using method 2a with 
17.5% water content and 30% initial water content for different clay contents.

Consider a set of specimens that are forced to pack with a void ratio of 1 for kaolinite 

contents varying from 0-40%. This void ratio is natural, perhaps for a clay content of 25%, 

but very dense for clay content higher or lower than this. The specimens formed with a 

greater percentage of clay than the optimum will also be forced into a denser structure than 

it would naturally form. Less hydrocollapse will therefore be observed due to the relatively 

more dense initial packing. It is proposed that the peak hydrocollapse curve observed in 

Figure 4-8 is, therefore, merely a function of the preparation of the samples and their initial 

void ratios. In specimens forced to have the same initial void ratio, specimens with the clay 

content that can be most easily packed will show the greatest hydrocollapse because they 

will have the potential to pack closest together. When the samples are formed at their 

natural void ratios, increasing the clay percentage results in an increase in hydrocollapse as 

shown in Figure 4-23. This shows the influence of the clay content for samples that have 

been allowed to form at their natural initial void ratios. The increase in hydrocollapse with 

clay content is not observed in the results from the literature due to the natural variations of 

other factors that control hydrocollapse.

Similar results were noted by Basma and Tuncer (1992). Sand -  clay % was plotted against 

collapse potential. 0% is equivalent to 50% sand and 50% clay. 100% is equivalent to 

100% sand and no clay. As the difference between the sand - clay percent reduced (higher
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clay percent), the collapse potential increased, as can be seen in Figure 4-24. They explain 

their findings by the fact that the fine grains, of clay in this case, act as a bonding material. 

At low water contents, the clay fraction at the contacts of the larger grains, sand particles in 

this case, provides the shear strength that resists deformation. The higher the clay fraction 

the more the resistance is to densification and consequently, the higher the void ratio will 

be. However, when the soil is allowed free access to water, the clay binder is partially or 

fully broken, and the soil collapses. There are no results shown for void ratios of the 

different samples at the different stages, but the clay binder certainly has an influence over 

these soils. It is interesting to see that the sand and clay material behaves in a very similar 

way to the silt and clay material tested for this project.
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Figure 4-24 Effect of difference between sand and clay on collapse potential at various 
wetting pressures (Basma and Tuncer, 1992).

4.3.7 Effect of compressive effort

The depth of a deposit can be simulated in the sample by applying a compressive stress 

equal to the stress that would occur at a given depth. This reduces void ratio and hence 

increases the stiffness. For example, if the model soil sample is required to simulate an 

element of soil from 2m depth, the stress applied would be 2x15 (unit weight of sample)
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minus the water pressure at that depth. If the water depth is lm  then the applied stress 

needed is 20kPa.

Methods 2a and 2b have been used to create samples to examine the effect of varying 

kaolinite content. The same compressive effort was used for each clay content to allow the 

samples to reach their natural equilibrium. The main influence of compressive effort during 

the preparation of the samples is to make the samples stiffer due to increased void ratios as 

can be seen in Figure 4-25.
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Figure 4-25 Effect of clay content and preconsolidation pressure on initial void ratio of 
the artificial samples compacted with the same compressive effort

4.3.8 Effect of Water content

Preparation water content will affect the initial void ratio of the sample and therefore the 

constrained modulus. An optimum water content of 25% was shown to produce the 

samples with the highest density during preparation of the samples, see Figure 4-10. The 

effect of preparation water content is similar to clay content. As for all soils, there is an 

optimum water content, which produces the highest density sample. Both clay content and 

initial water content are significant influences in the formation of an artificial sample.

The behaviour of the samples under load is also affected by water content. As initial water 

content is increases, samples will become softer. At 50% saturation ratio the samples seem
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to reach their densest packing following collapse, see Figure 4-14. Even if more water is 

added at this stage there will be no further decrease in height of the sample, provided the 

loading remains unchanged.

Results from El-Ehwany and Houston (1990) and Ishihara and Harada (1994) show similar 

relationships as seen in Figure 4-26. The latter report that for degrees of saturation above 

65-70%, full collapse occurs and for a degree of saturation of 50%, 85% of full collapse 

occurs. Initial saturation is plotted against the hydrocollapse observed after full saturation of 

the samples. The shape and position of the partial collapse curve will, of course depend on 

the particular soil type, the amount of fine particles present and the type of cementation.
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Figure 4-26 Collapsibility versus saturation ratio for test material (Ishihara and Harada, 
1994)

4.3.9 The constrained modulus, D

The constrained modulus was found for the oedometer tests by finding the line of best fit 

through the loading curve between O-lOOkPa. Stresses up to lOOkPa are of particular 

interest as this stress will be used in further testing later in this thesis. Values for the 

constrained modulus were found for both natural and artificial samples. The constrained 

modulus for specimens collected at the Star Lane site in Essex were around 4300kPa for 

unsaturated and 2400kPa for the saturated samples for stresses up to lOOkPa. After this 

point the constrained modulus increased as the void particles became more densely packed, 

see Figure 4-27. The void ratio of these samples were around 0.78.
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Figure 4-27 Constrained modulus, D, for the Essex samples, 4300kPa for the unsaturated 
sample and 2400kPa for the saturated sample

For the unsaturated oedometer tests on the artificial loess, the stress-strain curve was near 

linear where applied stress was between 0-lOOkPa and the constrained modulus was easily 

found. Obviously for higher loads a non-linear approach would be more valid. For a 

sample with a void ratio of nearly 1, the constrained modulus, D, was around 1900kPa, and 

a sample with void ratio of 0.87, D = 2500kPa, see Figure 4-28.
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Figure 4-28 Constrained modulus, D, found for unsaturated artificial specimens (method 
2a) with different initial void ratios and 30% clay content. Equations are given in order 
of their gradient.
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Figure 4-29 Constrained modulus, D, for saturated artificial specimens (method 2a) with 
different initial void ratios and 30% clay content.. Equations are given in order of their 
gradient.
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The saturated artificial samples were less linear and therefore a line of best fit does not 

model the behaviour of the samples very well, as can be observed in Figure 4-29. However 

this approach allows a comparison to be made between the natural Essex loess and the 

artificial loess. For a saturated artificial specimen with an initial void ratio of 0.76, the 

constrained modulus was around 2400kPa, compared with the natural loess which had an 

initial void ratio of 0.78 and a constrained modulus of 2300kPa, for saturated specimens. 

An artificial sample of slightly lower void ratio, e= 0.89, had a much reduced constrained 

modulus of around 830kPa. The samples seem very sensitive to changes in initial void 

ratio. Constrained modulus decreased considerably with void ratios greater than 0.8.

A comparison of constrained modulus values for different initial void ratios is shown in 

Figure 4-30. The constrained modulus of the samples is obviously linked to their initial 

void ratio. Constrained modulus reduces considerably for saturated samples with a void 

ratio above 0.8. The unsaturated samples were stiffer than the natural specimens with an 

equivalent void ratio.
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Figure 4-30 Relationship of constrained modulus with initial void ratio for saturated and 
unsaturated samples, for the results presented in Figures 4.27 and 4.28.

4.4 TRIAXIAL COMPRESSION TESTS

Results for the undrained, unconsolidated triaxial compression tests carried out on natural 

loess from Pegwell Bay (see Figure 3.3, Chapter 3) are shown in Figure 4-31. The loess
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from the Essex site and the Pegwell Bay site are very similar. The results from triaxial tests 

on this natural loess are shown for comparison with the artificial loess in Figure 4-32.

Triaxial compression tests were performed on the artificial loess to observe stress/strain 

behaviour of the samples under more realistic conditions. Method 2a was employed to 

make the samples, having proved to be the most successful way to make the artificial loess. 

Methods to produce the triaxial samples are discussed in Chapter 3. Specimens were again 

made using the same effort, so that the natural void ratio would form for the sample.

The specimens were tested in their unsaturated state. The specimens were tested with 100, 

200 and 300kPa cell pressure. As the strain increased the stress was recorded at intervals 

and plotted on a graph of deviator stress against strain as in Figure 4-31.
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Figure 4-31 Deviator stress-strain curves for triaxial tests performed on loess from 
Pegwell Bay, Kent.
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Figure 4-32 Typical triaxial tests for artificial loess prepared using method 2a and tests at 
different initial water contents (%).

The maximum deviator stress, qf, for the natural samples was around 500kPa. The 

maximum deviator stress for the artificial samples depended strongly on the water content 

that they were tested at, as expected. For artificial samples with water contents close to 

those tested in the natural samples, qf was higher than for the natural samples. For the 

sample tested at 9.4% water content the void ratio was 0.75. The void ratios in the natural 

samples were very similar, 0.74 and 0.77. Void ratio was therefore not the cause of the 

increased strength in the artificial samples.

Once the strain of the specimen had reached over 0.03 (3%), the stress exerted by the 

equipment did not increase significantly. There is an almost linear relationship between 

stress and water content. The water content seems to have more of an influence at higher 

strains.

4.4.1 Effect of confining pressure

Results for 100, 200 and 300kPa confining pressures are shown in Figure 4-33. Samples 

were made and left for 2 days to dry to a water content of approximately 14-15%. 

Increasing the confining pressure from lOOkPa to 200kPa increased the Young’s Modulus.
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At 300kPa the Young’s Modulus had decreased. It was observed that the samples tested 

with a confining pressure 300kPa were compressed as the confining pressure was added, 

before the axial load was applied. This will have disturbed the sample and broken some of 

the bonds, possibly causing fracture of the sample before it was loaded. This will account 

for the decrease in Young’s Modulus at higher confining pressures.

The failure of the specimens was generally through ductile failure, although some brittle 

failures were observed for confining pressures of 100 and 200kPa, as shown in Figure 4-33. 

This was similar to results reported by Tan (1988), for loess in Lanzhou Province in China. 

For these natural samples, the stress-train curves showed a peak followed by shear 

softening for confining pressures below lOOkPa. When confining pressure exceeded 

lOOkPa no peak was observed, the vertical strain could exceed 10% and failure occurred by 

plastic bulging. It is encouraging to observe the similarity in behaviour between the 

artificial laboratory prepared specimens and the natural deposit that had developed over 

millions of years.

The Young’s Modulus of the artificial samples tested with a confining pressure of 300kPa 

was reduced compared with the samples tested at 200kPa. This was also observed by 

Wiebe et al. (1998) for a sand-bentonite mix where Young’s Modulus increased with 

confining pressure up to l,000kPa but decreased at higher pressures, this is shown in Table 

4-6. Young’s Modulus of the soil E50 was found for 50% of the maximum deviator stress. 

The reason for the decrease in Young’s Modulus with confining pressure after l,000kPa 

was not discussed. It is possible that with higher confining pressures, the structure of the 

sample is disturbed, perhaps breaking some of the bonds that provide the strength to the 

structure, and when axial stress is applied the sample is simply less strong. The majority of 

the tests for this current project were carried out with a confining pressure of 200kPa 

because there were fewer problems associated with testing at this pressure level.
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Figure 4-33 A comparison of typical triaxial test results on artificial samples at different 
confining pressures. Where w = water content %.

Saturation

(%)

Temperature Confining pressure, p ^  (kPa)

(°C) 200 500 1,000 1,800 3,000

50 26 182 197 251 173 80
65 105 116 108 93 84
100 89 94 135 108 85

65 26 150 170 196 97 57
65 102 114 102 56 75
100 82 78 108 64 80

80 26 - - 107 55 66
65 82 85 61 46 102
100 88 56 122 79 146

98 26 53 86 62 55 55
65 54 41 48 50 84
100 71 33 68 81 109

Table 4-6 Young’s Modulus Eso(in kPa) related to saturation, temperature and confining 
pressure (Weibe et al, 1998).

4.4.2 Effect of water content

Figure 4-34 shows the results of a range of triaxial tests, which were performed on samples 

with different moisture contents. The moisture content of each sample is shown in the key.
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The samples were made wet during preparation and left to dry in air for varying lengths of 

time to produce the different water contents. As initial water content increased the samples 

had a tendency to bulge rather than shear, as would be expected. The strength of the 

specimens decreased as water content increased.

This also agrees with data reported by Wiebe et al. (1998) for an unsaturated sand-bentonite 

mix. Quick undrained compression tests were performed on this mixture under different 

confining pressures, saturations and temperatures. They reported that shear strengths and 

stiffness increase as the saturation decreases. Failure modes are predominantly ductile, 

except at low saturations and confining pressures where some strain softening takes place.

The Young’s Modulus of the natural specimens was estimated to be about 12,500kPa using 

a cell pressure of 200kPa, as shown in Figure 4-31. Estimates of Young’s Modulus were 

also made for the artificial specimens. The Young’s Modulus of each sample was 

calculated by taking the line of best fit through the stress-strain curves, as each sample 

showed close to straight line behaviour for deviator stresses up to 300kPa. Some of these 

lines of best fit are shown in Figure 4-34, which are shown for deviator stresses up to 

400kPa for different water contents. Figure 4-35 shows how the Young’s Modulus of each 

sample varies with water content. This was considered to be a maximum expected loading 

for any normal foundation. Samples with water contents less than 15% show stiff 

behaviour. These samples compare well with the behaviour of the natural samples. 

Between 15-20% water content, the Young’s Modulus begins to reduce considerably. 

Samples with water contents above 20% show very soft behaviour. These percentage water 

contents were significant while carrying out the Plastic Index tests. The liquid limit was an 

average of around 25% and the plastic limit approximately 17%. Therefore this change in 

behaviour at around 20% water content is expected. Soils with a water content of below 

15% will be very susceptible to collapse even if the water content is only increased by a 

few percent.
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Figure 4-36 Young’s Modulus (E, kPa) found for the artificial samples against estimated 
saturation ratio during the test

Figure 4-35 shows the relationship between Young’s Modulus and saturation ratio, this 

relationship is similar to those found from the oedometer tests, where the majority of 

collapse was observed with a saturation of 50%, see Figure 4-14. Increasing the water 

content further in the oedometer tests did not increase the amount of collapse. At 20% 

water content the saturation ratio is around 0.6, depending on voids ratio, which explains 

the soft behaviour and is consistent with the behaviour observed in the oedometers. The 

degree of saturation affected the Young’s Modulus of the soil up to a degree of saturation of 

70% in the triaxial tests, see Figure 4-36. Above a degree of saturation of 70% the Young’s 

Modulus appeared to be unaffected.

4.4.3 Conclusions from Oedometer Tests

It appears from the oedometer tests that some of the important factors for assessing the 

magnitude of hydrocollapse are the initial void ratio, the clay content, the specific gravity 

and the degree of saturation or water content. An additional factor affecting the behaviour 

of the samples seem to be the method of preparation of the samples

Two observations have been made from the oedometer tests, which have been built into the 

proceeding numerical model.
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1. A trend for increasing constrained modulus as the vertical stress is increased was 

observed, see Figure 4-4 for results of natural loess specimens taken from the Star Lane 

site in Essex. This is due to the confining conditions in the oedometer and is not 

observed in triaxial tests on the same material.

2. Samples that are loaded and then saturated reach the same void ratios as a sample 

that is saturated and then loaded. This could also be due to the confining conditions.

All the artificial samples were made by wetting (steaming, mixing or spraying) and then 

drying the material to create the clay bonds. The wetting and drying processes are vital for 

the production of the bonds (Trofimov, 1990). Re-saturating the sample breaks down the 

bonds (clay bonds and suction) between the particles resulting in the observed 

hydrocollapse behaviour.

Method 1 produces samples that collapse in a similar way to natural loess. However, the 

initial void ratios are higher than for natural loess (around 1.1, instead of 0.8-1.0 found in 

natural samples, see Figures 4-4 to 4-7) and the shape of the saturated curve is different. 

Collapse values are higher than in natural loess because of the high initial void ratios and 

the lack of bonding created by the steaming method.

Method 2a (the wet method) also produces collapsible samples. Both unsaturated and 

saturated curves have similar shapes to the natural loess curves. With this method the 

lowest void ratios are produced for samples made with 25% kaolinite. This percentage of 

kaolinite is the optimum clay content to produce the highest density samples during 

preparation for a silt-kaolinite mix. Void ratios produced by method 2a are more realistic 

than produced by method 1 (the air fall method) and collapse values are around the same 

value as for natural loess for samples prepared with 27% water content. Hydrocollapse of 

these samples increases with kaolinite content. Method 2b (the bonding method) provides 

results similar to method 2a but with more collapse upon saturation. Method 2a provides a 

good way to make larger specimens, which can be directly placed in the footing model.

The clay binder appears to be providing the strength to maintain the high void ratios which 

later cause collapse. Water degrades the clay bonds and allows rearrangement of the 

particles to a closer packing. Additional factors affecting the behaviour of the samples 

besides clay content, initial void ratio, and water content seem to be the method of
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preparation of the samples and the particle shape. Particle shape affected the void ratios but 

had negligible affect on the magnitude of hydrocollapse.

4.4.4 Conclusions from the triaxial tests

Water greatly affects the Young’s Modulus and strength of the artificial samples, as with all 

soils. The Young’s Modulus decreases with saturation increase up to 50% saturation. After 

this the increase in saturation has little effect on the Young’s Modulus of the sample. The 

majority of hydrocollapse of the sample will occur with saturations up to 50%-70%. Any 

increase in water content above this will not greatly affect the collapse observed in the 

sample.

Behaviour of the artificial samples was similar to that of the natural samples tested from 

Pegwell bay. The maximum deviator pressure for the natural samples was lower than for 

the artificial samples at equivalent water contents (500kPa compared with 800kPa). A 

confining pressure of 300kPa seemed to destroy the bonds in the artificial sample and, 

consequently, a much lower strength was recorded for these samples. In general the failure 

mode was ductile, although some brittle failures were observed in both the natural and 

artificial samples at low saturations and low confining pressures.

Samples with over 70% saturation ratio had negligible strength, Young’s modulus values 

below 500kPa were found. Increasing the saturation ratio did not significantly alter the 

Young’s Modulus. This has also been observed in the oedometer tests for constrained 

modulus.

Estimates of stiffness parameters were made for the artificial and natural specimens. The 

natural loess had a Young’s modulus of around 12,500kPa at 200kPa confining pressure. 

The artificial samples exhibited slightly stiffer behaviour at equivalent water contents. At a 

water content of 15.5% the Young’s modulus of the artificial specimens was around 

18,000kPa and at 18.7% water content the Young’s Modulus was reduced to 9,600kPa.

45  GENERAL CONCLUSIONS

This chapter has discussed the physical modelling results for the artificial materials 

compared to some natural loess deposits from the UK. The silt-size component of loess 

was represented in the artificial soil by three types of silt sized particle; glass balls, crushed
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sand and industrially ground silica. Three methods of forming the artificial loess were also 

developed. Particle size analysis, microscopic photography, index tests, oedometer tests 

and triaxial were all carried out on the artificial loess and have been discussed in relation to 

the natural deposits. The particle size analysis, index tests and SEM’s indicated that the 

ground silica and crushed sand gave a better representation of natural loess than the glass 

balls in terms of particle shape.

New methods of production of artificial collapsible soils have been developed and tested. 

The oedometer tests allowed the methods of producing the artificial loess to be assessed. 

The method that produced the most comparable material to loess was method 2a. The 

oedometer tests revealed that these artificial specimens gave the best representation of the 

behaviour of the natural deposits. Method 2a required silt and clay to be mixed with water 

and then formed into the specimens while wet. Samples were dried either in the oven or in 

air (for a more natural water content). The specimens were prepared using the same 

compressive effort for different clay contents to investigate the effect of clay content on 

void ratio and hydrocollapse of the samples. Different compressive efforts were used to 

represent samples that had been formed at different depths. This approach allowed the 

samples to form at their natural void ratios, which was important to investigate particle 

packing effects.

It was found that there is an optimum clay content for producing the highest density 

samples during preparation, similar to optimum water content. The clay content that 

produced the lowest void ratios for the same compressive effort was 25%. The optimum 

water content was found to be around 25%. Similar behaviour was found in the artificial 

loess and natural loess. Both samples exhibited hydrocollapse and similar stiffness 

parameters were observed for the samples in both the oedometer and triaxial tests. The 

constrained modulus of the oedometer samples was generally lower than that found for the 

natural loess due to higher void ratios and, possibly, due to lack of carbonate bonds. The 

specimens exhibited behaviour close to that of UK loess when prepared with water contents 

of 30%. This made samples that had lower void ratios for the same compressive effort and 

therefore specimens had a higher Constrained Modulus when tested in the oedometer 

equipment. The artificial samples prepared with ground silica/kaolinite content 80/20 and a 

preparation water content of 27% had an initial voids ratio, e, of 0.72 and behaved very like 

the loess from the brick works in Essex, UK in the oedometers. The relationships between
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degree of hydrocollapse and clay content, water content at collapse and production pressure 

were discussed. The constrained modulus was found for each of the oedometer specimens 

and related to the void ratio of the samples. The void ratios depend on preparation water 

content and the compaction pressure exerted on the sample during preparation.

The favoured method of production, method 2a, and was used to produce the samples for a 

number of undrained triaxial compression tests. The majority of the specimens were 

prepared with a water content of 17.5% and clay content of 30% to provide samples with a 

large hydrocollapse potential. The specimens were allowed to dry for different amounts of 

time to provide different initial water contents for testing. These tests were carded out to 

assess the importance of initial water content and confining pressure on the Young’s 

Modulus and strength of the samples. The bonds in the samples tested at a confining 

pressure of 300kPa were slightly destroyed by the high cell pressures and therefore 

exhibited lower strengths than the samples at a confining pressure of 200kPa.

Young’s Modulus values of around 12,500kPa for unsaturated soil at natural water content 

and around 400kPa for saturated soil were found from the triaxial tests. The Young’s 

Modulus for the artificial triaxial samples compared very well to the natural samples from 

Pegwell Bay as the void ratios were very similar. Artificial samples with water contents 

between 15-17% showed similar strength and stiffness characteristics as for the natural 

loess with a water content of 7.5%.

The amount of hydrocollapse in natural loess is dependent on many factors such as clay 

content, initial void ratio, initial water content, degree of saturation after flooding and 

integrity of other bonds such as from carbonates, oxides or calcite. The number of factors 

affecting hydrocollapse and the variation of these factors in loess deposits around the world 

make it very difficult to compare hydrocollapse from one region to another. Things are 

simplified by taking samples from a single region. Localised samples have much the same 

mineral content and particle sizes throughout which decreases the number of factors 

involved. The affect of loading and water content can be determined for these samples in 

the oedometer and triaxial equipment and used to determine the geotechnical properties for 

the site. These properties can then be used in further analysis to determine how the soil will 

act under load and wetting. However, sampling effects on the soil make it hard to test a 

truly undisturbed soil. The artificial soil has helped to reduce the sampling effects and has
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also allowed the effect of clay content on hydrocollapse to be analysed. This could not be 

done for natural loess due to the natural variation in all the other factors that control the 

amount of hydrocollapse. The artificial loess has therefore been of great benefit in 

understanding the affect that the clay content has on the behaviour of loess-like soils. 

Although the artificial loess lacks some mineralogical content of natural loess, it does 

produce hydrocollapse and has been proven to behave very like a natural loess deposit.

Both the oedometer and triaxial results from the artificial results compared favourably with 

results for UK loess deposits. Hydrocollapse behaviour was observed in the oedometer 

samples when loaded and wetted. The same deformations were found for specimens that 

were loaded and then saturated as for specimens that were saturated and then loaded. The 

sequence of loading and wetting for both artificial and natural samples had negligible 

influence on the final stress-strain point of the soil.
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5 Computer Models to Simulate 
Collapsible Soils

5.1 SUMMARY OF LABORATORY RESULTS

In chapter 4 it was observed that oedometer specimens that were initially made by using the 

same total mass of clay and silt particles, had approximately the same initial void ratios for 

each of the samples, following method 1, after Dibben (1998) and Assallay (1998). Figure 

5-1 illustrates the void ratios found from the oedometer tests for clay contents of up to 30%. 

The lines show the initial void ratio, e;, the void ratio at 200kPa before wetting, epre-c, the 

void ratio of the sample at 200kPa after wetting, epost-c, and the final void ratio, ef 

recorded for the sample at 1600kPa. Samples with 25% clay content reduced their void 

ratios more than any of the other samples. The graph of hydrocollapse1 against clay content 

percent is shown in Figure 5-2. This shows how a peak hydrocollapse is observed at 25% 

clay content. The reasons for this were unclear but were thought to be due to the way that 

the particles pack for different clay contents, see the discussion in Chapter 4.3.6.

1 Hydrocollapse was calculated for each clay content using the equation: (void ratio pre-collapse -  void ratio 

post-collapse) / void ratio pre-collapse.
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Figure 5-1 Void ratio vs. kaolinite content for artificial loess specimens prepared 

using method 1.

Where, ei = initial void ratio, epre-c = void ratio before collapse (200kPa applied 

stress), epost-c = void ratio after collapse (200kPa applied stress) and ef = final void 

ratio (1600kPa applied stress).
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Figure 5-2 Peak hydrocollapse observed for specimens prepared using method 1
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To investigate this further, samples were made again, but this time the samples were made 

using the same static compressive effort to form ’natural’ void ratios within the samples 

using method 2, see Chapter 4.3.2. This means each of the samples is formed using the 

same standard compressive energy and should form in their natural void ratios. The initial 

void ratios for these samples are shown in Figure 5-3. The lowest natural void ratio was 

formed approximately between 20 and 30% clay content. This indicates that the samples 

found their own ’natural’ void ratio for different clay contents under different compressive 

efforts. Producing the sample with the same compressive effort reduced the effect of the 

clay content on the initial void ratios, allowing the effect of clay content on magnitude of 

hydrocollapse to be investigated. In fact, hydrocollapse steadily increases as clay content 

increases if all other properties are kept constant. Forming the samples using the same 

energy completely removed the peak hydrocollapse that was found at 25% kaolinite content 

for samples prepared using method one. This peak is also not observed in natural samples. 

This means that initial packing and method of formation of the samples significantly 

influences the amount of settlement and magnitude of collapse that will occur in a sample. 

Hence, results in the literature (e.g. Assallay 1998) are more likely to be a function of 

sample preparation as discussed in chapter 4. Initial packing and void ratios depended on 

the clay content that the samples were prepared with. It became clear that there was an 

optimum clay content at which a more dense packing occurred that produced lower initial 

void ratios, but still maintains hydrocollapse potential within the specimens.
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Figure 5-3 Natural void ratios formed in the samples for different clay contents
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5.2 PARTICLE PACKING

It is proposed that particle packing has a great deal of influence over the behaviour of a 

collapsible deposit. In particular, it is proposed that the void ratio of the deposit will depend 

on the clay content. The results from method one indicated that the initial packing of the 

particles in a sample affects the amount of hydrocollapse obtained in a typical oedometer 

collapse test. The new methods of producing artificial loess, developed and discussed in 

this thesis, have further indicated that packing has a large effect on void ratios and on the 

magnitude of collapse when the sample is wetted. The following computer models were 

developed to investigate the influence of packing indicated by the oedometer tests.

This chapter discusses the aims, objectives and theory behind a computer model developed 

to simulate a collapsible soil. The model was developed to simulate a collapsible deposit 

with randomly arranged clay and silt particles. The logic of the program is discussed as 

well as the simplifications and assumptions needed to make the model. The assumptions 

make it possible to devise such models but also limit the extent to which the models can be 

realistic.

The debate in Ground Engineering November 1999 on the motion that ’constitutive models 

are past their sell by date’ showed the merits of both particle packing and finite element 

methods and suggested that both approaches can be valid and useful. A particle packing 

approach, proposed in the following model, can help to elucidate the behaviour on a 

micromechanical level, whereas finite element approaches look at the deposit as a whole 

using a more ’macromechanical’ approach. Both methods can help to understand the 

mechanisms of collapse behaviour. Such a combined approach was advocated by Feda 

(1995).

The question of whether the clay part of loess was created before or after deposition was 

discussed by Bell (2000). The paper suggests that both are possible sources for the clay 

component of loess. The idea that clay is deposited at the same time as the silt has been 

assumed for the following computing exercise. This assumption was based on the fact that 

some clay mineral must be deposited with the silt in order for the clay bonding to develop, 

whether or not this component is attached to the silt particles or deposited as separate
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grains. The clay mineral groups found in loess are generally, montmorillonite, illite and 

kaolinite. Kaolinite is generally produced from alkali feldspars under acidic conditions, 

illites are generally produced from micas or alkali feldspars under alkaline conditions and 

the montmorillonote group are formed by the alteration of basic rocks or other silicates, low 

in Potassium under alkaline conditions, providing Calcium and Magnesium are present. 

This suggests that at least some of the clay minerals found in loess must have been ’carried 

in’ while it was being deposited since they are produced under very different conditions.

The aim of the computer simulations was to investigate:

1. The metastable and stable structures formed in a collapsible soil

2. The peak collapse observed in method 1 (after, Dibben, 1998 and Assallay, 1998) with 

artificial loess soils.

3. The effect of varying the clay content on particle arrangements

The ultimate aim was to elucidate the role that particle packing has on the collapse 

behaviour of loess soils.

53 THE STRUCTURAL MODEL

5.3.1 Introduction

A fabric model of a collapsible loess deposit has been created using visual basic, which was 

chosen for its graphical capabilities. This windows based visual language allows 

representation of the structure on screen during the run time of the program. This helped 

during development of the program to ensure that the code was working as expected. After 

running the program the image could also be printed to produce a permanent record of the 

structure. This allowed the random structures to be examined and assessed by comparing 

void ratios, packing arrangements and pore shapes. These structures could then be 

compared to the structures found in the natural and artificial loess in the laboratory.

5.3.2 Assumptions

A loess deposit comprises a random arrangement of particles, deposited on top of the 

existing bedrock. The main mechanisms for deposition are by wind and fluvial action, 

which help to transport the particles to produce the blanket deposit. For the computer
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model it is assumed that the particles are deposited randomly one by one with clay and silt 

particles being deposited in set proportions at the same time.

The methods described in Chapter 3 to produce artificial loess specimens have been used to 

simulate a deposit in the laboratory. The computer program was designed in order to 

investigate the particle arrangements that occur during the depositional process and address 

the questions that were generated as a result of the laboratory testing. It was necessary to 

consider the following questions:

•  Why did method 1 produce samples with a peak collapse at 25 % clay content?

•  How do the metastable/stable arrangements develop?

• Is the influence of clay content on the particle packing due to its size?

• Was the clay deposited at the same time as the silt?

The computer program was designed to model a two particle sizes representing the clay 

‘packets’ and the larger silt particles. These particles were randomly placed on the deposit 

in the required proportions to replicate the laboratory tests discussed in chapters 3 and 4. In 

particular, the computer generated fabric model was useful to investigate the effect of 

changing the proportions of silt and clay on the arrangement of the particles and explain 

why the peak in hydrocollapse was produced at 25% clay content.

5.3.3 Methodology

A domain of 12,000 units wide and 10,000 units tall was defined in which the particles 

could be placed. The origin was set at the top left comer with positive directions as right 

and down. A lower boundary was set at y=8,000 which represents the existing bedrock on 

which the deposit would accumulate. Each particle was assumed to be circular so that 

orientation of the particles was not important. The circles were defined using the co

ordinates of the centre of the circle, xc and yc and radius, r. The initial location of each

particle was defined by allocating a random integer number for the x co-ordinate of the 

centre of the circle, xC) between 1000 and 11000 units, so that the edge of the grid did not 

effect the way the particles settled. The centre of the circle, yc, was calculated so that the 

circumference of the circle just made contact with the lower boundary. The radius 

obviously depends on whether the circle represents a clay or silt particle. As each particle 

was placed, it was defined as part of the boundary to ensure that they could not be
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overlapped by subsequent particles. This placing and then boundary defining process was 

repeated for as many particles as was desired and in this way each particle becomes part of 

the random arrangement to form a blanket covering of discrete particles.

The shape of each particle was defined by recording the y co-ordinate for each integer value 

of x along the width of the particle. For example, if the radius of the particle was set to 10 

units, then the shape would be defined as in Figure 5-4. There are 40 points defining the 

shape of the particle. Nineteen points define the lower part of the shape, nineteen define the 

top half of the shape and two define the left and right hand sides. This was considered 

sufficient points to describe the shape of the circle and to avoid too much overlap between 

each particle.
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Figure 5-4 Defining the particle shape.

5.3.4 Proportion of silt and clay particles

The computer program produces a 2-dimensional structure of random particles, within the 

set domain. However, a relationship was required between the 2-D slice and the 3-D 

arrangement that it represents. It was therefore necessary to initially consider the deposit in
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three dimensions to determine the relationship that a two-dimensional model would have to 

a three-dimensional deposit.

The ratio of silt diameter to clay diameter and clay content are specified at the beginning of 

each run of the program. The silt particles could be simulated as 3-20 times larger than the 

clay particles. From this information the program calculates the proportion of silt particles 

to clay particles that would be found in a three dimensional deposit, based on the volume of 

a sphere. The specific gravity of quartz and kaolinite differ by only 0.1 and therefore the 

difference can be neglected.

In a 3D model, the percentage of silt would be:

Ps = Vs/(NCV0 +VS) = Rs3/(NcR€3+Rs3) 5.1

And similarly,

pc = NCV</(NCVC +VS) = NcRc3/(NcRc3+Rs3) 5.2

where, Nc is the number of clay particles for every one silt particle. Rs is the radius of the 

silt, Rc is the radius of the clay. Ps is the percentage of silt and Pc is the percentage of clay. 

Vc and Vs are the volume a clay and a silt particle respectively.

which by rearrangement gives the proportion of clay particles to silt particles,

N c =
V

p

5.3

However, the 2D image, which is produced by the computer model, only represents a slice 

of a 3D arrangement. Since the clay particles are smaller that the silt particles, there will be 

fewer clay particles in the 2D ’slice’ than in an equivalent 3D arrangement. It is therefore 

necessary to reduce Nc by a relevant factor in order to produce a more realistic proportion of 

clay/silt particles in the 2D ‘slice’. This proportion was estimated by considering a single 

silt particle in 2- and 3-dimensions. The amount of clay particles that can pack around a
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sphere will be greater than the amount of particles that would fit around a circle. Consider 

the smallest square that could be drawn around a circle, see Figure 5-5. The area outside the 

circle would be left for clay particles to settle. Similarly, for a 3-dimensional particle, a box 

could be imagined around the particle and the volume not occupied by the sphere would be 

available for the clay particles.

Figure 5-5. Two and three dimensional representations of the space around a silt 

particle.

The area left in the 2-dimensional case is 4 Rs2-7iRs2. For the 3-dimensional case the volume 

left is 8Rs3-4/37iRs3. Assuming that all of this space was available for the particles then,

N c2 /N c3 = ( A I2V c/ (V ,3A c) =(4R s2-JiRs2)(4/37tRc3)/(8Rs3-4/35iRs3)(7cRc2) 5.4

A ndif R = Rs/Rc,

Nc-j/Nd = 4/3(4R2-JtR2)/(8R3 - 4/3jcR3 ) = f  5.5

Where, NC3 = number of clay particles in 3-dimensions

N c2 = number of clay particles in an equivalent 2D slice 

A12 = Area left in 2-dimensions 

V 13 — Volume left in 3-dimensions 

Ac = Area of a clay particle 

Vc = Volume of a clay particle
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Therefore, to reduce the calculated value of Nc3 it was necessary to multiply by the factor f 

to give NC2 . This means that the proportion of clay /silt particles viewed in the 2D slice is 

roughly equivalent to the percentage chosen at the start of the program for a three 

dimensional arrangement. Obviously, this does not take account of the area or volume that 

would occur between the clay particles, but since the clay particles are significantly smaller 

than the silt particles this was neglected for this model.

In the simulation, each time 10 silt particles were placed, 10 x N C2 clay particles were 

placed, until the boundaries of the model were reached. The total number of particles 

needed to fill the test grid depended on the proportion of clay particles as they took up less 

room in the grid.

Particle packing is considered in terms of the void ratio. Void ratios of the packing 

arrangements formed in the model are determined for the rectangle defined between 1500 

and 10,500 on the horizontal axis and between 6500 and 3500 on the vertical axis. This 

reduces edge effects. The void ratios are also based on areas of the particle and not 

volumes as only 2-dimensional particles have been placed. The void ratio values are 

therefore not representative of the equivalent 3-D arrangement but can be used as a tool to 

compare the 2-dimensional structures produced by the model.

5.3.5 Unstable, Metastabie and Stable Structures

Three stages in loess development can be identified (Dibben 1998). When the particles are 

first deposited the structure will be unstable. Very soon the particle arrangements will settle 

under their own weight to a second state, known as metastable. During this stage the 

deposit is stable providing the external conditions remain unchanged. Finally, with the 

addition of water and load, the particles will become more densely packed and become 

stable. These three stages are simulated by three different stages in the computer program.

For the unstable simulation, the particles are allowed to rest as soon as any part of the shape 

contacts with the current boundary. If contact between the shape and the boundary is made 

anywhere on the circle, the particle will not move any further. In this way a very unstable 

structure is built as in Figure 5-6(a).
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The unstable structure will not exist for long. The self-weight of the soil alone will begin to 

make the particles shift to a slightly more stable state. This state is known as metastable and 

the particles will remain in this position, undisturbed, unless the external conditions change. 

Therefore, to form a metastable structure in the program, the particles do not necessarily 

come to rest when they first contact with the boundary. Instead, if the particle is in an 

unstable position, they will move until they find a more stable position. A  particle is 

considered to be unstable if contact occurs further from the centre than point M, in Figure 

5-4. Point M is 3/5 of the radius away from the centre of the particle. Line BC in Figure 

5-6(b) shows the metastable zone for a particle of 10 units diameter. Three fifths was 

arbitrarily chosen as a sensible division point between the particles being unstable and 

metastable. The further away from the centre that the particle is supported, the less stable it 

will be in this position. At around three-fifths away from the centre point the particle should 

just be stable enough to keep its position, especially if some bonding were present. Three 

fifths does not hold a mathematical significance it was chosen to produce a slightly more 

dense structure. Allowing the particles to come to rest 3/5’s of the radius away from the 

centre of the particle allows a more dense structure to form than the unstable structure 

above. An open structure is still produced which allows for more movement if the structure 

was subjected to heavy loads or wetting.

If the point of contact occurs outside the metastable zone, say at point B on the new particle 

in Figure 5-6(b), the particle would naturally tumble to the right. In the program this 

movement was simulated by moving one integer space to the right and then moving down 

until the particle contacted with the boundary again. When contact is made, the program 

checks for stability and the whole process is repeated until the contact is made within the 

metastable or stable zones.

Wetting and/or loading causes greater movement of the particles to an even more dense 

state. The stable arrangement is formed in exactly the same way as for the metastable 

particles. Instead of the metastable zone, a smaller stable zone is defined as in Figure 5-6(e). 

B and C are 2/5 of the radius away from the centre of the circle in this case. If contact is 

made with the boundary at an unstable position on the particle, it will move left or right one 

integer position as before and move down to make contact with the boundary again. The 

process is repeated until the particle makes contact with the boundary at a stable point on
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the particle. This forms a more dense structure, similar to the structure that would be 

created through loading and wetting of a natural sample.

Type Unstable Deposit (a) Metastable Deposit (b) Stable Deposit (c)

Formation a Y

B

D

Metastable zone Stable zone

Rules
Stop when particle 
contacts boundary

If contact occurs between 
A and B fall right.

If contact occurs between 
C and D fall left.

Stop when particle 
contacts boundary in the 
metastable zone. (B-c)

If contact occurs between 
A and B fall right.

If contact occurs between 
C and D fall left.

Stop when particle 
contacts boundary in the 
stable zone. (B-C)

Figure 5-6 Rules used for the falling particles is the computer simulation

5.3.6 Using the Program

The program has been written as a Windows application using Visual Basic. A screen shot 

of the program interface is shown in Figure 5-7. Step 1 in the program is to choose how 

much bigger the silt particles are than the clay particles. The range is from 2 to 20 times 

larger than the clay particles and the choice is made from the drop down menu. Step 2 is to 

choose the clay percentage for a (three-dimensional) deposit. The selected clay percentage 

is for a three-dimensional deposit, therefore this number is converted to the proportion of 

clay/silt particles that would occur in an average 2D slice of this 3D deposit. From the third 

drop down menu, a choice of development stage must be made, unstable, metastable or 

stable. Once all the choices have been made from the options in the drop down menus, the 

draw button is clicked and calculations commence. Once the deposit has been drawn, the 

void ratio of the 2D image is written to the screen and the screen may be printed for a future 

record of the structure.
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Step 1: How many times bigger are the 
sit particles than the clay particles?

|NC ■ 46.333481a every 10»« paticteT

Figure 5-7 Screen shot of program interface

The program has allowed examination of the effect of varying the clay percentages on 

particle arrangement and voids ratio. Each combination of inputs was repeated 30 times in 

order that the results could be statistically analysed.

5.4 RESULTS

The program was initially run for the case where the silt particles are 6 times larger than the 

clay packets. A typical unstable arrangement is shown in Figure 5-8 for a clay content of 

30%. The void ratio was worked out for each arrangement inside the red box so that the 

calculated values were not affected by the packing at the boundaries of the simulation. 

Voids are very large and it is easy to see that the particles would rearrange due to their own 

weight. Figure 5-9 shows a slightly more dense packing produced by choosing to build a 

metastable arrangement. Voids are smaller, and are often long and thin, a shape often 

observed in a natural loess deposit. Pores are still large and calculated void ratios are 

around 0.9. A typical stable arrangement is shown in Figure 5-10, where the clay content 

was 30%. Typical void ratios were 0.58, i.e. typical of corresponding states found in 

natural loess soils. Generally, void spaces are again long and thin. An even more stable
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arrangement was produced by choosing the stable point S to be 1/5 from the centre, instead 

of 2/5. This produces void ratios of around 0.4. shown in Figure 5-11.

Figure 5-8 Typical arrangement found from the Air Fall method in the computer 

program, for a silt diameter six times larger than clay diameter with thirty percent 

clay.

Figure 5-9 Metastable arrangement, void ratio = 0.95, for a silt diameter six times 

larger than clay diameter with thirty percent clay.
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tetsm m
Figure 5-10 Stable arrangement (2/5), void ratio = 0.56, for a silt diameter six times 

larger than clay diameter with thirty percent clay.

mmmmmmrnm
»

Figure 5-11 Stable arrangement (1/5), void ratio = 0.367, for a silt diameter six times 

larger than clay diameter with thirty percent clay.

Figure 5-12 shows results for three different ratios where the silt particles are three, six and 

ten times larger (most realistic) than the smaller clay particles. The model was run 30 times 

for each for each combination to obtain an average void ratio. Figure 5-12 shows the 

average void ratio obtained for each clay percentage. The variation of these results are 

shown in Figure 5-13, for silt particles ten times larger than the clay packets. All three of 

the curves show a tendency for the particles to pack more densely at a clay percentage of 

20-25%. This ‘peak’ packing density was observed in the natural samples. Comparing 

Figures 5.3 (for artificial loess tested in the laboratory) and 5.12 (for the computer
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simulation) it is easy to observe a similar optimum packing. The simulation that modelled 

the silt particles ten times larger than the clay particles is the closest to the proportions 

observed in natural loess, and also shows a more obvious peak in particle packing. This 

peak occurs in approximately the same position for both models (laboratory and computer), 

this is interesting as the computer simulation is only 2-dimensional. However, the fact that a 

peak is observed, backs up the findings from the oedometer tests, that density of a sample 

will depend on the percentage of fines in the sample and a peak density can be found at a 

certain clay content percentage.

0.7 

0.68 
0.66

<D
O 0 64
2 0.62
"O
O 0.6

0.58 

0.56

0.54
0 20 40 60 80 100

Percentage of smaller particles

Figure 5-12 Variation of void ratio for Stokes situation with the percentage of smaller 

particles (fines)

The position of the peak density for the computer simulation depended on the relative size 

of silt/clay diameters. As the ratio of silt/clay diameter ratio reduces the peak occurs at 

higher clay contents. In natural loess there is a gradual grading of particles, not 2 distinct 

sizes, however an average particle size for the silt fraction would be around 0.02mm and 

the clay fraction an average of 0.0015mm. Therefore, an estimate of the ratio of silt/clay 

size would be around 13. In the computer simulation the peak density was produced at a 

clay content of 20% for silt particles 10 times larger than the clay particles. For artificial 

loess in the laboratory the peak was found between 25 and 30% clay content. Figure 5-13 

shows the maximum, average and minimum values of void ratio found where the silt 

particles were 10 times larger than the clay particles.

-*-3 :1  Silt diameter: Clay diameter 
- 6:1 Silt diameter: Clay diameter

10:1 Silt diameter: Clay diameter
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0.7
0.68
0.66
0.64

maximum
average
minimum

0
o" 0.62 
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?  0.58  
>  0.56  

0.54  
0.52 

0.5
0 10 20 30 40 50 60 70 80

Percentage of smaller particles

Figure 5-13 Variation of void ratio with 10 percent small particles, with maximum 

and minimum values also shown.

An average void ratio for each combination was found so it was also possible to find out the 

variation of these results. The program was run 30 times for each combination so that the 

standard deviation could be found. Standard deviation is not statistically relevant below this 

number of inputs. The standard deviation of void ratio was calculated for each combination 

of larger/small particles. Figure 5-14 shows the standard deviation from the mean of the 

results for each of the simulations.

The standard deviation of the void ratio increases as the ratio of silt to clay size increases. 

This indicates that there are more possibilities of arrangements for larger ratios of silt size to 

clay size. The standard deviation peaks at 25% for silt particles that are 10 times larger than 

the clay particles and troughs at 10%. However, for silt particles that are 6 times larger than 

the clay particles, the peak standard deviation occurs at 10% clay content and troughs at 

50%. The peaks show where there was a wide range of possible arrangements for that clay 

content percentage. The quantity and size of the peaks indicate the influence of the clay 

(fines) particles. The stability (i.e. fewer peaks) of the lines seems to increase as the silt/clay 

diameter ratio decreases. As the clay particles get relatively smaller to the silt particles, the 

chaos of the system is increased and the number of possible arrangements is increased.

I l l



Chapter 5: Computer Models to Simulate Collapsible Soils

0 .035

- ± - 1 0  tim es 
■  6  tim es 

3  tim es
0 .0 3

0 .025
co
n
■ >
CD-o■D

0.02

■S 0 .015  

55
■

0.01

0 .005

0 20 40 60 80 100

Percentage of smaller particles

Figure 5-14 Variation of standard deviation of void ratio with small particle 

percentage (fines) for three different silt /clay diameter ratios for Stokes situation.

5.5 DISCUSSION

The models presented in this chapter are clearly a simplification of a complex interaction of 

particles. However, despite the simplifications used to create the models, they have enabled 

many valuable ideas to be discussed. The main simplification was that the models were 

presented in two-dimensions. This has been partly accounted for by calculating the clay 

percentages for a three-dimensional deposit and applying this to an average slice of the 

deposit to give an approximate clay percentage for the two-dimensional slice. Due to the 

two-dimensional nature of the models, the void ratios are not realistic for each clay 

percentage. However, the calculated void ratios have provided a useful tool with which to 

compare the different arrangements.

Another over simplification is that the particles are considered as perfect circles or spheres. 

The blade shape of the loess particles have been shown to effect the void ratios of each 

sample. However, the hydrocollapse observed in samples made from spheres and samples 

made from more realistic shaped crushed silica were similar, see Chapter 4. The overall
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effect of using spheres would therefore only have an influence on the void ratios of the 

computed arrangements.

To examine the effect of the clay and silt particles and the proportions of each, it was 

decided to have one size for the clay particles and one size for the silt particles. Of course, 

this is a major simplification as there would be a range of sizes of both the clay and silt 

particles, as indicated by the smooth particle size graphs in chapter 4, Figures 4.1 and 4.2. 

To develop the models further, a range of sizes could be used to give a better indication of 

the arrangements.

The results indicate the same optimum packing as was observed in the laboratory samples. 

Samples made with smaller ’clay’ particles compared to the larger ’silt’ particles have a 

higher standard deviation from the mean than samples with relatively larger clay particles. 

For example the standard deviation for silt particles that are ten times larger than the clay 

particles is roughly double that for samples with silt particles three times larger than the clay 

particles. The standard deviations are approximately 0.02 and 0.01 respectively for these 

cases. This represents a void ratio of between 0.5 and 0.6. It appears that the packing for the 

relatively smaller clay particles are more ’chaotic’ or less predictable than for particles that 

are of more similar sizes.

An optimum packing was observed for clay contents of between 20-30%. The position of 

this peak depended on the ratio of the silt to clay diameters. As the silt particles were made 

larger in comparison to the clay particles, the percentage clay required to produce the 

optimum packing was reduced. For clay contents of 0-25%, the clay can fit in between the 

silt particles and void ratio is slowly reduced. As clay content is increased further, the clay 

particles will force the silt particles apart as there are too many clay particles to fit in the 

gaps between the silt particles. The void ratio therefore increases as the clay content 

increases past 30% clay (smaller particles).

These computer studies give a supporting argument that particle packing has a large part to 

play in the reasons behind the behaviour of the laboratory samples. As explained from the 

graph in Figure 5-12, the particles would naturally pack according to the ‘natural void ratio’ 

line. This shows a natural tendency to pack more closely if the clay content is around 20-

113



Chapter 5: Computer Models to Simulate Collapsible Soils

35%. The peak observed from the method 1 results can be explained from these findings. 

The specimens all started with the same void ratio (only in method 1) and therefore, for the 

high and low clay percents, the potential to collapse was less. The samples with clay 

contents of 20-35% would naturally pack more densely if they were formed at their natural 

initial void ratio. Since the mass of the sample is restricted these samples have the potential 

to show the most collapse, as their natural void ratios are lower. For samples with higher 

clay contents, the material had to be forced into the container to produce the samples in the 

laboratory. Therefore in these cases, the magnitude of collapse was not as great as if the 

samples were formed naturally. Most of the collapse potential was reduced during the 

formation process. When the samples are made using the same compressive effort (as in 

methods 2a and 2b in Chapter 4) the natural packing is formed during the making of the 

sample. Since the samples were prepared by allowing their natural void ratio to develop for 

a certain compressive effort, the peak hydrocollapse is not observed.
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6 Footing Model Tests - Methods and 
Results

6.1 INTRODUCTION

Chapters 3 and 4 discussed the methods and results of tests carried out on both artificial and 

natural loess soils. The tests revealed some similarities in behaviour between the two 

materials. However, unlike the natural collapsible deposits, the properties of die artificial 

soil can be controlled. Void ratio, water content, clay content and their variation within the 

deposit can be regulated and investigated. It was shown that all these factors have a part to 

play in potential magnitude of collapse of die deposit.

The laboratory tests allowed the identification of important geotechnical properties, such as 

the Plastic Index and compressibility characteristics, as well as showing that die natural and 

artificial soils have much in common, see Chapter 4.

Problems from collapsible soils normally arise due to an increase in the water content This 

typically may occur due to increasing ground water levels or infiltration from ponded water 

or from a leaking pipe. It was decided to investigate this phenomenon further, building 

from earlier work discussed in Chapter 4. To do this a model of a strip footing was built in 

the laboratory. The strip footing was supported by collapsible loess soil and die behaviour
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was monitored. The footing model was designed to emulate a strip footing with a load of 

86kPa, to represent an average sized industrial building. A strip footing was chosen so that 

it could be modelled using a two-dimensional finite element method such as that discussed 

in Chapter 7. Initially tests were carried out on rising ground water level, as this was the 

simplest to model, control and monitor. Surface deformations of die soil and footing were 

monitored, and compared with predictions from the finite dement model.

62  SCALE MODELLING

Scale modds permit transfonnation o f problems to manageable proportions that may be too 

large for direct experimentation. They can shorten the time taken for experimentation and 

promote (and require) deeper understanding of the phenomenon under investigatioa

When devising a modd test, it is important to be able to rdate the behaviour o f the model to 

the behaviour at full scale. Roscoe (1968), started by considering die equations of 

equilibrium for the forces acting on a soil dement and proceeded to derive rdations 

between a prototype at full scale and a modd at 1/N scale and to obtain the critical 

dimensionless groups. The conclusion reached from this approach was that the model 

should be made from die prototype soil and tested at the prototype stress leveL Although 

modd tests are often carried out under smaller stresses than those occurring in the 

prototype, the effects of die applied stress on the mechanical properties are not correctly 

reproduced in the model. This can lead to erroneous conclusions regarding the prototype 

behaviour.

In a modd with dimensions scaled down from the prototype it could be argued, in 

contradiction to Roscoe (1968), that to retain similarity the soil particles should be similarly 

reduced. Roscoe (1970) showed that the width of the shear band along the failure surface is 

a function of grain size. Thus if  the prototype and the modd are made of die same material 

the failure zone will be relatively thicker in the modd and the localised strain in the failure 

zone will be under-estimated in the model. He concluded that a more appropriate criterion 

for choosing modd dimensions and test materials is to ensure that the ratio of the grain size 

to the length of the failure plane is similar to that of the prototype. In most full-scale 

constructions this ratio is small. However, it was felt for this project die material should be
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kept the same as full scale, as it is the behaviour of this particular soil and the inter-particle 

bonding that is o f key importance.

Conflicts between various requirements for complete similarity are common in any 

modelling technique. If the particle size of the soil is scaled down in the model some 

properties can be reproduced satisfactorily but others cannot. In soil the size, shape, surface 

condition and arrangement of die grains are vary difficult parameters to control 

simultaneously.

For the model strip footing the important tilings to model are:

1. Newton's second law, F=ma (inertia and gravity)

2. Friction between the particles

3. Cohesion between die soil particles

4. Weight of the soil

5. Elasticity of the soil

Friction, cohesion and elasticity all depend on strain, strain rate, geometry of the 

foundation/soil interface, and degree of compaction during loading If there are large 

strains, elasticity can be neglected and 1-4 are important, as explained by Schilling (1977).

There are, of course, limits on the similarity between the scale modd and a prototype built 

at full scale. A stress of 86kPa was used to represent a substantial factory/industrial 

building. The model was built by scaling down the dimensions but not scaling down the 

grain sizes. This allowed investigation of the inter-particle bonding and means that the full 

stress was needed to cause collapse in the material The disadvantage of using this approach 

is that the zone o f failure may be relatively thicker in the model than in the prototype and 

die localised strain may have been underestimated. However, the mechanisms of collapse 

were still evident and a comparison with the finite element model could be made.

63  DIMENSIONS

The strip footing was supported by the artificial loess, which was contained in a large tank. 

The dimensions of the tank had to be large enough to avoid significant boundary effects. 

The feces of the soil container had to be as far as possible from the zone of interest, with the

117



Chapter 6: Footing Model Methods and Results

walls smooth and the floor rough in an attempt to create similarity (Bolton, 1979). Desai 

and Abel (1972) report that die depth of the tank must be 10-12 times larger than the width 

of the foundation. The width of the tank also had to be 8-12 limes the width of the 

foundation to avoid boundary effects. The length of die tank had to be long enough so that 

the footing could be regarded as a strip footing, for this it had to be greater than 4 times the 

width of the footing

Another consideration was that the footing had to be wide enough so dial there were 

enough grains below the footing. As the grains are small the width of the footing could be 

relatively smalL A check was made to prove that the footing is rigid. For this the footing 

was assumed to act as a uniformly distributed load and die footing was assumed to be fixed 

where the hydraulic jack was placed, in the centre of die footing. Deflections would 

therefore be at die ends of the footing as discussed in Section 6.4.2. Table 6.1 shows the 

range of deflections expected for different sized strip footings, where, 

b = the width of the footing d = the depth of the footing I = the second moment of area = 

bd3/12, w = load per unit width ~  Load(kPa)*width(m) and d f= die expected deflection of 

the footing = -wL4/8EI. L was taken as one half the length of the footing = 175 mm, E was 

assumed as 200Gpa for mild steel. The load was assumed to be 80kPa

b(mm) d(mm) I(mm4) w(kN/m) df(mm)
31 10 2.58E+03 0.800 -0.182
31 20 2.07E+04 1.600 -0.045
31 30 6.98E+04 2.400 -0.020
31 40 1.65E+05 3.200 -0.011
40 10 3.33E+03 0.800 -0.141
40 20 2.67E+04 1.600 -0.035
40 30 9.00E+04 2.400 -0.016
40 40 2.13E+05 3.200 -0.009
50 10 4.17E+03 0.800 -0.113
50 20 3.33E+04 1.600 -0.028
50 30 1.13E+05 2.400 -0.013
50 40 2.67E+05 3.200 -0.007

Table 6-1 The expected deflection of various footing widths and depths

Where b is the width of the footing, d is the depth I is the second moment of area, w is 

the Load per unit area on the footing and df Is the deflection of the footing in mm.
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For a 31mm wide footing, 30mm deep, die expected deflection of die footing would be 

0.02mm This deflection was considered negligible as the deflections were measurable to

0.01mm and the expected deflections o f the soil were relatively much greater. The strip 

footing was made as shown in Figure 6-1. The footing dimensions were 31mm by 350mm 

by 30mm The deflections were calculated for the half length of the footing, as shown The 

internal dimensions of the tank were chosen as 360mmx360mmx360mm, and the tank 

designed as Figure 6-2. The tank width, was over 11 times the footing width, B, which was 

enough for side effects to be regarded as negligible.

LoadingFooting

FIX

Figure 6-1 Mode o f deflection for the footing. The soil acts as a uniformly distributed 

load.

6.4 TEST PROCEDURE

6.4.1 Setting up the test

The tank walls were made from perspex, as close to ftictionless as possible. This reduced 

the boundary effects to negligible proportions. The loading system was via a loading frame 

and hydraulic jack. A load cell was calibrated and set up to a data logger and computer to 

enable accurate determination of the load imposed by the hydraulic jack. The advantage of 

the hydraulic jack is that it can be set up to exert constant load on the footing. Once set up, 

die jack adjusts its height in order to exert the required force, even if large settlements 

occur. Measurement of the vertical displacements of the soil and footing was carried out 

using dial gauges and transducers as shown in Figure 6-3. Dial gauges were also set up to 

monitor the deformation o f the tank sides.
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dial gauges

190

tranducers and 
dial gauges

75 50

All dimensions in mm

Figure 6-3 Location of load gauges and transducers on the footing and the soil 

surface.

The equipment for the footing test is shown in Figure 6-4. The tank was mounted on a 

loading frame, which was designed to take a maximum load of 20 tonnes and was therefore 

more than adequate for loading the footing. The centre of the platan on the loading frame 

and the centres o f the tank sides were marked to ensure that the tank was placed in the 

centre of the frame. Marking the centre o f the sides also ensured that the footing would 

rest in the centre of the tank and the load would be applied in the centre o f the footing. The 

tank was made o f clear perspex so that die deposit could be viewed during testing.

Pump and controls for 
Hydraulic jack

Hydraulic jack

Monitoring equipment for 
load cell and LVDTs

Figure 6-4. Equipment for the model footing tests.
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A gravel base was used to disperse the water and allow an even rise in the water level 

throughout the deposit. Inundation was produced using a water supply from a pipe through 

a 20mm diameter hole at the base of the tank, see Figure 6-5. This allowed the water to 

seep through die gravel bed and up into the layers of soil above. Before testing began the 

gravel was weighed in order to find the void ratio. The gravel layer was placed into the 

base of the perspex tank. A specific gravity of 2.64 was estimated for die gravel and a void 

ratio 0.68 was found. The gravel was placed in the perspex tank to form a layer 90mm 

deep. Distilled water was added to die layer until the water covered the entire layer. The 

volume o f water needed to cover the gravel layer was measured. It was found that 4.8 litres 

of water were needed to fill the 90mm layer. This agreed with the figure calculated from 

die void ratio, which means that the gravel was frilly saturated when die water was added 

through the pipe and there were no pockets of air left that were hard to fill. This was 

important as it enabled calculation of the quantity of water that was added to the soil

Once the gravel layer was placed and compacted a filter layer made from black geotextile 

was placed over the top. This layer created a barrier between the artificial soil and die 

gravel so that die artificial soil could not mix with the gravel layer. It also helped to evenly 

distribute the water as it rose above the gravel layer.

6.4.2 Fill Placement

It was found that the triaxial samples gained most o f their strength in die first 2 days of 

drying. The soil in the footing model was built up in shallow layers leaving each layer for 

at least 2 days to allow the soil to dry and the clay bonds to develop. This ensured that the 

artificial soil had a high enough unsaturated strength to support the footing. The silt and 

clay were mixed together in the proportions 70:30. The artificial material had shown 

similar collapse and strength characteristics to the natural loess in die index, oedometer and 

triaxial tests when mixed in these proportions. Ten kilograms o f the dry material was 

mixed together thoroughly. Water was added to create a mixture with 17.5% water content. 

This water content had been used for the oedometer and triaxial specimens, which had 

shown similar hydrocollapse characteristics. This bulk of the oedometer and triaxial tests 

were carried out using this water content so a direct comparison could be drawn The 

distilled water and dry materials were mixed thoroughly until the moisture had become 

evenly distributed throughout the material. The artificial soil was then placed in small 

amounts into the tank on top of the geotextile layer. The material was compacted into place
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with the wooden tamper as was used for the triaxial samples. A 5kg weight was used to 

compact die sample, this was used 3 times in each position to ensure the same effort o f 

compaction was used throughout the deposit. Each ten kilogram layer of material was 

compacted to 50mm deep, giving a calculated void ratio of around 0.9.

The 50mm layer o f wet artificial soil was left to dry for 2 days and another layer was added 

in the same way. Layers were added over a two week period until the artificial deposit was 

350mm deep. The top layer needed to be as flat as possible. The flat surface was produced 

by using the flat based 5kg weight to compact the soil. It was also important to ensure that 

the top surface was horizontal. This was checked using a spirit level.

The strip footing was placed in the centre of the deposit and the dial gauges and transducers 

ware arranged as shown in Figure 6-3. Transducers were placed on top of the dial gauges 

so that the data could be logged. The data logger was set to take readings every 15 minutes. 

A load cell was fitted on top of the strip footing. The loading frame, dial gauges and layers 

within the footing modd are shown in Plate 6-1.

The load cell was calibrated using a loading machine that was calibrated to British 

Standards Grade A standard The volts that were read from the data logger were converted 

to kN using this calibration. This was done by slowly increasing the load on the loading 

machine in increments and recording the output voltage at each load. The output voltage 

vs. load (in kN) were plotted on a graph which is shown in Figure 6-5. The calibration 

showed that for the data logger and cdl used,

Load (kN )-(Load (Volts)-I4.94)/42.485 6.1.

6.4.3 Running the test

Once the load cell was placed on the footing the hydraulic jack was lowered into position. 

The time was recorded, the dock started and the data logger was started to take readings 

from the transducers. Readings were taken on the dial gauges at the same time to obtain 

readings for zero load. The load was slowly increased in increments of lOkN every 4 

hours, or until the observed deformations did not change. Readings were taken on the dial 

gauges each hour so that the readings from the transducers could be checked for accuracy.
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On the second day the target load of 86kPa was readied and this load was left for 24 hours 

to allow all the settlement to take place under this load

250
y = 42.485X + 14.94  

R2 = 1

200

- 150o>

100

50

653 4210
load applied, kN

Figure 6-5 Calibration of the load cell, based on 3 calibration runs.

Three series of tests were conducted using the footing modd to simulate different wetting 

scenarios: (i) loading the footing and then an increase in ground water level; (ii) increase of 

ground water level and then loading the footing; (iii) loading the footing and then ponding 

of water on the surface. An increase in the ground water level was simulated by adding 

water down the tube, which rose through the gravel and up through the deposit. The water 

was added in known amounts, so that an estimate of the water content of the deposit could 

be made. Recordings of the deflections were made over the next 48 hours, or until the 

monitored deflections were negligible. This procedure was repeated in stages until failure 

of the deposit was observed. Failure could occur due to punching shear or cracking of the 

deposit. The settlement of the footing was measured and observed until the limit of the dial 

gauges was readied. Throughout this process the deflections were recorded by the data 

loggers from the transducer readings. After failure occurred, soil samples were taken from 

each 50mm layer throughout the deposit in order to calculate a moisture content gradient 

for the wetted deposit. In the second case water was added to the deposit and then the 

footing was loaded. This was to test the assumption that: a soil that is loaded and then
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saturated will obtain the same state as a soil that is saturated and then loaded. In the final 

test, water was added at the top of die deposit. The same procedure was observed for 

recording displacements and taking the moisture contents of each layer at file end of the 

test. A summary o f the tests carried out is presented in Table 6-1.

Test No. o f tests carried out

Preliminary study. Artificial loess was added to the test box in 

layers and left to dry for 2 days as it would be in the real test 

Water contents were measured throughout the layers of the 

deposit to determine the initial water contents for the rest o f the 

tests. As this was a destructive test it could not be carried out on 

flie soil in the actual tests.

1

Case 1: The footing was stressed and then the deposit saturated 

from the bottom up -  to simulate rising ground water level

3

Case 2: The deposit was saturated and then the footing stressed 

to determine the differences in behaviour to Case 1.

1

Case 3: The footing was stressed and then the deposit was 

saturated from the top and the bottom

1

Table 6-2 Summary of tests carried out using the model footing.

6.4.4 Feasibility tests

Before the main tests were carried out, the material was placed in layers in the tank in 

exactly the same way as for the other tests. The trial test was carried out in order to refine 

the methods of mixing and placing the soil and to find any possible problems before 

canying out the final tests. It also allowed identification o f the initial water content of the 

soil in the tank. After the material was placed in the perspex tank, it was left for 2 days and 

then the water content of each layer was tested. The water content was taken at seven 

levels through the deposit. Approximately 40g of sample was taken from each layer in 5 

different positions. Each sample was weighed, dried in the oven and weighed again to 

obtain the moisture content. This allowed the initial water content profile of the following 

tests to be approximated, see Figure 6-6. No problems occurred during the trial run and no 

shrinkage of the deposit was observed, the main tests were then undertaken
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6S RESULTS

Deflections of the tank were recorded as well as settlements of the soil surface to ensure 

that the measurement of soil deflection was not affected by the movement of the tank, as 

shown in Figure 6-3. The largest deflections of the tank were recorded when the water was 

first added. The water increased the lateral stresses on die walls of the tank. Deflections o f 

the tank did not exceed 0.2mm and were considered negligible compared to the deflection 

of the soil.

6.5.1 Water content profile

The water content profile for die fiill depth of die deposit is shown in Figure 6-6. This will 

be referred to as the 'dry1 (unsaturated) condition, as it is the condition o f die soil before 

wetting occurred. The material reached an average of 15.1% water content, although the 

water content was very slightiy higher in the middle and less at the top and bottom. This is 

because evaporation of the water could only occur at the top and bottom of the material.

W a ter  c o n te n t , %
14 14.5  15 15 .5  16
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100

£I  150

g
Q .©
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o 2 50

3 00

3 5 0

4 0 0

Figure 6-6 Water content profile for the unsatiirated condition
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6.5.2 Mechanism for wetting the soil

Water was added to the tank via the tube The water was added very slowly in order that no 

air gaps were left betw een the gravel particles. At each wetting stage the water was added 

to just above the top of the gravel layer. It was observed that the water was slowly drawn 

into the soil deposit, above the level of water in the tube. The water level in the tube 

decreased slowly until it was just lower than the top of the horizontal pipe. This occurred 

after approximately 30 minutes, see Figure 6-7. This showed that there was a strong 

suction in the soil that was causing the water to rise up through the deposit. After another 

15 minutes, air bubbles began to appear at the top of the gravel layer. This air was 

introduced through the pipe due to the low water level in the tube. After many hours the 

water level in the gravel layer and the water level in the tube reach an equilibrium and it can 

be assumed that no more water could reach the deposit, as an air gap of 30mm existed in 

the top third of the gravel layer. The air gap was not evident above the geotextile layer as 

the soil above was wetted. The air gap developed every time water was added, regardless 

of how much water was added or the speed at which it was added. The size of the air gap 

will be a function of the suction within the soil but also a function of the size of the gravel. 

The water content of the soil generally reached 25%, equivalent to a degree of saturation of 

90%. This was consistent with the results found by Lawton (1986) who reported an 

average degree of saturation of 92% after soaking 36 single oedometer specimens The 

maximum degree of saturation never reached 100% even though the samples had free 

access to water throughout their tests.

100
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Figure 6-7 Observed water level in the inlet pipe
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6.5.3 Case study 1: Increasing ground water level

In this study, the footing, supported by the unsaturated soil, was loaded and then wetted 

from below to simulate an increasing ground water level. Deflections of the footing and 

soil were recorded as well as deflections of the top and side o f die tank, to ensure that the 

readings taken from die dial gauges and transducers reflected die hue deflections of the 

footing and the soil.

Two similar tests were carried out on increasing the ground water level, which will be 

referred to as tests 1 and 2. The footing was loaded to approximately 86kPa while the soil 

was in its initial unsaturated state, with a moisture content o f around 15%. A third test was 

carried out with a slightly higher initial water content of 17.5%. Results for die three tests 

are shown in Figure 6-8. The behaviour was fairly linear for the loads under consideration. 

The final loads o f die first two tests were slighdy different. In test 1 the final load was 89 

kPa and in test 2 the final load was 85 kPa This was due to the high sensitivity of the 

hydraulic jack. A small movement to increase the load on die hydraulic jack made a large 

difference to the load imparted to the footing. The recorded deflection of the footing in the 

second simulation was initially higher than that o f the first simulation for low loads. This is 

probably due to the slightly uneven surface that the footing was placed upon. Once initial 

setdements had taken place, and the footing had become more firmly in contact with the 

soil, the observed deformations were more consistent with die first test. In the third test, the 

moisture content was slightly higher -  initially 17.5%. This was done to investigate the 

effect o f starting with a different moisture content. As expected, die soil is softer with a 

higher water content and greater deflections were recorded.
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A pplied s t r e s s  on  footing, kN/m2
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c a s e  s tu d y  1: t e s t  2 : 15%  w a te r  c o n te n t♦  c a s e  s tu d y  1: te s t  1 : 15%  w a te r  c o n te n t 

- ■ - c a s e  s tu d y  1: te s t  3 : 17 .5%  w a te r  c o n te n t

Figure 6-8 Settlement of the footing on the unsaturated artificial soil for Case Study 1

The results from the wetting stages of the first, second and third tests are shown in Figure 

6-9, Figure 6-10 and Figure 6-11 respectively. Figure 6-9 shows the deflection of the 

footing in test 1 due to wetting. Water was added at W l, W2, W3 and W4. The water 

added at W l and W2 (total = 7.550 litres) caused an additional vertical deflection of 1.52 

mm of the footing (lmm-2.5mm by the end of 80 hours). The water at W3 (0.900 litres) 

was added but had no effect on the deflection as it did not close the air gap between die 

gravel and the geotextile. An extra 2 litres of water was added at W4 which was enough to 

cause failure of the footing

Figure 6-9 shows the deflection of the footing during the wetting stages of Test 1, Case 1. 

At W l (the first wetting stage) collapse is observed as there is a sudden reduction in the 

height of the footing. At W2 the movement is more gradual and could be considered as 

consolidation. At W3 no water entered the deposit as the amount of water added did not fill 

the air gap that had developed within the gravel layer. At W4, the deposit became too wet 

and failure was observed. The cracking and failure of the deposit is shown in Plate 6-2.
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It was hoped that the water level would be clearly visible due to the darkening of the 

artificial soil when w et However, this was not the case. An estimate o f the height of the 

water level in the tank therefore had to be made based on the void ratio and the quantity of 

water added to the model. In proceeding tests (Tests 2 and 3) it was decided to use 

fluorescene in order to see the level of the water and to track its movement through the soil. 

The oilier unexpected result from the first full run o f this test, was that an air gap was 

observed in the gravel layer about one hour after the water was added to die tank. The air 

gap was around 30mm deep and was fully formed after a few hours, see discussion in 

Section 6.5.2. The air gap was observed in all the tests and was die result o f water being 

drawn up through the silt It was therefore necessary to estimate the amount o f water added 

to the deposit by subtracting the quantity o f water in die gravel layer from die total amount 

of water added to the tank

The graph in Figure 6-10 shows the deflection o f two points on the soil and the footing with 

time for case 1, test 2. Point A was 75mm away from the footing and point B was 50mm 

from the footing on die other side on the surface o f the soil. The deflection o f die soil 

follows the deflection of the footing but is smaller in magnitude, as expected. Water was 

added at points W l (4.000 litres), W2 (7.000 litres) and W3 (9.600 litres) marked on the 

graph
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Chapter 6: Footing Model Methods and Results

On the first two occasions that water was added to die soil in Case 1, Test 2, the collapse 

was fairly sudden with all the movement completed in one hour. When the third wetting 

event occurred, the movement took considerably longer, i.e. more typical o f a consolidation 

effect. Settlement continued for many hours but had ceased by 50 hours. The settlement 

recorded at this time was 4.22mm. A small amount of extra water (12.2 litres - not shown 

on the graph) was added which caused die upper layers of soil to collapse and the footing 

underwent over 12mm of deflection. The total settlement o f die footing was greater than 

could be measured by the reach of the dial gauges, so the data could not be plotted. It was 

evident that the footing had 'punched* through the soft upper layer of soil, a typical failure 

found in soft soil, see Plate 6-3. This small extra addition of water allowed the top 70mm 

o f soil to become wetted and failure took place. The water content of the top layer was 

25%, which is equal to a degree o f saturation of around 0.77. This is not fully saturated, but 

is enough cause the soil to soften and will probably be enough to cause complete collapse. 

The triaxial and oedometer test results presented in Chapter 4 indicated that most of die 

collapse that could take place will occur in samples with 50% saturation. Further wetting 

did not increase the amount of collapse observed in die oedometer tests. It is therefore not 

surprising to see significant settlements with a saturation of 77% in this footing test.

The graph in Figure 6-11 shows vertical deflection against time for die wetting phase of test 

3. Water was added in three stages W l, W2 and W 3,7.200 litres was added in stage 1, this 

total was increased to 8.300 litres in stage 2 and 1he total added was 10.200 litres by stage 3. 

Less water was added to obtain the same settlements as in tests 1 and 2 because the initial 

water content of test 3 was higher. The deflections at these stages were recorded as 

-4.06mm, -6.43mm and -11.41mm respectively. The changes in height of the fooling are 

relatively sudden and dierefore could be classified as collapse, especially at W2 and W3.

The water content profiles of tests 2 and 3 after the final wetting are shown in Figure 6-12. 

This represents a saturation of between 60-90% assuming a void ratio of 0.9. All of the 

deposit is above 60% saturation, above which, most collapse has already occurred, see 

Chapter 4.3.7 on the effect of water content. The water content through the deposit was on 

average 25%. The wettest part o f the soil was found to be at mid-height. It was considered 

this was due to some water draining downwards, back into the gravel layer.
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Water Content %
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Figure 6-12 Final water content profiles for Case 1: tests 2 and 3 and Case 2.

The water level in the deposit has not been dictated by the water level in the tube but 

instead by the suction between the particles. This suction is powerful enough to draw water 

up to the top o f the model using capillars action The highest water content was found in 

the centre of the deposit at 200mm from the base for test 2. This layer had a water content 

of 28%, which was equal to a degree of saturation of 0.85. A similar peak was seen at the 

end of test 3, but this time the peak was low er down the deposit. The reason for this peak in 

the middle is perhaps due to fact that the water is free to drain at the bottom due to the air 

gap at the top of the gravel and has not been forced all the w ay to the top. The mechanisms 

of producing the wet deposit are not important The main aim is to be able to model the 

behaviour of the soil given that it has readied a particular water content.

6.5.4 Observation of the wetting front

Although fluorescene was used as an aid for the observation of the w etting path, the colour 

was removed from the water at 100mm from the base. The soil seems to filter the stain out 

of the water and it can no longer be seen from the outside of the tank. An estimate of the 

water level was made at each stage of wetting. This was calculated by considering the void 

ratio of the deposit, and the amount of water added. Figure 6-13 shows how the deflection 

was affected by the quantity of water added to the tank. The figure also shows results for 

Case 2, which will be discussed in the next section. The estimate o f water depth is plotted
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against deflection in Figure 6-14. As expected as the water gets closer to the top the 

increase in settlement becomes far greater.

amount of water added to soil, ml
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Figure 6-13 Deflection of footing with quantity of water for tests 1,2 and 3.
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Figure 6-14 Deflection of footing with estimated water depth for tests 1,2 and 3. Also 

compared with results for Case 2.
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A footing will exert most pressure just below the footing and its influence will decrease as 

depth increases. Softening the top layers o f the soil will obviously have a greater effect on 

the settlements than wetting the layers below. This was observed in the tests performed in 

the laboratory. The significance of this is that rising ground water level will only have a 

significant effect on foundations as it reaches closer to die surface and within the heavily 

loaded zone o f soil. A far greater risk would be from leaking pipes and ponded water on the 

surface of the soil, which are more likely to affect the top layers of soil where load has the 

greatest affect on the soil. Greater deflections will occur if these top layers are wetted. 

There is an extra hazard from these sources, as not only will they affect the top layers where 

the load has most influence, but they will probably not affect all of the soil around the 

foundation. It is more likely that a small, localised area of wetting will occur from these 

sources, which will cause differential settlement of die soil beneath the foundation and 

consequently cause much more damage to die structure supported by the foundation. Rising 

ground water is more likely to be more even and therefore deflections may not be as 

devastating for the structure.

6.5.5 Case study 2: Initially saturated and then loaded

In case study 1 the footing was loaded and then saturated. In case study 2, the soil was first 

saturated and then the footing was loaded. This was to check the validity of the main 

assumption: that saturated loaded behaviour results in the same final state as loaded then 

saturated behaviour. It was decided to add die same quantity of water as in Case Study 1, 

test 3 so that a direct comparison could be made. The total amount o f water used was 10.2 

litres. The initial moisture content was 17.5%. The full amount o f water was added before 

any loading began. As die water was added, the deflections o f die footing, the soil and the 

tank were recorded as for all the tests in case study 1. The height of die footing decreased 

slightly (0.05mm) and the height of the soil increased (heave) slighfly (0.2mm). The soil 

was wetted in stages but no significant deformation o f the footing was recorded for any of 

the wetting stages. The loading stage of the test was commenced after the deposit had been 

saturated. The water content of the deposit was approximately 26% after the water had been 

added from die base of the model. The loading on the footing was increased in increments 

of around lOkPa, as in Casel. The deformation with time behaviour is shown in Figure 

6-15. It is possible to direcdy compare this figure with Figure 6-11, for case study 1, test 3. 

The deformations fit in well with what would be expected from the previous tests, both 

deflections recorded 11.5mm at the end of die tests.
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Chapter 6: Footing Model Methods and Results

Figure 6-16 shows the settlement vs. stress for the footing on the artificial soil at different 

water contents. The saturated behaviour is less linear than for the drier stages The same 

total deflection was gained for case 2 as for case 1 test 3 (11.5mm), where the sample 

started with the same water content and the same amount of water was added. This 

confirmed the assumption that a similar stress-strain point is reached whether the soil is 

saturated and then loaded or loaded and then saturated. The water content profile is shown 

in. Water contents were taken from seven equal depths and at three positions from each 

depth. The water contents were taken directly below die footing (Omm), half way between 

the centre of the footing and the tank sides (90mm) and at the tank sides (180mm) The 

profiles show that the deposit is slightiy drier towards the outside of the model

Vertical s tress applied to footing, kPa

50

-10

c a se  study 1: test 2  :15%  water content

ca se  study 1: test 3  :17.5%  water content-12

ca se  study 2  - 26% water content
-14

Figure 6-16 Settlement of the footing versus load for various water contents of the 

artificial material
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W ater Content %
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Figure 6-17 Water content profiles for three distances away from the centre of the 

footing, shown in key.

6.5.6 Case study 3: Ponding at the surface

While undertaking a test for case 1, it was decided to examine the affect of the preparation 

water content. The soil was placed with a slightly higher water content (19% instead of 

17.5%) Which caused the soil to contract during each drying stage. This caused a one 

millimetre gap all around the deposit between the tank sides and the artificial soil. The 

initial water content was 15% after the drying stage. Water was added in the same way via 

the tube. Some of the water wetted the lower layers of the soil, but some o f the water was 

forced up through the gap between die tank sides and the artificial soil, which caused the 

water to pond on the surface of the artificial soil, mosdy at W3. It was not possible to 

control the proportion of water at the top and the bottom of the deposit, so water contents 

were taken after die test throughout the deposit to assess where the water had infiltrated. 

Figure 6-18 Error! Reference source not found, shows the deflections of the footing with 

time. Water was added at W l, W2 and W3. During stage 1 5.400 litres were added, in 

stage 2 water was added to make the total 6.300 litres and finally a small amount was added 

to increase the total quantity of water to 6.600 litres. The final total deflection of the footing 

was -11.4 mm. The deflection of the footing was similar to the deflection observed in case

1. Much less water was needed to cause the same deflection. The settlement at W3 was
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very sudden, caused by the water at the surface. The upper layers of the deposit are affected 

die most by changes in water content, where the majority of the load from the footing is 

acting.

As expected, far less water was needed to cause the same magnitudes of deflection when 

water is added at the surface. This is because it is mainly the top layers of soil that will 

affect the magnitude of deformation.

Time, hours

48 68 88 108 128

W2o>

♦ point a, on soil surface

—  point c, settlem ent of the footingW3
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Figure 6-18 Settlements observed for the footing and the soil surface for Case 3: 
Saturated at the top and bottom

The water content profile for this test is shown in Figure 6-19. It can be seen that the top 

two layers and the bottom two layers have become close to saturated, but the middle three 

layers have water contents between 16 and 18.5%. The soil still has some strength within 

this range of water contents but because the upper layers were wetted, the majority of the 

vertical deformation that was observed in the previous tests was also observed in this case.

6.5.7 Relating the physical footing model to full scale

The physical footing model has distinct differences to a full-scale prototype, but enabled 

validation of the computer model. The results will be different at full scale compared to lab 

scale due to the self-weight effects at depth and effects o f grain size and footing size. The
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void ratios will be less at lower depths and therefore stiffness will increase with depth. This 

can be simulated within the Finite Element model.
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Figure 6-19 Water content profile at the end of Case 3.
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Other scale effects will also affect the behaviour of a foil scale footing. Siddiquee et al 

(1999) discuss the scale effects present when modelling a strip footing on sand. They 

explain the scale effect consists of foe pressure level effect and foe particle size effect. 

Centrifoge tests and tests at lg  were undertaken on differently sized model footings. The 

results of foe tests are shown in Figure 6-20. The footings ranged in width from 0.5cm to 

50cm The scale effects observed with foe increase in foe footing size at lg  show that 

bearing capacity would be over estimated by foe scaled down model compared with a full 

scale model. Caution should be exercised in extrapolating laboratory test results, even for 

large specimens, to predict field behaviour, Anderson and Blanchfield (1997).

6.6.8 Inaccuracies

It would have been useful to be able to measure internal deflections. A similar test done by 

BRE on collapsible fill used magnet extensometers to measure the internal deflections. The 

most accurate extensometer available only gave deflections to an accuracy of 2mm, Skinner 

(pers. Comm 2000). This method was not sensitive enough for this model, where 

movements over 0.2mm were significant. An alternative to this was to use layers of 

coloured glass beads, which could be photographed to enable an estimate of the deflection 

at each loading and wetting stage. These also proved inadequate as during foe wetting 

stages foe beads were mobilised and reading o f deflections were made impossible.

It was expected that, as the water was added to foe pipe, the water in foe deposit would rise 

level with foe pipe and saturate the soil. This did not occur, as discussed in section 6.5.2. 

The presence of the air gap meant that the water in the soil rose up through the soil due to 

capillary action only. The result is that foe soil is not fiilly saturated.

The relative movement of foe wetting front is quicker than in a natural full-scale deposit 

due to foe relative foickness of laboratory and field samples. This will result is faster 

deformations of foe footing and possibly larger movements. However, because foe natural 

soil has been used it is expected that the strain zone will be relatively thicker in foe model 

and foe localised strain in foe failure zone will be under-estimated in the model.

The movements o f foe tank sides were different depending on whether foe soil was loaded 

or wetted. Typical side movements of foe tank for case 1 are shown in . As foe load was 

added a small amount of movement was noticed. The mid-point of foe tank side moved
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outward (positive direction) and the top of the tank side moved vertically down (negative 

direction). As the water was added the tank sides deformed further outwards and the tank 

side decreased further in height. Once die water had all been added, there was no more 

movement of the tank side or top.

Tank movements for case 2 are shown in Figure 6-22. The movements were less for this 

case, although the movements are so low for both cases that they could be subject to large 

errors. The largest horizontal deflection recorded of the tank side was 0.18mm for case 1 

and 0.05mm for case 2. The largest vertical deflection recorded of the tank side was 

0.10mm for case 1 and 0.03mm for case 2. The larger deflections were observed for the test 

where loading occurred before wetting. These deflections mean that the reported 

deflections of the footing may be subject to errors up to 0.1mm This is 1% of the total 

deflection recorded in Case 1 test 3 and Case 2 (around 11 mm). These deflections are quite 

significant. If the test was done again it should be repeated in a larger box, so that the soil 

does not affect the boundaries of die test area

0.2

0.1

E
E Time, hours

120 140 16020 40

®a - 0.1
Load Water

-0.2
Mid tank side (horizontal deflection) 

Top of tank side (vertical deflection)
c a se  1 : te st 2

-0.3 J-----

Figure 6-21 Tank movements for Case 1. Loaded then saturated.
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6j6  DISCUSSION

Hie flow of water through the deposit and the large voids are key to the collapse process 

The large voids in loess aid in the flow of water and enable collapse. Water will naturally 

fill the larger voids to find the easiest path through the deposit. When a large void is filled 

with water, the particles around the void are slowly surrounded with water and saturated 

This allows movement of these particles and the void is slowly filled with falling particles 

that were surrounding the void. Globally, this will mean a decrease in volume and therefore 

vertical deflection under the vertical load.
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0.04

1 0.02

f » 
- 0.02
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120 16010080
a*Q

-0 .04
LoadWater

-0 .06

■* Mid tank side (horizontal deflection) 
Top of tank side (vertical deflection)

-0 .08

- 0.1 J —

Figure 6-22 Tank movements for Case 2. Saturated then loaded.

Ground water rising can cause collapse of the surrounding soil if the soil is initially 

unsaturated with a relatively open structure. If the properties of the soil are uniform below 

the soil, at least in horizontal layers, then differential settlement will not tend to occur, as 

observed in these experiments The footing tended to settle uniformly, so it was still 

horizontal even after the soil had been saturated. Differential settlement could occur if the 

properties were not laterally uniform or if the rise in ground water was not uniform below 

the structure or if water had infiltrated from the surface on one side of the building.
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The tests show that the deflection o f the footing will be die same whether the soil is loaded 

and then saturated or saturated and then loaded This confirmed the results of the oedometer 

tests that the soil same settlement will occur, independent of when the soil is loaded There 

must, o f course, be the same amount of wetting of die soil in both cases for the same 

deflection to occur. The moisture content was taken throughout the layers o f die footing 

model after die test had been completed. This allowed a comparison of all the tests. For the 

tests that were saturated from the bottom the water content was, o f course, higher at the 

bottom than at the top. The range o f water contents after the test was 21-29%. The initial 

water content was around 15%. The change in water content of around 7% resulted in 

deformations o f 11mm. These deformations would be very significant if  they were 

observed on a fidl-scale footing.

An air gap was observed in all the tests due to the suction in the artificial soil. This means 

that above the ground water level there will be a layer o f soil that will be partially saturated 

and prone to collapse if  it becomes wetted. Any small changes in moisture content could 

cause significant deformations to structures on the surface. It is therefore important to take 

moisture contents carefully and assess the risks of rising ground water and any other factors 

that may increase the moisture content when building on such soils.

Flooding from die top is more devastating than rising ground water level as less water is 

needed to produce a similar amount of deformation If there were large variations o f voids 

ratios since flooding at the top would produce large differential settlements as this is where 

most o f the stress is acting from die footing. Localised wetting near the surface would also 

cause differential settlement. The long thin footing as used for these experiments would 

further encourage differential movement if  the water was not uniformly added.
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Dial Gauge Stand

Dial Gauge 

Silty layer

Filter layer 
Gravel layer

Loading Frame 

Water Tube

Tap and pipe 
for drainage

Plate 6-1 Loading arrangement for the footing test

Plate 6-2 Failure of the deposit after saturation has occurred through rising ground 
water.
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Plate 6-3. Failure of footing in Case 1 Test 2 -  failure mode was punching shear.
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7 Finite Element Models

7.1 INTRODUCTION

The results of the oedometer tests and triaxial tests indicated the geotechnical properties for 

an element of the artificial soil. The samples were tested under unsaturated and saturated 

conditions.

The main points to come from the oedometer tests were;

1. The soil is significantly stiffer in unsaturated conditions than in saturated conditions, as 

expected.

2. An initial constrained modulus can be assigned to the soil.

3. The constrained modulus of the soil progressively increases as load increases.

The constrained modulus of the soil depends on clay content, water content and 

preconsolidation pressure.

The triaxial tests showed that:

1. The soil is much stiffer unsaturated than saturated, as would be expected

2. However, the stress strain curve is linear, until yield, unlike the oedometer tests where 

the behaviour is non-linear from the start of loading.
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3. Young’s Modulus decreased once yield has been reached (rather than increasing as in 

the oedometer tests).

The geotechnical parameters indicated by the results of the tests above were used to carry 

out simple finite element analyses using a linear elastic model. Initially, the oedometer tests 

and triaxial tests were modelled. The results of the physical testing in the oedometers and 

triaxial equipment were presented in Chapter 4. Once these were simulated successfully, 

the same soil parameters were used in the model of a strip footing. The results of the 

laboratory footing-test were presented in Chapter 6. The laboratory results were compared 

with the finite element analysis for each situation, in order to evaluate the models.

7.2 FINITE ELEMENT MODELLING

7.2.1 Background

A finite element program called CRItical State Program (CRISP), developed at Cambridge 

University, was used to simulate the tests that have been undertaken during this study. The 

code of the existing program is vast. CRISP94 has 6 models, all of which deal with 

saturated soil problems. These models include elastic, plastic and critical state models. This 

version does not include any models for unsaturated soils, but can be adapted to include 

such models. One such model was developed by Alonso et al. (1987) and implemented 

into Crisp84 by Nesnas (1995). This model extends the traditional cam-clay model to 

include suctions. This is ideal for granular soils where suction is the only bonding 

mechanism. However, as already discussed in Chapter 2, the clay and carbonate 

components in loess provide additional bonding and therefore would need even more 

complex models to simulate these extra bonding mechanisms. Thus, what is needed is a 

new way to model collapse, that does not rely on further complicating existing ideas.

7.2.2 Unsaturated Soil Modelling

In the last two decades, the unsaturated soil theories have been developed to model clays 

and sands. Wheeler and Sivakumar (1995) reported on the development of an elasto-plastic 

critical state framework for unsaturated soils. The general shape of the yield surface is 

shown in Figure 7-1. The framework enables important features of unsaturated behaviour 

to be modelled, e.g. an increase of strength with suction and the possibility of collapse 

(irreversible volumetric compression) on wetting (reduction of suction). In the figure p is 

the normal stress, q is the shear stress and s is the suction. A soil, which is initially at stress
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A, is inside the current yield surface. Yield can be produced by an increase of isotropic 

loading (path ABC), a reduction in suction (wetting path AFG), an increase of shearing 

(path ADE) or a combination of the three. The plastic volumetric compression that occurs 

on section FG of the wetting path is identical to that which occurs on section BC of the 

isotropic loading path or section DE of the shearing path if all three paths produce the same 

expansion of the yield surface.

q

p

Figure 7-1 Yield surface (Wheeler and Sivakumar, 1995) where, p = normal stress, 

q = shear stress and s = suction.

The yield curve in the p,s space is represented in Figure 7-2. When the stress path crosses 

the yield curve, irreversible volumetric strains occur. This may be due to a reduction of 

suction (C, collapse strains) illustrated by AFG in Figure 7-1 or to an increase in load (L, 

loading strains) illustrated by ABC. The framework postulates that whatever the origins of 

the strains, they will have a similar effect on the structure of the material as represented by 

the movement of the yield curve. In Figure 7-2, both the L and C stress paths take the yield
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curve to the same position, and therefore the volumetric strains will be the same in each 

case. The hardening, implied in this process, is the same as that experienced by a saturated 

sample moving from A1 to A2. The volume change, therefore can be estimated from the 

volume change that would be experienced by a saturated normally consolidated sample 

over the stress increment po*l to po*2. The distance between the yield curves increases 

with suction, which implies that the volumetric stiffness under increasing load also 

becomes higher with suction. Other stress paths combining simultaneous changes in p and 

s will have similar effects as long as the stress path moves outside the yield curve. To the 

left of the yield curve an elastic zone is postulated in which reversible deformations occur 

in response to suction and net total stress changes. This yield curve is called LC (Loading- 

Collapse) yield curve, Gens and Alonso (1992).

till!
3 EQ

©%n

,&
<«»*

NET MEAN STRESS , p

Figure 7-2 LC Yield Surface, after Gens and Alsonso (1992)

Figure 7-3a shows the stress paths for five samples schematically indicated and Figure 7-3b 

shows a probable situation for the relevant yield surfaces controlling soil behaviour. The 

suction increase (SI) surface at the top of the graph corresponds to the maximum soil 

suction experienced in the field. Only three positions of the loading-collapse yield surface 

have been indicated. These are the initial surface LC, the surface corresponding to 

maximum vertical loading reached in the tests before soaking the samples LCa, and the 

final common surface of all the tests, LCf. Figure 7-3c is a qualitative indication of the 

response of the different stress paths. In this case the model predicts an increase in collapse
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with applied stress and a unique e-p curve for the saturated soil. Laboratory data confirms 

this uniqueness for loess, Erol and El-Ruwaih (1982), as shown in Figure 7-3d, in the case 

of collapsing sands, by Blight (1965) and Jennings and Burland (1962), and in the case of a 

low plasticity sandy clay by Maswoswe (1985).
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Figure 7-3 Collapse tests on loess under different confining conditions, Alonso et al. 

(1987). a) Stress path in p,s space, b) Evolution of yield surfaces, c) (e,p) relationship 

d) Typical oedometer test results. (Erol and EI-Ruwaih,1982).
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This unique e-p curve is not observed in expansive soils. This behaviour can also be 

simulated by the model and is discussed by Alonso et al. (1987). Expansive soil behaviour 

is not relevant for loess collapse models, as shown by the results of Erol and El-Ruwaih 

(1982) and so is not discussed further here. The concepts of Alonso et al. (1987) have been 

explained using two stress parameters p and s. The models were also extended to address 

the effects of shear stress by incorporating the third stress parameter, q.

A common problem in using a relatively sophisticated constitutive model within a 

numerical formulation for the solution of real boundary value problems is the difficulty of 

measuring all the relevant soil parameters. The simplest unsaturated models need three 

elastic constants and six parameters that vary with suction (Wheeler and Sivakumar, 1995). 

These models do not include other additions such as the relationship with specific volume 

of water or any effects of cementation. The idea of including bonding is however discussed 

by Gens and Nova(1993). The number of parameters needed makes it very costly and time 

consuming to carry out such analyses.

A rational approach to soil modelling requires the use of the simplest model compatible 

with the desired accuracy for the particular case under examination. The concepts proposed 

by Alonso et al. (1987), in their general report, can be split up into different models with 

increased complexity. Each one of them has a specific role. The volume change behaviour 

of partially saturated non-expansive soils under stress paths, which typically involve gain in 

saturation and increase in external loading, can be interpreted in terms of the single 

Loading-Collapse yield surface. If the suctions were expected to increase, a further 

addition of a SI yield surface would be needed. Swelling soils require in most cases a joint 

consideration of the Loading-Collapse and Suction Decrease yield surfaces, which create 

the non-unique e-p end results. The full consideration of the three proposed yield surfaces 

would be required only if an expansive soil, with a complicated history of wetting and 

drying cycles and varying external load was being considered.

73 SIMPLE APPROACH TO MODEL COLLAPSE

It was clear that a pragmatic model was required to overcome the complex nature 

associated with existing models. Ideas from different areas of soil and rock mechanics have 

provided the basis for this project. Oedometer tests have traditionally been used to test for
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collapsibility of a deposit. The double oedometer and single oedometer tests prove that for 

an element of soil loaded in one-dimension, the same stress-strain point is reached whether 

the soil is loaded and then saturated or saturated and then loaded. This was the assumption 

used in a finite element analysis of the problem.

The ideas of Nobari and Duncan (1972) and Naylor et al. (1989) and later, Farias (1993), 

showed a simple approach to collapse based on the assumptions above, which used far less 

parameters than the suction approach discussed in section 7.2.2. They postulated that 

collapse could be modelled by considering the change in conditions of the soil from 

unsaturated to saturated. The transformation from one "unsaturated" curve to a "saturated" 

one needs two groups of parameters to be specified, one for unsaturated and one for 

saturated soil.

An important experimental finding underlying the technique is that for a given strain, the 

stress is the same whether the sample is first tested unsaturated to that strain and then 

saturated (under constant strain) or is saturated from the start. Furthermore, saturation at 

constant stress after initial loading of a sample followed by further loading will cause the 

stress-strain curve to revert to that obtained for the same material saturated at the start. This 

was illustrated for a one-dimensional compression test by Burland (1965). Justo et al. 

(1984) studied the influence of loading-wetting sequence on the wetting induced volume 

change of both natural and compacted expansive soils and determined that in the collapse 

region the volume change was essentially independent of the loading-wetting sequence. 

The volume changes in the expansive zone, however, were found to depend significantly on 

the stress at which water was added in the soaked test. Lawton et al. (1992) came to similar 

conclusions for the slightly expansive clayey sand that they studied. The technique 

pioneered by Nobari and Duncan (1972) is therefore valid for the estimation of volume 

change in the collapse zone. This is adequate for the needs of this study.

Unsaturated parameters and saturated parameters can be obtained from the oedometer and 

biaxial tests. Figure 7-4 illustrates the collapse produced using the method developed by 

Naylor et al. (1989), following the route A-B-C. Collapse is simulated in two stages. A 

sample is loaded to point A using the unsaturated parameters, in the first stage, a switch to 

the saturated stress strain curve is performed without strain changes to point B. The 

corresponding stress point will be referred to as the clamped stress, gb. In the second stage,
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equilibrium is restored by the application of the unbalanced stress a A-a B to the saturated 

material. This produces the desired collapse deformation leading to point C on the second 

stress strain curve. This procedure was utilised by the Building Research Establishment 

(BRE) to model collapse of colliery spoil, Skinner et al. (1999).

S tress,
kPa

Strain

Figure 7-4 The principle of the new method to move from one state to another 

7.4 METHOD OF MODELLING FOR THIS STUDY

The above procedure was implemented into a finite element program by Farias (1993). The 

final output of the program gives stresses and strains for a soil loaded to normal stress p, 

using the saturated parameters provided by the user.

The cases for this study are simple symmetric models, so it was decided to run the analysis 

twice, once with unsaturated parameters and once with saturated parameters, would 

produce the same result as using the above procedure. This uses the assumption discussed 

above that a sample that is loaded and then saturated is expected to produce the same stress 

strain state as a sample that is saturated and then loaded. Obtaining the parameters is one 

of the most important stages in the modelling process. Parameters are usually obtained 

from triaxial, oedometer or shear box tests. For this study oedometer and triaxial 

compression tests were carried out on the artificial soil to obtain parameters for both 

saturated and unsaturated soil, results for which are presented in Chapter 4.
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Numerical studies were initially carried out using CRISP in order to validate the results 

shown in Chapters 4. Modelling the triaxial and oedometer tests allowed a check that the 

behaviour of a small element of soil could be simulated. The main aim was to model the 

footing tests, which were carried out and discussed in chapter 6. The analysis was carried 

out using simple elastic models, however any model could be used with this technique. All 

that is needed are the properties for saturated and unsaturated soil for the appropriate model. 

The models were carried out using the saturated and unsaturated parameters collected from 

the triaxial tests for the appropriate moisture contents. The models were mn twice, once 

using the saturated properties and once using the unsaturated properties. The results for 

unsaturated and saturated soil were then compared to observe the effect of wetting the soil. 

Results are shown in Section 7.5 and 7.6.

All the finite element calculations were carried out using eight-noded quadrilateral elements 

with the two-point Gaussian numerical integration technique utilised by the CRISP finite 

element program. The artificial soil was modelled as linear elastic for most of the analysis, 

although a non-linear model was investigated to model the soil in the oedometer tests. This 

non-linear model was developed to simulate the stiffening behaviour of the soil under one

dimensional loading. However, this behaviour was not observed under any other loading 

conditions, so a more simple elastic model was used for the majority of the analysis. An 

elastic model requires the fewest parameters and therefore represents the simplest of the 

model that could be used.

A one by one grid was used to check the results obtained from the finite element program. 

The same grid was analysed by hand for both the linear and non-linear elastic models. The 

results were compared and were exactly the same as those obtained from the finite element 

program. This gave confidence that the models were working correctly and also that the 

data was being input correctly

7.5 MODELLING THE OEDOMETER TESTS

The laboratory tests were reproduced using the program CRISP to test the ability of the 

finite element models to simulate simple conditions. The oedometer tests were modelled 

using a small number of elements. The dimensions of the oeodmeter ring were reproduced 

by the finite element grid. Only half the diameter of the ring was considered due to the
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axisymmetry of the problem. The grid was dimensioned as 19mm high and 38mm wide. 

The loading arrangement is illustrated in Figure 7-5. The top boundary was loaded in 

stages as carried out in the oedometer tests. The sides were restricted to move only in the y- 

direction and the lower boundary could only move in the x-direction.

19mm

centre  line

Load

xL xL vL xL xL xL vL xL vl/' xL xL xL

38mm

Figure 7-5 Loading arrangement for the simulation of an oedometer test

Initially, a value of D (constrained modulus), the one-dimensional stiffness of the soil, was 

calculated from oedometer results for both the unsaturated and saturated samples, from 

Essex.

The constrained modulus is defined as D=Aa/Ae

The artificial samples were made with 30% kaolinite and 70% and tested in the oedometer 

and triaxial equipment. A best fit line was plotted for the loading curves and was used to 

estimate the constrained modulus, D, for the load range 0-100kPa from the oedometer tests. 

A value of D=500kPa was calculated for the saturated artificial soil and a stiffer value of 

D=2000kPa was obtained for the unsaturated material as seen in Figure 7-6. The stress- 

strain behaviour of the samples is shown on this graph along with the lines of best fit for the 

curves, and the finite element model results for D=500,2000 and 4000kPa.
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Figure 7-6 Determination of the constrained modulus for the unsaturated and 

saturated artificial samples with 30% kaolinite content for loads 0-100kPa.
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Figure 7-7 Comparison of results for linear elastic model in finite element program 

with artificial samples 30% kaolinite, over the stress range 0-100kPa
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Figure 7-7 shows a comparison of the finite element program results with those of the 

artificial loess, for stress against height of the sample. The results show that although the 

elastic model would be too simplistic over the whole range of stress values tested in the 

oedometer, the predictions are reasonable at small magnitudes of stress, when the material 

seems to behave nearly linearly. The saturated material did not behave linearly in the 

oedometer tests. A linear approach is probably an over simplification. Potential 

hydrocollapse can be estimated from the difference between the unsaturated and saturated 

curves at a particular stress. At lOOkPa the double oedometer predicted a hydrocollapse of

11.2%. The linear model predicted a hydrocollapse of 12.6% by using approximate values 

of D of 2000kPa and 500kpa for the unsaturated and saturated samples respectively.

Analysis was also carried out for the samples taken from the Star Lane site in Essex using 

the method as above. These samples were stiffer and a constrained modulus was estimated 

as 2,000kPa for the saturated sample and 4,000kPa for the unsaturated sample. These 

results are shown in Figure 7-8. The difference in stiffness between the artificial and 

natural specimens was probably due to higher void ratios in the artificial samples and lack 

of full bonding. Lower initial void ratios were produced in the artificial samples using 

slightly higher preparation water content or a higher compressive effort to form the artificial 

samples, as discussed in Chapter 4, sections 4.3.5 and 4.3.7. The effect of the constrained 

modulus on the vertical defection of the samples is illustrated in Figure 7-9. As expected, a 

decrease of constrained modulus causes the vertical deflection to increase.

Instead of this linear relationship, all the oedometer results show that as the load increases, 

the constrained modulus of the soil increases due to the densely packed particles. With this 

in mind, a relationship was developed to link constrained modulus with load. It was found 

constrained modulus and load were related so that,

d  =  Z3T > (71)n
X

where, Dn is the new value of constrained modulus, Dj is the initial value of constrained 

modulus found from the oedometer tests, P is the stress applied and x is a modifying factor 

which for the artificial soils tested was 55-60 found by trial and error testing.
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Figure 7-8 . Comparison of finite element results with those from testing undisturbed 

specimens from the Star Lane, Essex. 0-100kPa. Where, E = Young’s modulus and D 

= Constrained modulus. Values in kPa.
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Figure 7-9 Effect of D and E on the vertical deflection of the oedometer sample for 

lOOkPa load. Where, E = Young’s modulus and D = Constrained modulus.
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A model of the oedometer tests was run using the finite element program with the non

linear model. The boundary conditions were set as before, but the model changed to 

include the equations above to make the constrained modulus change with the load. An 

initial value of D was found for each of the natural samples and used in the Finite Element 

model (Dj). Di for the stress range 0-50kPa was around 3400kPa for the unsaturated natural 

samples and 2000kPa for the saturated natural sample, as shown in Figure 7-10. The values 

of Di were converted to Young’s modulus, Ej, to use in the FE analysis, using the equation,

D=E’( 1 - v V( 1 + v )(1 -2 v ). (7.2)

60
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Figure 7-10 Determination of the constrained modulus for the natural samples for 

loads 0-50kPa.

However, a range of values were analysed for the constrained modulus to produce the best 

fit. Poisson’s ratio, v, was estimated at 0.25, which is typical for silty clay (Head, 1990). 

Results from the finite element analysis were compared with the samples from the Essex 

site. The curves found from the non-linear model gave a very good fit to the natural loess. 

The curves that gave the best fit were Ej=3166kPa for the unsaturated sample and 

Ei=1600kPa for the saturated samples, for x = 55, which correspond to values of Dj of 

3800kPa and 1920kPa respectively. The results from the FE analysis gave similar
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deflections to the laboratory samples, as seen in Figure 7-11. These values of Di used for 

the analysis were roughly equivalent to the vales of Dj found from the laboratory oedometer 

tests, as seen in Table 7.1.

0
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Figure 7-11 Comparison of results for non-linear elastic model in finite element 

program with samples from the Start Lane, Essex site, over the range 0-1600kPa

Young’s modulus, kPa Poisson’s ratio Constrained modulus, kPa

3166 0.25 3800

1600 0.25 1920

Table 7-1 Values of E for non-linear model for calculated values of D from the 

oedometer tests.

7.6 MODELLING THE TRIAXIAL TESTS

The triaxial tests were also modelled using the finite element (FE) program. The triaxial 

samples, exhibited linear behaviour in normal stress- strain space until yield. The linear 

behaviour was observed up to a deviator stress of approximately 200-300kPa, beyond
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which the samples began to yield and the Young’s Modulus of the samples gradually, or 

suddenly in some cases, reduced, as seen in Figure 4-30, in Chapter 4. Since the working 

loads for most buildings are less than lOOkPa, it is feasible, especially as a first prediction, 

to assume linear behaviour. This is often performed in engineering practice to give a first 

indication of the stresses and deformations that may occur in a system.

The grid used for the finite element analysis of the triaxial tests is shown in Figure 7-12. 

Again only a small number of elements were used to model this small element of soil. A 

quarter of the element was considered for the analysis due to the symmetry of the problem. 

The elements used for this case were six 15 noded CuST (Cubic strain) elements, which are 

often preferred for axisymmetric analysis. More than 50 load increments are recommended 

for a finite element analysis which simulates a triaxial test (CRISP manual, 1984). One 

hundred increments were used for this study. A strain-controlled test was considered, 

leading to a total axial strain of 20%. The in-situ stresses were specified as 200kPa to 

simulate the tests that had been carried out in the laboratory. AB was restricted to move 

horizontally, CD was displaced vertically downwards to simulate a strain controlled test. 

DB had a pressure loading of 200kPa to model the cell pressure and AC was restricted to 

moving vertically. The deviator stress was applied at the top boundary, CD.

D

38mm

19mm

Cell
pressure
200kPa

Figure 7-12 Layout of grid and boundary conditions for simulating the triaxial test.
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7.7 FINDING PARAMETERS FROM THE TRIAXIAL TESTS

The results of the triaxial modelling are shown in Chapter 4, Figures 4-29 and 4-30. These 

were modelled using a simple linear elastic model using the CRISP finite element program. 

The advantage of modelling these simple tests using the finite element program was that the 

effects of varying the parameters could be determined. The triaxial tests were used to find 

the appropriate Young’s Modulus values for the artificial material for different moisture 

contents.

7.7.1 Linear Elastic

The main parameters needed for this analysis were E, the Young's modulus, and v, 

Poisson's ratio. E was found from the stress-strain curve for the stress range 0-200kPa, to 

obtain an approximate initial Young’s Modulus for the artificial material, see Figure 7-13. 

Poisson's ratio is the ratio of strains 6 3 / 81 and can be found from measuring the horizontal 

strains relative to the vertical strains from triaxial tests. Since the simple triaxial equipment 

in the laboratory did not measure the horizontal strains of the sample, a value of v had to be 

assumed for the material. An estimate was made between 0.25 and 0.3. This is an average 

v for rocks such as mudstone and sandstone, which are similar to loess in its natural state.

1000 

800
zj*:
|  600
60 
I—o
|  400
o Q

200  

0
0 0.02 0.04 0.06 0.08 0.1

strain

Figure 7-13 Finding Young’s Modulus values from the undrained triaxial tests on two 

artificial specimens using best fit lines through the data for the results up to 200kPa.

N a ter con ten t = 15.8%

y = 18389x - 2.9456 
R2 = 0 .9633

w ater con ten t = 18.7%

y = 9 6 1 9 .7x + 4 .3254  
R2 = 0 .9856
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Figure 7-14 shows the behaviour of the natural samples, taken from Essex brick works, for 

low loads and for varying water contents. The best fit for each of these lines was taken, 

shown in 4-34, in Chapter 4. These values were then used in further investigations of the 

behaviour of the soil beneath a footing as described in section 7.8. Different values of E 

were input into the finite element models to compare with the behaviour of the samples in 

the triaxial tests. The charts in Figures 4-24 and 4-29 in Chapter 4 illustrates how an 

estimate of E can be made for specimens tested in the triaxial apparatus with a given initial 

void ratio and water content. The results of the linear finite element analyses are shown in 

Figure 7-15.

400
cell pressure^ 200 kPa

water content %
350

9.36300

10.99250

15.78200

18.77150

100

50

0
0.01 0.0150 0.005 0.02

strain

Figure 7-14 Triaxial Test Results for artificial specimens with 30% clay content and 

different initial water contents for lower deviator stress, 0-400kPa

The sample with 15.78% water content has a Young’s Modulus, E, of 18,000kPa. The 

finite element analysis shows the behaviour stays within E=20,000kPa and E=13,000kPa. 

For the sample with 18.77% water content, the Young’s Modulus was approximately 

E=10,000kPa for the stress range 0-200kPa. The specimen with 20.91% water content is 

around 50% saturated, which means that its behaviour is very soft, with a Young’s 

Modulus of around lOOOkPa.
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Young’s modulus, kPa
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Figure 7-15 Finite element results for various values of E (in the range 400 -  

20,000kPa) for the triaxial tests, plotted with three of the triaxial test results for 

specimens with 15.8,18.8 and 21.0 water content percentages.

7.7.2 Other models

For this case the linear model is adequate, as working loads expected for the footing were 

not above lOOkPa. This stress is within the linear region of the stress-strain graph for the 

artificial soil. However, any model could be used to define the unsaturated and saturated 

curves of the soil. It is up to the user to find a model which best describes the behaviour of 

the soil.

7.8 PREDICTION OF COLLAPSE BENEATH A STRIP FOOTING

7.8.1 Methods

Continuing from the simulations of the oedometer and triaxial tests, the footing test was 

also modelled using the finite element techniques. The elements were quadrilateral eight 

noded elements. The grid was designed as illustrated by Figure 7-16. This figure shows the 

loading arrangement and the geometry. These non-linear divisions were used as well as 10

167



Chapter 7: Finite Element Models

and 20 equally spaced (linear) divisions across the grid, which were used for comparison. 

The side boundaries of the grid were set so that the movement could only take place in the y 

direction. At the top, a width equal to the half width of the footing was loaded in stages up 

to lOOkPa. The grid was sized the same as the artificial soil in the tank. Only half the tank 

needed to be modelled due to the symmetrical nature of the tank. The footing is long 

compared to its width so the finite element analysis could be performed in 2-D in plane 

strain.

The grid was divided into smaller elements in two different ways, linearly and non-linearly. 

This gave an indication of the influence of divisions of the grid. The grid was also 

approximately doubled in size (400x800) to gain an insight into how the geometry and 

formation of the grid affected the results of the finite element analysis.

The grid was split into eight horizontal layers, each with its own, definable, material 

properties. This enabled layers with different properties to be specified within the analysis, 

which allowed examination of the effect of a rising, or falling, water table.

Load

350

180

Figure 7-16 Finite element model grid used to predict the deformations of the footing 

model
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7.8.2 Case 1: Loaded then saturated

For Case 1, initially the finite element analysis was run using a linear model, utilising the 

unsaturated parameters obtained from the triaxial tests. An estimate of the Poisson’s ratio 

was made as 0.25. This was based on published data for similar materials. Poisson’s ratio 

for consolidated kaolin is around 0.1, for Keuper marl it is 0.12, and for Bunter sandstone- 

0.27, but for normally consolidated clays it is 0.49, Head (1990). A range of Poisson’s ratios 

were tested in the model to check the sensitivity of the results to this parameter.

The unsaturated water contents of the soil layers ranged from 15-17% in the three physical 

footing tests that were performed for this case. From triaxial tests, the Young’s Modulus of 

the soil was estimated to be between 20,000kPa (15% water content) and 13,OOOkPa (17% 

water content). This value is close to the expected range for normally consolidated clays 

(5,000-30,OOOkPa) or a medium dense silt (loose 3,000-80,OOOkPa dense) (Head, 1990). 

The finite element analysis was initially run using 13,OOOkPa to represent the Young’s 

Modulus for the unsaturated condition of the artificial soil for all eight layers of the soil. 

The deflection of each of the layers was recorded. In order to model the rising water levels 

the properties of each layer could be changed. The properties of the lowest layer were then 

changed to those of the saturated soil. At a water content of 20-25%, where all the collapse 

would have occurred, the Young’s Modulus is expected to be around 400-600kPa. This 

represents a soil with very little strength or stiffness. This value of E was used in the data 

file for the second run of the analysis in the bottom layer of soil for the footing model. The 

analysis was rerun and again the displacements of the footing and surrounding soil were 

recorded. This process was repeated, changing the properties of one layer at a time from 

the unsaturated parameters to the saturated parameters, up to the top of the deposit. This 

gave a representation of the wetting front moving up through the deposit and allowed 

assessment of the influence of the level of water on the deflection of the footing.

7.8.3 Case 2. Saturated and then loaded

For the case where all the layers had been changed to reflect the properties of the saturated 

soil, this represents case 2, for a saturated (due to rising ground water level) and then loaded 

footing. This uses the assumption that the sequence of wetting and loading does not affect 

the amount of collapse observed in the soil.
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7.8.4 Case 3. Loaded and then saturated from above

Case 3 was investigated the affect of water ponding on top of the deposit and infiltrating 

through the deposit from above. The wetting front in this case moves down through the 

deposit. This was simulated using the same procedure as above, but progressively 

changing the properties of each layer moving down the deposit rather than up. The 

limitations of this test were that the source of water could not be controlled and the wetting 

was more localised.

The stiffness values were used to predict the behaviour of a foundation model. The model 

was able to simulate the change in Young’s Modulus with depth as well as the stiffness 

changes between unsaturated and saturated.

7.9 RESULTS AND COMPARISON WITH FOOTING MODEL DATA

As the wetting front moved up the deposit it was simulated in the finite element analysis by 

changing the properties of the next layer from unsaturated to saturated. The analysis was 

then rerun. The analysis was run for each wetting stage using the unsaturated and saturated 

parameters in the appropriate layers of the model. The results for each stage were 

compared, which showed the effect of an increasing ground water level on the amount of 

deflection expected from the model.

7.9.1 Case Study 1: Loaded then saturated from bottom

As a linear elastic model was used, the deflection increased linearly with load for each case. 

The load against deflection graph is illustrated in Figure 7-17 for the two unsaturated cases; 

an initial unsaturated condition of 15% water content and 17% water content. The value for 

Young's modulus was estimated to be 20,OOOkPa and 13,OOOkPa respectively for the two 

cases, lower values of E are shown for comparison. Also shown for comparison are the 

results for the three loading stages for tests 1,2 and 3 from the laboratory footing model for 

case 1. The graph indicates that the estimated values for Young's modulus were too high 

for the soil in the tank. The tests carried out at 15% initial water content, show the same 

deflections as that modelled by the finite element analysis where E=8,OOOkPa. The third 

test, with 17.5% initial water content followed the E=4,OOOkPa line from the FE analysis. 

Values of E = 20000 -  13000kPa were expected from the results of the triaxial tests. It is 

proposed that this was due to the placement of the footing as it was only placed on the
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surface of the soil. This meant that only some of the soil was in contact with the footing. 

The top layer of soil was not totally flat which meant that higher stresses were acting on the 

soil that was in contact with the base of the footing due to the reduction in contact surface 

area.

Stress Applied to the footing, kISfrr2

|  1 -0.6 
<D c
8 JP0.8
Q-‘4=W O A
■o *2

- 1.6

-*-20000kPa 13000kPa

8000kPa — 4000kPa

case study 1: test 1:15% water content - •  case study 1: test 2:15% water content

case study 1: test 3:17.5% water content

Figure 7-17 Applied Stress against deflection for the Finite Element model and the 

laboratory footing model. Finite element results are shown for values of Young’s 

modulus of 20,OOOkPa, 13,00kPa, 8,OOOkPa and 4,OOOkPa.

As expected, as the soil properties were made softer, in line with the higher water contents, 

the deflections became greater. Softer layers at the bottom of the deposit caused the footing 

to move slightly. As the water was simulated to rise higher through the deposit, this made 

an increasing affect on the footing deflection. The change in height increased as each layer 

was wetted. This is shown in Figure 7-18, along with the results from the footing tests for 

case 1. The laboratory results are illustrated by the un-joined points on the graph and finite
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element results are shown by the lines. The footing in the laboratory test was loaded up to 

86kPa. The finite element results are presented for loads up to 86kPa. For this analysis, the 

values for Young’s Modulus were taken as 13,OOOkPa for unsaturated and 400kPa for 

saturated, as found from the triaxial tests. The finite element results compare favourably 

with the results found in the laboratory simulation. The same shape curve is observed as the 

wetting front rises up the deposit and the deformations are very similar in size. It should 

also be noted that the three tests in the laboratory show good agreement to each other, 

showing good repeatability of the tests.

Height of wetting front from base, m

0.35
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86kPa +  case study 1: test 1

A case study 1 : test 2 case study 1: test 3

-18

-20

Figure 7-18 Case 1 comparison of Finite Element results and laboratory footing 

models. Laboratory footing was loaded to 86kPa. E = 400kPa for saturated and 

13000kPa for unsaturated material.

7.9.2 Case Study 2: Saturated and then Loaded

In the laboratory footing tests, case 2 indicated that a saturated and then loaded footing 

would result in a similar stress-strain point as if the footing was loaded and then saturated. 

This was the assumption for the finite element modelling, so case 2 was modelled in the 

same way as case 1. The loading curve is shown in Figure 7-19, where the Young's 

modulus was simulated as 400kPa. Poisson's ratio was again 0.25 for the finite element 

analysis.
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The loading curve was much less linear for the softer soil as observed in the oedometer 

tests. This may have been due to the softening of the soil as load was added, in which case 

an elasto-plastic model would have been more appropriate for this case. Alternatively, at 

the start of the loading stage, the water level in the deposit may not have reached its final 

height. The softening may have been caused by the progression of the water front through 

the deposit as the water found equilibrium in the deposit by rising higher. Certainly, the 

shape of the loading curve is consistent with the curve produced by the wetting front 

moving progressively further up the deposit. The Young’s Modulus up to an applied load 

of 55kPa was around lOOOkPa, but at 86kPa the deflection is equivalent to a soil with a 

Young’s Modulus of 500kPa.

Stress Applied to the footing, kN/m2
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CD

8 -10
Q.W
E  -12
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case study 2 - 26% water content

-16

Figure 7-19 Case 2 - Loading against displacement. A comparison between the 

laboratory footing model and the finite element model, for E = 400,600 and lOOOkPa.

The analyses can predict the footing test reasonably well, even though a simple linear 

elastic model has been used. The analysis gave a particularly good prediction of the 

deflection of the footing due to the change in water level. The deflection due to load is less 

well predicted. It may have been better to use an elasto-plastic model, which can predict the
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plastic deformation of the soil. However, these models take at least nine parameters, which 

must be accurately obtained and therefore are costly to collect.

7.9.3 Case Study 3: Loaded then saturated from top and bottom

In the laboratory model, the water was added from the top and the bottom. This gave the 

water content profile as shown in Chapter 6, Figure 6-19. This was also simulated by the 

finite element analysis. An estimate of Young’s modulus was made for the water content of 

each of the layers in the soil from the values indicated by the triaxial tests. These properties 

were used in the analysis for each layer of the model.

For this more speculative case the soil was simulated by progressively softening each layer 

from top to bottom. As the water moved down the deposit, the change in height decreased 

as the effect of the load from the footing reduces. Figure 7-20 indicates how the deflection 

was affected by the depth of the water front moving down from the top finally producing 

the water content profile that was shown in Figure 6-19. The estimate of final deflection for 

the footing was less than the observed deflection in the laboratory model. The final 

deflection was estimated at 10mm, compared to 11.4mm which was observed in the footing 

model in the laboratory. This may be due to the over estimate of the unsaturated strength as 

seen from case 1 Figure 7-17 and an oversimplification of the wetting front.
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Figure 7-20 Case 3: deflections of footing due to wetting from the top
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7.10 PARAMETRIC STUDIES

A sensitivity analysis using the finite element model was carried out to examine the effect 

of increasing the footing width and changing Eu. Using the elastic model the boundary 

effects were observed to reach around twelve times the width of the footing as shown in 

Figure 7-21. As the footing width increases the settlement increases but not quite linearly as 

shown in Figure 7-22. As expected, as Young’s Modulus values decrease (i.e. as the soil 

becomes wetter and softer) more settlement occurs, as shown in Figure 7-23. The effect of 

varying Young's modulus, E, is much greater on the deflections when E is greater than 

2500kPa, where a sudden change in deflection is observed. The value chosen for Poisson's 

ratio, v, for the finite element analysis also greatly affects the deflection of the soil as shown 

in Figure 7-24. The deflection is doubled by doubling Poisson’s ratio, v. Poisson's ratio 

has more effect on the soil as the load increases as shown by Figure 7-24.
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Figure 7-21 Effect of footing width. NB 31mm was chosen for the laboratory footing 

model
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Figure 7-22 Effect of the footing width on the deflection of the footing for a load of 

lOOkPa and an Elastic modulus of lOOOkPa.
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Figure 7-23 Effect of the Elastic Modulus (E) on the deflection of the footing, for loads 

of 86kPa and lOOkPa.
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Figure 7-24 The effect of Poisson’s ratio on the deflection of the footing

7.11 SCALING EFFECTS

Non-linear and linear divisions of the finite element grid were examined. Both these 

methods gave the same results for deflection because of the simple elastic model used. A 

larger grid (400x800) was also examined, which did affect the results. The number of 

divisions along the width of the grid (10 and 20) did not affect the results given by the 

analysis. If a more complicated constitutive model was used then more elements would be 

needed and the number of elements would have an effect on the results. The main effect on 

the results, apart from E and v, was the size of the grid. At 86kPa, the deflection was

0.46mm and 0.53mm on the small and large grid respectively, illustrated in Figure 7-25. 

The boundary effects had a far greater effect on the results for the size of grid used than was 

originally expected. It is therefore important to choose large dimensions compared to the 

dimensions of the zone of interest. Figure 7-26 shows the deflections of the footing with 

load as modelled by the finite element analyses. The results for the double sized grid are 

shown as well as the grid used during the majority of the modelling. The method of 

dividing the grid did not affect the results given by the finite element analysis. The 7 non

linear divisions gave approximately the same result as for the 10 and 20 equally spaced 

divisions, however the larger grid affects the deflections significantly. Another point to note
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was the difference in the predicted settlement from the finite element models for near the 

boundaries compared with those observed in the laboratory model.
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Figure 7-25 Effect of the size of the grid in the finite element analysis.

20 40 100

- 0.1
E
E

c  -0 .2
oo
0>x: -0 .3
o

1 -
'a5-o
15 -0 .5o■eQ)
>  - 0.6

-♦ -n o n lin e a r -  380x180  

linear 380x180  

-m - nonlinear 800x400  

-X- linear 10 divs 800*400  

- ♦ -  linear 20  divs 800*400

-0.7

S tress  aplied to the footing, kPa

Figure 7-26 The effect of the division methods in the finite element analysis. Where 

the grid was divided into equal segments (linear) or into smaller segments nearer the 

footing (non-linear).
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7.12 DEVELOPMENT OF COMPUTER MODELS

These experiments have shown how a simple finite element study could aid the 

understanding a soil’s potential for collapse. Two sets of parameters should be obtained for 

the given soil, one for unsaturated and one for saturated. Unsaturated in this case would 

mean the current (low) moisture content and saturated is an estimate of the likely moisture 

content of the soil after wetting. Two simple stages of finite element analysis could be 

used. A model simulating the current state of any loading situation could be set up using 

known data on the unsaturated material. Then the same model could be run using the 

parameters obtained for the saturated material. The difference between the deformations at 

any given load would be the amount of collapse that could be expected if the deposit was 

wetted at this load. This process allows an estimate of the potential collapse for any 

situation where a soil is wetted. This is slightly different to the process employed by Naylor 

et al. (1989), where the soil elements are firstly loaded using the unsaturated parameters, 

secondly, the stress is reduced by an amount equating to a pseudo reduction in pore water 

pressure, with no changes in strain (A-B), see Figure 7-27. The stress is then increased by 

an amount equivalent to the excess pore water pressures using the Young’s Modulus 

appropriate for the saturated soil (B-C). In the finite element analyses carried out in this 

project, two runs of the model were carried out, on for unsaturated and one for saturated 

soil up to the load that was of interest. The difference in deformation recorded for each run 

was assumed to be the amount of collapse that would be observed at that load (A-C).

Stress,
kPa

Strain

Figure 7-27 Stress-strain route to model collapse
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7.13 DISCUSSION

In this Chapter, a finite element program was used to model oedometer and triaxial tests, 

discussed in Chapter 4 and the footing tests, discussed in chapter 6. Simple linear elastic 

models were used for the majority of the tests. The collapse was modelled by defining two 

sets of properties, one for unsaturated material and one for the saturated material. The 

collapse obtained at any pressure was defined as the difference in strain between the results 

for the unsaturated and saturated material, at that pressure. A range of Young’s Modulii 

were calculated for different water contents, so that varying water contents and therefore 

stiffness could be represented in the layers of the finite element model.

The linear elastic models did not simulate the stress-strain behaviour of the soil perfectly as 

the behaviour was not linear for the whole stress range tested. In the oedometer tests the 

soil became stiffer with load and in the triaxial and footing tests the soil became less stiff 

with load. However, for the low loads under consideration for the footing model, it was 

considered that an elastic model was adequate. Even though the linear model was an 

oversimplification of the behaviour of the soil, the transition from one stiffness to another 

modelled the collapse phenomenon well.

The simple elastic model could be changed for any constitutive model. The more 

complicated the model the more parameters that are needed to model the soil. Generating 

the parameters is a time consuming and costly process, so a simple model may be the more 

cost effective.

Figure 7-18 shows a comparison between the footing model and finite element model. Even 

though the soil was modelled with the linear elastic model the change in deflection with 

rising ground water level is modelled remarkably well. An estimate of the collapse that 

could occur below a footing can be made using this approach by estimating Young’s 

Modulus values of the soil at the relevant moisture contents. A change in water content 

from 10-20% would be modelled by estimating the Young’s Modulus values at these two 

water contents and running the finite element model for both of these cases. The difference 

between the strains that occur in the dryer material and the strains that occur in the wetter 

material represents the amount of collapse that would be expected if the water content
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changed to the new wetter conditions. This approach is advantageous as very few 

parameters are needed and a good estimate of collapse can be made.

It has been shown from earlier research (e.g. Vanapalli et al. 1996) that wetting cycles can 

cause the material to behave differently. If a sample is wetted and then dried, the wetting 

curve on a graph plotting water content against suction is not the same as the drying curve. 

The suction for the drying curve is higher than for the same water content for the sample 

being wetted. Therefore, different Young’s Modulus may be obtained for same water 

content. This has been neglected for this model where only one cycle of wetting has been 

considered. Since collapse occurs during wetting and once the sample has collapsed it will 

not collapse again, this assumption is adequate for modelling collapse in loess.

7.14 APPLICATIONS

The simple non-linear elastic model was intended to provide an easier way to model footing 

behaviour, without having to estimate critical state parameters and measure suctions. To 

use the conventional unsaturated soil models with any degree of certainty, months of testing 

are needed to provide the parameters for the model. Large factors of safety are usually used 

in bearing capacity calculations, of around 2.5-3 and months of testing can rarely be 

justified.

The model can be used for the following applications:

1. Any structure built on loess where the ground water may rise.

2. Movement of the ground due to inundation from above and below.

3. Effects on buildings supported by cemented collapsible soils.
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8 Artificial Loess and its Correlation 
with World-wide Loess Deposits

Despite the variety of origins and differences in thickness and age, loess is a remarkably 

uniform soil, in terms of minerals and geotechnical behaviour. In general loess around the 

world has a similar grain size distribution, mineral composition, open texture, low degree of 

saturation and bonds between the grains that are not resistant to water. Typical properties 

were given in Chapter 2, Table 2-1. The table shows the small range of values expected for 

world-wide loess deposits for LL,PL, PI, density and natural void ratio.

The common properties and composition were replicated in the artificial soil. The artificial 

soil was compared with loess from the UK during all stages of its development, using loess 

from sites in Essex and Kent. The materials behaviour was compared using Atterberg 

limits, tests in the oedometers and in triaxial equipment. The material was developed to 

behave like loess and then tested to evaluate the influencing factors on the magnitude of 

hydrocollapse observed in each specimen. Initial void ratio, dry density, initial saturation,
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degree of saturation on wetting and clay content were all shown to have an influence over 

the behaviour of the deposit. Individually, it is easy to see the influence that these properties 

have on the behaviour of the specimens, if all other factors are kept the same. For example, 

oedometer tests showed that as the degree of saturation increases the hydrocollapse 

increases, until at 50% saturation, the influence of the water is decreased and above 70% 

saturation no additional hydrocollapse is observed, if no other factors are changed. 

However, if clay content and void ratios were initially different in each of the samples 

tested then a prediction of the effect on hydrocollapse would be more difficult. The 

artificial loess has been useful because such factors can be varied and controlled, enabling 

the factors to be evaluated one at a time. It is useful to quantify the degree to which the 

various factors affects the hydrocollapse, so that the behaviour of the soil can be predicted. 

The artificial loess is the first step to determining the relative influence of all of the 

parameters on the hydrocollapse behaviour of world-loess deposits.

8.1 BEHAVIOUR OF ARTIFICIAL LOESS

From index tests, oedometer and triaxial tests on the artificial loess it was possible to 

examine the behaviour of the artificial material, designed to replicate collapsible loess soil. 

The artificial soil has been successful at replicating the following characteristics.

• Bonding -  as seen in the SEM photographs. Clay bonds were observed between the 

larger silt particles. The clay particles provided strength when the soil had a low 

saturation, however, they broke down and provided little strength on wetting.

• Typical geotechnical characteristics such as, liquid and plastic limits, strength and 

stiffness tested in the oedometers and triaxial equipment were tested and compared with 

natural loess and values for the artificial loess lay within the ranges found for loess soils 

from the literature. Liquid limit and plastic limit were 27 and 17.5 respectively for the 

artificial soil and around 30 and 20 for the loess soil in Pegwell Bay. The Young’s 

modulus for the unsaturated samples was 12.5 and 18kPa for the natural and artificial 

samples respectively. The strength, qf, from the triaxial tests for both samples on 

unsaturated specimens was similar for both materials, around 500-600kPa, depending 

on water content.

•  Collapse on wetting was also replicated in the artificial soil.
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The artificial soil lacks carbonate bonding and organic matter that is often found in natural 

loess. However, this simplification allowed the influence of the clay content to be 

evaluated, other parameters may have clouded the issues. Now that the role of clay has been 

examined it would be possible to add other constituents to evaluate their role in the 

behaviour of loess-like soils.

8.2 COMPARISON OF ARTIFICIAL LOESS WITH WORLD DEPOSITS

8.2.1 Properties of the Artificial Material

Many specimens of artificial loess were tested in oedometer tests. A sample of the results 

are shown in Table 8-1. Clay content, moisture content and void ratio were varied and 

tested for hydrocollapse. The values for hydrocollapse (ic) of each specimen, saturated at 

200kPa, are also shown in the table. Where,

ic = Percentage hydrocollapse = 100 (Void ratio before flooding- void ratio after flooding)

(1+void ratio before flooding)

In Chapter 4, the influence of the properties in the artificial material were presented and 

discussed. The results from the oedometer tests have been used to further investigate the 

relationship between the properties of the soil and the magnitude of hydrocollapse observed 

in the tests. It was shown that water content, clay content and initial void ratio had a large 

influence over the void ratios that would occur in the specimen due to their influence over 

the way the particles pack. These properties were investigated to find out if there was a 

mathematical link between them, which would give an indication of the likely magnitude of 

hydrocollapse. First, an equation was investigated to find the void ratios before and after 

collapse, as hydrocollapse is calculated from the void ratio before and after collapse due to 

flooding. Secondly, an equation was developed to estimate the hydrocollapse directly.

All the results were combined into simultaneous equations, which were solved using 

Excel’s Solver Add-In. Solver was used to find the values of the coefficients for a number 

of equations. The ‘best’ solution for each of the coefficients was evaluated by:

1. Minimising the sum of the difference between the predicted and actual void ratios 

for each of the specimens before and after collapse at 200kPa.

2. Minimising the sum of the differences between the predicted and actual 

hydrocollapse values at 200kPa.
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Percentage
Clay

Bonding
Moisture
Content
%

Initial 
Void 
ratio, e

Void ratio 
pre
saturation 
at 200kPa

Void ratio 
after
saturation 
at 200kPa

Initial
water
content
%

Flooding
water
content
%

ic

10 29.43 0.74 0.64 0.6 0.41 17.96 2.44
10 25.73 0.64 0.61 0.57 0.74 17.99 2.48
30 16.38 1.02 0.898 0.83 0.41 8.81 3.58
30 16.86 0.88 0.8 0.73 0.55 9.39 3.89
20 29.6 0.72 0.67 0.6 0.28 19.58 4.19
30 29.86 0.81 0.72 0.63 0.11 8.53 5.23
30 29.82 0.78 0.69 0.6 0.12 21.85 5.33
40 29.9 0.78 0.72 0.62 0.07 19.31 5.81
60 31.93 0.78 0.71 0.61 0.13 22.27 5.85
30 16.8 0.72 0.68 0.58 0.66 13.89 5.95
50 28.62 0.8 0.74 0.63 1.08 16.83 6.32
30 17.08 0.81 0.72 0.61 0.36 19.45 6.40
30 17.05 0.87 0.77 0.64 0.38 12.95 7.34
10 17.27 0.97 0.73 0.6 0.2 23.02 7.51
30 17.73 0.71 0.67 0.53 0.87 28.14 8.38
10 16.13 1.03 0.89 0.72 0.42 20.11 8.99
10 13.4 1.44 0.7 0.54 0.17 20.89 9.41
35 16.13 1.28 0.59 0.44 0.31 28.87 9.43
25 15.96 1.24 0.56 0.41 0.12 29.28 9.62
20 17.39 0.95 0.75 0.57 0.09 19.81 10.29
30 17.18 0.88 0.81 0.62 0.37 15.81 10.50
5 21.11 1.4 0.926 0.72 0.1 21.96 10.70
30 17.36 0.89 0.79 0.58 0.22 22.94 11.73
15 16.98 1.34 0.85 0.62 0.06 19.2 12.43
20 14.62 1.28 0.93 0.68 0.07 18.76 12.95
30 16.34 0.84 0.77 0.53 0.99 17.7 13.56
20 21.06 1.17 0.86 0.6 1.13 18.67 13.98
20 17.94 1.02 0.93 0.66 1.35 18.49 13.99
25 16.01 0.99 0.86 0.59 0.65 17.07 14.52
25 15.53 1.13 0.84 0.57 0.32 15.51 14.67
25 15.06 1.2 0.84 0.57 0.04 18.13 14.67
15 25.98 1.35 1.11 0.8 0.3 20.04 14.69
15 13 1.41 0.9 0.62 0.31 17.67 14.74
30 16.14 0.94 0.83 0.56 1.17 17.12 14.75
30 15.68 0.86 0.73 0.47 1.57 18.58 15.03
30 18.47 1.29 0.91 0.62 0.17 17.46 15.18
30 16.94 0.99 0.84 0.56 0.48 15.98 15.22
40 19.22 1.18 0.97 0.67 0.45 19.77 15.23
30 13.08 1.02 0.89 0.58 4.07 18.29 16.40
30 15 1.32 0.89 0.58 0.49 17.8 16.40
20 17.47 1.28 0.71 0.42 0.97 17.15 16.96
40 17.09 1.17 0.94 0.61 0.35 20.33 17.01
40 15.14 1.35 0.88 0.56 0.39 20.01 17.02
30 17.31 1.01 0.82 0.51 0.26 19.26 17.03
60 17.48 1.34 0.98 0.64 0.02 25.64 17.17
50 17.46 1.21 0.97 0.62 0.04 21.8 17.77
60 22.12 1.63 1.19 0.79 0.31 29.02 18.26
35 20.99 1.31 1.05 0.67 1.04 21.35 18.54

Table 8-1 Properties and collapse coefficient, ic, at 200kPa for the artificial loess
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Solver uses an iterative procedure to solve the simultaneous equations. The results from 50 

specimens were used to find the coefficients, as shown in Table 8-1.

8.2.2 The Void Ratio Approach

Firstly an equation was found to predict the void ratio of a deposit, depending on its initial 

void ratio, moisture content, and clay content. The equation which showed the best fit to the 

data was as follows

e2oo = 0.412338 + 82.7798ei - 0.003m + 6.48E-05c + 2.71 E-06c2'701153 - 82.1863e|1 001791 -

0.11839m'0'2421 - 0.1195ei/m’a3758B + 0.050041 m/c1 (8.1)

where, e2oo = void ratio at 200kPa, ej = initial void ratio, m = water content %, c = clay 

content %

The initial void ratio, ei, was included because it will affect the void ratio at 200kPa. The 

void ratio of two similar specimens will get closer as applied stress increases but at 200kPa 

the void ratio will still be influenced by the initial void ratio, as illustrated in Figure 8-1.

e

2 0 0  Applied Stress, kPa

Figure 8-1 Relationship between void ratio and applied stress for two samples with 

the same constituents but different initial void ratios

The moisture content, m, also influences the void ratio of the sample. As shown in Chapter 

4, the rate of change of void ratio decreases as the water content increases, as illustrated in 

Figure 8-2. It was therefore expected that the equation would have a m'0-5 element. This was 

later altered so that the -0.5 could be changed as one of the coefficients, which provided a 

better fit to the actual values. Solver found the best solution for m"0'24.
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Figure 8-2 Proposed relationship between moisture content and void ratio for 

different powers of m, -0.5 and 0.24.

The clay content, c has also been shown to govern the packing void ratios throughout the 

oedometer tests. Initially, the equation was developed to have c2, as illustrated in Figure 8-

3. After this the power was used as another changeable coefficient, which helped the 

answers get closer. The final solution has c2 70.

2.5

0.5

20 30
Clay content

40 50

Figure 8-3 Proposed relationship between Clay content and void ratio

The ratio, ej/m , was introduced because it was noticed that, as moisture content increased, ei 

has less influence, as can be seen by the attenuation of the lines in Figure 8-1. The ratio m/c 

also increased the fit of the equation to the actual values. This was included because 

different moisture contents will have different influences depending on the fines, or clay, 

content.
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The void ratios of the artificial specimens before and after wetting at 200kPa are shown in 

Figure 8-4. The estimated void ratio’s given by the equation above are also shown.

1.4

1.2

1
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» :  ♦
0.8

0.6 •  •
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Sample Number

♦ Void ratio of artificial 
soil at200kPa before 
wetting

■ Estimated void ratio 
at 200kPa before 
wetting

* Void ratio of artificial 
soil at 200kPa after 
wetting

•  Estimated void ratio 
at 200kPa after 
wetting

Figure 8-4 Void ratios of specimens and the predicted void ratios given by Equation 1

The general magnitudes of the void ratios are predicted by the equations fairly well. There 

is more variance in the void ratios in the artificial soil specimens than in the estimated 

values.

The estimated void ratios were used to calculate the estimated hydrocollapse for each of the 

specimens. The estimated and actual hydrocollapse values are shown in Figure 8-5. The 

equation does not predict hydrocollapse particularly well, in some cases it is half the 

expected value and in others it is twice as much.
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Figure 8-5 Hydrocollapse as observed in the artificial soil specimens tested in the 

oedometer and estimated hydrocollapse calculated from equation 1.

8.2.3 Hydrocollapse Approach

Solver was also used to predict the hydrocollapse values directly, rather than predicting the 

void ratios. This approach gave the equation:

=1763.833 + 2394.171 ei + 1000.693mi + 167.7314mw -2.84604c -1346.76^ + 19.1797mi2 + 

22.17579mw2 -0.00346c2 -2720.3eia5 + 2.185233ml05 + 922.149mw°5 + 158.6231 c 0'5 + 295.9695ei3 
-2.02565m|3 -0.07104mw3 + 0.000109c3 - 5059.04e° 018566 -1004.02mi1 026118 -58.0026mw1 751192 + 

42.57121c04681. (8.2)

This equation is a bit cumbersome and would not be very practical to use. The 

hydrocollapse values for the artificial soil were predicted slightly better using this approach, 

as can be seen in Figure 8-3. The estimated values for hydrocollapse follow the actual 

values fairly well, although the values can still vary by up to 30%.
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Figure 8-6 Hydrocollapse values for oedometer specimens made with artificial soil 

compared to the estimated values of hydrocollapse given by equation 2.

8 .2 .4  Properties of L o ess

To investigate how successful the artificial loess had been at replicating world deposits, the 

results from the artificial specimens were compared with results reported in the literature 

for natural loess around the world. There was a problem getting specific specimen data to 

compare against the artificial material. Many papers give a list of geological and 

mineralogical content of their samples but no collapse data, others give some coefficients of 

collapse but no data on the properties such as clay content. Alternatively, many papers give 

average properties over a whole range and ‘typical results’ of collapse tests, so the exact 

properties of the specimens can not be determined and directly compared with the artificial 

loess.

Kie (1988) report on a series of tests at stressed to 200kJPa in the oedometer and flooded at 

different water contents. These results were ideal to compare with the equations that had 

been estimated using the artificial loess. Table 8-2 shows the results of this comparison. As 

can be seen, Equation 1 gives reasonable numbers for void ratios and hydrocollapse, 

although hydrocollapse is over estimated. Equation 2 gives very strange results. Although 

Equation 2 tied in very well with the results from the artificial specimens it was not useful 

for predicting the behaviour of the Chinese Loess presented by Kie (1988).
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ei 1.15 1.15 1.15 1.15
mj 8.50 8.50 8.50 8.50
mw 12.00 16.00 24.50 31.00
c 22.00 22.00 22.00 22.00
Ic 1.46 3.40 4.85 5.83
e1 1.06 1.06 1.06 1.06
Qi 1.03 0.99 0.96 0.94
Equations:
Estimated e-before wetting (1) 0.70 0.70 0.70 0.70
Estimated e-after wetting (1) 0.66 0.62 0.55 0.51
Estimated hydrocollapse (1) 2.32 4.58 8.57 11.16
Estimated hydrocollapse (2) -378.95 -376.23 -374.456 -387.472

Table 8-2 Estimated hydrocollapse for specimens reported in the literature in Kie 

(1988). Where ei = initial void ratio, mj = initial water content, mw = flooding water 

content, c = clay content, ic = collapse coefficient, e1 = void ratio before wetting, e3 = 

void ratio after wetting.

8.2.5 Conclusions from the predictive equations

Unfortunately, much of the literature does not generally give enough information on 

specific specimen properties to compare the prediction of the equations to actual collapse 

data. This work shows that it may be possible to build such equations for prediction, but 

these equations need careful consideration. The equations that work well for one type of 

deposit may not work for another.

This preliminary work shows that there is a link between world loess deposits. The amount 

of hydrocollapse for a given applied stress is the product of a very sensitive and intricate 

combination of all the properties in loess. The artificial loess could be further developed to 

include carbonate bonding and organic content. Further oedometer tests on this artificial 

soil could provide comprehensive data to produce predictive equations of the type shown in 

this discussion. These equations would be useful for engineers who know the properties of 

the ground but have not undertaken oedometer tests to test for collapsibility.

8.3 PARAMETERS AFFECTING COLLAPSE

The artificial material has been very useful to determine the influence of clay content and 

water content of the specimens. During formation of the sample, clay content, water content 

and compressive stress affected the void ratio. The water content during testing affected the 

stiffness of the sample. The clay content, moisture content and applied stress affected the
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final void ratio. All these factors therefore have an effect on the amount of hydrocollapse 

observed in the sample.

It was shown that soils with a water content of 10-15% are particularly sensitive to collapse 

as a change in water content of just a few percent will cause significant collapse of the 

deposit. Once the deposit has become more than 50% saturated, most of the collapse of the 

voids will have occurred and an increase in water content will not have a significant affect 

on the deformation of the deposit.

The formulation of the equations above, show that there are many more factors affecting 

the collapse. Their relationship with magnitude of hydrocollapse is complicated and not 

easily determined, however, the fact that some correlation has been observed between the 

individual deposits means it could be possible to predict the amount of hydrocollapse from 

the properties of the soil. The equation would have to be formed using a large number of 

tests, with carefully controlled samples with known constituents. This would be an 

excellent role for the artificial soil, whose constituents can easily be varied and most 

importantly, controlled.

As was shown in the oedometer tests and with the computer simulation in chapter 5, clay 

content will affect the void ratio of a deposit, water content was also shown to affect the 

void ratio of the deposit. It has been shown that the hydrocollapse phenomenon is 

intrinsically linked to particle packing.

8.4 SUGGESTED METHOD FOR ASSESSING THE COLLAPSE OFADEPOSIT

UNDERLOAD

1. Find the initial water content profile for the depth of influence of the proposed load.

2. Estimate the changes in water content that could occur around the footing. This may 

be a change due to changes in ground water level or ponding of water at the surface.

3. Triaxial tests (unconsolidated, undrained) should be performed on specimens at their 

natural void ratios on varying water contents from natural water content up to 

saturated. Use the water contents that are relevant to the estimated water contents 

that could be expected in the problem being modelled.
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4. The soil will soften with increasing water content, as illustrated in Figure 8-7. The 

properties for each of the specimens at different water contents should be calculated. 

Find Young’s modulus, E, for the deposit for each water content, if an elastic 

analysis is to be used. This should be done by taking the gradient of the linear’ part of 

the stress-strain graph for low stresses (less than lOOkPa) for each o f the triaxial 

tests.

e

increasing 
water content

vertical load

Figure 8-7 Change of void ratio with vertical loading for various water contents

5. Analysis of the problem can be performed according to the expected increase in 

water contents. First perform the analysis using the parameters for the natural water 

content of the soil. The analysis can be split into layers so that different water 

contents and therefore different soil properties can be modelled for the different 

layers. The properties of each layer can then be changed to represent a softer layer 

and the analysis is run again. The difference in settlement observed between the runs 

of the analyses will give an indication of the amount of collapse that could be 

expected from the increase in water content being modelled. This process can be 

repeated until all stages of saturation have been modelled.

6. The difference in deformations between the analyses represents the amount of 

collapse that is likely to occur due to wetting of the soil while under load.
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9 Conclusions and Recommendations 
for Further Research

Loess is probably the best known and one of the most widely spread collapsible deposits. 

This thesis has concentrated on this particular collapsible deposit. However, the methods of 

testing and modelling that are discussed, could equally apply to other collapsible soils.

Collapsible soils significantly reduce in volume when wetted under load, a phenomenon 

commonly called hydrocollapse. Hydrocollapse can lead to building collapse, landslides 

and consequently loss of life. Collapsible soils are therefore a significant concern for 

construction engineers, who need to design safe, robust and cost effective buildings. Hence, 

they present a major geohazard to the built environment.

Laboratory tests indicate parameters that relate to an element of soil. The values obtained 

from the oedometer and triaxial tests can be used in various analyses to determine the soil 

behaviour under different loading conditions. From the oedometer tests, values for the one
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dimensional constrained modulus D were found. Triaxial tests provided values for Young’s 

modulus, E, for low stresses, where stress-strain behaviour was near linear. Although 

Young’s modulus is an elastic parameter it was used to describe the stiffness of the material 

during loading up to lOOkPa. This is a simplification but the behaviour of the soil up to this 

stress was near linear, especially for the dry soil. The oedometer and triaxial data has 

enabled a simple FEM analysis of a footing to be carried out. Results from this analysis 

have been compared with the laboratory footing model. The FEM studies were able to 

predict the compression of the soil very well.

The aims of this project have been to:

1. Further develop the artificial soils developed by Dibben (1998) and Assallay (1998), to 

evaluate the key parameters that effect collapse.

2. Investigate the findings from the laboratory tests using a computer simulation.

3. Use the developed artificial soil in a laboratory footing model, to investigate the effect 

of rising ground water level on a strip footing and to provide data for comparison with a 

FEM analysis of the same problem.

4. Use FEM techniques to model the collapse of the laboratory footing model.

9.1 DEVELOPMENT OF ARTIFICIAL LOESS

9.1.1 Conclusions

An artificial collapsible deposit was successfully developed to mimic the behaviour of 

natural loess soils. The preparation of the artificial soil could be controlled and the 

properties varied to enable an evaluation of the influence of the constituent parts. The main 

points are discussed below.

Liquid limit and plastic limit tests were performed on the artificial loess and compared to 

that of natural loess. The Plasticity Index (PI) for the artificial soil was very similar to that 

of the natural soils. PI for natural loess soils varies between around 5-30. The PI for the 

artificial material was around 10. The artificial soil was in the lower range for PI.

Samples were made with the same compressive stress to ensure the specimens formed at 

their natural void ratio. This was a considerable benefit for evaluating the effect of clay 

content on the magnitude of hydrocollapse. Samples were previously prepared with the
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same void ratio or same mass in each sample, this resulted in a peak hydrocollapse 

observed at 25% clay content. This peak was not observed for samples prepared with the 

same compressive effort.

Lower void ratios were observed for samples prepared with a higher water content (up to 

30%), however, samples prepared using a water content of 20% or higher shrunk when 

dried, leaving the sample smaller than the oedometer ring that it was formed in. This 

problem was resolved by forming the samples in a slightly larger ring so that they could be 

transferred to the oedometer ring for testing. This was only carried out for a small number 

of samples. One of the main advantages of the artificial loess was that it could be formed in 

the oedometer ring thereby not be disturbed before testing, unlike a natural sample where 

sampling effects can affect the properties. Water contents of 17.5% were therefore used for 

majority of the tests. This produced samples with void ratios of about 1. The samples did 

not shrink when dried and therefore could be tested easily without disturbing them from 

where they were prepared.

Natural samples exhibit collapse when loaded and wetted as observed in the artificial loess. 

Hydrocollapse was observed in the artificial material for tests undertaken in the 

oedometers. The magnitude of the observed hydrocollapse was around 10%. Hydrocollapse 

was rather higher in the artificial soils compared to that of the natural loess, due mainly to 

slightly higher void ratios. Void ratios in the artificial soil were around 1.0 rather than 

around 0.8. When samples were made with void ratios of around 0.8, the magnitude of 

hydrocollapse in the artificial and natural specimens were similar. An artificial sample 

made with ground silica/kaolinite content 80/20 and a preparation water content of 27% 

had initial voids ratio, e, of 0.72 and exhibited hydrocollapse of 4.3 %. This specimen 

behaved like the specimens from Essex that were tested for comparison, where the void 

ratio was 0.78 and a hydrocollapse of 4.5% was observed.

Swelling behaviour was observed in both the natural and artificial samples when the 

samples were wetted at low loads in the oedometers. The swelling in the artificial samples 

could not be attributed to the clay mineral in the sample as kaolinite is not a swelling clay 

mineral. In the artificial samples it was likely to occur when a high compressive stress was 

used to compact the samples and/or a high water content was used in preparing the sample. 

Since the sample was over consolidated before the first stages of testing in the oedometers,
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the samples swelled to find their natural void ratios and produce a more naturally 

consolidated material.

For samples that were prepared with the same compressive effort, increasing the clay 

content resulted in an increase in the observed magnitude of hydrocollapse of the specimens 

tested in the oedometers. This is something that could not be observed in the natural 

samples as all the other properties that could affect hydrocollapse were not controllable.

The influence of the saturation ratio after wetting on hydrocollapse was also tested. It was 

found that after 50% saturation most of the hydrocollapse has occurred. Increasing the 

saturation further only contributed a further 15% of hydrocollapse in the samples. At 

saturations greater that 70%, no further hydrocollapse was observed. This was observed 

using the oedometer tests and the triaxial tests.

Values for confined modulus, D and elastic modulus, E were obtained from the oedometer 

and triaxial tests. Linear constants such as these do not fully describe the behaviour of the 

samples, especially at higher loads, however, they were adequate for the low stress (up to 

lOOkPa) that were important for this project. The values found for elastic modulus, E, were 

used to estimate the behaviour of a footing modelled in the FEM analysis.

The artificial loess modelled the behaviour of natural loess very well as shown by the 

comparisons to the UK loess in chapter 4 and the comparisons to world-wide loess deposits 

in chapter 8.

9.1.2 Further research

Carbonate bonds and organic matter could be added to the artificial material to make it 

more realistic. The addition of these factors would enable the evaluation of these 

constituents just as the clay content has been evaluated for this project. The continuation of 

this work would enable the influence of all the properties of the soil to be evaluated. A 

predictive equation like the ones developed in chapter 8 could be determined from tests on 

this soil. The constituents can be varied and controlled so a full range of properties could be 

tested. The tests should also be carried out for a wide range of wetting loads, in order to find 

the peak hydrocollapse for each combination of materials.
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9.2 COMPUTER SIMULATIONS

9.2.1 Conclusions

A 2-dimensional simulation of the particles in the deposit was created in a computer 

program using the programming language visual basic. The program allowed different 

percentages of small particles (fines) to be simulated with larger particles (silt). The 

particles fell randomly and formed different packing structures, to produce unstable, 

metastable and stable arrangements. The unstable structures were created by allowing the 

particles to fall and land on the other particles. It was assumed that the particle was 

supported if any part of the particle came into contact with another particle. The metastable 

structures were simulated by assuming that a particle could balance if the contact point 

occurred up to 3/5 of the width of the particle. For stable structures the assumption was that 

particles could only balance if up to 2/5 of the particle width was supported. An even more 

stable arrangement was created by changing this value to 1/5 of the width.

The two-dimensional nature of the simulation limited how realistic the computer simulation 

could be. However, the clay contents were calculated so that the number of particles in the 

2-dimensional simulation represented a slice of a three dimensional deposit. This made 

comparing the results from the simulation with the collapsible material in the laboratory 

much easier.

The void ratios of the metastable structures were around 0.9, which is very similar to the 

void ratios found in metastable loess deposits. The stable structures had void ratios of 

around 0.5 and the ‘more’ stable structure had void ratios of around 0.36. These void ratios 

are very similar to those found in collapsed natural loess.

The size and shape of the voids were also compared to those of natural loess. The elongated 

voids that were observed in the computer simulation are also observed in natural loess 

specimens.

9.2.2 Further Research

The particles were modelled as circles. It would be more realistic to extend the models to be 

more blade shaped, like the shape of the silt particles in loess. The particle orientation 

would also have to be considered. Particle orientation could be ignored for the current study
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as the particles were circles. It would be more realistic to consider a three dimensional 

arrangement of particles. The void ratios of the simulations could then be compared to the 

void ratios in natural samples.

9.3 LABORATORY FOOTING MODEL

9.3.1 Conclusions

The order of wetting and loading did not effect the amount of deformation recorded in the 

footing. The tests where the soil was loaded and then saturated showed 11mm of 

deformation under a load of 86kPa. The test on an initially saturated material, which was 

then loaded to 86kPa, also showed deformations of around 11mm.

An ah gap was produced in the gravel layer due to suctions in the silty material. The 

suctions in the material drew the water up simulating the area just above the water table. 

The moisture contents of thin layers of the soil were taken after the test to find out the 

moisture content profile for the soil. The moisture content increased with depth below the 

footing but at the base of the soil the moisture content was lower. This was possibly due to 

the water draining back into the gravel layer because of the air gap that existed in the gravel 

layer.

It was difficult to track the water level in the model as the water lost its fluorescence as it 

rose up the material. Taking the moisture content at the end provided valuable information 

for modelling the soil in the FEM studies, however, it would have been advantageous to 

know exactly where the level of the water was for each stage of the test. The water level 

was back calculated using the amount of water that had been added, the known void ratio of 

the material and the final moisture content profile.

Ground water rising did produce collapse in the soil, which therefore created movement of 

the footing. Potentially far more damaging is the threat of water ponding at the top and 

making the top layers of soil collapse, as seen from the test that was wetted from the top 

and the bottom. The top layers of soil have the most load acting upon then and are therefore 

susceptible to larger collapse deformations when wetted. Also, the ground water rising is 

likely to be more uniform, whereas flooding from the top could occur at one side of the 

footing. This would produce differential settlement, which is far more threatening to the
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structure built on the footing. Cracking and failure of the structure is more likely to occur 

from these differential settlements. It is therefore vital that remedial measures are taken to 

improve the ground below the footing, especially the layers of ground at the top where the 

load from the footing is the highest.

9.3.2 Further Research

The model tests would benefit from using different footing widths to estimate the scale 

effects that occur in the model. This would enable the model to be related to full -scale 

more easily.

The water level during the test could not be observed as the fluorescence in the water 

reduced as the water rose up through the deposit. The model would benefit from better 

monitoring of water level. This would enable better prediction of the water content in each 

of the layers, which was used in the later FEM studies of the footing test.

Monitoring of deformations within the soil at depth would be an advantage. Tins would 

enable better understanding of the depth of influence of the load and better comparison with 

the FEM studies. The footing model would possibly need to be larger with larger footing 

and larger deformations in the system to be able to pick up the deformations within the soil. 

The extensometers used by the BRE, for example, could measure internal deformations but 

only had an accuracy of 2mm, which would not have been accurate enough for this small- 

scale study.

9.4 FINITE ELEMENT ANALYSIS OF THE FOOTING

9.4.1 Conclusions

The footing test was modelled using an elastic analysis. This was a simplification of the 

problem, as the soil does not behave elastically, especially for high loads. The footing in the 

model was loaded to 86kPa. At these loads in the triaxial test the stress-strain behaviour of 

the artificial material was close to linear. The elastic analysis was therefore valid for these 

low stresses.

The artificial soil was tested in the triaxial apparatus at different water contents. Values for 

the stiffness, E, were estimated for each of the water contents from the stress-strain graphs
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produced from the triaxial tests. Properties are needed for the soil at different water contents 

to model the soil as the ground water was raised and the soil reached saturation.

The soil and footing were modelled by using the different material properties for different 

water contents and simulating the load applied to the footing. The procedure assumes that 

the loaded and then wetted soil will reach the same stress-strain state as if it were wetted 

and then loaded. This was confirmed by the footing test canied out in the laboratory. The 

difference between the dry analysis and the saturated analysis provided the amount of 

collapse that should be expected from the system.

The footing in the laboratory test was loaded up to 86kPa. The finite element analysis was 

also canied out for stresses up to 86kPa. The finite element results compare favourably 

with the results found in the laboratory simulation. The values for elastic stiffness were 

taken as 13,000kPa for dry and 400kPa for wet, as found from the triaxial tests. The FEM 

analysis produced deformations of around 15mm. The same shape curve is observed as the 

wetting front rises up the deposit and the deformations are very similar in size. The final 

deformation in the footing test was around 17mm for test 2 and 11.5mm for test 3. The 

difference in deformations was due to the differences in initial and final moisture content 

profiles of the materials.

Any soil model can be used in the analysis. In this case an elastic model was used, but any 

model which describes the behaviour of the soil could be used, such as elastic plastic 

models or cam-clay. All that is needed is the relevant parameters for the soil model to be 

determined for different water contents. The situation can then be modelled by using these 

parameters and finding the difference in deformations for the analyses using the different 

water contents.

9.4.2 Further Research

More complicated constitutive models could be used to model the soil behaviour. This 

would be particularly useful for the saturated soil, which did not deform linearly under load. 

This would enable better predictions of the soil behaviour under higher loads.
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9.5 OVERALL CONCLUSIONS

This work has brought together research from a diverse range of areas. The main areas of 

interest have been particle packing ideas from Earth Sciences, experimental test methods 

for elements of soil, widely used in Geotechnical Engineering and finite element methods, 

used by a wide range of disciplines. An important contribution to knowledge was the 

development of an artificial material which can be used to study collapse behaviour. An 

artificial soil is useful because the properties can be controlled, and so the behaviour of the 

soil can be evaluated in terms of its constituent parts. The artificial material has been 

compared with natural loess and has shown to model the collapse process successfully. The 

method of producing the artificial soil has been discussed. It is considered most effective to 

mix the dry silt and clay materials together, then mix in the water, making sure the water 

content is dry of optimum. Specimens can be formed insitu with the required compressive 

stress and then left to dry in the air or oven dried. Hydrocollapse of around 10% would be 

expected from a material prepared with approximately 17% water content and tested in the 

oedometer at a wetting stress of 200kPa.

Triaxial tests were used to find an estimate of Young’s modulus for the artificial material 

for a range of water contents from dry (0% water content) to saturated (around 30% water 

content). The artificial material was used to create the founding soil for a model footing test. 

The tests showed that the order of wetting and stressing did not affect the final amount of 

settlement of the footing. An adaptation of common finite element techniques was used to 

model the footing test, using the fact that the same stress-state is achieved whether an 

element of soil is loaded and then saturated or saturated and then loaded. An estimation of 

the amount of collapse that can be expected from a footing subjected to increasing ground 

water levels was made. A linear analysis was carried out using the estimates of Young’s 

modulus for the artificial soil. In the analysis, the soil was divided into layers. First the 

settlement of the footing founded on dry soil was estimated. Then the first layer of soil was 

assigned a value of Young’s modulus more representative of a softer, saturated soil. The 

settlement due to an increase of ground water through the first layer was estimated as the 

difference in the settlement between the first analysis and the second. This process was 

repeated through all the layers of the deposit. The estimated settlements of the footing test 

compared well with the actual settlements observed in the scale model of the footing.
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Modelling the Collapse of Metastable 
Loess Soils
H. Miller, Y. Djerbib, I.F. Jefferson and I.J. Smalley 
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Email: harriet.miller@ntu.ac.uk

Abstract
Hydrocollapse o f loess continues to cause major geotechnical problems the world 
over. Modelling the behaviour o f these soils is still in its early stages. Computer 
models are often used to model saturated soil behaviour but for collapsing unsaturated 
loess soils such models are difficult to implement due to the complex nature o f 
collapse. One method that will help overcome difficulties such as the role o f  clay 
bonding or soil fabric, is to consider collapse from a particle packing perspective, 
rather than as a soil suction problem. The way the particles pack together decides 
whether a soil is metastable or not. Using this philosophy, work is currently being 
conducted to develop a constitutive model to be incorporated in CRISP90 in order to 
analyse the behaviour o f collapsing loess soils. This paper will discuss the 
development o f this model and the methods used to validate it, which include the use 
o f  an artificial loess soil manufactured in the laboratory. This model material has been 
shown to reproduce loess behaviour very well and enables a full range o f reproducible 
and repeatable tests to be conducted.

1. Introduction
Large areas o f  the earth’s crust are covered with loess. China, America, Eastern 
Europe and Russia all have deposits ranging in depths from lm  to 100's o f metres. For 
example, around 14 % o f the total territory o f (the old USSR) is covered by loess 
where the deposits are around 20m and deeper (Abelev, 1988). Consequently, many 
residential buildings in cities and towns and big industrial enterprises have been 
erected on loess around the world.

Loess can cause a number o f problems associated with its sudden settlement. An 
example is a three storey building in Xining, Qinghai, destroyed beyond repair due to 
subsidence o f the foundation soils upon wetting (Qian et al., 1988). Problems result 
because loess undergoes structural collapse when wetted. This happens when the 
initial dry density is low and initial water content is low (Dijkastra et al. 1995). There 
is still some argument as to why loess collapses. To elucidate this problem it is 
necessary to examine both macroscopic and microscopic aspects o f loess collapse. 
(Feda, 1994).

Increasingly, numerical models such as finite element (FE) models are used to examine 
the behaviour o f  foundations built on soil. However, loess collapse is still causes a 
problem as it can not be modelled using conventional techniques. This paper will 
describe the combined computer and physical model approach currently being used to 
explore this complex problem.
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2. The collapse process
Before any models are developed it is first necessary to establish the typical 
characteristics o f loess. From this a universal standard can be produced, which can not 
only aid the validation o f  any FE models produced enable the growing body o f 
literature to be better utilised.

2 . 1  M i n e r a l o g y

The structure o f loess is dominated by 20-60m quartz particles o f 8:5:2 aspect ratio 
Rogers et al. (1994). Typically, quartz is the most abundant mineral in loess material, 
feldspar is also present. O f the clay type minerals, mica is more abundant than 
montmorillinite (average 15%), which is more abundant than illite and kaolinite 
(average 5%). (Northmore et al., 1996).

2 . 2  T h e  c o l l a p s e  m e c h a n i s m

Upon deposition, a loose, open structured, metastable soil is formed, composed o f 
quartz particles separated by coatings or aggregates o f clay and carbonate particles. In 
its dry state the structure has significant strength and can withstand high loads.

Upon saturation, however, the bonding disintegrates and a denser structure is 
achieved by sudden collapse o f  the soil particles - often known as hydrocollapse. 
Saturation can occur through infiltration due to pooling o f water from above, leakage 
from pipes and guttering or through rising ground water levels. The collapse o f the 
internal structure occurs when the stresses between particles exceed the bond strength 
provided by bridging bonds (Holtz and Gibbs, 1951). This kind o f soil is considered to 
be unstable as a foundation material because o f the potential for large settlement. In 
these cases, if differential settlement occurs it can be severely damaging for structures 
built on loess.

2 . 3  C o l l a p s i b i l i t y  c o n t r o l s

In certain cases destruction o f capillary forces may account for the collapse caused on 
wetting. (Alonso et al., 1987). However, there is still considerable discussion as to the 
relative roles o f suction and clay bond degradation in the collapse process o f loess. 
Added to this, there is a considerable difficulty in obtaining reliable suction 
measurements in silty soils (Fredlund & Rahardjo, 1993). The main concern o f  the 
authors is that suctions may take a long time to equilibrate and even when they do the 
suctions developed in the clay bonds may be different to the suction developed 
between the silt grains. To date there is no way o f  measuring the differences. The 
suctions measured would therefore give an average value and may not be reliable. 
Bond degradation probably governs the collapse processes in loess and therefore 
experiments will be focused on finding a rule that explains the behaviour in terms o f 
the packing parameters such as clay content and void ratio.

The basic mechanism o f collapse involves particle rearrangement from metastable 
open structure to a denser stable hydrocollapsed structure. Whatever the mechanism 
includes, ultimately it is the way the particles are packed that controls the structure 
and hence the susceptibility o f  loess to collapse. This idea was actively promoted by 
Smalley in the 1960's (Smalley, 1964) and subsequently developed by Rogers et al.
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(1994). Since these crude hand generated solutions, computer models have been 
developed using FORTRAN and similar languages (see Dibben et al., in press) Thus 
by considering collapse from a particle packing perspective it is possible to avoid 
problem associated with relative roles o f clay degradation or suction in the collapse 
process. Such an approach could provide useful insight at both macroscopic and 
microscopic levels, particularly when developing computer models.

3. Artificial Loess
A considerable body o f research has been generated to investigate collapse problems. 
Unfortunately, the results are often variable due to location and depth o f  the deposit 
and therefore are difficult to compare directly. An artificial deposit has been produced 
that has the same general properties o f  collapse as loess deposits from around the 
world. The artificial loess provides results which are repeatable, reproducible and 
controllable.

Artificial loess samples have been produced by adapting work undertaken by Assallay 
et al., 1998 and Dibben et al. 1998. This artificial loess allows direct control o f  the 
material constituents, thus providing a good method o f evaluating the effect o f varying 
the constituents, and hence provides a control method o f computer validation. Two 
methods to generate artificial loess are currently being developed.

3 . 1  B a l l o t i n i  b a l l s

An artificial loess has been made by mixing glass ballotini balls with kaolinite. Ballotini 
balls are uniform spherical glass objects. They are sieved through a 63 (m sieve to 
create typical loess size particles the smaller balls are removed through a 20(m sieve. 
Initial studies by Assallay et al., 1998 illustrate the loess like structures formed with 
these balls. These structures illustrated that kaolinite was the best clay mineral binder 
to use, producing a greater control on collapse.-

3 . 2  C r u s h e d  s a n d

Another method o f producing artificial loess is to use crushed sand. Impurities are 
removed from the sand by washing with water. The sand is then crushed in an end 
runner mill which reduces the sand size to silt size particles. The ground material is 
passed through a 63(m sieve to retrieve the smaller fraction. It is deflocculated and the 
fines removed by sedimentation. The resultant material (63-20(m) is then mixed with 
kaolinite to produce the bonding needed to create a metastable structure. The effect o f 
varying the clay content has been examined the results o f which are shown in Figures 
1 and 2.

4. Hydrocollapse Testing
Artificial and remoulded natural loess soils are prepared using methods recently 
established (see Dibben et al, 1998). Once formed, standard double and single 
oedometer collapse tests have been performed (between stresses o f  5 and 1600kPa).

Single oedometer tests are carried out by loading the sample to a certain pressure 
(between 5 and 1600 kPa), saturating the sample and then continuing the loading up 
to 1600kPa. Double oedometer tests are carried out on two samples in parallel one a 
saturated sample and the other an unsaturated sample these are also loaded to
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1600kPa.

Two main curves are observed one for unsaturated behaviour and one for saturated 
behaviour. (See Figure 1.) The same characteristic collapse behaviour is observed in 
the artificial loess as it is in the natural deposit. See also, Assalay et al.,1998 and 
Dibben et al., 1998)

Figure 1: Crushed sand/kaoli
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Figure 1: Oedometer tests on artificial loess from crushed sand : kaolinite 85:15. The 
collapse pressure due to saturation is 200kPa.

Ballotini balls have the advantage that they are rounded, and hence are more 
representational o f  natural loess deposits that contain weathered quartz particles as the 
main building blocks. However they do not have the same specific gravity as the silt 
particles and therefore exhibit different void ratios for the same mass o f soil.

Figure 2 shows how hydrocollapse varies with clay content at 200kPa for the artificial 
loess samples (crushed sand with kaolinite). Clearly, only a relatively small amount o f  
clay content is required to yield significant collapse. Too much clay and the soil 
behaves in a typically plastic 'clay like' fashion exhibiting no collapse. Too little clay 
content and insufficient binder exists to produce the metastable structure required for
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collapse to occur. The maximum collapse occurs at 25% clay content which 
corresponds to approximately 18% clay mineral (kaolinite) content. However, it 
should be noted that the samples were produced all to have the same mass and 
therefore, different void ratios result. To make the experiments more realistic the 
samples will be produced with the same compactive effort which will emulate 
deposition o f loess soils and the effects o f  overburden pressure. This will enable a true 
comparison o f the effect o f  the clay content to be assessed. A similar set o f results is 
observed when Ballotini balls are used as the primary mineral constituent. However 
the magnitude o f collapse observed with these samples is lower, due mainly to the 
spherical shape o f  the primary particles.

Figure 2: % hydrocollpase observed s 
for different kaolinite cor
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Figure 2: % hydrocollapse for different kaolinite contents.

5. Computer modelling
Classical soil mechanics has been developed predominantly from the study o f saturated 
soils. More recent developments in fundamental frameworks o f  soil behaviour have 
also been limited to saturated soils. However, loess is an unsaturated soil and new 
frameworks need to be developed for such soils.
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Most approaches use the unsaturated formulation o f critical state theory which relies 
on measurement o f suction changes throughout the experiment. Relatively little 
experimental data on the behaviour o f unsaturated soils are available, due to  technical 
difficulties related to both control and measurement o f suction (Cui and Delage,
1996). Laboratory equipment for controlling and measurement o f suctions has been 
developed at Imperial College but measurement o f suction in the field is still 
unreliable. I f  a procedure could be developed based on a more empirical approach 
without the need for the measurement o f suctions, designing for unsaturated soils 
would be made easier.

A finite element computer package, CRISP90 (CRItical State Program), based on the 
critical state theory o f soils will be used to investigate the collapse behaviour o f loess 
subjected to load and/or wetting. The program was written with a  provision to 
incorporate new soil models to suit the problem under study.

Loess displays two different kinds o f behaviour. The first is a partially saturated soil. 
However as the degree o f saturation is increased and collapse takes place, the 
behaviour is typically that o f a saturated clayey silt. In its first state, prior to collapse, 
it is analogous to cemented soil with the bonding between the grains o f  silt provided 
by the clay/carbonate elements. Comparison can therefore, be made with the 
behaviour o f weak concrete or rocks.

Nesnas (1995) developed an elasto-plastic constitutive model to predict the behaviour 
o f  partially saturated soils including collapse. This model was based on the Barcelona 
model (a suction based model) Alonso et al., 1990, This model incorporated in the 
finite element code o f CRISP can be modified further and applied to study the 
behaviour o f loess.

D ata will be built up from both oedometer tests and a physical model. These models 
will provide data for calibrating and validating the computer model. The oedometer 
tests will use both natural and artificial deposits. The natural deposits have been 
obtained from sites in Southern England, where collapse has resulted in costly 
engineering problems, e.g. Torquay (Cattell 1997). The artificial loess will also be 
used to investigate the effect o f  material variations. Specifically this will allow 
examination o f bonding mechanisms that occur in natural loess systems.

An initial step in implementing the new model will be to introduce threshold stresses at 
which the deposit will collapse. The lessons learned in the laboratory will be used to 
calibrate the numerical model. This will be coupled with a code based on a particle 
packing perspective following on the work o f  Dibben et al. (1998).

This will overcome the difficulties inherent with critical state models for 3-phase 
systems which rely on suction measurements. Such measurements are notoriously 
difficult in silty soils. Ultimately, it is planned to use a scale laboratory model 
foundation to examine the effects o f various water infiltration systems, which will be 
compared directly to FE analysis. This will be used to validate such models, and hence 
allow further elucidation o f  the complex problem o f loess collapse.

Application for such a model may include assessment o f  radioactive waste repositories 
built in loess, which is currently under consideration in Bulgaria (Jefferson and 
Smalley, 1997). The FE model developed could help to predict the overall behaviour 
o f  foundations and other infrastructure built on or in loess and similar soils.
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6. Conclusions
This project is currently developing a FE model to assess the behaviour o f collapsible 
loess soils. However, to overcome the arguments o f which factor controls the collapse 
mechanism, collapse is being modelled on a particle packing basis for it is ultimately 
the way the particles pack that dictate the degree of collapse that occurs. This model 
will be calibrated using an artificial loess developed to enable full control over the 
material constituents and hence the collapse that occurs. The artificial loess will be 
used in the further development o f  the model, aiming ultimately to enable the full 
assessment o f  foundations built on loess and other collapsible soils.
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ABSTRACT: Hydrocollapse of loess continues to cause major geotechnical problems the world over. 
Engineers are increasingly using computer models, such as finite element models to design problems. 
However, for collapsing loess soils such models are difficult to produce due to the complex nature of 
loess collapse. One method that will help overcome these difficulties, is to consider collapse from a 
particle packing perspective, rather than a soil suction problem. The way the particles pack together 
decides whether a soil is metastable. Using this philosophy, work is currently being conducted to de
velop a Finite Element model using CRISP90, to analyse foundations built on collapsing loess soils. 
This paper will discuss the development of this model and the methods used to validate it, which in
clude the use of an artificial loess soil manufactured in the laboratory. This model material has been 
shown to reproduce loess behaviour very well and enables a full range of reproducible and repeatable 
tests to be conducted.

1 INTRODUCTION

Large areas of the earth’s crust are covered with 
loess. For example, around 14 % of the total ter
ritory of Russia is covered by loess (Abelev 
1988). A great many residential buildings in cit
ies and towns and big industrial enterprises have 
been erected on loess.

Loess can cause a number of engineering 
problems, e.g. settlements in excess of one metre 
occurred in Lanzhou, Gansu in a terrain com
posed of 12-14m of collapsible loess underlain 
by saturated sandy deposits after a test pit of 10m 
by 10m had been flooded (Qian et al. 1988). 
Problems result because loess undergoes struc
tural collapse and subsidence due to saturation 
when both the initial dry density and initial water 
content are low (Dijkstra et al. 1995).

A considerable body of research has been gen
erated to investigate collapse problems. Unfortu
nately, the results are often variable and difficult 
to compare directly. To elucidate this problem it 
is necessary to examine both macroscopic and 
microscopic aspects of loess collapse (Feda 
1995).
Increasingly, numerical models such as finite 
element (FE) models are used to examine the be
haviour of foundations built on soil. However, 
loess collapse is still causing problems. This pa
per will describe the combined finite element

and physical model approach currently being 
used to explore this complex problem.

2 THE COLLAPSE PROCESS

Before any models are developed it is first neces
sary to establish the typical characteristics of 
loess in general. From this a universal standard 
can be produced, which can not only aid the 
validation off any FE models produced but en
able the growing body of literature to be better 
utilised.

2.1 Mineralogy

The structure of loess is dominated by 20-63 ju m 
quartz particles of a 8:5:2 aspect ratio Rogers et 
al. (1994). Typically, quartz is the most abundant 
mineral in loess, with feldspar is being also pre
sent. Of the clay type minerals, mica is more 
abundant than montmorillonite (average 15%), 
which is in turn more abundant than illite and 
kaolinite (average 5%) (Northmore et al. 1996).

2.2 The collapse mechanism

Upon deposition, a loose, open structured, me
tastable soil is formed, composed of quartz parti
cles separated by coatings or aggregates of clay



and carbonate particles. In its dry state the struc
ture has significant strength and can withstand 
high loads.

Upon saturation, however, the bonding disin
tegrates and a denser structure is achieved by 
sudden collapse of the soil particles - often 
known as hydrocollapse. Saturation can occur 
through infiltration due to pooling of water from 
above, leakage from pipes and guttering or 
through rising ground water levels (Swartz 
1985). The collapse of the internal structure oc
curs when the stresses between particles exceed 
the bond strength provided by bridging bonds 
(Holtz & Gibbs 1951). This kind of soil is con
sidered to be unstable as a foundation material 
because of the potential for large settlement. In 
these cases, if differential settlement occurs it 
can be severely damaging for any structures built 
on loess (Swartz 1985).

2.3 Collapsibility controls

In certain cases destruction of capillary forces 
may account for the collapse caused on wetting. 
(Alonso et al. 1987). However, there has and still 
is considerable discussion as to the relative roles 
of suction and clay bond degradation in the col
lapse process. This still remains an unsolved 
problem due in part to the considerable difficulty 
in obtaining reliable suction measurements in 
silty soils (Fredlund & Rahardjo 1993)

The basic mechanism of collapse involves par
ticle rearrangement from metastable open struc
ture to a denser stable hydrocollapsed structure. 
Whatever the mechanism includes, ultimately it 
is the way the particles are packed that controls 
the structure and hence the susceptibility of loess 
to collapse. This idea was actively promoted by 
Smalley 1960s (Smalley 1964) and subsequently 
developed by Rogers et al. (1994). Since these 
crude hand generated solutions, computer models 
have been developed using FORTRAN and simi
lar languages (see Dibben et al., in press)

Thus by considering collapse from a particle 
packing perspective it is possible to avoid the 
problems associated with the relative roles of 
clay degradation or suction in the collapse proc
ess. Such an approach could provide useful in
sight at both macroscopic and microscopic lev
els, particularly when developing computer 
models.

3 ARTIFICIAL LOESS

The properties of loess obviously vary due to lo
cation and depth of the deposit. This makes ex
perimental data hard to directly compare and 
hence difficult to use when validating the com

puter models. An artificial deposit has been pro
duced that had the same overall properties of col
lapse as loess deposits from around the world. 
The artificial loess provides results which are re
peatable, reproducible and controllable.

Artificial loess samples have been produced by 
adapting work undertaken by Assallay et al. (in 
press) and Dibben et al. (in press). This artificial 
loess allows direct control o f the material con
stituents, thus providing a good method of evalu
ating the effect of varying the constituents. 
Hence, provides a control method of computer 
validation. Two methods to generate artificial 
loess are currently being developed.

3.1 Ballotini balls

An artificial loess has been made by mixing glass 
ballotini balls with kaolinite. Ballotini balls are 
uniform spherical glass objects. They are sieved 
through a 63 pm  sieve to create typical loess size 
particles the smaller balls are removed through a 
20pm sieve. Initial studies by Assallay et al. (in 
press) illustrate the loess like structures are 
formed with these balls. These structures illus
trated that kaolinite was the best clay mineral 
binder to use, producing the greatest control on 
collapse.

3.2 Crushed sand

Another method of producing artificial loess is to 
use crushed sand. Impurities are removed from 
the sand by washing with water. The sand is then 
crushed in an end runner mill which reduces the 
sand size particles to silt size. The ground mate
rial is passed through a 63pm sieve to retrieve 
the smaller fraction. It is deflocculated and the 
fines removed by a combination of wet sieving 
and sedimentation. The resultant material (63- 
20pm) is then mixed with kaolinite to produce 
the bonding needed to create a metastable struc
ture. The effect of varying the clay content can 
then be examined.

4 HYDROCOLLAPSE TESTING

Artificial and remoulded natural loess soils are 
prepared using methods recently established (see 
Dibben et al., in press). Once formed, standard 
double and single oedometer collapse tests have 
been performed (between 5 and 1600kPa).

4.1 Artificial loess

Single and double oedometer tests have been car
ried out using the ballotini balls prepared sample. 
The same characteristic collapse behaviour is ob-
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5.1 Finite element analysis

Classical soil mechanics has been developed 
predominantly from the study of saturated soils. 
More recent developments in fundamental 
frameworks of soil behaviour have also been 
limited to saturated soils. However, loess is an 
unsaturated soil and new frameworks need to be 
developed for such soils.

Relatively little experimental data on the be
haviour of unsaturated soils are available, due to 
technical difficulties related to both control and 
measurement of suction (Cui & Delage 1996). 
Shear data from tests on unsaturated soil in 
which suctions were measured were first re
ported by Bishop and Blight (1963). The ideas 
reported by Bishop (1959) were used to interpret

Figure 1: Oedometer tests on artificial loess formed from 
crushed sand.

The crushed sand sample also produces the 
characteristic collapse curve that is observed 
with natural deposits. Ballotini balls have the ad
vantage that they are rounded, and hence are 
more representational of natural loess deposits 
that contain weathered quartz particles as the 
main building blocks.

Similar results have been obtained by Assallay 
et al. (in press) (Figure 2).
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Figure. 2: Oedometer tests on artificial loess samples, with 
and without kaolinite added to the crushed sand (after As
sallay et al., in press).

the data, and explained the results obtained. The 
same effective stress concept was extended to 
volume change behaviour by Blight (1965) but 
was criticised Burland (1965). Who pointed out 
that the proposed effective stress law, could not 
fully explain volume change behaviour.

The first constitutive model able to predict 
various aspects of unsaturated soil behaviour, 
called the loading collapse (LC) model, was pre
sented by Alonso et al. (1987). In this work, at
tention was focused on volume change behav
iour, including collapse, and the model 
qualitatively showed how an extended elasto- 
plastic theory could satisfactorily account for the 
main aspects of unsaturated soil behaviour. 
Alonso et al. (1990) presented a quantitative ver
sion of the LC model, where both volume change 
and shear strength were predicted within the 
framework of an elasto-plastic theory. Some time 
later, the first experimental results on volume 
change behaviour during shear tests appeared, 
within the general framework of critical state 
concepts and elasto-plasticity (e.g. Wheeler & 
Sivakumar 1992).

Most approaches use the unsaturated formula
tion of critical state theory which still relies on 
measurement of suction changes throughout the 
experiment which is difficult to accomplish. If a 
procedure could be developed based on a more 
empirical approach this would get rid of the need 
for the measurement of suctions and therefore 
make designing for unsaturated soils easier. La- 
gioia & Nova (1995) have developed a mathe
matical model which can model collapse for soft 
rock. However, this model does not consider the 
infiltration of water which is important for loess 
collapse.



5.2 Model studies

Data can be built up from oedometer tests and a 
physical model of a footing. These models can 
provide data for calibrating a validating the com
puter model. The oedometer tests will use natural 
and artificial deposits. The natural deposits have 
been obtained from sites in Southern England, 
which have been indicated as a cause of founda
tion problems, e.g. in Torquay (Cattell 1997). 
The artificial loess will also be used to investi
gate the effect of material variations.

CRISP90 software is being used to model the 
oedometer tests. An initial step in implementing 
the new model will be to introduce threshold 
stresses at which the deposit will collapse. The 
lessons learned in the laboratory will be used to 
calibrate the numerical model. This will be cou
pled with a code based on a particle packing per
spective following on the work of Dibben et al., 
(in press).

This will overcome the difficulties inherent 
with critical state models for 3-phase systems 
which rely on suction measurements. Such 
measurements are notoriously difficult in silty 
soils. Ultimately, it is planned to use a scale 
laboratory model foundation to examine the ef
fects of various water infiltration systems, which 
will be compared directly to FE analysis. This 
will be used to validate such models.

Application for such a model include assess
ment of radioactive waste repositories built in 
loess, which is currently under consideration in 
Bulgaria (Jefferson & Smalley 1997). The FE 
model developed could help to predict the over
all foundation stability of loess and hence the vi
ability of such an approach.

6 CONCLUSIONS

Unsaturated critical state framework involves 
suctions (e.g. Wheeler & Sivakumar, 1995) 
which are hard to measure, particularly in a silt. 
The other problem is the uncertain role that suc
tion plays in the collapse and therefore difficul
ties this creates to produce a reliable code for FE 
modelling which includes suctions.

This project is currently developing a FE 
model to assess foundations built on collapsible 
loess soils. However, to overcome the difficulties 
of what factor controls the collapse mechanism, 
collapse is being modelled on a particle packing 
basis, for it is ultimately the way the particles 
pack that dictate the degree of collapse that oc
curs. This model will be calibrated using an arti
ficial loess soil developed to enable full control 
over the material constituents and hence the col
lapse that occurs. Two methods to produce arti

ficial loess have proved successful: ballotini balls 
and crushed sand based mixes. These will be 
used in the further development of the FE model 
produce, aiming ultimately to enable the full as
sessment of foundations built on loess and other 
collapsible soils.
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Modelling The Collapse Of Quaternary Metastable Loess Deposits
H. Miller 
Y. Djeifeib 
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ABSTRACT: Quaternary loess deposits have a metastable, unsaturated open structure 
that will readily collapse when loaded and wetted. The way that the particles pack is 
at the heart of the collapse problem. Neglecting the engineering and geological 
aspects of quaternary deposits can seriously affect the built environment leading to 
losses o f millions of dollars, (Hutchinson, 1997). It is therefore important to be able to 
predict the behaviour of such soils. Many approaches to modelling soil behaviour 
have been used, such as the constitutive models used in finite element analysis. These 
techniques have been successfully employed for saturated soils for many years. 
Further development over the last two decades has meant that models for unsaturated 
soils are now available. The main philosophy behind the approach is that suctions are 
the bond holding the particles in their metastable state, such as in engineered fills. 
However, the quaternary loess is held in a metastable state by, not only suction, but 
also day bonding and carbonate cementation. The complex nature of the bonding 
makes it difficult to use the new techniques for unsaturated soil behaviour. One 
method to overcome the uncertainties o f the relative roles o f suction and clay bonding 
is to consider the way the particles pack. Using this philosophy, work is currently 
being conducted to develop a model to be incorporated in QUSP90 in order to 
analyse the behaviour o f metastable collapsing quaternary loess soils. Tins paper will 
discuss the development of this model and the methods used to validate it, which 
include the use o f an artificial loess soil manufactured in the laboratory. This model 
material has been shown to reproduce metastable loess behaviour very well, see 
Figure 1, and enables a full range of reproducible and repeatable tests to be 
conducted. The work will help elucidate the behaviour of this quaternary deposit and 
hence predict the behaviour o f this major geohazard, enabling safer designs of 
foundations and buildings.
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Figure 1. A comparison of collapse for artificial and natural loess samples.
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ABSTRACT

Loess soils cover approximately 10% of the world’s landmass. This quaternary deposit has been studied 
for many decades, but predicting the collapse behaviour still remains an active subject for discussion and 
research. For this project, collapse mechanisms have been studied using two techniques; artificial loess, (the 
physical model) and a numerical model. The physical model is a continuation of artificial soil techniques 
developed in the literature. The artificial soil is made from silt and clay particles and has been developed to 
reproduce the collapse characteristics found in natural loess. This artificial loess has been tested using 
oedometer and triaxial equipment and will be used as the foundation material in a scale model of a footing. 
Results show that the physical model can reproduce collapse behaviour very well. Secondly, a numerical 
model has been developed to simulate the collapse behaviour observed in the laboratory tests. This model 
has been implemented into the finite element program CRISP. Oedometer tests have been accurately 
simulated and the extension of both of these models to model the behaviour of a footing in plane strain will 
be discussed.

INTRODUCTION

The abundant nutrients and low density of loess make it an ideal agricultural soil. However, the open 
structure that encourages strong root development, makes the soil susceptible to collapse upon the 
application of load and/or water. In fact, collapse of such open structures can cause reduction in volume by 
up to 30% (Waltham, 1988). This makes the soil very problematic for engineers. The large voids in the soil 
are maintained as a result of various bridging and bonding systems between the main structural silt particles. 
These bonding systems include clay bonding, carbonate cementation and suction (Barden et al., 1973). 
These components interact in a complex way and therefore modelling the behaviour of these soils is not 
easy. The relative roles of the bonding components are not clearly understood and models that are based 
solely on suctions do not account for the various cementing components in natural collapse systems such as 
loess. Neglect of these various elements has in the past caused considerable problems to the built 
environment and other associated works, such as the Teton dam collapse in 1976, in Idaho, USA (Smalley, 
1992).

A physical model was developed to examine the collapse behaviour of loess soils. This involved the 
production of an artificial loess soil, made up of varying proportions of clay and primary mineral. Kaolinite 
has been used as the clay mineral and quartz was used as the primary mineral, crushed to obtain silt-sized 
particles. Formation of an artificial deposit allows direct control of the constituent parts of the material. 
This has elucidated the key factors that influence the collapse process. Artificial loess soil reproduces the 
behaviour of natural deposits from around the world remarkably well.

Since loess is so widespread and there is an increasing demand for infrastructure and housing it is not 
uncommon to find developments built on these soils. It is therefore important to be able to predict the likely 
deformations of these systems. Based on the physical model studies, a numerical model has been developed 
to extend the initial oedometer data towards the assessment of actual foundations built on loess soils. 
Understanding the processes of collapse will also aid in the evaluation and development of ground 
improvement methods. Initial results from the numerical model have indicated a high level of comparability 
to the collapse behaviour of both artificial and natural loess soils found from simple oedometer tests. Further

1 Harriet Miller, Nottingham Trent University, Burton Street, Nottingham, NG4 4BU, UK
2 Youcef Djerbib, Nottingham Trent University, Burton Street, Nottingham, NG4 4BU, UK
3 Ian Jefferson, Nottingham Trent University, Burton Street, Nottingham, NG4 4BU, UK
4 Ian Smalley, Nottingham Trent University, Burton Street, Nottingham, NG4 4BU, UK



study has just started to compare the numerical model behaviour to that of a scale model of a strip footing 
supported on collapsible loess soil. Initially, the effects of rising groundwater will be examined, before more 
complex collapse environments are considered. Leaking pipes and inundation are particularly problematic as 
they can cause differential settlement to occur which causes the most damage to structures. Overall, this 
paper will discuss both the physical and numerical models, their interactions and how they help elucidate the 
complex geotechnical problem of loess soil collapse.

THE PHYSICAL MODEL:

A physical model of loess soil has been developed in order to examine the factors that influence collapse 
potential. The way in which the particles pack has a large influence on collapse. Packing density or void 
ratio will affect the potential magnitude of collapse. Hydrocollapse is defined as the change in height due to 
wetting over the height before wetting. Other factors such as water content and clay bonding also effect 
collapse potential. Producing a model soil enables these factors to be controlled. This allows assessment of 
the influence of these factors on the soils performance.

Samples were primarily tested in one-dimensional fixed ring oedometers. Oedometer testing is the classic 
test employed to calculate collapse potential as explained by Luttenegger and Saber (1988). Oedometer data 
is readily available in the literature for loess deposits around the world. The tests therefore provide a good 
method of comparing the physical model of loess to natural loess deposits.

Method 1 - The Air Fall Method
The effect of varying clay content on the model soil behaviour was examined. Samples were made with 

varying proportions of the clay and silt materials. Each sample was produced using the same dry mass (or 
same void ratio) of material, which was sieved into the oedometer rings. Samples were then steamed to 
produce a low water content and then placed in the oven to develop the clay bonds, Further details of this 
method are given by Dibben (1998) (same mass) or Assallay et al. (1998) (same voids ratio).

However, key limitations exist in these methods. The disadvantages are as follows:
1. The steaming method employed by Dibben (1998) could only be used on small samples. If larger 

samples are steamed the lower layers of the sample collapse under the weight of the higher material due 
to the high water contents produced lower down in the sample.

2. Moisture contents cannot be controlled using the steaming method.
3. Previous methods compared samples with either the same mass (Dibben, 1998) or the same void ratio 

(Assallay et al., 1998). The effect of clay content on the initial void ratio is therefore neglected. Initial 
void ratio will affect the magnitude of hydrocollapse it is therefore important that initial void ratios are 
not artificial but instead are formed ’naturally’.

4. Since either the mass or void ratio is kept constant, the samples do not relate to natural conditions in the 
ground. A new approach was needed to produce samples with more natural void ratios.
To overcome these limitations new methods were developed in an attempt to produce more comparable 

specimens. The following method provided the best results:

Method 2 - The Wet Method:
In this method the clay and silt particles are initially mixed with water to form a paste. This paste is 

placed in the oedometer ring. The sample was then loaded with a static load (between 5-100kPa) to simulate 
the overburden pressure. This creates a natural void ratio within the sample, simulating a particular depth of 
deposit. The samples are dried in the oven to create the bonds between the particles and then tested using 
oedometers with loads up to 1600kPa. Initial void ratios were compared using different preparation water 
contents to find the optimum water content for which the material packs with the highest density. Samples 
were formed dry of this optimum to avoid shrinkage when drying.

OEDOMETER RESULTS

Method 1 - Air Fall Method
Typical oedometer results for natural loess obtained from Essex and saturated at 200kPa are shown by the 

dotted line in Figure 1. Following the method used by Dibben (1998), a constant mass (120g) of the dry mix



of silt and clay was sieved into the specimen ring. Clay contents between 0-40% were tested. Results were 
compared to the data obtained from Essex loess and typical results are shown in Figure 1.

The observed behaviour is similar 
to that of the natural loess. However, 
some distinct differences can be 
observed. More settlement is 
observed for the artificial loess on the 
addition of each load. This relates to 
the stiffness of the artificial loess, 
which is considerably less than for 
natural loess especially for the 
saturated samples. The artificial 
samples show a distinct lack of 
bonding and also have very high initial 
void ratios of around 1.3. This causes 
the greater settlements, especially for 
loads greater than 25kPa, and more 
hydrocollapse to occur in the artificial 
samples than in the natural samples. 
The lower natural void ratio may have 
been obtained due to more water 
present in the system or due to a 
greater preconsolidation pressure in 
the field.

Most interestingly, the oedometer 
results show that the largest 
hydrocollapse is observed for kaolinite 
contents of around 25% as shown in 
Figure 2. The same peak is observed 
for samples with constant void ratio 
(Assallay, 1998), but this behaviour is 
not observed in natural samples. The 
explanation for this seems to lie in the 
way the particles pack. The particles 
naturally pack more closely at around 
25% kaolinite content. Therefore, if 
the samples are forced to have the 
same initial void ratio, more 
hydrocollapse will occur at clay 
contents where the particles can pack 
most easily, which appears to be the 
samples with 25% kaolinite content. 
Thus the formation process and the 
way the particles naturally pack have 
affected the collapse potential of the 
specimens.
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Figure 1 : Essex loess compared to artificial loess formed 
by the airfall method and the wet method with 30% kaolinite
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Figure 2 : Peak hydrocollapse observed at 25% kaolinite 
content using the airfall method

Method 2 - The Wet Method
The advantage of this method is that it produces a more naturally bonded and stiff material. The sample 

is prone to shrinkage during the drying stage if too much water is added during preparation. A moisture 
characteristic curve was determined by using the same compactive effort to make samples with different 
moisture contents. A water content of 17.5% was chosen for preparation of the samples which is less than the 
optimum water content (therefore avoiding shrinkage) but high enough to allow bonding to develop. Results



for typical tests are shown in Figure 1 for 30% kaolinite content. The samples show greater strength at lower 
stresses compared to the airfall method and give a better fit to the natural curves. Void ratios are also much 
closer to natural loess for loads up to 400kPa than for the previous method. The initial void ratio for the 
artificial sample in Figure 1 was 0.88 compared to the Essex loess, which had an initial void ratio of 0.8. 
The natural samples still show a higher strength than the artificial samples when saturated, probably due to 
length of time that the bonds have had to develop.

Some important factors for assessing the magnitude of hydrocollapse are initial void ratio, clay and 
carbonate content, specific gravity and degree of saturation or water content. An additional factor affecting 
the behaviour of the samples seem to be the method of preparation of the samples

Two observations have been made from the oedometer tests, which have been built into the numerical 
model.
1. A trend for increasing stiffness as the load is increased is observed. This is due to the confining 

conditions in the oedometer and is not observed in triaxial tests on the same material.
2. Samples that are loaded and then saturated reach the same void ratios as a sample that is saturated and 

then loaded, in agreement with Lawton et al. (1992). This could also be due to the confining conditions.
It is therefore important to test the soil

under different stress conditions. The scale 
model of a footing will be used for this 
purpose. It will be used to see if a presaturated 
soil can be assumed to reach the same state as 
a dry soil loaded and then saturated and check 
if the stiffness increases with the load.

Saturation Water Content
The influence of water content on 

hydrocollapse was investigated in a series of 
oedometer tests, where the samples were 
loaded to 200kPa and wetted with different 
amounts of water. Samples were produced 
using method 2 with clay contents of 30%. The 
porous discs and samples were weighed 
separately pre- and post-collapse to obtain the 
water content causing collapse in the samples. 
The results from this test showed an increase of 
hydrocollapse up to a saturation ratio of 0.5. 
For saturation greater than this there is almost 
no additional hydrocollapse, see Figure 3. 
Results are reasonably close to those found by 
El-Ehwany and Houston (1990), who report that 
85% of full collapse is produced at 50% 
saturation.

Clay Content
As clay content is increased, hydrocollapse 

increases, if all other factors are kept the same 
(i.e. preparation water content and initial 
compaction). This is shown in Figure 4. The 
data on the loess deposits around the world 
seems to agree with this trend. The deposits 
with greater clay contents seem to show more 
hydrocollapse.
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Figure 3 : The variation of post-collapse voids ratio 
obtained at a stress of 200kPa for different saturation ratios.
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THE NUMERICAL MODEL

Elasto-plastic models such as Cam-Clay and modified Cam-Clay have been used for many years to model 
saturated soils. New frameworks have been developed to extend these models to include the effect of 
suctions for unsaturated soils. These ideas were introduced by Alonso et al. (1987), Wheeler and Sivakumar 
(1995) and implemented in CRISP84 by Nesnas (1995). The model produced by Alonso et al. (1987) is 
often referred to as the Barcelona model and is intended to describe partially saturated behaviour, using the 
knowledge of irreversible strains which occur as a consequence of changes in external stresses and suction 
for non-cemented, non-expansive soils. Equipment for measuring suctions for this purpose has been 
discussed by Anderson et al. (1993). These techniques have been proven to work very well for granular fills. 
This model has subsequently incorporated increasing numbers of new features (expansion, chemical and 
thermal coupling, etc.) and is becoming very comprehensive. Additional parameters need to be included in 
these models, which increases with the complexity and makes them more difficult to use. A great deal of 
expertise and effort is needed to generate these parameters which renders the problem even more difficult.

An alternative approach to the suction model has been devised which uses the assumption that the soil 
will obtain the same state, independent of the loading-wetting sequence, as discussed by Lawton et al. 
(1992). Any constitutive model which models the stress/strain behaviour of the particular soil, and for which 
the required parameters can be assimilated could be used. All that is needed are a set of parameters for the 
dry soil and a set for the wet soil. A non-linear elastic model was developed to model the increase in stiffness 
with load observed in the oedometer tests. The model requires values for initial stiffness and Poisson’s ratio. 
The oedometer results indicated that as the load increased, the stiffness of the soil increased due to the 
densely packed particles. With this in mind, a relationship was developed (equation 1) to link stiffness with 
load. It was found that as load increased, stiffness also increased so that,

E .P a (1)
E. =

where, En is the new value of stiffness, Ei is the 
initial value of stiffness found from the 
oedometer tests, P is the stress applied and x is a 
modifying factor which is material dependent.
The factor, a, is 1 and x is 55 for the materials 
tested. This new model has been implemented 
into finite element program CRISP. Oedometer 
tests have been simulated and results are shown 
in Figure 5. The confined stiffness, E’0, was 
found for each of the samples from oedometer 
tests and used in the finite element program. A 
good fit to the oedometer curves is obtained 
using this new non-linear model. The next stage 
was to further test the capabilities of the soil 
model implemented into CRISP by predicting 
the deformation in a plane-strain footing test.

The stiffening behaviour of the artificial soil under load was not observed in biaxial tests, or in the model 
of a footing. In a biaxial test the sbess/strain behaviour was initially linear until yield, after which the 
samples were less stiff. A linear elastic model was used to predict the settlement of the scale model of the 
footing. The laboratory model of a footing will be tested to evaluate these findings, and testing will 
commence shortly. Also, in the oedometer tests, a sample that is saturated then loaded results in the same 
state as a sample that is loaded then saturated. However, would this be the case in the field? This will also 
be examined using the scale model of a footing. Initial tests indicate that the saturating and wetting sequence 
does not have a noticeable affect on the deformation of the footing. Justo et al. (1984) studied the loading 
wetting sequence on the wetting-induced volume change of both natural and compacted expansive soils. 
They determined that in the collapse region, the volume change was essentially independent of the loading
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Figure 5: Oedometer data from Essex compared with 
numerical model results simulating; an oedometer test



wetting sequence. The volume changes were only found to be dependent on the stress at which the water was 
applied in the expansion areas.

APPLICATIONS

The aim is that the new non-linear elastic model will model any footing situation, without complicating 
modelling procedures for the engineer in the design office. The simple non-linear elastic model is intended 
to provide an easier way to model footing behaviour, without having to estimate critical state parameters and 
measure suctions. To use the suction model with any degree of certainty, months of testing are needed to 
provide the parameters for the model. These tests are performed on samples taken from the ground that will 
inevitably have some degree of disturbance. Furthermore, large factors of safety are usually used in bearing 
capacity calculations, of around 2.5-3. Can months of testing be justified for use with these high safety 
factors? The finite element model will be used for the following applications:
1. Movement of the ground due to inundation from above and below
2. Effects on buildings supported by cemented collapsible soils.

CONCLUSIONS

The physical model of loess reproduces classic collapse behaviour very well in the oedometers. An 
increase of stiffness with load was observed in the oedometer tests. Saturated then loaded behaviour was 
observed to be the same as loaded then saturated behaviour. A scale model of a footing was built to 
investigate these two observations under different stress conditions. The physical model of the footing will 
help to answer a number of questions on how to relate oedometer tests to behaviour of the soil beneath a 
foundation. Stress/strain behaviour will be examined and compared to oedometer data. The extent to which 
oedometer data can be relied upon can therefore be assessed. The evaluation of saturated/loaded and loaded 
then saturated conditions will also be conducted. Using saturated parameters to predict loaded then saturated 
behaviour may well lead to conservative estimates of settlement and bearing capacity.

The physical footing model has distinct differences to a full-scale prototype, but will enable validation of 
the computer model. The numerical model and footing model will help to elucidate the collapse mechanisms 
involved in an increase of ground water level, inundation from above or a leaking pipe.
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Abstract
Quaternary loess is the archetypal unsaturated, collapsing deposit. An open metastable structure is 
maintained through clay bonding, cementation and suctions present between the silt particles. If 
external conditions change, due to increased load during construction or saturation of the deposit, the 
delicate open structure may collapse. The relative roles of the suctions and clay bonding in the 
collapse process are not yet fully understood. To overcome these uncertainties this work considers the 
way the particles pack. A physical model and a numerical model of a collapsing soil are currently 
being developed to analyse collapse behaviour. The model material has been shown to reproduce 
metastable loess behaviour very well and enables a full range of repeatable tests to be conducted. The 
models will help elucidate the behaviour of this quaternary deposit and help to predict the behaviour of 
this major geohazard, and its consequences for the built environment.

K e y  w o r d s :  L o e s s ,  p a r t i c l e  p a c k i n g ,  c o l l a p s e ,  n u m e r i c a l  a n a l y s i s .

introduction
Loess soil is a relatively young deposit that, through aeolian deposition, has a metastable open 
arrangement of particles. On application of load and/or water the open structure can collapse to form a 
more closely packed arrangement of particles, a process known as hydrocollapse. These deposits range 
from a few metres to in excess of 100m deep and cover approximately 10% of the world’s landmass. 
Consequently, many residential and industrial buildings have been erected on the loess ground. 
Neglecting the engineering and geological behaviour of these deposits can seriously affect the built 
environment and lead to losses in the order of millions of dollars, e.g. in Bulgaria it has been estimated 
that over a 30 years some loess related damaged has cost SfUSl 100 million tMinkov 1993).

To elucidate the problems associated with collapsible loess soils, a ’model’ loess soil has been 
developed building on the work of Assallay (1998) and Dibben (1998). The model soil behaves in a 
similar way to natural loess under load and exhibits the same hydrocollapse behaviour when wetted. 
The material constituents can be directly controlled, thus providing a good method of assessing the 
effect of varying the contents on the overall collapse behaviour. Oedometer tests using the artificial 
loess have been carried out to examine the effect of varying clay content, initial compaction and initial 
saturation on the collapse process. Further tests using the artificial soil are planned to examine the 
behaviour of a foundation supported by this soil. In addition to the physical model, a numerical model 
(using CRItical State Program [CRISP94]) has been developed in an attempt to reduce the complexity 
of existing numerical approaches. The models being produced will help to elucidate the behaviour of 
this quaternary deposit and its consequences on the built environment.

Current m odelling and prediction tech n iq u es
Various approaches have been used to predict the behaviour of collapsible soils. Below is a summary 
of the most common techniques:

a. Some authors have discussed collapsibility in terms of fundamental properties of the soil. 
Criterion based on void ratio (Denisov, 1951), moisture content, Atterberg Limits and dry density 
(e.g. Gibbs and Bara, 1962), have all been developed. These relationships tend to predict the 
likelihood of collapse, but not the magnitude of collapse.

b. Field tests have also been developed to identify potentially collapsible soils. The tests normally 
involve comparing natural samples with saturated samples. Often, limitations are imposed on the 
relationships. For example, the saturation must be less than unity and the porosity above 40%
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(Fookes and Best, 1969). As above, most prediction criteria are qualitative methods, as they do not 
provide details on magnitude or rate of collapse.

c. The amount and rate of collapse can be estimated from oedometer and triaxial tests. The most 
critical conditions in estimating collapse are the initial water content, dry density and the applied 
stress. Oedometers can be used in two ways to predict collapse. The first is known as a single 
oedometer test because only one specimen is required. The specimen is loaded in increments to a 
certain stress, usually 200kPa, and then saturated. The specimen is subsequently loaded in stages 
to 1600kPa. The second test is the double oedometer test. This test requires two identical 
specimens, something very difficult to guarantee in natural samples due to sampling effects 
(Culshaw, Hobbs and Northmore, 1992). One of the specimens is loaded dry and the other is 
saturated before loading. The difference between the settlements observed in the two samples at a 
given stress, represents the collapse settlement over a range of pressures. The coefficient of 
collapse (ic) is used to classify the collapsibility of a soil and is defined by Lutenegger and 
Hallberg (1988). It is often determined for stresses of 200kPa and is defined in equation 1.

• _  A e  _  e ’—e ” ( D
K ~ l  + e’~ 1+e’

where, Ae = decrease in void ratio 
e’ = void ratio before wetting 
e” = void ratio after wetting 

Generally, if ic>0.02, the soil is considered to be collapsible.
d. It is generally accepted that the mechanical behaviour of unsaturated soils can be interpreted in 

terms of changes of two stress variables: net total stress and soil suction, see Matyas and 
Radhakrishna (1968), and Fredlund and Morgenstem (1977). A three-dimensional plot of e-void 
ratio, p-net normal stress and s-matric suction can be drawn to show a ’state-surface’ for the 
deformation states of a collapsible soil. From this plot, collapse and swelling conditions are 
readily interpreted and modelled. The state surfaces only tend to be unique for isotropic and 
oedometric conditions if the imposed paths always involve a non-decreasing degree of saturation 
(Matyas and Radhakrishna, 1968), or decrease in load (Lloret and Alonso, 1985).

e. Finite element analysis is an important technique for predicting stress changes and deformations. 
Elasto-plastic models such as Cam-Clay and modified Cam-Clay have been used for many years 
to model saturated soils. New frameworks have been developed to extend these models to include 
the effect of suctions for unsaturated soils. These ideas were introduced by Alonso Gens and 
Hight, (1987), Wheeler and Sivakumar (1995) and implemented in CRISP84 by Nesnas (1995). 
The model produced by Alonso et al. (1987) is often referred to as the Barcelona model and is 
intended to describe uncemented partially saturated behaviour, using the knowledge of irreversible 
strains which occur as a consequence of changes in external stresses and suction for non
cemented, non-expansive soils. The Barcelona model has subsequently incorporated increasing 
numbers of new features (expansion, chemical and thermal coupling, etc.) and is very 
comprehensive.

Both d and e, above, concentrate on frameworks for uncemented soils. Loess is cemented and bonded 
with carbonates and clay. In uncemented soils degradation of suctions causes collapse. However, in 
loess it is the degradation of the clay and carbonate bonds as well as suctions that causes collapse. 
Gens and Nova (1993) proposed ideas for extending the framework to include structure, using theories 
discussed by Leroueil and Vaughan (1990). However, additional parameters are required for these 
models, which increases the complexity and makes them more difficult to use. A great deal of 
expertise and effort is needed to generate these parameters and renders the problem even more 
difficult.

f. Particle packings are normally characterised by their packing density and co-ordination number 
(CN). The packing density is the fraction of the packing volume occupied by its particles and the 
co-ordination number is the number of particles that contact a particular particle. Dijkstra et al 
(1995) describe nine uniform packing arrangements in detail based on spherical particles. The
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shift from packing to packing, or transformation from state to state is central to the packing 
problem as applied to loess structure collapse, in which particle arrangements transform from 
loose to denser packing.

Nolan and Kavanagh (1992) have shown how computer techniques can effectively handle random 
packings more typical of loess soils. Regions of CN and porosity have been demarcated in which 
transitions occur. In addition, they have shown some random structures that are directly involved in 
random packing transitions. These are random loose packing (RLP) and random close packing 
(RCP). The Nolan and Kavanagh (1992) model simulations showed that packing densities lie 
between 0.509 (RLP) and 0.638 (RCP).

These densities fit in very well with data on pre-and post-collapsed densities of loess. The loess 
typically has a void ratio of around 1 in its metastable state, which corresponds to a packing density 
of 0.5. This compares well to the value 0.509 given for RLP. When the loess sample collapses, the 
density is increased and the void ratio decreases to around 0.5 - 0.6, equating to a packing density 
of 0.66 - 0.625. This is close to the RCP value of 0.638. The packing literature can therefore help to 
elucidate the current understanding of collapse, for it is ultimately the way the particles pack that 
controls whether a soil will collapse or not.

A New Approach
Ballotini balls, crushed sand and HPF4 have all been used to simulate the silt sized fraction of loess. 
These particles are mixed with clay binder and compared to natural loess samples. Assallay, (1998) 
proved that kaolinite was the only viable clay mineral to use in laboratory tests.

The Ballotini balls are glass spheres of 45-90pm and were used by Assallay (1998) and Dibben 
(1998). The spherical glass balls represent the silt particles of loess, but do not have the same 
characteristic blade-shape. However, the glass spheres are a useful link to the particle packing ideas 
discussed above in point f, which have mainly been developed using spheres.

Crushed sand mixed with kaolinite is shown in Figure 1. Bridges and clay coatings can be observed 
between the silt particles. HPF4, was chosen to represent the primary silt particles because it comes 
from the supplier with the required particle size range (1 0 0 -2 0 jrm) and therefore further treatment is 
unnecessary. A chemical analysis of the HPF4 shows that 98.5% of the particles are quartz with a 
small amount of impurities, e.g. Fe2 0 3 and AI2O3. Figure 2 shows the shape of the HPF4 particles. 
Both crushed sand and HPF4 particles have a shape more comparable with those found in natural 
loess.

Sample preparation
The artificial sample is created using a method developed from Assallay (1998) and Dibben (1998) 
adapted to overcome key limitations. These limitations were:

• Larger samples could not be made due to the steaming method employed to produce bonding.
• The previous methods compared samples with either the same mass or the same void ratio 

(Dibben, 1998) and (Assallay, 1998). Samples produced in this way therefore do not relate to 
natural conditions.

• To examine the effect of clay content it is necessary to have comparable samples. Clay content 
will affect the mass and the void ratio of the samples. If void ratios are kept constant the true 
effect of the clay content will therefore not be observed.

To overcome these limitations a new method was developed to produce comparable specimens. Each 
of the specimens is loaded statically with the same stress. The load represents an equivalent 
overburden pressure and therefore allows the specimen to form at its natural void ratio and mass. This 
simulates a sample at a given depth, therefore making the samples more comparable to natural samples 
and to each other.
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Three methods of producing the samples have been tested.

Method 1: Air fall - Samples are produced using the same mass for each clay content. Samples are 
then steamed to produce a low water content and then placed in the oven to develop the clay bonds, 
see method by Dibben (1998).

Method 2: The wet method - In this method the clay and silt particles are mixed with water to form a 
paste. This mixture is placed in the sample ring. The sample can then be loaded with a static load 
(between 5-100kPa) to simulate the overburden pressure that would be experienced at a given depth in 
the deposit. This creates a natural void ratio within the sample, simulating a particular depth of 
deposit.

Method 3: The bonding method - The clay and silt particles are mixed with water and left to dry. The 
dry material is then crushed and placed into the sample ring in thin layers. A fine mist is used on each 
of the layers to achieve moisture contents of approximately 20%. The sample is then loaded as in 
method 2 to simulate the required depth of the deposit. The samples are left dried in the oven to create 
the bonds between the particles and then tested using single and double oedometer tests with loads up 
to 1600kPa.

O edom eter R esu lts
Method 1 - Air fall method
Following the method used by Dibben (1998), 120g (constant mass) of the dry mix of silt and clay is 
sieved into the specimen ring. Clay contents between 0-40% were tested. The method of initially 
compacting the sample to simulate a given depth of deposit was not used. Typical oedometer results 
for the natural loess obtained from Essex saturated at 200kPa are shown by the dotted line in Figure 3. 
These results provide a comparison with the artificial loess soils made with crushed sand and kaolinite 
(80% and 20% respectively). The observed behaviour is similar to that of the natural loess. However, 
some distinct differences can be observed. The artificial samples show lack of bonding and also have 
very high initial void ratios of around 1.3. This causes more settlement, especially for loads greater 
than 25kPa, and more hydrocollapse to occur in the artificial samples than in the natural samples.

Most interestingly, the oedometer results show that for all three different artificial silts, the largest 
hydrocollapse is observed for kaolinite contents of around 25%, typical results for crushed sand are 
shown in Figure 4. A peak hydrocollapse is observed at around 25% kaolinite content for samples with 
constant mass. The same peak is observed for samples with constant void ratio (Assallay, 1998), but is 
not observed in natural samples. The explanation for this seems to lie in the way the particles pack. 
The particles naturally pack more closely at around 25% kaolinite content. Therefore, if the samples 
are forced to have the same initial void ratio, more hydrocollapse will occur in the samples that can 
pack most easily, which appears to be the samples with 25% kaolinite content. Thus the formation 
process would seem to have affected the collapse potential of the specimens.

Method 2 - The wet method
The advantage of this method is that it produces a more naturally bonded and stiff material. The 
disadvantage is that samples may shrink as they dry and therefore cannot be made in the same 
container in which it is tested. Moving the sample to a smaller container can cause disturbance in the 
sample. However, if the sample is made dry of optimum water content, shrinkage will not occur, see 
Figure 5 for optimum water content. A water content of 17.5% was chosen for preparation of the 
samples which is less than the optimum water content but high enough to allow bonding to develop. 
Results for typical tests are shown in Figure 6 for 30% kaolinite content. The samples show greater 
strength at lower stresses compared to the airfall method and give a better fit to the natural curves. 
Void ratios are also much closer to natural loess than for the previous method. The void ratio for the 
artificial sample in Figure 6 was 1.01 compared to the Essex loess, which had an initial void ratio of 
0.8. This lower void ratio may have been obtained due to more water present in the system or due to a
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greater preconsolidation pressure. The lower void ratio probably accounts for the lower observed 
settlements.

Method 3 - The bonding method
Oedometer results are shown in Figure 7 for method 3. The initial void ratio for this sample was 1.04, 
which is reasonably close to the void ratios found in natural loess soils. A difference in behaviour is 
observed between loads of 25 and 200kPa where the artificial soil exhibits less strength than the 
natural loess. This higher strength in the natural samples could have occurred as a result of higher 
preconsolidation pressures present in the field or alternatively from enhanced bonding developed with 
age.

Some important factors for assessing the magnitude of hydrocollapse are initial void ratio, clay and 
carbonate content, specific gravity and degree of saturation or water content. Additional factors 
affecting the behaviour of the samples seem to be preparation of the samples and the particle shape. 
Method 2 appears to give the best results when compared to natural samples, but can suffer from 
shrinkage during drying.

Sw elling Behaviour
Some specimens show swelling if saturated under low loads, these results are confirmed by Alonso et 
al. (1987). Swelling occurred in one of two samples made with the same proportion of silt and 
kaolinite (70:30) using the wet method (method 2). This is because one sample was compacted with 
5kPa and one with 25kPa resulting in different initial void ratios. The initial void ratios for the two 
samples are 1.01 and 0.62 respectively. As a result, the sample with the lower void ratio swelled when 
saturated, because it had been over-consolidated.

Swelling has been shown to occur in natural samples too (Alonso et al., 1987). The reason normally 
suggested for this is related to swelling in the clay minerals in some samples, however, in these tests 
kaolinite is used which is not a swelling clay mineral. Alternatively, the soil has been initially lightly 
over-consolidated and when the soil is saturated it attempts to find its natural equilibrium higher void 
ratio. The clay bonding in this case has ’locked in’ the swelling potential in much the same way as it 
locks in collapse potential at higher loads. Elastic recovery is observed although plastic deformations 
obviously cannot be recovered.

Effect of Clay C ontent
Methods 2 and 3 have been used to create samples to examine the effect of varying kaolinite content. 
The same compactive effort is used for each clay content to allow the samples to reach their natural 
equilibrium. Results for a compactive effort of 5kPa and 50kPa are shown in Figure 8.

Clay content would appear to affect the initial void ratios of the samples and therefore the amount of 
hydrocollapse observed in the samples. The densest packing is achieved with kaolinite contents of 
25% i.e. this is an optimum initial packing arrangement. It seems that 25 percent clay is the optimum 
amount of clay to fill the voids between the silt particles. Above this clay percentage the clay begins to 
dominate, the silt particles are pushed apart which creates larger void ratios. Below the optimum 25% 
clay content, the void ratios may also slightly increase because the clay will not fill as much of the 
void space between the silt particles

These results explain the hydrocollapse peak observed at 25% clay content (Figure 4), produced using 
method 1, where a constant mass is used to form each sample. Consider a set of specimens that are 
forced to pack with a void ratio of 1 for kaolinite contents varying from 0-40%. This void ratio is 
natural, perhaps for a clay content of 25%, but very dense for clay content higher or lower than this, as 
shown in Figure 8. The specimens formed with a greater percentage of clay than this optimum will be 
forced into a denser structure than it would naturally form. Less hydrocollapse will therefore be 
observed due to the denser initial packing. This paper proposes that the peak hydrocollapse curve 
observed in Figure 4 is, therefore, merely a function of the preparation of the samples and their initial
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void ratios. Samples forced to have the same initial void ratio will only show half the influence of the 
clay content. The clay content that can be most easily packed will show the greatest hydrocollapse 
because the effect of the clay on the initial packing was neglected. When the samples are formed at 
their natural void ratios, increasing the kaolinite percentage results in an increase in hydrocollapse as 
shown in Figure 8. This shows the true influence of the kaolinite content, as samples have been 
allowed to form at their natural initial void ratios. Various results from the literature are plotted on the 
graph and show similar collapse values.

C on clu sion s from O edom eter T ests
The void ratios, initial stiffness and collapse values produced using method 2 are the most realistic of 
the three methods when compared to natural loess from Essex see Figure 6. Since these samples were 
produced by mixing the clay and silt with water, this suggests that perhaps the loess from Essex was 
deposited in a wet environment. It is proposed that water must have been present to produce the lower 
void ratios and high stiffness observed.

Method 1 does not take into account the natural void ratios formed at different clay contents. It can 
therefore not be used to examine the effect of clay content. The peak at 25% clay content is not valid 
and is not bom out by real loess studies as reported in the literature. Method 2 shows similar' behaviour 
to natural loess and provides a good way to make larger specimens, providing the water content is dry 
of optimum, see Figure 5. It will therefore be used for further testing.

If there is no clay, there will be little potential for hydrocollapse because the contact between the silt 
grains is stable. As the clay content is increased the potential for collapse will increase due to the 
tendency for the clay bonds to degrade when saturated. This allows rearrangement of the grains to a 
denser packing. As clay content is increased further initial void ratios are increased, therefore 
providing even higher potential collapse settlements in the artificial soil, see Figure 8. Of course, in 
nature, clay and carbonates will continue to grow, which may reduce the void ratios and potential for 
hydrocollapse. This further process has not been studied

Preconsolidation pressures also affect the initial void ratio and therefore the potential hydrocollapse, 
see Figure 9. The preconsolidation pressure appears to have most effect on the stiffness of the dry soil, 
see Figure 7. The higher the preconsolidation pressure, the stiffer the dry soil. Preconsoldation 
pressure appears to have less effect on clay content around 25% where denser packing is achieved.

The clay binder appears to provide the strength to maintain the high void ratios which later cause 
collapse. Water degrades the clay bonds and suctions and allows rearrangement of the particles to a 
closer packing. Suctions may well participate and degrade in combination with clay bonds. This means 
models based on suctions only are not fully appropriate for application to loess soils.

Oedometer tests provide results for an element of soil. Different stiffness’ can be obtained for different 
simulated depths of deposit. A finite element model is being developed to make use of the stiffness 
values to predict deformations, see next section. The new model will simulate the change in stiffness 
with depth as well as the stiffness changes between dry and saturated conditions.

Engineering applications
Samples representative of real soil are difficult to obtain for a number of reasons. Sampling methods 
still allow the samples to dry out which makes testing at the natural water content very difficult. Due 
to the open structure of the loess particles disturbance is likely and collapse results may be affected by 
any sampling method used. An exact picture of the behaviour of the loess samples will therefore be 
difficult to obtain due to the above limitations. The model loess has given a better understanding of 
overall collapsible behaviour. Since the samples are dried in the oven suctions cannot be measured. 
The clay bonds degrade and facilitate collapse. The model loess has also provided data for calibrating 
a numerical model, to simulate collapse behaviour. The numerical model predicts the behaviour of the 
oedometer samples very well, see Figure 10. It will be used in the future for predicting deformations in
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a model of a foundation. The results from the model foundation test help to further calibrate the 
numerical model.

The numerical model uses simple information that can be gathered easily from oedometer data. The 
initial constrained stiffness, E ’0, can be obtained directly from oedometer tests and can be subsequently 
modified for 2-D and 3D applications using Poisson’s ratio. Data for a dry sample and a saturated 
sample are needed and also a prediction of the linear- change in stiffness with depth within the deposit. 
The numerical model uses the data from the dry sample and the saturated sample and predicts collapse 
assuming the ground conditions change from dry to saturated. Collapse is produced by comparing the 
behaviour of a saturated sample against a stiffer dry sample, just as in the double oedometer test. The 
dry and saturated curves are shown in Figure 10. In stark contrast, even the simplest critical state 
models used in finite element packages need in excess of 9 parameters, from a series of tests that can 
take weeks or months to prepare. Moreover, difficulties obtaining fully undisturbed samples mean that 
multiple errors will be introduced in the prediction model. Therefore, the months of testing may still 
not produce accurate parameters to describe the soil.

The numerical model has been developed to help understand the complex behaviour and mechanisms 
involved in collapse. Situations such as rising ground water will be examined in detail to assess the 
deformations that would be observed on the ground. The relative roles of suction and clay bonding do 
not matter as they are both taken into account by the stiffness values given in the model. Only 
increasing saturation’s can be simulated. This is less significant because the interesting and most 
devastating part of collapse is when the collapsible soil is wetted for the first time and the foundation 
fails.

Prediction of the deformation behaviour in this type of soil is important for existing buildings built on 
the loess ground. Studies can be undertaken to assess the effects of rising ground water levels, ponding 
at the surface due to leaking gutters, or from a point source within the ground such as a leaking pipe. 
This may help to decide whether pumping of the ground water is needed or if underground pipes 
present a hazard and need to be moved, or even if the building is safe.

Further uses for the model include the examination of the effects of burying radioactive waste (see 
Jefferson et al. 1998) within the layers of loess. The behaviour of the waste and associated 
displacements could be modelled for increasing saturation. For example, if the layer below the waste 
collapsed would this present a seepage route for the waste and therefore cause a serious hazard below 
the ground?

From these simple models it will be easier to get a better understanding of treatment methods. Many 
sites are flooded and/or compacted in an attempt to reduce the risk of collapse. The model would help 
to identify how best to treat the ground.

C on ciu sion s
The main role for the artificial loess has been to create a soil which:
• Behaves sufficiently like a collapsing soil so that its behaviour can be studied,
• Constituents can be controlled and varied to study their effect on collapse behaviour,
• Behaviour under a footing can be examined by using this soil in a model of a foundation.

This paper has discussed three methods for preparing collapsible soil samples that show similar 
collapse characteristics to natural loess soils. A new technique has been developed to allow the 
samples to reach their natural void ratios. The samples are compressed with a simulated overburden 
pressure to produce samples with natural void ratios. As method 1 proves, it is not just void ratio that 
controls the magnitude of collapse. Even though the void ratios are similar for each of the samples, a 
peak hydrocollapse is observed for clay contents of 25%. To investigate the influence of clay content 
on void ratio method 3 has been used to form samples at their natural void ratios for a range of clay 
contents. Results show that clay content influences both the initial and final void ratios and therefore
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affects the magnitude of hydrocollapse. Clay contents of around 25% pack most easily and therefore 
produce the lowest initial void ratios. The magnitude of hydrocollapse increases with the amount of 
clay content. Preconsolidation pressures influence the stiffness of the samples when loaded dry and 
has a small influence on the magnitude of hydrocollapse.

Once saturated, the samples exhibit similar stiffness’, producing roughly 0.5mm settlement each time 
the load is doubled. In preparing samples that model natural loess behaviour it is important to 
preconsolidate the sample with a representative load, and use the relevant clay content to produce 
comparable hydrocollapse values.

A numerical model has been successfully employed to predict these oedometer tests and will later be 
used to predict the settlements below a footing. A small scale laboratory model will be used to assess 
the accuracy of the prediction of the numerical model. This model could then be used for assessing the 
safety of structures built on loess and the potential magnitude of collapse. This will enable engineers 
to assess the hazard of these soils relatively quickly and cheaply.
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Figure 1. SEM photograph to show crushed sand and clay mixture with clay bridges and coatings.
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Figure 2. SEM photograph to show the blade shape of the HPF4 particles
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Figure 3. Hydrocollapse data for artificial loess, manufactured from 80% crushed sand and 20% kaolinite using 
the airfall method (method 1) compared with Essex loess.
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Figure 4. Percentage hydrocollapse for different percentages of kaolinite content in artificial loess made with 
crushed sand using the airfall method (Method 1).
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Figure 5. Moisture characteristic curves for kaolinite contents of 10, 30 and 50% in samples made 
using the wet method (Method 2).



Harriet Miller 14

20

^19
E
E

E
cO
cr)
Vfww

0 1 7
4 _ J

sz
u>
0
I 16

15 

1 10 100 1000 10000 
Applied Stress (kPa)

a  - Essex- 
saturated at 
200 kPa

•--artific ia l - 
saturated at 
200kPa

artificial -
initially
saturated

Figure 6. Hydrocollapse of Artificial loess, HPF4 and kaolinite, 70% and 30% respectively, (method 
2) compared to loess from Essex.



Harriet Miller 15

20

19

I18
®17
Q .
E
S 16

215
sz
O)
cd1 4 
X

13 

12
1 10 100 1000 10000

Applied Stress, kPa
Figure 7. Hydrocollapse of artificial loess, HPF4 / kaolinite, 75% and 25% respectively, consolidated 
at 10 and 50kPa (method 3) compared to loess from Essex

™ K .... ffi..... ......... .1

...~ ....................  " x s ^ 8'-.
'H.

•••»•■ Essex - saturated 
at 200 kPa

. a . artifir'ial

V
""V'B!L

""’■m

<
i

▼ Cl! U 1 lOlcll
preconsolidated
at 50kPa 
artificial
preconsolidated 
at 10kPa



Harriet Miller 16

2.2

2

.8

.6

.4

.2

1

0.8

0.6
20 30 40 50 60 70 80 90 100

preconsoiidation=5kPa 
17.5% water content 
method 3

preconsolidation=50kPa 
17.5% water content 
method 3

preconso!idation=OkPa 
17.5% water content 
method 2

preconsolidation=0kPa 
30% water content 
method 2

kaolinite content %

Figure 8. The effect of kaolinite content on initial void ratio. Preparation moisture content = 17.5% for 
each sample using methods 2 and 3.



H
yd

ro
co

lla
ps

e 
%

Harriet Miller 17

28

26

24

22

20

18

16

14

12

10

8

♦

o * * ___ ♦ preconsolidation=50kPa
mm

■ preconsolidation=10kPa -
o * m *

m sj®
o preconsolidation=5kPa

o x  hydrocollapse from
literature (various)

------------ X-----T---------------- T--------- .....—..I' .. .....-i.....—........ ...1 ................
20 40 60 80

Kaolinite content %
100 120

Figure 9. The effect of kaolinite content on hydrocollapse values for oedometer samples



S
et

tle
m

en
t, 

m
m

Harriet Miller 18

800 1000 1200 1400400 600200
-0.5

-1.5

-2.5

Essex - SaturatedEssex - Unsaturated

E=1500E=700
-3.5

Applied Stress, kPa
Figure 10. Finite element model results for the oedometer tests (with two stiffness values, 
E=700 kN/m2 and E=1500 kN/m2) compared with oedometer results for samples from Essex.


