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Physico-chemical characteristics of British Loess
Caractéristiques physico-chimiques des loess Britanniques

D.I.Boardman & D .F.Rogers- The University of Birmingham, West Midlands, UK
I.Jefferson & A.Rouaiguia -  Nottingham Trent University, Nottinghamshire, UK

ABSTRACT: Loess is a loose, open structured, metastable soil which when dry can withstand high overburden stresses, whilst upon 
saturation collapses creating enormous engineering problems. The mechanisms controlling this metastable behaviour involve the dis
integration o f  inter-particle clay and carbonate bonding and variations in the pore water pressures (i.e. suctions) during the saturation 
o f the loaded soil. The interaction o f liquids is inherently difficult to measure directly, and therefore this research aimed to measure 
indirectly the physical response to changes in liquid chemistry, and thereby determine the influence on the mechanisms o f collapse.

RÉSUME: Loess est une terre branlante, métastable de structure ouverte. Quand elle est sèche, elle peut résister à la pression forte. 
Quand elle est saturée, elle peut s'écrouler, qui donne des problèmes énormes dans l'industrie de la construction. Les mécanismes qui 
contrôlent cette façon d'agir métastable sont la désintégration de la liaison de la glaise et des carbonates entre les particules de limon 
et des variations en la pression de l'eau dans les pores (par exemple, les succions) pendant la saturation de la terre chargée. C'est 
fondamentalement difficile pour mesurer directement l'interaction des liquides et, par conséquent, ces recherches, qui aspirent à 
mesurer indirectement la response physique aux changements dans la chimie des liquides et, de cette façon déterminent l'influence sur 
les mécanismes de l'écroulement.

1 INTRODUCTION

1.1 Loess in the UK

Loess is a loose, open structured, metastable soil predominantly 
composed o f 20-63nm quartz particles bonded together by clay 
particles and carbonate compounds (Figures 1 and 2). In the 
United Kingdom (UK), loess and loessic deposits form part o f a 
group o f  minerals collectively known as brickearth, occurring 
predominantly as sporadic accumulations in the Southeast o f 
England and rarely attaining a thickness o f more than four me
tres. In contrast, loess is widely distributed in many overseas 
countries (most notably China, the USA and Eastern Europe), is 
estimated to cover 10% o f the earth's land surface and extends to 
thicknesses o f over 400m.

1.2 Loess structure

1.2.1 Introduction

The open bonded physical structure o f loess, when dry, allows it 
to withstand high overburden stresses, whilst upon saturation the 
open structure collapses under a mechanism termed hydro
collapse. This potential for hydro-collapse creates enormous en
gineering problems world-wide (Minkov et al, 1985) particularly 
where hydro-collapse leads to subsidence and damage to overly
ing structures. The mechanisms postulated to control this charac
teristic metastable behaviour involve the disintegration o f the in- 
ter-particle bonding and variations in pore water pressures 
during the saturation o f the loaded soil. As water is added to the 
loaded loess, inter-particle clay bonds are weakened, calcium 
carbonates are dissolved and negative pore water pressures are 
removed and replaced with positive pressures. The relative ef
fects o f these three predominant mechanisms are difficult to 
quantify directly.

1.2.2 Inter-particle clay bonding

The mineralogy o f the clay minerals that often bridge silt parti
cles (Figure 1) is dependent on the source parent material and 
the weathering processes that it has been subjected to. Conse
quently, these minerals are highly variable with equally variable

physico-chemical properties. Minerals including the highly ex
pansive montmorillonite have large cation exchange capacities 
due to isomorphous substitution within the mineral structure, 
creating a negative charge imbalance within the mineral struc
ture, which must be balanced. This net negative charge is bal
anced by positive cations in solution. The charge and radius of 
these ions and the thermodynamics o f their interaction affect the 
physical properties o f the minerals and the effects o f water inter
action on shrinkage, swelling and consequently strength. In con
trast, the majority o f charge exhibited by minerals including kao- 
linite are produced by pH sensitive hydroxyl groups. When 
acidic solutions (low pH) interact with these minerals they ex
hibit positive charge attracting anions, whilst when alkaline solu
tions (high pH) interact they exhibit negative charge attracting 
cations (McBride, 1994). Similarly to montmorillonite these in
teractions affect mineral physical behaviour and solution interac
tion. In the context o f fluid interaction with clay bridges between 
silt particles in loess this has an effect on the degree o f collapse 
and is partially responsible for the observations of Mellors (Mel- 
lors, 1995).

Figure 1 Typical scanning electron microscope image of Bulgarian 

loess (approximate image width of 500|im)
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2 .3 Chemically modified Auerberg Limit tests

Figure 2 Typical scanning electron microscope image of UK loess 

from Pegwell Bay loess (approximate image width of 150|im)

1.2.3 Inter-particle carbonate bonding

In the UK inter-particle bonding by carbonate compounds, and 
predominantly calcium carbonate, is common below the leached 
horizon (Figure 2). Depending on the pH o f the interacting solu
tion, the addition o f  water can dissolve these compounds. On 
saturation o f the sample dissolution o f  these cemetitious materi
als would readily aid the movement o f particles when the sample 
is loaded.

1.2.4 Pore water pressures

Within the structure o f loess pore water pressure has an impor
tant role in retaining the structural stability. Due to natural 
weathering processes loess is continually wetted and dried. This 
leaching and drying process not only deposits the carbonate 
compounds but also draws the clay minerals to the inter-particle 
contacts and during the drying process generates negative pore 
water pressures which pull the particles together. Due to the in
herent difficulties in measuring these pore water pressures di
rectly it is difficult to quantify the relative influences o f  clay and 
carbonate bonding on loess structural stability. Consequently 
they must be measured indirectly.

2 EXPERIMENTAL INVESTIGATION

2.1 Aim

The research reported herein aimed to investigate the mecha
nisms controlling the hydro-collapse o f  UK loess from Pegwell 
Bay in Kent. To identify the influences caused by variability o f 
loess from different European locations, Austrian loess from 
Goellersdorf near Vienna and Bulgarian loess from Kozloduy 
were compared to the UK samples. Particular objectives o f the 
study were:

•  assess and compare how cations affect the interaction 
o f water with carbonate-rich and non carbonate-rich 
UK loess using Atterberg Limit tests,

•  assess and compare the compression characteristics o f 
UK, Austrian and Bulgarian loess in its natural state 
with similar samples saturated with de-ionised water 
(polar liquid) and paraffin (non-polar liquid), and

•  assess the effects o f  polar and non-polar liquids on 
particle interaction after hydro-collapse using oedome- 
ter tests.

2.2 Initial sample characterisation

Determination o f  the Atterberg Limits and specific gravity o f  the 
unmodified samples was performed according to BS 1377 (BSI, 
1990). Particle size analysis was performed using a Micromerit- 
ics sedigraph 5100 on samples that had been wet sieved with de
ionised water through a 63(j.m sieve and deflocculated.

Chemically modified Atterberg Limit tests were performed on 
two sources o f loess from Pegwell Bay in the UK. The first loess 
sample, hereafter termed 'upper loess', was extracted 0.5m below 
surface level and was consequently highly leached during natural 
weathering processes. The second sample, hereafter termed 
'lower loess', was extracted 2m below the surface and visibly 
contained higher calcium carbonate concentrations than the up
per loess.

Both upper and lower loess samples were dried at 105± 2°C 
and passed through a 425|im  sieve. Solutions o f analysis grade 
sodium chloride and iron (III) chloride were created and added 
to each sample in proportions to achieve their original natural 
water content and cation concentrations o f  0.0075, 0.0150 or 
0.0300 moles o f cation per lOOg o f  dry loess. These samples 
were then sealed in airtight conditions at 18 ± 2°C and Atterberg 
Limit Tests performed after 24 hours, 48 hours and 168 hours. 
Atterberg Limits were measured in accordance with BS 1377 
(BSI, 1990) with the exception that samples were not re-dried or 
passed through a 425|im  sieve after being mixed with the chemi
cal solutions.

2.4 Chemically modified hydro-collapse tests

Chemically modified double oedometer tests were performed on 
undisturbed 'lower' Pegwell Bay loess, Austrian loess and Bul
garian loess. Each oedometer sample was trimmed using a scal
pel from undisturbed 100mm diameter samples to fit 75mm di
ameter oedometer rings. Each oedometer sample was subjected 
to effective stresses o f 5, 12.5, 25, 50, 100, 200, 400, 800 and 
1600kPa. The samples were then unloaded to an effective stress 
o f  400kPa and the effective stress increased incrementally from 
400 to 800, 1600 and 2000kPa. This pattern o f stress variation 
was applied to samples at their natural sampled water content, 
samples flooded with de-ionised water prior to stress application, 
and samples at their natural water content flooded with paraffin 
(kerosene) prior to stress application. Samples that were not ini
tially flooded, were flooded with de-ionised water at an effective 
stress o f 2000kPa and the hydro-collapse measured.

3 RESULTS

3.1 Initial loess characterisation

The basic properties o f  the loess samples prior to modification 
are illustrated in Table 1 and Figure 3. It is evident that Pegwell 
Bay and Austrian loess have similar index properties. In contrast 
Bulgarian loess has a significantly higher percentage o f particle 
sizes above 63|im  and consequently is non-plastic.

Table 1 Basic geotechnical properties as sampled.

Loess Natural Specific Atterberg Limits

source water gravity Liquid Plastic

content (Mg/m3) limit limit

(%) (%) (%)

Pegwell Upper 9.1 Upper 2.66 Upper 25.6 Upper 18.6

Bay Lower 8.5 Lower 2.66 Lower 26.6 Lower 18.5

Austrian 17.5 2.73 30.1 18.9

Bulgarian 8.5 2.68 26.5 Non-plastic

Equivalent spherical d iam ete r (jam) 

Figure 3 Percentage mass finer than 63 (am
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Figure 4 Sodium cation modified Pegwell Bay loess
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Figure 5 Iron (III) cation modified Pegwell Bay loess
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Figure 6 Sodium cation modified Pegwell Bay loess
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Figure 8 Collapse behavior o f  Pegwell Bay loess
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Figure 7 Iron (III) cation modified Pegwell Bay loess

3.2 Chemically modified Atterberg Limit tests

Figures 4 and 5 illustrate that the addition o f cations increased 
the liquid limit o f  upper and lower loess. The increases occurred 
within 24 hours o f  cation addition and were considered to result 
from immediate cation exchange reactions. However, there were 
distinct differences between sodium and iron (III) addition. So
dium addition resulted in increases in the liquid limit o f upper 
and lower loess o f  approximately 3% (Figure 4). Iron (III) addi
tion produced similar increases for upper loess whilst lower

1 100  10000 

Effective stress (kPa)

Figure 9 Collapse behavior o f  Austrian loess

loess exhibited increases to levels similar to upper loess with in
creasing cation concentration (Figure 5).

Whilst Figures 4 and 5 illustrated that upper loess had the 
higher liquid limit, Figures 6 and 7 illustrated that lower loess 
had the higher plastic limit on addition o f sodium and in contrast 
upper loess on addition o f iron (III) cations.

3.3 Chemically modified oedometer tests

3.3.1 Modified hydro-collapse

Figures 8, 9 and 10 illustrate the collapse behaviour o f Pegwell 
Bay, Austrian and Bulgarian loess. Figure 8 shows the classic 
loess collapse behaviour. W hen the unsaturated natural sample 
was loaded there was little deformation until flooded with de
ionised water. However, it was evident that the final void ratio 
was not equivalent to the sample saturated with de-ionised water 
prior to load application. Although the initial void ratios were 
not equal, due to the inherent sample variability, the sample ini
tially saturated with non-polar paraffin did not deform by the 
same amount as the sample initially saturated with polar de
ionised water. In contrast all Austrian (Figure 9) and Bulgarian 
(Figure 10) samples deformed by similar amounts.

3.3.2 Expansion and recompression

Figure 11 illustrates the behaviour o f Bulgarian loess samples 
during unloading (expansion) and re-loading (recompression) 
and is representative o f  Austrian and Pegwell Bay loess. All the
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deionised 
water

Saturated with 
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Figure 10 Collapse behavior o f  Bulgarian loess
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Figure 11 Expansion and recompression o f  Bulgarian loess

expansion lines are similarly curved, as is the recompression line 
o f the sample at natural water content. In contrast samples satu
rated with both polar de-ionised water and non-polar paraffin 
exhibit linear deformation characteristics during recompression.

4.0 DISCUSSION

4.1 Chemically modified Atterberg Limit tests

The similar increase in liquid limit o f both Pegwell Bay samples 
on addition o f  sodium ions (Figure 4) was attributed to cation in
teractions with the clay minerals present. Figure 3 showed that 
8.5% o f particles were smaller than 2(im. This was also likely to 
be the cause o f  the changes associated with the addition o f iron 
(III) cations to the samples and suggests that the samples had be
come physically less susceptible to the addition o f water. How
ever, the gradual increase in the liquid limit o f  lower loess with 
increasing iron (III) concentration could also have been attrib
uted to the dissolution of carbonates. This was considered due to 
observations during the mixing process, where the addition of 
iron (III) solutions to lower loess samples created a violent reac
tion releasing carbon dioxide. Furthermore, the reaction was in
creasingly vigorous as the concentration increased and was not 
evident for any other samples.

In contrast to the liquid limits, the addition o f  sodium and 
iron (III) solutions generally reduced the plastic limits o f the 
samples (Figures 6 and 7), suggesting increased plasticity. Al
though it is difficult to ascertain why the liquid limits increased 
and the plastic limits reduced on addition o f high concentrations 
o f cations, this behaviour is often observed in kaolinitic minerals 
with pH-dependant charge. If this pH-sensitive charge was the 
cause of the behaviour then, depending on the pH at which zero 
charge exists, the addition o f sodium chloride (pH neutral to 
slightly acidic) could result in the adsorption o f chloride ions not 
sodium ions and the addition o f  iron (III) chloride (very acidic) 
would result in the adsorption o f  iron (III) ions. This could also 
explain why the lower loess had the higher plastic limit on addi
tion o f sodium chloride and why the upper loess had the higher 
plastic limit on the addition o f iron (III) chloride.

4.2 M odified hydro-collapse

Pegwell Bay loess exhibited classic hydro-collapse proper
ties. However, the sample saturated with non-polar liquid clearly 
did not exhibit the same amount o f collapse. This was likely to 
be due to the carbonate bonds (Figure 2) not being dissolved as 
well as inter-particle clay mineral structure that was probably 
saturated not being able to interact with the non-polar organic 
molecules. The important fact was that the presence of the liquid 
did facilitate increased collapsibility relative to the sample at
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natural water content suggesting that pore fluid pressures were 
highly important during the collapse process. In the cases o f the 
continental European loess (Figures 9 and 10) the natural water 
content appeared to be high enough to facilitate almost full col
lapse without the addition o f water (i.e. collapse due to load 
alone). The clay content (<2|im ) o f Pegwell Bay, Austrian and 
Bulgarian loess were 8.5%, 6.0% and 3.8% respectively, whilst 
the percentage collapse induced by the addition o f water was 
32.2%, 8.5% and 2.7% respectively. This suggests that hydro- 
collapse is partly related to clay content. When carbonate content 
is low it is possible to suggest that the relative influence o f clay 
content and pore water pressure on collapse can be determined 
by comparing the percentage collapse induced by polar-liquids 
and non-polar liquids.

The expansion and recompression lines (Figure 11) showed 
that the expansion was related to effective stress by a logarithmic 
relationship whilst recompression was a linear relationship when 
saturated. At the effective stresses involved it would be reason
able to assume that most inter-particle bonding had been broken 
and the effects observed were associated pore liquid pressure 
changes. Clearly the presence o f  a liquid, either polar or non
polar, affects how the particles re-orientate and react to increased 
stress after unloading.

5.0 CONCLUSIONS

The addition o f ionic solutions to loess does affect how the min
eral species present interact with water, as identified by simple 
Atterberg Limit tests, and consequently is a useful means by 
which to assess the interaction o f  fluids within loess during hy
dro-collapse. Fluids, either polar or non-polar, have a significant 
effect on the stability o f  the loess structure suggesting that the 
pore liquid pressure changes in loess samples induced by satura
tion significantly influence the integrity o f  the inter-particle 
bonds. In saturated samples, the pressure changes induced during 
unloading affect particle packing and particle response during re- 
compression. This is therefore a useful tool to assess fluid and 
particle interaction both before and after inter-particle bonds are 
broken. This work therefore provides the first evidence to de
termine the mechanisms that are responsible for collapse in 
loess.
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