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Abstract Collapse occurs in soils as a result of
inter-particle bond breakage caused by wetting and/
or stressing. Inter-particle bond is usually provided
by either suction, clay, calcium carbonate or other
salts but upon wetting and/or loading they undergo
repacking due to bond softening/weakening. Despite
the large body of research in this subject, there is
still poor understanding of the process of softening/
weakening and the collapse mechanism of certain
bond elements, particularly CaCO; considering its
low solubility in water. Because CaCO; is common in
natural soils, reaching 1-30% contents in most com-
monly known natural collapsible soil, understand-
ing its influence on the collapse phenomenon is cru-
cial for geotechnical characterization of soils. In this
study, the impact of calcite bond content and wetting
fluid type on the collapse potential (CP) and rate of
collapse of calcareous silty-clay soils are investi-
gated. CP was estimated by the percentage decrease
in height of an oedometer specimen due to wetting.
Distilled water and a 5% acid solution (AS) were used
as wetting fluids. Wetting was mainly done at 300 kPa
overburden stress. Results reveal that the magnitude
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and rate of collapse are controlled mainly by the cal-
cite content, and pH of wetting fluid. Both magnitude
and rate of collapse decrease with increasing CaCO;
content. Increasing clay content resulted in higher CP
for non-calcareous samples but resulted in lower CP
for calcareous samples. Wetting with acid solution
demonstrated higher CP and tends to prolong time to
reach complete collapse resulting also in long-term
collapse.
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content - Collapse rate - Wetting fluid

Abbreviations

AS Acid solution

CP Collapse potential
DOT Double oedometer test
MT  Moderate trouble

NT No trouble

SOT Single oedometer test
ST Severe trouble

T Trouble

VST  Very severe trouble

1 Introduction
Unlike consolidation where the reduction in volume
(or void ratio) is the consequence of time-depend-

ent discharge of excess porewater, the reduction in
volume for a collapsible soil is rapid and the result
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of water ingress into the soil structure and/or bond
breaking caused by increased stresses (Jefferson
et al. (2005); Fattah et al. (2012); Vandanapu et al.
(2017)). Collapsible soils are usually capable of sus-
taining substantial high-applied vertical stress in their
in situ conditions without significant volume change
but when wetted, they undergo rapid and large reduc-
tion in volume (Alan and Robert 1988; Lawton et al.
1989; Rogers 1995; Assallay 1998). The water ingress
into the soil is believed to destroy existing inter-par-
ticle bonds (that effectively support a relatively open
metastable structure, the main prerequisite to col-
lapse according to reference in Jefferson and Rogers
(2012), resulting in densification of the soil through
collapse. Common bond materials reported include
suction, clay, and calcium carbonate (CaCO;) (Rog-
ers et al. 1994, 1995; Osipov and Sokolov 1995; El
Howayek et al. (2011); Jefferson and Rogers (2012);
Milodowski et al 2015). Gypsum is another bond
material common in Iraq and other regions (Fattah
et al. 2012). Wetting, reduces the bonding and sudden
restructuring occurs (Rogers et al. (1994); Mansour
et al. (2008); Li et al. (2016); Ayeldeen et al. (2017)).

Collapsible soils are extremely common globally,
presenting structural and geotechnical engineering
problems. They form through both natural processes
and human activity (Opukumo et al. 2022a). Those
containing significant amounts of CaCO; content can
be classified as being calcareous in nature (references
in Kishchuk (2000); Thompson (2007); Delage et al.
(2008)).

In natural collapsible soils CaCO; seems to domi-
nate the literature as the principal bond element (ref-
erence in Li et al. 2016; Demars and Chaney 1982;
Feda 1995; Lamas et al. 2002; Mansour et al. 2008;
Milodowski et al. 2015). Calcareous (also known as
carbonate) soils span a large range of soils widely dis-
tributed globally with the arid and semi-arid climates
favouring more of their production (Houston et al.
2001; Seiphoori and Zamanian 2022 and references
therein). For example, there is extensive occurrence
of calcareous clays in the majority of countries of the
Middle East Region and Australia (Kadry 1973; Man-
sour et al. 2008). In the UK, sections of the brickearth
deposits of south Essex and Kent are described as
calcareous silty-clays (Bell and Culshaw 2001; Mil-
odowski et al. 2015; Culshaw et al. 2020). Wetted-
state unstable marls occur in Austria, Canada, U.S.,
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France, Iran, Switzerland, and Egypt [references in
Yong and Ouhadi (2007)].

Despite the large amounts of CaCO; content found
in collapsible soils, its influence on the collapse phe-
nomenon has continued to be debated. There are
those who believe that the solubility of CaCO; was
too slow to demonstrate the sudden volume reduction
mechanism (e.g., Smalley 1971; Mellors 1995; Osi-
pov and Sokolov 1995; Mansour et al. 2008), whereas
others think CaCO; bonding enhances collapsibility,
e.g., Milodowski et al (2015). In some cases, a soil
containing CaCO; raises arguments among investi-
gators due to differences in study approach. The role
of CaCO; in the collapsibility of the Pegwell Bay
brickearth for example, was questioned by Mellors
(1995) while Milodowski et al (2015) emphasized
its potential to influence collapse. Milodowski et al.
(2015) based their argument on fabric studies of SEM
images that revealed CaCO; as the particle-to-particle
connector.

These arguments are valid but may have resulted
from a disregard that CaCO; occurs in different pol-
ymorphs (calcite, aragonite or vaterite), with each
capable of exhibiting different chemical behaviours
under different environmental conditions. Secondly,
laboratory collapse tests were traditionally carried
out using only tap or distilled water as wetting fluid.
These facts are almost ignored in the assessment of
soil collapsibility despite recommendation by ASTM
(D 5333 - 03) that field anticipated pore fluids should
be simulated in laboratory testing regime for assess-
ing soil collapsibility. The present work adopted a 5%
acetic solution (pH 2.26 at room temperature) as wet-
ting fluid to compare with the traditionally used dis-
tilled water (pH 6.70 at room temperature), in inves-
tigating the much less studied impact of calcite bond
dissolution on the collapsibility of collapsible clayey
samples innovatively manufactured in Opukumo et al.
(2022b). It is common knowledge that acidic (pH < 5)
precipitations are common in many regions of the
world due to atmospheric pollution (Grennfelt et al.
2020). This study aimed at providing an insight on
the need to include soil mineralogy, especially dis-
solvable minerals, in the geotechnical characterisa-
tion of soils and to further consider potential wetting
fluid type in assessing their collapse potential (CP).
The wetting load of samples was largely restricted
to a maximum of 300 kPa (an equivalent of a 15 m
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high embankment load) in order to prevent crushing
of inter-particle bond prior to the assessment of CP.

2 Materials and Method
2.1 Materials

Calcareous silty-clay samples manufactured by the
precipitation of calcite into silty-clay mixes, through
an innovative system (Opukumo et al. 2022b) were
used here, because this present paper is a follow up
of that study. Details of the procedures for manufac-
ture are presented in the said reference. The method
of sample production was carbonation by CO, gas-
sing of hydrated lime-soil mixes prepared to a prede-
termined density of about 1.0 Mg/m® by volume con-
trolled compaction. Lime contents were designed to
yield predetermined quantities of CaCOj; based on the
principle that, a gram of Ca(OH), completely carbon-
ated (by CO,) was expected to be converted to CaCO;
in the ratio of 1:1.35, representing a 35% increase in
mass. Generally, about 90% carbonation was recorded
following checks by calculated mass gain, and experi-
mental techniques (Thermogravimetric analysis and
determination of organic carbon and total carbon
after dry combustion). Finally, x-ray diffraction was
used to identify calcite as the precipitated CaCO;
polymorph.

The materials used were quartz-silt extracted from
a Lanton alluvium collected from Lanton River,
Northumberland, UK; kaolin, a brand of English-
China clay (Polwhite E grade) supplied by Imerys
Performance Minerals Ltd, UK; hydrated lime sup-
plied by Lafarge Tarmac, UK; and a pure CO, gas
supplied by SIP Industrial, Italy. Kaolin and quartz
silt were chosen because of the chemical inertness
while clay/silt proportions were merely chosen for
convenience.

Table 1 shows a summary of the composition
and physical characteristics of the samples pro-
duced directly into conventional oedometer rings.
The calcite content (%) of samples were controlled
to be within bands described as moderately (5-15),
strongly (15-25), and very strongly (25-40) calcare-
ous (reference in Kishchuk (2000)).

Samples exhibited very low dry densities
(1+£0.1 Mg/m® and exaggerated void ratios rang-
ing between 1.5-1.8 and estimated porosities of 60

— 65%. These values are typical of young sedimentary
deposits or normally consolidated clay (see Kokusho
et al. (1982) and Shibuya et al. (1998)).

2.2 Methods
2.2.1 Test Specimen Preparation

Test samples were manufactured directly into oedom-
eter rings; therefore, no further preparation was
needed. The physical properties of samples, such as
volume, dry density, void ratio and porosity were
determined following Egs. 1, 23 and 4.

V=nr*sh.. (1)
_drymass ( Mg
== < — > ...... )
.y :
Pa )
e
= 100
"= +e )

where V is volume, r is radius, % is height, p, is dry
density, e is void ratio, p, is particle density, and # is
porosity.

2.2.2 Collapse Testing Apparatus

The one-dimensional oedometer method for deter-
mining collapse potential (CP) was adopted. The
conventional oedometer apparatus used, its compo-
nents and data acquisition system are shown below as
Fig. 1. Calibration of both the conventional oedom-
eter apparatus and transducers for measuring the ver-
tical compression was previously carried out during
routine laboratory maintenance by the technical staff
at Geotechnical lab of the Newcastle University,
Newcastle upon Tyne, UK where testing was car-
ried out. The elastic deformation characteristics were
determined in accordance with method described in
BS 1377 (1990).

Two testing processes referred to as the “single
oedometer” test (SOT) and “double oedometer” test
(DOT) were adopted. In both, specimens prepared
into oedometer rings were assembled into the oedom-
eter cell. Two air-dried porous discs were placed; one
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Fig. 1 Conventional oedometer equipment a, specimen, and pot components b, assembled pot with specimen ¢, setup of test running

d, data acquisition system

at the base and the other on top of specimen. Dried
porous discs were preferred to avoid altering moisture
condition of specimens, as well as preventing further
dilution of wetting fluid (acidic solution in particu-
lar). The assembled oedometer cell with specimen
was then placed under the oedometer loading frame.
A displacement transducer attached to the equipment
and connected to a data acquisition system, was low-
ered onto the top hanger of the loading frame lever
arm.

GDSLAB, a control and data acquisition soft-
ware for geotechnical laboratory applications manu-
factured by Global Digital Systems Ltd was used to
collect displacement data at intervals of 10 s. How-
ever, only total deformation at the end of each stage
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was desirable (Alan and Robert 1988). Data col-
lection by the software was started simultaneously
with loading. Because of the low compressibility of
the calcareous specimens tested, loading was started
at a 100 kPa. Incremental loadings of 100 up to
500 kPa were applied to all testing while unloading
in reverse order was applied in a few cases to inves-
tigate any possible rebound or swelling of speci-
men. A few specimens were also loaded to beyond
500 kPa to a maximum of 860 kPa.

Loading increments by doubling was not con-
sidered because 300 kPa had been predetermined
as the wetting stress. However, it is not unusual
as Alan and Robert (1988) had recommended that
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what was important is that wetting stress is close to
estimated foundation stresses of proposed project.

Collapse was triggered by wetting specimens with
either distilled water or a 5% acetic acid solution at
different overburden stresses. Against the traditionally
used distilled water, an acidic solution was adopted
for two reasons. Firstly, as an anticipated pore fluid
in environments where acidic precipitations may be
common, and secondly, the effect of dissolution of
the particle bonding mineral (CaCO;) on the col-
lapse phenomenon may not be seen if only distilled
water was used. ASTM (D 5333 - 03) recommends
that field anticipated pore fluids can be simulated in
laboratory testing regime for collapsible soils instead
of standard laboratory fluids.

In order to avoid air entrapment in the centre of
specimens during wetting, care was taken to ensure
that wetting was done in one-dimension. That is, wet-
ting gradually from bottom to top according to the
recommendation of Alan and Robert (1988). CP was
defined in terms of the percentage decrease in height
of specimens resulting from wetting, as shown in
Eq. 5 (ASTM, D 5333 - 03).

AH
CP = Fxloo ...... 5

0

where CP is collapse potential, AH is change in speci-
men height resulting from wetting, H, is specimen
height before wetting

A system traditionally adopted by many authors
for classifying the degree or severity of collapse was
proposed in 1975 by Jennings and Knight. Table 2
was modified by Bell and Culshaw (2001) in line with
British perspective of collapse, and was adapted here
to classify sample collapsibility. There, soils exhibit-
ing CP less than 1% are not regarded as collapsible or
metastable.

In the SOT, specimens are loaded incrementally
in their ‘as prepared dry state’ up to a predeter-
mined stress level, and allowed to equilibrate, then
wetted progressively until completely inundated to
induce collapse. Wetting was performed at 300 kPa
overburden stress. Though the literature appear to
favour 200 kPa as a general wetting stress, 300 kPa
was chosen here because of the high dry stiffness of
samples caused by CaCO; content (Langroudi (2014)
recognizes high dry stiffness as common with cal-
careous soils). At pre-wetting stage, each loading
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was maintained until compression was completed or
no more than 0.05 mm/h compression was recorded
(Alan and Robert 1988) while at wetting stage, the
300 kPa load was maintained for 24 h before fur-
ther load increments. While collapse was defined to
be the settlement occurring within 10 min of wet-
ting (Fookes and Best 1969), longer periods were
necessary to allow for sufficient bond dissolution in
accordance with ASTM (D 5333 - 03). At the end of
the 24-h soaking, further increments to reach 500 kPa
were carried out before decrements in the reverse
order down to 200 kPa.

The DOT involved testing two nominally identi-
cal specimens, one as in the SOT and the second
differing as follows. The specimen placed under the
oedometer loading frame was inundated simultane-
ously with the initial 100 kPa loading. This is here
referred to as ‘presoaked’. Incremental loading and
unloading procedures are identical to the SOT.

The DOT is used to estimate the amount of defor-
mation or collapse that would occur if a soil sample
was wetted at different stages of its stress history, a
process well presented by Fredlund and Gan (1995);
Rogers (1995); Alan and Robert (1988). The curves
of overburden stresses against axial deformations for
both presoaked and SOT are compared. The amount
of deformation at each stress level on the presoaked
curve relative to identical stress level on the SOT
curve represent an estimate of the degree of collapse
that could occur if the soil was wetted at such stress
level during its loading history (Alan and Robert
1988).

3 Results and Discussions
3.1 Collapsibility of Non-Calcareous Silty Clays

Low dry density unbonded, non-calcareous (i.e.,
0% CaCOj; content) samples were initially tested as
control in order to enhance the understanding of the
role of CaCOj; in the collapse behaviour of calcare-
ous soils. The impact of the wetting fluid type (in
the case of collapse upon wetting) on these soils
was also examined. These samples labelled A0, BO,
and CO have been described in Table 1 as well as in
Opukumo et al. (2022b). At least three specimens
were tested in each and mean final compressions at
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each loading stage and CP taken. Standard deviations
between 0.1 and 1.0 were estimated for the CP values.

Oedometric specimens with dry density approxi-
mately 1.01 Mg/m> were wetted with distilled water
or 5% acetic acid solution, at 300 kPa overburden
stress in the SOT while only the acidic solution was
used to pre-soak specimens in the DOT. Figures 2
and 3 present deformation curves obtained from both
the single and double oedometer collapse testing.
The axial deformations of the samples due to loading
before and after wetting, as well as CP and degree of
severity, for the different wetting fluids, are summa-
rized in Table 3.

In the SOT (Fig. 2), curves for each pair of speci-
mens (distilled water and acid solution wetted) were
expected to show uniform deformations up until the
wetting stage (300 kPa) thereafter, they could dif-
fer depending on the effect of the wetting fluid type.
However, minor variations have been recorded in
some cases. These are not thought to be significant
and can be attributed to experimental errors arising
from the setting up of the apparatus and small opera-
tional differences.

‘ertical Stress (kPa)

-+ = A0 - Acid solution wetted
~ - B0 - Acid solution wetted
- -+ - C0 - Acid solution wetted

Generally, clays are less easily densified com-
pared to silts due to their diffuse double layer, floc-
culated structure and high water-retention capacity.
This was demonstrated by the amount of compres-
sions obtained during pre-wetting loading. Both
the early (pre-wetting stages) and the late (post-
wetting) halves of the compression curves of sin-
gle oedometer tests appear to indicate a higher
deformation with lower clay/silt ratios in these
unbonded non-calcareous samples (Fig. 2). Simi-
larly, presoaked curves of the DOT (Fig. 3) show
greater wetted deformations with decreasing clay/
silt ratios at every stage of loading. Conversely,
greater CPs (see Table 3 above) were recorded for
higher clay/silt ratios in both wetting fluid types
of the single oedometers. While CPs estimated
from the double oedometers at 300 kPa overburden
stress may closely relate (by a maximum difference
of ~1 (Table 3)) to those of the single oedometers,
at lower overburden stresses CPs have not followed
a pattern but appear in many cases to show higher
values compared to the single oedometers.
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Fig. 3 Double oedom- o e
eter curves of different 0 Samples Descrlp?lon
unbonded non-calcareous -0.5 Clay/silt CaCO;
silty-clay samples with two Svmbol _content (%) content (%)
wetting fluids -1 A0 50/50 0
-15 BO 65/35 0
Co 80/20 0
) -2
E 25
5 2
.g 7 - _ -
E -35 Teeell
S
S 4
a te
= 45 Teee
C
< -5
-5.5
-6
-6.5
-7
100 200 400 800

A0 - Acid solution wetted
——B0 - Acid solution wetted
—— C0 - Acid solution wetted

Following results in Table 3, especially from the
single oedometers, there seems to be an indication
of a textural (clay/silt ratio) control on both deform-
ability and collapsibility. Of course, clays contribute
to in situ strength of collapsible soils (Osipov and
Sokolov (1995); El Howayek et al. (2011); Jefferson
and Rogers (2012)).

As noted earlier, clay resistance to deformation
in a dry state leaves more room for samples contain-
ing higher clay content to settle or collapse when
wetted. Again, clay minerals are generally known
for their inter-particle attraction which in principle,
contributes to bond strength in their unsaturated
state. The type of bond strength or particle affinity,
however, depends on the distance between the parti-
cles. Nevertheless, this bond strength resulting from
particle attraction can easily be broken by factors
such as, increased moisture content above a certain
threshold. Increased water content in the diffused
double layers of a clay structure increases distance
between the layers, and the force of attraction hold-
ing layers together is broken, making the clay struc-
ture weaker (Mitchell and Soga 2005). On the other
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‘ertical Stress (kPa)

A0 - Acid solution presoaked
--+- B0 - Acid solution presoaked
- -+ - C0 - Acid solution presoaked

hand, quartz silt particles possess no affinity for
each other and only derive strength from frictional
interlock. However, this depends on grain size.
Sample CO contains 80/20% kaolin clay/quartz
silt which explains why it exhibits lower pre-wet-
ting deformations in its unsaturated state relative
to samples BO and AO having 65/35 and 50/50%
clay/silt proportions, respectively. Therefore, in the
same way, BO deforms less than AQ at pre-wetting
stages and collapsed more post-wetting. However,
it is important to note that the amount of struc-
tural collapse upon wetting may depend on the pore
spaces available to accommodate such collapse as

Table 2 Collapse percentage as an indication of severity
(modified after Bell and Culshaw (2001))

Collapse (%) Severity of Problem Abbreviation
0-1 No trouble NT

1-5 Moderate trouble MT

5-10 Trouble T

10-20 Severe trouble ST

>20 Very severe trouble VST
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Table 3 Collapse potential and degree of severity of unbonded non-calcareous silty-clay samples

Sample Distilled water wetted at 300kPa (single oedometer)

5% acetic acid solution wetted at 300kPa (single

oedometer)
Initial Speci- Height Height at end Collapse Severity Height Height at Collapse Severity
men height  before wet-  of collapse  Potential (%) before wet-  end of col-  Potential (%)
(mm) ting (mm) (mm) (Dis-  (Distilled ting (mm) lapse (Acid solu-
(at 300kPa tilled water ~ water wetted (at 300kPa mm) (Acid  tion wetted)
Stress) wetted) Stress wetted)
A0 19 16.3 13.2 19.3+0.06 ST 16.4 13.3 19.1+0.25 ST
BO 19 16.6 13.4 19.3+0.18 ST 17.1 13.8 19.4+0.35 ST
Cco 19 17.9 14.3 20.3+0.18 VST 17.7 14.2 20.2+0.32 VST
CP (%) at lower vertical stresses, from acid solution presoaked double oedometer
At 100kPa Severity At 200kPa Severity At 300kPa Severity
A0 21.2 VST 20.3 VST 19.9 ST
BO 20.7 VST 20.9 VST 20.5 VST
Cco 17.1 ST 19.4 ST 19.3 ST

well as the amount of overburden load to enhance
collapsing.

In addition, the initial void ratio and porosity,
which are factors that determine how much a fine-
grained soil may compress under loading, have
shown decreasing values with increasing clay con-
tents in samples before testing (Table 3). However,
at the end of early loading (i.e. pre-wetting) the void
ratio trend was reversed, increasing with higher clay
content, confirming higher clay content leads to a
higher resistance to densification. Since samples
with higher silt contents compressed significantly
at pre-wetting stages, they might have had their
structure broken and are more packed with less void
space available for any further densification.

Considering curves in Fig. 2 and CP values in
Table 3, it is evident that wetting fluid type (distilled
water or 5% acid solution) did not influence the col-
lapsibility of these non-calcareous samples indicat-
ing that collapse was therefore merely mechanically
driven. Identical specimens wetted with either dis-
tilled water or the 5% acidic solution collapsed to
approximately the same degree and compression
trends after the collapse region were also similar to
those in the pre-wetting region. This demonstrates
the geochemical inertness of the samples to both the
5% acidic solution and distilled water. The mecha-
nism of collapse in these samples was possibly a
result of broken physical or physicochemical force

such as suction and molecular attraction, which pro-
vided the initial strength.

As is expected of non-expansive soils, the kaolin
clay (with quartz silt) having relatively low water
absorption capacity, exhibited irrecoverable behav-
iour after loading and unloading. This has been illus-
trated by relatively flat curves with close to zero or
marginally negative slopes in all the rebound curves.
In other words, no significant recovery or swelling
pressures can be expected from these kinds of sam-
ples after densification. Beyond the collapse region,
further settlements occurred indicating that samples
still exhibited a loose state relative to the prevailing
overburden stresses.

3.2 Collapsibility of Calcite Bonded (Calcareous)
Samples

The key feature of samples here is that CaCO; crys-
talizes in situ and acts as the inter-particle bonding
material. Samples basically possess the main criteria
(low dry density, high void ratio and porosity) of a
typical collapsing soil. These specimens were manu-
factured as would be tested, i.e., directly into oedom-
eter rings with no further preparations needed.
Samples contained calcite contents of varying
degrees characterising them into moderately (~12%),
strongly (~25%) and very strongly (~40%) calcareous
samples. They were all oven-dried under temperatures
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Table 4 Specimen compressibility during loading, collapse potentials and degree of severity of low dry-density bonded calcareous

samples

Sample Distilled water wetted (single oedometer)

5% acetic acid solution wetted (single oedometer)

Initial Speci- Height before Height at end Collapse Severity Height Height Collapse Severity

men height  wetting (mm) of collapse Potential (%) before wet-  at end of Potential

(mm) (at 300kPa (mm) (Dis-  (Distilled ting (mm) collapse (%) (5%

Stress) tilled water ~ water wet- (at 300kPa (mm) (Acid  Acid wetted)
wetted) ted) Stress wetted)
Al 19 18.1 14.4 20.2+0.33 VST 17.8 13.6 252+0.19 VST
A2 19 18.8 18.6 1.3+0.09 MT 18.8 17.2 9.0+0.79 T
A3 19 18.9 18.9 0.2+0.04 NT 18.9 18.2 3.5+0.23 MT
B1 19 18.5 14.9 18.8+0.49 ST 18.6 14.2 23.5+0.79 VST
B2 19 18.9 18.7 0.8+0.17 NT 18.9 17.5 7.3+£0.06 T
B3 19 18.9 18.9 0.1+0.14 NT 18.9 18.5 2.1+0.17 MT
Cl1 19 18.6 15.5 17.0+0.19 ST 18.7 146 T 21.9+0.53 VST
C2 19 18.9 18.8 0.4+0.01 NT 18.9 17.8 5.7+0.15 T
C3 19 18.9 18.9 0.1+£0.02 NT 18.8 18.4 2.4+0.85 MT
Collapse Potential (%) at different vertical stresses, from acid solution presoaked double oedometer
At 100kPa Severity At 200kPa Severity At 300kPa Severity

Al 17.3 ST 22.8 VST 24.6 VST
A2 4.0 MT 5.6 T 8.5 T
A3 1.5 MT 2.3 MT 3.4 MT
B1 13.5 ST 20.7 VST 24.0 VST
B2 4.1 MT 6.0 T 8.2 T
B3 29 MT 3.7 MT 45 MT
Cl1 11.2 ST 19.4 ST 23.6 VST
Cc2 2.7 MT 39 MT 5.6 T
C3 1.6 MT 24 MT 3.1 MT

of 45 — 50 °C to produce nearly completely dry or
unsaturated state (residual moisture content of 0.12 to
0.45%) before testing.

The physical properties of the test specimens are
presented in Table 1. Results obtained after test-
ing are summarized in Table 4 with deformation
collapse curves for the moderately calcareous sam-
ples presented in Fig. 4 and Fig. 5 as representative
examples. The CP from single oedometer tests are
those achieved at 300 kPa overburden stress while
those from the double oedometer (acidic solution pre-
soaked) were estimated at 100, 200 and 300 kPa over-
burden stresses.

As can be seen in Table 1, these specimens are
highly porous and could only have exhibited struc-
tural stability through the CaCOj; inter-particle
cementation. This was intended to enhance under-
standing of the impact of calcite content (or degree of
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calcareousness) and cement dissolution on both com-
pressibility and the collapse phenomenon (sudden
volume decrease due to wetting). The Figures above
show relationships between different samples with
similar calcite cementation levels. The impact of the
degree of calcareousness is discussed later.

Generally, different samples with comparable
degrees of calcareousness maintained similar physi-
cal properties, such as initial dry density, void ratio
and porosity with very minimal differences following
both calcite and clay contents. A small increase in dry
density can be observed with increasing calcite con-
tent while initial void ratio and porosity have reduced
with increasing clay and calcite contents. From a
soil mechanics viewpoint, these parameters indicate
the capacity for smaller compressions and CPs with
increasing clay and calcite contents. This is evident in
the Table 4.
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Furthermore, considering collapse phenomenon as
an aftermath of calcite-bond dissolution, it is reason-
able to anticipate the degree of collapse following the
amount of dissolution. That has been demonstrated
by comparing the respective CP values obtained from
distilled water wetting and acidic solution wetting.
The results are as expected because acidic solutions
(pH <5) readily dissolve CaCO; in soils as reported
in Al-Kaysi (1983), increasing their pore volume and
weakening inter-particle bonding and giving room
for higher wetted deformations under loading. In
the same vein, it is also expected to have lower CPs
where distilled water applied as wetting fluid since
calcite remains insoluble or extremely weakly solu-
ble in distilled water (Smalley (1971); Mansour et al.
(2008); Li et al. (2016)).

Additionally, it is also logical to expect that higher
CaCO; contents could lead to higher pore volumes
after dissolution occurred, with a consequent higher
CP. Unfortunately, the present results have not cor-
roborated this.

The pre-wetting compressions have also
appeared to decrease with increasing CaCO;

--e- Cl - Acid solution wetted

content (calcareousness). That is, stiffness increased
with CaCO; content. For instance, pre-wetting
compression (at 300 kPa) values approximating
1.2, 0.15 and 0.12 mm were recorded for the mod-
erately, strongly, and very strongly calcareous
samples, respectively but there was no identifiable
trend relating to their clay/silt ratios. In some cases,
higher clay contents yielded higher pre-wetting
compressions, a situation in contrast with the non-
calcareous samples. It is not clear if this is a con-
sequence of other factors, which may include inter-
particle bonding patterns. However, their CP values
both for the distilled water wetted and acidic solu-
tion wetted tend to show similar influence of clay/
silt ratios as in the non-calcareous samples. CPs
(at 300 kPa overburden stress) from single oedom-
eters ranged between “severe trouble to very severe
trouble” (16 to 26%), “no trouble to trouble” (0.4
to 10%), and “no trouble to moderate trouble” (0.09
to 3.6%) for moderately, strongly and very strongly
calcareous samples, respectively with higher values
resulting from acidic solution wetting. Even though
comparable classes of collapse severity were also
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Fig. 5 Double oedometer s .
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estimated from the double oedometers at the same
300 kPa overburden stress, discrepancies existed
in terms of actual CP values. Double oedometer
revealed overestimated CP values in some cases and
underestimated values in others. At lower overbur-
den stresses CPs are obviously lower.

On the contrary, beyond the collapse region,
amount of compression for both distilled water and
acidic solution wetted conditions, trends appeared
to align with clay/silt ratios. It is interesting to
note that, irrespective of the degree of calcareous-
ness, samples having lower clay/silt ratios exhib-
ited higher settlements beyond the collapse region.
A similar trend was displayed by the pre-soaked
curves at all loading stages of the double oedom-
eter testing with both pre-soaked curves and wetted-
after-loading curves nearly converging from the col-
lapsed stage onwards. This clearly demonstrates a
lesser impact of wetting on the compression of more
clayey soils compared to lesser clayey ones (Fig. 5).
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Vertical Stress (kPa)
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3.3 Effect of CaCOj; Content on Collapse Potential

In the literature, there is the absence of quantify-
ing impact of CaCO; on the CP of collapsible soils
despite arguments in favour of the role of CaCO; on
collapsibility.

According to Langroudi (2014), the crystal shape
and structure of CaCOj; in soils differ following the
process of formation, and these differences influence
the wetted behaviour of such soils. In the present
samples, SEM images [Figure S5 (a and b) of Opu-
kumo et al. (2022b)] roughly reveal calcite occur-
ring as inter-particle meniscus cement supporting silt
grains and clay clods in some samples. In others with
larger amounts of clay content, calcite occur within
clay matrix that overwhelmed the few silt grains,
thus, reinforcing the clay structure. However, these
microstructures were not clearly studied due to poor
SEM images, and it was difficult to relate them to the
behaviour of samples.

While it is debatable, increased CaCO; content
relates to increased bonding. Expectedly, higher
bonding should lead to greater stability, thus, a
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Fig. 6 Relationship 26
between calcite content
and collapse potential of 2 ]
samples under different “
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reduced collapsibility under similar stress conditions.
Keykha et al. (2014) demonstrated that increased
CaCO; precipitate improved shear strength of soil.
Milodowski et al. (2015) also identified calcite bond
occurring as reinforcement in meniscus clay bridges
to reduce both the dispersion of the clay and collapse
upon wetting. However, the relationship between
strength and CP identified in the present study appear
to depend more on two variables. As illustrated in
Fig. 6, CaCO; content and its degree of dissolution
are critical in controlling the magnitude of collapse.
Wetting with distilled water and a 5% acidic solution
reveals that fluid pH impacts CP.

Regardless of a supposed higher stiffness of the
moderately calcareous (~12% CaCOj; content) sam-
ples compared to the non-calcareous (0% CaCO;)
ones, they still yielded greater CPs in all acid solution

4 6 8 1012 14 16 18 20 22 24 26 28 30
CaCO; Content (%)

Samples Description
Clay/silt
Series  content (%)
A 50/50
A B 65/35
\ C 80/20

--# - Soil Series A - Acid solution wetted
- -# - Soil Series B - Acid solution wetted
--o - Soil Series C - Acid solution wetted

wetted conditions and in one case of the distilled
water wetted condition. While this occurrence could
be explained by the different hypothesized collapse
mechanisms of the samples, it is worth noting that at
certain construction loads a more stable ground could
rather present greater trouble if in the long-term wet-
ting fluids cause chemical dissolution of components
of such a ground.

Firstly, the non-calcareous samples had under-
gone higher pre-wetting compressions due to load-
ing because of their unbonded nature, reducing their
capacity for further densification upon wetting. Sec-
ondly, while non-calcareous specimens seemed to
undergo only a mechanical phase (particles packing)
upon wetting, the moderately calcareous specimens
were additionally subjected to a chemical bond dis-
solution phase, especially in the acidic solution
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wetting condition. In soil collapse, disaggregated clay
bonds/bridges usually migrate into pore spaces dur-
ing repacking (Klukanova and Frankovska (1995);
Mellors (1995)). While this causes total soil volume
reduction, it will not decrease the volume of solids. In
the case of CaCOj; bonds, dissolution can result also
in solid lose, thus, a greater total soil volume reduc-
tion. This could mean that in a typical field condition,
soils containing higher CaCOj; content relative to oth-
ers would yield higher voids upon CaCOj; dissolution,
thus exposing such soils to greater collapses.

Nevertheless, the oedometer experimental data
here suggested otherwise. Increasing the CaCO; con-
tent of the samples from~12 to~25% and to~40%
has rather significantly reduced the propensity of
dissolution (even in acidic solution) and consequent
collapse. For instance, increasing CaCO; content
from~12 to~25% reduced collapsibility by about
64 — 75% and further increase of CaCOj; content
to~40%, further reduced CP by 86 — 91%. Extrapo-
lations in Fig. 6 suggest that for all samples tested,
despite their very low dry density (1+0.1 Mg/m?),
CaCO; contents reaching about 44% could reduce CP
to about 0%.

The high degrees of calcareousness have rather
strengthened (or stabilized) the samples, which
though maintained a metastable structure, are not
supportive of the sudden densification upon wetting
phenomenon. That is, while those specimens still
possess an open structure their inter-particle (and per-
haps, inter-clods) bonding became too strong to be
easily eliminated, particularly by distilled water, thus,
yielding nearly negligible CP values. This is consist-
ent with the collapse behaviour of the calcareous soils
of Arizona and New Mexico cited in Demars and
Chaney (1982). Those soils were grouped into five
stages on their magnitude of collapsibility consequent
of their levels of cementation. From weakly bonded
(collapsible) to very strongly bonded (not influenced
by moisture), and further to moderate hard rocks
(requiring rock mechanics analysis).

However, wetting the strongly calcareous (~25%
CaCO;) samples with the acidic solution results in
quite substantial CP values but a further increase in
calcite content to about~40% drastically reduced CP.
It is important to note here that, it is common knowl-
edge that the dissolution of increased carbonate con-
tents would certainly require greater amounts of sol-
vent. Unfortunately, the amount of dissolving fluid in

@ Springer

the standard oedometer cell used cannot be varied.
Perhaps, a leaching process could be used in future
to investigate if higher calcite contents could lead to
higher CPs. However, Smalley (1971); Mansour et al.
(2008); Li et al. (2016) have noted that a carbonate
soil requires several cycles of wetting and drying to
dissolve CaCO; before collapsing. On the contrary,
authors in Mansour et al. (2008) have described
leaching process as differing from the principle of
sudden collapse upon wetting. They termed such a
process to result in what they referred to as chemical
piping or leaching-and-collapse.

It is clearly demonstrated here in the \* MERGEFOR-
MAT Fig. 6 that for CaCO; at certain contents the col-
lapsibility of calcareous silty-clay soil increases. On the
other hand, increasing CaCO; content above certain lev-
els becomes beneficial for the stability of the soil. How-
ever, this appears to be a function of the ratio of CaCO;
content to dissolving fluid. Nonetheless, other factors,
such as density, porosity, void ratio, etc. capable of
affecting CP need to be considered in conjunction with
CaCO; content.

3.4 Effect of Wetting Fluid Type and Rate of
Collapse

The phenomenon of sudden volume decrease upon
wetting commonly referred to as hydrocollapse,
hydroconsolidation or hydrocompaction is greatly a
function of time rate of inter-particle bond elimina-
tion and ease of particles repacking (or mechanism of
collapse) under a constant load. Plots of axial defor-
mation against time during the collapsing stage (i.e.,
wetted stage) of single oedometer tests are presented
in Figs. 7, 8, 9, 10. The shapes of curves are compara-
ble to that achieved from standard consolidation tests
on fine-grained soils and evidently are three distinct
regions of collapse. The first region is a time-lapse
stage indicating the initial period when wetting fluid
flows through bottom porous disc and enters the spec-
imen in one-dimension. The slope of the curves at
this stage depended on the nature and initial strength
of specimen where in some cases (especially in non-
calcareous sample owing to near absence of cement
bonding) a clear distinction from the second region
appearing difficult.

The second region represents period when the
wetting fluid completely saturated the specimen
and it is believed that at this stage inter-particle,
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inter-macropeds (or aggregates) and intra-macropeds
bonding and bridges are weakened, reduced and/or
eliminated. The bulk of collapse takes place at this
stage. In cases of low initial bonding and where dis-
tilled water applied as wetting fluid, nearly complete
collapse occurred here but in high calcite bonding
collapse gradually continues in the acidic solution
wetted condition.

Region 3 can be interpreted differently at certain
degrees of calcareousness and differences in wetting
fluid type. For a distilled water wetting, this region
represented the end of a complete collapse and the
beginning of some sort of minor post-collapse defor-
mation. On the other hand, where an acidic solution

J Series "!

applied as wetting fluid, this region witnesses either
some minor or major post-collapse deformation
depending on specimen degree of calcareousness.
This is therefore, indicative that although sudden
large settlement may occur very quickly, deformation
may continue for longer periods perhaps until bond
material dissolution is fully achieved.

There are reports in the literature arguing that
collapse is only achieved quickly in laboratory
flooded oedometer specimens, usually within sev-
eral hours or less. Vandanapu et al., (2017) recorded
collapse occurring 6 — 9 h at a rate of 0.2 mm/min.
Booth (1977) report three sands (soils A, B, and D)
tested under a range of moisture, density, and stress
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Fig. 8 Time rate of
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conditions to have achieved 90% collapse in not more
than 25 min. Huang, 1989 investigated a lean clay
(Lawton et al. 1992) and stated a variation in time
required to achieve complete collapse depending on
overburden stress at wetting. About 4 and 0.5 h were
noted for overburden stresses of 96 kPa and 383 kPa,
respectively for a soil compacted to R,=80% and
S;=36%. Lawton et al. (1992) investigated soil sam-
ples with different proportions of kaolin clay and
Ottawa sand under marginally similar conditions
with a 400 kPa stress at wetting and reported time
to achieve complete collapse ranging between 15
and 100 min. They found that the rate of collapse
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was increasing with increasing clay proportion up
to around 40% kaolin, above which the rate of col-
lapse was nearly constant. Additionally, that collapse
occurred rapidly (not more than 2 h) even for higher
clay proportions. Fookes and Best (1969) said a 95%
collapse settlement upon wetting is achievable within
10 min while anything above 10 min is referred to as
subsidence settlement.

In the present study, four key factors have been
identified that control the time rate of collapse in the
silty-clay samples (both calcareous and non-calcare-
ous). They are calcite content, density, overburden
stress at wetting, and wetting fluid type. Even though
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clay content did not appear to delay complete collapse
as is illustrative of the second region, it is seen to
limit deformation in terms of total settlement experi-
enced by sample. The higher the clay content the less
total deformation a specimen undergoes.

Even though in many cases, soaking of speci-
men in the oedometer test was sustained for about
24 h, majority of collapse in all the samples occurred
merely in not more than 1500 s (25 min). However,
samples with high degrees of calcareousness demon-
strated huge potential for further, but gentler continu-
ous collapsing where they are wetted with acidic solu-
tion (see Figs. 9 and 10 in particular). This potentially

demonstrated both collapse settlement (achieved in
less than 10 min) and subsidence settlement (collapse
achieved in more than 10 min) according to Fookes
and Best (1969).

Surprisingly, non-calcareous samples wetted with
distilled water achieved complete collapse at about
1000 s as against calcareous samples wetted under
similar conditions achieving complete collapse in
merely about 300 s. This therefore, alludes to the fact
that while ordinary water may go through a process
of gradual weakening of clay macropeds and clay
bridges between macropeds and silt particles, it is
nearly nonreactive with calcite cementation. Smalley
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(1971); Mansour et al. (2008); Li et al. (2016) have
argued that only a prolonged period of sustained or
several cycles of wetting and drying may relatively
dissolve calcite.

Non-calcareous samples also appear to collapse
quicker under acidic solution wetting than in distilled
water wetting. Perhaps, this is due to the effect of acid
on clay mineral, such as, clay particles disaggrega-
tion, dissolution of alumina layers, reduction of clay
Al,O5, MgO, CaO and K,O contents (Panda et al.
(2010); Komadel (2016)). Nevertheless, a micro-
scopic study was not carried out to confirm this in the
present research.
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4 Conclusions

From the experimental study carried out, the follow-
ing conclusions are reached.

In non-calcareous (0% calcite) samples, collapse
is practically entirely mechanically controlled, and
the time lag between wetting and complete collapse
is instantaneous. The mechanics of collapse been
controlled mainly by broken clay bonds. The more
clayey the sample the less the pre-wetting compres-
sion, which availed greater void space for conse-
quent settlement upon wetting. However, where cal-
cite was present, its content controls CP, and high
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calcite contents up to about 40% have been found
to eradicate collapse in the silty-clay soils irre-
spective of their physical properties. For instance,
notwithstanding the relatively low dry densities
(1+0.1 Mg/m?) and high void ratios of samples,
insignificant collapses were recorded in the high
CaCOj; samples.

CP results have demonstrated that both the SOT
and DOT can produce comparable results under
certain conditions. However, outside those condi-
tions, variances occur. Thus, they can be used as
index tests as recommended by Fredlund and Gan
(1995); Jefferson et al., (2005).

Generally, acidic solution wetting produces higher
collapse potentials in calcareous soils than distilled
water wetting because of the effect of calcite disso-
lution. Where distilled water applies as wetting fluid,
complete collapse is achieved faster in calcareous
soils than in non-calcareous ones because of calcite
support and its inertness to water dissolution.

Additionally, wetting of non-calcareous samples
with low acidic solution results in quicker collapses
compared to wetting with distilled water. This per-
haps is due to the ability of acids to destroy the
chemistry and structure of clay (Panda et al. (2010);
Komadel (2016)).

Results revealed that depending on certain condi-
tions (e.g., density and calcite content) acidic solu-
tion wetting will produce higher CP in a calcareous
soil compared to a non-calcareous one of similar
physical properties. For example, the three samples
with~12% calcite content yielded CPs higher than
their counterparts having 0% calcite by a range of
approximately 10 to 30%.

Calcite content and wetting fluid type defined col-
lapses as either rapid (<10 min) (“collapse settle-
ment”) or slow (> 10 min) (“subsidence settlement”)
according to Fookes and Best (1969). The findings
here showed that in high calcite contents (>25%)
subsidence settlement will continue for a long time
where soil was soaked with a low pH solution.
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