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1 INTRODUCTION 

The occurrence of sudden reduction in total volume 

of soils due to wetting is referred to as soil collapse. 

Soils, that undergo this phenomenon, are said to ex-

hibit certain physical and structural features. These 

include an open and potentially metastable structure, 

a partially saturated or an unsaturated state, high 

void ratio and porosity, low dry density, enough par-

ticle-to-particle bonding agent to hold particles to-

gether in their unsaturated state, etc. (Rogers, 1995; 

Lawton et al., 1989; Barden et al., 1973). Capillary 

water, clay minerals, calcium carbonate (CaCO3) 

and other soluble salts have been argued to act as 

particles bonding elements, providing the initial sta-

bility in these metastable soils. Wetting eliminates 

this bonding and sudden structural collapse occurs 

(Li et al., 2016; Rogers et al., 1994). Houston et al. 

(2001) noted these soils as the most problematic ge-

omaterial in geotechnical engineering with CaCO3 

considered the most essential bonding element in 

them according to Feda (1995); Li et al. (2016). 

Their mineralogy spans a wide range but particles 

usually vary between sand and clay sizes. Collapsi-

ble soils have caused both loss of lives and econom-

ic loses ranging in billions of dollars in parts of the 

world (Derbyshire, 2001; Houston et al., 2001).  

This project studies the impact of CaCO3 on the 

collapsibility of calcareous silty-clays. Calcareous 

meaning containing significant proportions of Ca-

CO3 (Thompson, 2007; Day, 1983 cited in Kishchuk 

2000). This definition, generally speaking, has quali-

fied a large range of soils as calcareous. For in-

stance, widely studied loessial soils are found to 

contain CaCO3 contents between 1 to 30% 

(Jefferson et al., 2005; Li et al., 2016); marls hold 

about 50% CaCO3 (Pettijohn, 1975). Others widely 

distributed globally, especially in arid and semi-arid 

climates may include calcareous clays in the majori-

ty countries of the Middle East Region (Kadry, 

1973), and wetted-state instable marls in Austria, 

Canada, U.S., U.K., France, Iran, Switzerland, and 

Egypt (Yong & Ouhadi, 2007). Milodowski et al. 

(2015) also described sections of the brickearth de-

posits of south Essex and Kent as having some char-

acteristics of calcareous silty-clays. Furthermore, 

significant amounts of CaCO3 have precipitated in 

soils treated with calcium rich substances such as 

lime, Portland cement or concrete (Bagoniza et al., 

1987; Netterberg, 1984) and also at brownfields and 

concrete demolition sites (Washbourne et al., 2012).  

2 MATERIALS AND METHODS 

2.1 Selection of soil materials 

Collapsible soils generally consist of several miner-
als but notably quartz, clay and CaCO3. This project 
studies artificially manufactured collapsible calcare-
ous/carbonate silty-clay. Thus, kaolin clay, quartz 
silt and CaCO3 were selected to produce samples. 
 

2.1.1 Kaolin Clay 
China/Kaolin Clay is a hydrated aluminosilicate 
mineral (kaolinite). Because of its chemical inertness 
it was considered most appropriate for this research 
to avoid chemical interference in the CaCO3 precipi-
tation reaction. China clay (Polwhite E) with proper-
ties shown in Table 1, supplied by Imerys Perfor-
mance Minerals Ltd, UK was therefore adopted.  
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Table 1. Properties of Polwhite E China clay (by supplier) 

Property  

Appearance Powder 

Color White/off-white 

Odor Almost odorless 

Solubility Insoluble in water 

pH 5 

SiO2 content (%) 50 

Al2O3 content (%) 35 

Particle density 2.6 

Surface area (BET) (m
2
/g) 8  

Moisture content 1.5% 

2.1.2 Quartz silt 
Sieving was adopted to extract sub 63µm portion of a 
Lanton alluvium collected from Lanton River, 
Northumberland, UK. Its index properties deter-
mined according to BSI (1999) and shown in Table 
2 below, together with sedimentation revealed about 
10% of the sub 63µm to be nonexpansive clay. Clay 
portion was considered in the main samples design. 
 
Table 2. Measured index properties of the sub 63µm and silt 

portions of the Lanton Alluvium 

Index property         
Sub 63 µm Por-
tion 

3-63 µm Por-
tion 

Atterberg limits   
Plastic limit (%) 23 26 
Liquid limit (%) 34 33 
Plasticity index (%) 11 7 

Classifications    

   USCS 

ML, inorganic 

silts of low plas-

ticity. 

ML, inorganic 

silts of low 

plasticity. 

   AASHTO A-4 Silty soil A-4 Silty soil 

2.1.3 Calcium carbonate 
The CaCO3 used is this study was chemically pre-
cipitated into the silty-clay mixes through the reac-
tion of hydrated lime (Ca(OH)2) and carbon dioxide 
(CO2) in an innovative setup made in-house (Figure 
1 below). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1. Setup for carbonation (CaCO3 precipitation) of test 

specimens 

2.2 Method of calcareous samples manufacture 

Different silty-clay samples with varying degrees of 
calcareousness were desired. Precipitation of CaCO3 
followed Equation 1. 
 𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2   → 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂      (1) 
 

Clay/quartz silt proportions of 50/50, 65/35 and 
80/20 were initially combined to produce noncalcar-
eous samples referred to as A0, B0 and C0, respec-
tively. 10, 25 and 50% dry Ca(OH)2 (by mass of dry 
soil) anticipated to yield degrees of calcareousness 
classified as moderately, strongly and very strongly 
calcareous, respectively were mixed with each of the 
noncalcareous soils. Calcareousness resulting after 
carbonation process. Nine calcareous samples 
emerged from the process which labelled as A1, A2, 
A3; B1, B2, B3; C1, C2, and C3. A, B and C repre-
senting initial combined clay/silt proportions while 
1, 2 and 3 represent amount of lime in mix vis-a-vis 
degrees of calcareousness as moderate, strong and 
very strong, respectively.  

Components were first mixed in a dry state. About 
half of their measured optimum water content was 
then added and the material thoroughly kneaded un-
til a smooth consistency was observed. The material 
was then stored in sealable plastic bags under room 
temperature for not less than 48 hours to attain mois-
ture homogenization. Samples were statically com-
pacted into oedometer rings to a predetermined dry 
density (~ 0.9 Mg/m

3
) and stacked in the carbona-

tion cell as shown in Figure 1. CO2 was then admit-
ted into cell and maintained at 2 – 3 bars of pressure 
until significant CO2 capturing had ceased. Carbona-
tion was allowed to continue for 24 hours before air-
drying carbonated specimens to attain an unsaturated 
state. Two methods, measured mass gain and analyt-
ical (Leco carbon determination) were adopted to 
evaluate the rate of carbonation in relation to the 
theoretical amount of CaCO3 expected. Theoretical-
ly, 1g of Ca(OH)2 should yield 1.35g CaCO3. Re-
sults of carbonation or Ca(OH)2-to-CaCO3 conver-
sion levels are presented in Figure 2 below. In 
Figure 2, measured CaCO3 contents represented by 
both orange and grey colored bars are compared to 
theoretical contents represented by the blue colored 
bars. 
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Figure 2. CaCO3 content after carbonation compared with theo-

retical content 

2.3 Collapsibility testing methods 

One-dimensional oedometer method for determining 
collapse potential (CP) was used with Single- and 
Double- oedometer procedures adopted. In both 
tests, specimens manufactured in oedometer rings 
were assembled into the oedometer pot. Two air-
dried porous discs were placed at the base and top of 
specimen. Assembled pots were then placed under 
the oedometer loading frame with a displacement 
transducer connected to a computer for automatic 
data collection at intervals of 10 seconds. However, 
only total deformation at the end of each stage was 
desired (Alan & Robert, 1988). Incremental loadings 
of 100 kPa up to 500 kPa were applied to all tests 
while unloading in the reverse order was applied on-
ly in some cases to have an indication of potential 
rebound. Collapse was triggered by wetting speci-
mens with either distilled water or a 5% acetic acid 
solution. The acid solution was favored because un-
derstanding the wetting induced calcite-debonding-
collapsing phenomenon can only be enhance by a 
solution capable of dissolving calcite whereas dis-
tilled water is relatively inert to CaCO3. It also rep-
resents anticipated pore fluid in environments where 
acidic precipitations are common. 

CP was defined in terms of the percentage de-
crease in height resulting from wetting as shown in 
Equation 2 (ASTM, D 5333 - 03). Wetting was done 
in one-direction to avoid air entrapment in the center 
of specimen. That is, wetting gradually from bottom 
to top according to Alan and Robert (1988). 
 𝐶𝑃 =  ∆𝐻𝐻0  𝑥 100                 (2) 

where CP = collapse potential; ΔH = change in spec-

imen height resulting from wetting; H0 = specimen 

height before wetting 

2.3.1 Single oedometer testing 
In the single oedometer, specimens were loaded in-
crementally in their ‘as prepared dry state’ up to the 
predetermined stress level, 300 kPa and allowed to 
equilibrate before wetting progressively until com-
pletely inundated either with distilled water or 5% 
acetic acid solution to trigger collapse. Each stage of 
loading up to 300 kPa was maintained until com-
pression was completed or no more than 0.05 mm/h 
deformation was recorded (Alan & Robert, 1988), 
while after inundation, loading was maintained for 
24 hours before further increments (ASTM, D 5333 
- 03). At the end of 24 hours, further increments to 
reach 500 kPa were made before decrements in re-
verse order down to 200 kPa.  

2.3.2 Double oedometer testing  
The double oedometer involved testing two identical 
specimens, one as in the single oedometer method 
whereas the second differed as follows. The speci-
men placed under the load frame was soaked (with 
the 5% acid solution) as loading began, referred to 
here as ‘presoaked’. Incremental loadings and un-
loading procedures were identical to the single oe-
dometer method. This method estimated the amount 
of deformation 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). The amount of defor-
mation at each stress level on the presoaked curve 
relative to identical stress levels on the single oe-
dometer curve, represent an estimate of the amount 
of collapse that could occur if the soil was wetted at 
that stress level during its loading history (Alan & 
Robert, 1988). 

3 RESULTS AND DISCUSSIONS OF 
COLLAPSIBILITY 

3.1 Single oedometer collapsibility 

In single oedometer tests, where wetting was done at 
later stages of loading, it was expected that identical 
specimens with the same loading would show simi-
lar deformations up until the wetting stage where 
they could differ with wetting fluids. However, mi-
nor variations were recorded in some cases. The dif-
ferences can be attributed to errors arising from set-
ting up and operational differences of loading 
frames.  

Early (i.e., before wetting stages) deformation 
curves tend to indicate higher deformations with 
lower clay contents in noncalcareous samples (Fig-
ure 3). Conversely, greater CPs are recorded for 
higher clay content samples. Clays are known to 
have particles affinity which in principle, contributes 
to bond strength in their unsaturated state. The type 
of bonding strength or particle affinity depends on 
the distance between the particles but this bonding 
strength can easily be broken by increasing moisture 
content above a certain threshold. Increased water 
content in the diffused double layers of a clay struc-
ture increases distance between the layers and the 
force of attraction, which held layers together, is 
broken, making the clay structure weaker. On the 
other hand, quartz silt particles have no affinity and 
only derive strength from frictional interlock. Sam-
ple C0 contains 80% kaolin clay which explains why 
it exhibits lower early deformations in their unsatu-
rated state relative to samples B0 and A0 having 65 
and 50 % clay contents, respectively. In the same 
way, B0 deforms lesser than A0. Furthermore, the 
initial void ratio, a factor which determines how 



much a fine-grained soil may compress under load-
ing, has decreased with increasing clay contents in 
samples before testing. However, at the end of early 
loading (before wetting) the void ratio trend was re-
versed, increasing with increasing clay content, 
meaning that higher clay samples demonstrated 
higher bearing capacity. Since samples with higher 
silt contents deformed significantly at early loading 
stages, they had their structure broken and are more 
packed with lesser void spaces for any subsequent 
compacting. 
 

Figure 3. Single oedometer curves of noncalcareous’ samples 

 
 
Considering the curves in Figure 3 and their CPs, it 
is clear that wetting fluid type (distilled water or 5% 
acid) had not influenced the collapsibility of noncal-
careous samples and collapse appears to be mechan-
ically driven. Identical specimens wetted with either 
distilled water or 5% acid solution have collapsed to 
approximately the same degree and compression 
trends at later stages (i.e., after collapsing) are also 
similar to those in the early stages. This demon-
strates the inertness of the samples’ geochemistry to 
both 5% acid solution and distilled water. The 
mechanism of collapse as revealed in these samples 
was basically a result of broken physical or physico-
chemical bonding such as suction and molecular at-
traction, which provided the initial bonding strength. 
As would be anticipated for nonexpansive soils, kao-
lin/quartz silt having low water absorption capacity, 
deformations are nearly irrecoverable after loading 
and unloading. This was illustrated by relatively flat 
curves with close to zero or marginally negative 
slopes in the rebound curves of all Figures. That is, 
no significant swelling pressures resulted from the 
silty-kaolin soils, whether or not calcareous. After 
collapse, further settlements occurred indicating that 
samples still exhibited a loose state with respect to 
applied vertical stresses. However, this was less ob-
vious in moderately calcareous and noncalcareous 
samples, which had undergone near complete 
debonding and fabric transition at end of the 24 
hours soaking period. 

The influence of CaCO3 bonding on the sudden 
volume decrease upon wetting was investigated in 
the nine calcareous samples. Their single oedometer 
deformation curves are presented as Figure 4. These 
curves show both the effect of differing bonding in a 
particular soil as well as the impact of soil type on 
bonding strength. As in the noncalcareous samples, 
the initial void ratio reduces with increasing clay as 
well as with increasing calcareousness, suggestive of 
smaller early deformations with increasing clay con-
tent and calcareousness. This was confirmed in Fig-
ure 4. For instance, the maximum early deformation 
(i.e., before wetting - at 300 kPa vertical stress) val-
ues approaching 1.2, 0.15 and 0.12 mm were record-
ed for the moderately, strongly, and very strongly 
calcareous samples, respectively. Clay/silt propor-
tions did not show a clear controlling pattern in the 
early deformations of calcareous samples. In some 
cases, higher clay contents have yielded higher early 
deformations, a situation in contrast with results of 
the noncalcareous samples. It is not clear if this is a 
consequence of other factors which may include par-
ticles bonding patterns. However, their CP values 
both for distilled water and 5% acid solution trig-
gered tend to trend like the noncalcareous samples. 
CPs ranging between 16 to 26%, 0.4 to 10%, and 
0.09 to 3.6% are recorded for moderately, strongly 
and very strongly calcareous samples, respectively 
with higher values resulting from acid solution trig-
gered collapses. This is not surprising, because acid 
solutions readily dissolve CaCO3, increasing voids 
volume and weakening interparticle bonding giving 
room for higher deformations under loading. In the 
same vein it is also common knowledge that calcite 
is insoluble or extremely weakly soluble in distilled 
water and may only dissolve after several repeated 
cycles of wetting and drying (Smalley, 1971; Li et 
al., 2016), a process referred to as chemical piping 
or leaching-and-collapse. Consider the noncalcare-
ous and moderately calcareous samples in Figure 5, 
acid solution triggered collapse indicates lower CPs 
for noncalcareous samples, which can be attributed 
to two possible reasons. Firstly, considering that 
these noncalcareous samples had significant early 
deformations, they could become less susceptible to 
further deformations at the wetting stage. Secondly, 
after wetting, CaCO3 dissolved out of the calcareous 
soil system, would possibly lead to greater void vol-
umes creating more room for increased settlements. 
This could be interpreted to mean that a higher Ca-
CO3 content in soil produces higher voids if CaCO3 
dissolves out, exposing those to greater possible set-
tlements. Nevertheless, the experimental data sug-
gested otherwise. Increasing the CaCO3 content of 
samples from ~12% to ~25 and ~40% significantly 
reduced the propensity of dissolution and collapse. 
Increasing CaCO3 content from ~12 to ~25% re-
duced collapsibility by about 64 – 75% and a further 
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increase to ~40% CaCO3 content yielded reductions 
in collapsibility of 86 – 91%. 
 

Figure 4. Single oedometer curves for different samples with 

varying degrees of CaCO3 content 

 

Figure 5. Collapse Potentials in relation to CaCO3 content 

3.2 Double oedometer collapsibility 

The double oedometer programme has studied col-
lapse that could occur at stress levels of 100 and 200 
kPa if samples were wetted at those stress points. 
This was to understand the role played by overbur-
den pressures in determining the amount of collapse 
of samples. Figures 6 and 7 present curves of speci-
mens in this programme. In these curves, broken 
lines represent specimens soaked at the start of test-
ing (presoaked) while full lines are for specimens 
wetted or collapsed at the 300 kPa stress level. Inter-
estingly, deformations on the presoaked curves 
matched up with the single oedometer curves at the 
300kPa stress point and remained almost paired 
throughout.  

At lower (≤ 300 kPa) overburden stresses, defor-

mations remained low despite soaking and further 

settlements occurring above 300 kPa. This is a 

pointer to the fact that regardless of wetting fluid 

type, collapse may be dependent on the amount of 

overburden pressures, and full collapse of soils may 

only be achievable at pressures equivalent to those 

necessary for their complete compaction. This 

agrees with the findings of (Alan & Robert, 1988) 

that it is imperative to adopt stresses equivalent to 

those expected on site. 
 

Figure 6. Double oedometer curves for noncalcareous samples 

 

Figure 7. Double oedometer curves for different samples with 

varying degrees of CaCO3 content 

 

Surprisingly, presoaked noncalcareous samples 

yielded higher deformations compared to the calcar-

eous ones, especially at lower stress levels. Calcite 

was expected to dissolve when acid soaked, increas-

ing pore volume as well as weakening bonding to 

make room for greater deformations. This may be 

because the amount of solution soaking the calcare-

ous samples was not sufficient to completely dis-

solve the available CaCO3. This may be another rea-

son for the reduced deformations with increasing 

CaCO3 contents. Considering the presoaked curves 

for noncalcareous and moderately calcareous sam-

ples, clay/silt proportions appeared to control defor-

mations to some extent. Higher clay contents result-

ed in lower deformations which is a corroboration of 

the former Soviet Union 1960s practice of injecting 

clay suspensions into collapsible soils to reduce their 

deformability (Jefferson et al., 2005). Clay usually 

acts to both clog pores and bind material, reducing 
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pore volume and increasing bonding which normally 

reduces the degree of deformation. In strongly and 

very strongly calcareous soils, degree of deformation 

seemed to be influenced by other factors, which re-

main unclear. 

4 CONCLUSSIONS 

Calcium carbonate, when crystalized within silty-

clay soils, binds particles and thereby increases bear-

ing capacity. The precipitation of CaCO3 reduces 

pore volume making soil more compact. Hence, the 

more calcareous an undisturbed natural (or car-

bonated) sample is the higher its bearing capacity. 

In noncalcareous soils, or perhaps non-chemically 

bonded soils, collapse is mechanically controlled. 

Wetting fluid (distilled water or acid solution), has 

little or no impact on their collapsibility. Their col-

lapse mechanics depend on soil composition and 

structure.  

The collapsibility of calcareous samples is inter-

dependent on factors such as dry density, degree of 

calcareousness and wetting fluid. At certain low 

ranges of dry densities, the degree of calcareousness 

determines the collapsibility. Above this threshold 

soils become almost noncollapsible irrespective of 

calcareousness. However, the influence of the de-

gree of calcareousness is only clear where acid solu-

tion is applied as the wetting fluid (or collapse trig-

ger). 

Applying distilled water to investigate the impact 

of CaCO3 in collapsible soils can be misleading. 

Where distilled water was applied as the collapse 

trigger, collapsibility was only driven mechanically 

since calcite is insoluble in distilled water. To better 

understand collapse in calcareous soils, acid solu-

tions are the preferred option as wetting fluids in 

collapse testing. However, high degrees of calcare-

ousness renders the soils non-collapsible. This may 

be a result of strong bonds not being able to dissolve 

under the conventional oedometer system. The oe-

dometer cell used holds only a few milliliters of flu-

id.  

Double oedometer collapse testing revealed that 

deformations are independent of wetting order but 

depend largely on stress levels at wetting. This can 

be used to estimate the amount of collapse possible 

for a soil sample should it be wetted at any stage 

during its stress history.  
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