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 ABSTRACT 
 
 

The soil engineer needs to be able to readily identify difficult or problematic soils and to determine
the amount of settlement that may occur. This paper deals with the assessment and identification
of three types of difficult soils: collapsible soils, swelling soils, and liquefiable soils. In the first
instance, the study investigates the effect of some soil properties on wetting-induced collapse strain
and the swelling potential of soils. Also, two new methods for predicting soil collapse and swelling
potential are developed. The proposed relationships correlate between collapse strain and swelling
potential and some soil parameters which are believed to govern soil collapse and swelling.
Validation of these two relationships with some data reported in literature is also examined.
Furthermore, the paper describes the different steps suggested in a new procedure for soil
liquefaction assessment. The procedure was presented in the form of an evaluation guide. In
addition, a relationship was suggested for computing the potential for liquefaction. An application
of the proposed procedure to a practical case is included in order to validate and illustrate the
different steps to be followed in the suggested evaluation procedure. 
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1. INTRODUCTION AND BACKGROUND 
Difficult soils are those that make the 

construction of foundation extremely difficult. Due to 
the increase of land development all over the world, 
the need to deal with difficult soils has become 
essential. The best-known difficult or problematic 
soils are collapsible soils, expansive soils, liquefiable 
soils, sabkha soils, compressible soils, peat, etc. This 
investigation is concerned with three types of difficult 
soils: collapsible soils, expansive soils, and liquefiable 
soils. Expansion, liquefaction, and collapsibility of 
soils give rise to many geotechnical difficulties,
including inadequate bearing capacity, the potential 
for unacceptable settlements, and slope instability. In 
the following, some details about these three different 
soils are summarized. 

Collapsible soils are defined as any unsaturated 
soils that go through a radical re-arrangement of 
particles and a great volume decrease upon wetting,
with or without additional loading. The most extensive 
deposits of collapsible soil are aeolian or 
wind- deposited sands and silts (loess). However, in 
addition to these deposits, there is a wide variety of 
other types of deposits which have been identified as 
having an unstable structure. These are in alluvial 
flood plains, fans and mudflows, colluvial deposits, 
residual soils, volcanic tuffs, and man-made fill. 

Most of the work carried out on the parameters 
governing the collapse of partially saturated soils have
focused on the initial dry density, moisture content, 

degree of saturation, and overburden pressure. The 
influence of these factors on the amount of collapse 
has been investigated by several researchers. Most of 
them have agreed that for a given moisture content, the 
amount of collapse increases with the dry density. 
Meanwhile, for any given dry density, the magnitude 
of collapse decreases with increasing moisture 
content, and there is a critical moisture content above 
which no collapse occurs (e.g., Booth, 1975; Lefebvre 
et al., 1989; Lawton, 1989). At a given dry density, the 
overburden stress level at which the maximum amount 
of collapse takes place varies inversely with the 
compaction water content (e.g., Booth, 1975; Cox, 
1978; Lawton, 1989). Moreover, there is a critical 
degree of saturation beyond which the soils do not 
appear to be susceptible to collapse. Booth (1975,
1977) and Geneshan (1982) proposed a critical degree 
of saturation of 50–60 %. Markin (1969) and Prusza 
and Choudry (1979) suggested slightly higher values, 
between 60 % and 65 %. 

For the identification of collapsible soils, 
different criteria have been adopted or established by 
different investigators. Most of the criteria reported in 
the literature before 2010 were reviewed by Ayadat et 
al. (2011). Many other research works were carried out 
in the last decade to investigate the parameters 
affecting soil collapse and to develop empirical 
equations in order to correlate the amount of soil 
collapse to soil properties (e.g., Lommler and Bandini, 
2015; Li et al., 2016; Bigdeli and Siddiqua, 2016; Ping 
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and Vanapalli, 2018; Bigdeli, 2018). However, the 
proposed correlations for soil collapse consider only 
the interrelation between traditional factors such as 
dry density, moisture content, or degree of saturation. 
These methods do not take into account the influence 
of the soil particle distribution, clay content, and 
chemical composition of assessed soils. It was 
observed that the phenomenon of suffusion 
(grain- movement in a ground layer from one horizon 
to another during wetting up) is one of the main causes 
of collapse (Ayadat et al., 1998). Furthermore, it is 
believed that a more reliable and trustworthy 
prediction method should include most of the 
parameters governing soil collapse, such as dry unit 
weight, degree of saturation, clay content, soil particle 
size distribution or equivalent diameter, applied 
pressure, and chemical composition of soil. 

Expansive soils are defined as any unsaturated 
soils or rocks that have the ability to shrink or expand 
when a change in their environment and moisture 
conditions occurs. Expansive soil is a worldwide 
problem, causing more damage to structures, 
particularly light buildings and pavement, than any 
other natural hazard, including earthquakes and 
floods. 

The origin of expansive soils is related to 
a complex combination of conditions and processes 
that result in the formation of clay minerals having 
a particular makeup which, when in contact with 
water, will expand. The conditions or processes that 
determine the clay mineralogy include the 
composition of the parent material and the degree of 
physical and chemical weathering to which the 
materials are subjected. The areas most susceptible to 
expansive clay activity have the following climatic 
characteristics: very high evaporation or 
evapotranspiration rates during some time of the year,
sufficient rainfall to wet the soil thoroughly to depth 
of at least 76 cm, and a long dry period followed by 
a period of wet weather. 

The amount of expansion in a soil depends on 
many factors. The most influential factors are the 
mineralogical composition of the soil particles, soil 
and pore water chemistry, soil suction, soil structure 
and fabric, initial moisture content, initial dry density, 
thickness of the expansive soil layer, depth of the 
active zone, permeability, state of stress, and climate. 
Experimental studies on expansive soils show that the 
percentage of the expansion of a soil increases 
proportionally to its unit weight, limit of liquidity, clay 
content, indexes of liquidity, plasticity, and shrinkage, 
as well as its pressure of preconsolidation (Seed et al., 
1962; Ranganatham and Satyanarayana, 1965; Nayak 
and Christensen, 1971; Vijayvergiya and Gazzhaly,
1973). It was also reported that swelling of an 
expansive soil is inversely proportional to its natural 
moisture content. The highest percentages of 
expansion observed and reported in the literature are 
on the order of 160 % (Komornik and David, 1969). 

Determination of expansive soils and 
quantification of their swelling potential and the 
pressure caused by their expansion are essential in 
geotechnical engineering. Therefore, it is necessary to 
develop models to predict the swelling pressure and 
swelling potential of expansive soils. Considerable 
studies have been done in an attempt to evaluate the 
expansion behavior of plastic clays. Researchers have 
given greater attention to empirical investigations of 
the expansion behavior of compacted and natural soils 
(Holtz and Gibbs, 1956). In general, numerous 
experimental techniques have been suggested to 
determine and classify the swelling characteristics of 
expansive soils. Interpretations used to qualify 
expansive clays are not only dissimilar but also based 
either on soil index properties or results taken directly 
from swelling determination tests. Many criteria have 
been proposed to identify and characterize expansive 
soil, such as the liquid limit, plasticity index, 
shrinkages limit, free swell index, percent free swell,
and modified free swell index (e.g., Derriche and
Kebaili, 1998; Muntohar, 2000; Erzin et al., 2004; Lin 
and Cerato, 2011; Israr et al., 2014; Forouzan, 2016; 
Diana et al., 2018). However, these methods do not 
take into consideration the influence of effective stress 
at sampling depth, shrinkage index, and liquidity 
index of the evaluated soils. Moreover, as stated 
previously, a more reliable prediction method should 
include most of the parameters which are believed to 
govern swelling potential, such as dry unit weight, 
moisture content, clay content, plasticity index, 
liquidity index, shrinkage index, and effective stress at 
sampling depth. 

Soil liquefaction is a geological phenomenon 
which is generally sudden and severe, albeit 
temporary, whereby a water-saturated soil loses part 
or all of its bearing capacity, leading to the 
submergence of heavy structures in the ground. 
Earthquake waves cause pore water pressure to 
increase in a saturated sandy soil and the sand grains 
to lose contact with each other, leading the sediment 
to lose its shearing strength and behave like a liquid 
for a short time (JSSMFE, 1985). When liquefaction 
occurs, the ability of a soil deposit to support the 
foundations of buildings and bridges is reduced,
causing turnover (loss of bearing capacity). Quite 
often, geotechnical engineers have the challenge of 
dealing with difficult soils such as loose granular soil 
susceptible to liquefaction. Today, valuable 
experience has been achieved in classifying and 
testing this type of soil. 

The factors influencing liquefaction can be 
grouped into three categories, namely, soil properties 
(unit weight, particle size distribution, fine or clay 
content, plasticity index, relative density, degree of 
saturation, structure of skeleton, shear modulus;
Huang, 2019), geological conditions (water table, 
geological age, overconsolidation ratio, initial static 
shear strength, boundary conditions against seepage, 
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 drainage conditions), and earth motions (magnitude of 
earthquake, horizontal acceleration, number of cycles 
or duration, direction of shearing). 

Given the speed, suddenness, and 
unpredictability of this phenomenon, soil liquefaction 
may cause partial or total destruction of buildings and 
even loss of lives. In addition, it may cause the 
penetration of constructions into the ground. The only 
prevention technique and protection (in the case of 
liquefiable soil) is adequate identification of soils, 
followed by a suitable foundation design for structures 
and other facilities. There are various criteria for 
determining a soil’s susceptibility to liquefaction, 
including historical, geological, compositional, and 
soil condition criteria (e.g., Kramer, 1996). Various 
methods for identifying soil liquefaction from 
a relatively simple index have been suggested by 
several workers in the field. Different methods 
available in literature for the determination of soil 
liquefaction susceptibility, based on a standard 
penetration test (SPT), have been suggested (e.g., Seed 
and Idriss, 1967; Seed and Idriss, 1971, Seed and
Peacock, 1971; Seed et al., 1983; Seed et al., 1984; 
Seed et al., 1997; Youd et al., 2001). These methods, 
which remain an important means for evaluating soil 
liquefaction, have been revised by many researchers 
due to some shortcomings, such as the variable nature 
of the SPT (e.g., Skempton, 1986; Stark and Olson, 
1995, Blake, 1997; Rauch, 1998). Moreover, many 
other methods have been developed for soil 
liquefaction assessment, including geophysical 
methods (e.g., Tokimatsu and Uchida, 1990; 
Robertson et al., 1992), the cone penetration test 
(CPT)-based method (e.g., Robertson and
Campanella, 1985; Olsen, 1997; Robertson and
Wride, 1998; Baziar and Esna-Ashari, 2004; 
Esna- Ashori and Baziar, 2004; Mosset al., 2006), 
strain energy concept (e.g., Baziar and Jafarian, 2007), 
artificial neural network (ANN) methods based on 
CPT data (e.g., Goh, 1996 and Baziar and Nilipour, 
2003), capacity energy (e.g., Baziar and Jafarian, 
2007), and the least square support vector machine 
(LSSVM) based on CPT data (e.g., Samui and 
Karthikeyan, 2013). However, a simple procedure for 
soil liquefaction assessment is consistently convenient 
in any geotechnical project. Furthermore, computing 
the potential for liquefaction is crucial in any soil 
investigation. 

This paper deals with the assessment and 
identification of three types of difficult soils. In the 
first instance, the study investigates the effect of some 
soil properties on wetting-induced collapse strain and
the swelling potential of soils. Also, two new methods 
for predicting soil collapse and swelling potential are
developed. The proposed relationships correlate 
between collapse strain and swelling potential and 
some soil parameters which are believed to govern soil 
collapse and swelling. Validation of these two 
relationships with some data reported in literature is 
considered. Furthermore, the paper contains 
a description of the different steps suggested in a new 

procedure for soil liquefaction assessment. The 
procedure is presented in the form of an evaluation 
guide. In addition, a relationship is suggested for 
computing the potential for liquefaction. An 
application of the proposed procedure to a practical 
case is included in order to validate and illustrate the 
different steps to be followed in the suggested 
evaluation procedure. 

 
2. METHODOLOGY 

For the assessment of collapsible and expansive 
soils, an experimental program was carried out using 
the consolidation test. On the other hand, the 
evaluation of soils’ liquefaction susceptibility was 
based on the analysis of many liquefaction cases 
observed in the field and in laboratory works, and 
according to the results of a large number of 
verifications performed by the author on different 
soils. 

For collapsible soils, a series of tests were 
performed on reconstituted soil specimens. The 
samples were prepared carefully in order to duplicate 
the soils encountered in a collapsible area in the region 
of Biskra. Due to soil disturbance and the difficulty of 
trimming a sample from soil cores extracted by 
drilling, the tests were conducted on reconstituted 
samples. Biskra is located in southeastern Algeria, 
about 400 km from Algiers. It has a desert climate, and
throughout the year, rain is practically non-existent. 
According to the Köppen-Geiger classification, the 
climate is BWh. Biskra has an average annual 
temperature of 21.8 °C and an average precipitation of 
141 mm. 

Drillings were carried out using a drilling 
machine type Simco assembled on trailer and 
equipped for ground sampling. Boreholes reached 
depths between 3.0 m and 11.5 m. During the drilling 
operation, disturbed samples of soil were obtained at 
interval of 0.6 to 1.5 m depth. A standard ’’B’’ split 
spoon, with an inside diameter of 38 mm, was used to 
perform the standard penetration test (SPT) as per the 
specification D1586 /D1586M-18. In order to increase 
the soil recovery following a poor recuperation of 
sample, a ‘’N’’ split spoon with an inside diameter of 
50 mm was used (Photos 1 and 2). 

Ten samples were prepared for testing in the 
oedometer test machine. The samples were 
reconstituted from the soil cores extracted from 
different boreholes. The particle size distributions, 
physical properties, and mineralogical compositions 
of the prepared soils are presented in Figure 1 and 
Table 1. 

All the tests were performed in a conventional 
oedometer cell of 50 mm diameter and 20 mm 
thickness. The samples were inundated from the 
bottom center of the cell through a porous stone of 
50 mm diameter and 5 mm thickness. The inundation 
was conducted by filling the space surrounding the soil 
specimen by water so that the distance between the cell 
top and the water-free surface was kept constant and 
did not exceed a few millimeters. The samples were 
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Photo 1 Field-drilling works for collapsible soils. Photo 2 Field sampling of collapsible soils. 

 
Soils 

Equivalent 
Diameter (mm) 

Dry Unit Weight, 
γd (kN/m3) 

Percentage of 
Particles < 2µm (%) 

Degree of 
Saturation (%) 

CaO (%) Al2O3 
(%) 

S1 0.0267 17.52 4 62.67 45.46 5.54
S2 0.0239 17.0 6 49.55 47.5 6.32
S3 0.0222 16.21 8 37.98 49.1 6.97
S4 0.0210 15.86 11 27.65 50.33 7.48
S5 0.0190 15.12 14 15.12 53.18 8.33
S6 0.0170 15.0 18 09.45 54.46 8.90
S7 0.0147 15.51 22 19.76 56.34 10.01
S8 0.0135 16.04 27 33.22 57.47 10.45
S9 0.0118 16.55 33 45.82 58.91 11.31
S10 0.0089 17.18 49 54.67 60.66 12.38
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Fig. 1 Particle size distribution of the different soils tested.

Table 1 Characteristics of the different soils tested.

placed in the oedometer cell, and the procedure 
followed for testing was that used by Ayadat and 
Hanna (2007a). The soil was placed in the oedometer 
cell in two layers by compaction using an impact 
hammer similar to that used by Ayadat and Hanna 
(2007b). Conventional consolidation-collapse tests at 
natural moisture content were conducted; the load on 

top of the soil sample was applied incrementally to 
reach the required testing load of 200 kPa (ASTM 
D- 5333, 2003). At the end of this loading, the 
specimen was fully saturated by inundating the cell
with distilled water and leaving it for 24 hours; then,
the consolidation test was performed up to the 
maximum loading limit. The vertical displacement of 
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 soil specimen was measured by a dial gage mounted 
on the top of the specimen. The most common method
to calculate the collapse potential of soil is proposed 
in ASTM D-5333 (2003). It is worth mentioning
herein that Jennings and Knight (1975) were the first 
to use a vertical total stress of 200 kPa, at which the 
samples’ saturation was carried out. Moreover, in 
order to investigate the influence of the applied stress 
(σ) on the wetting-induced collapse strain, a series of 
oedometer tests were carried out on soils S2, S4, S6,
and S7. Five different stresses were considered, 
namely 50, 100, 200, 300, and 400 kPa, in addition to 
the conventional oedometer tests at initial moisture 
content and at saturation. The wetting-induced 
collapse strain was calculated using the following 
equation: 𝜀௖ = ௱௘೎ଵା௘೚                                                                    (1)

where: 
Δec = change in the void ratio due to inundation, 
eo = initial void ratio. 

For expansive soils, a series of tests were 
performed on undisturbed soils specimens. The 
samples were trimmed from sample cores extracted 
from thin-wall tube (Shelby) samplers. The Shelby 
tube is commonly used to obtain relatively 
undisturbed samples of cohesive soils for 
consolidation testing (D1587/D1587M-15). The tested 
samples were seized from thin-wall tube samplers 
retrieved from a series of boreholes undertaken in the 
region of M’Sila. This region is also located in 
southeastern Algeria, about 300 km from Algiers. It 
is located at 483 m of altitude. A steppe climate is 
present in M’Sila, and throughout the year there is 
little rainfall. The climate map of Köppen-Geiger 
classifies the climate there as BSk type. M'Sila has an 
average annual temperature of 15.8 °C and an average 
annual precipitation of 229 mm. 

Expansive clays of the region of M’Sila are 
classified as low-to high-plastic clays (CL to CH), 
overconsolidated, and having very low sensitivity. 
They belong to subclass A4 and are considered as low 
fragmentary (Khemissa et al., 2008; Mahamedi and
Khemissa, 2013, 2014; Khemissa and Mahamedi, 
2014). 

Laboratory tests to measure the magnitude of 
one-dimensional wetting-induced free swell of 
unsaturated undisturbed soils were conducted by 
simple oedometer test apparatus according to ASTM 
D4546-90, Method A. Twelve specimens were tested;
despite their common origin, they had relatively 
different physical and chemical properties. The clay 
specimen was placed at natural moisture content in the 
oedometer cell under a vertical pressure of 7 kPa. This 
pressure was adopted only to avoid any disturbance of 
the soil sample. The specimen was then flooded 
(similarly to the case of collapsible soils) and left to 
swell freely until the end of the swelling process. The 
wetting-induced free swell was calculated using the 
following equation: 
 

𝜀௦ = ௱ுு೚ (2)
 

where: 
ΔH = change in the specimen height due to 

inundation, 
Ho = initial height of the soil specimen. 
 

It is worthy to note that the effects of sampling 
disturbance in soils and the consequences of different 
sample quality on the representativeness of soil 
parameters are well established. Safe and 
cost- effective geotechnical design is critically 
dependent on the representativeness of soil 
parameters, as these affect the accuracy of the 
associated predictions. However, in the present 
investigation tests were conducted on intact 
undisturbed soil specimens for the case of swelling 
and liquefiable soils. Whereas, for collapsible soils, 
they were performed on laboratory reconstituted or 
remolded samples. The reconstituted soil specimens 
were carefully prepared in the consolidation ring from 
disturbed soil cores. The soil was compacted into the 
consolidation ring, making sure that the soil was 
tightly packed into the ring and there were no sampling 
disturbance. 

For the case of liquefiable soils, as indicated 
previously, the evaluation of soils’ liquefaction 
susceptibility was based on the analysis of many 
liquefaction cases observed in the field and in 
laboratory works, and according to the results of 
a large number of verifications performed by the 
author on different soils. All the verifications were 
conducted using the method proposed by Prakash 
(1981) and the method developed by the NCEER 
working group (NCEER, 1997). For this reason, these 
two methods are summarized herein. These two 
methods were selected among many other approaches 
because of their simplicity and because they are 
prevalently used. 

In the method proposed by Prakash (1981), the 
principle is to calculate the shear stress induced by an
earthquake (τav) and compare it to the critical soil shear 
strength (τcr). If τav is greater than or equal to τcr at 
a given depth, the soil is potentially liquefiable (Youd 
et al., 2001; Seed et al., 2003). The shear stress 
induced by earthquake (τav) in the granular deposit is 
given as (Prakash, 1981): 𝜏௔௩ ≈ 0.65 × ఊ௛௚ 𝑎௠௔௫ × 𝑟ௗ (3)
where: 
τav = the average (equivalent) shear stress induced 

by earthquake, 
amax = maximum acceleration at the ground surface 

(peak ground acceleration, PGA), 
rd = factor of correction for deformable body/rigid 

body, 
0.65  = mean equivalent shear stress (τav) / maximum 

shear stress, 
γ = unit weight of soil, in kN/m3 (γsat below 

ground-water level). 
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The critical shear strength of soil (τav) can be 
estimated using the following equation (Prakash, 
1981): 

 ቀ ఛఙబ′ ቁ௧஽ೝ ≅ ቀఙ೏೎ଶఙೌቁ௧ହ଴ 𝑐௥ ஽ೝହ଴        (4)
 

where: 
Dr = relative density, 
cr = correction factor (Seed & Idriss, 1971),
σ'0 = effective stress (γ'H, with γ' = γsat - γw),
σdc = cyclic deviator stress, 
σa = consolidation pressure, 
σdc / 2σa = determined empirically (Seed and Idriss, 

1971), 
D50 = mean particle size (taken from particle 

size distribution).
  

The method developed by the NCEER working 
group (NCEER, 1997), as modified by Seed et al. 
(2003), is addressed in the form of a chart (Figure A1, 
Appendix A). In this chart, boundaries separating 
liquefiable and non-liquefiable soils are suggested for 
different soil fine particle contents. The chart is based 
mainly on a comparison between the cyclic stress ratio 
(CSR) and the modified SPT N-value (N1)60. The 
cyclic stress ratio can be computed using the following 
equation (Equation 5, NCEER, 1997): 

 𝐶𝑆𝑅 = 0.65 ቀ௔೘ೌೣ௚ ቁ ቀఙೡ೚ఙೡ೚′ ቁ 𝑟ௗ (5)
 

where: 
amax = peak horizontal acceleration at ground surface 

generated by earthquake, 
g = acceleration of gravity, 
σvo and σ’vo = total and effective stresses, 
rd = 1.0 – 0.00765×z for z ≤ 9.16 m, 

rd= 1.174 – 0.0267×z for 9.15 m < z ≤ 23 m, 
rd = 0.744 – 0.008×z for 23 < z ≤ 30 m, 
rd = 0.50   for z > 30 m. 
 

(N1)60 is the SPT N-value corrected for field 
procedures and the apparatus (effective overburden 
stress and energy, equipment and procedure factors). 
Recommended corrections for this modified standard 
penetration test (N1)60 can be taken from Robertson 
and Wride (1998), as modified from Skempton (1986).
 
3. TEST RESULTS AND ANALYSIS 

The aim of this investigation is the assessment 
and identification of three types of difficult soils, 
namely collapsible soils, expansive soils, and 
liquefiable soils. For this purpose, a parametric study
was conducted in order to investigate the influence of 
some soil parameters on wetting-induced collapse 
strain, wetting-induced free swelling, and soil 
liquefaction susceptibility. 

The parameters considered for collapsible soils 
are dry unit weight, degree of saturation, clay content, 
equivalent diameter, applied pressure prior to 
wetting- up, and chemical composition. The variation 
of collapse strain with dry unit weight is presented in 
Figure 2. It is clear from this figure that wetting-
induced collapse strain decreases when dry unit 
weight increases. The collapse is inversely 
proportional to the dry unit weight, and the 
relationship can be considered as linear, with 
a coefficient of correlation of R = 0.965. The 
relationship can be presented by the following 
equation: 

 𝜀௖(ଵ) = −5.33 × 𝛾ௗ + 92.2 (6)
 

y = -5.3286x + 92.216
R² = 0.9235
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Fig. 2 Variation of wetting-induced collapse strain versus dry unit weight. 
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Fig. 3 Variation of wetting-induced collapse strain versus degree of saturation. 
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where: 
γd = dry unit weight of soil (kN/m3), 
εc(1) = wetting-induced collapse strain related to γd

(%). 
Figure 3 shows the variation of wetting-induced

collapse strain with the degree of saturation. 
According to this figure, the collapse strain decreases 
with the soil’s degree of saturation. It can be noted that 
the collapse strain is inversely proportional to the 
degree of saturation, and their correlation is 
exponential, with a coefficient of correlation 
R = 0.972. This correlation can be presented by the 
following equation: 

 𝜀௖(ଶ) ≈ 32 × 𝑒ି଴.଴ହௌೝ (7)
 

where: 
Sr = degree of saturation of soil (%), 
εc(2) = wetting-induced collapse strain related to Sr

(%). 
 

It is worthy to note that, since the moisture 
content varies linearly with the degree of saturation for 
a given void ratio (i.e. for a given dry unit weight), it 
can be considered that the variation of the wetting 
induced collapse versus moisture content would 
follow the same trend as that observed for the degree 
of saturation. 

The effect of clay content and soil grading or 
particle size distribution on the wetting-induced
collapse strain is presented in Figures 4 and 5, 
respectively. In this investigation, the particle size 
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Fig. 5 Variation of wetting-induced collapse strain versus equivalent diameter. 

distribution is represented by the soil equivalent 
diameter, De (Ayadat et al., 2007c). It can be deduced 
from these figures that the curves representing these 
variations have the shape of almost symmetrical bell 
curves, called Gauss curves. Each curve almost has an 
axis of symmetry at the mean or median. Therefore, 
they can be approximated by the following function: 

 𝑓(𝑥) = ଵఙ√ଶగ 𝑒ିభమቀೣషഋ഑ ቁమ
  (8)

 

where: 
µ = the curve is centered on the mean, 
σ = the difference of the abscissa between the top 

of the curve and the point of inflection. 
 

Based on the curves shown in Figures 4 and 5, 
the relationship between wetting-induced collapse and 
the clay content or the equivalent diameter can be 
presented, respectively, by the following equations: 

 𝜀௖(ଷ) = ଵଵହ 𝑒ିభమቀ಴షభళల ቁమ
 (9)

 𝜀௖(ସ) = 13.3 × 𝑒ିభమቀವ೐షబ.బభఴలబ.బబయ ቁమ
 (10)

 

where: 
C = clay content of soil (%), 
De = equivalent diameter (mm), 
εc(3) = wetting-induced collapse strain related to C

(%), 
εc(4) = wetting-induced collapse strain related to De

(%). 
The effect of the mineralogical compositions of 

the different tested soils on the wetting-induced
collapse strain was evaluated through the main 
chemical components, CaO and Al2O3 (Figures 6 and 
7). From these figures, it can be noted that the 
variations of collapse strain with CaO and Al2O3

contents follow similar trends as those observed for 
clay content and equivalent diameter. The maximum 
values of εc were obtained for 53.5 % CaO and 8.7 % 
Al2O3. The correlations between CaO and Al2O3 and 
wetting-induced collapse strain can be approximated 
by the following equations: 
 𝜀௖(ହ) = ଵ଻.ହଶ × 𝑒ିభమቀ಴ೌೀషఱయ.ఱయ ቁమ

 (11)
 𝜀௖(଺) = ଵଷ × 𝑒ିభమቀಲ೗మೀయషఴ.ళభ.మ ቁమ

 (12)
 
where: 
CaO = CaO content of soil (%), 
Al2O3= Al2O3 content of soil (%), 
εc(5) = wetting-induced collapse strain related to CaO

(%), 
εc(6) = wetting-induced collapse strain related to Al2O3

(%). 
 
Figure 8 shows the variation of void ratio versus 

load at different wetting-up stresses for soil S6. It can 
be noted from this figure that, due to inundation at 
a given applied stress, the consolidation curve of the 
soil passed from the curve of the unsaturated state (i.e., 
at initial moisture content) to the curve of the saturated 
state. It can be concluded that the wetting-induced 
collapse strain of a soil under any applied stress can be 
taken as the difference between the consolidation 
strains of the soil in the saturated and unsaturated 
states. Figure 9 represents the variation of the 
wetting- induced collapse strain versus the wetting-up 
stresses for soils S2, S4, S6, and S7. It was found that 
for an applied stress in the range tested (i.e., 
50 kPa ≤ P ≤ 400 kPa), the collapse strain varies 
linearly with the applied stress. This finding is an 
agreement with Lutenegger and Saber (1988), Adnan 
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Fig. 7 Variation of wetting-induced collapse strain versus Al2O3 content. 

and Erdil (1992), and Ayadat et al. (2007c). The 
wetting-induced collapse strain can be correlated to 
the wetting-up stress by the following relationship: 𝜀௖(଻) = 0.005 × 𝜎 + 𝑏 (13)
 

where: 
σ = inundating stress (kPa), 
b = coefficient, which depends on the soil type (it 

was found that b = -1179×De + 28.85), 
De = equivalent diameter of soil (mm), 
εc(7) = wetting-induced collapse strain related to σ

(%). 
 

According to the classification adopted for 
collapsible soils, soils are considered not susceptible 

to collapse if εc is less than 1 (ASTM D-5333, 2003). 
Based on the results presented in Figures 2–7, it can 
be advanced that the critical dry unit weight (γd) and 
degree of saturation (Sr) above which no collapse 
occurs are γd > 17.2 kN/m3 and Sr > 55 %. Also, the 
maximum values of wetting-induced collapse strain of 
soils is reached when the clay content C = 17 %, 
equivalent De = 0.0186 mm, or the percentage of CaO 
is 53.5 % and Al2O3 is 8.7 %. Furthermore, the 
wetting-induced collapse strain of soils can be 
estimated by the following expression: 

 𝜀௖ = ଵ௡ ∑ 𝜀௖(௜)௡௜ୀଵ   (14)
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where: 
n  = number of soil parameters (e.g., n = 7 in case 

all soil parameters examined in the present 
investigation are considered), 

εc  = wetting-induced collapse strain of the 
evaluated soil (%). 
The parameters considered in this investigation 

for expansive soils are dry unit weight, moisture 
content, plasticity index, liquidity index, shrinkage 
index, clay content, and the ratio between effective 
stress and atmospheric pressure. The effective stress 
represents the effective overburden stress at the 
sampling depth of the specimens (σ = γ’z). The 
influence of the dry unit weight and moisture content 
on the wetting-induced free swelling is shown in 
Figures 10 and 11, respectively. It is clear from 

Figure 10 that wetting-induced free swelling increases 
when the dry unit weight increases. This can be 
explained by the fact that overconsolidated clays are 
more prone to swelling than normally consolidated 
clays. As reported by Figure 11, wetting-induced free 
swelling decreases as moisture increases. The 
variation of wetting-induced free swelling with the dry 
unit weight and the moisture content can be presented 
by the following expressions, respectively: 

 𝜀௦(ଵ) = 0.012 × 𝑒଴.ଷ଻଼ఊ೏  (15)
 𝜀௦(ଶ) = 60.85 × 𝑒ି଴.ଵ଼଼௪బ  (16)

 

where: 
γd = dry unit weight (kN/m3), 
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Fig. 10 Variation of wetting-induced free swelling versus dry unit weight. 
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Fig. 11 Variation of wetting-induced free swelling versus moisture content. 

w0 = moisture content (%), 
εs(1) = wetting-induced free swelling related to γd (%),
εs(2) = wetting-induced free swelling related to w0 

(%). 
The variation of wetting-induced free swelling 

versus the plasticity index, liquidity index, and 
shrinkage index is illustrated respectively in 
Figures 12, 13, and 14. The shrinkage index is defined 
as the difference between the liquidity and shrinkage 
limits (IR = LL – SL). It can be deduced from these 
figures that wetting-induced free swelling increases 
along with the plasticity index, whereas it decreases 
when the liquidity index or shrinkage index increases. 
However, the relationship or the correlation between 
any of these three parameters and wetting-induced free 

swelling adheres to an exponential function with 
a coefficient of correlation ranging between R = 0.912 
and 0.928. The different correlations can be presented 
by the following equations: 

 𝜀௦(ଷ) = 0.303 × 𝑒଴.଴଼ଶூ௉                                       (17)
 𝜀௦(ସ) = 3.175 × 𝑒ିହ.଴ூ௅  (18)
 𝜀௦(ହ) = 1775 × 𝑒ି଴.଴଼ூோ  (19)
 

where: 
IP = plasticity index, 
IL = liquidity index, 
IR = shrinkage limit, 
εs(3) = wetting-induced free swelling related to IP

(%), 
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Fig. 12 Variation of wetting-induced free swelling versus plasticity index. 
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Fig. 13 Variation of wetting-induced free swelling versus liquidity index. 

εs(4) = wetting-induced free swelling related to IL
(%), 

εs(5) = wetting-induced free swelling related to IR
(%). 

 

Figure 15 shows the variation of the clay content 
on the wetting-induced free swelling. As noted from 
this figure, increasing the clay content leads to an 
increase on the wetting-induced free swelling. This 
observation concords well with the findings of Nayak 
and Christensen (1971) and Vijayvergiya and 
Gazzhaly (1973). The wetting-induced free swelling 
can be correlated by the following relationship: 

 

𝜀௦(଺) = 1.182 × 𝑒଴.଴ସହ஼ (20)
 

where: 
C = clay content 
εs(6) = wetting-induced free swelling related to C (%)

 

The influence of the ratio ఙ,௉ೌ  on the wetting-
induced free swelling is presented in Figure 16. The 
free swelling increases when this ratio increases. This 
can be explained by the fact that clays located at 
deeper depth are subjected to large overburden 
stresses and are more confined, so they are more 
overconsolidated than clays at shallow depth. The 
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Fig. 14 Variation of wetting-induced free swelling versus shrinkage index. 
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Fig. 15 Variation of wetting-induced free swelling versus clay index. 

variation noted in Figure 16 can be represented by the 
following equation: 

 𝜀௦(଻) = 2.671 × 𝑒ହ.଼ଵ ഑,ುೌ (21)
 

where: ఙ,௉ೌ  = ratio (σ’ is the effective stress applied on 
specimen at sampling depth, and Pa is the 
atmospheric pressure), 

εs(7) = wetting-induced free swelling related to ఙ,௉ೌ  (%).
It can be concluded that the wetting-induced free 

swelling of soils can be estimated by the following 
expression: 

𝜀௦ = ଵ௡ ∑ 𝜀௦(௜)௡௜ୀଵ  (22)
 

where: 
n  = number of soil parameters (e.g., n = 7 in case 

all soil parameters examined in the present 
investigation are considered), 

εs = wetting-induced free swelling of the evaluated 
soil (%). 
 

For the case of liquefiable soils, as mentioned 
based on many liquefaction cases observed in the field 
and in laboratory works, and according to the results 
of a large number of verifications performed on 
different soils to evaluate their liquefaction 
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Fig. 16 Variation of wetting-induced free swelling versus versus the ratio σ’/Pa. 

susceptibility using the two methods described 
previously, namely the methods of Prakash (1981) and 
the NCEER working group (NCEER, 1997), a new 
procedure or evaluation guide was developed for the 
purpose of liquefaction assessment based on a rapidly 
performed index. It was realized from these 
observations and evaluations that the different 
conditions suggested to assess the susceptibility of 
a given soil to liquefaction can be grouped into five 
different conditions, summarized as follows: 

 

Condition 1: 
The site of the projected construction should be 

located in an active seismic zone, where the maximum
acceleration at the ground surface (peak ground 
acceleration, PGA) has to be greater than 0.13. 

 

Condition 2: 
The evaluated soil deposit must be granular and 

submerged or situated below the water table (i.e., 
mostly or fully saturated, where its degree of 
saturation Sr ≥ 95 %). 
 

Condition 3: 
Furthermore, the particle size distribution of the 

soil has to be checked against the curves shown in 
Figure A2 (Appendix A). The grading curve of the 
tested soil should lies within the suggested boundaries 
of this figure. By considering diameters D15, D50 and 
D85, these boundaries can be summarized as follows: 
• Liquefiable soil: 0.05 ≤ D15 ≤ 0.44 and 

0.08 ≤ D50 ≤ 0.70 and 0.14 ≤ D85 ≤ 1.2 
• Potentially liquefiable: 0.014 ≤ D15 ≤ 0.05 and 

0.02 ≤ D50 ≤ 0.08 and 0. 032 ≤ D85 ≤ 0.14  
 Or 0.44 ≤ D15 ≤ 1.4 and 0.70 ≤ D50 ≤ 1.9 and 
1.2  ≤ D85 ≤ 3.5 

 

 

Condition 4: 
The soil has to be in a loose to medium-dense 

state (i.e., on the standard penetration test index, 
N ≤ 20). This value of N corresponds to a soil unit 
weight on the order of 17.5 kN/m3 (Bowles, 1997). 
However, susceptibility to liquefaction for soil having
between 20 and 30 blows/30 cm has also been 
observed, and liquefaction in such case should not be 
ruled out. 

 

Condition 5: 
If the soil deposit is not located at the ground 

surface, verification should be carried out as per 
Figure A3 (Appendix A). According to this figure, 
a granular soil deposit is considered as susceptible to 
liquefaction if its thickness fulfills one of the 
following relationships: 
• when a = 0.2: H2 ≥ H1 and  H1 ≤ 3.0 m
• when a = 0.3: H2 ≥ 0.67H1 and  H1 ≤ 6.0 m
• when a = 0.4 to 0.5: H2 ≥ 0.47H1 and 

 H1 ≤ 8.5 m  
 

For simplicity and convenience, these five 
conditions were grouped and presented in a table as an 
evaluation guide (Table 2). It is worthwhile to note 
that (Table 2): 
• For items 1, 2, 3.1, 4.1, 5.1, 5.2, and 5.3, if the 

condition is fulfilled, a value of 1 is assigned in 
column 4, whereas 0 is assigned if the condition 
is not fulfilled. 

• For items 3.2 and 4.2, if the condition is fulfilled, 
a value of 0.5 is assigned in column 4. This is 
because the soil is only potentially liquefiable 
(i.e., the probability is 50 %). 
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Table 2 Evaluation guide for soil liquefaction assessment. 
Conditions Item Evaluation

Condition to be Checked Fulfilled or Not 
Fulfilled* 

Potential of 
Liquefaction

Condition #1 1 a ≥ 0.13   

Condition #2 2 Saturated (S ≥ 95 %)  
 
Condition #3 

 
3.1 

0.05 ≤ D15 ≤ 0.44 and 0.08 ≤ D50 ≤ 0.70 and 
0.14 ≤ D85 ≤ 1.2

 

 
 
 
3.2 

0.014 ≤ D15 ≤ 0.05 and 0.02 ≤ D50 ≤ 0.08 and 
0. 032 ≤ D85 ≤ 0.14

 

0.44 ≤ D15 ≤ 1.4 and 0.70 ≤ D50 ≤ 1.9 and  
1.2 ≤ D85 ≤ 3.5

 
Condition #4 

4.1 0 ≤ N ≤ 20  
4.2 20 < N ≤ 30  

 
Condition #5 

5.1 H2 ≥ H1 and H1 ≤ 3.0 m (for a = 0.2)  
5.2 H2 ≥ 0.67H1 and H1 ≤ 6.0 m (for a = 0.3)  
5.3 H2 ≥ 0.47H1 and H1 ≤ 8.5 m (for a = 0.4 – 0.5)  

 Total = Σ 

Table 3 Validation of Equation (14) developed for estimating wetting-induced collapse strain. 

Reference De  
(mm) 

γd 
(kN/m3) 

C  
(%) 

Sr  
(%) 

σ 
(kPa) 

CaO 
(%) 

Al2O3 
(%) 

εc (%) 

Equation (14) Testing 
Present 

Investigation 
0.01904 15 18 09.5 200 53.18 08.9 14.86 14.32
0.0135 16.04 27 33.22 200 49.1 10.45 6.51 6.01
0.02394 17 06 49.55 200 58.91 06.32 2.38 2.03

Ayadat et al. 
(2007) 

0.0213 15.15 15.4 07.34 200 58.31 10.35 11.23 10.04
0.0154 16.33 19.5 18.84 200 61.68 12.52 4.31 3.63
0.0227 17.27 08.3 22.09 200 63.78 07.88 2.26 1.38

Bigdeli 
(2018) 

0.0146 13.0 22 04 100 - - 9.21 8.50
0.0146 13.75 22 03 100 - - 6.15 5.40

Boudaghpour 
(2016) 

0.0183 14.1 18 02.26 200 - - 11.34 10.65
0.0149 15 11 02.6 200 - - 5.41 4.87

Table 4 Validation of Equation (14) developed for estimating wetting-induced collapse strain.

Reference γd (kN/m3) wo (%) IP IR IL C (%) σ’ /Pa εs (%)
Equation (22) Testing

Present 
Investigation 

 

16.8 08.9 39 062 -0.146 52.4 0.312 8.79 9.82
19.3 07.3 48 054 -0.333 64.1 0.378 19.56 20.92
20.9 03.6 59.5 044 -0.480 72 0.512 35.22 36.35 

Derriche and 
Kebaili 
(1998) 

17.26 11 57 072 -0.280 29.9 0.212 4.55 3.92
20.9 02.6 23 030 -0.756 52 - 14.63 13.43
17.06 07.3 52 063 -0.282 65.1 0.387 19.59 18.42 

Khemissa et al.. 
(2015) 

18.49 14.63 21.87 064.9 -0.334 24.2 - 6.12 4.10
18.68 16.20 30.25 064.2 -0.435 55.0 - 20.67 18.44

Forouzan (2016) 13.6 29.4 14.64 045.58 -2.97 39 - 9.00 6.00
12.6 36.2 83.3 182.42 -1.95 49 - 13.20 10.50

• The potential for liquefaction can be calculated by 
the following relationship: 

 𝑃𝑄 = ்௢௧௔௟ ௢௙ ஼௢௟௨௠௡#ସ∑ ஼௢௡ௗ௜௧௜௢௡೔ఱ೔సభ  (23)

 
4. VALIDATION 

Validation of the proposed relationships or 
correlations is performed by comparing some 

experimental data reported in literature of collapse 
strain and free swelling and the results obtained from 
the predictive models (i.e., Equations 14 and 22). As 
can be noted from Tables 3 and 4, the predictive 
models proposed in this investigation are capable of 
estimating wetting-induced collapse strain and 
wetting-induced free swelling with acceptable 
accuracy. 
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 The proposed evaluation procedure for the 
assessment of soil liquefaction was applied to 
a practical case (identified in the laboratory as 
liquefiable ground) in order to validate and clarify the 
different steps to be followed during the evaluation. 
The case or the project selected for this purpose 
consisted of the construction of a new electrical station 
in Chatham-Kent, Ontario, Canada. A detailed 
description of the project, including field and 
laboratory works undertaken, and soil description are 
given in Ayadat (2017). In addition, some of the 
relevant information required in this investigation is 
summarized in this section. 

Generally, the site of the project is made up of 
three horizons. At the ground surface, a thin sandy 
layer with some vegetable roots was identified in 
almost the entire area of the project. The thickness of 
the sampled layer varied between 0.20 and 0.30 m. It 
was constituted generally by a matrix of brown sand 
mixed with some organic matter and vegetable roots 
in different proportions. Below the sandy topsoil, 
a thick deposit of fine to coarse, brown, and dry to 
saturated homogeneous sandy soil was encountered. 
The thickness of the sampled layer varied between 
2.4 m and 5.4 m. The value of the index of the standard 
penetration test in all layers was generally situated 
between 2 and 37, indicating that the soil was 
generally in a loose to medium-dense state. The results 
of the particle size distributions indicated that the soil 
was composed of 0–13 % gravel, 60–94 % sand, and 
about 8–26 % silt (particles less than 80 μm). 
Generally, the soil of this layer can be classified as 
sand with some silt and traces of gravel. A thick layer 
of brown to grey, mainly saturated silt and clay was 
encountered beneath the brown saturated sand. The 
thickness of the sampled layer varied between 0.4 m 
and 7.3 m. The different values of the index of 
standard penetration test N are generally in the range 
of 12 to 28, which indicate that the deposit is stiff to 
very stiff. The results obtained from the different sieve 
analyses and hydrometer tests indicate that the soils 
encountered in this layer are composed of 4–20 % 
sand, 42–58 % silt (particles less than 80 μm), and 
30– 53 % clay (particles less than 2 μm). The soils can 
be classified as silt and clay with little/traces of sand. 
According to the results of consistency tests carried 
out on samples of silt and clay, the liquid limit of these 
soils was in the range of 29 % and 40 %, and the plastic 
limit was in the range of 15 % and 19 %. The moisture 
content values were found to be lower than the liquid 
limit, which indicate that the silt and clay is not 
sensitive. Based on these results, the silt and clay soil 
is classified as soil of type CL2 (low plasticity). The 
ground water level was monitored by five piezometers 
installed in different boreholes. The different water 
levels measured in the summer varied between 1.86 m 
and 2.82 m. Moreover, the site of the project is 
characterized by a maximum acceleration factor at the 
surface of 0.2, corresponding to a probability of going 
beyond 10 % in 50 years. This acceleration factor was 

obtained by interpolation using the interpolation tool 
of seismic values addressed by Natural Resources 
Canada. 

The deposit encountered under the sandy top soil
(i.e., the deposit of brown sand) is classified as 
granular soil (mainly composed of sand), loose to 
medium-dense, and mostly saturated. Consequently, 
verification of susceptibility to liquefaction was 
carried out using the evaluation procedure or guide 
proposed in this investigation (Table 5). The 
assessment grouped in this table can be summarized as 
follows: 
• The project site is located in an active seismic 

zone, where the maximum acceleration at the 
ground surface is on the order of 0.2. 

• The brown sand is granular and mostly situated 
below the water table, i.e., mostly in fully 
saturated condition. 

• According to the grain size distribution of some 
soil samples grouped in Table 6, the particle size 
of the soil lies within the boundaries indicated in 
item 3.1 of the evaluation guide. 

• The state of the soil is loose to medium-dense (the 
values of the index of the standard penetration test 
in all layers are situated generally between 2 and 
37). 

• The thickness condition is fulfilled. The thickness 
of the deposit (H2) varied between 2.4 m and 
5.4 m, while the thickness of the sandy top layer 
(H1) varied between 0.20 and 0.30 m (i.e., a = 0.2, 
H2 is greater than H1, and H1 is less than 3.0 m). 

 

Therefore, conditions 1, 2, 3, and 5 are fulfilled, 
and consequently, a value of 1 is assigned for each of 
these conditions in column 4 of Table 5. However, for 
condition 4, because N is situated between 2 and 37, 
the value of 0.5 is assigned (the probability of this 
condition is only 50 %, since the condition might or 
might not be fulfilled). Accordingly, and based on the 
results of the evaluation grouped in Table 5, the site’s 
liquefaction potential is PQ = 90 %. 

In order to confirm the results of this evaluation, 
another verification was performed using the Prakash 
method described previously (Equations 1 and 2). The 
results obtained for three arbitrary boreholes (2, 3, and 
9) are grouped in Table 7. It can be noted from this 
table that the values of the shearing stress due to 
earthquake (τav) are greater than those of the critical 
shearing resistance of the soil (τcr) at any given depth, 
indicating that the soil is susceptible to liquefaction. 

Although the developed models were validated 
against some data reported in literature for different 
type of collapsible, swelling, and liquefiable soils, it is 
important to mention that the findings of the present 
investigation are based on collapsible clayey sands, 
montmorillonite swelling clays, and sandy liquefiable 
soils. The hypotheses are tested, results obtained, and 
conclusions drawn for these specific samples. 
However, in spite of these limitations and sensitivities,
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opraveno 

Table 5 Results of the application of the evaluation guide to a practical case for liquefaction assessment. 

Conditions Item Evaluation
Condition to be checked Fulfilled or Not 

fulfilled 
Potential of 
Liquefaction

Condition #1 1  a ≥ 0.13 1  
 
 
 

 
 
 
 

PQ = 4.5/5 = 90 %
(Equation 4) 

Condition #2 2 Saturated (S ≥ 95 %) 1 
 
Condition #3 

 
3.1 

0.05 ≤ D15 ≤ 0.44 and 0.08 ≤ D50 ≤ 0.70 
and 0.14 ≤ D85 ≤ 1.2

 
1 

 
 
3.2 
 

0.014 ≤ D15 ≤ 0.05 and 0.02 ≤ D50 ≤ 0.08 
and 0. 032 ≤ D85 ≤ 0.14

 

0.44 ≤ D15 ≤ 1.4 and 0.70 ≤ D50 ≤ 1.9 and 
1.2 ≤ D85 ≤ 3.5

 
Condition #4 

4.1  0 ≤ N ≤ 20  
4.2 20 < N ≤ 30 0.5 

 
Condition #5 

5.1 H2 ≥ H1 and H1 ≤ 3.0 m 1 
5.2 H2 ≥ 0.67H1 and H1 ≤ 6.0 m  
5.3 H2 ≥ 0.47H1 and H1 ≤ 8.5 m  

 Total = 4.5 

Table 6 Particle size distribution of soil samples from three different boreholes. 

 
Grain Size (mm) 

Percentage Finer (%)
Borehole 2 Borehole 3 Borehole 9 

14 100.00  
10 99.19 100.00 100.00 
05 94.11 98.71 98.68 
02.5 88.73 96.88 96.44 
01.25 83.34 94.26 92.00 
00.63 78.03 91.48 86.48 
00.32 64.07 81.11 74.69 
00.16 27.57 27.19 18.19 
00.08 7.25 15.01 9.00 

Table 7 Results of the application of Prakash’s method to the site of the practical case (at three different locations).

Borehole 2 Borehole 3 Borehole 9 
Depth 

(m) 
τcr (kPa) τav (kPa) Depth 

(m)
τcr (kPa) τav (kPa) Depth 

(m)
τcr (kPa) τav (kPa) 

0.61 1.349 1.207 0.61 1.250 1.215 0.61 1.233 01.1986
1.22 2.791 2.496 1.22 2.466 2.397 1.22 2.433 02.3640
1.83 4.352 3.891 1.83 3.751 3.645 1.83 3.700 03.5960
2.44 5.200 5.199 2.44 4.761 5.176 2.44 4.719 04.8850
3.05 6.013 6.687 3.05 5.698 6.848 3.05 5.603 06.5060
3.66 6.632 7.839 3.66 6.051 7.791 3.66 5.819 07.3258
4.27 7.067 8.965 4.27 7.134 09.3230

   4.88 8.207 11.0910
   5.49 9.474 13.0420
   6.10 9.140 13.4700

the experiments performed have provided useful 
information on the identification and assessment of 
these three types difficult soils, and justifications 
of this general statement are given in the foregoing 
sections. 

 
5. CONCLUSION 

The aim of this investigation was the assessment 
and identification of three types of difficult soils, 

namely collapsible soils, expansive soils, and 
liquefiable soils. A parametric study was conducted in 
order to investigate the influence of some soil 
parameters on wetting-induced collapse strain, 
wetting-induced free swelling, and soil liquefaction 
susceptibility. The main conclusions drawn from this 
investigation are summarized as follows: 

 

1. The wetting-induced collapse strain is inversely 
proportional to the dry unit weight and degree of 
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 saturation. The relationship between collapse 
strain and dry unit weight is linear, whereas for 
the degree of saturation, it is exponential. 
Furthermore, the curves representing the variation 
of wetting-induced collapse strain with clay 
content, equivalent diameter, and chemical 
composition (i.e., CaO and Al2O3) have the shape 
of a symmetrical bell curve, called a Gauss curve. 
The collapse strain varies linearly with the 
inundating stress. The wetting-induced collapse 
strain of a soil under any applied stress can be 
considered as the difference between the 
consolidation strains of the soil in saturated and 
unsaturated states. The critical dry unit weight (γd)
and degree of saturation (Sr) above which no 
collapse occurs are γd > 17.2 kN/m3 and Sr > 55 %. 
Also, the maximum values of wetting-induced
collapse strain of soils are reached when the clay 
content C = 17%, equivalent De = 0.0186 mm, or 
the percentage of CaO is 53.5% and that of Al2O3
is 8.7%. An empirical relationship was developed 
for the prediction of wetting-induced collapse 
strain (Equation 14). 

2. The wetting-induced free swelling increases 
along with dry unit weight, plasticity index, clay 
content, or the ratio σ’/Pa. Also, wetting-induced 
free swelling decreases when moisture content or 
shrinkage index increases, whereas it increases 
when liquidity index decreases. The variation of 
the wetting-induced free swelling with any 
of these parameters is characterized by an 
exponential function. Similarly, to collapse strain, 
an empirical expression was developed for 
predicting the wetting-induced free swelling of 
clays (Equation 22). 

3. A new procedure for the assessment of 
liquefaction of granular soils, based on a rapidly 
performed index and parameters, is proposed 
(Table 2). The suggested procedure is concerned 
with a qualitative and quantitative evaluation to 
assess the susceptibility to liquefaction of a given 
soil. The proposed method is mainly composed of 
five different conditions. Quantitatively, a soil in 
a site is classified as liquefiable if the maximum 
acceleration at the ground surface is greater than 
0.13, its degree of saturation S ≥ 95 %, the 
standard penetration test index N ≤ 20, and 
the thickness of the deposit satisfies one of the 
following conditions: H2 ≥ H1 and H1 ≤ 3.0 m (for 
a = 0.2), H2 ≥ 0.67H1 and H1 ≤ 6.0 m (for a = 0.3), 
and H2 ≥ 0.47H1 and H1 ≤ 8.5 m (a = 0.4 to 0.5), 
where H2 is the thickness of the evaluated deposit 
and H1 is the thickness of the soil at the ground 
surface. Furthermore, a relationship was 
developed in order to compute the potential for 
liquefaction (PQ) as a percentage (Equation 23). 
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Fig. A1 SPT clean sand base curve for magnitude 7.5 earthquakes with data from liquefaction case histories 
(NCEER, 1997; Seed et al., 2003).
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Fig. A2 Limits in the gradation curves separating liquefiable and non-liquefiable soils (Tsuchida, 1970). 

Fig. A3 Proposed boundary curves for site identification of liquefaction-induced ground damage (Ishihara, 1985).


