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Abstract
Soil collapse is a critical factor contributing to various pathologies in civil construction, necessitating the use of suction-con-
trolled techniques, often unavailable in smaller cities in developing countries. This study investigated the collapsible behavior 
of clayey sand from Tuneiras do Oeste, Paraná, Brazil, using conventional one-dimensional tests with varied initial moisture 
contents and pre-soaking stresses. Tests maintained constant specimen moisture, soaked samples at pre-defined stress values 
(S tests), and observed collapse behavior under gradual wetting (GIM tests). Supplementary mercury intrusion porosimetry 
(MIP) analyses determined the collapse’s influence on pore size distribution. Collapse indexes were computed, and the Pereira 
and Fredlund (J Geotech Geoenviron Eng 126:907–916, 2000) model was applied to predict collapsible behavior for GIM 
tests data, showing strong agreement with experimental results (R2 > 0.98). Additionally, two prediction models developed 
from different test data also exhibited a high degree of correlation (R2 = 0.97 and 0.95 for S and GIM tests, respectively). It 
was observed that pre-soaking moisture, i.e., the pre-soaking matric suction, played a crucial role in wetting-induced soil 
collapse, while pre-soaking stress had a secondary effect. The infiltration rate during soaking impacted the observed collapse, 
with higher rates resulting in greater collapse magnitudes. Regarding soil structure, collapse led to significant alterations only 
in the macropores, causing a notable reduction in their diameters. Ultimately, the experimental protocol developed in this 
study yielded valid results for modeling collapsible soils, even in the absence of sophisticated suction-controlled equipment.

Keywords Collapsible behavior · Matric suction · Porosimetry · SWCC  · Collapse-predictive model · Tropical soil

Introduction

Collapse strains pose significant damage potential, pri-
marily affecting small buildings with shallow foundations 
situated on the superficial layers of evolved tropical soils. 
In tropical regions, the frequency of collapsible soils is 

associated with regional pedogenic processes, and the col-
lapse potential is magnified by the common occurrence 
of moisture levels far from saturation throughout most of 
the year (Houston et al. 2001; Rao and Revanasiddappa 
2002; Pereira et al. 2005; Zeng and Meng 2006; Zorlu and 
Kasapoglu 2009).
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Li and Vanapalli (2018) and Alassal et al. (2023) have 
indicated that the magnitude of collapse is inversely related 
to the initial soil moisture: the lower the initial moisture, the 
higher the matric suction value and, consequently, the more 
significant the energy released upon soil saturation, causing 
more considerable compressible volumetric strains. Regarding 
pre-soaking stress, the relationship with collapse is direct: for a 
given initial moisture content, an increase in imposed vertical 
stress results in greater collapse strains. However, this increase 
typically continues only until a certain maximum stress value, 
beyond which the collapse strains start to decrease (Gutierrez 
et al. 2008; Ferreira and Fucale 2014; Borges et al. 2016).

Moreover, as noted by Ferreira (1995), collapse strains 
resulting from the breakdown of solid particle connections 
appear to be associated with the soil’s water penetration rate 
(i.e., the infiltration rate). It is crucial to note that the infiltration 
rates in laboratory tests are typically higher than those in the 
field. The abrupt soaking process to which soil samples are sub-
jected in one-dimensional tests for collapse evaluation is rarely, 
if ever, encountered in the field, except ins case of anthropo-
genic events, such as the failure of functional water pipelines.

Structurally, collapse can be defined as the outcome of 
macropore compression due to soaking and/or loading, without 
notable changes in micropore volume (Jiang et al. 2014; Yu et al. 
2022). Li et al. (2018) have posited that collapse initially impacts 
the macropores and if the process progresses the micropores 
may be affected. Other researchers have also suggested that, 
throughout the compression process, macropores may be con-
verted into micropores (Yu et al. 2016; Wang et al. 2020). Inves-
tigating the influence of the collapse strains on the soil structure 
and pore size distribution can provide insights into the mecha-
nisms underlying the collapse of a specific soil formation.

Although it is well-established that suction-controlled tests 
offer advantages over traditional ones, as they allow for the 
imposition and control of suction, thereby providing greater 
flexibility in test execution, there are considerable resource dis-
tribution challenges in developing countries with vast territorial 
expanses, such as Brazil, China, and Russia. Most available 
resources are concentrated in coastal cities, and as unsaturated 
soils are known to be extremely demanding in terms of time and 
resources, small- to medium-sized cities located far from the 
coast often lack access to the necessary equipment to conduct a 
comprehensive experimental program, which typically involves 
suction-controlled tests. The limited suction-controlled equip-
ment available is usually found at universities in the larger cities 
and state capitals. Consequently, in such situations, traditional 

one-dimensional compression tests with constant moisture con-
tent are more accessible and practical, as they are simpler and 
yield reliable results (Jennings and Knight 1975; Silva Filho 
et al. 2010; Vilar and Rodrigues 2011).

Therefore, this research aimed to assess the feasibility of an 
experimental simplified protocol, utilizing conventional and 
readily available techniques and equipment, to yield coherent 
results regarding soil collapsible behavior. Several undisturbed 
soil specimens from the city of Tuneiras do Oeste, Paraná, 
Brazil, were subjected to a one-dimensional test procedure, 
employing different pre-soaking stresses and moisture con-
tents. The Soil–Water Retention Curve (SWRC) of the speci-
mens facilitated the correlation between moisture content and 
suction, aiding in understanding the influence of suction on 
collapse. Additionally, the occurrence of collapse under the 
gradual wetting process was evaluated. The obtained results 
were meticulously analyzed with a focus on the observed com-
pressive volumetric strains and comprehensive assessment of 
the impact of these strains on the soil’s pore size distribution.

Material and methods

Material

The material under investigation is a residual soil, charac-
teristic of the Northwest region of Paraná, in the Southeast 
region of Brazil. Undisturbed samples were collected near 
the city of Tuneiras do Oeste (23°48′50.3″ S, 52°59′58.8″ 
W), at an elevation of 410 m above sea level, and from 
approximately 2 mbelow the surface.

Table 1 summarizes the principal geotechnical properties 
of the soil. It is evident that the soil exhibits medium plasticity 
and is classified as clayey sand (SC) by the Unified Soil Clas-
sification System (USCS), considering the fractions obtained 
with the use of deflocculant (ASTM 2017). The particle size 
distribution point to the existence of natural micro-aggregation 
in the clay fraction, which is disintegrated when the soil is 
treated with the deflocculant, as noted by Oliveira et al. (2022).

Figure  1 illustrated the obtained SWRC (main drying 
branch). Matric suction was ascertained/enforced using two dis-
tinct methods: pressure plate (for suctions below 1000 kPa) and 
filter paper. The SWRC experimental points were fitted using 
Eq. 1, proposed by Gitirana and Fredlund (2004), for bimodal 
pore size distributions, substituting the saturation degree with 
volumetric moisture content (θ) in the original equation.
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where θ1 to θ4 are volumetric moisture contents that denote 
the beginning and end of the individual hyperbolas; ψ is 
the soil matric suction; ψb1 and ψb2 are the first and second 
air-entry values, respectively; ψres1 and ψres2 are the residual 
soil matric suctions for each desaturation path; and d1, d2 
and d3 are the weight factors. Table 2 presents the obtained 
fitting parameters.

Methods

Undisturbed specimens, carved out with nominal dimensions 
of 8 cm in diameter and 3.2 cm high, were used in all one-
dimensional compression. The tests were conducted using 
a conventional one-dimensional compression apparatus, 
adhering to the procedures outlined in ASTM (2021) and 
ASTM (2020), unless otherwise specified in this paper.

The initial moisture contents of the specimens under test 
were determined to evaluate the influence of suction on soil 
behavior using two different experimental procedures. These 
procedures were selected based on the curve presented in 
Fig. 1. Five initial moisture content values were chosen to 
cover the following SWRC regions (indicated by arrows in 

Table 1  Characteristics of the 
soil

Soil characteristic Value Standard

Liquid limit—wL (%) 20 NBR 6459 (ABNT 2016b)
Plastic limit—wP (%) 13 NBR 7180 (ABNT 2016c)
Plasticity index—IP (%) 7
Particle density—ρs (g/cm3) 2.89 NBR 6458 (ABNT 2016a)
Particle size distribution With deflocculant Clay (%) 21 NBR 7181 (ABNT 2016d)

Silt (%) 4.7
Sand (%) 74.3

Without Deflocculant Clay (%) 2
Silt (%) 23.7
Sand (%) 74.3

Fig. 1  SWRC for Tuneiras do 
Oeste soil

Table 2  Parameters of the SWRC fitting equation by Gitirana and Fredlund (2004), considering the volumetric (θ) moisture contents

Parameter θ1 (%) θ2 (%) θ3 (%) θ4 (%) ψb1 (kPa) ψb2 (kPa) ψres1 (kPa) ψres2 (kPa) d1 d2 d3

Value 36.39 13.86 9.10 0.05 4 18,000 17 27,000 3.992 2.309 23.558

Table 3  Values chosen for 
gravimetric (w) and volumetric 
(θ) moisture contents and 
respective estimated matric 
suctions (ψ)

w (%) θ (%) ψestimated (kPa)

17.0 25.0 8.5
11.0 16.1 18
9.0 13.2 80
7.0 10.3 2500
5.0 7.3 16,000
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Fig. 1), as detailed in Table 3: after the first air-entry value; 
the onset of the intermediate level (transition between macro 
and micropores); two values in the midst of the transition 
phase, before the second air-entry value; and one residual 
moisture content, following the second air-entry value.

The adopted experimental procedures were the standard one-
dimensional test performed on saturated samples, one-dimen-
sional compression with one-step soil saturation, and one-dimen-
sional compression with a gradual increase in soil moisture.

Tests performed with one‑step saturation (S)

These tests were conducted by loading the specimen at a pre-
sumably constant moisture content until the stress of interest 
was reached. The specimens were then saturated by soak-
ing, and the loading process resumed after stabilizing the 
volumetric strains (very low variation of the second decimal 
place in the sample’s height) (ASTM 2021). Three different 
soaking stresses were adopted (50, 100, and 200 kPa) for 
each non-saturated initial moisture content (see Table 3), 
resulting in fifteen experiments.

Tests performed with gradual increase in moisture

Gradual increase in moisture (GIM tests) simulated the soil 
response to a process of gradual suction reduction. Samples 
were gradually wetted by dripping at the vertical stresses 
of 50, 100, and 200 kPa, with initial moisture contents of 
5, 7, and 9%, totaling nine experiments. Depending on the 
samples’ initial moisture content, moistening occurred in 
steps to values of 7, 9, 11, and 17% and then saturation 
(final moisture content of about 25%). These moisture con-
tents were chosen from the SWRC (as shown in Table 3) 
and enabled a wide range of matric suction to be analyzed 
during wetting.

Collapse‑predictive models

The GIM test results were fitted by applying the model pro-
posed by Pereira and Fredlund (2000). This model assumes 
that the soil collapse process comprises three phases: pre-
collapse, where minor volume variations occur under high 
suction values; collapse, where significant deformations 
occur under intermediate suction values; and post-collapse, 
where minimal or zero deformations occur under low suc-
tion values. The results of the S tests were not adjusted for 
this model due to the soaking method used, in only one step, 
making it challenging to analyze the three phases of the col-
lapse. The authors propose Eq. 2 to simulate the soil volu-
metric behavior in the three phases mentioned above.

where e stands for the void ratio, ei and ef are the initial and 
final void ratios, respectively, ψ is the soil matric suction, c 
is the suction value at the inflection point (midpoint on the 
collapse phase line), b is the collapse phase line slope, and 
a is symmetry parameter that makes the logistic function 
asymmetric. Several researchers (e.g., Ercoli et al. 2015; Al-
Obaidi and Schanz 2022; Giomi and Francisca 2022) have 
proven over time the application of what was proposed by 
Pereira and Fredlund’s (2000) model, indicating in fact the 
existence of the three phases of the collapse.

In addition, using the LAB Fit® curve fitting software 
(Silva and Silva 2022) and nonlinear regression analyses, two 
new models were developed to characterize the behavior of 
the soil studied in this paper. The models were developed to 
best fit the data found from the software’s library of equations.

Mercury intrusion porosimetry tests

Mercury intrusion porosimetry (MIP) tests were conducted 
on six specimens to assess the impact of the collapse strains 
on the soil’s pore size distribution. The selected samples had 
initial moisture contents of 5% and 11% and were saturated 
at the same vertical stresses as previously described. These 
results were then juxtaposed with the findings from the MIP 
test conducted on a natural, undisturbed soil sample.

Post the one-dimensional compression tests, the samples 
underwent a drying process in an oven, following which 
specimens, approximately 1 cm in nominal dimensions, were 
extracted for the MIP tests (ASTM 2018). For this test, the 
specimen was positioned in a penetrometer, the volume of 
which was already known and consisted of a glass beaker 
and a metal-coated rod. Once the mass of the entire setup was 
measured, the penetrometer was affixed to the equipment and 
subsequently sealed.

The penetrometer was initially filled with mercury with-
out exerting any pressure, thereby preventing the metal from 
infiltrating the soil’s voids. This step enabled the determina-
tion of specimen volume by calculating the difference between 
the penetrometer and the mercury volumes. Finally, pressures 
were incrementally applied, ranging from approximately 0.7 
to 414,000 kPa, until the mercury permeated all soil voids.

Results and discussions

Table 4 presents the initial physical properties of the speci-
mens utilized in all the S and GIM tests, along with certain 
statistical parameters associated with the soil properties. 
It is evident that the coefficient of variation (COV) values, 
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which is the ratio of the standard error and the mean, of the 
soil properties are within the expected range. This shows a 
tolerable variability between samples, as corroborated by 
Phoon and Kulhawy (1999), Duncan (2000), Baecher and 
Christian (2003), and Branco et al. (2014). Moreover, the 
obtained COV values align with the typical ranges observed 
for residual soils (Gutierrez et al. 2008).

Tests performed with one‑step saturation (S)

To mitigate the impact of the initial void ratio on the compres-
sion curves, the experimental data were normalized using the 
initial void ratio of each specimen, resulting in curves originating 

from the same point (Jennings and Knight 1957). Figure 2 illus-
trates the normalized curves derived from the S tests.

As anticipated, specimens with lower initial moisture con-
tent exhibited less compression before soaking and tended to 
exhibit higher collapse strains upon wetting (Vilar and Davies 
2001; Benatti and Miguel 2013). Conversely, the specimens 
with higher initial moisture content exhibited lower estimated 
values of matric suction, facilitating the formation of weaker 
inter-particle bonds, and thereby inducing instability in the soil 
microstructure. Consequently, increased levels of compression 
were observed for stresses applied prior to soaking (Basma and 
Tuncer 1992, Das and Thyagarj 2016, Phanikumar et al. 2016, 
Zamani and Badv 2019 and Alassal et al. 2023).

Table 4  Physical indexes of the 
specimens of S and GIM tests

a Gravimetric moisture content
b Density of the soil
c Dry density of the soil
d Volumetric moisture content
e Void ratio
f Porosity
g Saturation degree

σsoak (kPa) Test denomination Physical Indexes

wa (%) ρb (g/cm3) ρd
c (g/cm3) θd

(%)
ee nf

(%)
Sr

g

(%)

50 S-50–17 18.01 1.73 1.46 26.36 0.97 49.36 53.41
S-50–11 12.06 1.64 1.46 17.66 0.97 49.31 35.81
S-50–09 9.39 1.59 1.46 13.68 0.99 49.62 27.56
S-50–07 7.78 1.67 1.55 12.05 0.87 46.39 25.98
S-50–05 4.95 1.51 1.44 7.12 1.01 50.23 14.17
GIM-50–09 9.08 1.46 1.34 12.13 1.16 53.75 22.57
GIM-50–07 6.85 1.40 1.31 8.98 1.20 54.64 16.44
GIM-50–05 5.00 1.49 1.42 7.09 1.04 50.92 13.92

100 S-100–17 18.06 1.73 1.47 26.48 0.97 49.25 53.77
S-100–11 12.32 1.69 1.50 18.53 0.92 47.93 38.67
S-100–09 10.19 1.64 1.48 15.13 0.95 48.62 31.11
S-100–07 8.20 1.64 1.52 12.42 0.91 47.57 26.11
S-100–05 6.38 1.53 1.44 9.17 1.01 50.27 18.25
GIM-100–09 8.95 1.52 1.40 12.51 1.07 51.65 24.22
GIM-100–07 6.96 1.58 1.48 10.30 0.95 48.79 21.11
GIM-100–05 5.31 1.51 1.43 7.59 1.02 50.50 15.03

200 S-200–17 17.59 1.77 1.51 26.55 0.92 47.78 55.55
S-200–11 12.33 1.65 1.47 18.11 0.97 49.16 36.84
S-200–09 9.95 1.62 1.47 14.67 0.96 48.99 29.95
S-200–07 7.57 1.56 1.45 10.96 1.00 49.90 21.96
S-200–05 5.29 1.41 1.34 7.10 1.15 53.59 13.24
GIM-200–09 8.98 1.55 1.42 12.74 1.04 50.90 25.03
GIM-200–07 6.95 1.47 1.38 9.57 1.10 52.34 18.28
GIM-200–05 5.23 1.54 1.46 7.65 0.98 49.45 15.46

Mean – 1.58 1.44 – 1.00 50.04 –
Standard deviation 0.10 0.06 0.08 2.02
COV (%) 6.33 4.17 8.00 4.04
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Fig. 2  Normalized curves of S 
tests for soaking stresses of (a) 
50 kPa, (b) 100 kPa, and (c) 
200 kPa
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Collapse indexes were computed utilizing the data presented 
in Fig. 2, adhering to the criteria delineated by Jennings and 
Knight (1975). These findings are illustrated in Fig. 3. Equa-
tion 3 presents the collapse index proposed by the authors.

where I denotes the collapse index, Δe represents the void 
ratio variation attributed to soaking, and ei, the void ratio 
prior to soaking.

(3)I =
Δe

1 + e
i

Analyzing the Fig.  3a, it is evident that the soil’s 
response to different soaking stresses for the same suc-
tion value is not uniform. At lower suctions (8.5 kPa and 
18 kPa), collapse strains typically remain below 2.5%, with 
no discernible trend of increase with vertical stress. This 
outcome was expected, as the soil suction in this scenario 
was inadequate to significantly enhance its stiffness, result-
ing in compressions under loading like to those observed 
in saturated samples. For suctions of 80 kPa and above, 
both soil compression and the collapse index exhibited an 

Fig. 3  Collapse index (I) versus 
(a) soaking stress (σsoak) and (b) 
estimated matric suction (Ψ)

Fig. 4  Normalized curves of 
the GIM tests under stresses of 
(a) 50 kPa, (b) 100 kPa, and (c) 
200 kPa
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uptrend with the exerted vertical stress. These observations 
align with the findings of Pereira and Fredlund (2000), 
Phanikumar et al. (2016), Li et al. (2019), and Alassal et al. 
(2023), where the magnitude of strains induced by collapse 
escalated with the applied stress.

Moreover, even at the lowest soaking stress, the col-
lapse index for samples with suctions of 80 kPa and above 
was substantial. This phenomenon can be attributed to the 
diminution of sizeable natural voids between sand particles, 
caused by disintegration of clay micro-aggregates during 
soaking, as noted by Alassal et al. (2023).

As shown in Fig. 3b, soil compression evidently increases 
with the pre-soaking suction, which is consistent with the data 
delineated by Vilar and Davies (2001), Vilar and Rodrigues 
(2011), Phanikumar et al. (2016), and Li and Vanapalli (2018). 
These studies indicate that samples with higher initial matric 
suction levels liberate more energy upon saturation, thereby 
inducing greater strains due to collapse. This also reaffirms 
the assertion made by Benatti et al. (2011) that collapse is a 
conditional state rather than an intrinsic soil property, as it 
hinges on the moisture content (i.e., suction) at which it is 
encountered — a condition that is subject to alteration.

Table 5  Accumulated 
collapse indexes and problem 
classification for each increase 
of moisture

σsoak (kPa) Test denomination Increase of 
moisture (%)

Ψestimated (kPa) Iaccum (%) Classification 
(Jennings & Knight 
1975)

50 GIM-50–09 09 → 11 80 → 18 0.75 No Problem
11 → 17 18 → 8.5 2.20 Moderate
17 → 25 8.5 → ≈ 0 2.24 Moderate

GIM-50–07 07 → 09 2500 → 80 4.13 Moderate
09 → 11 80 → 18 5.45 Problematic
11 → 17 18 → 8.5 6.53 Problematic
17 → 25 8.5 → ≈ 0 6.56 Problematic

GIM-50–05 05 → 07 16,000 → 2500 1.47 Moderate
07 → 09 2500 → 80 4.01 Moderate
09 → 11 80 → 18 5.00 Moderate
11 → 17 18 → 8.5 5.95 Problematic
17 → 25 8.5 → ≈ 0 5.98 Problematic

100 GIM-100–09 09 → 11 80 → 18 0.47 No Problem
11 → 17 18 → 8.5 2.20 Moderate
17 → 25 8.5 → ≈ 0 2.31 Moderate

GIM-100–07 07 → 09 2500 → 80 3.37 Moderate
09 → 11 80 → 18 3.86 Moderate
11 → 17 18 → 8.5 3.93 Moderate
17 → 25 8.5 → ≈ 0 3.95 Moderate

GIM-100–05 05 → 07 16,000 → 2500 4.95 Moderate
07 → 09 2500 → 80 8.20 Problematic
09 → 11 80 → 18 8.99 Problematic
11 → 17 18 → 8.5 9.58 Problematic
17 → 25 8.5 → ≈ 0 9.61 Problematic

200 GIM-200–09 09 → 11 80 → 18 1.45 Moderate
11 → 17 18 → 8.5 1.60 Moderate
17 → 25 8.5 → ≈ 0 1.65 Moderate

GIM-200–07 07 → 09 2500 → 80 3.41 Moderate
09 → 11 80 → 18 4.43 Moderate
11 → 17 18 → 8.5 4.47 Moderate
17 → 25 8.5 → ≈ 0 4.49 Moderate

GIM-200–05 05 → 07 16,000 → 2500 3.60 Moderate
07 → 09 2500 → 80 10.04 Serious
09 → 11 80 → 18 10.13 Serious
11 → 17 18 → 8.5 10.19 Serious
17 → 25 8.5 → ≈ 0 10.22 Serious
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Tests performed with a gradual increase in moisture

Figure 4 shows the normalized compression curves derived 
from GIM tests, while Table 5 enumerates the accumulated 
collapse strains  (Iaccum) induced by the incremental wetting 
process, categorized as per the criteria established by Jen-
nings and Knight (1975).

An analysis of Table 5 reveals that a significant portion 
of the collapse predominantly occurs when soil suction 
decreases to 80 kPa (w ≈ 9% and Sr ≈ 24%), especially in 
instances with elevated applied vertical stress values. Con-
sistently, specimens with an initial moisture content of 9% 
exhibited total collapse strains of less than 2.5%.

The potential for significant collapse strains in the field, 
even without reaching saturation, suggests a soil structure 
with a high propensity for collapse. Conversely, soil satura-
tion during precipitation events is influenced by the soil’s 
saturated hydraulic conductivity  (ksat) and the hydraulic 
conductivity function, both of which are affected by the 

SWRC. The balance between rainfall intensity and the soil 
hydraulic conductivity determines the soil suction at steady-
state or the peak moisture content during the infiltration, 
thereby governing the magnitude of field collapse. This, in 
turn, is also affected by soil suction during infiltration (Van 
Genuchten 1980; Fredlund et al. 1994; Öberg and Sällfors 
1997; Machado and Zuquette 2004).

Taking into account the accumulative compression under 
progressive wetting and the collapse severity classification 
by Jennings and Knight (1975), all specimens with an ini-
tial moisture of 5% could yield collapse strains categorized 
as severe or problematic (collapse indices exceeding 5%). 
Specimens with 7% initial moisture exhibited collapse 
strains exceeding 5% for 50 kPa of overburden stress and 
values between 3 and 5% under other loading conditions.

The data in Fig. 5 aligns with that in Fig. 3. However, the 
correlation between collapse and vertical stress is less pro-
nounced. This is likely due to the compression experienced by 
the specimen prior to saturation, which tends to increase with 

Fig. 5  Total collapse index  (Itot) 
versus (a) soaking stress (σsoak) 
and (b) estimated matric suction 
(ψ)

Fig. 6  Comparison between the 
collapse indexes (I) of GIM and 
S tests under soaking stress of 
50 kPa, 100 kPa, and 200 kPa
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Fig. 7  Application of the 
Pereira and Fredlund (2000) 
model to the soil under stresses 
of (a) 50, (b) 100, and (c) 
200 kPa
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higher stress levels, offsetting the impact of suction on the 
specimen’s initial stiffness (Pereira and Fredlund 2000; Phani-
kumar et al. 2016; Li et al. 2019). Regarding the influence 
of pre-soaking suction, the results are consistent, except for 
the notably high collapse exhibited by specimen GIM-50–07, 
attributable to its relatively high initial void ratio  (ei = 1.20).

Figure 6 contrasts the final collapse indexes derived from 
GIM tests with those from S tests. Predominantly, the S tests 
induced greater compressions rendering them more suit-
able for assessing potential collapse in practical scenarios; 
rapid wetting processes typically yield increased collapse 
compression. On the other hand, GIM tests are more apt 
for replicating the field collapse process, assuming accurate 
evaluation of the infiltration process.

Collapse‑predictive models

Figure 7 demonstrates the efficacy of the model proposed by 
Pereira and Fredlund (2000) in simulating the results from 
GIM tests. Notably, there is a strong congruence between 
the predicted and experimental results. The three phases of 
collapse were distinctly delineated for majority of the condi-
tions analyzed, with the parameters of Eq. 2 and the coef-
ficient of determination, R2 (which quantifies the proportion 
of the original variance explained by the model) detailed in 
Table 6.

While the model from Pereira and Fredlund (2000), along 
with other models in the literature, involve an analysis with 
a single independent variable (either suction or stress), this 
paper proposes the creation of two models capable of pre-
dicting the soil’s collapsible behavior with two independent 
variables, thereby enabling a 3D analysis.

Utilizing the LAB Fit® curve fitting software and desig-
nating the soaking stress and matric suction as independent 
variables, the curves shown in Fig. 8 a and b were generated 
for both tests (S and GIM tests, respectively). The curves in 
Fig. 8 are characterized by Eqs. 4 and 5, respectively, with 
R2 values of 0.97 and 0.95.

(4)I = 0.12 ∗

(

�
soak

0.46
)

∗ [ln(Ψ − 7.30)]

(5)I = 2.06 ∗

{

�
soak

[(0.07∗(lnΨ))−0.38]
}

Table 6  Parameters of the 
model by Pereira and Fredlund 
(2000) for GIM tests

σsoak
(kPa)

Test denomination Parameter R2

ei ef c
(kPa)

b a

50 GIM-50–09 0.984 0.953 12.501 32.291 1.000 1.000
GIM-50–07 0.914 0.865 18.770 4.891 1.000 1.000
GIM-50–05 0.970 0.880 94.819 1.038 1.000 0.984

100 GIM-100–09 0.990 0.950 10.083 17.240 1.000 1.000
GIM-100–07 0.928 0.916 27.737 3.555 1.000 0.992
GIM-100–05 0.899 0.810 154.368 1.219 1.000 0.992

200 GIM-200–09 0.965 0.961 9.211 13.668 1.000 1.000
GIM-200–07 0.919 0.894 25.645 8.975 1.000 0.998
GIM-200–05 0.923 0.788 161.288 5.397 1.000 1.000

Fig. 8  Collapse-predictive models for (a) S tests and (b) GIM tests
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where I denotes the collapse index, in percentage, σsoak rep-
resents the soaking stress, in kPa, and ψ signifies the matric 
suction, in kPa. Consequently, it is evident that both Eq. 4 
and Eq. 5 provide a robust qualitative assessment of collapse 
for the investigated soil, considering the boundary condi-
tions of the acquired data: undisturbed samples of Clayey 
Sand soil—SC, with natural micro-aggregation, bimodal 
pore distribution and ψ ≥ 8.5 kPa, in addition to the distinct 
conditions of the two separate tests for each equation.

Mercury intrusion porosimetry tests

Figure 9 illustrates the histograms of pore size frequency 
derived from the mercury intrusion porosimetry (MIP) tests, 
which were designated with the soaking stress and initial 
moisture content. The MIP-NAT test represents the histo-
gram of pore size frequency for the natural soil, devoid of 

any loading. It is observed that all tests feature two principal 
pore size groups, separated by approximately two orders of 
magnitude: the macropores, encompassing the range between 
2 and 300 µm, and the micropores, varying between 0.006 and 
0.1 µm, signifying a bimodal pore size distribution, consistent 
with the SWRC illustrated in Fig. 1.

Owing to the collapse compressions, the intervals corre-
sponding to macropores were shifted towards the left, exhibit-
ing a significant reduction in diameter compared to the natural 
soil. Evaluating the impact of initial moisture content, i.e., the 
initial matric suction, it is observed that the collapse induced 
by soaking predominantly influenced the pore volume, rather 
than its diameter, resulting in almost identical values at the 
peaks of the histograms (between 22.62 and 22.71 μm). 
Hence, samples with lower initial moisture content, or higher 
initial matric suction, underwent a larger reduction in the 
volume of macropores, particularly noticeable for samples 

Fig. 9  Histograms of pore size 
frequencies for initial moisture 
content of (a) 5% and (b) 11%
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subjected to a tension of 200 kPa. This suggests that the dimi-
nution of macropores is chiefly accountable for the alteration 
in soil structure, leading to a modification in hydraulic behav-
ior and water retention capacity (Yu et al. 2022).

Specifically, under uniform vertical pressures of 50, 100, 
and 200 kPa, the prevailing macro and micropores diameters 
diminished from 22.62, 22.67, and 22.70 µm (Fig. 9a) to 22.63, 
22.71, and 22.68 µm (Fig. 9b), respectively. Conversely, the 
primary micropore group and its peak intensity exhibited mini-
mal alteration post-loading and wetting. This implies that the 
propensity of undisturbed Clayey Sands to undergo collapse is 
predominantly contingent upon the reduction in size and quan-
tity of macropores following loading and wetting, as proposed 
by Shao et al. (2018). The MIP data in Fig. 9 indicate that the 
macropores in moister samples undergo only marginal com-
pression upon soaking. This can be attributed to the low initial 
matric suction values of these samples, culminating in a “meta-
stable” microstructure susceptible to additional collapse during 
soakings (Ge et al. 2019).

The micropore volume exhibited only marginal variation, as 
documented by Jiang et al. (2014) and Yu et al. (2022). Romero 
et al. (2011) and Yu et al. (2021) contend that the micropore 
volume may diminish during soaking due to the swelling and 
dispersion of clay particles. However, this volume tends to be 
recovered due to some drying processes, such as that the sam-
ples went through for the MIP tests. Consequently, soil col-
lapse induces a transient, as opposed to permanent, alteration 
in micropores, provided the material is subjected to a drying 
process (Yu et al. 2022). Moreover, the contraction of smaller 
macropores might have offset some micropore volume loss.

Ultimately, it is discernible that post-loading, the soil per-
sistently exhibited two peaks in pore size, thereby sustain-
ing the bimodal characteristic of the natural soil, a finding 
that aligns with the observations documented by Benatti and 
Miguel (2013) and Wang et al. (2018).

Conclusions

The study conducted aims to analyze the collapsible behav-
ior of clayey sand from Tuneiras do Oeste, Paraná, Brazil, 
utilizing one-dimensional compression tests following var-
ied experimental procedures. The key conclusions drawn 
from the study are:

• Moisture content and vertical stress: The study evaluated 
the influence of moisture content (i.e., matric suction) and 
the vertical stress prior to soaking. Despite tests being con-
ducted with the same initial moisture content, no mono-
tonic relationship between collapse strains and pre-soaking 
vertical stress was observed. However, a monotonic rela-
tionship was derived between matric suction and collapse, 
indicating that as suction increases, so does the collapse 

index. Hence, the collapse index is more sensitive to vari-
ations in suction than in vertical stress.

• Influence of infiltration rate: tests with a gradual increase 
in moisture showcased lower collapse index values, 
indicating the influence of the infiltration rate on such 
behavior. The conclusion is that as the infiltration rate 
increases, so does the collapse magnitude.

• Pore size distribution: MIP test results revealed a shift to 
the left in the frequency histograms of macropore size 
intervals, indicating a significant diameter reduction com-
pared to natural soil samples without any loading. How-
ever, micropores did not exhibit significant changes. It was 
observed that the initial matric suction, directly related to 
collapse magnitude, did not significantly affect the final 
diameter peak values, but influenced the total pore volume. 
Therefore, a greater collapse magnitude results in a smaller 
total pore volume at the end of the process.

• Collapse-predictive models application: The collapse pre-
diction model proposed by Pereira and Fredlund (2000) 
demonstrated satisfactory performance, with good adher-
ence between predicted and experimental results for GIM 
tests, a determination coefficient greater than 0.98, and 
accurate definition of the three collapse phases for most 
tests. The two models developed in this study also showed 
qualitative satisfaction, with determination coefficients of 
0.97 and 0.95 for the S tests and GIM tests, respectively. 
Considering the boundary conditions of the soil and tests, 
these models can be applied to predict collapsible behavior.

• Conventional test efficacy: The study concluded that 
good quality results can be achieved using a protocol 
with conventional tests, encouraging their use in scenar-
ios where tests with control and imposition of suction are 
difficult to access.
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