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ABSTRACT

Water level rise as well as inundation to gypseous soil medium can lead to a substantial
loss of volume of the soil, with or without adding load. Macromechanical behavior of
gypseous sandy soils using particle image velocimetry (PIV) is yet to be studied, with a
particular emphasis on patterns of collapse. These unique patterns have given attention to
researchers on deformable soils, but the difficulties of gypseous sandy soil still need to be
addressed. Consequently, this study aims to quantify the local-scale displacement fields and
patterns of failure of gypseous sand interacting with rigid strip foundations under static
stress under comparison, emphasizing wetting due to rising the water table and the dry state
using an experimental model and finite element method (FEM). The PIV results showed that
the pattern of collapse of the gypseous sandy soil is of the type of punching shear failure,
which validated the FEM and these patterns related to soil vertical deformation. Where FEM
and PIV results were corresponded well. In addition, the built soil models in FEM are
essentially oversimplified representations of the real behavior of the foundation. The
outcomes reveal that local scale failure patterns of gypseous soil medium are essential for
improving the design of foundations.

Keywords: Gypseous soil, Strip footing, Collapse pattern, Particle image velocimetry (PIV),
Finite element method (FEM).

1. INTRODUCTION

A foundation is the lowest part of a structure which transfers the impose load to the
underneath soil. There are many types of foundations such as shallow and deep foundations
(Das, 2017). Shallow foundations, such as individual and strip footings, are typically
described as square or rectangular, where individual footings support columns, while strip
footings are used to support walls or either column (Zedan and Abbas, 2020). To design
the foundation of a structure, an engineer must comprehend the soil deposit types that
support the foundation (Vaughan, 2009) using field and laboratory tests. There are
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numerous soil types, and one of these is gypseous, which is calcium sulfate, which is created
when sediments in dry and semi-dry regions with brine are heated and pressured (Punmia
and Jain, 2005). Problematic soil typically contains significant amounts of gypsum, and
gypsum is considered a mineral salt represented by Hydrated Calcium Sulphate
(CaS04:2H20) to impact its behavior and is referred to as gypseous soil (Mohsen and
Albusoda, 2022; Hassan and Al-Busoda, 2023). Furthermore, gypseous soil is classified
as collapse soil, where soil contains was different percentages content of gypsum, especially
in Iraq and other countries (Ahmad et al.,, 2012). When geotechnical and geological
engineers are tasked with identifying collapsing soils, estimating the degree and extent of
future wetness, determining the collapse potential, and selecting a design or mitigation
option, the uncertainty in predicting future wetness and the typically high degree of non-
homogeneity of soil profiles in arid regions increase the difficulty of collapsible soil studies.
Collapse potential is most significantly exacerbated when the existence and magnitude of the
potential fail to be identified before construction. As a result, to design appropriately for
these moisture-sensitive soil sites, it is necessary to identify collapsible soils and evaluate
their potential for collapse (Abd-Alhameed and Al-Busoda, 2023).

To forecast potential foundation settlements, it is customary to perform quantitative or
laboratory assessments of collapse potential (AbdulRahman et al., 2021). Hence, through
the utilization of PIV for the examination of gypseous soil behavior, engineers will acquire
enhanced capabilities to overcome the obstacles that arise in Iraq and other similar
locations. Due to the global prevalence of gypseous soils, it is vital to research this subject in
Iraq. The distinctive properties exhibited by gypseous soils have garnered considerable
attention from investigators. The strength and rigidity of these soils are significantly
diminished upon exposure to water (Al-Saoudi et al., 2013). In case gypseous soil-based
structures to collapse, it is critical to comprehend the behavior of these soil in a variety of
environments. The impact of gypsum dissolution on the mechanical properties of gypseous
soils in Iraq was investigated (Al-Mufty, 1997). Furthermore, further research employing
both laboratory and field techniques appears to be necessary to gain a comprehensive
understanding of the behavior of gypseous soils, which (Al-Saoudi et al., 2013) have
identified as a significant obstacle in Iraq. Another study that investigated the topic of
gypsiferous soils in Iraq (Kuttah and Sato, 2015) explored potential solutions to this
problem. Analyzing the settling of gypseous sand subsequent to a brief wet period used
oedometer test (Husain et al.,, 2018). The investigation unveiled that soil deformation
exhibited spatial variability, with notable alterations occurring exclusively in designated
areas. Therefore, more sophisticated methodologies, such as Finite Element Method and PIV,
should be utilized to investigate the behavior of collapsible soils.

The analysis of soil deformation patterns was conducted using particle image velocimetry
(PIV) (Adrian, 1991). Particle image velocimetry is an optical method that can be used to
ascertain the velocity fields of solids and fluids. PIV captures images of particles in a fluid or
solid using a high-speed camera and a laser sheet to illuminate the particles. The
photographs are subsequently subjected to advanced algorithms to extract velocity fields.
The program PIV incorporates numerous disciplines, including fluid mechanics and soil
mechanics, these are two to understand the behavior of fluids and solids better. In recent
years, PIV has been widely applied to investigate the response of soils to a variety of stresses.
(Alimardani Lavasan and Ghazavi, 2014) investigated the soil pattern deformation and
the mechanism of failure utilized beneath interfering square foundations employing PIV.
(Adrian, 1991), on the other hand, utilized PIV to analyze fluid flow around submerged
barriers and found it to be an exceptional instrument for elucidating soil behavior in diverse

136



H.M. Jawad and Z.K. Jahanger Journal of Engineering, 2025, 31(1)

scenarios. Furthermore, an investigation was carried out using comparative PIV to
characteristics of grain-structure interactions focused on the sand medium of different
packing densities (Jahanger et al., 2018b). By employing PIV and other methodologies,
engineers can therefore devise practical solutions to mitigate the deleterious effects of
gypseous soils through enhanced comprehension of their behavior.

Gypseous soils face many challenges in terms of significant loss of shear strength and volume
when exposed to water, such as rain, and irrigation, which is attributed to increased
groundwater capillaries. Therefore, civil engineers must take into account factors related to
soil bearing capacity when designing structures or foundations on the soil itself. In addition,
numerous bearing capacities and soil displacements have been found in literature. These
tests demonstrate the correlation between shear strength, compressibility, settlement, and
soil carrying capacity for different soils. These analyses also highlighted the significance of
thinking about how soil movement may affect building substructures (Al-Obaidi et al.,
2022). They used geotextile reinforcement to investigate the bearing capacity and collapse
susceptibility of gypseous soil. It was determined that the impacts of soil movement were
significant. Sometimes the dynamics of stressed soil may be seen using PIV. However, there
are currently insufficient tests that demonstrate how gypseous sandy soils interact with
foundations, like strip and square footing constructions, in terms of total displacement
diagrams (failure envelope). Consequently, the precise measure of soil deformation is
typically unattainable during field tests, as such assessments solely evaluate the footing
pressure and settlement. When the stress-settlement relationships for the single collapsible
soil odometer test are compared to those for sandy soil, it is clear that the behavior of the
gypseous sandy soil (collapsible soil) being tested is very different. When the same amount
of stress was put on the surface foundations during the experiment, the local-scale
displacement fields should have shown these differences as well. Because of this poor
knowledge of soil gypseous deformations and internal shearing mechanisms, there are
problems verifying engineering computations.

The failure mechanisms and kinematic behaviors of gypseous sand deposits subjected to
shallow footings under vertical static pressures are not well described by the experimental
data that are currently available. Studying the interactions between medium-dense gypseous
sand (with a relative density of Dr = 43.36%) and plane strain surface footings under static
loading circumstances is imperative.

Therefore, the PIV experiments are intended to reveal failure patterns and displacement
scales inside the gypseous sand, in addition to quantifying displacement fields and validating
the outputs of the FEM model. The research attempts to provide a thorough understanding
of soil behavior under loads by combining data from both methods, which will result in more
dependable design solutions for foundations built on gypseous soils. This comprehensive
study is expected to improve the engineering practices of current foundations, leading to
increased safety and performance in regions vulnerable to gypseous soil issues.

2. MATERIAL AND EXPERIMENTAL METHODS
2.1 Material and Experimental Setup

The samples used here are gypseous sand deposits obtained from Fallujah City in Anbar
Governorate, western Iraq. The properties of the sand were characterised for traditional
tests using ASTM at Andrea Engineering Tests Laboratory (Head, 1980; Jahanger et al.,
2021) according to previous Tables 1 and 2 that refers to (Jawad and Jahanger, 2024).
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The following were the experimentally determined properties of the material: (ydmax) =
16.93 kKN/m?3; (ydmin) = 12.53 kN/m3. Additionally, we used sieve analysis and the grain size
distribution curve to determine the following characteristics of sand: D10 = 0.075 mm; D30 =
0.35 mm; Deo = 0.60 mm (10, 30, and 60% of the particles are smaller than the sizes shown);
Dso = 0.31 (average size of soil particles); Cu = 6.670; and Cc = 3.26. Based on these numbers,
itis noted that the soil is poorly graded silty sand SP-SM (Liu and Iskander, 2004; Dijkstra
et al., 2013). Furthermore, a standard compaction test was conducted in compliance with
the specification (ASTM D698, 2021) to determine the highest dry density by (Zbar et al.,
2013), from which they calculated the following near densities in various ratios: 100%
(16.93 kN/m?3), 90% (15.92 kN/m3), and 80% (15.7 kN/m3). Also, determined the field
density (14.1 kN/m?3), which was verified to determine the density utilized in the test sample.
Furthermore, the following Eq. (1) (Shalaby, 2017) is used to calculate the collapse index of
the samples after the (ASTM D5333, 1996) method is followed utilizing single collapse and
double odometer tests:

Aeg

Cp(%) =5 =

0 - 1+eg

(1)

(Jennings and Knight, 1975) summarized severity of the collapse states as the inability to
collapse when Cp is less than 1%, medium (between 1% and 5%), high (between 5 and 10%),
very high (between 10% and 20%), and highly collapsible (more than 20%) (Seleam, 2006).
Furthermore, studies were carried out using the 'Digital Particle Image Velocimetry' (DPIV)
program. As illustrated in Fig. 1, the model box was made an iron with inside dimensions of
700 mm x 700 mm x 700 mm was built to satisfy the optical and mechanical requirements.
As a result, the model box was divided using an anti-oxidation paint-coated iron spacer that
was length, 75 mm in width, 700 mm in height, and 10 mm in thickness. The front of the box
is covered with a reinforced glass sheet that is 15 mm thick. This covering serves to both
ensure the structural integrity of the box and ease testing by making the failure mechanism
and sliding surface visible. Making sure the granular box can resist external forces under the
ultimate load and minimize out-of-plane deformation of the walls (particularly the front
measuring side) is crucial (Jahanger et al., 2018a and 2018b; Cui et al., 2021). To lessen
the impact of parameters on grain-scale displacements during DPIV experimental measures,
the remaining portion of the box was constructed from smooth steel plates that were roughly
5 mm thick. Furthermore, this was confirmed using a dial gauge (precision of 0.01 mm)
fastened to the side walls of a magnetic base (the picture of this setup is not shown here).
For this investigation, a 50 mm wide by 74 mm long by 25 mm thick steel foundation was
created. It was the length of the foundation that is roughly equivalent to the 75 mm width of
the separator tank, also the basis was somewhat rough according to (Antony and Jahanger,
2020). Based on available data, the angle of interfacial friction between the solid base and
the gypseous sand exhibits a correlation of 0.6-0.7 (Galavi et al., 2013). The sand grains'
B/Dso>100 and the footing's varied dimensions combined to produce a side effect are
lessened by the permissible range, which is represented by the ratio of 161 between the
footing width (B) and average particle size (Dso) according to (White et al., 2003; Dijkstra
etal., 2013; Jahanger et al., 2018a and 2018b). In consideration of the aforementioned, a
gap of 1 mm was established between the rear of the footing and the iron separator plate to
decrease the impact of frictional forces.

The front of the box is used to make PIV measurements. It was ensured during testing that
there was no significant grain loss through this gap. The footing model's base is forced into
the top of the sand packing while the level, sand-filled box remains stationary. Fig. 1 depicts
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the entire footing test setup used in this experiment. It places a high-speed Nikon D7500
Digital SLR camera in front of the glass side of the box model. The resolution of the camera
was 21 megapixels.

This method examines the bearing capacity of the model-scale footing and the deformation
patterns of gypseous sandy soil under different loading conditions. This could improve our
understanding of the behavior of gypseous soils, allowing us to design more effective
engineering solutions for structures constructed on or inside these soils (gypseous sand
soils).

l<——- Load Shaft

’E <«— Static Load
I~

‘Y‘,I g <— Dail Gauges 75 mm
"~—— Loading Platform

— Strip footing

Loading Frame |
= ‘,](—Gap =1mm
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1 g | o Tempered Glasses
I_/ . e
s \ o / ‘\‘ Tn
1 S—
) _— >
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Figure 1. The experimental setup's schematic diagram using PIV with the high-speed
camera (dimensions are in mm).

The displacement and velocity fields of tracer particles in the soil sample were analyzed
using PIV software (Fernandez et al., 2021). The displacement field was calculated using
Eq. (2) (Atkins, 2016).

Ax

u=— (2)
Where u is the displacement field in the x-direction Ax is the change in particle position, and
At is the change in time. The velocity field in y-direction calculated using the Eq. (3):

_ Au

V= (3)

At

Where v is the velocity field, Au is the change in displacement, and At is the change in time.
Terzaghi's Eq. (4) expresses the ultimate load-bearing capacity of a surface strip footing
under the influence of homogeneous granular soil and a centrally applied vertical load
(Terzaghi, 1943):

1
qu =3YB Ny (4)
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2.2 Preparation of Soil into Container

The sand was used for relative density Dr = 43.36% (ASTM C128, 2012). First, the test box
was filled with a filter layer of 75 mm coarse sand at the base to ensure that the soil mass
was evenly moistened. Also, sand was poured steadily into the box using the falling pouring
technique (Jahanger et al.,, 2018a and 2018b; Ekbote and Nainegali, 2019), forming
three layers 100 mm thick on top of each other. A load-bearing column was used mounted
on the base, with a weight not exceeding 5 kg, with an average of 15 strokes per layer, and it
was specially made for gently compressed sand layers. It was used to compact each layer of
sand to be suitable for what was required (sand height and packing density). Then a hand
scraper for leveling the top surface of the sanding layer was used. The resulting compressed
sand was allowed to settle for 24 hours and has a porosity of 0.40 (Fattah et al., 2013). The
sandbox was prepared as shown in Fig. 1, and the foundation was placed on the layer of
compressed sand symmetrically with the rest of the parts shown in the figure. Finally, a
camera was used and installed at a distance of approximately 150 cm to prevent vibrations.

2.3 Footing-Gypseous Sand Interactions Using PIV

The test and measurement were carried out for the probabilities of collapse (Cp) and
associated settlement (Su), which are related to the static load experiments, and a study of
facilitating the mechanical response between both the sand and the footing, where the static
load was added during each hour, one after the other, and according to the sequence, the
consolidation loads 25, 50, 100, and 200 kPa, during loading, and a loading column was used
by applying a light axial compressive force to the base, The testing showed how the footing's
load settled on the medium-dense sand, Where weight was applied until the sample's stress
reached 200 kPa, as specified by (ASTM D5333, 1996; Zhang et al., 2018). For the pressure
to reach 200, weight was applied to the sample every hour, and pictures were taken every
10 seconds. This test was done in dry conditions, and then the water level was raised in a
tank separate from the sandbox. Meanwhile, pictures were taken every ten seconds until the
soil was saturated and after 24 hours had passed, as shown in Fig. 1. Also, take pictures for
an hour. Noting that the two dial scales (0.01 mm/div for maximum 50 mm travel) are used
throughout the test period. Though this might be minimized, it is known that the footing
model's scale effects could alter the strength estimates (Jahanger etal., 2018a and 2018b).
The findings of tests with studies utilizing laboratory models and the prototype may differ,
even though small-scale models are frequently used to investigate how the full-size
foundation operates in real life (Vesi¢, 1973).

2.4 PIV Analysis: Digital Particle Image Velocity

The digital instrument known as DPIV employs particle image velocimetry for PIV research.
Tracer particles are frequently employed in the study of fluid mechanics to detect the
velocity of particles within a fluid flow (Schréder and Schanz, 2023). Displacement and
strain distribution of granular packaging subjected to variable loads have been investigated
by researchers utilizing DPIV (O’Loughlin and Lehane, 2010; Hamm et al., 2011; Murthy
et al.,, 2012; Jahanger and Antony, 2017; Jahanger et al., 2018a and 2018b). The fact
that such an analysis for a static load on gypseous sandy soil was never published before is
something that this study looks at. Whereas the DPIV analysis settings in this work were
carefully made to allow accurate, high-resolution measures of the velocity fields in the sand
packing under static stress.
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For each succeeding load, the program PIV was supplied with an image every 10 seconds for
an hour on the initial day to calculate the amount of soil displacement. Nonetheless, the
following day, a photograph was captured every 10 seconds, 24 hours after the model was
loaded with 200 kPa under dry conditions. The next day, after completing the saturation
state, pictures were also taken every ten seconds for an hour, and after completing the test,
where the images are separated into sets; the initial and final set images are disregarded to
guarantee that the remaining set images exhibit the smallest possible nose during the on-
and-off transitions of the camera, respectively.

In this study, the DPIV camera lens was usually focused on the 260 mm by 460 mm plane of
the footing structure-soil interface area. Fig. 2 shows the soil becoming deformed under
static loading conditions. This made it possible to track individual soil particles. Since PIV is
an optical method that doesn't change the medium, it can be used to find the flow fields of
both fluid and particle media. Some of the things that affect how accurate and good the
velocity readings are the size of the picture, the resolution of the pixels, and the rate at which
the frames are taken. The image size was 5600 by 3700 pixels so that the whole footprint of
the footing model would be recorded in each frame. To improve the accuracy of the
displacement readings, a high pixel resolution of 21.41 by 8.06 pixels/mm was used. With a
frame rate of 30 Hz (assuming the program uses 10 seconds), it was possible to catch the
fast, dynamic processes that happen during static loading. Cross-correlation was used in the
study to separate the velocity vectors and the motion fields. Whereas PIV made it possible to
do a full analysis of how the soil collapsed. This included finding areas with high strain rates
and describing how the patterns of deformation changed over time. Also, (Ganju et al.,
2020) used PIV to look at how sandy soil changes when it is loaded steadily. The study found
that PIV could accurately measure soil displacement fields, which made it possible to look
closely at the deformation process. Technology keeps probing the sand particles in ever-
smaller places to keep track of their movement. The particle photos used in this experiment
worked best with a 64-by-64-pixel interrogation area. So, the measures of PIV experiments
done here are on a small scale.

& Cancn 760001 O |

Loose to Medium
dense sand

s
amp: 0.000 3

32076600 1007 120140 180 T 100 T 200 220" 240 ' 200 ' 280 | 300" 320 340" S0 380" 400 420 men ' 440"

Figure 2. Image of photogrammetric target.
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2.5 Finite Element Analysis

2.5.1 General

Plaxis 3D is a finite element package (Brinkgreve and Vermeer, 1998) made for analyzing
deformation and stability in geotechnical engineering situations. Plaxis can handle several
geotechnical issues, including slopes, retaining walls, tunnels, earth structures, and deep excavations.
In a three-dimensional nonlinear finite element program, plain strain conditions are assumed, and a
strip foundation under a constant load is modeled (Raee et al., 2019). It was determined how
effective the model was. In terms of width, the model footing is believed to extend four and a half
times from each side on gypseous sandy soil. With the footing width B =50 mm, t = 25 mm, and height
= 300 mm, as indicated in Fig. 3a, the model geometry and fine meshing of the strip-footing system
were created to match the lab model. The plane part divided in the tank was used to build the model.
The degree to which the normalized scale displacements of gypseous sand media accord with the
experimentally measured displacement pattern of the gypseous sand grains in footing-gypseous sand
interactions, for example, when utilizing PIV as in this work—is also unclear. Therefore, the features
of gypseous sand were put into the model so that they matched the lab sample Table 3. In this work,
FEM simulations are used to look into this part of the problem as well as Fig. 3 b, which shows the
geometry and mesh of the footing problem.

7.5cm”
s 70cm
Gypseous W RO DR,
sandy soil : S SRR s e SR
30cm
|
=
Deformed mesh |u| Deformed mesh |u|
Maximum value = 0.1264 cm (at node 6) Maximum value = 1.937 cm (at node 6)
(a) (b)

Figure 3. (a) The geometry and meshing for footing width testing with B = 50 mm; (b)
shows the schematic representation of the problem with the elements listed.

2.5.2 Finite-Element Modelling

To simulate the nonlinear behavior of gypseous sand, the linear, perfectly elastic Mohr-
Coulomb model was applied. It was hypothesized that the sand layer had proper plane
dimensions, and the depth was represented in the Plaxis model by using the drilling option.
Table 3 provides a full breakdown of the parameters used in numerical study. For soil, it was
considered to be dry, and for plate elements, it was believed to be non-porous. The impact of
constitutive soil model type on behavior prediction was not investigated in this study;
nevertheless, (Durrani et al., 2006) have validated the model's suitability. For a
displacement of strip footing, the granular soil model was selected because confining
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pressure causes an increase in the stiffness of strip footing, which can be captured by this
model. Whereas Young's modulus was a role in evaluating the elastic behavior under applied
pressure when analyzing analyzing gypseous sand soil and its interaction with strip footings
using Plaxis 3D, where (Budhu, 2010) states that the coefficient values are necessary to
estimate stability because it affects the deformation properties of the soil. Furthermore, the
foundation's surface is subjected to a vertical load. The loading point of the soil model is
selected for the analysis. Non-linear plasticity problems can be tackled with a variety of
techniques offered by Plaxis 3D. The automatic selection of step size is the foundation of all
procedures. One of the procedures is the loading sequence up to the maximum capacity.
Generally speaking, the automatic step size process is used in phases of calculations where
achieving a particular ultimate load level is necessary. Calculation of the procedure is
terminated upon the detection of soil failure or the attainment of the designated load level.
User-specified values for the total load to be applied constitute a crucial characteristic of this
calculation procedure. The force per area is the unit of input for distributed loads in Plaxis
3D. Utilizing total load multipliers, the external load is ascertained on a global scale.
Assuming no earlier collapse mechanism or discharging transpires. To ascertain the ultimate
applied load subsequent to the calculation phase, the input load value is multiplied by the
corresponding total load multiplier. In addition, the 3D finite element mesh comprises
significant components such as a quantity of soil elements and 10-node tetrahedral
elements.
Table 3. Input parameters for plane strain condition of the FEM program

Parameters gypseous sandy soil strip footing
Material model Mohr-Coulomb Linear Elastic
Material behavior Drained Elastic
Unit weight unsaturated, Yunsa, KN/m3 14.1 78.5
Unit weight saturated, Ysa, KN/m3 18.2 _
Young’s modulus, E, kN/m? 15000 200.0E6
Poisson’s ratio, v 0.30 0.26
Cohesion, ¢, KN/m? 10 _
Friction angle,¢ in dry 35.7° _
Ditalatancy angle, Y 0.9 _

3. RESULTS AND DISCUSSION

In this section, a summary of the test results of the model is presented with a discussion
highlighting the effects of the different criteria. Showing all result numbers would have
lengthened the paper, so only a selection is presented. Among the most important of these
results, which were tested below:

3.1 Comparison of Laboratory Model Tests with Plaxis Load-Settlement Curves

Single and double odometer collapse test results (Cp) of 5.217% and (Cp) of 4.72%,
respectively. These results of the field density of 14.1 kN/m? in the lab are shown in Fig. 4.
Also, single collapse and double-odometer-tests were conducted for different densities at
maximum dry density: 100% of maximum dry density, 90% of maximum dry density, and
80% of maximum dry density. It was concluded that the probability of collapse decreases
with an increase in density and a decrease in the void ratio. The maximum collapse potential
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in the laboratory was measured at the lowest density (field) adopted for the model test. The
load-settlement relationship for a typical hard piece of gypseous sand is then displayed in
Fig. 5, and it was discovered by subjecting the sample to loads of 25, 50, 100, and 200 kPa.
Moreover, Fig. 5 illustrates that the footing ultimate vertical settlement (Sv) to beam width
(B) ratio (Sv/B) is 40.24% under soaking conditions for 24 hours and 3.56% under dry
conditions. In contrast to Plaxis 3D, Sv/B is 2.49% and 38.41% in dry and soaking
circumstances, respectively, which may be congruent with the lab model soil. Where collapse
potential was 6.11% when conducting soil model test and applying it according to Equation
(1) in Section (2.1). In this case, the permitted range of High collapsibility (5-10%) was
reached by determining the soil condition and inclination to collapse as a first step in
determining the severity of the collapse. Moreover, the elastically compressed area under
the base is highly collapsible. Furthermore, under unsaturated 200 kPa loading
circumstances, the soil has a low compressibility. Although the soil density was used
similarly, the results obtained during this study provide insight into the differences between
the model test (plane strain) and the odometer test (single-dimensional compression). The
error percentage between a single-dimensional compression and an experimental test was
found to be 0.85%.
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Figure 4. Collapse test includes a) a single collapse test and b) a double odometer test
on reconstituted gypseous-sandy soils.
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Figure 5. The load-settlement curve concerning strip footings on medium-dense gypseous
sand.

3.2 Mean Resultant Vertical Displacement Vector Fields Gypseous Sandy Soil

The mean resultant displacement under the ultimate load measured using PIV-based
methods is shown, along with the direction in which they are. As depicted in Fig. 6, soil
deformation was primarily a vertical consolidation of the gypseous granular soil subsequent
to system saturation from the bottom up. The experiment involves visually representing the
magnitudes (represented by colored plots) and vectors of the incremental displacements in
the time steps spanning from 24 hours of dry conditions to 24 hours of soaking. This enables
a clear illustration of the vertical soil movement. This was clearly indicated (Jawad and
Jahanger, 2024) in the results of the previous analysis of the program PIV through the
analysis of the soil speed and after comparison with the failure (Prandtl, 1920) it was found
that the type of failure is punching shear failure due to the vertical displacement movement
and speed downward. This results when exposing the sandy gypsum soil to static loads
ranging from 25 to 200 kPa under drought and soaking conditions altered the homogeneous
deformation pattern. When saturated with water, gypseous soil is susceptible to abrupt
collapse (Al-Saoudi et al., 2013). Where note softening of gypsum materials situated
between the soil's particulates transpire in the event of a rising water table, which may be
caused by various factors. This condition results in the disruption of the interparticle bonds
formed by the gypsum materials with the soil (Husain et al,, 2018; Abdalhusein and Ali
Akhtarpour, 2019). The panels, however, display the outcomes pertaining to a specific
category of static load wherein the vertical and horizontal displacements' scalar contours
are superimposed on the displacement vector maps that are produced, as seen in Fig 6. This
picture illustrates whether soil displacements in a horizontal or vertical direction are
responsible for the failure process in gypseous sand media under a static load. It is
noteworthy to mention that water infiltration into the supporting gypseous soils may result
in structural damage and cracking (Ahmed, 2013; Fernandes et al., 2015). This procedure
generates a "meta-stable" structure that facilitates the sliding of particles into a denser state.
The progressive partial rupture of the gypseous sandy soils during the loading process can
be attributed to this factor, as its relative density accounted for 43.36% of the total density
of the type (medium-dense to loose sand). Due to compaction, the soil friction angle is
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therefore greater for loose sand at failure than it was at the onset of loading. Contrarily, this
does not apply to dense sand. Therefore, medium-dense gypseous sand supports the
foundation collapse as depicted in Fig. 6, which may be examined using the PIV program.
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Figure 6. Scalar map of the mean displacement that results from using PIV on field
gypseous sandy soil under a stress level of 200 kPa.

6

In addition, as Fig. 7 illustrates, the outcomes of the initial test are reasonably similar to
those taken into account in various loading stages in Plaxis analysis. Figs. 6 and 7 also show
the comparison of incremental displacements in numerical and laboratory samples. There is
good agreement in the outcomes that were obtained. The slight discrepancy in quality, aside
from the estimations of computer modeling, could be attributed to the lighting conditions in
the laboratory and the corresponding errors in PIV analysis. Moreover, there are a few
discrepancies in the displacements produced by numerical simulation and those determined
by PIV. To detect incremental soil displacement indirectly, particle image velocimetry was
used. A moving and deforming soil sample's incremental displacement field is computed
from two consecutive photographs. They are recorded in different loading phases that are
similar to, but different from, those considered in different loading stages of the Plaxis
analysis. The maximal displacements in the PIV analysis are, therefore, greater than those in
the Plaxis analysis. In addition, the material behavior models that have been incorporated
into Plaxis are oversimplified depictions of the actual behavior of soil and strip foundations
(Raee et al., 2019).
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Figure 7. Shows the saturated gypseous resultant vertical displacement below the footing.
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3.3 Vorticity Profiles

PIV provides two-dimensional, velocity field data that are spatially defined and have a
resolution high enough to estimate the out-of-plane component of the vortex (Gurka et al.,
2006). The PIV looked at the gypseous soil collapse pattern depicted in Fig 8. The objective
is to determine the key elements that are related to entropy and deformation in the turbulent
flow of gypseous sand soaking. The results for the test showed a similar pattern of increasing
vortice readings with increasing load and elapsed time. However, the readings were slightly
different, likely due to variations in the soil sample or testing conditions. Overall, these results
suggest that both the applied load and the elapsed time have a significant impact on the
vortices of the gypseous soil under collapse loading conditions, with higher loads and longer
durations resulting in greater vortices. Additionally, the soil conditions (dry or soaking) also
appear to have a notable impact on the vortices readings, with soaking conditions generally
resulting in higher vortices. This observation provides valuable insights into the collapse
pattern of gypseous soil and highlights the importance of understanding the soil's behavior
and distribution under static load scenarios.
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Figure 8. The vorticity resultant of displacement on field gypseous sandy soil using PIV at a
stress level of 200 kPa

3.4 Maximum Shear Strain Rate Distribution Across the Ultimate Load

To find out how much gypsum soils vary when loads are applied at different times, we
measured the du/dx and dv/dy strain rates in our experiment using PIV. The development
of small, highly deformed zones where particles underwent significant shear strains was
another feature of localized shear bands. In Fig. 9, the failure envelope of gypseous under
collapse loading circumstances is examined by taking the highest shear strain rate fields
from the displacement fields. Consequently, temperature, permeability, flow conditions, and
environmental changes in moisture content resulting from variations in the groundwater
table and/or surface water, gypsum type and quantity, and gypsum type and quantity all
influence the rate of gypsum dissolution. During the last 30 years, there have been a lot of
efforts in Iraq to study and understand how gypseous soils behave in different environments
and under various loads (Zedan and Abbas, 2020). This was done through intense research
programs at many institutions. Numerical methods were also used to model the process of
gypsum dissolving when it was soaked and leached. Due to the complexity of the gypseous
soils, the large amounts of data from the long-term study programs often showed results that
147



H.M. Jawad and Z.K. Jahanger Journal of Engineering, 2025, 31(1)

were at odds with each other. So, no firm decisions have been made yet. The PIV software
was focused on the collapsibility and deformability of sandy gypsum soil. The behavior of
granular materials can be reliably investigated using PIV, a non-intrusive technology, but it
is important to take into account its limitations and the impacts of the experimental
apparatus's scale. This was deemed to be utilizing a plane box with dimensions more
significant than the footing model in the current study. More research is needed to fully
understand the limitations and scale implications of the PIV while analyzing the behavior of
granular materials under different loading scenarios. In order to gain an understanding of
the collapse patterns, PIV was therefore utilized to study the deformation behavior of
gypseous soils. For the entire cartesian strain, saturated gypseous sandy soil was also
simulated using the Plaxis program, as seen in Fig. 10.
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Figure 9. Behavior of Natural Soil Under 200 kPa Load: (a) horizontal displacement du/dx,
(s'1), and (b) vertical displacement dv/dy, (s'1),
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Figure 10. Total cartesian strain for saturated gypseous sandy soil under 200kPa final load.
4. CONCLUSIONS

The Particle Image Velocimetry was a potent instrument for comprehending the
geotechnical characteristics of footings embedded in gypseous sand. The results indicate a
strong correlation between experimental displacement measurements and velocity profiles,
which is consistent with previous research and finite element method (FEM) analyses. PIV
effectively captures the nuanced stages of velocity discontinuities within the sand,
showecasing its ability to visualize displacement patterns under static loading conditions. In
the PIV analysis, we identified a specific failure zone that was the consequence of the soil's
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downward movement and tilting over the foundation distances. The punching shear failure
that we found in this analysis is considered one of the main types of failure, which is referred
to as shallow failure resulting from the collapse patterns of field gypseous sand soils with
regular concavities, and the patch size of the PIV analysis for normal condition tests was
21.41 x 8.06 pixels/mm. In addition, the experimental results and the numerical model
results demonstrate a strong accord in the overall load-settlement pattern that defines the
deformation of the strip foundation. Variations in the soil parameter, experimental mistakes,
or model-induced variations are usually invariably the cause of discrepancies between the
value acquired from strip-footing model tests and the collapse pattern determined using
FEM.

NOMENCLATURE
Symbol Description Symbol Description
Ydmax | Maximum Dry Density € Void ratio at field packings.
Ydmin Minimum Dry Density E Young’s modulus
vatela | Field Dry Density Y Poisson’s ratio
du/dx | Horizontal displacement Ae Void ratio changes by the wetting process.
dv/dy | Vertical displacement Dio  [The diameter corresponding to the passing
ercentage of 10% of the soil sample
Dr Relative Density D3o  [The diameter corresponding to the passing
ercentage of 30% of the soil sample
AH Height changes by the wetting Deéo  [The diameter corresponding to the passing
process. ercentage of 60% of the soil sample
Ho Sample height at the initial statq  Dsg Average Grain Size Diameter
C Cohesion Cu Coefficient of uniformity
Sv/B | Ultimate vertical settlement Cc Coefficient of gradation
(Sv) to beam width (B) ratio
Cp Collapse Potential SP-SM | Poorly graded silty sand
B Width t Thickness
FEM Finite Element Method PIV Particle Image Velocimetry
¢ Friction angle,¢ in dry U Ditalatancy angle, §
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