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location, with its uneven terrain, required extensive cut-and-fill earthworks, with
excavated materials reused as engineered fill. After observing excessive
settlements that impacted a structure, two in-situ tests were carried out: one on
original native soil and another on compacted fill. The tests showed that the native
soil settled approximately 2 cm under collapse conditions, while the compacted fill
experienced about 9 cm of settlement, indicating the high vulnerability of
reworked sand-gravel materials to collapse.
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1. Introduction

Collapsible soils are partially saturated loose-grained soils with low density that can withstand
considerable stress in their natural unsaturated state, but upon wetting, these soils usually undergo
aradical particle rearrangement accompanied by a decrease in volume [1, 2]. These soils are highly
problematic and cover a vast area worldwide, thus requiring special consideration in geotechnical
design to prevent potential significant financial losses due to structural damages [3]. The term
“collapse” differs from primary settlement or consolidation as it occurs depending on the degree of
wetting and has a significant uncontrolled magnitude [4]. At the natural water content, collapsible
soil particles are held together by silt grains, capillary tension, silt and clay bonds, as well as
cementation [1]. However, when the water content increases, the bond holding the soil particles
together weakens or is completely washed, and the collapse mechanism is instigated due to the
decrease in the shear strength and/or rearrangement of the soil particles [5,6]. Thus, causing
noticeable uncontrolled settlement affecting the structures found upon it [7]. The uncontrolled
settlement is mainly due to the non-uniform distribution of the percentage of bond particles within
the soil, causing extreme bond sensitivity upon wetting. Another reason for the uncontrolled
subsidence (differential settlement) is the unequal increase in soil water content beneath the same
structure.
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Collapsible soils exist in many locations across Egypt [8]. Geological data and research confirmed
that the dry sand of the Egyptian deserts contains a percentage of fines that can cause potential
collapse. Collapsible soils in Egypt are often formed by dried mudflows from rivers and flood
streams in shallow water depths, leaving tiny air pockets in the soil voids [9, 10]. Collapsible soils
cover huge areas in Siwa Oasis, the north delta, southwest Egypt, extending to North Sudan, the
northwest coast of Egypt, along the Red Sea coast, Qattara depressions, and the coastal region of
the Sinai Peninsula [11]. For newly developed cities in Egypt, collapsible soils are encountered and
cause structural damage in many projects. These areas include 6t of October, 10th of Ramadan City,
New Maadi, New Amereya, El Obour, Alex/Cairo desert highway road and Borg El-Arab in
Alexandria [2, 12], as well as the huge New Administration Capital City in the south-east of the
metropole city of Cairo.

The possible sources of soil wetting that may occur within the lifetime of the structure should be
studied to take protective measures so that the structures can be found safely on these problematic
soils. In Egypt, the main sources of wetting are mainly manmade, such as landscape irrigation,
fracturing/leakage from water pipes or sewer lines [13]. Rainfall represents a small fraction of
water sources in Egypt [12]. The non-uniformity of increased water content causes varying collapse
potential, leading to a high risk of differential settlement and distortion angle in existing buildings
[14]. Itis important to classify collapsible soil based on severity with a quantifiable variable known
as the collapse potential, CP or I, which represents the percentage of sudden volume loss when soil
undergoes collapse, determined at any stress level [15]. Basic soil index properties and Atterberg
limits can be used to form indirect correlations with the collapse potential. An empirical relation
was suggested [16] to define the collapse potential with reference to the natural water content, wey,,
the degree of saturation, S;, the plastic limit, PL, and the plasticity index, PI. Jennings and Knight
[17] proposed a guideline for the type of soil, grain size distribution and critical degree of
saturation.

Researchers [18, 19] also utilized standard penetration (SPT) values, cone penetration (CPT) tip
resistance and seismic velocity to provide correlations with the collapse potential, but the results
were rather poor. For preliminary identification of collapsible soils, the in-situ density was plotted
against the liquid limit [20]. A detailed review of the different criteria and indirect methods to
estimate collapse potential can be found in [11, 21]. These correlations are mostly for identification
purposes only. For settlement estimation, laboratory or field tests should be performed to obtain
quantitative data [22]. For fine grained soils, the collapse potential can be determined from
laboratory oedometer tests, either single or double [17, 23]. However, for coarse gravelly soils,
standard laboratory oedometer tests are unsuitable for capturing actual field-scale behaviour due
to sample size limitations that are not representative of the in-situ conditions [24] and differences
in collapse mechanisms [25]. Field settlements are consistently and significantly greater than
laboratory predictions. This discrepancy is especially pronounced in complex, heterogeneous field
conditions [26]. The traditional oedometer apparatus dimensions require modifications and design
of alarge-scale oedometer apparatus to capture the collapse mechanism of coarse grained gravelly
soils [24, 26]. Attempts to capture the collapse settlement of sandy gravelly soils based on large-
scale direct shear tests using artificial neural networks (ANN), multi-gene genetic programming
(MGGP) and evolutionary polynomial regression (EPR models) are presented in [27-29].

Sensitivity classification criteria to judge the severity of foundation problems with reference to
collapse potential were proposed in many publications [17], as well as a mathematical equation
[30] to show the effect of relative compaction, RC, applied normal stress, and degree of saturation
on the collapse potential. Other lab tests are occasionally conducted, such as triaxial test with
suction control [31], suction-controlled oedometer tests using axis translation [32-35]. To obtain
more realistic results that simulate the in-situ conditions, it is preferred to conduct field tests. Field
tests can give more realistic results, especially in the case of gravelly soils where undisturbed
samples cannot be gained even from open pits. However, limited research could be found
considering field tests to determine the collapse potential [36-40]. The most effective methodology
for testing soil collapsibility in the field is the in-situ collapse test (ISCP) [36], which is essentially
a plate load test with larger dimensions to permit testing of a relatively large zone of the collapsible
soil. The initial test was further modified [41] to account for the required normal stress acting on
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the foundation. The test is conducted at natural water content conditions, and once the desired
stress level is reached, water is added to the soil pit to increase the degree of saturation. The
collapse potential can be determined by plotting the stress-settlement relationship from the
obtained test data. In continuation, large-scale plate load tests were carried out in Greece to
determine the collapse potential of collapsible soils at the subsurface [42]. Seismic dilatometer test
[43] can also be utilized to determine the collapse potential. In this paper, a new large-scale in-situ
test with a deep infiltration system is elaborated. This study addresses a critical gap in practice: the
inability to rapidly assess the long-term, deep saturation collapse risk of foundations within a
practical timeframe. While previous research has relied on shallow infiltration limited to
subsurface saturation [2, 42, 44, 45], this work introduces a novel, integrated field methodology
that accelerates deep saturation to simulate long-term performance in days rather than months or
years. By simultaneously applying deep infiltration wells (10m depth) and surface ponding directly
beneath a loaded, full-scale foundation pad, this study directly triggers and measures the full
collapse mechanism that would otherwise develop slowly over years. This approach yields a major
key advance by providing a definitive performance comparison proving that reworked engineering
fill is significantly more vulnerable to collapse than native soil. The work thus provides a
prescriptive, accelerated testing framework to prevent potential risks of foundation design in arid,
collapsible deposits.

2. New Administration Capital City Case Study
2.1. General Site Description

The site location for the conducted large-scale tests was in the New Administration Capital City
(NACC) in Egypt. This specific area was chosen as it exists in an arid and uninhabited region that is
currently under urbanization and development. Geological studies show that the site is located
within the Red Mountain formations in the Cairo-Suez district [46]. The natural soil at the studied
site is composed of red to reddish brown, coarse to fine-grained gravel with varying amounts of
fines and iron oxides.

A new residential compound containing villas, a services building and internal roads is under
construction at the studied zone. Due to the mountain terrain, the natural topography had elevation
differences of more than 10 meters. Before construction, earthworks (cut and fill) were conducted
to reach the required architectural platform levels. The fill material consisted of recompacted
native soil material obtained from the cut regions. The compacted engineering fill varied in
thickness according to the location and reached a maximum value of about 10 meters. After
completing most of the villas, significant cracks and settlement were observed in some buildings,
which were attributed to water ingress from leakage of the temporary sewer tank located near the
damaged villas. The observed settlement within one building ranged from 20 to 120 mm, along
with tilting and severe cracks.

A primary assumption for the large settlement could be induced soil collapse due to infiltration of
the sewage water below the foundation. A large-scale in-situ test was designed and conducted to
determine the collapse potential of cut and fill areas at the site location.

2.2. Geophysics Investigation

A two-dimensional resistivity imaging survey was performed to investigate the project area. A total
of three imaging profiles were surveyed and studied at different locations within the distressed
zone to detect the presence of waterlogging in the soil subsurface layers, as shown in Fig. 1.

The conducted geophysical investigation has shown three separate zones of the subsoil that have
different degrees of saturation. A sample for the 2-D geoelectrical resistivity imaging for Profile No.
II (along points 4, 5 and 6) is shown in Fig. 2. These three zones were detected at different depths
and different horizontal extensions along the three geophysical sections. The observed
heterogeneity of the degree of saturation is due to the distance between the observed location and
the source of water, as well as due to the soil heterogeneity regarding the amount and type of fines,
and hence the hydraulic conductivity that affects the seepage paths.



Said et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

Northing

(m)

29.9754 o

29.9753 =

29.9752 =

29.9751 =

29.9750 -

6/

29.9749 + t
31.7153 31.7154 31.7155 31.7156 31.7157 31.7158
Easting
(m)

Fig. 1. Location map of the three imaging profiles
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Fig. 2. Two- dimensional geoelectrical resistivity imaging for Profile No. II (along points 4, 5
and 6)

2.3. Site Investigation and Laboratory Tests

A total of 50 boreholes with a depth of 10 m from the ground surface were conducted during the
initial site investigation to provide soil samples for lab testing. From the borehole results, no initial
groundwater table was present. Sieve analysis results confirmed that the entire depth of the
borehole consisted of sandy gravel with silt. The average percentage of fines in all soil samples
varies between 11% and 19% (Fig. 3). The compaction state of the reworked engineering fill was
determined using laboratory Modified Proctor tests, yielding an average optimum moisture
content (OMC) of 6.5% and a maximum dry density (MDD) of 22.1 kN/m?, shown in Fig. 4. Field
quality control using sand cone tests confirmed in-situ dry densities corresponding to 90-95% of
the Proctor MDD.

A summary of the soil index properties is presented in Table 1, while detailed test procedures are
described in [47]. The soil consists of a coarse-grained skeleton (*81% gravel and sand), forming a
highly porous framework [48], with highly plastic fines (LL = 86.3%, PI = 43.9%) acting as a
bonding agent under unsaturated conditions. At the low natural water content of the arid site, high
matric suction maintains a strong but metastable structure. Collapse occurs when water infiltration
reduces suction and weakens interparticle bonds, allowing particle rearrangement and
densification. Previous studies indicate that reworked compacted soils are generally susceptible to
collapse under appropriate loading and wetting conditions [35], with the initial degree of
compaction being a controlling factor [49]. The in-situ dry density and natural water content
indicate that the tested soil is dry of the optimum with a relative compaction of about 90%, thus
highly susceptible to collapse [50, 51].
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Table 1. Summary of soil index properties

100

Property Unit Range Average Value
Gravel % (51.0-60.0) 52.0
Sand % (15.0-39.0) 29.0
Fines % (10.0 - 25.0) 19.0
Specific Gravity (Gs) --- (2.6 -2.9) 2.8
Natural water content (w) % (1.0-2.5) 2.0
Dry Density (va) kN/m3 (16.5-19.8) 19.0
Optimum Moisture Content (OMC) % (6.0-7.0) 6.5
Max. Dry Density (MDD) kN/m3 (20.0 -23.0) 22.0
Liquid Limit (LL) % (84.0 - 87.0) 86.3
Plastic Limit (PL) % (41.0-42.7) 42.4
Plasticity Index (PI) % (43.0 - 44.3) 43.9

In addition, to emphasize the severity of the issue, sieve analysis data was obtained from boreholes
conducted with a depth of 30 m for other mega projects throughout the area of the NACC. The
borehole logs indicated that cemented sand, sandy gravel and silty sand covered large areas in the
NACC. For relevance, only data to a depth of 10m from the ground surface is presented. Fig. 5 shows
a sample of the percentage of fines present in the specified soil layers. Fig. 6 shows a histogram of
the fines’ percentage distribution. From these two figures, the percentage of fines from the sample
data ranges from about 4% to 50%. The probability of constructing foundation projects upon soil
with 13% fines, the same average fine percentage in the studied area, is about 30%. Therefore, the
risk of dealing with collapsible soils in the NACC is relatively high.
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Fig. 6. Statistical analysis of fines percentage from NACC sample data
2.4. Static Plate Load Tests (SPLT)

Before the execution of the large-scale in-situ test, static plate load tests (SPLTs) were performed.
A total of five tests, with a plate diameter of 50 cm, were carried out on the reworked engineering
fill material in the zone surrounding the damaged villa to study the reason for the severe observed
damage. Fig. 7 shows the settlement values under constant load in the dry state and at the end of
inundation. The settlement values vary significantly, not only at the end of the wetting process, but
in the dry state for each tested sample, indicating that the soil is rather heterogeneous.
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Fig. 7. SPLT Settlement values at constant load just before and at the end of inundation
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The measured settlement values after wetting do not explain the collapse mechanism, as the time
is limited to some hours, and hence the water has not penetrated the whole thickness of the
collapsible layer. The sudden subsidence (difference between settlement values just before and just
after inundation) under constant load for all tests is shown in Fig. 8. The percentage of increase in
settlement due to wetting ranges from 13% to 26%. These values approve the high soil
heterogeneity and hence its high sensitivity to wetting. Therefore, large-scale in-situ tests were
performed to get a better understanding of the problem.

3. Large-Scale In-Situ Test
3.1. Test Setup

The setup for the proposed large-scale in-situ test consisted of 2 main aspects: a loading system
and a wetting system. The wetting system was subdivided into subsurface wetting and deep
infiltration. The importance of the deep infiltration system was to accelerate the soaking of the
relatively thick fill layer (10 m), which is highly sensitive to small increases in water content
depending on fines content and compaction degree. Five wells, approximately 9 m deep, were
drilled at the start of the test setup, as shown in Fig. 9. These wells were equipped with perforated
PVC pipes connected to a water tank via a valve to control the amount of water being fed to the
system. Then the test location was prepped for the installation of the subsurface water feeding
system, which consisted of horizontal perforated pipes in a filter layer connected to the same water
tank via a separate valve, as shown in Fig. 10.

Water tank

Wells
_{depth =3.0m)

(a) (b)
Fig. 9. Deep infiltration system (a) Schematic (b) Photograph
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To ensure the pipes remained unaffected by settlement, they were overlain with a thin layer of
sand, as shown in Fig. 11. After the completion of the wetting system, preparation for the loading
system began. The loading system consisted of a reinforced square concrete footing with
dimensions (2 m x 2 m x 0.4 m), which was poured above the subsurface layer, as shown in Fig. 12.
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Fig. 12. Construction of RC footing (a) Schematic (b) Photograph
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The applied stress was approximately 100 kPa to simulate the foundation’s allowable stresses.
Steel beams were embedded in the RC footing with an anchorage length of 0.75 m to act as a
guideline when measuring the settlement. Then, a (3 m x 4 m) platform, as shown in Fig. 13,
consisting of equally spaced wooden strips with a thickness of 0.1 m, was constructed above the RC
footing. The platform was supported by steel [-beams with a height of 0.4 m and a length equal to
4 m. Finally, sandbags with a height of about 1.5 m were loaded onto the platform. Fig.14 shows the
final test setup.

3.2. Test Procedure

The previously described large-scale in-situ test was set up at two locations: one at a cut zone and
one at a fill zone near the building with a reported 12 cm settlement value. Settlement readings
were taken at various milestones with reference to points MP-01, MP-02, MP-03 and MP-04 shown
on the layout depicted in Fig. 12a. The process for the settlement readings is shown in Fig. 15.
Vertical settlements at the four reference points (MP-01, MP-02, MP-03, and MP-04) were
monitored manually using precise engineering leveling. All readings were referenced to a stable
benchmark system located outside the zone of influence of the test. Initial readings for the
settlement were taken seven days after pouring the RC footing, just before loading with sandbags,
and just after finishing loading with sandbags. Then the watering system was opened, and
settlement readings were also recorded.
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A controlled infiltration test was conducted to saturate the soil beneath the RC footing extending
to the entire depth of the constructed deep wells. The process was meticulously monitored by
recording the time and amount of infiltrated water at each stage. The infiltration process was
monitored continuously. Approximate saturation was determined based on the field observations
regarding the cessation of rapid infiltration and the establishment of sustained surface ponding for
a period of at least 3 hours. The methodology for confirming approximate saturation through
controlled flooding and observable field indicators is consistent with established practices for
large-scale collapsible soil testing [2]. Settlement readings continued periodically every day for 2
weeks after the infiltration process began until the rate of settlement reached less than about 1
mm/10 days. The obtained results were used to plot the time-settlement relation.

-
Leveling
staff
N
-~
Steel beamto | |
measurethe |
settlement
(a) (b)

Fig. 15. Settlement measurements process (a) Schematic (b) Photograph

4. Results and Discussion
4.1. Fill Zone (Recompacted Backfill)

For the fill zone, the baseline settlement values were taken on (Day 0), seven days after pouring the
RC plate, which was also the start of loading with the sandbags, indicated by station 1 in Fig. 16. At
milestone 2 (Day 13), just after finishing loading with the sandbags, the average relative settlement
for the four reference points MP-01, MP-02, MP-03 and MP-04 was 10 mm. On Day 19, the soaking
process began, Milestone 3, and the settlement values were recorded just before and just after the
water valve was opened. Fig. 16 shows a substantial increase in the settlement values upon wetting,
which was expected as a typical behavior of collapsible soils. These results indicate that despite the
controlled field test conditions, equal water feeding and symmetric loading process, significant
settlement variation occurred within the 4 points of the (2x2) m plate.
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Fig. 16. Time vs. settlement curve for recompacted backfill zone for the four reference points :
MP-01, MP-02, MP-03 and MP-04
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Therefore, the structure of the cemented sandy gravel soil and the bond material result in an
unequal effect on the settlement values upon wetting and lead to nonhomogeneous performance.
Between Milestone 2 and Milestone 3, Point MP-02 experienced upward movement due to the
slight rotation of the concrete plate resulting from the non-uniform settlement within the small
footing. On Day 28, the soaking system was turned off due to concerns about its effect on
surrounding structures, as 35 m3 of water had been used without reaching full saturation
(convergence was not reached). Nonetheless, readings continued until Day 35. The maximum total
settlement recorded was 67 mm for MP-01 and MP-02, 109 mm for MP-03 and 106 mm for MP-04.
The average total settlement was 87.2 mm.

4.2. Cut Zone (Native Soil)

The same process applied to the fill zone was performed on the cut zone (Native Soil) with Day 0
as the baseline for the settlement readings, taken seven days after pouring the RC plate. The loading
of the concrete plate started on the same day, as shown in Fig. 17. At the end of the loading period,
indicated by Milestone 2 in Fig. 17, the average relative settlement was about 4 mm. At constant
load, the settlement continued to increase, and readings were taken. On Day 20, the wetting system
was activated, and readings were taken just before and just after the start of the wetting process.
Readings were taken every day afterwards until Day 31, where the average relative settlement
reached a value of 21 mm. Only 6 m3 of water was required to reach the fully saturated state
(convergence was reached).

1 2 3
Time (Days)
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
0-0 1|||1||||l||||ll||||||||x|||||
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£ 200 ]
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L
§ 25.0 1: Start loading \
% 30.0 2: End of loading
3: Start soaking
35.0
40.0 —+—MP-01 —+—MP-02 =o=MP-03 -o-MP-04

Fig. 17. Time vs. settlement curve for cut (native) zone for the four reference points : MP-01,
MP-02, MP-03 and MP-04

4.3. Comparison between Native Soil and Reworked Backfill Zones
4.3.1 Infiltration Rate

The combined subsurface and deep infiltration system aimed to achieve a near-saturated condition,
indicated by a constant infiltration rate and stabilization of settlement. The progression of
infiltration rates with time for the native soil and reworked backfill zones is shown in Fig. 18, while
the corresponding accumulative absorbed water is presented in Fig. 19.

In the native soil zone, upon applying the wetting system, rapid infiltration (2m?®/day) was
exhibited, reflecting initial pore water absorption. Crucially, the rate of absorbed water decreased
until infiltration ceased on the third day, resulting in immediate surface ponding, recorded as fully
saturated. This behavior is indicated in Fig. 18 by the transition to zero infiltration rate. This
persistent inability to infiltrate additional water over three consecutive days is direct field evidence
that the soil's field capacity was exceeded, and a state of approximate saturation was achieved
(after approximately 3 m3 of applied water), shown in Fig. 19, and maintained within the influence
zone of the tested area. The water volume applied after ponding began was 3 m3, ensuring that the
saturated condition was pervasive. The low permeability observed upon saturation is attributed to
the high fines content, where the mobilized fines migrate, partially infilling the inter-particle voids

11
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and reducing permeability. Therefore, in native soil a smear zone with low permeability was
developed around each well preventing water flow and affecting the performance of native soils
outside the smear zones.

7.0
=== Reworked Engineering Fill === Native Soil

6.0 -

5.0 1

4.0 -

3.0 -

2.0

Rate of abosrbed water (m?/day)

1.0 ]

0.0 e e e
00 1.0 20 30 40 50 60 70 80 90 100
Applied water system time (day)

Fig. 18. Rate of absorbed water with time for both the native soil and reworked backfill zones

40.0
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Accumulative abosrbed water (m3)

0.0 TTrrrrrrrrrrr T T T L
0.0 1.0 20 30 40 50 6.0 .0 80 9.0 10.0
Applied water system time (day)

Fig. 19. Applied water system time vs. accumulative absorbed water for both the native soil and
reworked backfill zones

In contrast, the reworked engineering fill zone exhibited variable but consistently finite infiltration
rates throughout the test, never reaching a state of full saturation or ponding, despite applying a
total water volume of 35 m3. This behavior demonstrates the dynamics of unsaturated flow in the
reworked soil deposit. The highly variable infiltration rates, shown in Fig. 18 and expressed as
variable slopes in Fig. 19, are a direct signature of soil heterogeneity as well as the repeated cycle
of smear zone development (where soil is remolded to a lower permeability) and degradation by
infiltrating water. This key difference in hydrological response is critical for interpreting the
subsequent load test results.

4.3.2 Time-Settlement Relations

The average time-settlement curves for both the cut (native) and fill cases were plotted on the same
graph, as shown in Fig. 20. For the fill zone, the upward movement values were neglected, and the
settlement curve was extrapolated from Day 13 to Day 19, the start of the infiltration process. From
the graph below, it can be noticed that for the native soil zone, the settlement performance with
time due to water infiltration is stabilized, and convergence values are observed. The average
additional measured settlement due to soaking is about 8 mm. However, for the fill zone, the
settlement performance with time due to water infiltration has not stabilized, and the settlement
kept increasing with time even after the water valve was closed on Day 28. The average additional
settlement due to soaking is about 80 mm.
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Fig. 20. Comparison between average settlement vs. time curve for native and fill zones

4.3.3 Settlement and Serviceability Criteria

A comparison between settlement and angular distortion values at different loading stages for
native and engineering fill zones is shown in Table 2. The initial coordinates of the four reference
points (MP-01, MP-02, MP-03 and MP-04) with respect to the center of the RC footing is shown in
Fig. 21. Due to the rigidity of the RC footing, the angular distortion values are obtained from the
overall rotation caused by average differential settlement between opposite edges. According to
estimated average angular distortion values, there is a very high risk for structural damage
according to allowable serviceability limit states [52], since f is greater than 1:300.

Table 2. Comparison between settlement and angular distortion values at different loading stages

for native and reworked compacted backfill zones

Item Case Unit Native Soil Englrl;icﬁarmg
Averace Just Before Wetting mm 10.00 12.00
Settlemint After Completion of Wetting Process mm 23.00 86.50
Percentage of Increase % 130.00 620.83
Average Just Before Wetting 1:350 1:90
Angular
Distortion After Completion of Wetting Process --- 1:280 1:95
B)
(-2.5,-0.75)m (2.5,-0.75)m
MP-01 MP-04
@ —@-
: ;
S —
(o]
l - -
Moz T : S MP-03
(-2.5,0.75)m ! : T (2.5,0.75m

2.0m

1.5m

Fig. 21. The initial coordinates of the four reference points with respect to the center of the RC
footing for settlement and angular distortion measurements
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Table 2 shows that at the dry stage (before starting the wetting process), the average settlement is
rather identical for both native as well as reworked compacted soil. The slight difference in
behavior is believed to be attributed to the compaction process. Both the native soil and the
reworked compacted backfill exhibit collapse upon wetting; however, the collapse potential of the
reworked backfill is at least four times greater than that of the native soil. This marked difference
is attributed to the disturbance and destruction of the native soil’s naturally developed honeycomb
fabric, which evolved over geological time. Reworking and recompacting using a vibratory smooth
roller disrupt this metastable structure and creates a denser yet more water-sensitive fabric,
thereby significantly increasing susceptibility to wetting-induced collapse.

4.3.4 Uncertainty Treatment and its Effect on Engineering Conclusions

Settlement was measured using precise engineering levelling with a vertical accuracy of 1.0 mm
per reading. Instrument calibration, temperature corrections, balanced sight lengths, and early-
morning observations were employed to minimize systematic and environmental errors.
Measurement uncertainty was propagated through successive elevation differences, resulting in an
estimated uncertainty of +1.5 mm for differential settlement between monitoring points, which
directly affects the angular distortion values. For a measured differential settlement of 15 mm over
a 1.5 m foundation edge, the calculated angular distortion is 1/100. However, the actual differential
settlement could be as low as 13.5 mm or as high as 16.5 mm due to measurement uncertainty
(15mm #1.5mm). This translates to a possible angular distortion range of approximately 1/111 to
1/91. The uncertainty ranges (confidence intervals) were considered in the interpretation of
settlement-time curves and angular distortion calculations, confirming that the observed
deformation trends exceed measurement noise. Consequently, measurement uncertainty does not
affect the engineering conclusions regarding serviceability performance.

4.3.5 Numerical Simulation

The large-scale in-situ tests were simulated in Plaxis 3D 2024.1 [53] by implementing the
Barcelona Basic Model (BBM) [54] to capture the unsaturated and collapse behavior. The 3D model
consisted of 10-noded elements with a maximum, minimum and average mesh element size of 6m,
0.14m and 2m respectively, with a refined zone beneath the foundation and surrounding the deep
well to ensure accuracy in the high-stress region. The geometry was designed to be sufficiently
large to minimize boundary effects (35 x 35 x 20) m. The boundary conditions were normally fixed
along the X and Y axes, fully fixed at the bottom (Zmin) and free at the top (Zmax). The geometry of
the models is shown in Fig. 22, whereas the BBM parameters are shown in Table 3. In the BBM, a
single set of parameters defines the soil for both wet and dry conditions, as the main feature of the
BBM is the possibility to account for a smooth transition from a partially saturated to a fully
saturated state [53]. The performance at a certain degree of saturation is controlled by the soil
water characteristic curve (SWCC). The estimated SWCC for sandy gravel with void ratio = 0.5 and
specific gravity = 2.80 is shown in Fig. 23 based on data from literature [55].

Table 3. Barcelona Basic Model (BBM) parameters for native soil and reworked engineering fill

Symbol Unit Description Nas‘gi\i'e En;ivev:;lr(lengill
v' Poisson's ratio 0.2000 0.2000
K Slope of the swelling line in (v-In p’) plane 0.0010 0.0020

Slope of the compression line at full saturation
A in (v- In p) plane 0.0043 0.0190
Ks Slope of the swelling line in (v-In s) plane 0.0006 0.0018
Ks Tensile strength due to suction 0.1000 0.1000
[0) degree Friction angle at critical state 38.0000 38.0000
eo Initial void ratio 0.5000 0.5000
pr kPa Reference effective pressure 2.0000 2.0000
r Soil stiffness with suction 0.5000 0.3000
B kPa-l Rate of increase of soil stiffness with suction 0.0100 0.0200
a Coefficient of the plastic potential 0.4600 0.4600
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The settlement values just before and after completion of the wetting process from the Plaxis
simulations are plotted against the actual in-situ values for both native and reworked engineering
backfill with an error bandwidth of £10%, shown in Fig. 24. The model simulations show very good
agreement with the in-situ settlement values with R2 (coefficient of determination) =0.99, MAE
(mean absolute error) =1.58 mm and RMSE (root mean square error) =1.80 mm, indicating that the

implemented model is capable of capturing the actual behavior and can be used to predict expected
settlement in the design stage for future projects.

(a) (b)

(c) (d)
Fig. 22. Plaxis 3D model simulations for (a) Native soil dry (b) Native soil wet (c) Reworked backfill
dry (d) Reworked backfill wet

—e—Sandy Gravel
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Fig. 23. Soil water characteristic curve “SWCC” for Sandy Gravel (void ratio = 0.5, specific gravity =
2.80)
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Fig. 24. In-situ and simulated settlement values for native soil and reworked engineering backfill

4.3.6 Scope and Limitations of the Numerical Analysis

The numerical analysis presented is a simplified, phenomenological back-analysis, not a predictive
model. Its sole purpose is to demonstrate that the magnitude of the measured field collapse can be
reproduced using reasonable soil parameters and a constitutive model for unsaturated soil. A
formal mesh study and comprehensive sensitivity analysis were not performed. Parameters were
derived from standard correlations, literature values, and iterative manual calibration to fit the
load-settlement data. The high R? value is thus interpreted as evidence that the model can
adequately replicate the observed collapse settlement, not as validation of a perfect or predictive
unsaturated soil model.

4.4. Comparison Between SPLT And Large-Scale In-Situ Load Test

A comparison between the average settlement values from the SPLT and large-scale in situ test for
the reworked compacted backfill zone is shown in Table 4. From the results, under constant load
in the dry state, a scaling factor of about 4.0 can be assumed to account for the dimensions of the
loading plate, stress influence zones and nonlinear strain distributions. The observed settlement
ratio of approximately 4:1 between the large-scale RC footing and the SPLT is presented as
an empirical, site-specific outcome rather than a generic scaling law.

On applying the scaling factor, both tests give relatively equivalent settlement results in the dry
state. However, upon wetting, the values between the two tests differ drastically. This is due to the
saturation area and testing period. For the SPLT, the saturation area is limited to the subsurface,
and the test is conducted within a few hours. For the large-scale test, deep wells were used to
infiltrate the water into the soil at greater depths up to 9 m, and the test was conducted for a
minimum of 30 days. Fig. 16 shows that the reworked compacted backfill zone took almost 35 days
to reach the maximum measured settlement as given in Table 2, and yet stable conditions were not
obtained. The influence depth of a surface load is theoretically limited, often approximated as
smaller than 2B to 4B (where B is the foundation width) [56]. For the 0.5m SPLT plate, this
corresponds to an influence depth of 1-2 m and about 4-8 m for the 2.0m RC footing. However,
there is no influence depth for the effect of wetting. Collapse behaviour is a volumetric strain
triggered by wetting, which is mostly independent of the applied footing stress and its influence
depth depends on the depth of the collapsible soil and the amount and rate of water infiltration. At
identical stress conditions, the collapse settlement from the SPLT is governed by a small soil volume
just beneath the plate that will be fully saturated and develops a smear zone that prevents further
water infiltration, whereas in reality, collapse settlement is governed by a much greater volume,
encompassing the wetted zone, shown in Fig. 25. The time as well as the source of water in the
reality play decisive actions on the soil performance that cannot be simulated via the simple static
plate loading test. Furthermore, to normalize the results, the average field collapse strain, &, is
calculated by dividing the collapse settlement by the stress influence depth for both cases, which
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yields 0.4% and 2.2% for the SPLT and large-scale in-situ test respectively. Thus, further validating
that the SPLT cannot fully capture the expected collapse mechanism upon deep infiltration.

Table 4. Comparison between SPLT and large-scale in-situ test for reworked compacted backfill

zone
Item Unit SPLT Large-Scale in-
situ Test
Just Before Wetting mm 3.07 12
Average . .
Settlement After Completion of Wetting Process mm 6.56 86.5
Percentage of Increase % 113.75 620.83
SPLT plate In-situ RC footing
B, B,
p 227 L svess | A
S g h
g 8
= £€

£ c o =
s S
n Q
s s
a E]
a E
3 -

Wetted
Soil

Fig. 25. Comparison between influence depth and stress bulb for applied load on SPLT plate

(B1) and in-situ RC footing (B2)

5. Conclusions

From the conducted large-scale in-situ tests with a water infiltration system on both cut and fill
zones, the following conclusions can be drawn:

The performance of the native soil in the cut zone differs drastically from that of the
compacted backfilled soil, despite using the cut material for the fill zone. The destruction of
the bonded joints of the native soil is the reason for this large difference between the
performance of native and recompacted soils.

The amount of clay, compaction methodology, compaction energy and degree of compaction
have a great effect on the performance of fill soils used as engineered fill.

Static plate load tests cannot accurately predict the expected increase in settlement due to
water ingress in collapsible soil. It can only indicate the risk of collapsibility of the used
compaction material.

Settlement due to applied foundation stress is affected by the footing dimensions (influence
depth); however, there is no exact influence depth for the effect of water ingress. The effect
of water ingress is a time phenomenon that depends on the soil type, percentage and type of
fines, initial water content, source of water and quantity of seeped water as well as the depth
of the collapsible soil layer.

The accelerated deep infiltration system demonstrates the severe collapse potential inherent
in the soil fabric by rapidly triggering the wetting-induced settlement mechanism. In the
large-scale test on reworked fill, this resulted in approximately 11 cm of settlement within
days. Importantly, the magnitude of this settlement is comparable to the 10-12 cm of
damage-causing settlement observed over a year in a nearby villa affected by subsurface
leakage. While the timescales differ, both cases confirm that the ultimate collapse potential
of the soil is sufficient to produce structurally damaging settlements. Thus, the test provides
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a validated lower-bound estimate of the geotechnical risk posed by prolonged moisture
ingress in this arid environment.

e Additional measures to control the risk of soil collapse by water ingress are to apply isolation
systems combined with a subsurface drainage system for all green areas, swimming pools
and utilities such as sewer and irrigation pipes to prevent water infiltration into soil
susceptible to collapse, which may cause severe cracks and settlement in nearby structures.

e Non-uniform infiltration of water due to leakage can cause differential settlement and
distortion of structures that can lead to severe damage.

o Identification and classification of collapse behavior from in-situ tests and settlement
recordings indicate that the average angular distortion values can exceed allowable
serviceability limit states. There is a very high risk for structures founded on such soil type.

e The novelty of this approach lies in wetting not only the subsurface during testing, which is
the case in most previous studies but also using deep wells to ensure the wetting of the soil
at greater depths to simulate realistic foundation long term conditions.

e The results of conventional static plate loading test with inundation give only indication on
the soil sensitivity in case of water ingress. Further work to correlate the test results with the
expected long-term performance is needed.

e The different infiltration behaviors observed between the native and reworked engineering
fill soils warrant a cautious interpretation. For future recommendations, it is important to
note three key limitations in the presented dataset that should be addressed for a definitive
mechanistic explanation: hydraulic conductivity measurements, quantitative reference to
seepage pathways and grain-size-specific microstructural interpretation.
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