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Abstract

The continuous demand for urban development, along with the construction of new buildings, highways, and infrastructure,
creates an increasing necessity for excavation activities. Deep excavation near existing buildings can lead to ground
instability, potentially causing structural damage to nearby properties. This research aims to investigate methods for
enhancing buildings stability from the initial stages of construction, focusing on protecting structures from potential future
adjacent excavations. This study utilizes a skirt-raft foundation system, modeled using the finite element software PLAXIS
3D, to evaluate its effectiveness in improving stability and protection. The study analyzed the behavior of raft foundations
in clay soil adjacent to excavations ranging from 1 m to 10 m and compared this with the performance of raft foundations
with added skirt foundations. The comparison focused on settlement, rotation, and lateral movement of the excavations to
assess potential building damage. The results showed that incorporating a skirt foundation significantly enhanced structural
stability and reduced excavation-related damage. The implementation of a skirt foundation to a depth of 0.5B (where B is
the foundation width) for excavations of similar depth has been shown to significantly reduce damage levels from medium
or high to light while also decreasing differential settlement by 80%. It is recommended that adjacent excavation depths
should not exceed 0.25B. However, if a skirt foundation is constructed at a depth of 0.5B, the excavation depth can be
safely extended to 0.75B.

Keywords: Excavations; Raft Foundation; Skirt Foundation; Clayey Soil; PLAXIS 3D.

1. Introduction

Rapid urban development, including the construction of high-rise buildings, highways, metro tunnels, and other
modern infrastructure, often necessitates deep excavations to support these projects. However, excavation activities near
existing and older buildings can significantly impact the stability of these structures, posing potential risks to their
integrity [1-3]. Excavations can cause soil to become loose and experience lateral displacement, leading to a loss of
stability in nearby buildings. This instability can result in structural failure and potential collapse, particularly if the
buildings are unable to support the excavation sides or before support work is initiated. Several researchers have studied
the effect of excavations on buildings and the subsequent damage that may occur [4-6]. The assessment of damage
resulting from lateral displacement and foundation settlement has been thoroughly studied by Piciullo et al. [6]. Their
research focuses on the effects of deep excavations related to foundational construction, employing various methods to
analyze displacement and settlement while comparing their effectiveness.
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The assessment of damage resulting from lateral displacement and settlement of the foundation has been thoroughly
studied by Piciullo et al. [6]. Their research focused on the effects of deep excavations related to foundational
construction, employing various methods to analyze displacement and settlement while comparing their effectiveness.
The study focused on two buildings in Norway to predict both short- and long-term damage resulting from deep
excavations near these structures. The results indicated significant damage, highlighting the critical impact of such
excavations on building integrity. Numerical analysis was conducted by Khalid & Alshameri [7] on two mat foundations
situated in two types of clay soil to study the safe horizontal distance between the first mat foundation and the excavation
for the second mat foundation, as well as the optimal excavation depth. The results showed that the most effective depth-
to-horizontal distance ratio was 1:3. Additionally, the findings revealed that the factor of safety increases as the distance
between the building and the excavation increases and the weight of the building decreases.

The extent of damage is directly related to the soil deformation caused by excavation activities. Soil deformation is
typically categorized into two types: short-term and long-term. The short-term deformation is influenced by several
factors, including the depth of the excavation, the proximity of the building to the excavation site, the soil type, the
weight and structure of the building, and the characteristics of the retaining system used. In contrast, long-term
deformation is primarily governed by changes in groundwater levels and consolidation settlement processes [6]. Many
experimental and numerical studies have adopted the short-term model for analyzing the excavation results [7-10].

The main causes of building damage resulting from adjacent excavations include differential settlement, angular
distortion of the structure, and lateral soil movement [6-10]. Figure 1 shows Bjerrum's limits for angular distortion [11],
with angular distortion adopted as the main factor for controlling damage.
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Figure 1. Limiting angular distortion [11]

The impact of new deep excavations on adjacent buildings and underground metro tunnels [12] was investigated
through numerical modeling, accurately reflecting the real geometric dimensions. This study focused on analyzing the
horizontal displacement and settlement of the building, as well as the surface settlement and deformation of the metro
tunnel. While shallow excavations generally have negligible effects, deep excavations present significant risks, making
it essential to employ a layered excavation approach with proper excavation support to mitigate potential damage.

The primary cause of building damage is the lateral movement of soil resulting from unsupported excavation. This
lateral movement induces differential settlement of the foundation, leading to foundation distortion, potential lateral
collapse of the excavation, and ultimately, structural damage to the building. Proper support systems are essential to
prevent such failures and ensure stability during excavation activities [13-16]. Through research on the impact of
excavation work on nearby buildings, Rankin [17] proposed a classification system for the level of damage resulting
from these excavations, dividing it into four distinct categories. Each category reflects the severity of the damage,
ranging from negligible to high. The first and second categories indicate that the building is not significantly affected
by the excavation, with damage levels considered minimal and within acceptable limits.

Numerous numerical, theoretical, and experimental studies [18-34] have demonstrated the damage caused by nearby
excavations, whether supported or unsupported, especially in deep excavations with inadequate support, leading to
lateral displacement and differential settlement. Previous studies have documented numerous instances of building
collapses caused by deep excavations adjacent to the structures, particularly when these excavations lacked adequate
support or were insufficiently reinforced. To address this critical issue, this research proposes the integration of a skirt
foundation beneath the raft foundation. This design aims to significantly enhance the foundation's performance by
improving settlement control and increasing its bearing capacity, thereby mitigating the risks associated with adjacent
deep excavations.
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The primary objective is to minimize the impact of neighboring excavations on buildings in the future. A skirt
foundation, which is a skirt-shaped structure designed to confine the soil within its boundaries, plays a crucial role in
enhancing the stability of the building. This foundation type was chosen due to extensive research highlighting its
effectiveness in improving structural stability. Several studies have demonstrated the importance of adding a skirt
foundation in increasing the resilience and overall performance of buildings, especially in environments where deep
excavations present significant risks [35-40].

2. Research Methodology

Figure 2 shows the flow chart outlining the research methodology designed to achieve the objectives of this study.
The primary aim of this paper is to evaluate the performance of skirt-raft foundations located adjacent to unsupported
excavations in clay soil.

Evaluation of Skirt-Raft Foundation Performance Adjacent to Unsupported Excavations

Numerical Modeling

Finite Element Method (Plaxis3D)
Model Dimensions: 100 m x 100 m x 20 m depth
Soil type: Clay

| Laboratory results (Dong et al.) vs. PLAXIS results ‘

‘ Modelling Parameters ‘

Raft foundation
10m x 10m
100 kPa load

Raft foundation
10mx10m
150 kPa load

Raft foundation
5m x 10m
100 kPa load

|

Raft foundation
Smx 10m
150 kPa load

Skirt depth: 0B, 0.258B, 0.5B
Excavation depths: 1to 10 m
‘ Excavation Process ‘
|

Incrementally remove soil up to 10 m

‘ Measurement parameters l
I

Differential settlement and rotation angle for
both raft and skirt foundations

I |
Compare damage levels with the levels Discuss effectiveness of skirt foundations in
proposed by Rankin mitigating damage during excavation

Determination of the optimal excavation
depth and skirt depth to minimize
building damage.

Figure 2. The research methodology
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The damage assessment for raft-skirt foundations is conducted by analyzing differential settlement values and
rotation angles. These parameters are then compared to the thresholds proposed by Rankin [17] as shown in Table 1.
Each damage level in Table 1 is represented by a specific color: green indicates a negligible level of damage, blue
corresponds to light damage, orange represents moderate damage, and red signifies a high level of damage. These color-
coded levels are explained by the extent of damage caused by differential settlement and rotation for the building. The
research was conducted, and the results were analyzed under the following conditions:

1. Skirt foundation length did not exceed 0.5B for cost-effectiveness,
2. Short-term soil deformation was assessed,

3. Clayey soil was the focus of the study,

4. Excavation was adjacent to the building,

5. The excavation was unsupported.

Table 1. Typical values of maximum building slope and settlement for damage risk assessment

. Max. angle of Max. tilt
Risk level rotation (6,,,,) (A8, mm) Level of damage
1 L - .
1 < =00 <10 Negligible: (superficial damage unlikely)
1 1 . . . S . I
2 200~ 200 10-50 Light:( Possible superficial damage which is unlikely to have structural significance)
3 1 1 50-75 Moderate: (Expected superficial damage and possible structural damage to buildings,
200 50 possible damage to relatively rigid pipelines)
4 1 > 75 High: (Expected structural damage to buildings. Expected damage to rigid pipelines,
= 50 possible damage to other pipelines)

3. Numerical Modeling

Numerical modeling for this case was performed using the finite element method through one of the important
geotechnical engineering programs (PLAXIS 3D). The model’s dimensions were 100x100 m with a depth of 20 m. The
soil used in the modeling was clayey soil, with samples collected from the Zayuna site in Baghdad following
comprehensive soil investigations. The soil properties, determined through experimental testing, are presented in Table
2. The Hardening model was used to simulate the soil behavior, as it is particularly well suited for representing
excavations due to its ability to accurately capture soil behavior under stress [2]. The skirt and the raft were modeled
using the Linear Elastic model, as shown in Table 2. The thickness of the raft used was 70 cm, and the width of the skirt
was 20 cm. Two types of foundations were used: the first was a raft foundation with dimensions of 10 x 10 m, and the
second was 10 x 5 m. The applied loads were simulated based on actual building loads, ranging from 100 kPa (10
ton/m2) to 150 kPa (15 ton/m2). The skirt lengths used in the analysis were 0.25B - 0.5B. The excavation was modeled
using the volume element of the soil adjacent to the building. The excavation process was carried out in ten stages, with
1 m of soil removed in each stage. Figure 3-a shows a general 3D model of the study, while Figure 3-b shows the case
without a skirt. Figures 3-c and 3-d present foundations with skirts at depths of 0.25B and 0.5B, respectively. The main
purpose of the skirt is to enclose the soil under the raft foundation, reducing both differential settlement and the lateral
movement of the soil. The current study focuses on three main outcomes, measured using the PLAXIS program, as
shown in Figure 4. Figure 4-a represents a cross-section of the skirt foundation. It was noted that the differential
settlement (A5, mm) was measured at a position within the circle located at the corner of the right raft, as shown in
Figure 4-b. While the lateral movement was measured on the side of the excavation adjacent to the building, as
demonstrated in Figure 4-c.

Table 2. Soil properties used in modeling

Case Clay soil Footing Skirt
Material model Hardening Liner elastic Liner elastic
Drainage type Undrain Non porous Non porous
Unit weight (KN/md) 17 24 24
C.c 0.14 -
Cs 0.038 -
E (KN/m?) - 23500000 23500000
\'A - 0.3 0.3
C' (kPa) 50 -
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(c) (d)
Figure 3. Geometry modelling of problem (a) general model (b) raft without skirt, (c) Raft with skirt 2.5 m and (d) raft with
skirt5m
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Figure 4. Section plan (a) raft with skirt, (b) Position of differential settlement (c) Position of maximum of lateral movement

4. Verification

To verify the performance of the PLAXIS program in simulating excavations adjacent to buildings, a comparative
analysis was conducted between the laboratory results obtained by Dong et al. [2] and those obtained from PLAXIS 3D.
A building adjacent to excavations supported by a retaining wall was used in the study. The building was modeled using
a steel plate, while the retaining wall was represented by an aluminum plate. The properties are detailed in Table 3 and
Figure 5. The soil was modeled with the Mohr-Coulomb model, while both the building and retaining wall were
represented using the linear elastic model. The excavation was carried out in stages, each 50 mm in depth. Nine sensors
were arranged, as shown in Figure 5, to measure the settlement caused by the excavations. The sensors were distributed
around the building and along the distance between the building and the excavation site. The data from sensors S1, S2,
S3, and S4 were used to validate the model employed in the study.
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Table 3. Material properties after Dong et al. [2]

An example of a Weight Density Elastic Modulus Poisson’s Ratio Cohesion Internal Friction
column heading ¥ (KN/m?®) E, (MPa) (n) c (kPa) Angle ¢
Soil 16.45 37.9 0.3 2.7 355
Retaining wall 27.02 68,000 0.32 - -
Steel 78.5 210,000 0.3 - -

R Computer
— - Data transmission line 5

& Displacement sensor Mcﬂcl building ,ﬁ
""" ] S5 S6 S7 S8

A B | B_A A Al _____ LA _
A|S9
y N A-D A A A __
Model S1 82 83 S4
support Bottom of Model box
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Model retaining wall
Model soil
(a)
300 25 ¥
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50 100
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25 % "
900 900
Main view Top view

©
Figure 5. Schematic of the model group of tests (a) Model details, (b) Sensor locations relative to the building, (¢c) The main
and top view of the model [2]

The results, shown in Figure 6, illustrated the sensor reading at each excavation stage and various distances from the
foundation pit. The results showed that the values obtained and the behavior observed were consistent between the
PLAXIS 3D program and the laboratory results prepared by Dong et al. [2]. It was observed that as the distance from
the building decreased, the monitored settlement gradually reduced. However, the total change in settlement across the
monitored surface increased progressively as the depth of the excavation

Distance from foundation pit (mm)
0 50 100 150 200 250 300 350

S4

10 A

12 1

Surface settlement (mm)
oo

—&— Experimental

149 —o— Plaxis 3D

16 -

Figure 6. Comparison between experimental results and PLAXIS 3D results
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5. Program of Modeling

A total of 120 cases were performed, divided into two main groups. Each group had different dimensions for the raft
foundations: the first was 10x10 m and the second was 5x10 m, with the 10 m side adjacent to the excavation, as shown
in Table 4. Each main group was further divided into two secondary groups, with each secondary group subjected to
different loads, comprising 30 cases each. The 30 cases in each secondary group were then divided into three sets, each
involving excavations adjacent to the building. The excavations began at a depth of 1 m, with the subsequent cases
increasing in depth by 1 m at each stage until reaching a total depth of 10 m. The second set of models repeated the
condition of the first set but included a skirt foundation added to the raft foundation at a depth of 0.25B. This was
followed by a repetition of the first set of models, with the skirt foundation extended to a depth of 0.5B m. The
geotechnical analysis of the problem was carried out according to the structural analysis and building loads. The final
stresses applied to the raft foundation were considered in the evaluation. Two building configurations were adopted: a
five-storey building with a load of 2 tons/m? and a seven-storey building with a load of 2 tons/mz, plus a small additional
storage area on the roof.

Table 4. Program of modeling

Raft Foundation Area (BxL) Building Weight  Depth of Skirt Depth of Excavation (m)
0B 1 2 3 4 5 6 7 8 9 10
(Case 1) 100 kPa 0.25B 1 2 3 4 5 6 7 8 9 10
0.5B 1 2 3 4 5 6 7 8 9 10
10x10 (mxm)
0B 1 2 3 4 5 6 7 8 9 10
(Case 2) 150 kPa 0.25B 1 2 3 4 5 6 7 8 9 10
0.5B 1 2 3 4 5 6 7 8 9 10
0B 1 2 3 4 5 6 7 8 9 10
(Case 3) 100 kPa 0.25B 1 2 3 4 5 6 7 8 9 10
0.5B 1 2 3 4 5 6 7 8 9 10
5%10 (mxm)
0B 1 2 3 4 5 6 7 8 9 10
(Case 4) 150 kPa 0.25B 1 2 3 4 5 6 7 8 9 10
0.5B 1 2 3 4 5 6 7 8 9 10

Excavations adjacent to the building pose a danger to the building because the progress of excavation causes
settlement in the raft foundations on the side adjacent to the excavation. This leads to differential settlement and rotation
of the foundations, which affects the stability of the building [17]. Figure 7 shows the basic criteria used to evaluate the
extent of the damage to the building as a result of nearby excavation work. These criteria include the differential
settlement and rotation angle of the building, which were adopted to obtain the final results. These results were then
discussed by comparing them with the cases presented in Table 1 by Rankin [17].

| L
l

A
A

- == AS
6=6,)/L 7"~ Lo

Figure 7. Parameters of building damage for level assessment

6. Results and Discussion

Two main components were used for the analysis. The first involved calculating the relationship between differential
settlement and angle of rotation with depth of excavation and discussing the improvement rate in differential settlement
and lateral displacement on the excavation side when the skirt foundation was included. The second component
evaluated the extent of damage to the building as a result of adjacent excavations, both with and without the skirt
foundation, by comparing the results with values in Table 1.
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6.1. Case 1

The first case involved a raft foundation with dimensions of 10x10 m, carrying a load of 100 kPa, with the excavation
progressing to a depth of 1 m adjacent to the building. This was carried out without the presence of a skirt foundation
for the first group, with a skirt at a depth of 0.25B (2.5m) for the second group, and with a skirt at a depth of 0.5B (5m)
for the third group. The following aspects were studied:

6.1.2. Variation of Differential Settlement and Rotation Angle with Addition of Skirt Foundation

As shown in Figures 8 and 9, the progress of excavation, starting from 1 m to 10 m, significantly affects differential
settlement. However, with the addition of the skirt foundation at a depth of 0.25B (2.5m), there was a noticeable
reduction in the rate of differential settlement and lateral movement at depths of 2, 5, and 10 m by 72%, 48%, and 32%,
and by 52%, 29%, and 11%, respectively. By increasing the depth of the skirt to 0.5 B (5m), the reductions in differential
settlement and lateral movement were 96%, 82%, 57%, and 69%, 70%, and 33%, respectively.

Diffrential Settlement, mm

0 20 40 60 80 100 120 140 160
0 D 1 1 1 1 1 1 1 ]

—o- Excavation without skirt

&= Excavation withskirt 2.5 m

Excavation with skirt 5m

Depth of Excavation, m
(o2}

=
o
1

12 -

Figure 8. The change in differential settlement with increasing depth of excavation for Case 1
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Figure 9. The change in lateral displacement with increasing excavation depth for Case 1

Figure 10 illustrates the contour values of settlement and lateral displacement for the foundation in the first case. It
is evident that the highest settlement values occur at the corner of the foundation closest to the excavation. Negative
contour values indicate the expected settlement beneath the foundation due to the excavation work, while positive
contour values signify upward soil movement, particularly in the excavated area. Regarding lateral displacement,
positive contour values represent soil movement to the right, indicating lateral movement beneath the foundation,
whereas negative contour values show soil movement to the left, away from the foundation and towards the excavation
area. The contour values presented correspond to a depth of 7 m, demonstrating the behavior of the skirt foundation at
a depth greater than the maximum skirt depth of 5 m. The improvement percentage of differential settlement and lateral
movement is shown in Figures 11 and 12.
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Figure 10. Section contours of case 1 (a) differential settlement of raft without skirt (b) lateral displacement of raft without
skirt (c) differential settlement of raft with skirt 0.25B (d) lateral displacement of raft with skirt 0.25B (e) differential
settlement of raft with skirt 0.5B (f) lateral displacement of raft with skirt 0.5B.
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Figure 11. Percentage of differential settlement improvement after adding the skirt foundation for Case 1
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Figure 12. Percentage of lateral movement reduction after adding the skirt foundation for Case 1

6.1.2. Level of Damage Caused by Adjacent Excavations

To evaluate the damage to the building as a result of adjacent excavations, a comparison was made between the
results obtained for the differential settlement and rotation angle, and the range of these parameters was used to evaluate
the damage levels in Table 1. The results were presented in Table 5.

Table 5. The degree of damage to the building under the effect of a load of 100 kPa (dimension of raft foundation 10x10 m)

Excavation Without skirt With skirt (0.25B) With skirt (0.5B)
PP asym) G N oy Omed e my Omed
1 5.42 0.000542  Negligible 0.9 0.00009  Negligible 0.22 0.000022  Negligible
2 12.8 0.00128 Light 3.6 0.00036  Negligible 0.47 0.000047  Negligible
3 27 0.0027 Light 8.8 0.00088  Negligible 2.4 0.00024 Negligible
4 40 0.004 Light 19 0.0019 Light 5.6 0.00056 Negligible
5 56 0.0056 Moderate 29 0.0029 Light 10 0.001 Light
6 72 0.0072 Moderate 42 0.0042 Light 17 0.0017 Light
7 92 0.0092 High 55 0.0055 Moderate 30 0.003 Light
8 111 0.0111 High 71 0.0071 Moderate 41 0.0041 Slight
9 130 0.013 High 86 0.0086 High 52 0.0052 Moderate
10 151 0.0151 High 103 0.0103 High 65 0.0065 Moderate

The findings showed that the same building could exhibit different damage levels depending on whether it was
evaluated based on differential settlement or rotation angle. Therefore, the impact level reflected the worst-case scenario.
The most serious factor that needed attention was the differential settlement factor [6]. As noted in Table 5, the level of
damage was moderate at an excavation depth of 5 m and reached high at 7 m. However, when a skirt foundation with a
depth of 0.25 B was used, the high damage level extended to 9 m. When the skirt depth reached 0.5 B, the depth of the
danger exceeded 10 m.

6.2. Case 2

In Case 2, the dimensions of the raft foundation were the same as in Case 1 (10x10 m), but the load was heavier, at
150 kPa. The depth of the skirt foundation was either 0.25B (2.5m) or 0.5B (5m), with 10 cases of graduate excavation.
The results were as follows:

6.2.1. Variation of Differential Settlement and Rotation Angle with Addition of Skirt Foundation

The results of differential settlement and lateral movement with graduated excavation depth are shown in Figures 13
and 14. The results showed that the differential settlement was 384 mm, which was greater than the 151 mm observed
in Case 1 at a depth of 10 m due to the heavier load.
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Figure 13. The change in differential settlement with increasing excavation depth for Case 2
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Figure 14. The change in lateral displacement with increasing excavation depth for Case 2

Differential settlement and lateral movement improved at depths of 2, 5, and 10 m when a skirt foundation with a
depth of 0.25B (2.5 m) was used, with improvement percentages of 72%, 54%, and 40% for differential settlement and
69%, 41%, and 24% for lateral movement, respectively. When using a skirt foundation with a depth of 0.5 B (5 m), the
percentage of improvement increased to 91.85% and 70% for differential settlement and 88%, 81%, and 54% for lateral
movement, respectively. The improvement percentages are shown in Figures 15 and 16. Figure 17 presents the contour
values of settlement and lateral displacement for the foundation in the second case.
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Figure 15. Percentage of differential settlement improvement after adding the skirt foundation for Case 2
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Figure 16. Percentage of lateral movement reduction after adding the skirt foundation for Case 2
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Figure 17. Section contours of Case 2 (a) differential settlement of raft without skirt (b) lateral displacement of raft without
skirt (c) differential settlement of raft with skirt 0.25B (d) lateral displacement of raft with skirt 0.25B (e) differential
settlement of raft with skirt 0.5B (f) lateral displacement of raft with skirt 0.5B.
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6.2.2. Level of Damage Caused by Adjacent Excavations

Table 6 shows the levels of damage to the building for the second case, indicating that the level of damage increased
to a high at a depth of 4m due to the higher load compared to Case 1. When a skirt foundation with a depth of 0.25B
(2.5m) was used, the high damage level occurred at a depth of 6m, which was more than twice the depth of the skirt.
Using a skirt with a depth of 0.5B (5m), the high damage level reached 9m, indicating that the building would be safer
if the excavation depth did not exceed 5m.

Table 6. The degree of damage to the building under the effect of a load of 150 kPa (dimension of raft foundation 10x10 m)

Excavation Without skirt With skirt (0.25B) With skirt (0.5B)

Depth (m) ASy (MM)  (0,0) Impactlevel A8, (Mm) (8,4 Impactlevel A8, (mm)  (0,,.,) Impact level
1 18 0.0018 Light 3.2 000032  Negligible 089 0000089  Negligible
2 33 0.0033 Light 9.1 0.00091  Negligible 288 0000288  Negligible
3 60 0.006 Moderate 19 0.0019 light 6.64 0.000664 Negligible
4 89 0.0089 High 38 0.0038 Moderate 11 0.0011 Light
5 125 0.0125 High 58 0.0058 Moderate 19 0.0019 Light
6 164 0.0164 High 85 0.0085 High 32 0.0032 Moderate
7 215 0.0215 High 115 0.0115 High 52 0.0052 Moderate
8 268 0.0268 High 153 0.0153 High 73 0.0073 Moderate
9 323 0.0323 High 190 0.019 High 93 0.0093 High
10 384 0.0384 High 232 0.0232 High 117 0.0117 High

6.3. Case 3

In this third case, the dimensions of the raft foundation differed from those of the previous two cases, measuring
5x10 m under a load of 100 kPa. Three groups were considered: the first group used a raft foundation without a skirt,
the second used a raft foundation with a skirt to a depth of 0.25B (1.25 m), and the third used a skirt to a depth of 0.5B
(2.5 m). The effect of the graduated excavation ranging from 1 to 10 m and the results were as follows:

6.3.1. Variation of Differential Settlement and Rotation Angle with Addition of Skirt Foundation

The results of differential settlement and lateral movement with depth of excavation are shown in Figures 18 and 19.
It is clear that using a skirt foundation increased the stability of the building, and this stability further improved as the
depth of the skirt foundation increased. The use of a skirt with a depth of 0.25B (1.25 m) reduced differential settlement
and lateral movement at depths of 2, 5, and 10 m by rates of 62%, 36%, and 26% for differential settlement and 32%,
17%, and 11% for lateral movement, respectively. Using a skirt with a depth of 2.5B (2.5 m) improved the building’s
safety, and the degree of reduction in differential settlement and lateral movement at depths of 2, 5, and 10 m were 83%,
61%, and 44% for differential settlement and 49%, 38%, and 16% for lateral movement, respectively, as clearly shown
in Figures 20 and 21. Figure 22 illustrates the contour values of settlement and lateral displacement for the foundation
in Case 3. The contour values are shown at a depth of 5 m to demonstrate the behavior of the skirt foundation at a depth
exceeding its maximum depth of 2.5 m.
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Figure 18. The change in differential settlement with increasing excavation depth for Case 3
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Figure 19. The change in lateral displacement with increasing excavation depth for Case 3
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Figure 20. Percentage of differential settlement improvement after adding the skirt foundation for Case 3
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Figure 21. Percentage of lateral movement reduction after adding the skirt foundation for Case 3
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Figure 22. Section contours of Case 3 (a) differential settlement of raft without skirt (b) lateral displacement of raft without
skirt (c) differential settlement of raft with skirt 0.25B (d) lateral displacement of raft with skirt 0.25B (e) differential
settlement of raft with skirt 0.5B (f) lateral displacement of raft with skirt 0.5B.

6.3.2. Level of Damage Caused by Adjacent Excavations

In Table 7, similar to Case 1, the high-level damage occurred at 7 m, but the level of moderate was observed at 3 m,
compared to 3 m in Case 1. Using a skirt with a depth of 0.25B (1.25 m) raised the safe level to 4 m, and using the skirt
with a depth of 0.5B (2.5 m) extended the safe level to 5 m, which was double the skirt depth. The rectangular dimensions
of the raft foundation, rather than the square dimensions in some cases, introduced a rotation factor that affected the
determination of damage level.

Table 7. The degree of damage to the building under the effect of a load of 100 kPa (dimension of raft foundation 5x10 m)

Excavation Without skirt With skirt (0.25B) With skirt (0.5B)
Depth(m) ASy (MM)  (Oa) Impactlevel A8y (MM) (0,4, Impactlevel A8, (mm)  (0,,0,)  Impact level
1 46 0.00092  Negligible 1.54 0.000308  Negligible 0.23 0.000046  Negligible
2 12 0.0024 Light 4.6 0.00092 Negligible 2 0.0004 Negligible
3 28 0.0056 Moderate 15 0.003 Light 5.87 0.001174 Negligible
4 43 0.0086 Moderate 25 0.005 Light 15 0.003 Light
5 59 0.0118 Moderate 38 0.0076 Moderate 23 0.0046 Light
6 75 0.015 Moderate 51 0.0102 Moderate 33 0.0066 Moderate
7 92 0.0184 High 64 0.0128 Moderate 44 0.0088 Moderate
8 105 0.021 High 75 0.015 Moderate 54 0.0108 Moderate
9 117 0.0234 High 87 0.0174 High 64 0.0128 Moderate
10 132 0.0264 High 98 0.0196 High 74 0.0148 Moderate
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6.4. Case 4

The fourth case was similar to the third case in terms of the dimensions of the raft foundation (5x10 m), but it had a
higher load effect of 150 kPa. Similarly, three groups were chosen: one without using the skirt foundation and two with
using the skirt foundation at depths of 0.25B (1.25 m) and 0.5B (0.25 m). The results were as follows:

6.4.1. Variation of Differential Settlement and Rotation Angle with Addition of Skirt Foundation

As in Case 2, the differential settlement and lateral movement increased because of the higher effective load, as
shown in Figures 23 and 24. The differential settlement and lateral movement decreased when a skirt foundation was
used, with the rate of decrease depending on the depth of the skirt as shown in Figures 25 and 26. The rate of decrease
in differential settlement and lateral movement at depths of 2, 5, and 10 m was 62%, 44%, and 33% and 50%, 30%, and
20%, respectively, for a skirt foundation with a depth of 0.25 B (1.25 m). For a skirt foundation with a depth of 0.5B
(2.5 m), the rates were 78%, 69%, 54%, and 64%, 57%, and 40%, respectively. Figure 27 shows the contour values of
the settlement and lateral displacement of the foundation in case 4.
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Figure 23. The change in differential settlement with increasing excavation depth for Case 4
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Figure 24. The change in lateral displacement with increasing excavation depth for Case 4
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Figure 25. Percentage of differential settlement improvement after adding the skirt foundation for Case 4
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Figure 26. Percentage of lateral movement reduction after adding the skirt foundation for Case 4
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Figure 27. section contours of case 4 (a) differential settlement of raft without skirt (b) lateral displacement of raft without
skirt (c) differential settlement of raft with skirt 0.25 B (d) lateral displacement of raft with skirt 0.25 B (e) differential

settlement of raft with skirt 0.5 B (f) lateral displacement of raft with skirt 0.5 B.
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6.4.2. Level of Damage Caused by Adjacent Excavations

The most important factor in evaluating the importance of using a skirt foundation was assessing the extent of
damage resulting from adjacent excavations and determining the acceptable depth of excavations adjacent to the building
without causing damage. As shown in Table 8, using a skirt foundation with a depth of 0.25B (1.25 m) established a
safe level at an excavation depth of 2 m. While using a skirt foundation with a depth of 0.5B (2.5 m) increased the safe
level to 3 m. This indicated that the increasing depth of the skirt led to a greater safe level to excavate adjacent to the
building.

Table 8. The degree of damage to the building under the effect of a load of 150 kPa (dimension of raft foundation 5x10 m)

Excavation Without skirt With skirt (0.25B) With skirt (0.5B)
Depth(m) Ay (MM)  (Bna) Impactlevel A8, (MM)  (8,.0c) Impactlevel A8y (mm) (8,4 Impact level
1 11 0.0022 Light 45 0.0009  Negligible 1.9 0.00038  Negligible
2 29 0.0058 Moderate 11 0.0022 Light 6.4 0.00128 Negligible
3 66 0.0132 Moderate 32 0.0064 Moderate 15 0.003 Light
4 103 0.0206 High 55 0.011 Moderate 30 0.006 Moderate
5 149 0.0298 High 84 0.0168 High 46 0.0092 Moderate
6 192 0.0384 High 114 0.0228 High 66 0.0132 Moderate
7 242 0.0484 High 144 0.0288 High 88 0.0176 High
8 272 0.0544 High 170 0.034 High 109 0.0218 High
9 299 0.0598 High 195 0.039 High 129 0.0258 High
10 331 0.0662 High 223 0.0446 High 149 0.0298 High

7. Conclusions

This research aims to develop solutions to the problems and damages that buildings may experience due to adjacent
excavations. To achieve this, a raft foundation was selected in two forms with dimensions of 10x10 m and 5x10 m,
subjected to vertical loads of 100 or 150 kPa. Excavations were carried out adjacent to the foundation incrementally,
starting at a depth of 1 m and increasing progressively by 1 m until reaching a maximum depth of 10 m. The study
compared the cases without a skirt foundation to those incorporating a skirt foundation at depths of 0.25B and 0.5B. The
objective was to assess the effect of adding a skirt foundation and its depth on the overall stability of the building. The
following conclusions were reached:

¢ Surrounding the soil under the raft foundation with a skirt played a role in minimizing damage to the building by
reducing differential settlement and lateral movement.

¢ The dimensions of the foundation were crucial in resisting the lateral movement of the soil caused by excavations,
as well as in reducing the angle of rotation. The results indicated that the foundation dimensions of 10x10 m were
more susceptible to differential settlement than the foundation of 10x5 m because the excavations were adjacent
to the smaller width of the foundation.

e From the results obtained, the selection of the skirt depth depends on two important parts: the dimensions of the
foundation and the building load stress. Since the transferred stresses were high at 150 kPa, the foundation at a
depth of 0.5 B was more effective in reducing differential settlement and lateral movement of the soil than a depth
of 0.25 B.

o All tables that analyzed the results of the damage level showed a decrease in the effect of differential settlement
and the angle of rotation when the foundation was surrounded by a skirt. In the worst-case scenario, where the
foundation dimensions were 5x10 m and the building load was 150 kPa. It was noted that the differential
settlement decreased to about half of what it was without a skirt. The improvement rate was notably significant at
the depths where excavations were adjacent to the skirt wall; however, the improvement percentage gradually
decreased as the soil moved further away from the skirt wall at greater depths.

e Excavation adjacent to the building should not exceed 0.25B for unsupported conditions. In the skirt-raft
foundation system, the excavation depth beneath the skirt foundation should also be limited to 0.25B to ensure
stability.
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