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This paper addresses the issue of crack expansion in adjacent buildings caused
by foundation pit construction and develops a predictive model using the
response surface method. Nine factors, including the distance between the
foundation pit and the building, soil elastic modulus, and density, were selected
as independent variables, with the crack propagation area as the dependent
variable. An orthogonal test of 32 conditions was conducted, and crack
propagation was analyzed using the FEM-XFEM model. Results indicate that
soil elastic modulus, Poisson’s ratio, and distance between the pit and building
significantly impact crack propagation. A predictive model was developed
through ridge regression and validated with additional test conditions. Single-
factor analysis showed that elastic modulus and Poisson’s ratio of the silty clay
layer, elastic modulus of sandy soil, and pit distance have near-linear effects on
crack propagation. In contrast, cohesion, density, and Poisson’s ratio of sandy
soil exhibited extremum points, with certain factors showing high sensitivity in
specific ranges. This study provides theoretical guidance for mitigating crack
propagation in adjacent buildings during excavation.

KEYWORDS

impact of foundation pit excavation, crack propagation prediction, damage in adjacent
buildings, response surface methodology, finite element method

1 Introduction

The rapid pace of urbanization has significantly increased the demand for underground
space utilization in cities, which is essential for accommodating expanding populations and
infrastructure needs (Shi et al.,, 2021; Liu et al., 2019; Lei et al., 2019; Cao et al., 2020;
Liu et al., 2024). However, this rapid development often takes place in densely packed
urban environments, where construction of foundation pits is frequently conducted in close
proximity to existing structures. This proximity poses a unique challenge, as excavation
activities can induce ground movements that impact surrounding buildings, some of which
may already exhibit pre-existing damage (Han et al., 2022; Dmochowski and Szolomicki,
2021; Wang et al., 2023a). The consequences of these disturbances are critical, as they can
not only exacerbate existing structural damage but also lead to catastrophic failures in the
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most extreme cases. This issue is particularly critical in urban
environments, where the interaction between foundation pit
excavation activities and aging infrastructure demands in-depth
studies to evaluate its impact on structural safety, crack propagation,
and effective mitigation strategies (Xue, 2023).

Extensive research has been conducted on the impact of
foundation pit excavation on neighboring structures, particularly
focusing on the resulting ground settlement and structural
deformations. Early studies, such as those by Peck, using a wealth
of field monitoring data, proposed a method to estimate surface
settlement that accounts for soil parameters and excavation depth
(Wei et al., 2021). Similarly, Hsieh divided the settlement profile
into a shoulder type and a concave type and noted that the
maximum settlement occurs within a distance of 2H (H being
the excavation depth of the pit) (Hsieh and Ou, 1998). Research
by Wang et al. demonstrated that as excavation depth increases,
the lateral displacement and deformation of retaining structures
increase, which in turn exacerbates the settlement of adjacent
buildings (Wang et al., 2021). While these studies provide valuable
insights into ground displacement, they tend to oversimplify the
problem by not fully considering the interaction between the soil, the
pit, and the surrounding buildings. The presence of nearby building
structures can significantly influence soil behavior, including soil
loss and surface settlement. Specifically, the structural integrity of
neighboring buildings can alter local soil stress distributions and
pore pressure gradients, which in turn affect the soil's compaction
and settlement patterns. The impact of these changes is particularly
critical in urban environments, where even minor disturbances to
soil can lead to substantial damage to adjacent structures.

Ding etal. utilized the finite difference method to simulate
the entire excavation process, analysing the effects of isolation pile
construction, diaphragm wall construction, and foundation pit
dewatering and excavation on adjacent bridge piers (Ding et al.,
2011). Lan conducted a numerical analysis of the stress
characteristics of buildings under differential settlement and
established threshold values for differential settlement (Tirca, 2017).
Ou simulated the damage behavior of historical buildings affected
by differential settlement via a combined finite-discrete element
method (FDEM) (Ou et al., 2022). Zhang, through field monitoring
and numerical simulation, analysed the factors influencing the shear
deformation of buildings induced by foundation pit construction
(Zhang, 2023). Chen adopted numerical simulations to study the
distribution patterns of surface settlement caused by excavation and
the influence of factors such as diaphragm wall thickness and depth
(Zhao et al., 2023). Lu etal., using a deep foundation pit project
as a case study, applied the finite element method to identify key
factors affecting pit deformation and building settlement (Chen
and Ma, 2018). Zhong, using the Baiyun Station foundation pit
project in Guangzhou as a case study, developed a three-dimensional

Abbreviations: E;, E,, Elastic modulus of the silty clay layer and sandy soil
layer; p;, p,, Density of the silty clay layer and sandy soil layer; u;, u,, Poisson’s
ratio of the silty clay layer and sandy soil layer; c,, ¢,, Cohesion and internal
friction angle of the silty clay layer; D, Distance between the foundation pit
and the building; § Isotropic damage variable; A, A’, Nominal and effective
load-bearing area; ¢, Crack propagation area; L, B, Length and average depth
of the crack; x;, The i-th influencing factor; k;, Coefficient of x;; ¢, Error term;
x', Normalized data; x, Original data; Xmayx, Xmin, Maximum and minimum
value of x.
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numerical model of the foundation pit, elevated bridge, and pile-
beam foundation to analyse the effects of excavation on the lateral
displacement of adjacent piles (Zhong et al., 2023). While these
studies have taken into account the coupled system of the soil-pit-
building structure, they primarily focus on analyzing factors such
as stress, strain, and displacement in existing building structures,
overlooking issues related to their service condition and crack
propagation. In reality, cracks in building structures can significantly
affect their load-bearing capacity and safety performance. The
presence of cracks may lead to local stress concentration, thereby
reducing the overall bearing capacity of the structure. This is because
the expansion of cracks will destroy the continuity of the material,
resulting in its inability to effectively share the external load under
load. Therefore, in order to enhance the resistance of structures, new
materials and structures are used in the construction of buildings
and infrastructure (Li et al., 2024; Wang et al., 2023b).

Xu et al. studied the impact of soil parameters on the arching
effect in deep foundation pits, emphasizing the key role of cohesion
and internal friction angle in shaping the arching characteristics
(Xu et al., 2024). Ye et al,, through the study of actual engineering
cases, confirmed that the impact of foundation pit excavation on
adjacent tunnel structures is closely related to the distance from
the pit and the geological conditions (Ye et al., 2021). Based on
monitoring data from a foundation pit project, Yan et al. investigated
the effect of foundation pit excavation on the cracking of nearby
bridge pier structures. The results showed that the crack distribution
is closely related to the proximity and excavation depth (Yan et al.,
2024). Numerous studies have shown that soil parameters such
as elasticity, cohesion, and internal friction angle, as well as the
distance between the foundation pit and the building, play a crucial
role in determining the magnitude of ground settlement and its
effects on the surrounding structures (Arapakou and Papadopoulos,
2012; Arshad, 2016; Sou-Sen and Hsien-Chuang, 2004; Kim et al.,
2001). In particular, factors like the stiffness and cohesion of the
soil, and the distance from the excavation, significantly affect the
settlement response and the resulting damage to adjacent buildings.
While soil types such as silty clay and sandy soils are commonly
considered in these analyses, the variability in soil properties can
lead to differences in settlement behavior. Therefore, the factors
selected for analysis in this study focus on the most influential
parameters for ground settlement and building deformation. These
parameters include the elastic modulus, Poisson’s ratio, and density
of the silty clay and sandy soil layers, as well as the distance between
the foundation pit and the building.

A review of the above studies reveals a significant gap in
current research regarding the pre-existing damage conditions of
adjacent buildings. Structures with pre-existing cracks or other
forms of damage are more susceptible to further deterioration
under the dynamic loading conditions induced by foundation
pit excavation. This makes it essential to integrate the structural
health of neighboring buildings into the predictive models. Failure
to accurately represent and fully consider the damage status of
existing buildings can lead to an underestimation of the impact of
foundation excavation, jeopardizing the safety of these structures.
This study investigates the effect of foundation pit excavation
on the crack propagation of adjacent buildings, with a focus on
buildings exhibiting pre-existing damage. A combination of finite
element method (FEM), extended finite element method (XFEM),
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Existing
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FIGURE 1
Overall model layout.

TABLE 1 Analysis step settings (Yang et al., 2024).

Analysis step Working conditions

Geo-stress balance Initial stress field and seepage field balance

Building The application of the building

Dewatering 1 First dewatering (—4.5 m)

Excavation 1 Excavating the first layer of soil (-2.5 m)

Dewatering 2 Second dewatering (—10 m)

Excavation 2 Excavating the second layer of soil (-8 m)

Dewatering 3 Third dewatering (-15.5 m)

Excavation 3 Excavating the third layer of soil (-13.7 m)

Dewatering 4 Fourth dewatering (-18.7 m)

Excavation 4 Excavating the fourth layer of soil (-16.7 m)

and response surface method (RSM) is employed in this study to
model and predict the impact of excavation-induced disturbances
on building integrity. An analysis of the disturbances induced by the
excavation of a new foundation pit is conducted, and the patterns
of damage propagation in nearby existing structures are discussed.
This study aims to provide guidance for the rational design and
construction of foundation pits.

2 Theoretical basis and methodology

2.1 FEM-XFEM methodology

In damage theory, Kachanov regarded microcracks and
microvoids in materials as defects that do not bear load (Kachanov,
1992). Consequently, the effective load-bearing area of the material
decreases from A to A’. If we assume that these microdefects
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are uniformly distributed in all spatial directions, and that A’ is
independent of the normal direction, an isotropic damage variable
4 can be defined as in Equation 1.

§=(A-A")/A (1)
where § is the isotropic damage variable, A is the nominal load-
bearing area, and A’ is the effective load-bearing area.

When studying structural damage in buildings, both the length
and depth of cracks influence the load-bearing capacity and
operational performance of the structure (Laxman et al.,, 2023;
Jafarifar et al., 2016; Lin et al., 2012). Existing engineering practices
and theoretical research indicate that cracks induced by disturbances
from foundation pit excavation typically appear at the junctions of
walls and top slabs. Since these components are relatively thin, the
resulting macrocracks can be approximated as planes perpendicular
to the direction of loading (Li et al., 2022). The area of these cracks
can be approximated as the product of the crack length and depth.
In this study, the cracked portion of the building is treated as
an area that cannot bear tensile forces. Thus, the larger the crack
area, the smaller the effective load-bearing area and the greater the
degree of structural damage. Conversely, the smaller the crack area,
the larger the effective load-bearing area and the lesser the degree
of structural damage. Therefore, the crack propagation area c is
used to represent the extent of damage in the building, and it is
defined as in Equation 2.

c=LxB 2)
where ¢ is the crack propagation area, L is the crack length, and B is
the average crack depth.

In the XFEM model, a crack plane with a specified length and
width can be set to be inserted at a specified position in the model as
pre-damage of the structure. During XFEM analysis, the mesh that
intersects the crack plane is considered to be cracked and cannot
withstand the tensile force of the crack plane normal. In this way,
the Kachanov damage theory can be applied to XFEM analysis.

A 3D finite element model that integrates the soil, foundation
pit, and building was constructed via advanced finite element
software (Figure 1). The model dimensions are 400 m x 150 m
x 50 m, and a total of 60,384 elements are generated. The soil,
diaphragm walls, and building are all modelled with solid elements.
The contact between the soil and diaphragm walls, as well as
between the building foundation and the soil, is set as surface-
to-surface contact, with tangential behavior defined as “penalty
friction” and normal behavior as “hard contact” The diaphragm
walls and internal supports are modelled with coupled contact
conditions. The soil is represented via the Mohr-Coulomb material
model, whereas the internal supports and building structures are
modelled via a linear elastic material model (Hu et al., 2021;
Zhou et al., 2024; Deng et al., 2023). Boundary conditions constrain
displacements in all three directions at the bottom of the soil and
normal displacements along the sides. Dewatering of the foundation
pit is simulated by setting pore pressure boundary conditions, and
isotropic seepage models are used for groundwater flow (Luo and
Li, 2019; Hu et al., 2024). The excavation of the foundation pit is
simulated via the*Model Change feature, with excavation steps set
according to the conditions listed in Table 1. The specific parameters
of the FEM model are shown in Table 2.
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TABLE 2 FEM model parameters (Yang et al., 2024).

10.3389/fbuil.2025.1514217

Cohesion Internal Elastic Poisson'’s Void ratio
(kPa) friction modulus ratio
angle (°) (MPa)
Silty clay 20 34.02 18.66 9.03 0.33 0.71
Soil Sand 19.7 0 31 30 0.3 0.63
Siltstone 23.5 400 40 400 0.33 —
Building Wall, plates, 24 — — 2.25x 10* 0.2 —
Beam,
Foundation
Diaphragm Wall 24.5 — — 3.15x 10* 0.2 —
Inner support Concrete support 24.5 — — 3.15 x 10* 0.2 —
Steel support 78.5 - - 2.1x10° 0.25

(a) Cracked Building (b) XFEM Model

FIGURE 2
XFEM model. (a) Cracked Building (b) XFEM Model.

Settlement surface 1

Extract the results and use them as
displacement loads

FIGURE 3
Initial crack and boundary condition setup.

TABLE 3 XFEM model parameter.

pp (KN/m3) Trerss (MPa) | W (N/m)
1.7

150

E, (MPa)

22,500 24 0.2

Note: Ey, i, s Oy W are the Elastic modulus, density, Poisson's ratio, Maximum
principal stress, Fracture Energy of the building structure.

Frontiers in Built Environment

Since conventional finite element methods cannot simulate
strong discontinuities such as cracks, the extended finite element
method (XFEM) is used to simulate crack propagation in buildings
under settlement (Yang et al.,, 2024; Avila et al., 2024). Referring
to the two-stage analysis method in the literature (Liu et al,
2020; Liang et al., 2017; Liu et al, 2021; Korff et al., 2016;
Shi et al., 2016), an XFEM model containing only the building was
established (Figure 2). The settlement calculated by the FEM model
at the building’s foundation is applied as displacement vectors to
the corresponding positions in the XFEM model (Figure 3). The
cohesive crack initiation criterion is used in the model, and on the
basis of reference (Kaklauskas and Ghaboussi, 2001; Liu et al., 2023),
the maximum principal stress is set to 1.7 MPa and the fracture
energy to 150 N/m. The specific parameters are shown in Table 3.

While XFEM is an effective tool for modeling crack propagation
in building structures under foundation pit excavation, it has certain
limitations. For example, XFEM assumes that cracks propagate
according to predefined failure criteria (such as stress intensity
factors or strain criteria). This may not fully capture complex crack
behaviors in real-world materials, where cracks can sometimes
exhibit more irregular patterns or be influenced by additional factors
like soil-structure interaction or dynamic loading. Additionally,
XFEM requires a sufficiently refined mesh to accurately capture
crack initiation and propagation, which can be computationally
expensive. These limitations should be considered when applying
XFEM in real-world scenarios, and further research may be needed
to improve its applicability to a wider range of structural conditions.

2.2 Response surface method

In actual construction, different working conditions involve
varying construction parameters, meaning that there are countless
scenarios. If a numerical model were to be built for each scenario,
it would undoubtedly increase computational costs. Therefore,
this paper establishes a response surface model to predict the

frontiersin.org
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TABLE 4 Orthogonal test table.

10.3389/fbuil.2025.1514217

Testgroups  E; (MPa) E, (MPa)  p, (kN/m?)  p, (kN/m?3) ¢, (kPa)
1 9.03 30 20 19.70 34.02 18.66 0.33 0.3 13.8
2 9.03 12 18.8 18.52 13.61 16.79 0.27 0.24 3
3 9.03 21 19.4 19.11 23.81 20.53 0.3 0.27 8
4 9.03 39 20.6 20.29 44.23 22.39 0.36 0.33 20
5 6.24 30 20 18.52 13.61 20.53 0.3 0.33 20
6 6.24 12 18.8 19.70 34.02 22.39 0.36 0.27 8
7 6.24 21 19.4 20.29 4423 18.66 0.33 0.24 3
8 6.24 39 20.6 19.11 23.81 16.79 0.27 0.3 13.8
9 11.82 30 18.8 19.11 4423 18.66 0.27 0.27 20
10 11.82 12 20 20.29 23.81 16.79 0.33 0.33 8
11 11.82 21 20.6 19.70 13.61 20.53 0.36 0.3 3
12 11.82 39 19.4 18.52 34.02 22.39 0.3 0.24 13.8
13 14.61 30 18.8 20.29 23.81 20.53 0.36 0.24 13.8
14 14.61 12 20 19.11 44.23 22.39 0.3 0.3 3
15 14.61 21 20.6 18.52 34.02 18.66 0.27 0.33 8
16 14.61 39 19.4 19.70 13.61 16.79 0.33 0.27 20
17 9.03 30 20.6 19.70 44.23 16.79 0.3 0.24 8
18 9.03 12 19.4 18.52 23.81 18.66 0.36 0.3 20
19 9.03 21 18.8 19.11 13.61 22.39 0.33 0.33 13.8
20 9.03 39 20 20.29 34.02 20.53 0.27 0.27 3
21 6.24 30 20.6 18.52 23.81 22.39 0.33 0.27 3
22 6.24 12 19.4 19.70 44.23 20.53 0.27 0.33 13.8
23 6.24 21 18.8 20.29 34.02 16.79 0.3 0.3 20
24 6.24 39 20 19.11 13.61 18.66 0.36 0.24 8
25 11.82 30 19.4 19.11 34.02 16.79 0.36 0.33 3
26 11.82 12 20.6 20.29 13.61 18.66 0.3 0.27 13.8
27 11.82 21 20 19.70 23.81 22.39 0.27 0.24 20
28 11.82 39 18.8 18.52 44.23 20.53 0.33 0.3 8
29 14.61 30 19.4 20.29 13.61 22.39 0.27 0.3 8
30 14.61 12 20.6 19.11 34.02 20.53 0.33 0.24 20
31 14.61 21 20 18.52 44.23 16.79 0.36 0.27 13.8
32 14.61 39 18.8 19.70 23.81 18.66 0.3 0.33 3
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Plan view of the foundation pit.
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FIGURE 5
Geological profile and spatial relationships of surrounding buildings.

computational results under different construction parameters.
The response surface method (RSM) is a statistical approach
based on scientifically reasonable experimental designs, which
quantifies variables and, through multiple trials, produces a simple
mathematical model to describe the unknown relationships between
these variables.

Given the high stiffness of the argillaceous siltstone layer, its
variability has a relatively small effect on ground settlement and
is therefore excluded from the parameter analysis. Additionally,
since the plasticity parameters of sandy soil are generally fixed and
show minimal variability, they are also excluded. Referring to the
parameter sensitivity analysis by Lu (Lu, 2021), this study selects
the following influencing factors: the elastic modulus E;, density
p,» cohesion ¢, internal friction angle ¢, and Poisson’s ratio y,
of the silty clay layer, as well as the elastic modulus E,, density

Frontiers in Built Environment 06

p,» and Poisson’s ratio u, of the sandy soil layer. Furthermore,
the distance between the foundation pit and the building D is
considered, resulting in a total of nine influencing factors, and the
dependent variable is the crack propagation area c in the building.
The first-order model formula is as follows Equation 3.

9
c=ko+ Y kx+e 3)
i=1
where x; represents the i-th influencing factor (i = 1 ~ 9), k; denotes
the coefficient of x;, and ¢ represents the error term.

The third-order model formula includes square and cubic
terms, which allows consideration of the strong nonlinear
influence of the factors on the predicted variable. The formula is
as follows Equation 4.

9 9 9
— 2 3
c=ko+ ) kit Y kipoX P+ ) kipygx, +e (4)
i=1 i=1 i=1

In this equation, the nine independent variables lead to 28
coefficients, which requires 28 equations to solve. To eliminate the
effects of dimensional differences between parameters and ensure

the comparability of the data, the orthogonal test results were
normalized via the Equation 5 (Han et al., 2020; Cao et al., 2014):

’_ X = Xmin (5)

X

Xmax ~ Xmin
where x' represents the normalized data, x represents the original
data, x,,

minimum value.

represents the maximum value, and x,,;, represents the

When the response surface function is fit via the least
squares method, high-order functions can easily lead to overfitting.
Therefore, ridge regression was used to fit the re-sponse surface
function in this study. Ridge regression, a regularized linear
regression model, helps mitigate multicollinearity and overfitting
issues. The penalty parameter for ridge regression was set to 1.

Since the number of influencing factors in this study is large,
analysing the effect of each factor on crack propagation individually
would require many experiments. To optimize computational
resources, the orthogonal experimental method is used to investigate

frontiersin.org
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FIGURE 6
Crack damage in adjacent existing buildings (6th floor).

FIGURE 7
Schematic of the results extraction.

the impact of various factors on crack propagation. In orthogonal
experiments, too few levels for each factor can affect the
prediction accuracy, whereas too many levels can result in excessive
computational demands. On the basis of the coeflicient of variation for
each parameter, four levels were selected for each factor. Ultimately,
the L32(4°) orthogonal experiment table was chosen, and the resulting
orthogonal table is shown in Table 4. In this table, Group 1 corresponds
to the average values of all the parameters.

The normalized parameters calculated by Equation 5 are
as follows Equation 6.

E! =0.119E, —0.746,E) = 0.037E, — 0.444,p} = 5.556p, — 10.444,
ph=5.64p, — 10.444,c} = 0.033¢, — 0.444,¢} = 0.176¢, - 3,

gy =11.111p, = 3,p4} = 11111y, — 2.667,D" = 0.059D - 0.176
(6)

3 Project overview
Figure 4 shows the plan view of a newly constructed foundation

pit. The pit measures 212.4 m in length, 26.4 m in width, and 16.7 m
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FIGURE 8
Crack propagation in shear walls under different conditions.

in depth. According to the geotechnical investigation report, the site
is composed of silty clay, sandy soil, and argillaceous siltstone from
top to bottom (Figure 5). A representative existing building, located
approximately 13.8 m from the foundation pit, is a six-story shear wall
frame structure. Prior to excavation, construction personnel observed
a continuous crack 33 mm deep at the junction between the shear wall
and the top slab on the top floor of the building (Figure 6), along with
other minor cracks. Clearly, this building is already damaged, and the
disturbance caused by new foundation pit excavation is likely to cause
further or accelerated damage. To ensure the safety of the existing

frontiersin.org
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FIGURE 9
Crack cloud diagram of the top slab at different damage levels. (a) Group 11 (b) Group 24 (c) Group 17 (d) Group 22.

TABLE 5 Summary of the orthogonal test results.

Test groups  Initial crack Roof crack Total crack | Test groups Initial crack Roof crack Total crack

extension area (m?) extension extension area (m?) extension
area (m?) area (m?) area (m?) area (m?)

1 1.334 0.248 1.582 17 0.927 1.604 2531

2 1.498 0.64 2.138 18 0.576 0 0576

3 0.94 0.158 1.098 19 0.986 0.41 1.396

4 0915 0.56 1.475 20 0.79 0.208 0.998

5 0.664 0.23 0.894 21 0.833 0.168 1.001

6 0.99 0.16 115 22 1.209 2.86 4.069

7 1.268 0.101 1.369 23 1111 0.78 1.891

8 0.463 0 0.463 24 0.714 0.974 1.688

9 0.69 0.24 0.93 25 0.789 0.574 1.363

10 0.953 0.194 1.147 26 0.511 0.096 0.607

11 1.044 0.268 1312 27 0.7 0 0.7

12 0 0 0 28 0.789 0.24 1.029

13 0.368 0 0368 29 0.899 0.161 1.06

14 1.328 0328 1.656 30 0.221 0 0.221

15 1.037 0.24 1.277 31 0.154 0 0.154

16 0 0 0 32 0.702 0.26 0.962
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TABLE 6 Regression coefficients for the crack propagation prediction model.

10.3389/fbuil.2025.1514217

Linear coefficient (i =1-9) -0.618 -0.317 —-0.162 1 —-0.692 0.039 —-0.704 -0.498 —-0.166
Quadratic coefficient (i = 10 - 18) -0.437 0.021 —-0.046 0.09 0.505 0.054 —-0.065 0.575 —-0.281
Cubic coefficient (i = 19 —27) 0.134 —-0.237 0.078 —-0.805 0.771 -0.201 0.329 0.487 —-0.104

1.0 15 20 25 30 35 4.0
Numerical simulation value

.0 T
0.0 0.5

FIGURE 10
Fitting accuracy of the response surface function.

structure during foundation pit excavation, a thorough assessment
and analysis are necessary.

Although the building has multiple cracks, only one crack is
relatively deep, classified as a medium-to-deep crack. Such medium-
to-deep cracks are typically caused by factors such as significant
shear forces, bending moments, or uneven settlement acting on
shear walls. If not addressed in a timely manner, these cracks may
further develop and affect the structural stability. The other cracks
are relatively shallow and are considered surface cracks, which
generally have little impact on the structural safety. Therefore, after
considering the computational efficiency and cost, this study only
takes the most severe crack into account in the calculations, while
neglecting the other minor cracks.

4 Analysis and model application

4.1 FEM-XFEM analysis

As shown in Figure 7, the crack propagation area at the top of the
shear wall was extracted, and the results for each group are displayed
in Figure 8. The analysis reveals the following: Figure 9.

(1) In groups 12 and 16, no crack propagation was observed.
In contrast, Group 2 experienced the most severe crack
propagation, with a crack length of 9.6 m and an average depth
of 0.156 m. The other groups displayed varying degrees of
damage propagation. Notably, in several cases, cracks extended
to the top slab of the building, with the total crack length in
Group 22 exceeding 14 m.
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(2) As the building’s differential settlement increases, stress
concentration occurs at the crack tip. When the stress
intensity factor at the crack tip reaches the fracture toughness
of the concrete, cracks begin to form (Kumar and Barai,
2009). Cracks in the shear wall significantly alter the stress
distribution in the top slab, eventually leading to crack
propagation into the slab. Figure 9 shows the computational
results for the top slab under varying degrees of damage.
The figure shows that the crack initiates above the shear
wall and gradually extends toward the center of the building.
The specific distribution and propagation of cracks are
detailed in Table 5.

4.2 RSM prediction model

The response surface model was constructed based on the
orthogonal test results, and the regression coefficients were
calculated using ridge regression in MATLAB. Table 6 presents
the regression coefficients obtained from the model (the intercept
is 1.896), which describe the influence of each factor on crack
propagation.

5 Results and discussion

5.1 FEM-XFEM and RSM model results

The comparison between the numerical simulation results
of 32 working conditions and the values predicted from the
response surface function is shown in Figure 10. In civil engineering
and fracture mechanics, data typically exhibit high variability
and uncertainty, and if the mean squared error (MSE) is less
than 0.4, the fit is considered good (Gligliter et al, 2021;
Chai et al, 2023; Salami et al, 2021). In this study, the
ridge regression MSE was 0.15, confirming the reliability of the
predictions for crack propagation in existing buildings.

To verify the predictive effectiveness of the above model, four
random working conditions, as shown in Table 7, were selected.
Finite element calculations were performed to obtain the damage
development for each condition (Figure 11), specifically the crack
propagation area, and the results were compared with those
predicted by the model, as shown in Figure 12. The analysis reveals
that the damage trends predicted by the model closely match
the numerical simulation results, indicating that the established
response surface model can effectively predict damage propagation
in buildings affected by foundation pit excavation.
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TABLE 7 Parameters of the validation conditions.

10.3389/fbuil.2025.1514217

Testgroups  E,;(MPa)  E,(MPa) | p, (kN/m®) | p, (kN/m)

33 7.08 17.40 19.34 19.26 28.92 20.15 0.333 0.312 20
34 13.77 33.60 20.06 19.62 28.92 19.03 0.297 0.258 3
35 10.43 22.80 19.34 18.91 16.67 17.91 0.297 0.276 8
36 7.08 17.40 19.34 19.26 28.92 19.03 0.297 0.258 13.8
— I e ———— 3
| g —— : 7 i
(a) Group 33 (b) Group 34
(c) Group 35 (d) Group 36
FIGURE 11
Damage cloud diagram of buildings under validation conditions. (a) Group 33 (b) Group 34 (c) Group 35 (d) Group 36.
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FIGURE 12
Comparison of predicted and simulated damage in buildings.

The FEM-XFEM model provides detailed, high-accuracy
predictions of crack initiation and propagation, but it is
computationally expensive, particularly when simulating a large
number of scenarios. In contrast, the RSM model offers a
computationally efficient alternative, though it sacrifices some
precision for speed. The comparison between the two models reveals
that both models are effective, but the choice between them depends
on the specific application—FEM-XFEM is preferable for detailed
analysis, while RSM is more suitable for rapid predictions across
multiple scenarios.

5.2 Significance analysis of influencing
factors

To analyse the sensitivity of building damage to various
influencing factors, further calculations were conducted to
determine the Pearson Product-Moment Correlation Coefficient
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(PPMCC) and the Maximal Information Coefficient (MIC) between
the total crack propagation area and each parameter. The PPMCC
measures the linear relationship between variables, with values
ranging from -1 to 1, whereas the MIC measures the nonlinear
relationship between variables, with values ranging from 0 to
1. The results are shown in Figure 13, and the analysis reveals
the following:

(1) In terms of the MIC, the distance between the foundation
pit and the building (D) has the strongest correlation (0.828),
followed by the elastic modulus of the sandy soil layer (E,,
0.596) and the Poisson’s ratio of the silty clay layer (4, 0.419).
These parameters significantly affect the crack propagation
area in a nonlinear manner. In terms of linear correlation
(PPMCC), the elastic modulus of the silty clay layer (E;, —0.45)
and the distance between the foundation pit and the building
(D, 0.27) show strong linear correlations, with both exhibiting
a negative correlation.

Considering both MIC and PPMCC, D shows high correlation
in both metrics and is the most influential factor. This is
followed by E, and E,, with E, being stronger in the nonlinear

2)

dimension and E, being stronger in the linear dimension. The

overall ranking of influence is as follows: D > E, > E; > u, >

ty>C1>Py> @y > Py
(3) Some parameters, such as E;, show strong negative
linear correlation but weak nonlinear correlation (0.423).
Conversely, the Poisson’s ratio of the sandy soil layer (u,)
shows notable correlation in MIC (0.306), but relatively
smaller positive correlation in PPMCC (0.26). These
differences suggest that certain parameters exert varying
levels of influence in linear and nonlinear dimensions,
indicating the need to consider the multidimensional
effects of these factors to accurately predict the crack
propagation area.
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FIGURE 14
Patterns of influence of various factors.

5.3 Sensitivity analysis of influencing
factors in the prediction model

To analyse the influence of each factor on building crack
propagation individually, all other factors were set to their average
values while the target factor was varied. For each target factor,
standardized values were selected at intervals of 0.01. This study
involves nine influencing factors, resulting in a total of 900 scenarios.
The prediction model from Section 4.2 was used to calculate the
crack propagation area for each scenario. Figure 14 illustrates the
impact of each of the nine influencing factors on crack propagation.
The analysis reveals:

(1) Thetrendsfor E}, E, u;,and D' are quite similar, with the crack
propagation area decreasing or stabilizing as the independent
variable increases. Notably, E} and E}, show the most significant
impact, with the crack propagation area decreasing from
approximately 1.6 m? to approximately 0.4 m® A higher
elastic modulus means less soil deformation under the same
construction load, resulting in a smaller impact on existing
buildings. Additionally, D’ indicated that attention should be
given to crack development in buildings closer to foundation
pits. On the other hand, ¢}, p}, and y} significantly increase
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in the crack propagation area as the factor increases, with a

“turning point” (¢} = 0.36,p} = 0.68, 4} = 0.31) where the crack

area reaches its maximum.
(2) Identifying high-sensitivity regions in crack propagation
analysis is crucial. In addition to Ej, E;, y}, and D', which
exhibit high sensitivity across the entire range, ¢; and u}
also show high sensitivity in the range [0.6, 1.0], where
small increases in the factor cause a sharp increase in the
crack propagation area. Furthermore, p, demonstrates a high
sensitivity region between [0.2, 0.4]. These high-sensitivity
regions indicate that under specific conditions, small changes
in these parameters can have a significant effect on crack
propagation. Therefore, in construction, attention should be
focused on controlling crack propagation within these high-
sensitivity regions.

6 Conclusion

This study aimed to address two key research questions:

(1) How does foundation pit excavation impact crack propagation
in adjacent buildings?
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(2) Cana predictive model effectively quantify the influence of soil
properties and distance on crack behavior?

The investigation utilized FEM-XFEM and RSM models to
analyze the crack propagation induced by foundation pit excavation.
The results demonstrate the significant role of soil properties and
spatial parameters in influencing structural damage. The findings
highlight that both models effectively predict crack propagation,
with the RSM providing a computationally efficient framework for
large-scale parameter studies.

(1) This work selects nine parameters, including the distance
between the foundation pit and the building, the elastic
modulus of the soil, its density, and Poisson’s ratio, as
independent variables, and the crack propagation area of
existing adjacent buildings as the dependent variable. On the
basis of an orthogonal test, 32 working conditions were set
up, and the crack propagation areas for different conditions
were calculated via the FEM-XFEM model. The results of the
orthogonal test indicated that the elastic modulus, Poisson’s
ratio of the soil, and distance between the building and
the foundation pit significantly influence crack propagation
in buildings. Building crack propagation was negatively
correlated with the soil elastic modulus, the Poisson’s ratio of
silty clay, and the distance from the pit and positively correlated
with the Poisson’s ratio of sandy soil and the cohesion of
silty clay.

(2) Using the ridge regression model, the results from the 32
conditions were fitted to create a predictive model for building
crack propagation. The MSE results confirmed a good fit, and
the effectiveness of the predictive model was further validated
with four additional working conditions.

(3) The predictive model was used to conduct a single-factor
analysis of the nine influencing factors, and the effects of
these factors were visualized. The results showed that the
behavior of Ej, E;, u}, and D' is close to linear, while the
behavior of ¢}, p), and ) reveals an extremum in crack
propagation area (c| = 0.36,p5 = 0.68, 5 = 0.31). Additionally,
certain factors showed high-sensitivity intervals for crack
propagation area [c] and g} in the range (0.6, 1.0), and p} in the
range (0.2, 0.4)], indicating that particular attention should be
given to crack propagation in buildings within these intervals
during construction.

While this study provides valuable insights into the relationship
between foundation pit excavation and crack propagation, several
limitations should be acknowledged. First, the use of simplified
assumptions regarding soil behavior and crack propagation limits
the ability to capture the full complexity of real-world conditions.
Additionally, the absence of comprehensive field data for model
validation restricts the study’s generalizability. Future research
should focus on incorporating dynamic loading effects, such
as seismic activity, and explore interactions between multiple
cracks and heterogeneous soil layers. Collaborative efforts to
collect real-world excavation data would significantly enhance the
model’s applicability and reliability.
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