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Abstract

In addressing the challenge that the settlement behavior of granite residual soil in South
China during foundation pit dewatering cannot be fully understood due to its unsaturated
characteristics, this study proposes and validates an unsaturated fluid-solid coupling calcu-
lation method for dewatering-induced settlement analysis. This method is implemented by
compiling FISH language code within a finite difference software framework. Validation
was carried out by comparing thes simulated groundwater drawdown-time response with
the measured drawdown from a field pumping test, demonstrating the improved agree-
ment of the proposed unsaturated coupling approach relative to the conventional coupling
scheme. Furthermore, to elucidate the soil settlement mechanisms, a sensitivity analysis of
the deformation behavior of granite residual soil during dewatering was performed. The
results demonstrate that, compared to the traditional fluid-solid coupling method, the un-
saturated fluid-solid coupling method exhibits superior agreement with field dewatering
experiments. The sensitivity analysis reveals that the differential settlement observed in the
soil surrounding a dewatering well under the same target drawdown is primarily attributed
to variations in drainage consolidation time and pore water pressure dissipation. Finally, a
normalized analysis correlating the dewatering depth at the well with the resulting soil set-
tlement deformation was conducted, establishing a practical relationship applicable under
similar ground conditions and dewatering durations. This analysis provides theoretical
guidance for selecting appropriate dewatering schemes during engineering practice.

Keywords: unsaturated; fluid-structure coupling; granite residual soil; pumping test;
sedimentation

1. Introduction

With the rapid advancement of urbanization in China, urban functions are evolving to-
ward high density and mixed use, while developable surface space is becoming increasingly
saturated. Consequently, development priorities are gradually shifting to underground
space, and the number and scale of underground facilities continue to expand. Engineering
projects such as metro stations and running tunnels, underground utility tunnels, and un-
derground commercial and municipal facilities have proliferated, leading to a substantial
increase in both the proportion and complexity of deep foundation pit engineering in urban
construction systems. In underground construction, foundation pit excavation and dewa-
tering constitute critical procedures. During foundation pit dewatering, the redistribution
and dissipation of pore water pressure in the soil, together with the formation of a cone
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of depression, can readily induce uneven ground settlement around the foundation pit,
thereby threatening the safety of adjacent buildings [1,2]. Field monitoring and coupled
analyses indicate that groundwater drawdown induced by foundation pit dewatering is
accompanied by a reduction in pore water pressure and consolidation compression of the
soil, which in turn generates large-area ground/building settlement around the foundation
pit, with part of the settlement being evidently irreversible [3,4]. Meanwhile, under condi-
tions of hydraulic connectivity or imperfect cut-off, pumping within the pit may interact
with deformation of the retaining structure and further aggravate settlement outside the
pit, potentially triggering damage risks to nearby existing buildings [4,5].

Granite residual soil, a regional soil widely distributed in South China, is strongly
affected by intense weathering, leaching, and reworking. In its natural state, it generally ex-
hibits certain bearing capacity and constructability and is therefore widely used as a major
foundation bearing stratum for buildings and structures, as well as metro tunnels, in the
Guangdong-Hong Kong-Macao Greater Bay Area. However, this soil shows pronounced
water sensitivity and structural features; once immersed, it is prone to rapid softening and
disintegration, which may subsequently lead to a reduction in foundation bearing capac-
ity [6] and cause engineering accidents such as cracking of the superstructure. Weathered
granite soil under dewatering-induced seepage may undergo not only consolidation and
evolution of unsaturated behavior but also suffosion triggered by fine-particle migration,
which can accelerate pore-structure deterioration and amplify the settlement response [7,8].
To meet the needs of safe urban underground construction and environmental protection, it
is essential to understand, before and during construction, the deformation evolution and
deterioration of mechanical performance of granite residual soil under hydraulic actions, so
as to provide reliable support for the optimization of foundation pit dewatering schemes,
settlement prediction, and risk prevention and control. Accordingly, extensive studies have
been conducted by researchers worldwide.

Li et al. [9], based on field evidence of additional deformation of an existing shield
tunnel induced by deep foundation pit dewatering in soft soil strata with leaky aquifers,
indicated that the groundwater drawdown caused by dewatering may result in tunnel
settlement and that targeted control measures are required. Li et al. [10] collected field
data from ten pumping tests conducted in Shanghai, performed statistical analyses on
dewatering depth and ground settlement, and established a coupled hydro-mechanical
model based on Biot’s three-dimensional consolidation theory with an explicit solution
scheme, revealing that the compressibility of each soil layer is closely associated with the
decline in pore pressure. Wen D. et al. [11] investigated a large number of foundation
pit excavation projects in Singapore and found that, when granite residual soil exhibits
high permeability and the underlying rock mass is highly fractured, foundation pit de-
watering may cause a substantial decline in the surrounding groundwater level and thus
induce settlement. Thomas et al. [12], based on unsaturated soil theory, proposed a finite-
element—finite-difference numerical method for unsaturated clay to simulate the evolution
of degree of saturation during thermally induced drying, and validated the numerical
results against field measurements, demonstrating that the proposed method can accu-
rately capture the saturation response of unsaturated clay under thermal drying. Chu
et al. [13], taking a foundation pit in the soft-soil area of Zhuhai as an example, investi-
gated a common dewatering system consisting of a “suspended cut-off curtain + pumping
wells”. By combining the equivalent-well concept with MODFLOW numerical analysis,
they developed a prediction method for in-pit drawdown and quantified the effects of key
parameters such as curtain embedment depth and screen length on drawdown control,
thereby providing quantitative guidance for dewatering design. Wang et al. [14] conducted
field pumping-recharge tests at a super-large deep foundation pit group site in Shang-
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hai, showing that recharge can raise the groundwater level and reduce settlement; they
further recommended identifying aquifer connectivity through pumping-recharge tests
prior to construction to guide the dewatering—recharge scheme. Zhu et al. [15], based on
three-dimensional hydro-mechanical coupled analysis, further suggested that controlling
the pumping rate and improving the water cut-off performance of TRD cut-off walls can
reduce dewatering-induced retaining-structure deformation and environmental settlement.
In addition, Pujades et al. [16] compared the effectiveness of “deepening the enclosure”
versus “pumping dewatering” in reducing settlement outside the pit, and pointed out that
simply deepening the enclosure has limited capability to weaken the influence of external
pumping; therefore, refined control of the pumping process is still required in engineer-
ing practice to mitigate settlement risks. Zhang et al. [17], based on field tests of deep
foundation pits in Shanghai, proposed an integrated technique of “in-pit pumping + multi-
well recharge near protected targets” to suppress drawdown and control settlement. Sun
et al. [18] further adopted a “finite element-linear programming” simulation-optimization
approach to optimize the combination of pumping wells, pumping sequence, and the upper
limit of pumping rate for each well, achieving simultaneous reductions in drawdown and
ground settlement.

However, during foundation pit dewatering, as the groundwater level declines, gran-
ite residual soil may transition from a saturated state to an unsaturated state, and its
mechanical properties, hydraulic characteristics, pore water pressure, and permeability
will change accordingly. The evolution of saturation and matric suction in the unsatu-
rated zone alters relative permeability and pore-pressure diffusion, thereby modifying the
effective-stress path and volumetric strain accumulation. Accordingly, explicitly accounting
for unsaturated hydro-mechanical (HM) coupling is essential for analyzing dewatering-
induced settlement. Recent numerical studies on unsaturated HM coupling commonly
adopt a unified framework combining the soil-water characteristic curve/relationship
(SWCC/SWRC; suction-saturation relationship), a relative-permeability function, and a
soil-skeleton constitutive model, and update state variables such as suction and saturation
via user subroutines to capture the influence of unsaturated evolution on pore-pressure
fields and deformation responses [19,20]. However, for foundation-pit dewatering and
groundwater drawdown, many existing seepage-stress coupling analyses still simplify the
region above the groundwater table as either fully saturated or with zero pore pressure,
thereby neglecting the saturation-driven evolution of permeability and compressibility
in the unsaturated zone and potentially biasing the predicted late-stage drawdown and
settlement time histories. Meanwhile, within the Itasca ecosystem, secondary development
has been used to enhance FLAC3D’s capability for modeling unsaturated seepage processes
and to support response analyses under rapid-drawdown conditions [21]. Building on this,
this study conducts secondary development within the FLAC3D coupling framework using
FISH to enable online updating of key unsaturated state variables and hydro-mechanical
coupling parameters; because FISH can be invoked during the solution cycling to control
parameters and variables, it provides direct support for establishing a reproducible unsatu-
rated seepage-stress coupling workflow. The proposed method is validated against a field
pumping test, and the coupled hydro-mechanical behavior under unsaturated conditions is
effectively characterized. On this basis, the method is applied to investigate the settlement
and deformation behavior of granite residual soil in the unsaturated state, providing a
theoretical reference for engineering design under similar geological conditions.
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2. Implementation of an Unsaturated Fluid-Structure Coupling Scheme
in FLAC3D Using FISH

2.1. Coupling Strategy for Unsaturated Fluid—Structure Coupling

In conventional seepage analysis, FLAC3D assumes that the pore water pressure above
the groundwater table is zero, whereas the degree of saturation below the groundwater
table is forcibly set to 1.0 at all times. Consequently, during computation the permeability
in the unsaturated zone is still taken as the saturated permeability, which is inconsistent
with unsaturated seepage theory. Meanwhile, the degree of saturation also affects soil
density. Porosity is defined as the ratio of pore volume to the total soil volume. When
soil compressibility is considered, compression of the soil mass reduces the pore volume
and thus alters porosity; however, FLAC3D does not update porosity during calculation.
This may amplify the computed change in fluid volume in seepage analysis and further
compromise the accuracy of numerical results [7-10]. Therefore, based on the conven-
tional fluid-structure coupling solver in FLAC3D, this study modifies the underlying
coupling procedure using the platform-provided FISH language so that relevant calcula-
tion parameters can be updated in real time, thereby enabling simulation of unsaturated
fluid-structure coupling. The unsaturated representation adopted in this study follows the
standard framework of SWCC/SWRC (suction-saturation relation) + relative-permeability
function + soil-skeleton constitutive model. The key contribution is to embed saturation-
driven updates of hydraulic and coupling parameters into the FLAC3D hydro-mechanical
iteration, establishing a reproducible online-updating workflow and benchmarking it
against conventional simplifications (zero pore pressure or fully saturated conditions above
the groundwater table) to elucidate how unsaturated evolution governs late-stage draw-
down and settlement time histories.

To improve implementability and match the field pumping test, the model adopts
several necessary simplifications: each stratum is represented by equivalent homogeneous
parameters; layer interfaces are idealized as planar; the overburden is applied as equivalent
stress; and the pumping well is represented by an axial drainage boundary rather than
explicit well geometry. These simplifications control model complexity and reduce non-
essential boundary/mesh effects; their implications are discussed in “Limitations”. Among
the fully coupled options in FLAC3D (manual, master-slave, and direct-solution), the
master-slave strategy is adopted because it enables stepwise transient coupling and allows
FISH-based on-the-fly updating of key unsaturated parameters after each coupling cycle.
Direct solution is not used because it is more sensitive to time-step/convergence control
and is less convenient for embedding parameter-updating procedures.

In FLAC3D, three approaches are available for fully coupled analysis: the manual
approach, the master—slave approach, and the direct solution approach. In this study, the
master—slave approach, which is suitable for transient analysis, is adopted. In the master—
slave approach, the seepage process serves as the master process and the mechanical
process as the slave process. For each time step advanced by the master process, the
corresponding data are transferred to the slave process. The slave process then performs a
reasonable number of steps until equilibrium is achieved, after which the updated data
are passed back to the master process. This loop continues until the end of computation.
Moreover, by correcting parameters such as permeability, porosity, and soil density after
equilibrium is reached in both seepage and mechanical calculations at each coupling
cycle, engineering dewatering under unsaturated soil conditions can be simulated. The
computational workflow is shown in Figure 1.
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Figure 1. Workflow of unsaturated fluid-structure coupling.

To ensure continuous execution of the entire calculation, the WHILESTEPPING com-
mand provided by FLAC3D is required. This command executes the specified instruction
after each calculation step. However, WHILESTEPPING itself cannot determine whether
equilibrium has been achieved; therefore, parameter correction after each step can only be
properly implemented when combined with an equilibrium criterion.

2.2. On-the-Fly Updating and Dynamic Correction of Coupling Parameters Using FISH

The FISH language in FLAC3D provides the FISHCALL command, which enables cor-
rection of seepage and mechanical parameters based on the computed results at each step.
In seepage calculation, the relationship among fluid pore pressure, degree of saturation,
and the change in fluid volume is expressed as Equation (1):

ldp  wsdl_1d "
Mdt s dt sdt

where M is the Biot modulus, which accounts for the compressibility of the soil skeleton
and the pore water, and directly controls the dissipation rate of pore water pressure and
the time-dependent effect of soil deformation during consolidation. In this study, M is
estimated indirectly from the soil compression modulus and Poisson’s ratio. n is porosity;
t is time; and ¢ denotes the change in fluid volume per unit volume of porous medium
induced by diffusion. When the fluid is incompressible, { equals the change in element
flow rate.

For saturated seepage analysis, FLAC3D sets the degree of saturation to 1.0 by default.
Accordingly, the nodal pore water pressure at the next time increment is updated as
Equation (2): ;

1dp 1d¢
Mar  sdt @

After geostress equilibrium, the total volume of each zone is stored using the TABLE
command in FISH. Once the seepage process reaches equilibrium, the fluid volume change
in each zone is retrieved via FISH, allowing the true degree of saturation to be computed.
With the true degree of saturation obtained, the permeability is corrected using the VGM
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formulation, and the updated permeability is then assigned to all zones through traversal.
The VGM equations are Equations (3) and (4):

2

Ky = (s¢)° [1 _ (1 _ (se)”m)m} @3)

kg = (1= 1= (1- sg/m)’"r @)

where k,; is the liquid-phase permeability coefficient, s, is the effective liquid saturation,
and ky, is the gas-phase permeability coefficient.

For mechanical calculation, once the mechanical process reaches equilibrium, the fluid

volume change in each zone is read using FISH. Combined with the initially stored total

zone volume, the true porosity can be computed and then updated for all zones. Porosity

is defined as Equation (5):

2.3. Determination of Unsaturated Soil Parameters

The soil-water characteristic curve plays a critical role in the permeability behavior
of unsaturated soils because it directly determines the distribution of permeability. The
liquid-phase permeability coefficient k,; and gas-phase permeability coefficient k;, are
quantitatively linked to the SWCC through the VGM formulation. When the soil exhibits a
high degree of saturation, the SWCC shows a relatively gentle slope; k,; approaches the
saturated permeability, while ky, is close to zero, indicating that seepage is dominated by
the water phase. As pumping proceeds, the degree of saturation gradually decreases and
matric suction increases; the SWCC slope becomes steeper, k,; decays nonlinearly according
to the VGM formulation, and k;, increases progressively, such that seepage transitions
from single-phase water flow to two-phase water—gas flow. When the degree of saturation
decreases to the residual water content, k,; tends to a stable minimum and k;, reaches its
maximum, implying that seepage is dominated by the gas phase. This linkage ensures that,
in unsaturated fluid-structure coupling simulations, the dynamic update of permeability
with degree of saturation is consistent with realistic seepage behavior.

To accurately characterize the soil-water characteristic curve of granite residual soil,
this study fits the experimental results reported by Fung [22]. Fung obtained the soil-
water characteristic curve data of completely weathered granite residual soil through
laboratory tests and proposed an appropriate fitting model. Because granite residual soil
exhibits distinct SWCC behaviors over different ranges of matric suction, piecewise fitting
is necessary. In the low-suction range (matric suction < 2.4 kPa), the water content decreases
rapidly and the curve is steep; in the high-suction range (matric suction > 2.4 kPa), the
decrease in water content becomes gradual and the curve flattens. Piecewise fitting better
captures the water-retention characteristics across different suction ranges and avoids the
insufficient accuracy that may arise when a single model is forced to fit the full suction
range, thereby providing a closer representation of the actual water-retention behavior of
granite residual soil. The fitting parameters (a = 0.293771, m = 1.841928, n = 0.270943) have
been verified in relevant studies on unsaturated granite residual soil and can accurately
describe the relationship between matric suction and water content. Accordingly, the
unsaturated soil parameters in this study adopt those reported by Fung. The SWCC
parameters are adopted mainly because the tested material (completely weathered granite
residual soil) is comparable to the engineering soil considered in this study in terms of
soil type and regional context, and the same parameter set has been repeatedly used in
related studies. It should be noted that directly transferring the SWCC parameters may
affect saturation evolution and the associated permeability—pore-pressure diffusion process,
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and thus the late-stage drawdown and settlement time histories; therefore, the applicability
bounds and implications for result interpretation are stated in “Limitations”. A piecewise
function is used to fit Fung’s soil-water characteristic curve test results (Figure 2) [23], as
expressed by:

0 =06, x <24

f=—b 5 x>24 (6)

n(e(2))

where 6 is the volumetric water content, 65 is the saturated volumetric water content,
¥ is matric suction, and a, m, and #n are model parameters. In this study, a = 0.293771,
m = 1.841928, and n = 0.270943.
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Figure 2. Soil-water characteristic curve.

3. Verification of the Proposed Unsaturated Fluid-Structure
Coupling Method

To verify the reliability of the proposed unsaturated fluid-structure coupling method, a
field pumping test was conducted and a three-dimensional numerical model was developed.
By comparing field measurements with numerical results, the applicability of the proposed
method was assessed. The pumping test was carried out at a project site in Huangpu
District, Guangzhou, with granite residual soil as the target stratum. Key hydrogeological
parameters (e.g., hydraulic conductivity, radius of influence, and discharge of a single
well) were determined through the field pumping test. Meanwhile, groundwater-level
variation was monitored to support model validation; ground-settlement monitoring was
also implemented, but the data were insufficient for a rigorous quantitative validation due
to the short test duration and the low permeability of the stratum.

3.1. Field Pumping Test
(1) Project Overview

According to the detailed geotechnical investigation report, the conventional soil
parameters of each layer are summarized in Table 1. The initial groundwater level observed
in boreholes was 3.00-3.50 m below ground surface, while the stable groundwater level
was 3.20-3.50 m. The aquifer thickness was 16 m. Three pumping scenarios were designed,
where the maximum target drawdown of 14 m was defined as 100% drawdown, and
the other two scenarios were set as 75% and 40% drawdown relative to this target. The
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drawdown was controlled by adjusting the pumping discharge, and each subsequent

pumping scenario was conducted only after the groundwater level had recovered to a

stable condition.

Table 1. Conventional soil parameters for each layer.

Soil Type Density (kg/m®) Layer Depth (m) M?)Zii)fga(t;;);a) Cohesion (kPa) Inte::;llzr(loc)tlon
Mixed Soil 1600 6.20 5 8 13
Fine Clay 1900 7.10 15 23 13
Medium Sand 1950 8.40 22 2 27
Sandy Plastic Soil 1850 11.00 20 24 19
Flower Rock Residue Soil 1850 16.90 30 26 20
Fully Weathered Flower Rock 1900 32.90 75 28 22

The pumping well was constructed using a drilling rig with a borehole diameter of
168 mm. A @110 mm stainless-steel casing was installed, and high-quality clay balls were
used to seal the annular space outside the casing to ensure adequate sealing. The well
configuration is illustrated in Figure 3.

168mm

[ 3

Ik
/XXX XXX XXXHA XXX XX XKKXXX

110mm

Gravel pack

Sealing
section

Figure 3. Well casing configuration.

(2) Results and Response Characteristics of the Pumping Test

After completion of the pumping test, the hydraulic conductivity, radius of influence,
and other parameters of a confined aquifer fully penetrating well were calculated using the
corresponding equations [23]. The time histories of groundwater drawdown under different
scenarios are shown in Figure 4. During the first 20 min of pumping, the groundwater level
in the pumping well dropped rapidly, reaching approximately 90% of the target drawdown
at 20 min. After about 1 h, the groundwater level essentially reached the target drawdown
and became stable.

As summarized in Table 2, the maximum measured drawdown was 14.21 m, and
the maximum discharge was 10.648 m3/d. The hydraulic conductivity derived from this
pumping test was 0.076 m/d, indicating a low-permeability soil, and the maximum radius
of influence was 39.17 m.
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Figure 4. Groundwater drawdown curve.
Table 2. Analysis of pumping test equipment and results.
. . ; Permeabilit
Aquifer Well Pumping Actual Pumping abriity Influence
Test Type Thickness (m) Diameter (m) Time (h) Drawdown (m) Rate (m3/d) Co&rflﬁllcs)e " Radius (m)
100% Drawdown 16 0.055 24 14.21 10.648 0.076 39.17
75% Drawdown 16 0.055 24 10.12 7.982 0.078 22.56

3.2. Development of the 3D Numerical Model in FLAC3D

To capture the coupled evolution of the dewatering process in both the plan view
and the vertical direction, the computational domain is defined as a three-dimensional
spatial domain Q C R3. The primary unknowns in Q) include the displacement vector u
(x, y, z, t), the pore-water pressure uy (x, y, z, t), and the degree of saturation S; (x, y, z,
t). The pore-pressure variation and the expansion of the unsaturated zone induced by
dewatering are described by an unsaturated seepage (flow) equation and are coupled with
the mechanical equilibrium of the soil skeleton, thereby enabling the three-dimensional
distribution of settlement responses to be obtained. From an engineering idealization
perspective, a two-dimensional plane-strain model usually implies that the geometry
and loading/dewatering conditions are approximately uniform along the longitudinal
direction of the foundation pit, whereas a one-dimensional model further assumes lateral
uniformity with vertically layered soil being dominant. Therefore, the choice of model
dimensionality essentially depends on whether these idealized assumptions are acceptable
for the engineering problem. In this study, a three-dimensional formulation is adopted
to maintain consistency between the problem definition and practical conditions when
plan-view non-uniformities exist, and to provide a more coherent spatial representation of
the unsaturated coupling mechanism.

The purpose of adopting a three-dimensional model is not to pursue additional
complexity, but to preserve the spatial variability in the “drawdown cone-deformation
response” under well dewatering conditions. In contrast, two-dimensional plane-strain
and one-dimensional models typically rely on idealized assumptions of approximate uni-
formity in geometry and boundary conditions along one direction, and their applicability
depends on whether the field conditions satisfy such prerequisites. Previous studies on
deep excavations have shown that corner effects, boundary distances, and in-plane non-
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uniformities may induce pronounced three-dimensional effects; under these circumstances,
plane-strain simplification may partially smooth out or underestimate the spatially varying
response and should therefore be used with caution within its applicability range [24-26].
In addition, practical dewatering problems may exhibit in-plane hydraulic gradients due to
factors such as cut-off wall leakage or flow diversion caused by obstacles (e.g., existing pile
groups), for which a three-dimensional hydro-mechanical coupling framework provides a
more consistent description of the linkage between drawdown and deformation [27,28].
The mechanistic interpretation and parameterization of unsaturated effects in this study
are built upon well-established theoretical frameworks, including the VG-Mualem rela-
tionships and classical extensions of effective stress concepts for unsaturated soils [29,30].
The overlying strata above the test layer are dominated by clay and can be regarded
as weakly permeable. To simplify the calculation procedure, improve computational
efficiency, and optimize seepage interactions among layers, the water body within the
test-layer drawdown range was idealized as a confined-aquifer model. The mechanical
behavior of the soil was assumed to follow the Mohr—Coulomb criterion, and the seepage
behavior was assumed to obey Darcy’s law. Prior to pumping, the soil was assumed to be
normally consolidated. After pumping commenced, the unsaturated characteristics of the
confined-aquifer soil were considered to investigate its deformation during unsaturated
seepage. Given the model idealizations, a sector domain representing the test layer from
16.90 to 32.90 m was selected as the primary simulation domain. The main Mohr—Coulomb
parameters used in the numerical model are listed in Table 3. The interfaces of all soil layers
were assumed to be planar, neglecting local thickness undulations. The overburden from
0 to 16.90 m was represented by applying equivalent stresses according to the modeling
assumptions. A graded mesh was adopted. To further simplify the model and reduce
computational time, the physical structure of the pumping well was not explicitly modeled.
Instead, a drainage boundary condition was imposed along the axis to represent the
dewatering effect of the pumping well. The 3D numerical model is shown in Figure 5.

Table 3. Model parameters for fully weathered flower rock.

Parameter Fully Weathered Flower Rock

Density (kg/m?) 1900

Poisson’s Ratio 0.53

Porosity 0.42
Deformation Modulus (MPa) 75
Compressive Modulus (MPa) 30
Cohesion (kPa) 28
Internal Friction Angle (°) 31

Permeability Coefficient (m/d) 0.076

Based on the pumping-test results, the maximum radius of influence was 39.17 m.
To mitigate boundary effects on numerical results, the horizontal model size was set to
100 m [31]. Moreover, to represent seepage toward a fully penetrating well in a confined
aquifer, the drainage boundary was implemented using a nodal/zone flux assignment
scheme, i.e., prescribing the inflow /outflow discharge rate at nodes or zones.

The numerical simulation followed these steps:

1.  Step 1 (Geostatic equilibrium): establish the initial stress state based on burial depth,
effective unit weight, and the at-rest earth pressure coefficient; initialize the pore
water pressure field; and apply boundary conditions.

2. Step 2 (Equilibrium check and displacement reset): verify the geostatic equilibrium
and reset displacements to avoid interference with subsequent calculations.

3.  Step 3 (Pumping simulation): apply the pumping boundary, activate the unsatu-
rated fluid—structure coupling code, simulate the field pumping test, and monitor
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groundwater drawdown, ground settlement, and degree of saturation; finally, output
the results.

Drainage

pumping well

boundary

Numerical model

(@) (b)
Figure 5. 3D numerical model: (a) Simplified model; (b) Drainage boundary layout.

3.3. Model Validation and Discussion

Model verification in this study is primarily based on reproducing the time history
and stabilized value of groundwater drawdown observed in the field pumping test; there-
fore, the settlement results are used to compare the numerical differences between the
conventional and unsaturated coupling schemes under the same pumping boundary con-
dition, rather than to fit or evaluate errors against field settlement data. To improve clarity,
Section 3.3 is organized around (i) drawdown behavior, (ii) settlement response, and
(iif) saturation evolution and its implications.

(1) Groundwater Drawdown

After geostatic equilibrium of the unsaturated fluid-structure coupling model, the
initial stress state was checked. The pore water pressure contours for the initial state
and the 100% drawdown scenario are shown in Figure 6a. In the initial state, pore water
pressure was uniform over the entire domain with no hydraulic gradient, remaining stable
at 174 kPa, corresponding to a groundwater level of approximately 3.2-3.5 m. Under the
100% drawdown scenario, pore water pressure dissipated and effective stress increased,
forming a funnel-shaped distribution centered at the pumping well. The pore water
pressure in the core region decreased markedly, consistent with the theoretical behavior
of seepage toward a fully penetrating well in a confined aquifer. In the 3D model, the
drainage boundary was implemented by prescribing a seepage flux/velocity, and thus
groundwater drawdown is one of the model outputs. Model accuracy was evaluated by
comparing the computed drawdown with field measurements.

The drawdown curves at 60 min are shown in Figure 6b. Field measurements indicate
that in the 0-10 min stage, the drawdown curve is approximately linear, implying an
approximately constant pumping rate; by 20 min, the measured drawdown tends to
stabilize. In contrast, the computed drawdown shows a higher drawdown rate during
0-5 min, followed by an abrupt reduction in slope during 5-10 min, i.e., the drawdown rate
becomes much smaller than the measured one. After 10 min, the computed slope gradually
decreases and the drawdown approaches a stable value.
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Figure 6. Comparison between simulation results and field measurements: (a) Simulation results;
(b) Water level drawdown.

Although identical pumping boundary conditions were adopted in both numerical
models, the drawdown curve of the unsaturated fluid—structure coupling model exhibits a
smaller slope than that of the conventional fluid-structure coupling model, and the dis-
crepancy increases with pumping duration. Regarding the final stabilized drawdown, the
unsaturated fluid—structure coupling result is closer to the field measurement, indicating
higher accuracy. This is because in the unsaturated fluid—structure coupling model, draw-
down reduces the degree of saturation in the aquifer, which in turn decreases permeability.
Consequently, the seepage flux through a given cross-section decreases progressively with
time, and the drawdown-rate difference between the two models increases. Therefore, for
engineering dewatering simulations in confined aquifers, the unsaturated fluid—-structure
coupling model provides a more realistic representation and improved accuracy compared
with the conventional fluid—structure coupling model.

(2) Ground Settlement

Due to project constraints, the duration of the field pumping test was relatively short,
and the permeability of the test stratum was low. As a result, the ground-settlement
monitoring points did not yield effective field data. Therefore, this section focuses on
comparing the computed ground settlement from the two numerical models.

The ground-settlement contours after 60 min of pumping are shown in Figure 7a. The
maximum settlement occurs at the pumping well, with a peak value of 4.33 mm. Based on
the maximum radius of influence of 39.17 m obtained from the pumping test, the settlement
decreases with increasing distance from the well, and the settlement influence tends to
stabilize beyond approximately 30 m, which is close to the pumping-test-derived radius of
influence. The conventional fluid—structure coupling model produces lower settlement val-
ues, which may cause engineers to underestimate the environmental impact of engineering
dewatering and thereby increase the risk of adverse engineering incidents [32-34].

(3) Evolution of Degree of Saturation

The degree of saturation provides an intuitive indicator of pore-water content within
the soil. The distributions of degree of saturation in the aquifer at different pumping times
are shown in Figure 7b. The results indicate that the degree of saturation decreases most
rapidly within 0-5 m around the pumping well, and the rate of decrease diminishes with
distance. For equal time intervals, the difference between curves becomes smaller, implying
that the rate of decrease in degree of saturation gradually reduces with time, i.e., the
drawdown rate gradually decreases. This behavior is consistent with the field observation

https://doi.org/10.3390 /buildings16050993


https://doi.org/10.3390/buildings16050993

Buildings 2026, 16, 993

13 of 20

Settlement (mm)

that discharge decreases with pumping duration. The numerical model developed in
Section 3.3 clearly captures the progressive reduction in degree of saturation induced by
pumping and enables visualization of saturation changes during engineering dewatering.
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Figure 7. Comparison of simulation results between the conventional model and the unsaturated
fluid-structure coupling model: (a) Ground settlement and deformation distribution map; (b) Degree
of saturation distribution map at different time steps.

This chapter analyzed, across multiple comparison groups and pumping scenarios,
the causes of differences in groundwater drawdown, ground settlement, and degree of
saturation. From the drawdown perspective, the unsaturated fluid-structure coupling
model better captures groundwater drawdown behavior in the later stage of pumping
for granite residual soil, providing higher accuracy and closer agreement with field mea-
surements than the conventional fluid-structure coupling model. From the settlement
perspective, the unsaturated fluid-structure coupling model predicts more pronounced
settlement responses. From the saturation perspective, the unsaturated fluid-structure
coupling model enables direct visualization of the evolution of degree of saturation during
engineering dewatering.

4. Factors Influencing Ground Settlement

Based on the three-dimensional numerical model for unsaturated fluid—structure
coupling established in the previous section, an analysis of the factors influencing ground
settlement was conducted. The impact of factors such as pumping rate and groundwater
drawdown depth on the time and spatial distribution of soil settlement deformation
was explored. This analysis aims to provide reference for engineering design, optimize
construction strategies, reduce engineering risks, improve safety, and mitigate the adverse
effects of soil settlement on the project and surrounding environment. Due to the unique
nature of foundation pit projects, the requirements for different foundation pit constructions
vary, which results in diverse dewatering schemes with different pumping rates and
groundwater drawdown depths. Therefore, this study sets up several different scenarios to
explore the settlement sensitivity of the soil during the engineering dewatering process.

4.1. Impact of Pumping Rate on Ground Settlement

Pumping rate refers to the speed at which water is extracted from the aquifer. The size
of the pumping rate directly affects the effectiveness of dewatering and the settlement of
surrounding areas. In engineering dewatering, the total drawdown depth is typically fixed,
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while the pumping rate can be adjusted. Studying the effects of different pumping rates
helps to clarify how pumping rate influences soil settlement and deformation.

(1) Scenario Setup
The pumping rate in the engineering dewatering process is represented by the dis-
charge Q. To provide a more intuitive reflection of pumping rate, the pumping rate was

converted into the rate of decrease in the water level at the dewatering well. With the total
drawdown depth kept constant, three scenarios were set up, as shown in Table 4.

Table 4. Pumping rate scenarios.

. Drawdown Rate Total Pumping
Scenario (m/min) Time (min) Total Drawdown (m)
Pumping Rate A 0.673 20 13.45
Pumping Rate B 0.336 40 13.45
Pumping Rate C 0.224 60 13.45

(2) Analysis of Calculation Results

The water level drawdown and distribution charts for each pumping rate scenario are
shown in Figure 8a,b. It can be observed that as the pumping rate increases, the time for
the dewatering well to reach the target drawdown decreases. However, when the pumping
rate is higher, the drawdown in the soil farther from the well is smaller. This is due to
the time required for soil permeability and the drainage process. The high pumping rate
scenario leads to shorter dewatering times, resulting in a delay in the drainage process at
greater distances, which is consistent with the studies Lewis [35], who found that soil water
levels at distant locations exhibit a lag effect during pumping, where pore water pressure
decreases and soil deformation follows the development over time.
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Figure 8. Groundwater Drawdown at Pumping Well for Different Pumping Rates: (a) Groundwater
drawdown at the pumping well; (b) Drawdown depth distribution.

The soil settlement deformation distribution charts for each pumping rate scenario
are shown in Figure 9a. The results indicate that as the pumping rate increases, the soil
settlement deformation increases in the short term. However, when the target drawdown
depth is reached, the scenario with the lowest pumping rate results in the largest total
settlement deformation. This soil settlement deformation is composed of two parts: one
caused by the reduction in pore water pressure, which increases effective stress and leads
to immediate settlement, and another due to changes in porosity during drainage consoli-
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dation, which accumulates over time. Pumping rate changes the pore-pressure dissipation
rate and the recovery path of effective stress. This time effect can be described using a pore-
pressure-based “degree of consolidation”. A slower drawdown generally corresponds to
more sustained pore-pressure dissipation and effective-stress recovery, promoting greater
volumetric strain accumulation, whereas a faster drawdown may cause rapid redistribution
of pore pressure with relatively delayed volumetric strain accumulation. This description
helps clarify the mechanisms underlying differences in settlement time histories under dif-
ferent pumping rates. In scenarios with lower pumping rates, the longer dewatering time
results in more significant settlement caused by drainage consolidation. The distribution
of soil settlement deformation for each pumping rate scenario is shown in Figure 9b. As
shown, the settlement near the dewatering well is similar in all scenarios, and the difference
in settlement due to drainage consolidation is relatively small. However, the settlement
increases as the distance from the well increases, which is related to the lag effect of soil
permeability. In scenarios with lower pumping rates, the soil pore water pressure is more
fully released, resulting in larger settlement.
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Figure 9. Soil Settlement at Pumping Well for Different Pumping Rates: (a) Settlement-time curve at
the pumping well; (b) Ground settlement distribution map.

This calculation comprehensively explains the components of soil settlement deforma-
tion due to dewatering. Under the same target drawdown but different pumping rates, the
minor differences in soil settlement near the dewatering well are mainly due to different
drainage consolidation times, while the differences further from the dewatering well are
primarily due to varying pore water pressure dissipation in the soil.

4.2. Impact of Groundwater Drawdown on Ground Settlement
(1) Scenario Setup

To study the effect of groundwater drawdown depth on soil settlement deformation,
three scenarios were set up. One scenario was defined as the maximum drawdown depth,

set as 100% of the target drawdown, while the other two scenarios were set to 75% and 50%

of the target drawdown, respectively. The total pumping time was kept constant, as shown
in Table 5.

(2) Analysis of Calculation Results

The water level drawdown charts for each groundwater drawdown depth scenario
are shown in Figure 10a. It can be seen that, over the same time period, the curves for
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all drawdown depth scenarios follow a similar trend, with approximately 80% of the
target drawdown completed within the first ten minutes. The groundwater drawdown
distribution for each scenario is shown in Figure 10b. Near the dewatering well, the
drawdown depth matches the set scenario. However, as the distance from the dewatering
well increases, the drawdown depth decreases, and the differences in drawdown depth
among scenarios become smaller.

Table 5. Groundwater drawdown depth scenarios.

Scenario Groundwater Drawdowr; Total Pumping
Drawdown (m) Percentage (%) Time (min)
Drawdown Depth A 13.45 100 60
Drawdown Depth B 10.17 75 60
Drawdown Depth C 6.89 50 60
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Figure 10. Groundwater Drawdown Depth Distribution Across Different Scenarios: (a) Groundwater
drawdown at the pumping well; (b) Drawdown depth distribution.

The soil settlement deformation at the dewatering well for each groundwater draw-
down depth scenario is shown in Figure 11a. It can be observed that with increasing
dewatering time, the differences in soil settlement deformation among scenarios also in-
crease. Figure 11b presents the soil settlement deformation distribution for each scenario,
showing that the maximum deformation occurs near the dewatering well. The differences
in settlement deformation are largest at the well and decrease with increasing distance,
which follows the same trend as the groundwater drawdown distribution.

To further investigate the relationship between groundwater drawdown depth and
soil settlement deformation over the same time period, a normalized analysis of the final
settlement deformation and groundwater drawdown depth was conducted. The normal-
ized relationship between water level drawdown and soil settlement deformation at the
dewatering well is shown in Figure 12a. It can be seen that the soil settlement deformation
at the dewatering well is proportional to the groundwater drawdown depth. The normal-
ized analysis of drawdown depth and soil settlement deformation distribution is shown in
Figure 12b. Using the 100% drawdown scenario as a reference, the settlement deformation
for the 75% and 50% drawdown scenarios was normalized by dividing by the reference
value. The results show that the lateral settlement deformation distribution is approxi-
mately proportional to the groundwater drawdown distribution. Therefore, for the same
aquifer, the effect of groundwater drawdown depth on soil settlement deformation can be
approximated as a linear relationship. The near-linear trend in the normalized drawdown-—
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settlement relationship is an empirical finding within the present ground conditions and
dewatering durations. Its use should be limited to similar stratigraphy/parameters and
comparable dewatering times; extrapolation to strongly heterogeneous or substantially
different-duration cases should be treated with caution.
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Figure 11. Soil Settlement Distribution Across Different Drawdown Depths: (a) Settlement-time
curve at the pumping well; (b) Ground settlement distribution map.
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Figure 12. Normalized ground settlement deformation map: (a) Ground settlement at the pumping
well; (b) Settlement deformation distribution.

5. Conclusions

This study uses numerical simulation methods and unsaturated fluid—structure cou-
pling theory to investigate the settlement sensitivity of granite residual soil during founda-
tion pit dewatering. The main conclusions are as follows:

(1) For granite residual soil, the unsaturated fluid-structure coupling method pro-
vides better representation of settlement behavior compared to the traditional fluid—
structure coupling model, especially with respect to groundwater drawdown. It also
allows for the visualization of soil saturation during the dewatering process.

(2) Under the same target drawdown depth but different pumping rates, the minor
differences in soil settlement near the dewatering well are mainly due to variations in
drainage consolidation time, whereas the differences in settlement further from the
well are mainly attributed to the different pore water pressure dissipation rates.
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(3) The impact of groundwater drawdown depth on soil settlement deformation can be
approximated as a near- linear relationship under the present ground conditions and
within the range considered, for the same dewatering duration. Therefore, for large-
scale dewatering, small-scale pre-tests with lower drawdown depths can be conducted,
and the results can be scaled proportionally to predict the settlement deformation
under the larger dewatering conditions, provided that the stratigraphy/parameters,
initial saturation, and dewatering duration are comparable; extrapolation to substan-
tially different conditions should be treated with caution.

Limitations: The settlement at this site is on the millimeter scale; its practical risk signif-
icance should therefore be judged in conjunction with monitoring accuracy, the sensitivity
of adjacent structures, and allowable deformation criteria. The contribution of this study is
to elucidate how unsaturated evolution affects late-stage drawdown and settlement time
histories; its broader applicability depends on appropriate constraints on key hydraulic
parameters (especially the SWCC and permeability functions) and consistency with site
conditions. The three-dimensional numerical model in this study simplifies the actual
structure of some soil layers, assuming the layer interfaces are planar and ignoring local
variations in thickness. The heterogeneity and complexity of the actual strata may have
different effects on the dewatering process and settlement deformation. Therefore, future
work could consider a more refined stratification and the impact of soil heterogeneity on
the model results. Additionally, the unsaturated soil parameters in this study were selected
based on laboratory test results and literature data. However, due to the variability in soil
properties in different regions, there may be some uncertainty in the model parameters. Fu-
ture research could further calibrate and optimize the unsaturated soil parameters through
multiple field tests to enhance the applicability and accuracy of the model. Although this
study has conducted preliminary verification through field pumping tests and numerical
simulations, the verification process is still incomplete due to the limited field test data and
monitoring scope. Accordingly, the main conclusions regarding the improved representa-
tion of unsaturated effects are supported by the validated drawdown response, whereas
settlement-related findings should be interpreted as model-based predictions pending
further field monitoring. Future work could further validate and optimize the model’s
performance by collecting more extensive field data, setting up more operating conditions,
and comparing results from different models.
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