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Abstract

To study the bearing capacity of large width-to-height ratio (LWHR) wind power spread
foundations on onshore sandy soils, this study takes a 2 MW unit foundation of a specific
wind farm as the object, conducts its sustainable design optimization, structural design and
bearing capacity analysis, and explores internal force variation patterns of the structure
and foundation. First, it investigates interactions among foundation soil stiffness, founda-
tion deformation, and width-to-height ratio, and proposes the ratio can be slightly over
2.5 under specific geological conditions. Then, it verifies the foundation’s design and bear-
ing capacity via code-based methods and uses ABAQUS to build an integrated finite ele-
ment model (foundation, reinforcement, foundation ring, soil) for analyzing the mechan-
ical behavior of the overall structure and key components. Finally, it focuses on bending
moments of the foundation’s top/bottom slab reinforcement and reaction force distribu-
tion, and compares results from code formulas, commercial software, and finite element
analysis. The results show that foundation deformation relates to the outer cantilever’s
width-to-height ratio, reaction force magnitude, and soil stiffness. Soil stiffness impacts the
linear distribution of reaction forces more significantly than the ratio—when soil stiffness is
smaller, reaction forces still meet the linear assumption even if the ratio exceeds 2.5 within
arange; when larger, they differ greatly. Under specific sandy soils (bearing stratum capac-
ity <300 kPa), the LWHR foundation meets wind turbine requirements, and its foundation
ring’s punching shear resistance complies with standards (considering uplift-resistant re-
inforcement). For coarse sand bearing strata, the foundation’s bottom pressure follows
linear distribution per code, and code formulas apply. However, the LWHR scheme is not
fully suitable for complex geology or other foundation types, whose applicability needs
comprehensive analysis.

Keywords: sustainable design optimization; onshore sandy soil foundation; wind power
spread foundations with a large width-to-height ratio; structural design; bearing capacity

1. Introduction

With the rapid development of the global wind power industry, balancing the
safety and cost-effectiveness of wind power support structures has become a key issue
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in design [1,2], which is particularly reflected in the design and optimization of onshore
spread foundations [3,4]. When concrete spread foundations are used in geological con-
ditions with weak foundation bearing capacity, the increase in wind turbine capacity and
load necessitates larger bottom dimensions of the spread foundations to avoid issues such
as the increased costs associated with group pile foundations. In such cases, a problem
arises where the width-to-height ratio of the cantilever end of the foundation exceeds 2.5.
Taking China as an example, its current Code for Design of Building Foundation (GB50007-
2011) [5] and Code for Design of Wind Turbine Foundation in Onshore Wind Farm Engineering
(NB/T 10311-2019) [6] require that the width-to-height ratio of the foundation does not
exceed 2.5, based on the assumption of a linear distribution of foundation base reaction.
Figure 1 shows the specific requirements in the relevant specifications. To meet this re-
quirement, it is often necessary to increase the diameter of the foundation pedestal or the
thickness of the base slab, which leads to higher consumption of steel reinforcement and
concrete. The code requirement that the width-to-height ratio should not exceed 2.5 aims
to ensure a linear distribution of the foundation base reaction and to avoid calculation er-
rors and design uncertainties resulting from a nonlinear distribution due to an excessively
large ratio. However, this requirement is not a prerequisite for the safe bearing capacity of
the concrete spread foundation itself.

Ni+Gy

(a)

R }

(b)

Figure 1. Relevant requirements in the design specifications [6]. (a) Found structural shape pa-
rameters. (b) Schematic diagram of the foundation bottom not detached from the foundation.
(c) Schematic diagram of the detachment of the foundation bottom from the foundation.

Neither the American Concrete Code (ACI 318-11) [7] nor the European Code for Design
of Concrete Structures (EN 1992-1) [8] specifies a clear limit for the width-to-height ratio.
Based on the actual load-bearing behavior of concrete foundation slabs, they are treated
as cantilever plates for calculating the cross-sectional bending moment, with the base re-
action assumed to follow an approximately linear distribution. Previous studies [9] have
indicated that when the width-to-height ratio of a spread foundation is <4.0 and the foun-
dation is under slight eccentric compression, the base reaction exhibits a “wave-shaped”
nonlinear characteristic under high loads, as shown in Figure 2. However, the overall
variation is slight, and no “funnel-shaped” distribution occurs as the foundation soil ap-
proaches its ultimate bearing capacity. Therefore, the base reaction can still be consid-
ered to follow a linear distribution for calculation purposes. Loading tests on foundations
with different width-to-height ratios in sandy soil show that under axial compression,
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spread foundations with larger width-to-height ratios (3.0 and 4.0) exhibit better ductil-
ity. These foundations can work in collaboration with the soil, demonstrating a strong
capacity for deformation adjustment, and their ultimate load is slightly higher than that of
specimens with width-to-height ratios of 2.0 and 2.5 [10]. Through 16 sets of model tests
and ABAQUS simulations, Li et al. [11] found that the width-to-height ratio (1.5-4) and hy-
potenuse slope (10°-30°) significantly affect the bearing capacity. They proposed a design
formula incorporating the effective width correction coefficient k and the slope correction
coefficient j and further established a modified section reinforcement model suitable for
the force calculation of isolated spread concrete foundations with large width-to-height
ratios. Additionally, several studies from various sources have pointed out that the actual
base reaction of foundations is neither uniform nor linearly distributed [12-14], and foun-
dation structures with large width-to-height ratios have already been applied in practical
engineering [15,16]. Meanwhile, in addition to being related to the width-to-height ratio
of the foundation’s outer cantilever end, foundation deformation is also associated with
the magnitude of foundation reaction forces and foundation soil stiffness; however, the
specific variation patterns remain unclear.
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Figure 2. The simplified method of contact pressure under spread foundations [9]. (a) T < 4.0, ¢/b=0.
(b) T <4.0,e/b <1/6. () T<25,1/6 <e/b<02(d)25<T <4.0,1/6 < e/b <0.2.

In summary, existing studies indicate that the current practice of uniformly limiting
the foundation width-to-height ratio to below 2.5 without distinguishing between geolog-
ical conditions and load scenarios is not entirely reasonable, and it is particularly prone
to causing material waste—a key concern in sustainable design optimization. Therefore,
there is an urgent need to conduct in-depth research on the relationship among foundation
soil stiffness, foundation deformation, and foundation width-to-height ratio. To address
this issue, this study first clarifies that the distribution law of foundation base reaction
forces has a closer relationship with foundation soil stiffness by comparing and analyz-
ing the variations in foundation base reaction forces between conventional foundations
and foundations with a large width-to-height ratio under different foundation soil stiff-
ness conditions. Specifically, when the foundation soil stiffness is relatively smaller than
the foundation stiffness, the distribution of foundation soil reaction forces basically satis-
fies the linear assumption even if the foundation width-to-height ratio exceeds 2.5. Based
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on the outcomes of this theoretical research and taking the foundation of a 2 MW unit in
an actual wind farm project as an example, a comprehensive analysis was conducted on
the scheme of adopting a foundation with a large width-to-height ratio to avoid increasing
concrete consumption—an essential goal of sustainable design optimization. This analysis
clarifies the variation patterns of the mechanical behavior of the foundation structure and
the underlying soil under combined loads. The research conclusions can provide a refer-
ence for the design of spread foundations with an excessive width-to-height ratio under
sandy soil geological conditions similar to those in the case study.

2. Study on the Distribution Law of Foundation Base Reaction Forces

The requirements for the limit of foundation width-to-height ratio in national codes
worldwide are mainly to ensure that the foundation base reaction forces follow a linear
distribution. However, when the height of the foundation’s variable cross-section is re-
duced for foundation optimization, it may be difficult to meet this condition. To clarify
the interaction relationship among foundation soil stiffness, foundation deformation, and
foundation width-to-height ratio, the foundation of a 2 MW unit was taken as an exam-
ple for analysis. The target wind farm is located in a sandy soil geological area, and the
actual stiffness of the foundation and foundation soil was considered in the calculation.
After designing the foundation according to the unit load, from the perspective of meeting
force-bearing requirements and considering economy, the foundation width-to-height ra-
tio was determined to be 3.23 (which is greater than 2.5), with specific dimensions shown
on the left side of Figure 3. To comply with the code requirement on the limit of foundation
width-to-height ratio, the height of the foundation’s h, needed to be increased from 2.2 m
to 2.85 m; at this point, the foundation width-to-height ratio was 2.49 (which is less than
2.5), and the specific dimensions are shown on the right side of Figure 3. Nevertheless,
increasing the foundation size would lead to a 14.3% increase in material consumption.
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Figure 3. Foundations with Two Different Width-to-Height Ratio Sizes. (a) (R — r1)/hy = 3.23.
(b) (R — r1)/hy = 2.49.

To investigate the extent to which geological conditions and width-to-height ratio af-
fect the foundation base reaction forces, the characteristic values of the bearing capacity
of the sandy soil bearing stratum at the foundation base were set to 300 kPa, 600 kPa, and
900 kPa, respectively. The finite element method was adopted to conduct a comparative
analysis of the foundation soil reaction forces of the two foundation sizes. The contact
stresses on the most unfavorable central axis of the soil at the base of the two foundation
sizes were statistically analyzed, and the results are shown in Figures 4 and 5. It can be
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concluded that compared with the foundation width-to-height ratio, the foundation soil
stiffness has a more significant impact on whether the foundation soil reaction forces follow
a linear distribution. When the foundation soil stiffness is relatively small, the foundation
soil reaction forces of both foundations (with different width-to-height ratios) exhibit a
good linear distribution pattern, meaning the width-to-height ratio has little influence at
this point. As the foundation soil stiffness increases, the foundation soil reaction forces
in the middle part of both foundations (with different width-to-height ratios) begin to in-
crease gradually, showing a significant deviation from the linear distribution assumption.
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Figure 4. Statistics of Foundation Reaction Forces with Different Width-to-Height Ratios
(a) WHR = 3.23; (b) WHR = 2.49.

Figure 5. The structural design of the foundation (a) Soil layer distribution. (b) Dimensions and
reinforcement details of the spread foundation.

From the above analysis, it can be seen that when the foundation soil stiffness is rel-
atively smaller than the foundation stiffness, even if the foundation width-to-height ratio
exceeds the limit of 2.5 within a certain range, the distribution of foundation soil reac-
tion forces still basically meets the linear assumption. In contrast, when the foundation
soil stiffness is relatively larger than the foundation stiffness, the foundation soil reaction
forces deviate significantly from the linear distribution assumption. Therefore, when opti-
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mizing the design of spread foundations in bearing strata with relatively weak foundation
soil stiffness, the requirement that the foundation width-to-height ratio must be less than
2.5 can be appropriately exceeded to improve the economy of the foundation. However,
special analytical calculations must be conducted, and the force-bearing requirements of
the foundation structure must be satisfied.

3. Sustainable Design Optimization of Wind Power Foundation
with LWHR

3.1. Structural Dimension Design for the Spread Foundation

In an onshore wind farm, wind turbines with a single-unit capacity of 2 MW are used,
and the load values of the turbines during the operation period are provided in Table 1.
The foundation-bearing stratum consists of coarse sand. Based on a comprehensive anal-
ysis of engineering geological drilling, standard penetration tests, and laboratory tests on
soil samples, the characteristic value of the foundation bearing capacity of the bearing stra-
tum is determined to range from 240 kPa to 300 kPa. Additionally, the saturated sand at
the site will not liquefy under a 7-degree seismic intensity. The bottom foundation struc-
ture uses a ring-type spread foundation (annular). A preliminary design of the foundation
structure is carried out in accordance with current codes and standards. However, to bal-
ance safety and economy, it is proposed to avoid installing pile foundations; instead, the
bearing requirements of the foundation and the ground bearing capacity are met by in-
creasing the width-to-height ratio of the foundation. For the bottom foundation structure
(ring-type spread foundation, annular), the pedestal diameter is 7 m, the foundation diam-
eter is 21.2 m, the total height of the foundation is 3.3 m, and the embedment depth is 3.2 m.
The outer overhang of the base slab is 7.1 m, the thickness of the outer edge of the base slab
is 1 m, and the thickness of the base slab at the pedestal is 2.2 m. The concrete strength
grade of the foundation is C40, and the primary reinforcement is HRB400OE. The concrete
cover thickness at the bottom of the foundation is 80 mm, while that at the top and side
surfaces is 50 mm. The radius of the foundation ring is 2.15 m, with an embedment depth
of 1.79 m, and the distance from the bottom flange to the base slab is 1.51 m. The wall
thickness of the foundation ring is 48 mm, the outer edge width of the flange is 225 mm,
the inner edge width is 227 mm, and the thickness of the lower flange is 95 mm. Under
these conditions, the width-to-height ratio of the foundation, calculated as (R — r1)/h2 is
3.23, which is greater than 2.5. The basic dimensions of the foundation structure are shown
in Figure 5.

Table 1. Standard values of wind turbine operating loads.

Conditions M,y (kN-m) Fyy (kN) F, (kN)
Standard values of normal operating load 36,759.83 388.22 —3705.10
Standard values of extreme load —81,991.96 —851.79 —3673.60

3.2. Bearing Mode of SPBF
3.2.1. Calculation of Foundation Base Reaction

Under the standard combination of normal operating load conditions, when the cir-
cular foundation is subjected to eccentric loads, the calculated maximum and minimum
reaction force values at the bottom of the foundation are as follows:

Pimax = Gk - M — 121,74 kPa < 1.2f,; = 288 kPa, at which value the foundation
bearing capacity meets the requirements;

% - % = 39.85 kPa > 0, indicating that no separation occurs between

Pimin =
the foundation base and the ground, which satisfies the requirements.
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Under the standard combination of extreme load conditions, when the circular foun-
dation is subjected to eccentric loads, the maximum reaction force at the bottom of the foun-
dation is Pgmnax = 171.97 kPa < 1.2f;; = 288 kPa, which meets the foundation bearing re-
quirements; meanwhile, the minimum reaction force is Py, = —10.55 kPa <0, indicating
that the foundation base has lost contact with the ground, and further calculation of the sep-
arated area is required. For spread foundations or beam-slab foundations, when eccentric
loads act outside the core area and result in partial separation of the foundation base, pro-
vided the separated area does not exceed 1/4 of the total base area, the pressure at the base
of the circular foundation for wind turbines can be calculated using the following formula:

Pimax = Z\]]g{—ﬁ( = 174.96 kPa

The ratio of the separated area to the total base area is: Separated/A = 3.27% < 25%,

which meets the requirements.

3.2.2. Calculation of Overturning Resistance Stability

Under the fundamental combination of normal operating load conditions, the foun-
dation overturning moment M; is 38,277.77 kN-m, and the foundation anti-overturning
moment My is 302,157.52 kN-m. Under this condition, the anti-overturning safety fac-
tor of the foundation, calculated as My/Mp is 7.89, which is greater than 1.6, meeting the
requirements. Under the fundamental combination of extreme load conditions, the foun-
dation overturning moment M is 85,322.46 kN-m, and the foundation anti-overturning
moment is Mg = Ni * R = 301823.62 kN-m. Under this condition, the anti-overturning
safety factor My/Mp is 3.54, which is greater than 1.6, satisfying the requirements.

3.2.3. Calculation of Sliding Resistance Stability

Under normal operating load conditions, the foundation sliding force Fg is 388.22 kN,
and the anti-sliding force is Fg = p * Ny =11,402.17 kN. For safety, the friction coefficient
between the foundation base and the ground is taken as 0.4, which is the lower limit for
medium-soft rock. Under this condition, the anti-sliding safety factor of the foundation,
calculated as Fr/Fg, is 29.37, which is greater than 1.3, meeting the requirements. Under
extreme load conditions, the foundation sliding force Fg is 851.80 kN, and the anti-sliding
force is Fr = p * Ny = 11,389.60 kN. The anti-sliding safety factor Fr/Fg is 13.37, which
also exceeds 1.3, satisfying the requirements.

3.3. Calculation of Foundation Reinforcement

The reinforcement calculation for the top and bottom surfaces of the foundation slab
is conducted under the fundamental combination of extreme load conditions. Specifically,
the reinforcement arrangement of the foundation slab shall be determined based on flexu-
ral calculation. The bending moment for the reinforcement on the bottom surface can be
calculated by considering the slab as a cantilever member under a uniformly distributed
load. The details and summary of the reinforcement calculation for the foundation struc-
ture are provided in Table 2.

Table 2. Statistics of foundation slab reinforcement.

Structural Reinforcement Minimum Reinforcement Actual Reinorcement

Location Direction (mm?/m) Ratio (mm?/m) (mm?/m) Conclusions
Foundation B Radial 5289 3300 5542 4
oundation base Circumferential 2645 3300 3372 Vv
Foundation To Radial 1662 3300 7682 4
P Circumferential 831 3300 3372 Vv
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3.4. Calculation of Uplift Resistance and Local Compression of Foundation Ring

The lower flange ring of the foundation is divided into 48 equal segments, and one
segment is selected for the uplift check. The tensile force on this segment is 18,70,152 N.
According to the design drawings, a total of 4 circumferential uplift-resistant steel bars
with a diameter of 32 mm are arranged in this region, providing an uplift resistance of
2,315,520 N. Since the uplift resistance provided by the steel bars is greater than the tensile
force exerted on the foundation ring segment, the uplift resistance requirement is satisfied.

Similarly, taking 1/48 of the foundation ring for compression analysis, the local
pressure Fj is 3,293,847.48 N. The effective base area A; for local compression is deter-
mined based on the principles of concentricity and symmetry between the local com-
pression zone and the supporting area. The local compressive resistance is calculated as
6,208,334.50 N. Therefore, the concrete compressive capacity of the lower flange ring meets
the design requirements.

3.5. Calculation of Punching Shear
3.5.1. Calculation of Downward Punching Shear of Pedestal

The average reaction force at the foundation base is 97.47 kPa. The area outside
the scope of the downward punching cone of the pedestal is calculated as follows:
A1 =3.14 x (10.6*> — 5.7%) =250.79 m?. Under the action of local loads or concentrated re-
actions, the punching shear capacity Fl of the slab without stirrups or bent-up bars is
24,444.46 kN. Under this condition, the punching shear resistance provided by the con-
crete at the foundation pedestal is 0.7}, fiiju,,ho = 65,354.19 kN, resulting in a safety factor
against downward punching shear of 2.67, which meets the required criteria.

3.5.2. Downward Local Punching Shear of Lower Flange

Vertical uplift-resistant reinforcements (Grade 8 and Grade 9) are provided around
the lower flange of the foundation ring. Taking into account the contribution of these re-
inforcements, the reinforced concrete structure around the foundation ring can resist a
downward punching shear force of 70,038 kN. Incorporating a structural safety factor of
1.1, the design value of the maximum downward vertical punching shear force for the foun-
dation ring is 59,686 kN. Under this condition, the anti-uplift safety factor is 1.17, which
meets the requirements.

3.5.3. Upward Local Punching Shear of Lower Flange

When calculating the upward punching shear of the lower flange of the foundation
ring, the friction between the side wall of the foundation ring and the foundation concrete
isneglected. The calculation is performed assuming that all the upper distributed loads are
transmitted to the bottom flange, and the calculation diagram is shown in Figure 6. Under
this condition, accounting for the contribution of the No. 8 and No. 9 reinforcements, the
reinforced concrete structure around the foundation ring can resist an upward punching
shear force of 58,760 kN. With a structural safety factor of 1.1, the maximum upward ver-
tical punching shear force of the foundation ring is 17,792 kN. Thus, the anti-uplift safety
factor is 3.30, which meets the requirements.
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Upward Pressure on the Upper
Surface of the Lower Flange of
the Foundation Ring

D

Downward Pressure
under the Lower Flange
of the Foundation Ring

B gy

Figure 6. Upward punching shear range and force-bearing schematic of the lower flange.

3.6. Calculation of Bottom Slab Cracks

Crack width checking shall be performed according to the standard combination of
normal operating load conditions, with the requirement that the maximum crack width
of the foundation shall not exceed 0.2 mm under this condition. Based on the specific
dimensions and load conditions of the foundation structure, the calculated maximum crack
width of the foundation is as follows:

Os deg
Wmax = lxcrlpE— 1.9¢s +0.08— | = 0.096 mm < 0.2 mm
s te
Therefore, the crack width of the foundation meets the requirements under this
load condition.

4. Foundation Stress Analysis Based on Finite Element Method
4.1. Overall Finite Element Model

Based on the force calculation results for the foundation structure in Section 3, all indi-
cators meet the requirements except for the width-to-thickness ratio of the cantilever slab
outside the foundation, which is 3.23 and exceeds the specification limit of 2.5. To further
investigate the influence of the large width-to-thickness ratio on the bearing capacity of
wind power spread foundations on sandy soil, a refined three-dimensional finite element
model including the soil was established using finite element software. A detailed analysis
was conducted on the stress conditions of the foundation concrete, reinforcement, founda-
tion ring, and foundation soil. The overall finite element model is shown in Figure 7. In
the finite element model, the Mohr-Coulomb plastic model [16-18] was adopted for the
soil, which was modeled using C3D8R elements. The material properties of the soil were
set in layers according to the geological survey report, with the internal friction angle of
coarse sand being 33°. A fully fixed constraint was applied to the bottom surface of the
soil, while horizontal constraints were imposed on the side surfaces. Frictional contact was
used between the soil and concrete, with a friction coefficient of 0.3. The foundation ring
is modeled using solid elements, and frictional contact is adopted between the foundation
ring and concrete with a friction coefficient of 0.5. For concrete, the Concrete Damaged
Plasticity (CDP) elastoplastic constitutive model [19-21] is employed, and the reinforce-
ment is embedded in the concrete using Truss elements. The total number of unit meshes
in the overall model is 120,869, among which the number of soil meshes is 47,659, concrete
meshes is 30,066, reinforcement meshes is 30,528, and foundation ring meshes is 12,616.
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Figure 7. Refined finite element model of the foundation. (a) Overal model. (b) Foundation model.
(c) Ring and punching reinforcement. (d) Reinforcement.

4.2. Stress Analysis of Concrete
4.2.1. Compressive Stress of Concrete

The compressive stress nephogram of the spread foundation is shown in Figure 8a.
The location of the maximum compressive stress in the foundation is the concrete on the
outer side of the upper surface of the bottom flange of the foundation ring, with a max-
imum compressive stress value of 6.080 MPa. This is less than the design compressive
strength of C40 concrete (f. = 19.1 MPa), indicating that it meets the requirements. The
compressive damage nephogram of the concrete is shown in Figure 8b. The damage factor
ranges from 0 to 1; a value of 0 indicates no plastic damage, while a value of 1 or close to
1 indicates that the concrete has lost its load-bearing capacity, leading to complete failure.
Under these working conditions, the maximum compressive damage factor of the founda-
tion is 0.0002128, indicating that the entire foundation structure exhibits no compressive
damage and maintains good integrity.

S, Min. Principal z DAMAGEC
(Avg: 75%) (Avg: 75%)
+1.862x10° +2.128x10™
3.360x10° +1.950x107*
+1.773x10™*
+1.596x10*
+1.419x10*
+1.241x10™*
+1.064x10*
+8.866x10°°

~6.080x10° +0.000

(b)

Figure 8. Compressive stress nephogram of foundation concrete. (a) Compressive stress nephogram.
(b) Compressive plastic damage nephogram.

4.2.2. Tensile Stress of Concrete

The tensile stress nephogram of the spread foundation is shown in Figure 9a. The
maximum tensile stress occurs in the concrete on the inner side of the bottom flange of
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+2.303 x10°
-1.171 x10*
-2,537 x10°
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the foundation ring, with a value of 2.408 MPa, which slightly exceeds the standard ten-
sile strength value of C40 concrete (fy = 2.39 MPa). As indicated by the reinforcement
check in Section 3.2 and the crack width verification in Section 3.5, through reasonable re-
inforcement layout, the crack width of the foundation base slab remains under 0.2 mm,
thereby meeting the requirements. The stress nephogram of the joint between the foun-
dation pedestal and the spread angle is presented in Figure 9b. The maximum tensile
stress at the bottom of the cantilever slab is 1.439 MPa, and no cracking occurs under this

working condition.

S, Max. Principal

(Avg: 75%)
+1.439x10¢
+1.284x10°
+1.129x10°
+9.738x10°
+8.189x10°
+6.639x10°
+5.089x10°
+3.539x10°
+1.989x10°
+4.396x10*
—-1.110x10°
-2.660x10°
-4.210x10°

(a) (b)

Figure 9. Tensile stress nephogram of foundation concrete. (a) Tensile stress nephogram.

(b) Compressive plastic damage nephogram.

The tensile damage nephogram of the concrete is shown in Figure 10. The local tensile
damage factor of the foundation reaches 0.98, indicating a certain degree of tensile plastic
damage; however, since the reinforcement in the base slab participates in load-bearing, no
through cracks are ultimately formed. Under extreme load conditions, the local tensile
stress at the foundation base slab exceeds the standard limit. However, when the cracking
extends to the bottom layer of the base slab reinforcement, the crack propagation stops;
the reinforcement then participates in force-bearing, and no through cracks are formed. In
addition, as calculated in the aforementioned “3.6 Calculation of Bottom Slab Cracks”, the
foundation base slab does not crack under normal operating conditions, which meets the
requirements permitted by the code.

DAMAGET

(Avg: 75%)
+9.854x10
+9.033x10
+8.212x10*
+7.391x10*
+6.569x10*
+5.748x10*
+4.927x10*
+4.106x10*
+3.285x10*
+2.464x10
+1.642x10"
+8.212x107
+0.000

(a) (b)

Figure 10. Tensile plastic damage nephogram at the bottom of the foundation concrete. (a) Bottom
view of the tensile damage plane. (b) Cross-sectional view of the tensile damage surface.
4.3. Stress Analysis of Steel Reinforcement

The overall Mises stress nephogram of Rebars (D~ in the foundation base slab is
shown in Figure 11. Among these four types of rebars, Rebar (2) exhibits the highest stress,
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with a value of 122 MPa, which is below the design yield strength of HRB400 steel rein-
forcement, thereby meeting the design requirements. The overall Mises stress nephogram
of Rebars (5)~(2) in the foundation top slab is presented in Figure 12. Among these five types
of rebars, Rebar (5) has the maximum stress, reaching 131 MPa, which is less than the design
yield strength of HRB400 steel reinforcement, thus satisfying the design requirements.

S, Mises

(Avg: 75%)
+1.221x10%
+1.119x10%
+1.018x108
+9.158x10’
+8.140x10’
+7.123x107
+6.105x107
+5.088x10’
+4.070x10’
+3.053x107
+2.036x10’
+1.018x107
+7.658x10°

Figure 11. Reinforcements (D~(9).

S, Mises

(Avg: 75%)
+1.312x108
+1.202x108
+1.093x10?
+9.839x10’
+8.745x10’
+7.652x107
+6.559x107
+5.466x10’
+4.373x107
+3.280x10’
+2.187x107
+1.094x107
+8.076x10°

Figure 12. Reinforcements (5)~(7), @), @).

The overall stress nephogram of Rebars (8)~@9 in the foundation base slab is shown
in Figure 13. Among these three types of rebars, Rebar (8) shows the highest stress, with a
value of 189.6 MPa. The statistics of the overall and individual Mises stress for Rebars (9~@3
and @9~6) around the foundation ring are provided in Figure 14. Among these 11 types
of rebars, Rebar @ carries the maximum stress, at 189.7 MPa. The stress values of all the
aforementioned rebars are below the design yield strength of HRB400 steel reinforcement,
meeting the design requirements.

S, Mises

(Avg: 75%)
+1.888x10%
+1.731x10%
+1.574x10%
+1.416x10°8
+1.259%x108
+1.102x10°8
+9.442x10’
+7.869%x107
+6.295%107
+4.722x107
+3.149x10’
+1.575x107
+1.771x10* T

Figure 13. Reinforcements (8)~(0).
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CPRESS
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S, Mises

(Avg: 75%)
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+6.325x10’7
+4.743x10’
+3.162x107
+1.581x107 =S
+1.716x10°

Figure 14. Reinforcements 0~G.

In summary, the stresses in the rebars throughout all sections of the foundation struc-
ture are within the required limits, and a significant safety margin remains under the basic
load combination at the ultimate limit state of bearing capacity.

4.4. Stress Analysis of Foundation Soil
4.4.1. Foundation Soil Bearing Capacity

Under the standard combination of the serviceability limit state, the maximum com-
pressive stress of the coarse sand in the foundation soil in contact with the foundation
bottom is —121.9 kPa (Figure 15a), which is less than the designed foundation bearing ca-
pacity (the characteristic value of the coarse sand foundation bearing capacity is 240 kPa),
thus meeting the requirements. Under this working condition, the deviation between the
numerical simulation result of the foundation stress (—121.9 kPa) and the formula calcu-
lation result (—121.74 kPa) in Section 3.2.1 is minimal. Under the standard combination
of the ultimate limit state of bearing capacity, the maximum compressive stress of the
coarse sand in the foundation soil in contact with the foundation bottom is —180.3 kPa
(Figure 15b), which is also less than the designed foundation bearing capacity (characteris-
tic value: 240 kPa), satisfying the requirements. Under this working condition, the numer-
ical simulation result of the foundation stress (—180.3 kPa) is close to the formula calcula-
tion result (—174.96 kPa) in Section 3.2.1. This indicates that in this sandy soil foundation,
although the width-to-height ratio of the foundation exceeds 1.3 times the code require-
ment, the reaction force at the foundation bottom still exhibits a relatively uniform linear
distribution, and the standard formula method remains applicable in this case.

CPRESS

+1.803x10°
+1.219x10°
+1.119x10°
+1.020x10°
+9.202x10*
+8.206x10*
+7.210x10*
+6.214x10*
+5.218x10*
+4.222x10*
+3.226x10*
+2.230x10*
+1.234x10*
+2.377x10°

(a) (b)

Figure 15. Contact stress nephogram between foundation and ground (a) Serviceability working

condition (b) Ultimate limit state condition of bearing capacity.
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CPRESS
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4.4.2. Foundation Separation Rate

As shown in Figure 16a, based on the contact pressure (CPRESS) between the foun-
dation bottom and the foundation soil, no separation occurs under the normal operating
condition, meeting the requirements. Under the ultimate limit state condition of bearing
capacity, a small separation area is observed at the foundation bottom, as illustrated in
Figure 16b. The separation area ratio is 4.45%, which is below the limit value of 25%, thus
also satisfying the requirements.

CPRESS
+1.803x10°
+1.669x10°
+1.536x10°
+1.402x10°

+1.269x10°
+1.135x10°
+1.001x10°
+8.678x10*
+7.343x10*
+6.007x10*
+4.671x10*
+3.336x10*
+2.000x10*
+2.377x10°

(a) (b)

Figure 16. Foundation detachment area (a) Serviceability working condition (b) Ultimate limit state

condition of bearing capacity.

4.4.3. Foundation Inclination Rate

Under the standard combination of the serviceability limit state, the maximum verti-
cal displacement of the foundation is —2.414 mm, as shown in Figure 17a. The tilt rate at
the foundation bottom is 0.15%o, which is below the limit requirement of 3%. (applicable
for H > 100 m), thus meeting the specifications. The vertical displacement at the bottom
flange of the tower tube is —2.345 mm, with a corresponding flange tilt rate of 0.59%o., as
presented in Figure 17b.

U, U3

+1.184x10™*
-9.262x10
-3.036x10
-5.147x10~
-7.257x10
-9.367x10™
-1.148x1073
-1.359%x103
-1.570x1073
-1.781x103
-1.992x1073
-2.203%x103
-2.414x1073

(a)

Figure 17. Vertical displacement nephogram (a) Foundation (b) Foundation Ring.

5. Stress Analysis of Key Parts Based on Different Algorithms

It can be seen from the aforementioned calculation results that the foundation struc-
ture can meet the operational requirements of the unit in terms of load-bearing capac-
ity. However, due to the large diameter of the foundation, the width-to-thickness ratio
at the cantilever slab of the foundation spread angle exceeds the recommended limit of
2.5 specified in the code. Furthermore, detailed finite element analysis conducted in the
second part shows that both the foundation and the foundation soil continue to meet the
operational requirements of the wind turbine under load. To further quantify the differ-
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ences in calculation results for key sections among the code-based formula method, inte-
grated software, and the refined finite element method, a detailed comparative analysis
is carried out herein focusing on two critical aspects: the bending moment of reinforce-
ment in the top and base slabs of the foundation, and the distribution of the foundation
reaction force.

5.1. Reinforcement Bending Moment of Foundation Top and Bottom Slabs

The bending moment values calculated using the specification formula, the integrated
software, and the refined finite element method are summarized in Table 3. It can be seen
from the table that, for the reinforcement design of the foundation top slab and base slab,
both the cross-sectional bending moment design values and the radial reinforcement bend-
ing moment design values obtained from the finite element model (as shown in Figure 18)
are smaller than those calculated by the integrated software and the specification formula.
Only the circumferential bending moment of the top slab (1468.07 kN-m) is slightly greater
than the result from the integrated software (1459.00 kN-m). Nevertheless, the actual cir-
cumferential reinforcement area per unit length provided in the base slab is 3272 mm?/m,
which is 3.937 times the calculated required value (830.97 mm?/m), thereby satisfying the
load-bearing requirements.

Table 3. Bending moment loads of the base slab.

Position Load Combination Type Under the Radial Bending Moment Circumferential Bending Section Design Bending
Ultimate Limit State of Bearing Capacity (kN-m) Moment (kN-m) Moment (kN-m)
integrated software 3874.00 1937.00 5811.00
foundation slab specification formula 3852.75 1926.37 5779.12
finite element 3593.00 1857.74 5450.74
integrated software 2918.00 1459.00 4377.00
top slab chimney specification formula 2864.95 1432.48 4297.43
wind turbine specification formula 933.65 466.82 1400.47
finite element 1983.00 1468.07 3471.75

2.592x10°
1.188x10°

1.983x10°%

1.920x10°

(a) (b) (c)

Figure 18. Schematic diagram of bending moment extraction per unit arc length of the base slab
(a) Per unit arc length at the pedestal. (b) Reinforcement bending moment extraction of the founda-
tion base slab. (c) Reinforcement bending moment extraction of the foundation top slab.

5.2. Distribution of Foundation Base Reaction

The foundation bearing pressures calculated by the specification formula, a commer-
cial structural design software, and the refined finite element method are summarized in
Table 4. The results obtained from these methods are in close agreement, indicating that
for this foundation structure, the contact pressure at the foundation base can be adequately
estimated using the linear distribution assumption prescribed in the design code.
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Table 4. Foundation compressive stress at the foundation base.

Serviceability Limit Ultimate Limit State of Bearing
Calculation Method State—Standard Load Capacity—Basic Load
Combination (kPa) Combination (kPa)
Specification Formula 121.74 174.96
A Certain Integrated Software 129.97 180.22
Refined Finite Element 121.90 180.50

6. Conclusions

(1) In addition to the width-to-height ratio of the overhanging end beyond the founda-
tion, the foundation deformation is also related to the magnitude of the foundation reaction
force and the foundation stiffness. Compared with the foundation width-to-height ratio,
the foundation stiffness has a more significant impact on whether the foundation reaction
force follows a linear distribution. When the foundation stiffness is relatively smaller than
the reference stiffness, the distribution of the foundation reaction force basically conforms
to the linear assumption even if the foundation width-to-height ratio exceeds the limit of
2.5 within a certain range. However, when the foundation stiffness is relatively larger than
the reference stiffness, there is a significant difference between the foundation reaction
force and the linear distribution assumption. With the increase in the foundation stiffness,
the foundation reaction forces in the middle part of the foundations with the two width-
to-height ratios begin to increase gradually, showing a great difference from the linear
distribution assumption, findings that can provide key technical support for subsequent
sustainable design optimization of foundations.

(2) Through verification using standard calculation methods and ABAQUS finite ele-
ment analysis, under both normal and extreme load conditions, the overturning and slid-
ing safety factors of the large width-to-height ratio foundation all exceed the required lim-
its. The maximum crack width is 0.096 mm, which is less than 0.2 mm. The uplift resistance
of the foundation ring and the punching shear safety factor comply with standards, and
the overall bearing capacity meets the operational requirements of the wind turbine. The
deviation between finite element results and standard values under both load conditions is
slight. Under extreme conditions, the foundation disengagement rate is 4.45% < 25% and
the inclination rate is 0.59%o < 3%o.

(3) The differences among code-based formulas, integrated software, and refined fi-
nite element methods in calculating the bending moments of reinforcement in the top and
bottom slabs of the foundation were quantitatively compared. Under the ultimate limit
state of bearing capacity, the bending moments of the bottom slab and the radial direction
of the top slab obtained by the finite element method are smaller than those from the code
and the integrated software, with only the circumferential bending moment of the top slab
being slightly larger. Nevertheless, the actual reinforcement area is 4.06 times the calcu-
lated requirement, which fully satisfies the structural load-bearing demands. At the same
time, the accuracy of the finite element model is verified, offering a more precise basis for
the reinforcement design of wind power foundations with a large width-to-height ratio.

(4) Based on specific soil conditions (sandy soil where the characteristic value of the
bearing capacity of the bearing stratum is less than 300 kPa), this study proposes an opti-
mization direction for the design of spread foundations: under specific geological condi-
tions, the foundation width-to-height ratio can be slightly greater than 2.5. This optimiza-
tion can improve the economy of the foundation, aligning with the core goal of sustain-
ability by reducing unnecessary material consumption, but special analytical calculations
are required to ensure that the force-bearing requirements of the foundation structure are
met. It is not fully applicable to other complex geological conditions and foundation struc-
ture forms, and its application scope needs to be determined through comprehensive cal-
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culation and analysis. In the later stage, relevant research under various geological and
complex geological conditions will be further carried out.
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Nomenclature

hyq Height from the top surface of the foundation ring to the foundation base
e Eccentricity

R Radius of the foundation base

Vertical force standard value transmitted from the superstructure to the foundation

Ni top surface under the standard combination of load effects
Gy Standard value of foundation self-weight and gravity of overlying soil on foundation
under the standard combination of load effects
P Minimum pressure value at the edge of the foundation base under the
M standard combination of load effects
P, Maximum pressure at the edge of the foundation base under the standard
& combination of load effects
1 Radius of the pedestal
h Foundation edge height
hy Height of the foundation variable cross-section
h3 Height of the pedestal
At Foundation detached area
ac Compressed width of the foundation base
b Section width
Pk Average pressure at foundation base under characteristic combination of load effects
T Aspect ratio
a Distance from resultant action point to edge of maximum pressure on foundation base
c Foundation detached width

My Characteristic values of resultant moments about x-axis and y-axis horizontal axes



Sustainability 2025, 17, 9820 18 of 19

Fyy Characteristic values of horizontal resultant forces for x-axis and y-axis
F, Characteristic Value of Vertical Force
M Standard value of resultant moment transmitted from superstructure to foundation
k base under the standard combination of load effects
W Section modulus of the foundation base
A Cross-sectional area of the foundation base
fak Characteristic value of foundation bearing capacity
¢ Calculation coefficient for maxi mum pressure on the foundation base
Mg Overturning resistance moment un-der the basic combination of load effects
Fs Design value of sliding force under the basic combination of load effects
Fr Sliding resistance force under the basic combination of load effects
U Friction coefficient between foundation base and foundation soil
Fq Design value of pressure under the foundation ring
Ap Calculation base area for local compression
B Design value of load outside the punching failure body under the basic combination
of load effects
Bn Section height influence coefficient for punching shear capacity of pile cap
ft Design value of concrete tensile strength
1 Influence coefficient
U Perimeter of calculation section
ho Effective height of calculation section for punching failure cone of pile cap
Maximum crack width calculated based on the characteristic combination or
Wmax quasi-permanent combination of loads, considering the Influence of Long-Term Effects
Ky Component force-characteristics coefficient
P Strain inhomogeneity coefficient of longitudinal tension reinforcement between cracks
Stress of ordinary longitudinal tension reinforcement in reinforced concrete members
7s calculated by quasi-permanent load combination
Es Elastic modulus of reinforcement / elastic modulus of steel bars
c Distance from the outer edge of the outermost longitudinal tension reinforcement to the
) bottom edge of the tension zone
deg Equivalent diameter of longitudinal reinforcement in the tension zone
Longitudinal tension reinforcement ratio calculated based on the effective tension concrete
Pre cross-section area
fe Design value of concrete compressive strength
fte Standard value of concrete tensile strength
H Hub height
References
1.  Yang, H.; Tan, T,; Pan, J.; Wang, C. Research on improving the horizontal bearing performance of wind power pile foundation
with added wing structure. Sustainability 2025, 17, 861. [CrossRef]
2. Medeiros, I.D.S.; de Lima, D.M. Structural performance of direct foundations of onshore wind turbine towers considering SSI:
A literature review. Renew. Sustain. Energy Rev. 2025, 217, 115742. [CrossRef]
3. Amponsah, E.; Wang, Z.; Kwame Mantey, S. Bending-bearing behaviour of embedded steel ring-foundation connection of on-
shore wind turbines. Structures 2021, 34, 180-197. [CrossRef]
4. Xu, Y.; Wang, H.; Zhang, L.; Deng, M.; Jiang, H.; Guo, Y.; Yang, X. Research on bearing capacity of secant piled-bucket foundation
in saturated clay. Sustainability 2022, 14, 11511. [CrossRef]
5. Ministry of Housing and Urban Rural Development of the People’s Republic of China. Code for Design of Building Foundation;
China Architecture & Building Press: Beijing, China, 2011.
6.  China Renewable Energy Engineering Institute. Code for Design of Wind Turbine Foundations for Onshore Wind Power Projects; China
Water & Power Press: Beijing, China, 2020.
7. ACI 318-11; Building Code Requirements for Structural Concrete and Commentary. American Concrete Institute International:
Farmington Hills, MI, USA, 2011.
8. BSEN1992-I-1; Eurocode 2: Design of Concrete Structures: Part 1-1: General Rules and Rules for Buildings. British Standards

Institution: London, UK, 2004.


https://doi.org/10.3390/su17030861
https://doi.org/10.1016/j.rser.2025.115742
https://doi.org/10.1016/j.istruc.2021.07.053
https://doi.org/10.3390/su141811511

Sustainability 2025, 17, 9820 19 of 19

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

Liang, X.; Wang, J.; Liang, F; Li, Y.; Xiao, M. Study on the contact pressure distribution and simplified design method of spread
foundations with high width-to-height ratio. Sichuan Build. Sci. 2019, 45, 82-87.

Xiao, M.; Gan, H.; Liang, F.; Wang, J. Experimental study on contact pressure distribution of spread foundation with high width-
to-height ratio in sandy soils. Sichuan Build. Sci. 2018, 44, 86-91.

Li, Y.; Qin, X.; Luo, J.; Xiao, M.; Hua, C. Uplift test and design method for bearing capacity of isolated spread concrete foundation
slab with large width-to-height ratio. Adv. Civ. Eng. 2018, 2018, 3672868. [CrossRef]

Qian, Z.Z.; Lu, X.L.; Tong, R.M. Experimental study on bearing capacity of concrete spread foundation under uplift combined
with horizontal loads. . Disaster Prev. Mitig. Eng. 2012, 32, 573-578.

Deng, Z.-W; Fan, Z.-].; Zhou, Y.-M.; Deng, P.-Y. Study on dynamic response characteristics of circular extended foundation of
large wind turbine generator. Sustainability 2022, 14, 14213. [CrossRef]

Cui, Q.; Zhang, Z.H.; Lu, X.L. Study of failure modes and slid surface characteristics of soils mass around enlarge base foundation.
Met. Mine 2010, 39, 161-164.

Lu, X.L.; Qian, Z.Z.; Tong, R.M. Pullout behavior of precast concrete assembly spread foundation. Eng. Mech. 2013, 30, 215-220.
Gravett, D.Z.; Markou, G. State-of-the-art investigation of wind turbine structures founded on soft clay by considering the soil-
foundation-structure interaction phenomenon—Optimization of battered RC piles. Eng. Struct. 2021, 235, 112013. [CrossRef]
Harte, M.; Basu, B.; Nielsen, S.R.K. Dynamic analysis of wind turbines including soil-structure interaction. Eng. Struct. 2012,
45, 509-518. [CrossRef]

Taddei, F.; Butenweg, C.; Klinkel, S. Parametric investigation of the soil-structure interaction effects on the dynamic behaviour
of a shallow foundation supported wind turbine considering a layered soil. Wind Energy 2015, 18, 399-417. [CrossRef]
Sobrinho, M.; Pimentel, M.; Magalhaes, F. Nonlinear numerical modelling of onshore wind turbine foundations validated with
experimental data. Eng. Struct. 2025, 336, 120441. [CrossRef]

Martinelli, P.; Flessati, L.; Dal Lago, B.; Fraraccio, G.; di Prisco, C.; di Prisco, M. Role of numerical modelling choices on the
structural response of onshore wind turbine shallow foundations. Structures 2022, 37, 442-458. [CrossRef]

Zhang, D.; Liu, W.; Wang, F.; Yu, Z,; Wu, X,; Li, T,; Fu, K; Magar, A.T.; Hwang, H.-J.; Xian, X. Numerical investigation on
prestressed shear key splice connections for onshore wind turbine foundations. Eng. Struct. 2025, 339, 120562. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2018/3672868
https://doi.org/10.3390/su142114213
https://doi.org/10.1016/j.engstruct.2021.112013
https://doi.org/10.1016/j.engstruct.2012.06.041
https://doi.org/10.1002/we.1703
https://doi.org/10.1016/j.engstruct.2025.120441
https://doi.org/10.1016/j.istruc.2022.01.002
https://doi.org/10.1016/j.engstruct.2025.120562

	Introduction 
	Study on the Distribution Law of Foundation Base Reaction Forces 
	Sustainable Design Optimization of Wind Power Foundation with LWHR 
	Structural Dimension Design for the Spread Foundation 
	Bearing Mode of SPBF 
	Calculation of Foundation Base Reaction 
	Calculation of Overturning Resistance Stability 
	Calculation of Sliding Resistance Stability 

	Calculation of Foundation Reinforcement 
	Calculation of Uplift Resistance and Local Compression of Foundation Ring 
	Calculation of Punching Shear 
	Calculation of Downward Punching Shear of Pedestal 
	Downward Local Punching Shear of Lower Flange 
	Upward Local Punching Shear of Lower Flange 

	Calculation of Bottom Slab Cracks 

	Foundation Stress Analysis Based on Finite Element Method 
	Overall Finite Element Model 
	Stress Analysis of Concrete 
	Compressive Stress of Concrete 
	Tensile Stress of Concrete 

	Stress Analysis of Steel Reinforcement 
	Stress Analysis of Foundation Soil 
	Foundation Soil Bearing Capacity 
	Foundation Separation Rate 
	Foundation Inclination Rate 


	Stress Analysis of Key Parts Based on Different Algorithms 
	Reinforcement Bending Moment of Foundation Top and Bottom Slabs 
	Distribution of Foundation Base Reaction 

	Conclusions 
	References

