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A B S T R A C T   

Screw-shaft piles have seen extensive adoption in construction and railroad engineering, due to 
their superior enhanced bearing capacity and cost-effectiveness. While monopiles have been 
thoroughly examined, composite foundations that include screw-shaft piles have not been studied 
as extensively. Proper determination of geometric parameters for both the piles and the cushion is 
a critical aspect of successful design. This paper introduces a comprehensive examination that 
merges indoor experiments with numerical simulations, aiming to evaluate the bearing capacity, 
settlement characteristics, and force characteristics of screw-shaft piles under a variety of con-
ditions. This study scrutinizes key components, such as root diameter, pitch, cushion modulus, 
and the threaded portion’s proportion. The research outcomes offer crucial insights for optimizing 
the design parameters of screw-shaft pile composite foundations. The results indicate that the side 
resistance of screw-shaft piles initially increases with the threaded section’s length, stabilizing at 
an optimal length of approximately 0.44–0.55 times the pile length (L). Furthermore, although 
decreasing the pitch improves bearing capacity, it also introduces variations in pile material 
usage, with optimal bearing performance noted at a pitch approximately equal to the diameter 
(D). Moreover, screw-shaft piles with thread widths ranging between 0.58D and 0.67D show a 
significant decrease in stress concentrations, approximately 22 % less than those with a width of 
0.5D. By setting the cushion modulus within the 40 MPa–60 MPa range, reduced settlement and 
optimal pile-soil stress ratios were achieved. These research outcomes provide critical insights 
into optimizing screw-shaft pile composite foundation design parameters, serving as valuable 
guidance for designers and engineers in diverse civil engineering projects.   

1. Introduction 

Pile foundations are widely recognized as one of the most common and essential components in civil engineering [1]. They serve as 
indispensable solutions for foundations that do not meet design specifications. Over time, diverse engineering demands have driven 
the emergence of innovative pile forms, such as branch piles [2,3], belled piles [4–6], concrete bored screw piles [7], and screw-shaft 
piles [8], each distinguished by unique cross-sectional shapes. Among these, piles with threads, such as helical piles [9,10], concrete 
bored screw piles, and screw-shaft piles, have gained popularity in the industry owing to their advantages of high bearing capacity, 
material efficiency, and streamlined construction processes. They are extensively used in civil buildings, highways, and railroads 
[11–14]. 
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Helical piles, considered a significant advancement in foundation engineering during the latter half of the 19th century [15], 
exhibit remarkable bearing capacity up to 1.5 times that of conventional grouted piles while conserving approximately 40 % of the 
concrete usage [16]. However, limitations in helical pile usage arise from equipment constraints and installation depth considerations 
[17]. Consequently, bored concrete and screw-shaft piles have been introduced as alternatives. Although bored concrete screw piles 
are effective, they are prone to damage at the top of the pile because of force-related issues [18]. In contrast, screw-shaft piles, a novel 
pile type, present a promising solution. These piles feature different cross-sections, with a cylindrical head and a threaded bottom [19]. 
The geometric arrangement of screw-shaft piles distributes additional stresses more efficiently, with smaller stresses at the bottom and 
larger stresses at the top [20]. Moreover, the variation in the diameter between the upper and lower shafts enhances the resistance and 
counteracts the larger axial forces at the top [21], resulting in a more balanced distribution of pile stresses. Consequently, screw-shaft 
piles are widely adopted in engineering projects [22]. Nevertheless, research on the bearing characteristics and design of screw-shaft 
piles has not kept pace with their practical applications. 

Existing research on screw-shaft piles has primarily focused on studying their bearing mechanisms. Several studies that employ 
different methods [23,24] to examine the bearing characteristics of screw–shaft piles with various soil qualities [8] have been con-
ducted. For instance, Wang et al. [23] performed laboratory model experiments to explore the bearing mechanism of screw-shaft piles 
and highlighted the significant improvement in lateral resistance and bearing capacity due to the use of threaded design. Similarly, 
Jiang [24] investigated the bearing capacity of screw-shaft piles in silt and observed a substantial increase in the maximum bearing 
capacity compared with that of straight piles. Additionally, Chen et al. studied the bearing capacity of screw-shaft piles in sandy soil 
and observed enhanced load distribution over a larger surface area, leading to a 43 % increase in the maximum load capacity compared 
to straight piles. The threaded part of the screw-shaft pile can enhance the lateral resistance of the pile and provide vertical support 
[25–29]. While some studies have identified other influencing factors, such as thread spacing [17,30,31], width [32,33], pile diameter 
[34], soil quality [27,35,36], and pile installation [37–39], which affect the load-carrying characteristics of piles [17,40], most studies 
have concentrated on helical piles [41–43] and drilled full-length screw piles [44–47], neglecting overlooking studies on the influ-
encing factors specific to screw-shaft piles. As screw-shaft piles consist of both straight and threaded sections and their bearing 
characteristics differ from other types of piles [8], it is essential to explore these unique properties rather than solely relying on 
research related to helical and drilled full-length screw piles. 

Furthermore, the behavior of piles in composite foundations differs significantly from that in monopiles owing to the influence of 
the cushion [24]. Unfortunately, existing research on screw-shaft piles has primarily focused on monopiles [8,21], overlooking the 
specific bearing characteristics of screw-shaft piles in composite foundations. Given the substantial impact of the geometric parameters 
on the bearing capacity of composite foundations [48], it is imperative to study the impact of the geometric parameters of screw-shaft 
piles on the bearing capacity and settlement within composite foundations. Additionally, the choice of the cushion plays a vital role in 
controlling the stress distribution between the pile and soil, further affecting the bearing capacity of composite foundations [49–51]. 
Therefore, a thorough examination of the geometric parameters of screw-shaft piles and the cushion is crucial for the rational design of 
screw-shaft piles. 

To bridge these knowledge gaps and achieve the research objectives, this study adopts a combined approach of laboratory ex-
periments and numerical simulations. Load experiments were conducted on both the control and screw-shaft pile composite foun-
dations, with data measured using pressure transducers and strain gauges. Subsequently, a numerical model was developed and 
validated using experimental results to explore the influence of various geometric parameters of screw-shaft piles, including the thread 
pitch, length of the thread section, root diameter, and cushion modulus, on the bearing capacity and settlement behavior of composite 
foundations. This study aims to identify the appropriate design parameters for screw-shaft piles, providing valuable insights for their 
selection and effective implementation in composite foundations. 

In conclusion, this study aims to enhance the understanding of the bearing characteristics and design considerations for screw-shaft 
piles, facilitating their optimal utilization in various civil engineering projects. The findings of this study serve as a basis for optimizing 
the design of screw-shaft pile composite foundations, with the ultimate goal of promoting their wider application in housing con-
struction engineering, railroad engineering, and foundation treatment. 

2. Model test 

For indoor tests, the civil engineering methodology is to use a downscaled model to enhance cost-effectiveness and efficiency while 
maintaining a reasonable representation of real-world conditions [52]. For our case, the geometric similarity ratio between the 
prototype and model was selected to be 10, as guided by the site conditions and mechanical indices of the model material, as listed in 
Table 1. 

The original gravel soil from Hanzhong, Shaanxi Province, China, was reduced by a factor of 10 to mitigate the particle size effect 
[53]. River sand was selected as a suitable replacement owing to its appropriate mechanical properties and particle sizes. The detailed 
physical properties of the test soils are listed in Table 2. Approximately 0.7 m3 of river sand was filled into the container, creating a 

Table 1 
Similarity ratios for laboratory model tests.  

Physical parameters Geometric dimensions Surface area Modulus Pressure 

Similarity Relation Cl CA CE CF 

Similar Constant 10 100 8.18 818  
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final soil layer height of approximately 1 m. To ensure proper soil density, the soil was compacted in layers, with each layer being 10 
cm thick. Adequate compaction is crucial for achieving uniform soil distribution. 

To simulate the compressive performance of screw-shaft piles, the model pile material needs to satisfy both the similarity ratio 
requirements and match the actual mechanical properties of typical engineering materials. Grouted piles commonly used in engi-
neering have an elastic modulus ranging from 28 to 31.5 GPa [54]. Considering the similarity ratio, the model pile required an elastic 
modulus ranging from 3.42 to 3.85 GPa. The average elastic modulus of uniaxial compression tests of epoxy glass rods was found to be 
3.47 GPa, and the screw thread of the pile body was easily processed using a lathe. Therefore, the model pile was constructed using 
epoxy glass rods with an elastic modulus E = 3.47 GPa. Table 3 lists the geometric specifications and material properties of the model 
piles, where the screw-shaft pile has a length of 700 mm and a diameter of 60 mm. To monitor the force of the pile, strain gauges were 
affixed to the pile body in advance, and the strain gauges, with a resistance value of 120 and spaced 100 mm apart, were symmetrically 
arranged on both sides of the pile. 

To ensure uniform loading, a cushion with a radius of 125 mm was employed; its material properties are listed in Table 2. A 2 cm- 
thick iron plate was used as the loading plate to prevent excessive deformation of the loading plate during loading. Holding load test 
was selected as the loading method, with load values during each stage ranging between 1/8 and 1/10 of the predicted bearing ca-
pacity, conforming to the code and reference guidelines [55]. 

Considering the boundary effects [56], the selected model test configuration is illustrated in Fig. 1. To minimize boundary effects, 
petroleum jelly was applied to all four sides of the container. The container was placed on a solid surface with dimensions of 0.8 m (L) 
× 0.8 m (W) × 1.2 m (D). The container was constructed using square welded steel without a top lid. To ensure rigidity, 20 mm thick 
clear tempered glass panels were fitted on all four sides [8]. Adequate space inside the box was available to accommodate the soil and 
piles. The pile was covered with a 2 cm-thick layer of cushioning material, followed by a 2 cm thick circular loading plate. The loading 
plate featured a JLBU-1 load cell at the center and a WBD displacement sensor on the side. A hydraulic jack was connected to the 
reaction frame above the load cell, allowing the application of a downward force on the load plate. Strain data were acquired using a 
TDS-530 data collector, which has the functionality of storing the data on a memory card so that it can be retrieved at any time. The 
experimental procedure is illustrated in Fig. 1. 

The study included two test groups: a screw-shaft pile composite foundation group and control pile composite foundation group. 
Settlement data collected using WBD displacement transducers was used to construct the load-settlement curve, also known as the P–S 
curve. The strain gauges provided strain values, which were then converted into pile stress values using Equation (1). These stress 
values were used to determine the pile axial force and lateral pile friction. Subsequently, the corresponding curves were plotted, and a 
comparative analysis was conducted between the experimental outcomes of the two groups to investigate the differences in bearing 
characteristics and settlement behavior. 

σi =E × εi (1)  

where σi is the stress within the pile body (kPa); E is the elastic modulus of the pile body material, which is an epoxy glass wire rod used 
in this experiment, with a value of E = 3.47 GPa; and εi is the strain of the pile body. 

3. Results and discussion 

3.1. Load-settlement curves 

The load-settlement (P–S) lines of both screw-shaft and straight pile composite foundations are illustrated in Fig. 2. These serve as 
crucial indicators of the bearing capacity of the composite foundation [57]. In the figure, P represents the load F to load area A ratio, 
and S indicates the settlement value obtained from the WBD displacement transducers. It can be observed that during the initial 
loading stages, both foundations exhibit similar P–S curves, suggesting a linear relationship and the potential presence of an elastic 
region between the pile and ground, where the shape of the pile had not yet begun to play a role. The similarity in the P–S curves 
implies that the threaded section of the screw-shaft pile has a negligible effect on the load-bearing capacity, particularly under small 
loads. In this arrangement, the friction between the pile and foundation ground plays a dominant role in the load-bearing ability [28]. 

As the load increases, the slopes of the curves also increase. Notably, the P–S curve of the screw-shaft pile composite foundation is 
higher than that of the straight pile composite foundation (as shown in Fig. 2), indicating a higher bearing capacity for the former, 
which is in accordance with results of previous studies [14]. This phenomenon can be attributed to the presence of the threaded 
portion, which transfers the applied force to the adjacent soil, thereby sharing the load and enhancing the bearing capacity [27]. 

According to the Technical Code for Ground Treatment of Buildings, the stress corresponding to a 0.12D settlement is chosen as the 
characteristic value of the bearing capacity of the composite foundation [55]. Based on this guideline, the screw-shaft pile composite 

Table 2 
Material parameters of the foundation soil in the model.  

Materials  E (MPa) γ (KN/m3) ω (%) C (kPa) φ (◦) 

River sand Prototype 73.5 20 3.42 4.74 30.05 
Model 8.99 17.94 3.42 0.58 30.05 

Cushion Prototype Model 20 
2.4 

22 
19.73 

3 
3 

3 
0.37 

30 
30  
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foundation exhibited a bearing capacity characteristic value of 71 kPa, whereas the straight pile composite foundation exhibited a 
value of 39 kPa. The screw-shaft pile composite foundation exhibited an 82.1 % increase in the characteristic load-carrying capacity 
and a 16.92 % reduction in material usage compared to the straight pile composite foundation. These results clearly demonstrate the 

Table 3 
Material parameters of the model pile.  

Materials  Pile length(m) Pile diameter(m) Cross-sectional area(m2) Elastic modulus(MPa) Compressive strength(MPa⋅m2) 

Pile Prototype 7 0.6 0.283 2.84 × 104 5566 
Model 0.7 0.06 2.83 × 10− 3 3.47 × 103 6.80  

Fig. 1. The procedure for the experiment.  

Fig. 2. The load-settlement curve.  
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significant advantages of the screw-shaft pile composite foundations for foundation design. 

3.2. Pile bearing characteristics 

The load-carrying capacity of a composite foundation is significantly influenced by the pile characteristics, which encompass both 
the side and end resistances. The observed differences in the side and end resistances highlight the distinct load-bearing behaviors of 
screw-shaft and straight piles when subjected to similar conditions [17]. In this study, strain gauges were utilized to measure the strain 
on the pile, enabling an estimation of the axial force and side resistance based on these measurements. The results are shown in Fig. 3. 

Fig. 3 shows the axial force and side resistance of both the screw-shaft piles and straight piles in the composite foundations under a 
load corresponding to the ultimate bearing capacity of the straight pile composite foundation. Notably, clear trends can be observed in 
the axial force for both the screw-shaft and straight piles. In the screw-shaft pile, the axial force gradually increases and then decreases 
from top to bottom, whereas in the straight pile, it consistently decreases, as supported by the findings in previous studies [19]. 
Interestingly, the axial force of the screw-shaft pile was significantly lower than that of the straight pile within the height ranging 
between 50 cm–80 cm, which coincides with the threaded portion of the screw-shaft pile. The side resistance at this height for the 
screw-shaft pile, calculated using Equation (2), is approximately 7 times greater than the corresponding section in the straight pile, 
with values of 14.45 kPa and 2.18 kPa, respectively. Under the same load, the average side resistance of the straight pile was 
approximately 3.31 kPa, whereas the screw-shaft pile exhibited a remarkable improvement of 143.2 % with a value of approximately 
8.05 kPa over the straight pile. However, a closer comparison reveals that the side resistance of the screw-shaft pile is smaller than that 
of its threaded section, indicating that the increase in side resistance mainly relies on the threaded section. This can be attributed to the 
presence of threads resulting from differences between the inner and outer pile diameters. The action of the load causes the threads of 
the helical section and foundation to interact with each other, enhancing the interaction and thus increasing the side resistance of the 
threaded section of the screw-shaft pile, which is a phenomenon reported in the previous studies [32]. Nonetheless, we also observed a 
unique finding wherein the screw-shaft pile exhibited negative side resistance near its top. This was attributed to the presence of a 
straight rod section that penetrated the cushion layer under the applied load, leading to an upward movement of the pile with respect 
to the surrounding soil. 

qsi =(Qi − Qi− 1) / (LiπD) (2)  

where, qsi is the average value of pile side resistance in the section "i" of the pile body (kPa), Li is the length of the unit in the section "i" 
of the pile body (m), and D is the outer diameter of the pile (m). 

Additionally, Fig. 3 indicates that the end resistance of the straight pile is three times greater than that of the screw-shaft pile, with 
values of 0.95 kN and 0.33 kN, respectively. This reduction in end resistance can be attributed to the increased side resistance, which 
redistributes the load borne by the pile, resulting in a reduced end resistance. 

Based on the observed axial force and end-resistance curves of the piles, we conclude that the screw-shaft pile composite foundation 
exhibits superior load-carrying capacity compared to the straight pile composite foundation. Specifically, at a given load level, the side 
resistance of the screw-shaft pile accounted for 73 % of the total load carried by the pile, whereas the end resistance accounted for 27 
%. In contrast, the side resistance of the straight pile accounted for 28 % of the load, and the end resistance accounted for 72 %. 
Moreover, the average side resistance of the screw-shaft piles was nearly 2.5 times that of the straight piles, whereas the end resistance 
was approximately one-third that of in the straight piles. This suggests that the bearing capacity of the soil under the screw-shaft pile 
was not fully utilized, indicating the potential of the screw-shaft piles to withstand even higher loads. The primary improvement in the 
bearing capacity of the screw-shaft pile is attributed to the enhanced side resistance, achieved through the action of the screw threads, 
which outperforms the side resistance of the straight pile. The soil body at the bottom of the pile remains unchanged; thus, its 

Fig. 3. The axial forces and frictional resistance of the pile.  
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maximum end resistance remains constant. However, the improvement in side resistance, resulting from the screw threads enhances 
the bearing capacity of the pile body. Therefore, the improvement in the bearing capacity of the screw-shaft pile is mainly attributed to 
its enhanced side resistance. 

4. Simulation 

4.1. Numerical method 

Exclusively relying on indoor tests for research is time-consuming and labor-intensive, often leading to challenges in data acqui-
sition and limited repeatability. Moreover, some data might not be available. Numerical simulation methods are valuable in addressing 
these limitations. These methods offer easy data acquisition and enable multiple simulation repetitions, as demonstrated in several 
studies [17,34,35,39,51]. Therefore, this study, a combined approach that incorporates both indoor tests and numerical simulations 
was adopted to overcome these limitations. To analyze the effects of pile geometry and cushion parameters on the bearing capacity and 
settlement of composite foundations, a Fast Lagrangian Continuum Analysis (3D) was employed. The numerical model depicted in 
Fig. 4 was utilized with a computational domain centered at the bottom of the foundation spanning an 8 m × 8 m area in the x-y plane. 
The computational depth in the z-direction extended to 12 m below the bottom of the cushion, and the size of the computational area 
was established based on the geometrical similarity. Specifically, the dimensions of the original indoor test model were scaled by a 
factor of 10 to establish the size of the computational area. 

To maintain consistency, the model pile was scaled up by 10 times compared to the pile geometry depicted in Fig. 1. The material 
parameters for the numerical simulation were determined based on the values listed in Table 4. Preprocessing external software was 
used to generate the model and mesh, which were subsequently imported into the numerical analysis software. The mesh around the 
piles was refined to enhance the computational accuracy. 

The foundation’s vertical face was constrained by the horizontal displacement, whereas the bottom of the model was constrained 
by the vertical displacement, as described previously [17]. For computational simplification, homogeneity and isotropy were assumed 
for the loading plate, pile, soil, and cushion layers. The ground and cushion layers were modeled as ideal elastic-plastic materials, 
whereas the piles and loading plate exhibited linear elasticity [39]. To account for the significant differences in material properties and 
stiffness, contact surface units were established between different materials using the move-out and move-in methods. 

The contact surface cells were created using the move-out and move-in methods, with the corresponding parameters determined 
using Equation (3), which governs the interactions among the materials. 

kn = ks = 10 × max((K + 4 / 3×G) /Δzmin) (3)  

where kn is the normal spring stiffness in the contact surface cell, ks denotes the tangential spring stiffness in the contact surface cell, K 
denotes the bulk modulus, G denotes the shear modulus, and Δzmin denotes the minimum normal scale on both sides of the contact 
surface grid. 

The data were collected using the Fish function, a programming statement in the software, to derive the pile stress, soil stress, and 
settlement values of the loading plate. The loading method employed in the simulation mirrored the model test and used a load 
maintenance method. 

To validate the accuracy of the bearing capacity and settlement in the numerical simulations, a screw-shaft pile and straight pile 

Fig. 4. Numerical model.  
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were used, both scaled 10 times in dimensions compared with the indoor tests. The material parameters of these piles are listed in 
Table 4. The results obtained from the numerical simulations were scaled down according to the similarity scale in Table 1 before being 
compared with the laboratory model test results. 

Figs. 2 and 3 show a comparison of the settlement and axial force curves from the two sets of results, demonstrating a good fit 
between the numerical simulation and indoor test curves. As corroborated by Meng et al. [17], the matching load settlement curves 
and axial force curves confirm the effectiveness of numerical modeling in studying the pile bearing capacity and settlement. Thus, we 
employed this model to further investigate the effects of the pile and cushion parameters on the bearing characteristics and settlement 
control of composite foundations. 

4.2. The proportion of screw section 

The interlocking effect between the threads of screw-shaft piles and the surrounding soil has been shown to significantly enhance 
the bearing capacity when compared to conventional straight pile composite foundations, as discussed in Section 3.2. Consequently, it 
is essential to investigate the influence of the proportion of the threaded portion, as it directly affects the bearing performance of the 
composite foundation. In this study, the numerical model discussed in Section 4.1 was employed to simulate screw-shaft piles with 
varying proportions of threaded sections, specifically 33 %, 44 %, 55 %, and 66 %. The objective was to explore the effect of the 
threaded portion proportion on the bearing capacity and settlement of the composite foundation. 

(1). Load-settlement analysis 
Fig. 5 illustrates the load-settlement curves of composite foundations with screw-shaft piles featuring different proportions of 

threaded sections. The ultimate bearing capacities of the composite foundation, as observed in the figure, are 1254, 1284, 1308, and 
1328 kPa, respectively. Notably, these values are significantly higher than the 700 kPa bearing capacity of the straight pile, exhibiting 
increases of 79.14 %, 83.43 %, 86.86 %, and 89.71 %, respectively. This progressive increase in the bearing capacity of the screw-shaft 
pile composite foundation can be attributed to the enhanced side resistance provided by the threaded segments, as discussed in Section 
3.2. Consequently, screw-shaft piles with longer threaded segments offer greater side resistance, resulting in higher bearing capacities. 

The effect of the proportion of the threaded portion on the load-settlement relationship was assessed by statistically analyzing the 
settlement differences at various load levels. A clear trend emerged from the graphs, revealing that changes in the proportions of the 
threaded sections have a more pronounced impact on the settlement of the composite foundations at higher loads. For instance, at an 
applied load of 400 kPa, increasing the proportion of threaded sections from 33 % to 66 % led to settlement decreases of 4.86 %, from 
16.65 mm to 15.84 mm. However, when the load increased to 1200 kPa, the settlement reduced from 79.08 mm to 62 mm, repre-
senting a significant decrease of 21.6 %. This difference in settlement behavior is because at lower loads, as observed in the P–S curve, 
the load of 400 kPa is still in the elastic stage, resulting in relatively small settlements, where the interaction between the threads and 
sand is not fully activated, and variations in the pile surface (or screw cross-section) have a minimal impact on the settlement. 

Table 4 
Parameters of the numerical model for composite foundations.  

Material ρ (kg/m3) E (MPa) K (MPa) G (MPa) C (kPa) φ (◦) 

Plate 2500 2.06 × 105 1.14 × 105 8.58 × 104 / / 
cushion 2200 20 13.3 8 3 35 
pile 2500 2.84 × 104 1.58 × 104 1.18 × 104 / / 
soil 1980 73.5 72.06 27.63 0 30.05  

Fig. 5. Load-settlement relationships with different proportions of threaded sections.  
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However, as the load increased, the threaded section became more influential, leading to distinct settlement differences between the 
composite foundations with varying proportions of threaded segments. 

The distribution of the displacement field can provide valuable insights into the deformation distribution pattern and bearing 
mechanism of a composite foundation with screw-shaft piles, as also observed in the related literature [21]. Fig. 6 illustrates the 
displacement field distribution around the pile under a 1200 kPa load for various thread section ratios. A comparison between Fig. 6(a) 
and (b) reveals that, compared with the straight pile composite foundation, the screw-shaft pile composite foundation exhibits 
displacement generation in the soil around the threaded section. This was due to the occlusal effect created by the threaded section 
interacting with the surrounding soil, causing settlement both in the soil around the screw-shaft pile and in the pile itself under the 
applied load. Consequently, the soil around the screw-shaft pile experienced larger settlement than that around the straight pile. 
However, the distribution of the soil displacement field around the bottom threads weakened when the proportion of the threaded 
portion increased from 55 % to 66 %. This observation suggests a reduction in the interlocking effect between the bottom threads and 
surrounding soil, indicating that the bottom threads may not be fully functional in providing additional bearing capacity. 

(2). Stress analysis of piles 
Fig. 7 illustrates the distribution of the percentages of side and end resistances and the stress ratio (the ratio of stress at the top of the 

pile to the stress in the soil around the pile). Zhao et al. [58] emphasized that the pile-soil stress ratio is a crucial parameter in designing 
a composite foundation and serves as a significant index reflecting the operational characteristics of the composite foundation and 
load-bearing deformation calculation. This study considered piles with varying thread-section ratios. As depicted in the figure, the 
stress ratio between the pile and soil decreases with an increase in the ratio of the threaded sections. This phenomenon can be 
attributed to the interlocking effect of the threaded sections resulting from a higher thread-section ratio, which increases the inter-
locking effect between the pile and soil. Consequently, a larger area of the ground around the pile begins to bear the load, which causes 
a decrease in the load carried by the pile, and consequently reduces the pile-soil stress ratio. 

Based on the aforementioned analysis, it can be deduced that a smaller pile-to-soil stress ratio is preferable when the foundation soil 
exhibits good properties. This choice maximizes the utilization of the foundation’s bearing capacity, thereby reducing the overall costs. 

Furthermore, the observations reveal that Qp/Q tends to decrease, whereas Qs/Q tends to increase with an increase in the ratio of 
threaded segments. The slope of the curve decreases with an increase in the ratio of threaded segments, indicating that a continuous 
increase in the proportion of threaded segments did not result in a constant increase in Qs/Q. This phenomenon can be explained by 
referring to Fig. 6, where the interlocking effect of the pile-bottom threads in Fig. 6(d) and (e) is weaker than those in Fig. 6(b) and (c). 
Consequently, the threads at the bottom of the pile in Fig. 6(d) and (e) are not fully functional, affecting the exertion of side resistance 
and leading to a decreased load carried by the pile compared to the case when the threads are fully functional. Consequently, the 
increase in the load carried by the pile increases gradually, leading to a gradual flattening of the curve and a reduction in the slope. 

Fig. 8(a)–8(d) illustrate the distribution of pile stresses for varying screw section ratios. In Fig. 8, the stress diagram of the screw- 

Fig. 6. The distribution of the displacement field of the soil around the pile (a: Composite foundations with straight piles, b: 33 %, c: 44 %, d: 55 %, 
e: 66 %). 
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shaft pile body demonstrates that stress concentration tends to occur in the first diameter change section of the pile body. Moreover, 
the stress concentration increased with an increase in the proportion of threaded sections. This phenomenon can be attributed to the 
decrease in the cross-sectional area of the connection between the straight and threaded sections. The reduction in area leads to a 
decrease in the compression stiffness according to the compression stiffness (EA) equation, resulting in stress concentration in this 
region. The relationship between the proportion of the threaded section and the stress concentration can be explained by the decrease 
in the length of the straight section as the proportion of the threaded section increases. The length of the straight section decreases for 
screw–shaft piles with longer threaded sections. As noted by Zhang et al. [59], the load transfer occurred gradually from the top of the 
pile downward. Therefore, a shorter straight section produces a smaller friction force and bears a smaller load than a long straight 
section. Consequently, the load borne by the long threaded section is larger, leading to an increase in the stress concentration. 

The analysis indicated that utilizing a threaded section ratio of 44 %–55 % optimized the side resistance of the pile and efficiently 
utilized the surrounding land. The stress concentration in the variable section was not significant, and the pile-soil stress ratio 
remained moderate. These conditions improved the bearing capacity of the composite foundation to some extent and reduced the 
settlement. Therefore, after conducting a comprehensive comparative study, it was concluded that a screw section ratio of 44%–55 % 
was optimal. 

4.3. Thread pitch 

The study conducted by Ma et al. [32] highlighted the crucial role of screw-shaft pitch sparseness in determining the helical blade 
spacing and angle, directly impacting the load-bearing characteristics of screw-shaft piles and making pitch a significant parameter in 
the design process. For this study, a standard model pile with a thread pitch of 500 mm (H/D = 0.83) was selected, and models were 

Fig. 7. Distribution of side resistance, end resistance to load ratio and pile to soil stress ratio. 
Note: Qp is the end resistance, Qs is the side resistance, and Q is the load; σp is the stress applied on the pile, σs is the stress applied on the soil 
surrounding the pile; σp/σs is the pile-soil stress ratio, which represents the stress distribution between the pile and the soil. 

Fig. 8. Stress nephogram of the pile (a: L1/L = 0.33, b: L1/L = 0.44, c: L1/L = 0.55, d: L1/L = 0.66).  
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developed to explore the impact of the pitch on the pile behavior. Three different thread pitches were considered: 300 (H/D = 0.5), 500 
(H/D = 0.83), 700 (H/D = 1.17), and 900 (H/D = 1.5) mm. 

(1) load-settlement analysis 
Fig. 9 presents the load-settlement curves of the composite foundations constructed with screw-shaft piles with varying thread 

pitches. The load-carrying capacities of the screw-shaft pile composite foundations were 1269, 1254, 1232, and 1213 kPa at 300 mm 
(H/D = 0.5), 500 mm (H/D = 0.83), 700 mm (H/D = 1.17), and 900 mm (H/D = 1.5), respectively. Notably, reducing the thread pitch 
from 900 mm (H/D = 1.5) to 300 mm (H/D = 0.5) resulted in a 4.62 % increase in the load-carrying capacity. This indicates that a 
decrease in the thread pitch had a minimal impact on the load-carrying capacity of the composite foundations. 

The settlement of the composite foundation was examined at various loading levels. The results indicate that the load has a minor 
effect on the settlement difference of screw-shaft pile composite foundations with varying thread spacings. For instance, at a load of 
400 kPa, reducing the thread spacing from 900 mm (H/D = 1.5) to 300 mm (H/D = 0.5) decreased the settlement from 17.21 mm to 
16.47 mm, corresponding to a reduction of 4.3 %. At 1200 kPa, the settlement decreased from 89.44 mm to 75.88 mm, equivalent to a 
reduction of 15.16 %. The difference in settlement at 1200 kPa was only 10.86 % compared to that at 400 kPa, which was less than the 
value of 16.74 % attributed to the change in the length of the threaded section. Based on this analysis, it can be concluded that a 
decrease in the thread pitch has a slight impact on the settlement of the composite foundations. 

To assess the economic efficiency of screw-shaft piles with different pitches, the utilization rate of the pile material, which is the 
load-bearing capacity per unit volume of material, was as a reference indicator. The pile material utilization rates for the four screw- 
shaft piles were 4095 kN/m3, 4068 kN/m3, 4040 kN/m3 and 3987 kN/m3. 

Fig. 10 illustrates the utilization of the pile material in composite foundations constructed with screw-shaft piles with varying 
thread pitches. The graph indicates that as the pitch decreases, the pile material utilization tends to increase initially and then de-
creases. The optimal load-carrying capacity is observed at a pitch of approximately 500 mm (H/D = 0.83). 

(2). Stress nephogram of pile 
Fig. 11 illustrates the stress nephrogram of screw-shaft piles with varying proportions of threaded sections under a load of 1200 

kPa. The plot depicts the distribution of the side and end resistances, along with the pile-soil stress ratios. It is evident that decreasing 
the thread pitch resulted in a reduction in the pile-soil stress ratio. This outcome can be attributed to the improved interlocking effect 
between the pile and the surrounding soil as the thread pitch decreased. As a result, a larger portion of the soil surrounding the pile 
bears the load, leading to a decrease in the load carried by the pile and, consequently, reducing the stress ratio between the pile and 
soil. 

Moreover, as the thread pitch decreased, Qp/Q decreased steadily, whereas Qs/Q increased progressively. However, the rate of 
increase in Qs/Q gradually decreased. This indicates that reducing the thread pitch only enhances the side resistance up to a certain 
point. Beyond this point, excessively narrow thread pitches offer limited effectiveness in improving the side resistance, leading to 
inefficient utilization of the pile material. 

Fig. 12 (a)–Fig. 12 (d) illustrate the distribution of pile stresses for varying thread pitches. Analysis of the stress nephrogram 
(Fig. 12) further revealed that stress concentrations mainly occurred in the first variable section of the pile. With an increase in the 
thread pitch, the stress concentration decreases, whereas the stress concentration zone gradually expands. This behavior can be 
attributed to the correlation between the stress concentration and pile cross-section variation. Specifically, as the thread spacing 
increased, the first variable cross-sectional area expanded, leading to a larger area of influence and, subsequently, an expanded stress 
concentration area. Moreover, a larger first variable cross-sectional area exhibited a higher side resistance owing to the pile-soil in-
teractions. This interaction reduces the force on the first variable cross-section, resulting in a lower stress concentration. 

Considering the aforementioned factors, a thread pitch of approximately 1D is deemed preferable because it strikes a balance 

Fig. 9. Load-settlement relationships with different thread pitches.  
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Fig. 10. The utilization of pile material for composite foundations with different thread pitches.  

Fig. 11. Distribution pattern of pile side resistance and end resistance.  

Fig. 12. Stress nephogram of the pile (a: H/D = 0.5, b: H/D = 0.83, c: H/D = 1.17, d: H/D = 1.5).  
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between minimizing the stress concentration values and maintaining an optimal stress concentration zone. 

4.4. Root diameter 

Screw-shaft piles demonstrate a higher load-carrying capacity than straight piles owing to their threaded design, which improves 
the mechanical interaction between the pile and soil. Understanding the root diameter of screw-shaft piles is crucial, as it directly 
influences the contact area between the pile and soil, ultimately affecting the load-carrying capability of the piles. In this study, a 
composite foundation of screw-shaft piles with a root diameter of 400 mm (d/D = 0.67) was used as the standard model. To explore the 
impact of the root diameter, numerical models were developed for screw-shaft pile composite foundations with root diameters of 300 
mm (d/D = 0.5), 350 mm (d/D = 0.58), 400 mm (d/D = 0.67), and 450 mm (d/D = 0.75). 

(1) load-settlement analysis 
Fig. 13 displays the load-settlement curves of the composite foundations of screw-shaft piles with varying root diameters. The 

bearing capacities of the composite foundations with root diameters of 300 (d/D = 0.5), 350 (d/D = 0.58), 400 (d/D = 0.67), and 450 
mm (d/D = 0.75) were 1290, 1272, 1254, and 1243 kPa, respectively. Notably, reducing the root diameter from 450 mm (d/D = 0.75) 
to 300 mm (d/D = 0.5) resulted in a marginal 3.64 % increase in the bearing capacity of the composite foundations. This suggests that 
the reduction in root diameter had a limited impact on load-bearing capacity. 

Furthermore, Fig. 13 illustrates the effect of the root diameter on the settlement of the composite foundations. The figure indicates 
that the load had a minor effect on the settlement differences of the composite foundations with screw-shaft piles with different root 
diameters. Under a load of 400 kPa, reducing the root diameter from 450 mm (d/D = 0.75) to 300 mm (d/D = 0.5) resulted in a 
settlement reduction from 16.72 mm to 16.33 mm, a decrease of 2.33 %. Similarly, under loads of 800 kPa and 1200 kPa, the set-
tlement decreased from 42.21 mm to 39.36 mm (a reduction of 6.75 %) and from 82.1 mm to 72.38 mm (a reduction of 11.84 %), 
respectively. These findings suggest that the root diameter has limited influence on the settlement reduction in composite foundations. 

Fig. 14(a)–14(d) shows the displacement field distribution of the soil surrounding the pile under a load of 1200 kPa under four 
different conditions. The diagram reveals that during the loading of the composite foundation, the soil adjacent to the pile underwent a 
downward displacement along with the threads of the pile. Interestingly, an increase in the root diameter leads to a reduction in the 
affected area where the threads engage with the soil while simultaneously expanding the region where settlement occurs at the end of 
the pile. This phenomenon can be attributed to the diminishing width of the threads as the root diameter increases, resulting in a 
weaker mechanical interlock between the threads and surrounding soil. As a result, the interaction between the threads and soil 
becomes narrower, leading to a decrease in the extent of mechanical interlocking with increasing root diameter. 

(2). Stress analysis of pile 
Fig. 15 presents the profiles of the side resistance, end resistance, and pile-to-soil stress ratio for screw-shaft piles under a load of 

1200 kPa with varying root diameters. Remarkably, a decrease in root diameter resulted in a reduction in the stress ratio between the 
piles and surrounding soil. This was because of the wider thread profile associated with smaller root diameters, which enhanced the 
interlocking mechanism between the piles and soil. Consequently, a larger proportion of the load is carried by the soil, leading to an 
increase in the soil load and a decrease in the pile load, ultimately resulting in a decreased pile-to-soil stress ratio. 

Furthermore, as the root diameter decreased, Qp/Q gradually decreased, whereas Qs/Q steadily increased. However, the rate of 
increase in Qs/Q progressively decreased with decreasing root diameter, indicating that the enhancement of side resistance through 
root diameter reduction has limitations. Small root diameters exhibited minimal improvements in side resistance and offered little 
significance in enhancing overall performance. 

Fig. 16(a)–16(d) depicts the stress distribution patterns in screw-shaft piles with varying root diameters. The figure clearly indicates 

Fig. 13. Load-settlement relationships with different root diameters.  
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that increasing the root diameter reduced the stress concentration. This reduction in stress concentration is attributed to the increased 
compressive stiffness (EA) resulting from larger root diameters. Screw-shaft piles with root diameters of 350 mm (d/D = 0.58) or 400 
mm (d/D = 0.67) exhibited superior side resistance, higher load-bearing capacity, and reduced stress concentration in the variable 
section area. Based on these findings, it can be concluded that a root diameter within the range of 0.58D to 0.67D is recommended 

Fig. 14. The distribution of the displacement field of the soil around the pile (a: d/D = 0.5, b: d/D = 0.58, c: d/D = 0.67, d: d/D = 0.75).  

Fig. 15. Distribution pattern of pile side resistance and end resistance.  

Fig. 16. Stress nephogram of the pile (a: d/D = 0.5, b: d/D = 0.58, c: d/D = 0.67, d: d/D = 0.75).  
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suitable for optimal performance. 

4.5. Modulus of cushion 

The proper installation of a cushion plays a crucial role in distinguishing between composite and pile foundations. The cushion 
facilitates stress distribution between the pile and ground, enabling load sharing between these elements, as reported in the literature 
[24]. Variations in the cushion modulus led to differences in the depth to which the pile tip penetrated the cushion, thereby influencing 
the stress distribution within the piles and surrounding soil. In this study, cushion moduli of 20, 40, 60, and 80 MPa were selected for 
computational analysis. 

Fig. 17 illustrates the load-settlement characteristics of composite foundations consisting of screw-shaft piles with varying cushion 
moduli, showing substantial settlement within the reinforced region for a cushion elastic modulus of 20 MPa. As the cushion modulus 
increases, the settlement in the reinforced area gradually decreases. However, further increases in the cushion modulus did not reduce 
the settlement of the composite foundations proportionally. This suggests that excessively high cushion moduli have limited effec-
tiveness in significantly reducing composite foundation settlement. 

Fig. 18 shows the distribution curves of the pile-soil stress ratio for the composite foundations of screw-shaft piles with different 
cushion moduli. As the cushion modulus increased, the stress ratio between the pile and ground steadily increased, indicating that the 
pile bore a larger proportion of the load under the same applied force. Under favorable soil properties, a higher cushion modulus may 
not fully utilize the bearing capacity of the soil, potentially leading to economic inefficiency and wastage. 

5. Conclusions 

This study presents a comprehensive evaluation of the performance of composite pile foundations with screw-shaft piles by 
employing both laboratory model tests and numerical simulations. The investigation of various geometrical parameters of the screw- 
shaft piles and cushion modulus revealed the following key findings. 

1. Composite foundations incorporating screw-shaft piles demonstrate a remarkable increase in load-carrying capacity of approxi-
mately 82 % compared to those with straight piles.  

2. To minimize settlement in monopile composite foundations, it is advantageous to increase the proportion of threaded sections in 
the screw-shaft piles. The recommended range for the proportion of threaded sections is between 44 % and 55 %.  

3. An approximate thread pitch of 1D is considered optimal for achieving the desired mechanical bite and enhancing side resistance; 
however, it is important to avoid thread pitches that are either too tight or too loose.  

4. A root diameter within the range of 0.58D to 0.67D is suggested as reasonable because it improves the mechanical bite between the 
pile and soil without causing undue stress concentration effects.  

5. The appropriate cushion modulus range of 40 MPa–60 MPa was determined based on an analysis of the P–S curves and pile-to-soil 
stress ratio, which affects the pile-to-soil ratio and settlement of composite foundations. 

The screw-shaft pile composite foundation has been successfully utilized in practical projects, such as the foundation treatment 
project at Sanming South Station in Fujian Province, whereas the current design primarily relies on referencing other pile types 
without reasonable parameter selection. To address this gap, our study focused on investigating the parameters of the screw-shaft pile 
composite foundations and their bearing characteristics, with the aim of making this advantageous treatment method more rational 
and efficient. Specifically, when dealing with round gravel soil, adopting the pile geometry and bedding parameters proposed in our 
research can optimize the utilization of the threading advantage of screw-shaft piles. Consequently, the screw-shaft pile composite 

Fig. 17. Load-settlement relationships with the different modulus of the cushion.  

T. Yang et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e20887

15

foundations can find wider applications in reinforcement treatments for railroads, highways, houses, and other structures. 
Our study was limited to one type of foundation soil, whereas real-world conditions encompassed various soil types. To enhance the 

applicability of screw-shaft pile composite foundations, future research should analyze the load transfer mechanisms and design 
criteria under different soil conditions. Moreover, an essential aspect that was not considered in this study is the influence of 
groundwater. Future investigations should address this by analyzing the load transfer between piles and soil and comprehensively 
understanding the impact of groundwater on composite foundation systems, particularly in regions with high water tables and piles 
extending below the water table. 
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Nomenclature 

Cl Length Similarity Ratio 
CA Area Similarity Ratio 
CE Modulus Similarity Ratio 
CF Forces Similarity Ratio 
E Young’s modulus of elasticity 
ω moisture content 
C cohesion 

Fig. 18. The pile-soil stress ratio.  
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φ internal friction angle 
σi Stress in the section "i" of the pile 
εi Strain in the section "i" of the pile 
qsi average value of side resistance in the section "i" of the pile 
Li length of the unit in the section "i" of the pile 
D outer diameter of the pile 
Qi average value of axial force in the section "i" of the pile 
kn normal spring stiffness in the contact surface cell 
ks tangential spring stiffness in the contact surface cell 
K bulk modulus 
G shear modulus 
Δzmin minimum normal scale on both sides of the contact surface grid 
Qp end resistance 
Qs side resistance 
σp stress applied on the pile 
σs stress applied on the soil surrounding the pile 
EA Compressive stiffness 
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