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Introduction 

 
With a growing demand for renewable energy, the 

construction of photovoltaic power generating 
equipment is ongoing. In order to reduce production cost 
and ensure the development of power generation 
businesses, the photovoltaic power generating facilities 
have to be massively invested even at poor condition 
areas, like inexpensive lands and slopes. As we all know, 
solar power generation equipment is usually constructed 
above concrete spread foundations, but for effectively 
utilizing those aforementioned bad grounds, some 
techniques like steel pipe piles with a small diameter, 
spiral piles, and batter piles are now need to be 
considered. Especially, compared to the steel pipe pile, 
the spiral pile of the same size has large push or pull 
resistance in the vertical direction, but the horizontal 
resistance is not so reasonable due to its small flexural 
rigidity. However, if the horizontal displacement of a 
small-diameter pile is overestimated by Subgrade 
Reaction Method (SRM) which is commonly used in the 
design of pile foundations, the allowable displacement of 
a pile diameter would be larger than 1%. In addition, 
when the spiral pile is rotary pressed into the ground, it 
would bear a large load in the vertical direction due to 
the compaction effect of the surrounding ground, so its 
effects have not been considered for safety issues in 
former practical design examples. Therefore, if we can 
appropriately evaluate the bearing capacity of piles, it is 
possible to widely use the small-diameter pile in the 
future. 

Based on the proposed method, a modeling of the spiral 
pile foundation in FEM analysis was constructed, and 
various test results were reproduced and analyzed. 
Identification of missing numerical analysis parameters 
was done. Based on the identified parameters, the 
bearing capacity characteristics of the spiral pile against 
the combined load of lateral load (H) and vertical load 
(V) were evaluated 1). This research expands to the 
evaluation of the bearing capacity of the spiral pile 
(Figure 1) against the combined load including the 
moment load (M). The bearing capacity characteristics 
are evaluated by numerical analysis, a formula is 
proposed for the bearing capacity of small diameter 
spiral piles against H-V-M combined load. 

 

Figure 1. Spiral pile 

Overview of the loading test and results 

 
In cement-treated soft clay ground (average N value: 

3.9, and the uniaxial compressive strength: 58.5 kPa), the 
spiral piles were installed by rotating with press fit, push-
in, pull-out, and the horizontal loading tests were taken 
(piles’ outside diameter 95 mm, plate’s thickness of 11 
mm, pile’s length of 1.3 m). In addition, each loading test 
was carried out by changing the protruding length h as 
50,100,150 mm. Figure 2 shows the load-displacement 
relationship obtained by the pull-out test. On the other 
hand, the results are underestimated from the pile 
bearing capacity formula because the spiral pile has 
unifying effect with surrounding ground. In order to 
estimate the bearing capacity accurately by considering 
the unifying effect of the surrounding ground, the 
following correction coefficients are introduced into the 
equations. Therefore, a correction coefficient of 
expansion of the pile diameter of the apparent set to ξ, 
the correction factor of the strength increase in the pile 
just below the ground set to η, the correction factor for 
the increase of the bending stiffness of the pile set to ζ. 
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𝐴𝑝
′ ：Tip area of the pile after correction (m2)， 𝑞𝑝

′：
Ultimate bearing capacity of the pile tip ground after 
correction (kN/m2) ，𝜙′：Circumferential length of the 
pile after correction (m), 𝛽′：Characteristic values of 
the foundation after the correction (m-1), 𝑞𝑢：Uniaxial 
compressive strength (kN/m2), 𝑁：Swedish sounding 
conversion N-value by the test, 𝑘ℎ

′ ： Horizontal 
subgrade reaction coefficient after correction (kN/m3), 
 𝛼𝐸0：Modulus of deformation of the ground (kN/m2). 

 

Figure 2. Skeletal hybrid beam element 
 

Overview of the numerical analysis 

 
Using "DBLEAVES" 3-D elasto-plastic finite element 

analysis code developed by Ye et al. (2007), various 
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loading tests as described above have been simulated. In 
the present analysis, the spiral pile with complex shape 
is conveniently modeled with a framework of hybrid 
beam elements proposed by Zhang et al. (2000), Danno 
and Kimura (2010), as shown in Figure3. Incidentally, 
the model size and the parameters in this analysis are 
determined considering the correction coefficient as 
mentioned earlier. Features of this pile model are， 

(1) 90 % of the bending stiffness of the pile is 
distributed to the core portion of the beam element of the 
pile and the rest of the 10 % set of the parameters are 
distributed to the solid elements that make up the pile. 
(2) It is possible to express the bending failure of the pile 
by setting the full plastic moment of the pile on the basis 
of the yield stress of the SS400 steel. (3) Providing the 
set rigid beam element between the configuration node 
and the core of the pile, it can properly take into account 
the volume effect of the pile with respect to the vertical 
load. Thus, without losing the diversity of simplicity and 
expression of deformation calculation of the pile by 
beam element, it is possible to express the interaction of 
pile and ground into account and the volume of the pile 
at the same time, various loadings by a unified model is 
possible to be performed with the deformation analyses 
of piles with respect to the direction. 

However, the present analysis needs to perform the 
pull-out loading tests, which would be difficult without 
having a set of artificial parameters such as joint 
elements. Therefore, in this analysis a joint element at 
the boundary between the pile circumferential surface 
and soil is given. It should be noted that the unifying 
effect of the surrounding ground by the rotary press 
fitting generates a shear surface in the ground rather than 
in the interface between a pile and ground, which means 
the pile diameter apparently expands. The number of 
nodes and the number of elements are 8892 and 7526 
(Figure 4). As the boundary conditions, the slide 
boundary is given in the vertical direction for the lateral 
boundary and the fixed boundary is given in all 
directions for the bottom. In addition, the ground surface 
was specified as a displacement free boundary.  

 

Figure 3. Skeletal hybrid beam element 

 
Figure 4.  Analysis mesh 

 

A comparison of the experimental and analytical results 
are shown in Figure 5. It can be confirmed that the 
simulation results have a good agreement with the 
experimental results. 

 

Figure 5. Comparison of the experimental and analytical 
results by the push-in loading. 

 

Bearing capacity against combined loading  

 

The same numerical analysis technique using the 
parameters that were identified, is performed to evaluate 
the bearing capacity against combined loading. 
Incidentally, the loading point is set on the ground 
surface height as the bending moment at the loading 
point is not generated, varying loading angle θ by 10 
degrees from -90 degrees to 90 degrees in the analysis in 
Figure 7(a)(b). 

   

(a) Straigt or batter pile     (b) HVM combined loading pile 

Figure 7. Definition of loading point and loading angle 
 

Figure 8(a) shows the bearing capacity curve against 
the combined loading. It is defined as the combined load 
when either the vertical or lateral displacement reaches 
10% of the pile diameter D. Also the rectangular shape 
in the figure indicates the ultimate bearing capacity of 
the pile individually subjected to push-in, pull-out and 
lateral loading. It is obvious that the ultimate bearing 
capacity against the combined loading is less than that 
estimated based on the individual loading tests such as 
push-in, pull-out and lateral loading tests. It leads to 
design in dangerous side. In the future, therefore, an 
optimum structure for the small-diameter spiral piles, 
which has high vertical resistance, are proposed based on 
more numerical simulation and loading tests under 
various condition. 

 

Characteristics of the batter spiral pile 

 
A load analysis of composite load was performed on 

a grazing pile using the same analysis method. The pile 
inclination angle () was analyzed for a total of 6 series, 
varying from 5 ° up to 30 °, which is applicable angle for 
lightweight piles. Loading conditions, loading points, 
and analysis parameters are not changed to straight piles. 
Unlike a straight pile, the supporting force characteristic 
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with respect to the loading direction is not bilaterally 
symmetrical in the inclined pile, so the loading direction 
was varied in the range of -180 to 180 °. 

Figure 8(b) shows the bearing capacity curves against 
the combined load of the spiral batter pile. As in the 
previous chapter, the bearing capacity is defined as the 
load reaching the extreme state first (load when the 
displacement reaches 10 mm, which is 10% of the pile 
diameter) in either vertical or lateral direction. Compared 
with Figure 8(a), the bearing capacity curve of the spiral 
oblique pile is an elliptical shape obtained by rotating the 
bearing capacity curve of the spiral straight pile in the 
axial direction (inclination angle) of the batter pile. 

From the bearing capacity characteristics against the 
combined load of the spiral inclined pile, the bearing 
capacity curve against the combined load of the small 
diameter spiral pile can be formulated by the following 
formula.  
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 Here, H' and V' are the lateral load and the vertical load 
after the coordinate transformation by the rotation matrix 
using the inclination angle, which is expressed by the 
equation (9). Also, 𝑉+ ' and 𝑉− ' represent withdrawal 
(positive) and pushing (negative) bearing capacity in the 
pile axial direction, 𝐻+' and 𝐻−'are inclined side in the 
direction perpendicular to the pile axis and the bearing 
capacity when it is loaded on the opposite side. Therefore, 
the expression (5) represents the first quadrant after the 
coordinate transformation, and the expression (7) 
represents the case where the loading direction faces the 
third quadrant. 

   

(a) = 0                    (b) better pile 

Figure 8.Bearing capacity curve against combined load. 
 

In Figure 9, it was compared the analytical value of the 
bearing capacity against the combined load and the 
estimated value when the oblique pile angle is changed. 
From the figure, it can be confirmed that the estimated 
value can accurately evaluate the analysis value in any 
case of the batter pile angle. In order to verify its 
accuracy, determination coefficients are obtained and are 
summarized in Table 1. At any oblique pile angle, the 
coefficient of determination was 0.97 or more, indicating 
that the proposed estimation equation can evaluate the 
combined load of the spiral pile with extremely high 
accuracy. This indicates that the bearing capacity 
estimation formula for the combined load can be 

evaluated with high accuracy based on them, if the 
bearing force in the direction perpendicular to the pile 
axis and the pile axis is obtained by the loading test, its 
practicality is considered high.  
 

   
(a) = 15                    (b)  = 30 

Figure 9. Comparison of analysis result and estimated value 

Table 1 Verification accuracy estimated values of batter pile 

 0 5 10 15 20 25 30 

R2 0.99 0.97 0.99 0.99 0.99 0.99 0.98 

 

Characteristics against H-V-M load 

 
 In this chapter, the bearing capacity characteristics of 
the spiral pile against the H-V-M combined load under 
the same analysis conditions as in the previous chapter 
are analyzed, and verified. In this analysis, by assuming 
that the standard upper center of gravity position of the 
photovoltaic power generation equipment is at 1.5 m 
from the ground surface, multiplying this by the lateral 
load H is given as the moment load to the loading point. 
In addition, as a numerical experiment, the analysis in 
which the upper center of gravity position was varied 
from 3.0 to 5.0 m was performed in the same way, and 
the bearing capacity characteristics against the H-V-M 
combined load was grasped. 
 Figure 10 shows the bearing capacity curve against the 
combined load of the spiral pile. As in the previous 
chapter, the bearing capacity is defined as the load which 
leads to the extreme state first (the load when the 
displacement reaches 10 mm, which is 10% of the pile 
diameter) in either vertical or lateral direction. From the 
figure, when the moment load (M) is applied, the lateral 
resistance decreases extremely and the bearing force 
curve has a shape scaled in the lateral direction compared 
to the case of h = 0 m without the moment load (M). 
Based on these results, the bearing capacity estimation 
formula for spiral pile against H - V - M combined load 
is proposed in the next section. . 

From the bearing capacity characteristics of the spiral 
pile against the H - V - M combined load, the bearing 
capacity curve is expressed in the H - M - V space in a 
conceptual view as shown in Figure 11 and can be 
expressed by the equation (12). When this is projected 
onto the H - V space, it is expressed by equation (13). 
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Here, 𝑉+ and 𝑉− represent withdrawal (positive) and 
pushing (negative) bearing capacity in the pile axial 
direction, respectively, and 𝐻+ , 𝑀+ and 𝐻− , 𝑀− are 
loaded in the loading direction and the opposite direction. 
𝐻±

′  is the lateral bearing capacity at the time of moment 
loading, a and b in Eq. (3) are the coefficients of the first 
and second terms of Chang's equation, respectively, and 
ψ is a correction coefficient. Note that this estimation 
formula has a feature that it can estimate the bearing 
capacity against the H-V-M combined load if the bearing 
capacity in the direction perpendicular to the pile axis 
and the pile axis is obtained by the loading test, so if the 
validity is proved. The practicality of the estimation 
formula is high. 

The figure 12(a)(b) compares the analytical value of the 
bearing capacity against the combined load and the 
estimated value for h = 0.0 m and 1.5 m. From the figure, 
it can be confirmed that the estimated value can 
accurately evaluate the analysis value. In order to verify 
its accuracy, determination coefficients are obtained and 
summarized in Table 2. From the same table, the 
accuracy of the estimated value when the load height h 
is low is extremely high, but as the loading height h 
increases, the estimation accuracy tends to decrease. So, 
to improve the accuracy of the estimation equation, it is 
necessary to conduct further verification by a 
comprehensive approach including model experiments 
and field experiments. 

 

Table 2 Verification of accuracy of estimated values 

h 0 1.5 3 5 

R2 0.990 0.544 0.676 0.650 

  

(a)                           (b) 

Figure 10.(a) Bearing capacity curve against HVM combined 

load 

(b) Conceptual diagram of bearing capacity against H-V-M 

combined load surface 

 

 

(a) h = 0 m                   (b) h = 1.5 m 

Figure 12. Comparison of analysis results and estimated values  

 

Conclusion 

 
Based on the results of numerical analysis for small 

diameter spiral piles, the bearing capacity estimation 
formula was proposed and its accuracy was confirmed. 
It is aimed at further improvement in accuracy by 
repeating experiments etc. 

I. Through observation, the high unifying effect in the 
vertical direction is confirmed. The correction 
coefficients for the pile diameter, the soil strength and 
the bending stiffness of the pile are introduced into the 
bearing capacity formula to reflect the unifying effect of 
the surrounding ground by the rotary press-fitting. 

II. The unifying effect of the surrounding ground which 
is caused by the complex shape of the spiral pile and 
rotary press-fitting can be modeled with the framework 
of hybrid finite beam elements and the correction 
coefficient based on the observations. As the results, it is 
confirmed that the model could accurately reproduce the 
results in each experimental case. 

III. The numerical simulation results show that the 
ultimate bearing capacity under the combined loading is 
less than the estimation based on the individual loading 
tests such as push-in, pull-out and lateral loading tests. 
So, the previous design approach may not be appropriate 
to evaluate the ultimate bearing capacity. 

IV. Using the three - dimensional elasto-plastic finite 
element analysis method, the bearing capacity 
characteristics of small diameter spiral pile against the 
combined load of lateral load, vertical load, moment load 
were clarified. As a result, it was confirmed that the 
bearing capacity decreased due to the combined load 
loading, and it was evaluated on the danger side, which 
is lower than the bearing capacity when evaluated 
independently in each loading direction.  

V. The batter spiral pile against combined load was 
analyzed and estimated the bearing capacity formulation. 
In addition, based on the results, it also proposed a 
bearing capacity surface of a small diameter spiral pile 
against HVM combined load and its estimating formula, 
and as a result of verifying the estimation accuracy, it is 
confirmed that the proposed estimating equation 
generally guarantees high estimation accuracy. 
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