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Introduction
Pile structures are the most common foundation type applied in geotechnical engineer-
ing practices, where piles mainly transfer and resist overlaying structural loads with 
the combination of tip bearing and side friction [44, 57, 61, 62]. Since 1900s, several 
attempts have been conducted to increase the bearing capacity of foundations by modi-
fying the base shape (e.g., shell footing or footing with skirt) of footing [8, 21, 29]. As the 
area of the foundation in contact with the soil increases, so does the load carrying capac-
ity of the foundation. In the case of pile foundations, under-reamed pile or enlarged pile 
consists of one or more projected sections (i.e., bulbs) near the pile’s base, increasing the 
surface area of a specific part (e.g., under-reamed pile, belled pile, waveform pile) along 
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Surface‑projected piles, such as helical and under‑reamed piles, are widely utilized 
in geotechnical engineering to enhance the load‑carrying capacities of pile structures 
with surface projection part. Despite the use of a wide variety of surface‑projected 
conditions, detailed investigations considering various dimensions and angles of sur‑
face‑projected piles remain limited in the current literature. This study aims to assess 
the effects of surface‑projected widths wp (10 mm, 20 mm, 40 mm) and angles θ 
(18°, 27°, 45°, 90°) on pile penetration resistance using a two‑dimensional model 
and PIV analysis. Wider projections increased resistance, with a maximum of 1.84 
kN—57% higher than conventional piles in the model ground. Penetration resist‑
ance was proportional to width at 90°; for wp = 20 mm, penetration resistance 
decreased with increasing θ, while for wp = 40 mm, it increased. Theoretical ultimate 
bearing capacity calculations emphasize differences from experimental results due 
to neglected shaft friction. Residual penetration resistance and particle displacement 
were observed for wp of 20 mm and 40 mm after failure. This study provides insights 
into optimizing surface‑projected pile design and understanding ground failure 
mechanisms.
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the pile [11, 13, 31]. Deep foundations, like shallow foundations, increase the bearing 
capacity of the pile by increasing the part of the pile that is in contact with the soil. The 
economic advantage of using a surface-projected foundation is that fewer foundations 
can be installed, or the length of the foundation can be shortened. The influence of base 
diameters and angles on the uplift behavior was investigated using a centrifuge [15, 16]. 
Under-reamed piles have a higher pull–out resistance and bearing capacity than conven-
tional piles owing to the passive resistance induced by the projected sections [39–41]. 
In addition, under-reamed pile reduces the vertical movement of the pile especially for 
expansive soils [1, 33]. The embedment length, projected section distance from the base, 
undrained cohesion, number of surface projections, spacing of surface projection, and 
projection diameter affect the load behavior of an under-reamed pile [1, 39–41]. The 
ground behavior caused by the vertical displacement of an under-reamed pile has also 
been studied via various methods. Sakr et al. [49] demonstrated increased pullout capac-
ity and decreased vertical displacement of under-reamed piles in soils with various rela-
tive densities [49].

Various numerical analysis methods have been used to study the failure mechanism of 
the ground based on the displacement of the under-reamed pile [22, 23, 27, 33, 35, 36, 
39, 39, 40, 40, 41, 41, 65]. Studies have found that considerable shearing occurs around 
the pile shaft and projected section [35], and that the soil movement induced by the pull-
out of the belled pile occurs more around the projections than around the shaft [27].

The forms of the projected sections of the pile affect the bearing capacity. The angle of 
a belled shaft is generally 30° to 45°, in consideration of economic efficiency [14]. Using 
the finite element method, it has been confirmed that the maximum uplift capacity 
occurs when the extended angle is 45° [22]. To prevent punching of the projected sec-
tion, a projected angle can be applied less than a limit of 45° [9]. In addition, the shape 
of the projected section not only affects the failure load but also influences the vertical 
settlement of under-reamed piles [32].

PIV is a method for evaluating the velocity field(s) of fluids or particles using captured 
images with a digital camera or illumination [3, 4, 38, 43, 50]. Since its development, 
PIV has been applied in various fields, such as fluid mechanics [6, 52] and chemi-
cal engineering [37, 53]. There have been several attempts to quantitatively assess soil 
deformations or displacements by using PIV in geotechnical engineering since 2001, 
including GeoPIV, MatPIV, PIVlab, and PIVTEC [20, 56, 58, 63, 64]. Recently, there have 
been attempts to assess the behavior of the ground around an under-reamed pile using 
PIV. Harris and Madabhushi [23] analyzed ground behavior by the shape of the under-
reamed angle when uplift loading occurred using PIV [23]. Qi et al. [47] used PIV to con-
firm the vertical and horizontal displacement of the soil due to the deformation of the 
expanded-base pile [47]. Particle image velocimetry (PIV) analysis has been attempted 
to investigate the failure mechanisms of sand due to the pull–out of an enlarged base pile 
under various ground conditions [51]. Ads et al. [5] used the PIV technique to examine 
the behavior of nature-based deep foundations in fused quartz and a mixture of mineral 
oils instead of soil [5].

In this way, much research has been conducted to increase load carrying capacity and 
reduce pile displacement by adding a reaming section (projected section) to the pile 
shaft. Various studies have been conducted on pile and soil behavior caused by the shape 
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of the projected section. However, because the self-weight of the soil affects the behavior 
of the ground, it is difficult to fully investigate the effect of the projected section on pen-
etration resistance and soil behavior. In situations where self-weight is not considered, 
no research has been conducted on the effect of the projected section on the ground. 
Therefore, the present study investigated the effects of the projected section shape varia-
tion on the load–displacement and failure mechanism of surface-projected piles via two-
dimensional small-scale model test and PIV analysis. The effect of the surface-projected 
section on penetration resistance at failure and failure mechanism of ground was experi-
mentally assessed. The optimal condition shape of the surface-projected pile was pre-
sented using the results of this experiment.

Numerous studies have investigated enhancing load carrying capacity and minimiz-
ing pile displacement through the addition of a reaming section (projected section) to 
the pile shaft [1, 11, 13, 31, 33, 49]. However, research has yet to fully explore the effect 
of the only projected section on penetration resistance and ground behavior under 
surface-projected conditions. Therefore, this study aims to investigate the effects of the 
projected section shape variation on the surface-projected pile behavior. Through two-
dimensional small-scale model tests and PIV analysis, the influence of the projected sec-
tion on penetration resistance at failure and ground failure mechanisms is assessed. By 
incorporating both experimental and analytical approaches, this study seeks to bridge 
the gap between empirical observations and theoretical predictions, offering a more 
comprehensive understanding of pile behavior. The paper also compares experimentally 
determined penetration resistances and theoretically determined bearing capacities and 
presents various attempts to close this gap. In particular, the investigation focuses on 
how different projection dimensions and angles can be leveraged to enhance load capac-
ity, providing critical insights for engineering design applications. The experimental 
findings contribute to confirming the increase in load carrying capacity resulting from 
surface-projected conditions and help identify the optimal shape for surface-projected 
piles.

Materials and methods
Experimental programs

A two-dimensional soil box made of transparent acrylic was used to investigate the pen-
etration resistance of the surface-projected pile. Generally, model pile testing is most 
often performed in a three-dimension state and vertical penetration process. The advan-
tage of performing a three-dimensional model test of pile is that the shape of the pile 
can be used as is. However, in this study, a model test was performed by laying down the 
soil box in a two-dimensional state to analyze the ground behavior induced by pile pen-
etration through Particle Image Velocimetry (PIV) analysis. The two-dimensional model 
pile test in horizontal penetration system has the advantage of being able to deter-
mine the net bearing capacity enhancement effect increased by the projected section. 
For this reason, the two-dimensional model test procedure was used for the purpose 
of the research. This transparent soil box allows researchers to check ground behavior 
during experiments. The dimensions of the soil box were 900  mm (length) × 700  mm 
(width) × 300  mm (height). The surface-projected pile had dimensions of 1800  mm 
(length) × 100 mm (width) × 300 mm (height). Surface-projected acrylics were attached 
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on both sides of the model pile to implement the projected section of the surface-pro-
jected pile. A wire mesh was attached to the outermost inside the soil box to define the 
frictional boundary condition. To mobilize the friction between the pile surface and sur-
rounding soils, sandpaper was attached along the surface of the model pile and the sides 
of projected sections.

The projected section is made of transparent acrylic with a stepped shape rather than 
a continuous trapezoid. The ideal projected section would be a continuous trapezoidal 
shape, which is often used in practice. However, in the model test, it was difficult to 
make the acrylic at the correct angle, so it was made by attaching several square sec-
tions of acrylic. Different surface-projected conditions (widths and angles) were consid-
ered summarized in Fig.  1. As shown in Fig.  1a, l denotes the length of the projected 
section, wm denotes the width of the model pile, wp denotes the projected width, and θ 
denotes the projected angle. The projected widths (wp) were 10 mm, 20 mm, and 40 mm, 
where different projection angles (θ) were additionally considered for wp of 20 mm and 
40 mm. Each plane area of the projected section was set as the same to only consider 
the projected angle change. When the wp were 20 mm and 40 mm, the plane areas were 
2000   mm2 and 4000  mm2, respectively. When wp = 20 mm, the tested θ were 90°, 45°, 
27°, and 18°, while for wp = 40 mm, the θ = 90°, 45°, and 27° were considered. For the test 
case symbols, “W” indicates the projected width, and “AN” denotes the projected angle. 
The summarized test variables are shown in Table 1 and Fig. 2b–i.

The resistance force and displacement occurring during the penetration of the surface-
projected piles were measured using various measurement devices. The surface-pro-
jected pile was moved at a constant displacement rate using a gearbox. The load was 

Fig. 1 Soil properties used in model test
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measured by connecting a load transducer between the gearbox and the model pile. The 
load transducer had a capacity of 50 kN. The penetration displacement of the model pile 
was measured using a 100-mm linear variable differential transformer (LVDT). A data 
logger and switch box were used to read and collect the measured data from the load 
transducer and LVDT.

The projected sections were fabricated by attaching acrylic protrusions on both sides 
of the model pile. The model pile (with the sandpaper and projected section) was placed 
in the center of the soil box (Fig. 1a). To eliminate friction with the floor caused by its 
own weight, rollers were placed at the bottom of the model pile. Bentonite-oil mixture 
was placed between the acrylic soil box and pile shaft prior to soil composition to pre-
vent soil particles inflow. Bentonite reduces frictional resistance as a drilling fluid when 
combined with polymers [54], and oil-based bentonite has a high lubricating ability [10]. 
With these properties of oil-based bentonite, bentonite-oil mixture not only prevents 
soil particle inflow, but also minimizes the frictional resistance between the pile shaft 
and soil box. Sand was poured into the soil box using a sand pluviator to fill the spaces 
between the model pile and box walls. To form a uniform ground with a constant den-
sity, the sand was poured from a constant height. To assure the constant density of soil, 
three soil can samplers (50 mm diameter and 35 mm height) were placed near the edge 

Table 1 Model test variables

Test cases Projected width (wp) (mm) Projected area  (mm2) Projected 
angle (θ) 
(°)

NR – – –

W10AN90 10 1000 90

W20AN90 20 2000 90

W20AN45 45

W20AN27 27

W20AN18 18

W40AN90 40 4000 90

W40AN45 45

W40AN27 27

Fig. 2 Detailed views of penetration tests: a Schematic diagram of a two‑dimensional test apparatus, b–i 
Variables of model tests
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of soil box to avoid interference effects induced by surface-projected section. Each sam-
pler was installed at different heights and locations. After the model tests, soil can sam-
plers were carefully removed, and the weight of the soil in the samplers was measured 
to be 110 g, 109 g, and 110 g, respectively. This confirmed that the dry unit weight was 
16 kN/m3 at all heights. The model ground was uniformly sprayed at a height of 600 mm 
with three iterations of 100 mm each. After the model ground was formed, dyed (i.e., 
black) chalk was sprayed to effectively assess the soil particle displacement induced by 
the pile displacement of the model pile. The spacing of the dyed chalk was uniformly 
spread at 50  mm. To evaluate the ground behavior around the projected section of 
the model pile in detail, the spacing of dyed chalk was sprayed more closely at 25 mm 
around the projected section. A cover was placed and connected to the soil box to pre-
vent the ground from rising when penetrating the model pile. The penetration speed was 
constant at 1 mm/min. The shear rate in model test was set to be the same as that in the 
direct shear test in order to similarly simulate the shear behavior of soil. The model pile 
was penetrated by a total displacement of 40  mm. For the particle image velocimetry 
(PIV) analysis, photographs were captured at the same position, brightness, and angle 
on the top of the soil box. Specifically, photographs were taken every time the pile dis-
placement on the top of the soil box reached 1 mm.

Sand

In this study, dry "Jumunjin" natural sand from South Korea was used. The dry unit 
weight of soil was 16.0  kN/m3. The maximum and minimum dry unit weights of the 
cohesionless soil [17] were determined as 17.9 and 14.6 kN/m3, respectively. The relative 
density was 47%, corresponding to medium sand. The particle size distribution of the 
sand was determined using a sieve analysis test (Fig. 2). The coefficients of uniformity 
and curvature (Cu and Cc) were calculated as 2.42 and 1.57, respectively. According to 
the unified soil classification system [18], the sand used in this study was classified as 
“SP”.

The mechanical properties were used to determine the shear strength of the soil. There 
are several methods to express the failure criterion of a soil. Especially, the Mohr–Cou-
lomb failure criterion is widely used to express the relation between the shear stress (τ´) 
and its normal stress (σ´). The shear parameters of the soil have the effective cohesion 
(c´) and the effective internal friction angle (φ´). These shear parameters of the soil can 
be determined using a direct shear test [7]. According to ASTM D3080 [7], the shearing 
device should be able to apply the shear rate from 0.0025 to 1.0 mm/min. In this study, 
the shear rate at which peak stress occurs was determined through preliminary tests, 
and this shear rate is 1.0 mm/min. The direct shear test results are shown in Table 2. The 
effective cohesion is 0, and the effective internal friction angle is 37°.

Table 2 Physical and mechanical properties of sand

Physical properties Mechanical properties

USCS Dry unit weight, γd Relative density, Dr Mean diameter, D50 Internal friction 
angle, φ

Cohesion, c

SP 16.0 kN/m3 47% 1.42 mm 37° 0 kPa
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Particle image velocimetry (PIV) analysis

In this study, GeoPIV-reliability-guided (RG) software based on a MATLAB program 
command was used to indicate the displacement and maximum total shear strain of 
soil particle during the penetration of the surface-projected pile. The GeoPIV-RG is 
an updated version of GeoPIV which combines Leapfrog, sequential schemes and a 
reliability-guided scheme without trial-and-error [55]. Digital images were taken 
every 1 mm of pile displacement from the plan view of the soil box while maintaining 
a constant brightness during surface-projected pile movement, where 40 images were 
captured at the same location during the penetration test. The correlation between 
the failure displacement of the ground (as determined through the load–displace-
ment curve) and PIV analysis results can be confirmed by applying PIV analysis. In 
addition, the influence zone and failure mechanism of the ground can be determined 
using the correlation between the particle displacement and maximum total shear 
strain at the ground failure points.

Experimental results of penetration resistance
Failure points of ground induced by pile displacement

The load–displacement relation of pile penetration is nonlinear when the local or 
punching shear failure of foundation occurs. This relation makes it difficult to judge 
the failure point of adjacent ground. To judge the failure point, Mansur and Kauf-
man [42] proposed to define the intersection point between the initial and final tan-
gent lines of the load–displacement curve as the ultimate bearing capacity of pile 
[42]. Vesić [60] suggested the point having the steepest tangential line along the 
load-settlement curve to be regarded as the load at failure [60]. Hirany and Kulhawy 
evaluated the mechanical behavior of piles using two points in the load–displace-
ment curve of a pile where linear lines occur [24–26]. This method is known as the 
L1 − L2 method. Among different methods mentioned above, the tangent intersection 
method has mainly been used for various pile types including helical piles and micro 
piles [2, 12, 28, 59]. In this study, the penetration resistance at failure (Pf) and the pile 
displacement (δp) at failure (δp,f) of surface-projected piles were determined following 
the tangent intersection method.

Projected width effect on the penetration resistance for projected angle (θ = 90°)

The load–displacement curves of surface-projected piles with different projected 
width and angle cases are plotted in Fig. 3. The pile with no surface projection (NR) 
has shown that linear penetration resistance increases up to 2 mm of displacement, 
then shows non-linear behavior whilst becoming linear beyond 10  mm of displace-
ment (Fig. 3a). The penetration resistance at failure (Pf) of the ground for plain pile 
(NR) has been assessed as 1.17 kN at 4.63 mm of displacement by the tangent inter-
section method [26].

As shown in Fig.  3a–d, the load–displacement curves of model piles with θ = 90° 
showed linear (δp,f < 1  mm and δp,f ≥ 10  mm) and nonlinear (1  mm ≤ δp,f < 10  mm) 
paths, where the slope at initial state is greater than that at residual state (Fig. 3a–d). 
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The penetration resistances at failure (Pf) for wp = 10 mm, 20 mm, and 40 mm were 
1.41 kN, 1.55 kN, and 1.84 kN, respectively. The pile displacement at failure (δp,f) 
increased as wp increased, as 5.74  mm (wp = 10  mm), 6.25  mm (wp = 20  mm), and 
6.45 mm (wp = 40 mm). Figure 3e summarizes Pf with wp for θ = 90°, where P shows a 
linear increase with wp.

Projected angle effect on the penetration resistance

Projected width of  wp = 20 mm

The results from penetration tests on piles with the same projected width (wp = 20 mm) 
and different θ are shown in Fig. 4. The Pf values were 1.55 kN, 1.67 kN, 1.75 kN, and 
1.72  kN for θ = 90°, 45°, 27°, and 18°, respectively (Fig.  4a–d). The load–displacement 
curves for surface-projected piles with wp of 20 mm showed that Pf is largest for θ = 27°, 
and smallest for θ = 90°. As summarized in Fig.  4e, Pf gradually decreases with the 
increase of θ.

Projected width of  wp = 40 mm

Figure 5 shows the penetration test results of wp = 40 mm model piles with different θ. 
The Pf values were assessed as 1.84 kN, 1.80 kN, and 1.77 kN for θ of 90°, 45°, and 27°, 
respectively, from each load–displacement curve (Fig. 5a, b and c). The Pf of wp = 40 mm 
model piles gradually increases with higher θ (Fig. 5d), which is contrary to the Pf trend 

Fig. 3 Penetration results of surface‑projected piles with the perpendicular (90°) projected angle and 
different projected widths
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Fig. 4 Penetration results of surface‑projected piles with the same projected width (20 mm) and different 
projected angles

Fig. 5 Penetration results of surface‑projected piles with the same projected width (40 mm) and different 
projected angles
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of wp = 20 mm (Fig. 4e) model piles. Table 3 summarizes the δp,f and corresponding Pf 
values for all test cases conducted in this study.

Ground behavior analysis through PIV
The ground behavior and plastic failure during pile displacement were investigated 
through PIV analysis. The ground behaviors and particle displacements were assessed 
for cases with θ of 90° and different wp (NR, W10AN90, W20AN90, and W40AN90). 
Cross-sectional view of the soil box is shown in Fig.  6. When a model pile is moved, 
a passive zone (blue box), which is compressed by the projected section, and an active 
zone (red box), which is tensional, are generated. To assess the particle displacement 
generated by the projected section, PIV analysis was performed only on the soil in the 
passive zone. The PIV analysis results are shown in Fig. 7a–d. Figure 7 shows a zoomed-
in view of the passive zone when displacement of surface-projected piles occurs. The 
upper and lower parts of Fig. 7 are symmetric conditions and are all the same soil in one 
figure. However, the upper parts of the figures show the shading of the particle displace-
ment, and the contours and vectors of the particle displacement are shown in the lower 
parts. As shown in Fig. 7a–d, δp is the pile displacement and δp,f is the pile displacement 
at failure.

The PIV analysis results show that the particle displacement increases as the δp 
increases in all four cases. When the pile movement occurs, the particle moves in the 
same direction as the pile movement. This is because the arching effect occur in soil dur-
ing pile movement [19, 30]. Particle displacement occurs until ground failure in all four 
cases when the piles move. In the case of NR (Fig. 7a) and W10AN90 (Fig. 7b), the par-
ticle displacement no longer occurred after the ground failed due to pile displacement. 

Table 3 Model test results

Test cases Displacement at failure, δp,f (mm) Penetration 
resistance at failure, 
Pf (kN)

NR 4.63 1.17

W10AN90 5.74 1.41

W20AN90 6.25 1.55

W20AN45 6.67 1.67

W20AN27 6.06 1.75

W20AN18 5.85 1.72

W40AN90 6.45 1.84

W40AN45 6.90 1.80

W40AN27 6.01 1.77

Fig. 6 Cross‑sectional view of passive and active zone induced by projected section
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However, in the cases of W20AN90 (Fig. 7c) and W40AN90 (Fig. 7d), the particle moves 
continuously even though the surface-projected pile moves after failure. This means that 
when the wp is small, a residual Pf cannot be expected after ground failure. The ground 
around the projected section undergoes plastic failure and does not generate a shear 
resistance. When the wp is large, a residual resistance can be expected after ground fail-
ure, and it has been shown that an additional passive resistance is generated by the pro-
jected section.

Discussions
Bearing capacity of surface‑projected piles

The penetration resistance at failure of surface-projected pile was determined by model 
test. In addition, the bearing capacity of the surface-projected pile can be calculated by 
the theoretical formula (Qu). In this chapter, experimental Pf and theoretical Qu were 
compared for piles with θ of 90°. There are various methods for determining the bearing 
capacity of a pile proposed by various researchers. However, all these formulas consider 
the self-weight of the soil. The soil box and model pile used in this study are designed 
to minimize the soil’s self-weight. Therefore, a different formula should be applied to 
determine the effect of increasing the bearing capacity by the surface-projected part. 

Fig. 7 Ground behaviors induced by pile displacements with different projected widths: a NR, b W10AN90, c 
W20AN90, d W40AN90
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Theoretical Qu of surface-projected pile was determined using the theoretical formula 
of Prandtl [45]. Prandtl assumed that the soil was weightless, and Prandtl used Kötter’s 
equation [34] to calculate the failure mechanism of the soil [45, 46]. Prandtl applied 
this assumption to the symmetric slope under stresses (i.e., major and minor principal 
stress). These stresses were applied to a slope where the major principal stress direction 
was vertical and symmetrical about the vertical central axis. The distributed vertical load 
(i.e., major principal stress) acted on the slope’s upper part. The distributed normal load 
(i.e., minor principal stress) acted on the edge planes of the slope. By changing the angle 
of the symmetrical slope by 180°, the bearing capacity formula caused by pile penetra-
tion can be obtained. In addition, considering  dried sandy soil (γ = 0, c = 0, φ ≠ 0),  the 
model test setup corresponds to a Prandtl material. Therefore, the theoretical formula 
for obtaining Prandtl’s pile bearing capacity can be used. The bearing capacity formula 
(i.e. major principal stress, p1) of the pile is given by Eq. (1).

In Eq. (1), the minor principal stress (p3) can be calculated by using the earth pressure 
at rest. The coefficient of the earth pressure at rest can be calculated using Jaky’s equa-
tion [30]. The minor principal stress is given by Eq. (2).

where, K0 is the coefficient of the earth pressure at rest, γd is the dry unit weight of the 
soil, and hs is the height of the soil box.

When the soil properties (Fig.  2) are substituted into Eq.  (2), the minor principal 
stress is 0.96 kN/m2. Moreover, by substituting the minor principal stress (p3) into 
Eq. (1), the major principal stress (p1) can be calculated, and this value is 437.61 kN/
m2. The tip bearing capacity and skin friction can be calculated by multiplying the 
major principal stress by the area of the tip and skin area, respectively. The total Qu 
of the surface-projected pile adds to the tip bearing capacity and skin friction. The 
area of the tip is obtained by multiplying the height and width of the projected sec-
tion. The skin area is determined by multiplying the height of the projected section by 
the length of the pile excluding the plastic zone. Since the length of the plastic zone 
depends on the projected width, the area of skin decreases as the projected width 
increases. The length of the model pile does not affect the shear resistance of the 

(1)p1 = p3 tan
2 (π/4 + φ/2)e2π tan φ

(2)p3 =
1

2
K0γdhs =

1

2
(1− sin φ)γdhs

Table 4 Theoretical bearing capacities and experimental penetration resistances at each case

Test cases Point area 
 (m2)

Skin area 
 (m2)

Tip bearing 
capacity 
(kN)

Skin 
friction 
(kN)

Theoretical 
bearing 
capacity, Qu 
(kN)

Modified 
theoretical 
bearing 
capacity, 
Qu, m (kN)

Experimental 
penetration 
resistance 
at failure, Pf 
(kN)

NR – 0.270 – 0.39 0.39 0.35 1.17

W10AN90 0.003 0.243 1.31 0.35 1.66 0.49 1.41

W20AN90 0.006 0.219 2.63 0.31 2.93 0.65 1.55

W40AN90 0.012 0.165 5.25 0.23 5.49 0.94 1.84
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plastic failure body. Therefore, the pile length is calculated by subtracting the height 
of the plastic body from the total pile length. The calculated Qu is shown in Table 4.

The theoretical Qu and experimental Pf increase as the wp increases (Table 4). Fur-
thermore, as the theoretical Qu increases, so does the difference between the theo-
retical Qu and experimental Pf. The reason for this variation is due to the difference in 
failure types. The Qu through Prandtl’s formula is calculated by assuming that a gen-
eral shear failure occurs in the ground as a result of the pile penetration. The experi-
mental Pf of model pile in sand was less than estimated by the theoretical Qu because 
the compressibility effect of soil was neglected in Prandtl’s theory [48]. The assumed 
failure surface does not occur in loose and medium dense soil. Theoretical bearing 
capacity factors can be applied only to dense soil where general shear failure occurs. 
Furthermore, the load–displacement curve has the peak load when the general shear 
failure occurs in the ground. However, as shown in Figs. 3, 4, 5, the load–displacement 
curves do not have peak loads, but rather have gradually increased loads as the dis-
placement increases. This means that the general shear failure did not occur, and that 
a local shear failure occurred. When a local shear failure occurs, the shear parame-
ters (cohesion parameter c and friction parameter tan φ) are multiplied by two-thirds 
to calculate the bearing capacity [57]. As a result of recalculation by multiplying the 
shear parameters by 2/3, the experimental Pf by increasing wp was larger than the 
modified theoretical Qu (Qu, m) (Fig. 8). The increments of bearing capacity occurred 
similarly for Pf and Qu, m as wp increased. Only the y-axis intercept, that is Pf and Qu, 

m in the NR case with wp = 0 mm, were different, which is the difference in skin fric-
tion applied to the model pile. The reason for this difference is the frictional relation 
between pile and soil in zone III in Prandtl-wedge. Prandtl presented the Prandtl-
wedge failure mechanism, and Prandtl wedges were divided the failure mechanism of 
soil into zone I, II, and III [45]. In the case of Prandtl-wedge’s zone III, it is assumed 
that there is no friction at all on the surface of the ground. Since this concept was 
taken to the failure mechanism of piles, no surface frictional resistance between soil 
and piles in zone III was assumed. Accordingly, the bearing capacity using Prandtl’s 
theoretical formula calculates only the friction caused by horizontal stress (i.e., the 
major principal stress) without shaft friction. On the other hand, in the experimental 
Pf, not only the friction due to the confinement but also the friction acting on the pile 

Fig. 8 Comparison of increasing trend between Pf, Qu, and Qu, m as wp increase
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shaft worked together. Therefore, the experimental Pf occurred larger than the theo-
retical Qu,m.

The values of modified theoretical Qu,m and experimental Pf occurred differently. On 
the other hand, the tendency of bearing capacity to increase as wp increased was the 
same. This indicates that the ultimate bearing capacity formula by Prandtl can be used to 
predict the load improvement effect due to increased projected width. The results of this 
study can be used to predict the increase trend compared to shaft piles when designing 
surface-projected piles in medium sand. However, it is determined that verification via 
numerical modeling or model testing is required in order to accurately assess ultimate 
bearing capacity. As shown in Fig. 1, the theoretical Qu of piles with the same wp and 
different θ should be the same because the plan area of the surface-projected section 
was same. This is because the area of the tip and skin does not change even if the θ is 
changed. However, as shown in Figs. 4e and 5d, when the θ is changed, the Pf differs. 
In the case of a wp of 20 mm, the smaller the θ, the larger the Pf. In the case of a wp of 
40 mm, the Pf is proportional to the θ. This demonstrates that when the wp is small, the 
effect of the additional skin area as the θ increases outweighs the effect of the tip bear-
ing capacity of the projected section. When the wp is large, the effect of the tip bearing 
capacity generated by the projected section is greater than the effect of the skin friction, 
and the larger the θ of the pile, the greater the Pf.

Failure mechanism induced by displacement of surface‑projected pile

The failure mechanism was investigated by comparing the maximum total shear strain 
(γmax) in the PIV analysis with the theoretical plastic failure size. Figures 9a and b show 
the theoretical plastic failure and γmax of the piles with wp of 20 mm and 40 mm, respec-
tively. The theoretical failure mechanisms of the soil were calculated using the Prandtl’s 

Fig. 9 Comparison between theoretical and experimental failure mechanism for projected width: a 
W20AN90, b W40AN90 and c Failure mechanism of deep foundation [45]
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formula. If the slope angle is π, the ground behavior corresponds to the failure mecha-
nism of a deep foundation, as shown in Fig. 9c. The bearing capacity equation of a deep 
foundation is expressed as shown in Eqs. (1) and (2). In addition, the magnitude of the 
plastic failure body around the deep foundation is expressed by Prandtl’s formula. The 
failure mechanism and influence zone of the ground by pile penetration can be verified 
using Eq. (3).

Here, H is the total height of the plastic failure, h’ is the plastic failure height below the 
pile tip, hmin is the plastic failure height above the pile tip, 2B is the width of the plastic 
failure, and 2b is the pile width. As shown in Fig. 9a and b, the white lines and curves 
represent the theoretical plastic failure body. The heights of theoretical failure shape and 
γmax are the same in both cases (W20AN90 and W40AN90). However, the width of the 
theoretical failure is wider than that of the experimental failure body. This is because the 
theoretical failure shape is calculated while assuming that the ground is subject to a gen-
eral shear failure. In PIV analysis, Fig. 9a and b showed that local shear failure occurred 
in the soil due to the pile displacement because 2B is relatively smaller than that of gen-
eral shear failure body.

The differences in the penetration resistances at each failure induced by the change 
of the θ were investigated using a PIV analysis. The γmax was confirmed by zooming in 
the passive earth pressure zone (compressive zone) induced by the pile displacement. As 
shown in Fig. 10a and b (wp = 20 mm), the contour of the γmax in the case of W20AN18 
is larger than that in the case of W20AN90. However, in Fig. 10c and d (wp = 40 mm), 
a larger γmax occurs when the θ is 90° relative to when it is 27°. The γmax with a greater 
width and length has a greater adhesion to the pile, resulting in a higher bearing capacity 
of the pile. The PIV results corresponded to the load–displacement curves (Figs. 4e and 
5d). The effects of the wp and θ on Pf were quantitatively assessed using the PIV analysis, 
and the effectiveness of the PIV analysis was confirmed.

Optimal surface‑projected condition for cost‑effective construction

The Pf induced by the pile movement were proportional to the projected wp (Fig. 3e). 
The Pf of the pile with wp = 40 mm (W40AN90) increased by up to 57% compared to the 
control (NR). When compared to NR, a sufficient bearing capacity can be secured even 
for surface-projected piles of the same length or width. Alternatively, when designing a 
pile with the same bearing capacity, the width or length of the surface-projected pile can 
be reduced.

As a result of  this study, the projected angle affects the pile’s bearing capacity. In 
previous studies, the projected angle was set to 30–45° for economical construction 
[35], and the bell shape of the surface-projected pile was designed for  a maximum 
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of 45° to prevent a punching shear failure [27]. Furthermore, owing to construction 
errors, it is difficult to implement a projected angle of 90°. The optimal projected 
condition resulting from the size of the wp can be proposed using the results in this 
study.  When the wp is 20  mm and the θ are 18°–45°, reasonable Pf can be secured. 
This range is similar to the economical construction range of 30°–45°. In the case of a 
small wp, it is ideal to design a small projected angle. When the θ are 27°–45° in a pile 
with a wp of 40 mm, reasonable Pf can be secured. This indicates that when the wp is 
40 mm, it is advantageous to design a large θ, i.e., similar to the range applied when 
considering  economic conditions. Furthermore, similar Pf are observed when the θ 
was 27° and the wp are 20 mm and 40 mm, respectively. This means that, consider-
ing the workability and economic feasibility, when the θ is 27°, it is possible to secure 
a sufficient bearing capacity even if the wp is designed smaller. However, because 
the projected widths and angles used in this paper are limited, the optimal surface-
projected condition determined only applies to shaft-type surface-projected piles in 
medium sand. Additional research on more diverse soil types, D50, relative density, 
widths and angles is needed to determine the most effective surface-projected condi-
tion. Also, the ground used in the model test is loose sand, which is different from the 
actual ground conditions in the field and may cause different ground behavior. The 
exact effect of the increase in bearing capacity by surface projection requires a pen-
etration test of the pile in the field, and further research is needed.

Fig. 10 Comparison of maximum total shear strain between each pile with different projected widths and 
angles
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Conclusions
The projected shape affects the penetration resistance of a pile. In particular, the wp and 
θ are closely related to the bearing capacity of a surface-projected pile. In this study, the 
Pf induced by the δp were assessed through a two-dimensional model test. For the failure 
mechanism of the ground, photographs were taken, and a PIV analysis was performed. 
The following conclusions were obtained.

The Pf were proportional to the wp of the pile when θ is 90°. When the wp was 20 mm, 
the Pf and θ were inversely proportional. In the case of wp = 40  mm, the Pf increased 
as the θ increased. The theoretical Qu of the surface-projected pile could be calculated 
using Prandtl’s theory. Through this theory, the enhancement effect of projected section 
on the Qu was obtained. There were differences between the theoretical Qu and the Pf 
determined through experiments, and these differences were the proportional to the 
projected width increase. To eliminate this difference, new Qu, m was calculated by mul-
tiplying the shear parameters (cohesion and internal friction angle) by 2/3. As a result of 
recalculation of modified theoretical ultimate bearing capacity Qu, m of pile, increment 
of load was the same, only difference in skin friction was found. This is because the shaft 
friction between soil and pile was not considered in Prandtl’s theoretical calculation for-
mula, so the experimental Pf was larger. Through these results, it was shown that the 
failure mechanism of piles in medium sand is the local shear failure.

The ground failure mechanism and particle displacement induced by pile move-
ment were evaluated using a PIV analysis. When the pile moved, particle displacement 
occurred in the penetration direction. In the case of the NR and W10AN90, the particle 
no longer moved after the failure point. In the cases of the W20AN90 and W40AN90, 
particle displacement continued to occur even after the failure point. This means that a 
residual Pf can be expected when the wp is 20 or 40 mm.

The theoretical failure pattern through Prandtl’s theory and experimental failure 
mechanism were compared. The height of plastic zone was similar to that determined by 
theory and experiment. However, the width of the plastic zone was small in the experi-
ment relative to that in theory. This means that a general shear failure did not occur 
in the ground due to the pile displacement. The γmax induced by the change of the θ 
of a pile with the same wp was assessed. In the case of wp = 20  mm, the largest con-
tour of shear strain occurred when the θ was 18°. In the case of wp = 40 mm, the most 
widespread contour of the shear strain occurred when the θ was 90°. These results cor-
respond to the experimental test results, and the results from the PIV analysis are con-
sidered as reasonable and effective.

The experimental results obtained by this model test may differ from the 3-dimen-
sional pile penetration test with a circular cross-section due to different conditions and 
designs. Also, there are differences between vertical penetration tests and horizontal 
penetration tests. Failure patterns of ground derived by vertical penetration tests that 
simulate real field ground and horizontal penetration tests for model tests may occur dif-
ferently due to the effects of gravity. However, this study does not simulate real scale, but 
rather focuses on the effect of surface projection on increasing the load carrying capac-
ity of the pile. Therefore, further studies are needed to set up a 3-dimensional model test 
with practical ground conditions.
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wm  The width of the pile shaft
wp  The projected width of the model pile
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δp  The pile displacement at failure
Qu  The theoretical bearing capacity of pile
γ  The unit weight of the soil
c  The cohesion of the soil
φ  The friction angle of the soil
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p3  The minor principal stress of the soil
K0  The coefficient of the earth pressure at rest
γd  The dry unit weight of the soil
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Qu, m  The modified theoretical bearing capacity of pile
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