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ABSTRACT
Recently, the use of deep foundations has increased as a result of the expansion in the construction of high-rise buildings, 

train tracks, and port berths. As a result of this expansion, it was necessary to use deep foundations that have low cost, 
high bearing loads, low settlement, and construction time, and such foundations are subjected to different types of loads 
such as lateral, vertical compression, and tension loads. This research paper will present one of the most important types of 
deep foundations that are aptly used in such structures and the most important factors affecting their bearing capacity and 
settlement in stiff clay. This type of deep foundation is called an under-reamed pile. The factors used in this study are pile 
length to diameter ratio L/D = 30, bulb diameter ratio (Du/D = 1.5, 2, 2.25, and 2.5), number of bulbs (N = 1, 2, and 3), 
and spacing ratio (S/D = 2 to 8). To investigate the effects of these parameters and obtain optimal results, the PLAXIS 3D 
was used. The analysis shows that the increase in bulb diameter increases the bearing load by 43%. Bulb spacing controls 
the failure mechanisms, whether cylindrical shear failure or individual failure and increases the capacity by 66% and 99%, 
respectively, for two and three bulbs when the bulb spacing becomes S/D = 8. When the number of bulbs increases to three, 
the capacity increases by 90%. If each bulb works individually, the bearing capacity doubles.
Keywords: Under-reamed pile; Bulb number; Bulb diameter; Bulb spacing; Bearing capacity

1. Introduction

Under-reamed piles have been constructed in 
Texas since the 1930s. These piles were initially 

constructed in loose soil. Jenkins and Henkel also 
conducted the first research on under-reamed piles in 
South Africa in 1949. Under-reamed piles are a type 
of bored pile that can have one or more bulbs based 
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on a variety of parameters such as soil type, pile 
length, pile diameter, bulb number, bulb spacing, and 
bulb diameter. When two bulbs were used to study 
the influence of bulb number on a bearing load, 
the compression load increased by about 80% [1].  
The bearing load of under-reamed piles in mul-
ti-layered soil is determined by pile length. The pile 
lengths used in the study were 3.5 m, 4.3 m, 5 m, 5.5 
m, and 6 m, with the ANSYS program. According to 
the study, the bearing load of an under-reamed pile 
increases slightly as the pile length increases from 3.5 
m to 6 m. According to a study on the bearing load’s 
relationship with bulb diameter, the bearing load in-
creased by 228.57% as the diameter of the bulb pile 
increased from 0.60 m to 1.20 m [2]. As bulb diameter 
increases, the area of soil sliding spreads up and be-
neath the bulb, influencing the pile’s valid length of 
side friction. Consequently, the load of the pile’s side 
friction is reduced [3]. PLAXIS 3D was used to in-
vestigate the effect of adding one or more bulbs to a 
stem pile on the bearing load and found that the bear-
ing compression load was raised twice. According to 
studies for different pile lengths (6 m, 8 m, 10 m, and 
12 m), as the pile length was increased, the bearing 
load of tapered piles increased dramatically, but the 
bearing load of under-reamed piles only increased 
marginally [4]. To numerically analyze under-reamed 
piles, use ANSYS piles exposed to axial load in 
tension and compression with changing geometrical 
factors such as bulb diameter, number, spacing, and 
position. They discovered that geometrical parame-
ters had a considerable impact on the bearing load of 
under-reamed piles under tension and compression 
loads [5]. Bulb piles are regarded to have the most 
advantages over other piles since they can work suc-
cessfully with smaller diameters and lengths. Instead 
of long, high-diameter piles, under-reamed loads and 
loads with several bulbs can be used to transfer large 
loads. Furthermore, soil conditions have a significant 
impact on the performance of under-reamed piles. 
under-reamed piles can also be installed in clay and 
sand soil to increase the bearing load of the pile 
foundation [6,7]. For determining the ultimate capac-
ity of under-reamed piles, two techniques based on 

center-to-center bulb spacing were proposed [8]. Two 
methods for determining the ultimate carrying load 
were proposed. The first method considers shear re-
sistance mobilized along the surface of the pile shaft 
further than the bulbs, shear resistance mobilized on 
the cylindrical surface circumscribing the bulbs, and 
end bearing at the pile toe. The second method con-
siders the individual bearing resistance of each base 
as well as the frictional resistance mobilized along 
the pile shaft. The shearing resistance formed on 
the cylindrical surface around the bulb of many un-
der-reamed drilled shafts has been considered [9]. The 
load transmission begins at the pile tip with bearings 
and then fails to owe to cylindrical shear failure [10]. 
To investigate the influence of the concrete casting 
method on under-reamed piles subjected to stress 
and compression, two groups of three under-reamed 
piles are used. The first group used self-compacting 
concrete, while the second group used convention-
ally vibrated cement concrete. under-reamed piles 
made of self-compacting concrete were proven to be 
more uniform and durable than piles made of regular 
concrete. The load-deformation behaviors of conven-
tional concrete piles and self-compacting concrete 
piles were remarkably equivalent under tension and 
compression [11]. The under-reamed piles that have 
been constructed in Taihang Mountain, China, the 
project have a stem diameter of 0.7 m, a pile length 
of 32 m, a bulb diameter of 1.4 m, and two numbers 
of bulbs. The concrete grade used in the design is 
C40 for all piles [12]. under-reamed piles were used 
in the Eastern Expressway project in Ningbo, China. 
And they found that under-reamed piles can save 
over 30% in construction materials when compared 
to traditional straight piles with the same compres-
sive bearing capacity [13].

2. Goals and objectives
The primary objective of this research is to inves-

tigate the effect of changes in the geotechnical prop-
erties and geometrical features of the under-reamed 
pile, such as pile length, bulb diameter, bulb spacing, 
and the number of bulbs, particularly bulb spacing, 
because previous studies focused on bulb diameter 
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and the number of bulbs, on bearing capacity and 
settlement in stiff clay. However, when the un-
der-reamed pile was subjected to compression force, 
the bulb spacing had a significant role in defining the 
failure mechanism mode, whether cylindrical shear 
failure or individual shear failure. The finite element 
analysis approach (PLAXIS 3D) was utilized to deter-
mine the best parameters for high bearing capacity.

3. Numerical modeling and analyses

3.1 Numerical modeling

The finite element model of the under-reamed 
pile and the surrounding soil was constructed by the 
Plaxis 3D program. The under-reamed pile was sim-
ulated as a concrete volume element, and the linear 
elastic constitutive model was used to represent the 
pile. To describe the soil, the Mohr-Coulomb model 
(MC) was used. The main five input parameters for 
simulating clay soil by the Mohr-Coulomb mod-
el are the unit weight (γ); Young’s modulus (Es); 
Poisson’s ratio (u); Cohesion (c); and the interface 
ratio between the soil and the concrete surface of the 
pile (RInterface). To avoid any significant boundary 
effects, the overall dimensions of the model bound-
aries are a width of 40 times the pile’s diameter and 
the model depth is equal to twice the pile length [14]. 

3.2 Model validation and verification

The PLAXIS 3D was used to validate the Tian  
et al. under-reamed pile experimental test. The ex-
perimental model was used to explore the bearing 
capacity and failure mechanisms around the pile, 
as well as to validate the use of half and whole 
steel pile cross-sections in future experiments. The 
Mohr-Column constitutive model was used to repre-
sent clay soil. For the pile, however, a linear elastic 
model was adopted. The following pile geometric 
attributes were used in the experimental model: 210 
mm under-reamed pile length (L), 10 mm stem pile 
diameter (D), 30 mm bulb diameter (Du), and two 
bulbs (N). Table 1 shows the pile and soil parame-
ters (1). The numerical model dimensions used are 

equal to the tank dimensions, the width, length, and 
height of 400 mm × 400 mm × 400 mm [15]. The 
comparison of the results of the experimental model 
published by Tian et al. (2016) and the numerical 
model in the present study analyzed by PLAXIS 3D 
is shown in Figure 1.

Table 1. Properties of pile and clay soil, Tian et al. (2016).

Parameter Clay Steel 
pile Unit

Model type MC LE -

Drainage type Undrained - -

Soil saturated unit weight 
(γsat)

18.6 78.5 kN/m3

Young’s modulus (E) 2.5E + 05 21E + 07 kN/m2

Poisson’s ratio (υ) 0.35 0.2 -

Cohesion (c) 59 - kN/m²

Interface reduction 
factor (R) 0.5 - -

The load settlement relationships of the numeri-
cal model match well with those of the experimental 
model. The differences in results between experi-
mental and numerical analysis (using PLAXIS 3D) 
range from 2.5% to 10%. As a result, the outcomes 
of the numerical models were used to match the 
trend of the lab data, achieving good conformity. Its 
results showed that the Plaxis 3D version is capable 
of predicting the actions of the under-reamed pile 
under axial load in clay led to the proposal to use the 
computer program for the analyses suggested in this 
technical article.

Figure 1. Comparison of the model test result by Tian et al. 
(2016) and the numerical analysis by PLAXIS 3D.
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3.3 Characteristics and meshes of the numer-
ical model

PLAXIS 3D uses a full-scale numerical model 
to investigate the effect of various geotechnical and 
geometrical parameters on the bearing load of an 
under-reamed pile. The first bulb was regarded by 
all groups at a bucket distance of one meter from the 
bottom of the under-reamed pile. The global coarse-
ness of meshing was set to fine to provide decent 
results without compromising analysis time. Figure 
2 illustrates the mesh form of the under-reamed pile 
after meshing. The under-reamed pile was modeled 
in two stages. First, the gravity load was applied 
to the soil block to account for the initial in-situ 
stress states. After the specified displacement has 
been applied to the pile head, the pile geometry and 
properties are defined in the second stage. Given the 
geometry of the load-displacement curve, a proper 
point of ultimate shear failure is possibly not the best 
choice. They calculated the ultimate bearing load of 
under-reamed piles using the Indian Standards settle-
ment criterion [5,16]. They advocated the adoption of 
settlement criteria in such cases [3,17].

Figure 2. Meshing of under-reamed pile, (a) soil block, (b) 
under-reamed pile with one bulb.

3.4 Geometry and material properties

The typical under-reamed pile details are shown 
in Figure 3. The soil condition used in this study was 
stiff clay as shown in Table 2, and the groundwater 
table was 1 m below the ground surface. The char-
acteristics of the under-reamed pile include the pile 

length (L), the stem pile diameter (D), the bulb di-
ameter (Du), the bulb number (N), the bucket length 
(B) and the bulb spacing (S) as shown in Figure 3. 
Table 3 shows the parameters used in the study.

Table 2. Properties of pile and clay soil.

Identification Stiff clay Concrete 
pile Units

Model type MC LE -

Drainage type Undrained - -

Soil saturated unit weight 
(γsat)

16 24 kN/m3

Young’s modulus (E) 12.8×103 2.6×107 kN/m²
Poisson’s ratio (ν) 0.35 0.2 nu
Cohesion (cu) 75 - kN/m²

Interface reduction 
factor (R) 0.7 - -

Table 3. Variables and ranges used in the parametric study.

Case Variable Studied parameters
Pile length L/D 30

Bulb diameter ratio Du/D 1.5, 2, 2.25 and 2.5

Number of bulbs N 1, 2 and 3

Bulbs spacing S/D 2, 3, 4, 5, 6, 7, and 8

Figure 3. Typical under-reamed pile geometrical features.

3.5 Results and discussion

Figure 4 presents the load-settlement relation-
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ship for an under-reamed pile with a single bulb in 
stiff clay, pile length to diameter ratio L/D = 30 and 
bulb diameter ratios (Du/D = 1.5, 2, 2.25, and 2.5). 
As the bulb diameter increases, the under-reamed 
pile load capacity increases significantly, resulting 
in reduced settlement. The corresponding capacities 
are (1901, 2166, 2498, and 2530) kN for single bulb 
under-reamed pile at (Du/D) ratios of (1.5, 2, 2.25 
and 2.5) respectively. While the bearing capacity is 
reduced to 1775 kN for a pile without a bulb. It is 
noticed that the load-settlement curve is improved 
and modified according to bulb diameter. For the sin-
gle bulb under-reamed pile with different bulb diam-
eter ratios (Du/D) and (L/D = 30) at the same bearing 
load of 1700 kN, the settlement values are (28 mm, 
21 mm, 17 mm, and 17 mm) for (Du/D) ratios (1.5, 
2, 2.25, and 2.5) respectively, while the settlement of 
the pile without a bulb at this load is 40 mm. This in-
dicates that the bearing capacity of an under-reamed 
pile with a large bulb diameter provides slight dis-
placements and could be more acceptable for a sup-
porting structure. It was also observed that the initial 
linear slope of the load-displacement curves of the 
under-reamed pile with different bulb diameters was 
almost the same with an increase in bulb diameter. 
It is obvious that the carrying capacity increases by 
(7%, 22%, 41%, and 43%) for (Du/D) ratios (1.5, 2, 
2.25, and 2.5). The presence of a bulb alters and en-
hances the load-settling behavior of an under-reamed 
pile, as well as the bearing capacity in relation to pile 
depth of embedment and clay soil cohesiveness. The 
increase in bearing load occurs due to adding a bulb 
to the shaft which leads to an increase in the project-
ed bearing area [12].

While, Figure 5 presents the load-settlement rela-
tionship for an under-reamed pile with one, two, and 
three bulbs in stiff clay, pile length to diameter ratio 
(L/D) = 30, and bulb diameter ratio (Du/D = 2.5), the 
corresponding capacities are (2452, 3013 and 3370) 
kN for bulbs number (N = 1, 2, and 3) respectively. 
While the bearing capacity is reduced to 1775 kN for 
a pile without a bulb. As the bulb number increases, 
the under-reamed pile load capacity increases, re-
sulting in reduced settlement. For the under-reamed 

pile with different bulb numbers (N) and (L/D = 30) 
at the same bearing load of 1700 kN, the settlement 
values are (16 mm, 13 mm, and 13 mm) for bulbs 
number (N) (1, 2, and 3) respectively, while the set-
tlement of the pile without a bulb at this load is 40 
mm. It is obvious that the carrying capacity increases 
by (38%, 70%, and 90%) for (N) ratios (1, 2, and 3). 
It can be seen that the existence of such a bulb with a 
sufficient number can significantly improve the pile 
capacity and decrease the settlement. The increase in 
bearing load occurs due to adding a bulb to the shaft, 
which leads to an increase in the projected bearing 
area [12].

Figure 4. Load settlement relationship for under-reamed pile for 
(N = 1), in stiff clay, pile length to diameter ratio (L/D = 30), in 
different bulb diameter ratios.

Figure 5. Load settlement relationship for under-reamed pile for 
(Du/D = 2.5), in stiff clay, pile length to diameter ratio (L/D = 
30), in different bulb numbers.

However, Figure 6 presents the load-settlement 
relationship for an under-reamed pile with a number 
of bulbs (N = 2) in stiff clay, pile length to diameter 
ratio L/D = 30 and bulb diameter ratios (Du/D =  
2). It is noticed that Increased soil cohesion leads 
to increased under-reamed pile-bearing capacity 
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due to increased shaft frictional resistance and total 
bull-bearing load. With the increase in bulb spacing, 
the ultimate bearing load significantly increases and 
the settlement is reduced. The corresponding capac-
ities are (2470, 2455, 2687, 2731, 2804, 2824, and 
2945) kN for bulb spacing (S/D) ratios of (2, 3, 4, 5, 
6, 7, and 8) respectively. While the bearing capac-
ity is reduced to 1775 kN for a pile without a bulb. 
For the bulb spacings of the under-reamed pile (S/
D) and (L/D = 30) at the same bearing load of 1700 
kN, gives the same settlement value (18 mm) for (S/
D) ratios (2, 3, 4, 5, 6, 7, and 8) respectively, while 
the settlement of the pile without a bulb at this load 
is 39 mm, it demonstrates that the settlement value is 
the same for under-reamed piles with various spac-
ing ratios under compression loading. The previous 
analysis shows that the bulb spacing ratio of the un-

der-reamed pile had no influence on the initial line-
arly elastic slope of the load-displacement curves [14].  
It is obvious that the carrying capacity increases by 
(39%, 38%, 51%, 54%, 58%, 59%, and 66%) for  
(S/D) ratios (2, 3, 4, 5, 6, 7, and 8). It can be seen 
that the increased soil cohesion and change of bulb 
spacing improve the pile capacity and decrease the 
settlement, but failure occurs at spacing S/D = 3 
before reaching the proposed settlement. When the 
spacing between bulbs becomes small, the confined 
volume of soil between the bulbs is mobilized, and the 
bulbs work together and act as a semi-rigid body that 
develops a cylindrical shear surface [15]. But when the 
spacing between the bulbs is large, the overall bearing 
load of under-reamed pile under vertical load is the 
combination of individual bulb capacities and the 
side friction resistance along the pile length [18].

Figure 6. Load settlement relationship for under-reamed pile for (N = 2), in stiff clay, (L/D = 30) and (Du/D = 2), in different bulb 
spacings (S/D).

However, Figure 7 presents the load-settlement 
relationship for an under-reamed pile with a number 
of bulbs (N = 3) in stiff clay, pile length to diameter 
ratio L/D = 30 and bulb diameter ratios (Du/D = 2). 
Increases the number of bulbs, increase soil cohesion 
and increases bulb spacing, the ultimate bearing load 
significantly increases and the settlement is reduced. 
The corresponding capacities are (2791, 2975, 3128, 
3294, 3427, 3506, and 3535) kN for bulb spacing 
(S/D) ratios of (2, 3, 4, 5, 6, 7, and 8) respectively. 

While the bearing capacity is reduced to 1775 kN 
for a pile without a bulb. It is noticed that with the 
increase of bulb spacing, the ultimate bearing capac-
ity improves and the settlement is reduced. For the 
bulb spacings of the under-reamed pile (S/D) and (L/
D = 30) at the same bearing load of 1700 kN, gives 
the same settlement value (17 mm) for (S/D) ratios 
(2, 3, 4, 5, 6, 7, and 8) respectively, while the set-
tlement of the pile without a bulb at this load is 39 
mm, it demonstrates that the settlement value is the 
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same regardless of the under-reamed pile’s bearing 
capability at various spacing ratios under compres-
sion force. According to the earlier investigation, the 
under-reamed pile’s bulb spacing ratio had no impact 
on the load-displacement curves’ initial linearly elas-
tic slope [14]. It is obvious that the carrying capacity 
increases by (57%, 68%, 76%, 86%, 93%, 98%, and 
99%) for (S/D) ratios (2, 3, 4, 5, 6, 7, and 8). It can 
be seen that the change of bulb spacing with spac-
ing can significantly improve the pile capacity and 
decrease the settlement but failure occurs at spacing 
(S/D = 3, 4, 6, and 7) before reaching the proposed 
settlement.

Figure 7. Load settlement relationship for under-reamed pile 
for (N = 3), in stiff clay, (L/D = 30) and (Du/D = 2), in different 
bulb spacings (S/D).

4. Conclusions
• As bulb diameter increases, the increase in bearing 

load occurs due to adding a bulb to the pile shaft that 
leads to an increase in the projected bearing area.

• As a bulb number increases, the under-reamed 
pile load capacity increases significantly and the set-
tlement is reduced.

• It’s important to study the effect of bulb spacing 
on the bearing capacity of an under-reamed pile with 
different bulb spacings (S/D), because the bulb spac-
ing determines the mode of failure mechanism under 
compression loading.
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