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Abstract: Under-reamed piles with one bulb or more have been 

widely used in various types of soil to support structures to 

resist compression, lateral, and uplift load. In the current study, 

a 3D numerical model done by PLAXIS 3D software was used to 

predict the behavior of floating under-reamed piles subjected to 

compression load in medium clay. The study focuses on the 

effect of pile geometrical features on bearing load such as bulb 

spacing, bulb diameter, and the bulbs number compared with 

the conventional pile.  Considering medium clay as a single 

layer in the analysis with the cohesion of 38 kN/m², the 

comparison of results for multi under-reamed pile compared 

with a conventional pile takes into account the bulbs number 

ranging from one to three, bulb diameter ratio (Du/D) from 1.5 

to 2.5, the spacing ratio (S/D) from center to center of bulb from 

2 to 8 and bulb location, the pile length is constant in this study. 

The linear elastic constitutive model was considered to simulate 

the pile material, and the Mohr-Coulomb model was chosen to 

represent the clay surrounding the pile. The results of the 

numerical model show that when the bulb diameter ratio 

becomes 2.50, the bearing load increases by 50.31 % for an 

under-reamed pile with a single bulb compared with a pile 

without a bulb. 

Also, using an under-reamed pile with a bulb diameter ratio 

(Du/D = 2.5), bulb spacing ratio (S/D = 8), and when the bulbs 

number were three, the bearing load increased by 165.50% 

compared with a pile without a bulb.  Moreover, if bulb spacing 

ratio (S/D) increased from 2 to 8, the bearing load increased by 

25.15% for a bulb diameter ratio (Du/D = 2.5) and the bulbs 

number were two. 

Keywords: Under-Reamed Pile, Bearing Capacity, Bulb 

diameter, Multi Under-Reamed Pile, Bulb spacing, Number of 

bulbs, Bulb location.  

1- INTRODUCTION 

Under-reamed piles have been used since the 1930s. The 

earliest application of these piles was in expansive soils in 

Texas, the USA, and the first systematic studies on these 

piles were conducted in South Africa in 1949 by Jenkins and 

Henkel. Under-reamed piles are types of bored cast-in-situ 

and bored compaction concrete types having more than one 

bulb as shown in Fig. (2). Bulbs are regarded as the most 

significant benefit of the piles compared to other piles since a 

desirable performance can be achieved by such piles with 

lower diameters and lengths. Instead of using long and large 

diameter piles for carrying heavy loads, under-reamed piles 

with multi bulbs can be used. Application of conventional 

straight piles in several sites by deep excavation is restricted 

due to some construction restrictions such as sites with high 

groundwater levels and construction of large structures on a 

site consisting of underground tunnels; the under-reamed 

piles are efficient for these cases. Moreover, the performance 

of under-reamed piles strongly depends on soil conditions. 

The under-reamed pile geometrical features are shown in Fig 

(2). The diameter of Bulbs Du is considered by (2:2.5) and 

the optimum bulb spacing (S) is very important since the 

bulb spacing cannot be a fixed value, but it depends on soil 

properties and dimensions of the pile. So, prevalent practice 

with bulb spacing between 1.00 to 1.50 times the bulb 

diameters in all types of soil, therefore, requires thorough 

examination, and bucket length (B). Under-reamed piles can 

be used in clayey soils and sandy soil to increase the bearing 

load of foundations. (Y. Qian et al) showed that tensile stress 

is developed in the soil on top of the bearing under-reamed 

bulb, and the side friction of the pile has been lost in this 

region. To fully exert the action of the bearing under-reamed 

bulb and side friction resistance of the pile, the location of 

the bearing under-reamed bulb should be near the top of the 

pile [14]. (Xie and Yin) studied the influence of bulbs' 

spacing on the under-reamed pile and found that when the 

spacing is less than 2Du, the soil between the bulbs is 

crushed because the bulbs' spacing is too small and the soil is 

too thin, which leads to the pile not working effectively. 

However, when the spacing is more than 5Du, the influence 

of bulbs' spacing on the bearing load either increases or 

decreases. Therefore, the influence region of soil around the 

pile increases gradually with the bulbs spacing increasing, 

which can promote the pile and soil to work together and can 

improve the bearing load of multi under-reamed bulb pile [20] 

(Balu and Hari) shows that when the diameter of the under-

reamed pile increases, the bearing load increases, but the 

used concrete volume increased [1]. (Ramin et al) showed 

that the bulbs number had a significant effect on the bearing 

load of the under-reamed pile. By increasing the bulbs 

number from none to 3, the bearing load increased from 1480 

to 4600 kN, and the settlement of the pile without bulbs was 

substantially larger than that of the under-reamed piles. 

Moreover, the effect of pile length on bearing load was 

studied, and it was observed that by increasing the pile length, 

the bearing load of the under-reamed pile increased slightly 

[19]. (Neha Sh. and Nikhil B) studied the effect of 

geotechnical and geometric features on pile bearing load and 

observed that in all cases the ultimate bearing load increases 

linearly with the increase in Young's modulus, stem diameter, 

and length of the under-reamed pile [16]. 

2- GOALS AND OBJECTIVES 

       The numerical analysis is beneficial to study the effect of 

geometrical features (such as bulb diameter, bulb spacing, 

number of bulbs, bulb location, and failure mechanism) on 

the bearing load and settlement of under-reamed pile, and to 

select optimum parameters with the aim of saving more 

concrete quantity, more time and cost for construction. 
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3- NUMERICAL MODELING AND ANALYSES 

A. Numerical Model 

Numerical modeling by Plaxis 3D was used to study 

geometric feature of under-reamed pile. The Plaxis three-

dimensional model was used with 10 node elements. The 

constitutive model was considered linear elastic behavior for 

under-reamed pile and the Mohr-Coulomb model linear 

elastic perfectly plastic was considered to represent the clay 

soil behavior surrounding the pile. It involves five input 

parameters to simulate clay soil which is the unit weight (γ); 

Young's modulus (Es); Poisson's ratio (u) for soil elasticity; 

Cohesion (c); Interface ratio between the soil and the 

concrete surface of the pile (RInterface). 

B. Numerical Model Validation  

(Tian et al) carried out an experimental model to study the 

behavior of under-reamed pile in undisturbed clay soil under 

axial compression load, showing the soil failure around the 

under-reamed pile, bearing capacity and relationship of load-

settlement curve of whole and half cross-section to verify the 

reliability of the half cross-section pile experiment. The pile 

geometric properties were used in the study as follows: pile 

length of 210 mm, stem pile diameter of 10 mm, bulb 

diameter of 30 mm, and two bulbs. Pile and soil properties 

are shown in table (1). The constitutive models used to 

simulate the clay soil were the Mohr-Column model. 

However, for the pile, a linear elastic model was used. The 

model dimensions used in the simulation are equal to the tank 

dimensions, the width, length, and height of 400 × 400 × 400 

mm. The mesh size used in the model was coarse mesh [18]. 

The result of the comparison between the experimental 

model published by Tian et al. (2016) and the present 

numerical analysis by PLAXIS 3D is shown in Fig. 1. Good 

compatibility is seen between the experimental model results 

of published data and the present simulation model. The 

differences in results between experimental and numerical 

analysis (by PLAXIS 3D) range from 2.5% to 10%. 

 

Fig. 1. Comparison of the model test result by Tian et al. (2016) and the 

numerical analysis by PLAXIS 3D. 

Table 1. Properties of Pile and Clay Soil, Tian et al. (2016) 

Parameter Clay Pile Unit 

Soil saturated unit weight (sat) 

Soil unsaturated unit weight (unsat) 

Young’s modulus (E) 

Poisson’s ratio (

Cohesion (c) 

Interface reduction factor (R) 

18.6 

18.6 

2.5+05 

0.35 

59 

0.5 

78.5 

78.5 

21E+07 
0.2 

------ 

------ 

kN/m3 

kN/m3 

kN/m2 
------ 

kN/m² 

------ 

 

C. Numerical Model 

Numerical modeling of the under-reamed pile (L= 15 m 

and D= 0.50 m) was carried out to study the different 

geometrical properties. The bearing load of the pile was 

investigated by changing the geometrical features of the pile. 

The first bulb has been considered at a bucket distance, 

which is equal to one meter from the bottom of the under-

reamed pile for all groups. The three-dimensional model was 

used with 10 node elements. The global coarseness setting of 

the fine was found to be most suitable without compromising 

on the running time consumed for analysis. The mesh shape 

of the three bulbs under-reamed pile after meshing is shown 

in Fig. 2. 

The overall dimensions of the model boundaries comprise 

a width of 40 times the pile's diameter and the model depth is 

equal to twice the pile length to avoid any significant 

boundary effect according to (Zhang) [22]. Based on the 

mentioned ratios and maximum length of the pile =15m and 

diameter of piles =0.5m, therefore the overall three-

dimensional model was simulated by width, length, and 

height of 20 × 20 × 30 m for previous dimensions of the pile. 

Model boundaries using default PLAXIS 3D boundary 

conditions, bottom boundaries of models were fixed against 

movements in all directions and the ground surface was free 

to move in all directions. The vertical side's boundaries of the 

models were fixed in the horizontal movements. 

 
                                         (a)                                                          (b)                                     

Fig. 2. Three bulbs under-reamed pile after meshing, (a) soil block, (b) 

under-reamed pile with three bulbs,       

D. Geometry and Material Properties 

A schematic analysis of a typical under-reamed pile is 

shown in Fig. 3. One soil condition used in this study was 

medium clay and the groundwater table was 1 m below the 

ground surface. Constant length of pile, constant stem pile 

diameter, three bulbs diameter, three bulbs, and eight 

distances between bulbs center to center was used in the 

parametric study. The pile length was 15 m. The stem pile 

diameter was 0.5 m. The bulb's diameter ratio was Du/D =1.5, 

Du/D =2, Du/D =2.25, and Du/D =2.5. The bulbs number 

varied from one, two, and three. The distance between bulbs 

center to center was S/D= 2, S/D= 3, S/D= 4, S/D= 5, S/D= 6, 

S/D= 7, and S/D= 8. 
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Under-reamed pile and clay soil properties are given in 

Table 2. The characteristics of the under-reamed pile include 

the pile length (L), the stem pile diameter (D), the bulb 

diameter (Du), the bulbs number (N), and the distance 

between bulbs center to center (S) as shown in Fig. 3. 

Table 2. Properties of pile and clay soil used for all model, (Kulhawy 

and Mayne). 

Parameter Medium clay Pile Unit 

Soil saturated unit weight (sat) 
Soil unsaturated unit weight 

(unsat) 

Young’s modulus (E) 

Poisson’s ratio (

Cohesion (c) 

Interface reduction factor (R) 

16 

16 

5.5E+03 

0.35 

38 

0.7 

24 
24 

2.6E+07 

0.2 
------ 

------ 

kN/m3 
kN/m3 

kN/m2 

------ 
kN/m² 

------ 

 

Fig. 3. The under-reamed pile geometrical parameters 

E. Numerical Analysis 

The under-reamed pile was simulated by two construction 

stages of the analysis; first, the gravity load was applied to 

the soil block to consider the initial in-situ stress states. In the 

second stage, pile geometrics and properties are defined after 

that prescribed displacement was applied to the pile head. It 

may be observed that a proper point of ultimate shear failure 

may not be the right choice considering the shape of the load-

displacement curve. Terzaghi [17] and O'Neill and Reese [4] 

suggested the use of settlement criteria in such cases. Balu 

George, G Hari, and Christina Alexander [2] used the 

settlement criterion proposed by the Indian Standards to 

calculate the ultimate bearing load in their study of under-

reamed piles [3]. 

The present study uses the proposed settlement criterion 

in the Indian standard code of practice for the design and 

construction of pile foundation’s part (4). This is due to the 

fact that the Indian code has detailed studies for all the 

variables related to this type of pile, and the Egyptian code 

did not deal extensively with this type of pile, and only 

mentioned the pile with a large base without entering into 

details. The safe load on the single pile for the initial test 

should be at least two-thirds of the final load at which the 

total displacement attains a value of 12 mm unless otherwise 

required or 50 percent of the final load at which the total 

displacement equals 10 percent of the pile diameter in case of 

uniform diameter piles and 7.5 percent of bulb diameter in 

case of the under-reamed pile. This study uses a settlement 

which is equal to 10 percent of the pile diameter in case of 

uniform diameter piles and 7.5 percent of bulb diameter in 

case of the under-reamed pile. Table 3 demonstrates an 

outline of the parameters studied in the numerical analyses 

and their values. 

Table 2. Variables and ranges used in the parametric study 

Case Variable Studied parameters 

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

Number of bulbs N One, two, and three 

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

Bulb location S/D 2, 3, 4, 5, D, 7 and 8 

 

4- RESULTS AND ANALYSIS 

A. Load-Settlement relationships 

The pile load–settlement relationships of the numerical 

model for piles with or without bulbs for different 

geometrical features, such as bulb diameter, number of bulbs, 

and bulb spacing are shown in Fig. 4 – 7. 

The load settlement curve of a pile with a single bulb (N=1) 

is shown in fig. 4. It is noticed that the load-settlement curve 

is improved and modified according to bulb diameter. As the 

bulb diameter increases, the under-reamed pile load capacity 

increases with lesser settlement. It has been found that the 

ultimate bearing load of under-reamed pile with one bulb, 

with a bulb diameter ratio Du/D = 1.5 increased by 1.2 times 

of a pile without bulb, while this ratio is found to be (1.35, 

1.6 and 1.8 times in case of a bulb diameter ratio (Du/D = 2, 

Du/D = 2.25 and Du/D = 2.5) respectively. .It can be seen that 

the existence of such a bulb with a sufficient diameter can 

significantly improve the pile capacity and decrease the 

settlement as confirmed by Fig. 4. However, the effect of 

bulb spacing on load settlement response of under-reamed 

pile with different bulb spacings for two bulbs and a bulb 

diameter ratio Du/D = 2.5 is shown in Fig. 5. When the 

bottom bulb is fixed, it can be seen that with the increase of 

bulb spacing, the ultimate bearing load gradually increases, 

but the increase rate becomes smaller and smaller. The 

results show that the ultimate bearing load of under-reamed 

pile with spacing ratio S/D = 2 increases by 1.5 times of a 

pile without bulb, while this ratio is found to be (1.71, 1.82, 

1.9, 1.99, 2.03, 2.01 and 2.15) times in case of bulb spacings 

ratio (S/D = 3, S/D = 4, S/D = 5, S/D = 6, S/D = 7 and S/D = 

8) respectivly. When the bulb spacing increases from S/D = 2 

to S/D = 3 the ultimate bearing load gradually increases. 

However, as the bulb spacing increases from S/D = 3 to S/D 

= 8, the ultimate bearing load improves slightly. 

In order to study the effect of the bulb number on the pile 

bearing capacity, three types of under-reamed pile are used, 

one bulb, two bulbs and three bulbs. Fig. 6 shows that the 

bulbs number are another effective factor on the load-

settlement response. By increasing the number of bulbs, the 

settlement of the  under-reamed pile  is substantially less than 



Vol. 6, No. 3 - 2022  Journal of Engineering Research (ERJ) 

 

4 

 

that of the pile without bulb. And the bearing load of under-

reamed pile increases more than that of the pile without bulb. 

It has been found that the ultimate bearing load of under-

reamed pile with one bulb, with a bulb diameter ratio Du/D = 

2 increases by 1.28 times of the pile without bulb, while this 

ratio is found to be (1.68 and 2.03) times in case of the bulbs 

number equals (two and three) respectivly. It can be seen that 

the bulbs number can play an important role in improving the 

pile capacity and decreasing the settltment as confirmed by 

Fig. 6. 

To investigate the effect of the bulb location on the 

performance of an under-reamed pile, as shown in Fig. 7, 

seven single bulbs are studied with different locations, 

measured from the pile tip. The change of a single bulb 

location ranges from 2D to 8D (for bulb diameter ratio Du/D 

= 2.5 with a single slope). The analysis shows that the 

bearing load increases or decreases depending on the bulb 

location. When the bulb location is at 8D measured from the 

pile tip, this gives a higher value of the ultimate bearing load  

of under-reamed pile by 1.7 times of the pile without bulb.  

The other bulb locations increase the bearing load by (1.53, 

1.56, 1.52, 1.53 and 1.50) times for (2D, 3D, 4D, 5D and 6D) 

respectively. In the first five bulb locations, the ultimate 

bearing load is reduced and the pile settlement increases, due 

to the fact that the bulb is located at the pile tip. In the bulb 

locations at 7D and 8D, the ultimate bearing load  of under-

reamed pile increases as shown in Fig. 7. 

B. Effect of the bulb diameter 

The load–settlement relationships of the under-reamed 

pile for different bulb diameters ratio (Du/D = 1.5, Du/D = 2, 

Du/D = 2.25, and Du/D = 2.5) in Fig. 4. 

 

Fig. 4. The load-settlement relationship for different bulb diameter. 

 

Fig. 5. The load-settlement relationship for different bulb spacing. 

 
Fig. 6. The load-settlement relationship for different number of bulbs. 

 

 

Fig. 7. The load-settlement relationship for different bulb location. 

 

Fig. 8. Effect of the bulb diameter and number of bulbs on bearing load. 

When comparing under-reamed pile with pile without 

bulb (PWB), the results show that by increasing the bulb 

diameter, the bearing load increased directly compared with 

pile without bulb (PWB), for example for (N=3, S/D=8), the 

bearing load increased by 46.79%, 103.25%, 140.90% and 

165.50%, respectively for (Du/D = 1.5, Du/D = 2, Du/D = 

2.25, and Du/D = 2.5). 

From Fig. 8, the numerical analysis shows that in case the 

bulb diameter increases, the bearing load increases for one 

bulb, two bulbs, and three bulbs compared with the piles 

without bulbs. 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. However, by increasing the bulb 

diameter, the bearing load increases. The bearing capacity of 
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under-reamed pile is significantly affected by the bulb 

diameter ratio Du/D = 2.5 as shown in Fig. 8, an observation 

which supports the Indian Standard specifications to the bulb 

diameter in a range of (Du/D = 2 to 2.5).  

To achieve the purpose of increasing the bulb diameter, 

the bulb shaft must be done properly in construction because 

the soil, in this case, may be unstable, and it is possible that a 

failure occurs in the shaft of the bulb, with the aim of saving 

more concrete quantity, more time, and cost for construction.  

C. Effect of the bulb spacing 

To investigate the effect of bulb spacing on the under-

reamed pile, seven different bulb spacings were used; the 

first bottom bulb is fixed with a bucket length 1m from the 

pile tip. The load–settlement relationships of the under-

reamed pile for different bulb spacing for bulb diameter ratio 

Du/D = 2.5D are shown in Fig. 5. The results show that in 

case the bulbs number N=2 and spacing ratio became S/D = 

8, the bearing load increased by 27.20%, 68.17%, 91.08%, 

114.61%, respectively for (Du/D = 1.5, Du/D = 2, Du/D = 

2.25, and Du/D = 2.5), compared with pile without bulb 

(PWB).  

 

Fig. 9. Relation between bulb spacing and the bearing load. 
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Fig. 10. Effect of the number of bulbs on bearing load. 

From Fig. 9, the bearing load of the pile increased 

gradually with increasing the bulb spacing ratio from S/D=2 

until reached S/D=6 for different bulbs, but when spacing 

ratio between bulbs became S/D=7 and S/D=8, the increase 

or decrease in the bearing load depended on the bulb 

diameter as shown in Fig. 9. 

Through the previous analysis, it can be noticed that 

when spacing between bulbs becomes small, the bearing load 

increases due to the soil-to-soil cohesion (rather than 

adhesion on pile surface) along the cylindrical surface 

formed between the bulbs. As the spacing between the bulbs 

increases, the cylindrical actions stop to mobilize, then each 

bulb works individually, and extra bearing below the bulb 

starts mobilizing. 

 

D. Effect of Number of bulbs 

To study the effect of the bulbs number on the pile 

bearing load, the multi-under-reamed pile consisted of one 

bulb, two bulbs, and three bulbs. The bearing load increased 

by increasing the bulbs number, consequently the bulbs 

number play an important role in increasing the pile capacity, 

this is due to more projected bearing area add to the pile. 

However, the bearing load increases as shown in load–

settlement relationship Fig.6 for bulb diameter ratio Du/D = 2 

and bulb spacing ratio S/D=8. The bearing load increased for 

one bulb by 28.52% compared with the pile without bulbs, 

for two bulbs, the bearing load increased by 68.17%, and for 

three bulbs, the bearing load increased by 103.25%. Fig. 10 

shows the effect of bulb diameter and number of bulbs on the 

bearing load for bulb spacing ratio S/D=8. 

E. Influence of Bulb location 

To investigate the effect of the bulb location on the 

performance of an under-reamed pile, seven single bulbs are 

studied with different locations, measured from the pile tip. 

The range of changing a single bulb location from 2D to 8D 

(for bulb diameter with a single slope as shown in Fig. 3). 

The analysis shows that the bearing load increased or 

decreased depending on the bulb location. When the bulb 

location became more than 3D, the bearing load did not reach 

the proposed settlement according to Indian standards 

because failure took place as shown in Fig.7, because the 

tensile stress is developed at the soil of the top of the bulb, 

and the side friction of pile has lost in this region. In order to 

fully exert the action of the bulb and side friction resistance 

of pile, the location of the bulb should locate near the top of 

pile as shown in Fig. 11. The bearing load increased by 1.7 

times compared with the pile without bulb for bulb location 

at 8D measured from pile tip. Fig. 11 illustrates the effect of 

bulb location on the bearing load. 

 

Fig. 11 Effect of bulb location on the bearing load. 
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F. Failure mechanisms of under-reamed piles 

The failure mechanisms of under-reamed piles have 

drawn considerable attention in the analysis and design of 

pile foundations. The two failure mechanisms of under-

reamed piles are individual bulb failure mechanisms and 

cylindrical shear failure mechanisms. Fig. 13 indicates the 

effect of bulb spacing on soil failure and deformation 

contours around the pile. When the spacing between bulbs 

became small, the deformation contour around the bulbs 

connected with each other.  In this case, bulbs worked 

together, which confirmed the experimental study of Wei [6] 

Fig. 13-a. While with large bulb spacing, the deformation 

contours separated for each bulb and each bulb worked 

individually, which confirmed the experimental study of 

Yongmei et al (2014) Fig. 13-b. 

 
(a) 

 
(b) 

Fig. 12. Failure of soil under the bulbs due to compression load, (a) 

study of Wei et al (2016), (b) study of Yongmei et al (2014). 

 

5- CONCLUSIONS 

The effects of bulb diameter, number, spacing, and 

position on the pile bearing load of the under-reamed pile 

were investigated numerically by PLAXIS 3D. 

1. The bulb diameter has a great effect on the bearing load 

of the under-reamed pile, by increasing the bulb 

diameter, the bearing load increased directly. With 

increasing the bulb diameter ratio to DU/D = 2.5, the 

bearing load increases by 50.31 % for an under-reamed 

pile with a single bulb compared with a pile without a 

bulb (PWB). 

2. The bearing load of the pile increases gradually with 

increasing the bulb spacing ratio from S/D = 2 until 

reached S/D = 6 for different bulbs, but when spacing 

ratio between bulbs becomes S/D = 7 and S/D = 8, the 

increase or decrease in the bearing load depends on bulb 

diameter. 

3. The studied effects of the bulbs number on the bearing 

load for bulb diameter ratio DU/D = 2 and bulb spacing 

ratio S/D = 8 show that, on using one bulb, the bearing 

load increases by 28.52% compared with the pile 

without bulb (PWB). With increasing the bulbs number 

to two bulbs, the bearing load increases by 68.17%. 

With increasing the bulbs number to three bulbs, the 

bearing load increases by 103.25%. 

4. The analysis shows that the bearing load increases or 

decreases depending on the bulb location. When the 

bulb location becomes more than 3D, the bearing load 

does not reach the proposed settlement according to 

Indian standards because a failure takes place. 

 
(a) 2D 

 
(b) 4D 
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(c) 6D 

 
(d) 8D 

Fig. 14. Soil deformation contours around the piles with different bulb 

spacing. 
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