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Under-reamed pile, due to their protrusions along the cross-section, exhibit higher bearing
capacity compared to conventional piles and are considered an efficient solution for
foundation construction on weak soils, particularly clayey soils. This study investigates the
influence of geotechnical parameters, including internal friction angle, cohesion, and clay
compaction, on the compressive bearing capacity of aUnder-reamed pile using PLAXIS 3D
finite element software. For this purpose, a concrete piled raft with a length of 10 m and a
diameter of 0.7 m was modeled in four different soil types (loose clay, semi-dense clay,
dense clay, and alluvial soil of Isfahan). The effects of varying cohesion (30-90 kPa) and
internal friction angle (15-45°) were analyzed separately. Results indicate that an increase
in clay density significantly enhances the bearing capacity of the Under-reamed pile, such
that the bearing capacity in dense clay is more than six times that in loose clay.
Additionally, increasing cohesion from 30 to 90 kPa leads to an approximate 62% increase
in bearing capacity, while increasing the internal friction angle from 15° to 45° results in
about a 59% increase. Validation of the numerical results against previous studies shows
excellent agreement. Overall, among the parameters investigated, soil type has the most
pronounced effect, whereas internal friction angle has the least influence on the bearing
capacity of Under-reamed pile.
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Introduction
Under-reamed piles, also known as belled piles, are cast-in-situ concrete piles with one or

more enlarged bulbous sections along their length. These protrusions provide significantly
higher bearing capacity compared to conventional uniform-section piles, making them an
efficient foundation solution for weak soils, particularly clayey soils [1, 2]. The enlarged
bulbs act as anchors against tensile forces and increase both the end-bearing and skin friction
resistance under compressive loads [3,4].

Despite their advantages, the influence of geotechnical parameters—specifically internal
friction angle, cohesion, and soil compaction—on the compressive bearing capacity of
under-reamed piles in clay soils has not been comprehensively investigated. Previous studies
have largely focused on granular soils (sands) or on the tensile (uplift) capacity of these piles
[5,6]. Moreover, most existing research has examined the effect of each parameter
separately, with limited attention to the combined influence of soil type, cohesion, and
friction angle on compressive behavior [7,8].

The present study aims to fill this gap by systematically investigating the individual and
combined effects of three key geotechnical parameters—clay compaction (density),
cohesion (C), and internal friction angle (¢)—on the compressive bearing capacity of a
single under-reamed pile. This research provides empirical relationships for preliminary
estimation of bearing capacity in clayey soils.

Method
A three-dimensional numerical model was developed using the finite element software

PLAXIS 3D. The model consisted of a single concrete under-reamed pile with a length of 10
m and a shaft diameter of 0.7 m. The bulb diameter was set at 2.5 times the shaft diameter,
and the bulb was located 1 m above the pile tip, following standard design recommendations
[9].

Soil Models: Four different soil types were modeled to represent a wide range of clay
conditions:

‘Loose clay (C =17 kPa, ¢ = 18°, Em = 15,000 kPa)

-Semi-dense clay (C =45 kPa, ¢ = 25°, Em = 35,000 kPa)

-Isfahan alluvial soil (C =50 kPa, ¢ = 35°, Em = 65,000 kPa)

‘Dense clay (C =95 kPa, ¢ = 32°, Em = 75,000 kPa)

The soil was modeled using the elastic-perfectly plastic Mohr-Coulomb constitutive model.
A fixed interface factor (Rinter = 0.7) was applied at the pile-soil interface to simulate
friction along the pile shaft. Model boundaries were set at 15 m x 15 m in plan and 20 m in
depth based on a sensitivity analysis ensuring boundary effects remained below 3%.
Parametric Study: In addition to varying soil type, the study independently varied cohesion
(30, 50, 70, and 90 kPa) while keeping other parameters constant, and internal friction angle
(15°, 25°, 35°, and 45°) with other parameters held constant. The ultimate bearing capacity
(Q_u) was determined as the load corresponding to a pile head settlement of 25 mm [5].
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Validation: The numerical model was validated against the results of Mardani et al. (2021)
[10] for a 6 m long under-reamed pile in clay, showing excellent agreement in the load-
settlement curve up to a settlement of 50 mm.

Results
Effect of Soil Compaction (Soil Type)
Load-settlement curves for the four soil types showed that bearing capacity increased
dramatically with soil density. The ultimate bearing capacities were:

‘Loose clay: 925 kN

-Semi-dense clay: 2,518 kN

-Isfahan soil: 4,018 kN

‘Dense clay: 5,722 kN

This represents an increase of over 519% (more than 6 times) from loose to dense clay. A
linear relationship was found: Q u= 1589 1 ¢ + 677, where I c is the compaction index (R?
=0.987).
Effect of Cohesion (C)
Increasing cohesion from 30 to 90 kPa resulted in a bearing capacity increase from 3,289 to
5,334 kN—an increase of approximately 62%. The relationship was linear: Q u=34.08 C +
2262 (R*=0.999). The rate of increase, however, showed a declining trend: 729 kN (30—50
kPa), 692 kN (50—70 kPa), and 624 kN (70—90 kPa), indicating diminishing returns from
cohesion at higher values.
Effect of Internal Friction Angle (¢)
Increasing the internal friction angle from 15° to 45° raised bearing capacity from 2,902 to
4,605 kN—an increase of approximately 59%. The linear relationship was Q u=37.87 ¢ +
2323 (R? = 0.996). Similar to cohesion, the incremental rate of increase declined at higher
friction angles, with 572 kN (15—25°), 544 kN (25—35°), and 487 kN (35—45°).
Comparative Influence
Among the three parameters, soil compaction had the most pronounced effect, followed by
cohesion, with internal friction angle having the smallest influence. The regression
coefficients (slopes) confirmed this ranking: I ¢ (1589) > C (34.08) > ¢ (37.87). All
empirical equations showed high coefficients of determination (R? > 0.987), demonstrating
excellent fit.

Conclusions

1. Compaction Effect: Increasing clay density from loose to dense increases the bearing
capacity of under-reamed piles by over 6 times (519%), making soil type the most critical
design parameter.

2. Cohesion Effect: A 60 kPa increase in cohesion (30 to 90 kPa) enhances bearing capacity
by approximately 62%, though the benefit diminishes at higher cohesion levels.

3. Friction Angle Effect: A 30° increase in internal friction angle (15° to 45°) raises bearing
capacity by approximately 59%, with similarly diminishing returns.

4. Ranking of Influence: Soil compaction > Cohesion > Internal friction angle. Under-
reamed piles are highly sensitive to geotechnical conditions; changes in any parameter can
significantly affect ultimate bearing capacity.
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5. Empirical Relationships: The derived linear relationships (with R? > 0.987) provide
practical preliminary estimates for engineers designing under-reamed piles in clayey soils
within the studied parameter ranges.

6. Limitations: The empirical equations are based on simplifying assumptions, including
homogeneous and isotropic soil conditions, decoupled single-parameter analysis, and
neglect of simultaneous parameter interactions. Results should be interpreted cautiously and
used for preliminary estimation only.

Recommendations for Future Research: Investigation of the effects of bulb number and
spacing, tensile loading, pile group behavior, and groundwater table on under-reamed pile
performance in clayey soils using numerical methods is recommended.
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