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Abstract. The transmission of torsional load from the bridge abutment to the pile foundation has a great 
influence on the behavior of piles The situation is worsened by the combined loading on the outriggers, 
such as torsion, vertical, and lateral loads. This study focuses on the importance of distributing the piles 
under bridge abutment subjected to torsion loads in addition to vertical loads, where a suitable distribution 
is found to provide better behavior of the piles. Four groups of piles were taken under the bridge abutment, 
each containing six piles with different distributions. Torsional and vertical loads were applied to the bridge 
abutment to ensure the transfer of loads with a realistic effect. ABAQUS software was used for the 
simulation after the experimental work. The results of different pile distributions were very from the design 
point of view, as it was found that the distribution of the piles under the bridge abutment must be in a multi-
line shape (rectangular distribution of the piles), because it forms a rigid mass with the surrounding soil, 
which is able to withstand torsional loads. In addition, it is preferable to avoid using single-distributed piles, 
since their response is very high and the failure occurs faster than in other groups. 

Citation: Hasan, A.Q. Optimal distribution of piles under a concrete bridge abutment subject to vertical and 
torsion loads. Magazine of Civil Engineering. 2025. 18(3). Article no. 13501. DOI: 10.34910/MCE.135.1 

1. Introduction 

Numerous studies have investigated group piles under lateral, vertical, torsion, and combined loading 
conditions in recent years [1–6]. 

In [7], a model consisting of pile groups was used represented by a flexible beam-column elements 
with soil represented by an elastic linear spring to study the torsion behavior that occurred in the pile heads 
as a result of applying simultaneously horizontal and torsion loads on the group of piles. The study proved 
that uneven shear force distribution is important in pile design. 

In [8], an analytical method to study the behavior of the pile group was developed, by coupling 
torsional resistances with lateral force. The approach involved analyzing piles under multidirectional lateral 
loads to compute induced torsion, followed by evaluation of horizontal load effects, ultimately combining 
these interactions for both single piles and pile groups consisting of 2×2 and 3×3 piles. This research 
provided key insights into torsion angles under random horizontal loading and the influence of pile spacing 
on torsional stiffness. 

In [9], a finite element model was used to study the nonlinear behavior of groups of piles subjected 
to torsion loads. Groups of 1×2, 2×2, and 3×3 piles embedded in sandy soil were subjected to buckling and 
bending. The study assumed linear pile behavior and non-linear soil response. The results showed that the 
torsional strength increased with the increase in the pile size, spacing, length, and the soil stiffness, while 
the pile cap contributed 7 % of the total head resistance. 
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The present study analyzes the behavior of concrete bridge abutment subjected to vertical and 
torsion loads transmitted to the concrete piles. The change in the distribution of the piles under the bridge 
abutment will be studied to identify optimal configuration for the best structural behavior. 

2. Methods 

2.1. Problem 

Bridge abutments are important structural elements that bear the loads from the bridge deck. They 
are subjected to vertical, lateral, and torsion loads that are transmitted directly to the piles through the pile 
cap. A bridge abutment (Fig. 1) located on the Khawr az-Zubayr Waterway in Basra governorate was 
analyzed, and the static and dynamic loads from the bridge deck were calculated and transferred directly 
to the abutment. A hypothetical dynamic torsion load was applied to the bridge abutment to simulate 
torsional loads on the abutment. 

 

Figure 1. Bridge abutment dimensions. 

For the pile distribution (Fig. 2), four groups were considered, each containing six piles with the same 
diameter of 80 cm and length of 20 m, but with different configurations: 

• the first group was arranged with one line; 

• the second was arranged with two lines; 

• the third had a random distribution; 

• the fourth had a circular distribution. 

All the piles were connected with a pile cap, whose dimensions depended on the distribution of piles. 

Soil is another critical factor influencing the behavior of the piles. The site soil was characterized as 
sandy clay soil, and the piles were submerged in it. 

 

Figure 2. Pile distribution in groups under bridge abutment. 
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2.2. Modeling of the Problem 

ABAQUS software was used for the simulation after the experimental work. 

Element selection 

Reinforced concrete abutments and piles were represented by a 20-node quadratic brick element 
C3D20, which is a three-dimensional non-linear element consisting of 20 nodes. While the soil was 
represented by a 20-node quadratic brick porous element C3D20P to accurately model soil plasticity and 
consolidation under loading. Reinforced bars were represented by a three-dimensional elastic beam 
element B32 consisting of three nodes, assumed to be embedded in the concrete. Fig. 3 shows the 
modeling in the ABACUS software of the problem for four case studies, including bridge abutments and 
soil [10–13]. 

 

Figure 3. Finite element modeling of abutments and soil for all the four case studies. 

Material properties 

The material behavior reflects the actual distortions that occur in the material. For example, the 
Concrete Damage Plasticity (CDP) model was used to represent the concrete behavior (bridge abutment 
and piles), while the Mohr–Coulomb model was used to represent soil plasticity and deformations (Table 1). 
The plastic material was used for the steel with a yield strength of 420 MPa, zero plastic strain, an elastic 
modulus of 210 GPa and Poisson’s ratio of 0.3 [14–16]. 

Table 1. Material Properties [15]. 

Concrete 

Dilation angle Eccentricity fb0/fc0 ratio Stress invariant ratio k Viscosity parameter μ 

35 0.1 1.16 0.667 0 

Elastic modulus, GPa 23.5 Poisson’s ratio 0.2 

Density, kg/m3 2400   

Soil 

Elastic modulus, GPa 14 Poisson’s ratio 0.4 

Density, kg/m3 1600   

Cohesion 30 Friction angle, degrees 40 
 

Boundary conditions 

A surface-to-surface interaction was defined between piles and soil, a penalty friction coefficient was 
adopted equal to 0.36, and all reinforced steel was represented by an embedded element in the concrete. 
As for the soil boundaries, it was fully fixed at the bottom, and pinned at the sides according to the 
movement direction. The distance from the pile cap to the soil edge was approximately 8 times the pile 
width [17, 20]. 

Loading and analysis 

Vertical loads were calculated from the dead loads (bridge self-weight and additional permanent 
loads) and live loads (vehicle traffic). Torsion load was simulated using two equal and opposite forces. A 
dynamic analysis was performed to obtain realistic structural responses [21-24]. 
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Verification in the ABAQUS software 

The validation, based on [25], involved a 2×2 pile group embedded in loose sandy soil (Fig. 4). The 
piles consisted of aluminum tubes (diameter = 15.74 mm, thickness = 0.9 mm, length = 300 mm), with a 
30 mm-thick aluminum alloy pile cap. ABAQUS simulation results for horizontal displacement vs. shear 
force (Fig. 5) and torque vs. twist angle (Fig. 6) at the pile head showed good agreement with experimental 
data [25] 

 

Figure 4. Pile group details for experimental work [20]. 

 

Figure 5. Shear force vs. displacement for experiment and analysis verification. 

 

Figure 6. Torque vs. twist angle for experiment and analysis verification. 
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3. Results and Discussion 

3.1. Load – vertical displacement 

Fig. 7 shows the relationship between the load and the vertical displacement in the pile cap for the 
four groups. It can be observed that Group 1 exhibited the highest response, while Group 2 showed the 
lowest response. This is due to the distribution pattern of the piles. Despite having equal surface areas, 
Group 1 showed higher stiffness along the long side of the cap compared to the other groups, which makes 
the greater response. Groups 3 and 4 were characterized by a large surface area but demonstrated lower 
stiffness compared to Group 1. When changing the distribution of the piles from Group 1 to the other groups, 
the load capacity was reduced by 60, 27, and 22 %, respectively. 

 

Figure 7. Load–vertical displacement for all the four pile groups. 

3.2. Torsion vs. twist angle 

Although Group 1 exhibits strong stiffness in the longitudinal direction, which gave the highest 
endurance of the forces, it showed the lowest results for torsion vs. twist angle due to the weakness in the 
transverse direction. The other groups, especially Group 3, demonstrated excellent endurance because of 
the high stiffness in the longitudinal and transverse directions, with the amount of torsion increased by 
66 %. And Group 4 demonstrated a 15 % increase in torsional capacity. Group 2 exhibited excellent 
torsional behavior with high stiffness but with an increase in the moments, the twist angle became minimal, 
due to the near equal stiffness in both directions. Fig. 8 show the torsion and Twist angle relation for the 
groups.  

 

 

Figure 8. Torsion vs. twist angle for all the four pile groups. 
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3.3. Displacement along pile length 

Fig. 9 shows the lateral displacement along the piles. The displacement distribution depends on the 
location of the pile and the amount of lateral load applied to it. In Group 1, displacements at the pile head 
ranged from 25 mm in the outriggers far from the load (P1) to 150 mm in the piles close to the load (P2), 
representing the highest lateral displacements. Group 2 had the lowest lateral displacement of 30 mm for 
almost all the piles due to the proximity of the piles to each other, making it work as a single block. The 
load was applied almost equally on all the piles. In Group 3, the displacement distribution varied in the pile 
head: some of the nearby piles (in the middle, P3) had high displacement of 75 mm, while the other (P4) – 
70 mm, and the side piles ranged between 45 and 60 mm due to the position of the load. In Group 4, the 
results of the displacements in the pile head varied from 40 to 50 mm due to the distribution of the piles 
symmetrically and closely under the load. The ratio of the pile fixed depth varied from 15 to 17 m due to the 
torsion occurring in the groups. 

 

 

Figure 9. Lateral displacement along pile length for all the four pile groups. 

3.4. Twist angle along pile length 

Group 2 also had the lowest response in case of the deflection angle (Fig. 10) due to the proximity 
location of the piles to each other, where the maximum twist angle was 1.3°, significantly smaller than the 
other groups. Group 4 had similarly small twist angle of 2.1° due to the distribution of the piles close to each 
other. Groups 1 and 3 had almost the same maximum twist angle of 2.5°, because the bridge abutment is 
directly supported by these piles. All the twist angles disappear (become zero) at a depth of 14 m, and this 
is a good indicator that corresponds to the fixed pile depth. 
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Figure 10. Twist angle along pile length for all the four pile groups. 

3.5. Shear force along pile length 

Shear forces distributed on the pile head are very important, with lower shear forces indicating 
greater stability. Fig. 11 shows the distribution of piles for the four pile groups. Group 2 had the lowest shear 
forces (600 kN) on the pile head among the other groups, while Group 1 had the highest shear forces 
(1900 kN). Groups 1 and 3 differed in the distribution of shear forces on the pile head, but Groups 2 and 4 
had almost equal shear forces at the pile head, because the distribution of the piles was close to each other 
and the distribution of loads was equal. The inflection point of the shear forces (Fig. 11) at a depth of 1 m 
was the result of the strong resistance of the soil to the applied loads. The forces reduced to zero at a depth 
of 7.5 m, indicating that all force was transferred from piles to the soil. 
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Figure 11. Shear force along pile length for all the four pile groups. 

3.6. Bending moment along pile length 

Fig. 12 shows the distribution of bending moment along the pile length for the four pile groups. Group 
2 was less responsive than the other groups. Groups 2 and 4 had the same distribution of bending moment 
along the pile length with minor differences in value, while in Group 3, the corner piles (P1, P6) had the 
highest bending moment values due to its distance from the center of the applied torsion. In Group 1, the 
distribution of bending moment was successive between the piles, with piles P1, P3, and P5 showing 
smaller values compared to the piles P2, P4, and P6. The fixed moment depth occurred at 12 m from the 
soil level, the zero value indicating the transfer of all moments from the pile to the soil. 
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Figure 12. Bending moment along pile length for all the four pile groups. 

4. Conclusion 

From the results and discussion above, some important factors that are useful when designing deep 
foundations (piles) can be deduced, which are as follows: 

1. The distribution of piles under bridge abutments is very important and needs to be considered in 
foundation design. 

2. Distributing piles in multiple closely spaced lines (rectangular or square arrangement) is much more 
effective than a random pile distribution. 

3. The ABAQUS analysis produced results very close to experimental data, confirming its reliability 
for solving torsion-related problems. 

4. Group 1 (single-line piles) exhibited high displacement due to weak stiffness in the short direction, 
where the load concentrated on only two middle piles. 

5. The higher load in Group 1 resulted from its 9.6 m pile cap length, followed by Group 3 (6.4 m), 
Group 4 (5 m), while Group 2 showed minimal load and displacement. 

6. Group 1 had the poorest torsion-twist angle response due to low stiffness, whereas Group 2 showed 
marginally better performance. 

7. Displacement along the pile length was lowest in Group 2, followed by Group 4, Group 3, and finally 
Group 1 with the highest response. 

8. Group 2’s minimal twist angle resulted from closely spaced piles acting as a rigid mass; Group 4 
performed similarly, while other groups suffered from suboptimal pile arrangements. 

9. The fixed pile depth occurred at 14–17 m for both lateral displacement and twist angle, with 
variations attributable to pile distribution and soil conditions. 

10. Shear forces peaked in Group 1 due to load concentration on central piles, while Group 2’s uniform 
force distribution yielded the lowest values. Group 4’s results were comparable to Group 2. 
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11. Bending moments were highest in distant piles and lowest in proximate ones. Group 2 showed 
minimal moment response, contrasting with Group 3’s higher values for the aforementioned reason. 

12. Complete shear force transfer occurred at 7.5 m depth, and bending moments fully transferred at 
12 m for all groups, owing to surrounding soil stiffness. 

13. The shear force inflection point at 1 m depth for all piles reflected the soil’s high load resistance. 

14. Fixity moment depth and fixed pile length remained constant regardless of pile group distribution. 

15. For this study, Group 2 (rectangular distribution) is recommended due to its low response, as 
closely spaced piles and soil formed a rigid mass resisting torsional loads. Group 4 (circular 
distribution) is a viable alternative given its similar performance. 
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