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Abstract 

In light of the global development of construction, particularly tall buildings and sky‑
scrapers, researchers have spent years studying and developing types of founda‑
tions that are suitable in terms of endurance in heavily loaded and economic terms, 
particularly in weak soils under dynamic loading. In the event of high‑rise buildings 
or weak soil media, the piled‑raft foundation system is considered an efficient system 
that fits the design criteria. Several factors influence the performance of the piled‑raft 
foundation system, among pile length, which was taken into account in the numeri‑
cal study using the Plaxis 3D program. Four pile length scenarios are explored using 
28 piles in a pattern 4 × 7 group with a rectangular raft of 10 × 20 and 1.5 m thickness. 
The central piles 3 × 2 are all the same length of 12 m or 20 m, but the others vary 
to 10 m, 8 m, and 6 m. In addition to the El‑Centro seismic loading, a uniform static 
load of 300 kN/m2 was applied to the weak C‑ φ soil. The results reveal that the length 
of the asymmetric pile has a substantial effect on the behavior of the piled raft 
foundation. The symmetry pile’s length has greater static and dynamic load sharing 
than the asymmetry pile’s length. Static load sharing is greater than dynamic load shar‑
ing in all models, with static sharing values of 73.2% for the uniform pile’s length group 
L12 + 12 and 68.82%, 63.33%, and 55.96% for the asymmetry groups L12 + 10, L12 + 8, 
and L12 + 6, respectively. With decreasing external pile length, the dynamic load shar‑
ing values under 0.1 g intensity are 72.3%, 67.4%, 60.6%, and 55.2%, respectively. When 
the seismic intensity increases to 0.2 g, these values decrease by around 3%, and so on 
for 0.3 g. Vertical settlement increases as the exterior pile length decreases and the seis‑
mic energy increases. The maximum settlement values for L12 + 12, L12 + 10, L12 + 8, 
and L12 + 6 at 0.3 g seismic intensity are 137.9, 158.1, 169.7, and 171 mm, respectively. 
The differential settlement caused by seismic load is greater in the case of the asym‑
metry pile length group (L12 + 10). The differential settling increases with increasing 
seismic intensity in all models. The maximum lateral displacement increases as seis‑
mic intensity increases, whereas the length of the pile has no impact on the lateral 
displacement. When compared to a 12‑m pile length, a 20‑m pile will have a larger 
load sharing and less settlement, but exhibit a similar trend. The external pile’s length 
has a slight effect on the factor of safety where the reduction under the seismic load 
by about 18% for the both symmetry and asymmetry cases respectively in comparison 
to static case.
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Introduction
Because of the increase in population and a shortage of land in cities, the trend is 
to construct high-rise buildings, which must be thoroughly investigated due to the 
heavy loads, particularly in the presence of earthquakes. As a result, the adoption of 
the piled-raft foundation system is essential in decreasing settlement and improving 
bearing capacity [1]. The system behaves as a combined system in which the load is 
shared between the piles and the raft via raft bearing, pile bearing, and pile side fric-
tion, which results in the load-sharing ratio between the raft and the piles [2]. Davis 
and Poulos [3] conducted the first studies that proposed an approach to examine the 
behavior of piled raft foundation systems, and many other researchers developed the 
system [4, 5]. The majority of previous studies took a static load into account. Garg 
et  al. [6] used PLAXIS 3D to determine the most optimal values of the pile length/
pile diameter ratio (Lp/dp). It was found that increasing the Lp/dp ratio enhanced the 
total settlement of the piled raft foundation system due to an increase in the shear 
resistance for side friction of the piles; nevertheless, the ratio should not exceed 30 
to be more economical. Cheang et  al. [7] found through the finite element method 
that the load carried by piles changes with the number of piles and the load type 
applied. Depending on the piled raft mechanism, the piles can support 70–80% of the 
total applied load on the foundation. In the dynamic case, Bagheri et al. [8] used the 
ABAQUS program to investigate the effect of earthquakes on high-rise buildings. The 
number of stories and the length of piles analyzed were the two primary variables. 
The shear force was found to be greater in the 28-m pile length than in the 10-m pile 
length due to more contact area with the soil around the longer piles, which causes 
more absorption of shear stress. However, the lateral displacement in asymmetry pile 
lengths of 10 m and 28 m is lesser than in symmetry pile lengths of 10 m, but greater 
than in symmetry lengths of 28  m. The lateral displacement increases as the num-
ber of stories increases, but in the same manner as the pile’s length effect does. The 
global study of dynamic load sharing with varied configurations of length and number 
of piles found that the thickness of the raft has no effect on the dynamic axial and 
lateral load sharing value. However, increasing the raft thickness up to 1 m reduces 
vertical and lateral displacement, after which the raft thickness has no effect [2]. The 
frequency of the superstructure has little effect on vertical and horizontal load shar-
ing, although it begins to increase as the number of piles increases. Furthermore, 
there were some peaks in vertical and lateral displacement with some frequencies as 
a result of the dynamic site’s frequency being closed with the structure’s frequency. 
Ibrahim et al. [9] found that the length of piles had more impact on decreasing ver-
tical and lateral displacement under dynamic loads than the diameter. The bending 
moment in the square raft was generally the same with varying pile lengths, while in 
the rectangle raft, the bending moment reduced with increased pile length, especially 
when the shorter dimension of the raft was subjected to seismic. The dynamic vertical 
load carried by piles increases as the diameter of the pile increases, but pile position 
also has an effect. Chang et al. [10] showed that the smaller the diameter, the less the 
foundation displacement, but the relative displacement between the foundation and 
the soil had a considerable value. The small pile’s length, on the other hand, exhibited 
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the opposite behavior of the diameter. The dynamic load carried by opposite seismic 
edge piles was greater than that carried by other edge piles, central and corner piles 
[8, 10]. Increased pile length resulted in improved foundation performance with fewer 
piles under the raft [11, 12]. The shear strain in the surrounding soil mass has been 
formed by the laterally loaded barrette. Plaxis 3D was utilized by Akl et  al. [13] to 
evaluate the performance of barrettes in a single raw or group action (3 × 4). The find-
ings show that the barrette shape or stiffness, soil density, and lateral load levels have 
minor effects on the amount of the shear strain that forms in the wedge of soil around 
the barrette itself. However, the strain value increases as the lateral load increases.

The soil most seriously impacted by the earthquake is soft clay. Soft soil produces a 
stronger bending moment along the piles and raft settlement than other soil types [5]. 
Few studies on the asymmetrical pile length for piled raft foundation system under 
dynamic load were discovered in the review literature. As a result, the influence of 
earthquakes on the piled raft foundation system has been investigated in this work 
using the PLAXIS 3D finite element method for load sharing, vertical, differential, 
and lateral displacements.

Methods
Numerical model

The PLAXIS 3D program was used to perform three-dimensional finite element anal-
ysis based on the direct technique to simulate the system’s model for soil-piles-raft 
interaction (SPRI). The domain of the chosen model is based on the criteria provided 
by Rayhani and El Naggar [14] to avoid overlapping stresses if the model is too small 
or wasting time if the model is too large. As illustrated in Fig. 1, the domain dimen-
sions are 110 × 220 × 30 m. The soil is represented by a 10-node tetrahedron element, 
the interface by a 12-node element, the raft by a 6-node plate element, and the pile by 
a 3-node beam element. To avoid the earthquake from being reflected on the model, 
the boundary requirements for the seismic case are a free field on four vertical sides 
and a compliant base on four horizontal base sides.

Soil strata

The soil used in this study is C-φ soil, which is representative of a local site’s soil type, 
and its parameters are shown in Table 1. The soil profile representing the local site is 
illustrated in Fig. 2, and the groundwater level was determined as shown in the soil 
profile. Accordingly, it was simulated at the lower base of the model (30 m depth).

The soil behavior is represented by a hardening with a small strain stiffness model 
(HSS model). Some properties were proposed based on the collected data of proper-
ties of clay soil of the local area such as saturated and unsaturated unit weight, secant 
stiffness, and shear strength parameters, while other values of tangent stiffness, 
unloading/loading stiffness, power stress level, angle of dilatancy, Shear modulus 
 (Go and  Gs) were calculated from a mathematical relationship based on the pro-
posed properties. The shear wave velocity was estimated based on the classification of 
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Fig. 1 Mesh and the geometry of the model

Table 1 Engineering properties of soil

Parameter Symbol Unit C- φ soil

Material model Model ‑‑‑ HS

Type ‑‑‑ ‑‑‑ Drained

Unsaturated unit weight γunsat kN/m3 16

Saturated unit weight γsat kN/m3 16

Secant stiffness in standard drained triaxial test E50 ref kN/m2 18000

Tangent stiffness for primary odometer loading Eoed kN/m2 18000

Unloading/reloading stiffness Eur 
ref kN/m2 54000

Power for a stress‑level dependency of stiffness m ‑‑‑ 1

Effective cohesion Cref kN/m2 10

Effective angle of internal friction φ ′ degree 22

Angle of dilatancy ψ degree 0

Shear strain at which  Gs = 0.722Go γ0.7 ‑‑‑ 2.073E‑4

Shear modulus at very small strain G0 ref kN/m2 78.939E3

Poisson’s ratio for unloading reloading vur 
′ ‑‑‑ 0.3

Shear wave velocity VS m/s 220

Damping ratio ζ % 3

Interface factor Rint ‑‑‑ 0.75
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Sulistiawan et al. [15]. The damping ratio is determined from the damping coefficients 
α and β, which are 0.5183 and 0.001302, respectively.

Structural element properties

The structural concrete elements are rafts and piles, and the building has an equivalent 
weight of 300 kN/m2. The raft is composed of concrete 10 × 20 with a thickness of 1.5 m, 
and the piles have a number and diameter of 28 and 0.7 m, respectively, with a variable 
length (L). The raft and pile properties are given in Table 2, and the pile variables are 
listed in Table 3.

Fig. 2 Soil profile and groundwater location
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Earthquake motion

This study utilizes the data of the El-Centro 1940 earthquake, as displayed in Fig.  3. 
According to Fourier spectrum curve data, the dominating frequency is 1.5–4 Hz, and 
the peak ground acceleration is 0.349 g. The effect of an earthquake was simulated at a 
depth of 30 m using a prescribed displacement surface with a horizontal X-axis.

Table 2 Raft and piles properties

Parameter Symbol Unit Raft Piles

Type ‑‑‑ ‑‑‑ Elastic Elastic

Thickness of raft D m 1.5 ‑‑‑

Unit weight γ kN/m3 24 24

Stiffness E kN/m2 25.0E6 25.0E6

Poison’s ratio V ‑‑‑ 0.15 0.15

Pile’s diameter D m ‑‑‑ 0.7

Axial skin resistance Tmax kN/m ‑‑‑ Layer dependent

Base resistance Fmax kN ‑‑‑ L = 12 m 273 kN

L = 10 m 272.4 kN

L = 8 m 271 kN

L = 6 m 269.6 kN

Damping ratio ζ % 5 5

Table 3 Pile’s length variables

Case No Pile length symbol Length of central six piles (m) Length of 
other piles 
(m)

1 L12 + 12 12 12

2 L12 + 10 12 10

3 L12 + 8 12 8

4 L12 + 6 12 6

5 L20 + 20 20 20

6 L20 + 10 20 10

7 L20 + 8 20 8

8 L20 + 6 20 6

Fig. 3 Far‑field acceleration record El‑Centro 1940 [16]
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Parametric study

The variation of the pile’s length according to four patterns, displayed in Table 3, is the 
most essential parameter. All piles in the first case are the same length of 12 m, in the 
second case the central piles are 12  m and the others are 10  m, in the third case the 
central piles are 12 m and the others are 8 m, and in the fourth case the central piles are 
12 m and the rest are 6 m, as illustrated in Fig. 4. Seismic intensities of 0.1 g, 0.2 g, and 
0.3 g were utilized. Additionally, the impact of central long piles with a 20-m length on 
the piled-raft foundation system was investigated in scenarios where the other exterior 
piles’ lengths were changed to 10, 8, and 6 m.

Results and discussion
Static load sharing on asymmetry piles length

Figure  5 depicts the influence of the asymmetry pile’s length on static load sharing. 
When the length is L12 + 12, the static load sharing by piles is 73.2%. When the length 
of external piles is reduced to 10 m in group L12 + 10, the static load sharing is 68.82%, 
63.33% in group L12 + 8, and 55.96% in group L12 + 6. The effect of asymmetry on pile 
length had a significant effect on static load sharing; decreasing the external pile length 
caused a decrease in static load sharing by piles. The uniform pile length of L12 + 12 
shows a maximum load sharing and declines gradually by decreasing pile length. This is 
due to a decrease in side friction as pile length decreases, resulting in a reduction in pile 
load sharing [11].

Fig. 4 Asymmetry pile’s length details with bottom view of piled‑raft
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Fig. 5 Static load sharing with length of external piles

Fig. 6 Dynamic load sharing with length of external piles

Fig. 7 Dynamic load sharing with seismic intensity
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Dynamic load sharing with asymmetry piles length

Dynamic load sharing behaved similarly to static load sharing at 0.1 g, 0.2 g, and 0.3 g 
of seismic intensity, as illustrated in Figs. 6 and 7. The load sharing in the pattern of the 
uniform pile length (L12 + 12) is 72.255%, 69.453%, and 66.736% for seismic intensities 
of 0.1 g, 0.2 g, and 0.3 g, respectively. The comparable load sharing in the asymmetrical 
piles pattern group (L12 + 10) is 67.4%, 63.96%, and 61.163%, while it is 60.637%, 56.13%, 
and 52.95% in the group (L12 + 8). The pile load sharing for the asymmetric group sce-
nario (L12 + 6) is 55.192%, 52.954%, and 51.236%. The decrease in dynamic load sharing 
with increasing seismic energy may be due to buckling in the piles, particularly in the 
long piles that cause a reduction in the pile’s efficiency.

Fig. 8 Variation of the vertical settlement with the length of external piles

Fig. 9 Variation of the vertical settlement with seismic intensity
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The effect of asymmetry pile’s length on vertical settlement

Figures 8 and 9 depict the fluctuation of settlement with external pile length and seis-
mic intensity. The settlement under static load for the symmetric pile group (L12 + 12) 
is 67.95 mm, whereas under seismic load it is 79.54 mm, 105.1 mm, and 137.9 mm for 
intensities of 0.1 g, 0.2 g, and 0.3 g, respectively. The static settlement of the asymmet-
ric pile group (L12 + 10) is 82.54 mm, whereas the dynamic settlements are 95.29 mm, 
123  mm, and 158.1  mm for intensities of 0.1  g, 0.2  g, and 0.3  g, respectively. Similar 
findings were reported by Yang et  al. [17], who found that increasing seismic intensi-
ties increased vertical settlement. The static settlement values for the group (L12 + 8) are 
90.14 mm, 104.3 mm, 134.5 mm, and 169.7 mm, respectively. The pile group (L12 + 6) 
has settlement values of 91.41 mm, 105.2 mm, 134 mm, and 171 mm. According to the 
results obtained by others [8, 18, 19], a decrease in pile length induced an increase in 
vertical settlement due to a decrease in side friction. Furthermore, increasing the seismic 
intensity may cause an increase in the movement and vibration of soil particles, resulting 
in increased loosening or densification that caused a reduction in the soil volume.

The effect of asymmetry pile’s length on differential settlement

Figure 10 shows the variation of differential settlement with earthquake intensity. For the 
symmetric pile group (L12 + 12), the differential settlements for seismic intensity 0.1 g, 
0.2 g, and 0.3 g are 7 mm, 8 mm, and 10 mm, respectively. For the asymmetric group 
(L12 + 10), the corresponding settlement values are 6mm, 6mm, and 10mm. The differ-
ential settlements for group (L12 + 8) are 2  mm, 4  mm, and 4.8  mm, while for group 
(L12 + 6) they are 3.2 mm, 4 mm, and 5 mm. The pile length has a major effect on set-
tling, which affects the working stress, particularly in clay soil with low stiffness [20]. The 
working stress, bending moment, and settlement values are controlled by the length and 
location of the pile in the group, leading to a differential settlement.

Fig. 10 Variation of the differential settlement with the seismic intensity
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The effect of asymmetry pile’s length and seismic intensity on lateral displacement

Figure 11 and Table 4 illustrate the greatest lateral displacement measured at the con-
nection point between the raft and the piles. Because of the developing lateral force, lat-
eral displacement increases with increasing seismic intensity. Other researchers [21, 22] 
stated the same contribution. Meanwhile, the length of the piles has little impact on lat-
eral displacement. This could be owing to the rigid connection between the raft and the 
piles and owing to the horizontal load carried by the raft exceeding the horizontal load 
carried by the piles [1]. It means that the raft controls the lateral displacement, while the 
piles have a slight effect on it regardless of pile length.

Axial force on the piles

The normal force on each pile throughout its length is shown in Fig.  12. In the static 
loading situation, the sum of normal forces on piles is greater than in the dynamic load-
ing case. This could be attributed to the mechanism of the piled raft foundation sys-
tem. The piles are initially designed to reach 70–80% of the ultimate load capacity before 
reaching full capacity, after which the raft begins to sustain its full ultimate capacity [23]. 
This means that the piles initially handle the majority of the load, produce buckling, and 

Fig. 11 Variation of lateral displacement with the seismic intensity

Table 4 Values of lateral displacement with different pile’s length

Pile’s length (m) Lateral displacement (mm)

Horizontal seismic coefficient

0.1 g 0.2 g 0.3 g

L12 + 12 31.18 64.15 100.1

L12 + 10 32.61 65.5 100.8

L12 + 8 30.9 64.74 98.7

L12 + 6 33.55 67.91 103.1
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Fig. 12 The normal force on piles a for L12 + 12, b for L12 + 10, c for L12 + 8, and d for L12 + 6
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reduce the pile load sharing capability under excitation. Furthermore, when the intensity 
of the earthquake increases, so does the deformation of the piles, and consequently, the 
load that is transferred to them decreases, which is dependent on the piles’ efficiency. 
The load carried by the piles varies with their position.

Variation of vertical stress in asymmetry pile’s length

The variation of the vertical stress distribution through the piled raft system in both 
vertical and horizontal sections is shown in Fig. 13. Stress variation cannot be clearly 
correlated with changes in the exterior piles’ length. On the other hand, it might be 

Fig. 13 Vertical stress distribution with vertical and horizontal section
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said that less stress was concentrated, especially at the outside face, as a result of the 
exterior piles’ decreasing length. The challenge of controlling the exact position of the 
sections taken can be attributed for these inconsistent results. Nevertheless, it can be 
inferred that as pile length increases, the stress beneath the raft decreases, which is 
related to an increase in pile load sharing.

Dynamic load sharing with asymmetry piles length using 20 m reference

The models of asymmetrical pile lengths have been regenerated in this section using a 20-m 
reference pile length rather than the previous section’s 12 m reference. As seen in Fig. 14, 
the dynamic load sharing at 0.1 g, 0.2 g, and 0.3 g of seismic intensity behaved similarly 
to a piled raft when a 12 m reference was used. There is a comparable load sharing value 
of order 100% of group L20 + 20 for both the static and dynamic loads. Longer piles offer 
greater resistance and are able to support the load before it starts to transfer to the raft.

The load sharing values of group L20 + 10 under seismic coefficients of 0.1  g, 0.2  g, 
and 0.3  g are 75.04%, 72.21%, and 69.33%, respectively, whereas the static case value 
is 76.31%. As the exterior of piles’ length is shortened, these values drop, becoming 
63.465%, 63.37%, 60.89%, and 58.63% for group L20 + 6. It should be noted that the raft 
just acts as a load distributor when utilizing a 20-m pile length reference; it does not 
carry any load. However, the system is a piles cap rather than a piled raft. In the static 
case, the loading sharing of the 20-m-long use piles at the center is higher than that of 
the 12 m-long piles by 1.37, 1.11, 1.11, and 1.13 times for L20 + 20, L20 + 10, L20 + 8, 
and L20 + 6, respectively. Such lengthening to 20 m provides greater load sharing com-
pared to 12  m by about 1.38, 1.11, 1.14, and 1.15 times under 0.1  g seismic intensity. 
The influence of the central piles’ length on their load sharing increased with increasing 
earthquake intensity; at 0.3 g intensity, it increased by 1.50, 1.13, 1.21, and 1.14 times.

The vertical settlements while using L20 + 20 are 14.5  mm, 20.14  mm, 33  mm, and 
51 mm for static, 0.1 g, 0.2 g, and 0.3 g, respectively, as illustrated in Fig. 15. The settlement 
value increases dramatically when the length of the central piles is shortened; for L20 + 6, 
the values are 78.74  mm, 90.96  mm, 116.7  mm, and 149.6  mm. Although the vertical 

Fig. 14 The dynamic load sharing with length of external piles using 20 m reference
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settlement in 20-m piles is somewhat less than that in 12-m piles, it is nevertheless notice-
able. Given that the lengthy piles provide greater side friction, this makes it reasonable.

Factor of safety of the piled-raft foundation system

As illustrated in Fig. 16, the factor of safety generally decreases in the static case as the 
length of the exterior piles diminishes. When the external piles’ length is reduced from 
12 to 6 m, the factor of safety drops from 3.59 to 3.38, which reveals the minimal impact 
of length on the stability under the conditions of the present study. This might not be 
true in other cases with different circumstances.

Fig. 15 Variation of the vertical settlement with the length of external piles using 20 m reference

Fig. 16 Variation of the factor of safety with piles length and seismic intensity
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On the other hand, for all length variations, the safety factor decreases when an 
earthquake occurs. In comparison to the static case, the safety factor drops by around 
18% in both cases of symmetry length (L12 + 12) and in the case of asymmetry lengths 
(L12 + 10, L12 + 8, and L12 + 6). The effect of the seismic intensity is insignificant in all 
of the cases that were examined.

Conclusions

• The vertical load sharing of both static and dynamic loadings reduces as the external 
pile length decreases, and the symmetry pile length L12 + 12 is optimal.

• As seismic intensity increases, vertical dynamic load sharing decreases.
• As the length of the external pile is reduced, the vertical settlement for both dynamic 

and static loading conditions increases.
• As seismic intensity increases, so does settling and differential settlement.
• The maximum lateral displacement is almost the same for both symmetry and asym-

metry pile lengths, although it increases as seismic intensity increases.
• When comparing to a 12-m pile length, a 20-m pile has greater load sharing and less 

settlement.
• Under the conditions of the current study, the length of the exterior pile has little 

impact on the safety factor. When the pile’s length drops from 12 to 6 m, it drops 
from 3.59 to 3.38. In comparison to the static case, the average drop in the factor 
of safety caused by the seismic load is around 18% in the both cases of asymmetry 
length.
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