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Abstract— The effect of cavities on the piles group foundation settlement under the seismic loads in dry
sandy soil is investigated throughout this paper. The behavior of soil under a group of piles with cavity
formation was represented by finite element program (Plaxis 3D 2020). The study looked at the existence
of a single cavity as well as a different numbers of cavities in various locations. This research illustrates the
maximum value for total vertical and horizontal displacement for piles under dynamic load El-Centro
earthquake with cavity and without cavity. When the cavity was positioned closed to the tip of the piles, the
influence of the (El Centro) earthquake load on the settlement of group of piles with cavity growed the

settlement and the difference in total vertical and horizontal displacement.
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1. Introduction

The behavior of soils is regarded as complicated material,
unlike most structural materials, to use the structures built
on the soil safely, it has to be dealt with it carefully. The
presence of cavities is one of the most well-known
problems in soils. When the soils contain cavities, they are
named “problematic soils” as cavities create structural
deterioration and even death. Cavities can be split into two
parts, natural and man-made cavities. Natural cavities
result from areas going dry, solids disappearing into
limestone, and mostly are gypsum. In sandy soil various
sizes of cavities ranged from 0.1 m to 3 m [5].

Khalil and Khattab [1] investigated influence of a cavity
on the stability of the foundation was investigated by usage
non-linear finite element analysis via the PLAXIS 2D and
PLAXIS 3D systems. variables were
considered in the study, Including a single cavity's shape,
position, size, and depth under the foundation. On isolated
square, round, and strip footings, the influence of the
factors on the stress distribution and settlement has been
investigated. The results indicated for cavity sections that

Numerous

was selected (Square, Loaf, Circular, Ellipsel, and
Ellipes2,), the cavity's volume and shape affect the
underfoot concentration of the settlement and stress. When
a cavity was placed on vertical depth less than 2 times a
strip foundation's width or 1.5 times (diameter or width) of
isolated (circular or square) foundations, the effect occurs.
Additionally, the study demonstrated a significant increase
in settlement values and stress concentrations at a depth
beneath the footing referred to as the critical depth.
Additionally, it was discovered that a zone called the
critical zone exists beneath the footing (zone of the failure
plane and radial shear). If a cavity forms within this zone,
it will have a significant impact. Settlement was significant
for cavities lying beneath the footing in this zone.

Al-Recaby[6] investigated the impact of pile group
foundation using PLAXIS 3D 2013. It was described the
basic finite element method formulation and a verification
problem was analyzed from the experimental work. It was
examined a full-scale pile group problem under the effect
of the real earthquake motion. It was concluded that a good
congruence of outcomes from the finite element method
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and measured responses from the physical model. It was
found the earthquake acceleration greater than the
acceleration on soil bed and foundation cap. a results
showed that in dry and saturated soils, the maximum
horizontal and vertical displacement of the pile cap rises
with increasing earthquake amplitude.

AlSheakayree [10] studied the dynamic effect of pile
installation in sand on nearby structures by utilizing
PLAXIS 3D finite element program. Vibrations may occur
either naturally or manmade. on urban areas, a vibration
generates cause of pile driving, vehicle movement, heavy
machinery or train travel. Earthquakes is natural source of
vibrations on subsoil. He calculated influence of vibrations
with dynamic analysis at frequency of dynamic load was
higher than natural frequency of medium. He calculated
low frequency vibrations with a pseudo-static analysis.
inertia of subsoil and time dependence of load was
considered on modeling dynamic response of a soil
structure. It was found that the quality of the finite element
model (PLAXIS software) significantly improved by
taking into account the friction between pile and soil,
considering non-linear behavior of soils, and defining an
artificial boundary that minimizes reflection of the waves
in the far field.

2. Seismic Waves

When two enormous solid pieces of hard stuff move
against each other during an earthquake, elastic waves are
generated. This separation of two large solid materials is
known as a 'fault.'From the concentrate, seismic ‘elastic’
waves are generated via the body at all locations. If a solid
body's equilibrium, such as the earth, is troubled as an
outcome of error movement caused by an earthquake.
Earthquakes radiate waves at durations ranging from 10
seconds to some minutes. [11].

2.1 Types of Seismic Waves

Seismic waves can be divided into three main types, P
waves, S waves and surface waves as shown in Figure 1.
P and S waves sometimes called body waves. P waves
called primary waves or pressure waves, which travels
through the earth at the greatest velocity. As it moves into
the air, it take the form of sound waves. It travels by the air
at the sound speed (330 m/s) and 5000 m/s in granite. It is
the first waves recorded during an earthquake by a
seismograph because its high speed.

S waves called Secondary waves, shaking waves or shear
waves, are slower-moving transverse waves than P waves.
Particle motion in this case is perpendicular to the direction
of wave propagation.

Surface waves generating when the earthquake's source is
near to the surface of the earth, and it is similar in nature
to water waves that transmitted under the earth’s surface.

It is slower than S waves; it considered the most
destructive type of wave because it is large amplitude.

The two basic types of surface waves are: [9]

* Rayleigh waves, known as ground roll, which travel
similar to ripples on the water surface. They noticed this
phenomenon during an earthquake in open locations, such
as parking lots, where the cars move up and down with the
waves.

* Love waves shear the ground horizontally. They are
slightly faster than Rayleigh waves in terms of travel time.
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Figure 1: Types of seismic waves [9].

3. Finite Element Modeling

The finite element method has been used in geotechnical
problems from 1960, many studies deal with this technique
and a lot of books and papers were published on this topic.
This method is applicable to the soil which is displaying
nonlinear -stress-strain behavior, which considered a
noticeable advantage.

3.1 Plaxis program

PLAXIS 3D-2020 has three main modes which are Model
construction, Calculation and Output mode (3D-PLAXIS
Manual, 2020):

- Model mode: This mode consists the model geometry
construction. The properties of material and boundaries of
soil layer are set. The element of construction, like piles,
walls and beams are positioned and the characteristics of
the materials are set. The setting of loads (static or
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dynamic) and finally, the mesh is constructed and polished
to the convenient level.

- Calculation mode: This mode consists the phase
calculation. Various load status and geometries are
grouped to simulate an actual building series. Various
conditions of groundwater are set, for every step, and
construction of elements the activation process have to be
set. Excavation process simulated as deactivation of the
phase. The calculation type should be a choice (plastic,
dynamic, or consolidation). The plastic calculation is
applied to solve the deformation process for elastic-plastic
in case of drained and undrained soils. The calculation of
stresses and deformations for all the nodes until reaching
the ultimate serviceability. The results are based on the
selected model of calculation. The dynamic calculations
applied to predict dynamic excitations such as the
excitation of harmonic or earthquake records. In the mode
of calculation there is a choice to preselect points of the
model interest. When the points are selected before starting
the calculation process, the displacement, stress, and pore
pressure of the point in any step or time could be perceived
in table or graphic curve.

- Output mode: This mode consists displaying the result
of a calculation like deformations, Pore-pressures,
dynamic displacements and strains for every calculation
stage also, the bending moments of construction elements
and the shear forces can be calculated.

3.2 Geometry of 3-D model

This study's model has dimensions of (30*60) m and a
depth of 20 m. A geometrical arrangement of situation is
shown in Figure 2.
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Figure 2: Geometrical arrangements of the situation.

3.2.1 Finite Element Modeling of Pile Group
The model of the pile used in the current research
constructed of concrete, as shown in Figure 3. And with
the properties given in Table 1.

Table 1: Mechanical properties of concrete pile used.
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Figure 3: Model pile group.

3.2.2 Finite Element Modeling of a Cavity

In the finite element program (Plaxis 3D foundation 2020),
a cavity was modeled via a sphere injunction and by
volume element., as shown in Figure 4.

Figure 4: Model of a cavity.

3.2.3 Modeling of Soil
The properties of the soil that used shown in Table 2.

Table 2: Soil properties [4].
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Soil properties Values
Unit weight , v (kN/m?) 16
Cohesion, ¢ (kN/m?) 9
Angle of internal friction, ¢ (°) 19
Modulus of elasticity , E 20000
(KN/m?)
Poisson’s ratio v 0.25

3.2.4 Boundary Condition and Mesh
Generation

PLAXIS's standard fixities were utilized to establish
dynamic and static boundary conditions. The boundary
conditions are mimicked in one or two directions
according to the genuine conditions as free or fixed. In
dynamic computations, the boundary conditions must be
significantly farther apart than in static calculations. Else,
the Seismic waves will be mirrored, resulting in model
distortion and increased computation time. To circumvent
this issue, PLAXIS 3D makes use of the viscous boundary
conditions technique (PLAXIS 3D Manual, 2020). To
anticipate the reaction of structures subjected to
earthquake stimulation by computer simulations, just a
small section of the ground must be represented onto a
working area and the computation time must be kept to a
minimum. Numerous techniques may be used to reduce the
amount of time spent computing.

At the bottom of the model, the needed displacement for
seismic excitation is defined. Following that, the motion of
the seismic input was described in terms of velocity,
acceleration over time and displacement. Along the y and
z axes, the boundary conditions are fixed, with a constant
prescribed displacement along x axis. To eliminate
reversals of distinct seismic waves at the model's
boundaries, specific conditions are used to attenuate the
various seismic waves that propagate through the
boundaries. PLAXIS 3D incorporates viscous boundary
conditions with dampers that absorb reflected seismic
waves, therefore preventing repeated wave transmission at
the foundation. The xy-plane is bounded by viscous
boundaries.

The boundary conditions for the static analysis stage were
utilised similarly to past studies, with the bottom of the
mesh fixed against movement in all directions to account
for the rock layer's influence, and the left- and right-hand
sides of the model permitted to leave only in vertical
directions. Furthermore, in the dynamic analysis stage, the
viscous boundaries (X max. and X min. as viscose, and the
other directions Y, Z as fixed) were considered to reduce
the impact of reflection back to the finite element model

(71, 3.

The size of mesh was selection as fine model the
foundation's reaction, seismic loading was applied based

on the El-Centro earthquake, which had a peak
acceleration of 0.35g. The earthquake was simulated using
a finite element model with a set acceleration at the bottom
(where location of rock layer). [2], [8].

4. RESULTS AND DISCUSSION

4.1 Piles Under Dynamic Load Without Cavity

In this study, El-Centro earthquake is used with a time
period of 33 seconds and peak acceleration 0.35. The
settlement was calculated under pile cap_at node 21012
(A) shown in Figure 5.

Figure 5: Model pile group.

The results presented in Figure 6 show that the earthquake
load caused the settlement of pile group without cavity
with initial loaded 200 kPa. The maximum settlement
reaches 5.4 mm under the effect of El-Centro earthquake.
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Figure 6: Time-settlement curve of pile group (2x2) in
sandy soil without cavity under the effect of El-Centro
earthquake.

Figure 7 shows the value of the horizontal displacement
(Ux) with time of group of piles (2x2) in sandy soil without
cavity under effect of El-Centro earthquake.
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Time (s)
— Without cavity

*102m)

Total displacements u,, (scaled up 500 times) (Time 33.00 5)
Maximum value = -0,1007*10 > m (Element 21374 at Node 444)
Minimum value = -5.86810 % m (Element 25448 at Node 482)

Figure 7: Time — Ux curve of pile group (2x2) in sandy
soil without cavity.

4.1.1 Total displacement Uz and Ux for piles

under dynamic load without cavity
Table 3 illustrates the maximum value for total vertical
and horizontal displacement for piles under dynamic load
El-Centro earthquake without cavity.

Table 3: Total displacement Uz and Ux for piles under
dynamic load El-Centro earthquake without cavity.

Model Max. value for Max. value for
total vertical total horizontal
displacement Uz | displacement Ux
(mm) (mm)

Without 5.461 5.868

cavity

Figure 8 shows the value of total vertical displacement Uz
for piles under dynamic El-Centro earthquake load without
cavity. The max. value was obtained at Node 48991
located under the cap.

103 m

Total displacements u,, (scaled up 500 times) (Time 33.00 s)
Maximum value =0.1739%10 3 m (Element 16939 at Node 10134)
Minimum value = -5.461%10 2 m (Element 21423 at Node 48991)

Figure 8: Total vertical displacement Uz for piles under
dynamic load El-Centro earthquake without cavity.

Figure 9 shows the value of total horizontal displacement

Ux for piles under dynamic El-Centro earthquake load
without cavity. The max. value was obtained at Node 482
where located under the cap.

Figure 9: Total horizontal displacement Ux for piles
under dynamic load El-Centro earthquake without cavity.

4.2 Piles under dynamic load with cavity in different
locations

4.2.1 Piles under dynamic load with a cavity of
diameter (d=0.5m) at different vertical
depths

Figure 10 shows the influence of alteration the cavity
location on the displacement of pile group (2x2) in dry
sandy soil with the cavity of diameter (d = 0.5 m) at
different vertical depth (Y). While the value of the
horizontal distance (X) is fixed under the center of pile

group.

There is a rapid increase in settlement when the cavity
becomes at close depth (Y=2D) below the pile group base.

The settlement ratio can be defined as follows:

Settlement ratio = (settl. with cavity / settl. without cavity) (1)
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Figure 10: Time-settlement curve of pile group (2x2) in
sandy soil with cavity of diameter (d = 0.5 m) at different
vertical depths.

Figure 11 illustrates the impact of varying in the vertical
distance of the cavity with a diameter of 0.5 m under
seismic load in sandy soil with horizontal displacement
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(Ux). It is noted that the effect is very small for the Ux and
for all vertical locations of the cavity compared to the case
without cavity. When the earthquake load is applied, the
differences were few because of the high frequency of the
El-Centro earthquake, so there is no time for the response
to make a difference in the horizontal displacement (Ux).
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Figure 11: Time — Ux curve of pile group (2x2) in sandy
soil with cavity having (d=0.5 m) at different vertical
depths.

Table 4 listed the value of settlement ratio for different
models and reveals that the presence of cavity vanishes
when the cavity is placed at depth Y=6D.

Table 4: Settlement ratio for different vertical locations
of cavity (of diameter =0.5 m) below the pile tip.

Model Settlement ratio, (times)
Y=D=0.6 m 30
Y=2D=1.2m 20
Y=3D=1.8 m 4
Y=4D=2.4 m 3
Y=5D=3m 2
Y=6D=3.6 m 1

4.2.2 Total displacement Uz and Ux for piles
under dynamic load with a cavity of
diameter (d=0.5m) at different vertical
depths

Table 5 illustrates the maximum value for total vertical
and horizontal displacement for piles under dynamic El-
Centro earthquake load with different vertical locations of
cavity below the pile group (2x2) in sandy soil with the
cavity diameter (d = 0.5 m). The results are obtained from
the model completely and it is shown that the highest value
for the total vertical and horizontal displacement was
increased when the cavity is placed close the edge of the
pile.

Table 5: Total displacement Uz and Ux for piles under
dynamic load El-Centro earthquake with different vertical
locations of cavity below a pile group (2x2) in sandy soil

with cavity diameter (d = 0.5 m).

Model Max. value for | Max. value for
total vertical total horizontal
displacement displacement Ux
Uz (mm) (mm)

Without cavity 5.461 5.868
with cavity Y=D 537.2 428.9
with cavity Y=2D 394.2 166.9
with cavity Y=3D 40.62 36.51
with cavity Y=4D 33.09 16.34
with cavity Y=5D 15.19 8.436
with cavity Y=6D 5.881 6.732

Table 6 shows the difference in total vertical and
horizontal displacement for piles under dynamic El-Centro
earthquake load with cavity diameter 0.5 m at different
vertical depths by using the equations below:

Difference in total vertical displacement Uz =
(Uz with cavity—Uz without cavity)

@)

Uz without cavity

Difference in total horizontal displacement Ux=
(Ux with cavity—Ux without cavity) (3)

Ux without cavity

Table 6: Difference in total displacement Uz and Ux for
piles under dynamic El-Centro earthquake load with
cavity diameter 0.5 m at different vertical depths.
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Model Difference in Difference in
total vertical total horizontal
displacement displacement
Uz (times) Ux (times)

with cavity Y=D 97.3 72.0
with cavity Y=2D 71.1 27.4
with cavity Y=3D 6.4 5.2
with cavity Y=4D 5.0 1.7
with cavity Y=5D 1.7 0.43
with cavity Y=6D 0.07 0.14

Figure 12 shows the value of total vertical displacement
Uz for piles under dynamic El-Centro earthquake load
with cavity diameter 0.5 m and at vertical depth (Y=D).
The max. value was obtained at vertical depth (Y=D) at
Node 15733 located between the piles and the cavity.

It is illustrated the severe effect of cavity when it is located
at shallow depth (Y=D) below the piles under the effect of
earthquake.

107 m

Total displacements u,, (scaled up 5.00 times) (Time 33.00 5)
Maximum value = 0,07367 m (Element 12230 at Node 1193)
Minimum value = -0.5372 m (Element 22348 at Node 15733)

Figure 12: Total vertical displacement Uz for piles under
dynamic El-Centro earthquake load with cavity diameter
0.5 m and vertical depth (Y=D).

Figure 13 shows the value of total horizontal displacement
Ux for piles under dynamic El-Centro earthquake load
with cavity diameter 0.5 m and at vertical depth (Y=D).
The max. value was obtained at vertical depth (Y=D) at
Node 15753 located between the piles and the cavity.

Total displacements u,, (scaled up 5.00 times) (Time 33.00 s)
Maximum value = 0.2583 m (Element 19051 at Node 15758)
Minimum value = -0.4289 m (Element 14742 at Node 15753)

Figure 13: Total horizontal displacement Ux for piles
under dynamic El-Centro earthquake load with
cavity(Y=D).

21

Total displacements u, (scaled up 5.00 times) (Time 33.00 5)
Maximum value = 0,07840 m (Element 12830 at Node 15740)
Minimum value = -0,3942 m (Element 11748 at Node 15729)
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-175.00
-250.00
-325.00
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Figure 14: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=2D).

Total displacements u, (scaled up 5.00 times) (Time 33.00 )
Maximum value = 0.1168 m (Element 18356 at Node 15761)
Minimum value = -0. 1669 m (Element 11748 at Node 15729)

103 m
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Figure 15: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=2D).

Total displacements u,, (scaled up 50.0 times) (Time 33.00 5)
Maximum valve = 7.74510 % m (Element 11640 at Node 15262)
Minimum value = -0,04062 m (Element 7217 at Node 15246)

[r10°3m
10.00

250
-5.00
-12.50
-20.00
27,50
-35.00

-42.50

Figure 16: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of

diameter (d=0.5 m) at vertical depth (Y=3D).
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Maximum value = 0.01057 m (Element 16092 at Node 15258)
Minimum value = -0.03651 m (Element 8236 at Node 15243)

102 m)
800

4.00
0.00
-4.00
8,00
Y
-12.00

~16.00

Total dispk

, (scaled up ) (Time 33.00 5)
Maxinum valve =6.310*10 > m (Element 16130 at Node 15744)
Minimum value = -0.01519 m (Element 9729 at Node 15739)

&l

Figure 17: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=3D).

Figure 20: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=5D).
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Minimum value = -0,03309 m (Element 13244 at Node 15713)
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Figure 18: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=4D).

Figure 21: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=5D).

102 m)
140
1000

-10.00

Total displacements u, (scaled up 50.0 times) (Time 33.00 5)
Maximum value = 0,01487 m (Element 6844 at Node 15746)

Minimum value = 0.01634m (Element 12642 at Node 15725)

[*10°m]
400
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Total displacements u, (scaled up 200 times) (Time 33.00 5)
Maximum value = 4,329%10 m (Blement 25754 at Node 15746)
Minimum value = -5.881%10 > m (Element 465 at Node 44)

Figure 19: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=4D).

Figure 22: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=6D).
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Total displacements u, (scaled up 200 times) (Time 33.00s)
Maximum value = 1.764*10°> m (Element 13292 at Node 15773)

Mimum value = 673210 > m (Element 15484 at Node 15751)

Figure 23: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at vertical depth (Y=6D).

4.2.3  Piles under dynamic load with a cavity

of diameter (d=0.5m) at different

horizontal distances

Figure 24 shows the influence of alteration the cavity
location on the displacement of pile group (2x2) in dry
sandy soil with the cavity diameter (d = 0.5 m) at different
horizontal distances (X), while the value of vertical depth
(Y) is fixed and equal to D under the effect of (El-Centro)
earthquake.

Time (s)
0 10 20 30 40
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— with cavity X=2D with cavity X=3D
—— with cavity X=4D

Figure 24: Time-settlement curve of pile group (2x2) in
sandy soil with cavity of diameter (d = 0.5 m) at different
vertical depths.

Figure 25 illustrates the impact of varying in the
horizontal distance of the cavity with a diameter of 0.5 m

under earthquake load in sandy soil with horizontal
displacement (Ux). It is noted that the effect is very small
for the Ux and for all horizontal locations of the cavity
compared to the case without cavity.

Time (s)
— Without cavity
with cavity X=2D

with cavity X=D
with cavity X=3D

Figure 25: Time — Ux curve of pile group (2x2) in sandy
soil with cavity (d=0.5 m) at different horizontal
distances.

Table 7 listed the value of settlement ratio for different
models and reveals that the presence of cavity vanishes
when the cavity is placed at distance X=4D.

Table 7: Settlement ratio for pile groups with cavity of
diameter (d = 0.5 m) at different horizontal distances.

Model Settlement ratio, times
X=D=0.6 m 44
X=2D=1.2m 5.3
X=3D=1.8 m 2
X=4D=2.4 m 1.6

4.2.4 Total displacement Uz and Ux for piles
under dynamic load with a cavity of
diameter (d=0.5m) at different
horizontal distances

Table 8: illustrates the maximum values for total vertical
and horizontal displacements for piles under dynamic El-
Centro earthquake load with different horizontal distances
of cavity below pile group (2x2) in sandy soil. The results
showed that the highest value for total vertical and
horizontal displacement was when the cavity is placed
close the edge of the pile; (X=D, X=2D, X=3D and X=4D)



24 Mina M. Jameel and Balqees A. Ahmed/ Association of Arab Universities Journal of Engineering Sciences (2022)29(4):15-29

while the value of vertical depth (Y) is fixed and equal to
D.

Table 8: Total displacements Uz and Ux for piles under
dynamic El-Centro earthquake load with different
horizontal distances of cavity below pile group (2x2) in
sandy soil with cavity of diameter (d = 0.5 m).

Model Max. value for Max. value for
total vertical total horizontal
displacement Uz | displacement Ux
(mm) (mm)
without 5.461 5.868
cavity
with cavity 545.5 606.7
X=D
with cavity 61.67 83.32
X=2D
with cavity 26.46 23.57
X=3D
with cavity 12.39 17.43
X=4D

Table 9 Shows the difference in the total vertical and
horizontal displacement for piles under dynamic El-Centro
earthquake load with cavity diameter 0.5 m at different
horizontal distances by using the equations (4.1) and (4.2)
mentioned previously.

Table 9: Difference in total displacement Uz and Ux for

b4 -200.00
k\ -320.00
X -440.00

-560.00

Total displacements u,, (scaled up 5.00 times) (Time 33.00 s)
Maximum value = 0.2246 m (Element 21757 at Node 15738)
Minimum value = -0.5455 m (Element 25237 at Node 15727)

piles under dynamic El-Centro earthquake load with
cavity diameter 0.5 m at different horizontal distances.

Model Difference in total Difference in
vertical total horizontal
displacement Uz, | displacement Ux,
(times) (times)
with cavity 98.8 102.3
X=D
with cavity 10.29 13.1
X=2D
with cavity 3.8 3.0
X=3D
with cavity 1.2 1.9
X=4D

Figure 26 indicates that severe horizontal displacement
takes place when the cavity is placed at distance (X=D)
under earthquake loading. The max. value was obtained
at horizontal distance (X=D) at Node 15727 located
between the piles and the cavity.

Figure 26: Total vertical displacement Uz for piles under
dynamic El-Centro earthquake load with cavity diameter
0.5 m and horizontal distance (X=D).

the wvalue of total horizontal
displacement Ux for piles under dynamic EI-Centro
earthquake load with cavity diameter 0.5 m and at
horizontal distance (X=D). The max. value was obtained
at horizontal distance (X=D) at Node 15730 located
between the piles and the cavity.

Figure 27 shows

=103 m]
650.00

Total displacements u,, (scaled up 5.00 times) (Time 33.00 s)
Maximum value = 0.6067m (Blement 18854 at Node 15730)
Minimum value = -0.2379 m (Element 6837 at Node 15747)

Figure 27: Total horizontal displacement Ux for piles
under dynamic El-Centro earthquake load with cavity
(X=D).

Total displacements u,, (scaled up 20.0 times) (Time 33.00 5)
Maximum value =9,412°10 % m (Element 24953 at Node 15735)

Minimum value = -0.06167 m (Element 25002 at Node 15725)

Figure 28: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at horizontal distance (X=2D).
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103m]

75.00

60.00

45.00

Z 30.00

k 15.00

X 0.00

15.00

Total displacements u, (scaled up 20.0 times) (Time 33.00 s)

Maximum value = 0.08332m (Element 18778 at Node 15754)
Minimum value = -0.01304 m (Element 14537 at Node 15726)

Figure 29: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at horizontal distance (X=2D).

rwon)
8.00

-10.00
Z
-16.00
Y
-22.00
X
-28.00

Total displacements u, (scaled up 50.0 times) (Time 33.00 5)
Maximum value = 6.429%10 3 m (Element 24423 at Node 15786)
Minimum value = -0.02646 m (Element 13475 at Node 15783)

r02n)
0.0
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AN

B

600

-10.00

-1400

Total displacements u, (scaled up 100 times) (Time 33.00 5)
Maxinum value =8.226*10 2 m (Element 17985 at Node 15715)
Minimum value = 0.01239 m (Element 436 at Node 43)

Figure 32: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at horizontal distance (X=4D).

Total displacements u,, (scaled up 50.0 times) (Time 33.00 )
Maximum value = 0.01743 m (Element 11529 at Node 15724)
Minimum value = -8.518*10 % m (Element 11240 at Node 15716)

Figure 30: Total displacement Uz for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at horizontal distance (X=3D).

r0n)
20
80
140
0.0
600
20
200
500
0.0
a
Total displacements u, (scaled up 50.0 times) (Time 33.00 5)
Maximum value = 002357 m (Element 11223 at Node 15815)
Meinum value = 9, 198%10 % m (Bement 16592 at Node 15799)

Figure 31: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at horizontal distance (X=3D).

Figure 33: Total displacement Ux for piles under
dynamic El-Centro earthquake load with a cavity of
diameter (d=0.5 m) at horizontal distance (X=4D).

4.3  Piles under dynamic load with different number of
cavities.

In this paper, the model consists of different number of
cavities of diameter (d=0.5 m):

1- contains 4 cavities as shown in Figure 34.
2- contains 5 as shown in Figure 35.

The results are shown in Figure 36.
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Figure 37 illustrates the impact of varying in the number
Figure 34: Distribution of the cavities under the effect of of cavities with diameter 0.5 m under earthquake load in
dynamic (El-Centro) earthquake load and contains 4

. sandy soil on the horizontal displacement vibration with
cavities.

time. It is noted that there is no effect and the results were

completely identical compared to the case without cavity.
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Figure 35: Distribution of the cavities under the oy ! Wi & cavities

—— with 5 cavities

effect of dynamic (El-Centro) earthquake load and

contains 5 cavities under pile group.
Figure 37: Time-Ux curve of pile group (2x2) in sandy

soil with number of cavities of diameter (d = 0.5 m) at

different locations.

Table 10 Shows that the increase of number of cavities

affects the settlement ratio by increasing the amount of it
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compared to the case of one cavity at the same distance in

the vertical direction Y = 3D =1.8 m.

Table 10: Settlement ratio of different number of

cavities.
Model Settlement ratio,
(times)
1 cavity 4
4 cavities 7.2
5 cavities 10.6

4.3.1 Total displacement Uz and Ux for piles
under dynamic load with different
number of cavities

Table 11 illustrates the maximum value for total vertical
and horizontal displacement for piles under dynamic El-
Centro earthquake load with different number of cavities
below the pile group (2x2) in sandy soil with the cavity
diameter (d = 0.5 m). The results show that the highest
value of the total vertical and horizontal displacement was
when the number of cavities was 5 cavities.

Table 11: Total displacements Uz and Ux for piles under
dynamic El-Centro earthquake load with different
number of cavities below pile group (2x2) in sandy soil
with cavity diameter (d = 0.5 m).

Model

Max. value for
total vertical

Max. value for
total horizontal

at Y=3D

displacement | displacement Ux
Uz (mm) (mm)

with 4 cavities | 72.46 66.92

at Y=3D

with 5 cavities | 83.0 84.71

Table 12 shows the difference in total vertical and
horizontal displacements for piles under dynamic El-
Centro earthquake load with different number of cavities,
with cavity diameter (d=0.5 m) by using equations (2) and
(3) mentioned previously.

Table 12: Difference in total displacement Uz and Ux for
Piles under dynamic El-Centro earthquake load with
different number of cavities (d = 0.5 m).

Model Difference | Difference in total
in total horizontal
vertical displacement Ux,

displacement (times)
Uz, (times)
with 4 cavities 12.2 10.4
at Y=3D
with 5 cavities 14.1 134
at Y=3D

Figure 38 shows the value of total vertical displacement
Uz for piles under dynamic El-Centro earthquake load
with 4 cavities (d=0.5 m). The max. value was obtained at
Node 15845.

r0n)

15.00

0.00}

~15.00

) -30.00
4500

Y

£0.00}

750

Total dispk , (scaled up ) (Time 33.00'5)
Maximum value = 0,01904 m (Element 18046 at Node 15348)
Mnimum value = 0.07246 m (Blement 20596 at Node 15845)

Figure 38: Total vertical displacement Uz for piles under
dynamic El-Centro earthquake load with 4 cavities.

Figure 39 shows the value of total horizontal displacement
Ux for piles under dynamic El-Centro earthquake load
with 4 cavities (d=0.5 m).

[RURL)

Total displacements u, (scaled up 20.0 times) (Time 33.00 5)
Maximum value = 003536 m (Element 9817 at Node 15728)
Minimum value = 0,06692 m (Element 18316 at Node 15746)
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Figure 39: Total horizontal displacement Ux for piles
under dynamic El-Centro earthquake load with 4 cavities.

Figure 40 shows the value of total vertical displacement
Uz for piles under dynamic El-Centro earthquake load
with 5 cavities (d=0.5 m). The max. value was obtained at

Node 15738.

Total displacements u,, (scaled up 20.0 times) (Time 33.00 s)
Maximum value =0.01697m (Element 11951 at Node 15744)
Maimum value = -0,08300 m (Element 12300 at Node 15738)

102 m)
10.00
-10.00
-30.00
-50.00
¥
70,00
-50.00
&)

Figure 40: Total vertical displacement Uz for piles under
dynamic El-Centro earthquake load with 5 cavities.

Figure 41

shows the wvalue of total horizontal

displacement Ux for piles under dynamic El-Centro
earthquake load with 5 cavities (d=0.5 m). The max. value
was obtained at Node 15966.

Total displacements u, (scaled up 20.0 times) (Time 33.00 s)
Maximum value = 0.08471m (Element 13366 at Node 15966)
Minimum value = -0.02851m (Element 15187 at Node 15808)

Figure 41: Total horizontal displacement Ux for piles
under dynamic El-Centro earthquake load with 5 cavities.

5.

CONCLUSIONS

1.

When the cavity is positioned towards the tip
of the piles, the influence of the dynamic (EI-
Centro) earthquake load on the settlement of
pile groups with cavities led to a rise in
settlement.

The value of settlement ratio ranges from (30
- 2) times, when the cavity of diameter (0.5
m) placed at vertical depths from (Y=D) to
(Y=5D), and ranges from (44 - 1.6) times
when the cavity placed at horizontal
distances from (X=D) to (X=4D).

3. The value of the difference in total vertical
displacement (Uz) ranges from (97.3 - 0.07)
times, when the cavity of diameter (0.5 m)
placed at vertical depths from (Y=D) to
(Y=6D), and the values range from (98.8 -
1.2) times when the cavity placed at
horizontal distances from (X=D) to (X=4D).

4. The value of the difference in total horizontal
displacement (Ux) ranges from (72 — 0.14)
times, when the cavity of diameter (0.5 m)
placed at vertical depths from (Y=D) to
(Y=6D), and the values range from (102.3 -
1.9) times when the cavity placed at
horizontal distances from (X=D) to (X=4D).

5. The rise in the number of cavities has an
effect on settlement via raising the amount
of settlement extra than one cavity.
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