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2. PRINCIPLE OF EMBEDDED PILE ROW

For modeling piled foundation, the Plaxis 2D Software provided the embedded pile row
feature, in which the pile is assumed as slender beam element that can cross soil volume elements
at any arbitrary location and orientation. This beam is connected to the soil by special interfaces,
which describe the input parameters of the skin and foot resistance (Septanika, 2005b). When the
embedded pile row is applied while specifying its diameter, an equivalent elastic zone is created
around the pile to simulate its behavior as a volume element. The interaction between the pile and
the soil at the skin is modeled by means of the line-to volume interface and is represented by springs
with axial stiffness and lateral stiffness. In both directions, the spring’s force is limited by a
maximum force (axial and lateral skin capacity). The soil and tip interaction is modeled as a point
to volume interface and is represented by a spring with numerical stiffness (KF) and a slide. The
spring’s force is limited by the input maximum base resistance (Sluis, 2012).

RS= ISFRS x (Gsoil / Lspacing ) (1)
RN= ISFRNx (Gsoil / Lspacing ) (2)
KF=ISFKF x (Gsoil x Req/ Lspacing) 3)

Where,

Rn :stiffness lateral direction (KN/m?/m’)
Gsoil : s0il shear modulus (KN/m?)

Rs : stiffness axial direction (KN/m2/m’)
Lspacing : out of plane spacing (m)

KFr :stiffness lateral direction (KN/m/m”)
Req : equivalent radius of the pile (m)

Interface stiffness factors (ISF) are calculated automatically by PLAXIS, based on the equations
provided by Sluis (2012):

ISFrs = 2.5 x (Lspacing/D)'0'75 (4)
ISFrn = 2.5 x (Lspacing/D) 075 5)
ISFke = 25 % (Lopacing/D)075 (6)

3. THE MODEL DESCRIPTION

A two-dimensional soil-pile-structure model is generated. It consists of a 24-story building of
12 m width and 3 m story height (H=72 m) supported on a group of pile foundation (Fig.1). A group
of 10 piles of 0.5 m diameter and 10 m length, resting on a 50 m thick layer of homogeneous sandy
soil with different stiffness were modeled once as a plate feature and twice as an embedded pile row,
as shown in Fig.2. The Mohr Coulomb constitutive model simulates the soil behavior. Three
different earthquake input motions with different peak ground accelerations are applied at the
bedrock level, located at the bottom of the soil domain (Table 3). The study is done while varying
also the pile spacing (Ls) for the embedded pile row model (Ls=1, Ls= 1.5, Ls=2 and Ls=2.5 m).
The mechanical properties of the soil and the embedded pile row are shown in Table 1 and Table 2.

The soil unbounded medium is idealized as a finite domain by assigning viscous boundaries
at the lateral boundaries and a compliant base at the bottom boundary (Lysmer and Kuhlemeyer,
1969). The finite element method is adopted for the analysis where the size of the mesh element was
chosen according to Kuhlemeyer and Lysmer, 1973. It stated that the element mesh size should
remain smaller than one-fifth to one-tenth the ratio of shear wave velocity and the highest frequency
of the earthquake input motion. Rayleigh damping parameters are simulating the soil damping
characteristics (Hudson et al. 1994).
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4.1. Pile Response
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Fig.3: Shear stresses along the pile height for loose sand for (a) Loma, (b) Hollister, and (c) Coyote lake earthquake

Fig.5: Shear stresses along the pile height for dense sand for (a) Loma, (b) Hollister, and (c) Coyote lake earthquake
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The plate model (P-Model) overestimated the shear stresses along with the pile height
when compared to the pile spacing Ls= 1.5, 2, and 2.5 m. Therefore, the maximum shear
stresses attained in the three embedded row models (EPR Models) were smaller than the value
of the ratio of the predefined axial skin resistance (Tmax) to the perimeter of the pile. On the
contrary, for a pile spacing Ls=1 m, the results showed that for loose and medium soils, the
maximum shear stresses attained in the embedded pile were exactly equal to this ratio. This
proves that the maximum shear stresses attained 100% of the input parameter, and thus equal
maximum shear stresses at the pile tip were obtained for both features.

Examining the shear stresses along the pile height for different Ls while varying the
soil type and the earthquake input motion, it is well identifiable that whenever Ls increases,
the shear stresses decrease (Fig.4 to Fig.5). This is due to the fact that when Ls decreases, the
interface stiffness factor “ISF” for pile-soil will decrease causing a decrease in the soil
stiffness, and thus less shear forces will be transferred to the piles resulting in low shear
stresses.

The maximum shear stress for each pile spacing Ls is getting reduced according to the
following formula that was figured out from the study:

T
Ts=£*100

Where,
7,: Maxmium shear stress at any pile spacing Ls, (KN/m?)

T,,: Maximum shear stress at pile spacing Ls =1m, (KN/m?)

For the horizontal displacement, the plate overestimated the values for all the cases,
except for the case of Loma earthquake in loose sand, where the plate underestimated the
displacements by 14.5%, 19.3%, 20%, and 22.5% for Ls= 1, 1.5, 2, and 2.5 m respectively
(Fig. 6 to Fig.8). The percentage difference for the other cases are shown in Table 4. A similar
behavior was witnessed for the moment values along the pile’s height, where the plate
overestimated the values in all cases as shown in Table 5. As for the variation of pile spacing
(Ls), the shear stresses and the moment values increase as Ls decreases, and vice versa.
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Fig. 6: Variation of horizontal displacement along the pile height for loose sand
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Fig.7: Variation of horizontal displacement along the pile height for medium sand
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Fig.8: Variation of horizontal displacement along the pile height for dense sand

Table 4:

Rate of variation of horizontal displacements of piles between EPR and P models

% Difference (with respect to EPR model)

Loose Sand

Medium Sand

Dense Sand

Ls

1 15 2 2.5

15

2

2.5

1 15 2 2.5

Loma

-14.5

-19.3| -20 | -225

15

11.7

15.8

204

13.2| 156| 15 16

Hollister

54.8

80 78 54.5

47

26.8

335

34

85| 96| 98 9.85

Coyote
Lake

33.6

46.5| 47.7 12

10

8.6

7.45

7.3

1.02| 1.04| 1.07 1.37

Table 5: Rate of variation of moments of piles between EPR and P models

% Difference

Loose Sand

Medium Sand

Dense Sand

Ls 1

1.5 2 25 1

1.5

2

2.5

1 1.5

2

2.5

Loma 275

54.23 | 72.67 | 97.66

22

59.66

7257

99.2

15 | 36.33

59.67

85.75

Hollister | 53

78.15 | 84.6 | 91.64

45.4

71.66

89

97.27

37.8 | 49.08

62.6

71.7

Coyote

Lake 597

79.6 | 85.56 | 93.61

49.8

73.16

90.42

98.62

40 50

63.41

72.32
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4.2. Building Response
For the peak horizontal acceleration, the plate overestimated the values for loose and
medium soils under the influence of the three earthquake input motions. An overestimation
occurred with an average percentage difference of 24.36%, 37.35%, and 33% for loose sand,
and with 57.16%, 41%, and 48.7% for medium sand for Loma, Hollister, and Coyote Lake
respectively. As for the dense sand, a negligible difference was witnessed in all cases, where
the plate and the four embedded pile models recorded approximately equal horizontal
accelerations (Table 6). Moreover, for the influence of Ls, it was noticed that changing Ls had
no effect on the acceleration values, where the models with different Ls showed the same
accelerations. This justifies the close percentage difference between the plate and the embedded

pile models (Table 6).

Table 6: Rate of variation of horizontal acceleration between EPR and P models

% Difference

Loose Sand Medium Sand Dense Sand
Ls 1 15 2 2.5 1 15 2 2.5 1 15 2 2.5
Loma 28 | 2353 | 2156 | 24.35 | 595 57.9 | 56.72 54.5 7 6.8 6.6 | 6.02

Hollister 39.4| 384 | 376 34 | 435 | 415 40 39 (353 |351| 37| 36
Coyote Lake | 33.7| 318 | 335 33 | 484 | 49.16 | 48.7 | 4855 | 6.07 | 6.19 | 6.28 | 6.25

Table 7: Rate of variation of horizontal displacement between EPR and P models

% Difference

Loose Sand Medium Sand Dense Sand
Ls 1 15 2 25 1 15 2 25 1 15 2 2.5
Loma 5.64 8.26 6.9 -13.4 12.2 | 136 116 | 105 0.46 | 0.42 1.2 |1.08
. 29.05 12.7
Hollister 53.95 -51.3 -55.4 573 21 21.58 19.5 | 19.68 178 | 24 2.8 2.9
Coyote Lake | 5307 | 974 | 7.7 71372 554 | 66 |74 |78 | 074|079 | 074 73

Regarding the horizontal displacement results, a similar behavior to the horizontal
acceleration was observed for medium and dense soil, where the plate overestimated the
displacements in medium sand, and a negligible difference was witnessed in the dense case
(Table 7). As for loose sand, the earthquake frequency influenced the results in a different way.
For Loma earthquake, the plate overestimated the displacements when compared to Ls=1, 1.5,
and 2 m (5.64%, 8.26%, and 6.9% respectively), whereas for Ls= 2.5 m, an underestimation
occurred by 13.4%. On the contrary, the plate underestimated the displacements when
subjected to Hollister earthquake for Ls corresponding to 1.5 and 2 m by 51.3% and 55.4%
respectively. As for Ls= 1 and 2.5 m, no precise trends in the results were observed as shown
in Table 7. Moreover, an overestimation under Coyote Lake was witnessed for all cases except
for Ls= 2.5 m, where a variable trend in the results occurred. Hence, the plate overestimated
the horizontal displacements when the soil is medium to dense sand. However, for a loose sand,
a variable trend in the results still exists. In addition, the pile spacing (Ls) has no influence on
the results in cases of medium and dense sand, whereas for loose soil, a significant effect is
monitored.

For the shear forces and moment values, the plate underestimated the base shear for
Loma earthquake (Table 8) and overestimated the values for Hollister and Coyote Lake (Table
9 and Table 10). As for the influence of pile spacing (Ls) on the base shear values, it was
witnessed that as Ls increases, base shear increases for loose sand and decreases for medium
sand.
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A negligible difference was observed for dense sand case, where the plate and the four
embedded pile row models gave approximately equal base shear forces. As for the shear forces
and moment values along the building height and precisely for the story levels ranging between
36 and 72 m, the plate underestimated the results in loose sand and overestimated them in
medium sand in the three types of earthquakes. The results are actually depending on a complex
interaction between the pile distances (Ls) and the earthquake frequency, which led to such a
variation in the shear and moments.

Table 8: Rate of variation of base shear forces between EPR and P models for Loma earthquake

Plate Ls
Model
Base Shear Vb (KN/m) 1 15 2 25
Loose Sand -7.04 -0.48 -12.15 -12.47 -13.34
% Difference with respect to plate i 3466 7258 7713 895
model
Medium Sand -6.67 -10.82 -10.61 -9.29 -7.69
% Difference with respect to plate i 62.22 59 3928 153
model ' ' '
Dense Sand -8.54 -8.95 -8.68 -8.46 -8.32
% Difference with respect to plate i A8 164 094 258
model

Table 9: Rate of variation of base shear forces between EPR and P models for Hollister earthquake

Plate Model Ls
Base Shear (KN/m) 1 15 2 2.5
Loose Sand 4.42 1.145 -0.84 -2.61 -2.44
% Difference with respect to plate ) 741 81 40,95 448
model ' ' '
Medium Sand 3.54 -2.61 -1.49 -0.58 0.071
% Difference with respect to plate ) 26.27 5791 -83.62 .98
model ' ' '
Dense Sand -8.31 -9.06 -8.78 -8.59 -8.42
% Difference with respect to plate
model - 9.03 5.67 3.37 1.32

Table 10: Rate of variation of base shear forces between EPR and P models for Coyote Lake

earthquake
Plate Model Ls

Base Shear (KN/m) 1 15 2 25

Loose Sand 341 11 -1.06 -2.3 -3
% Difference with respect to plate model ) 67.74 68.01 3255 12,02
Medium Sand 3.36 -2.81 -1.67 -0.77 -0.066
% Difference with respect to plate model ) 16.37 503 77.09 -98.04
Dense Sand -8.21 -8.97 -8.69 -8.49 -8.33

% Difference with respect to plate model ) 93 585 3.41 147
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To conclude, this study assessed the reliability of designing the piles as plate element in
capturing the real structural pile seismic response upon comparing it with modeling piles as
embedded row elements. The results proved the inadequacy of the use of plate model in
predicting the pile seismic response. As for the structural seismic response, an overestimation
of the horizontal displacements and a variation in the shear forces and moments were detected
by the plate model in cases of loose and medium sand. Therefore, the use of plate model is
adequate only in case of dense soil, where it can be able to capture the real structural seismic
response. The final structural-pile response was therefore the result of an intricate interaction
between the pile distances (Ls) and the soil type under the earthquake characteristics (the
frequency and the accelerogram).

5. CONCLUSION

The main goal of this study was to investigate the reliability of modeling the pile as a plate
element in a dynamic SSI problem. This was achieved by comparing it to the pile when modeled as
an embedded pile row that is acknowledged as being able to accurately simulate the real SSI
behavior. This comparison was conducted in terms of seismic responses of pile and structure. A
series of numerical models was generated taking into consideration several parameters that might
influence the SSI analysis. The spacing between piles (Ls) is disregarded when modelling the pile
as a plate element. Therefore, the effectiveness of this model was measured by comparing the
structural-pile response with four embedded pile row models having different Ls (1, 1.5, 2, and 2.5
m). The analysis was carried out for different soil types and earthquake input frequency contents.
The obtained results show that:

5.1. Pile Response

o The plate model overestimated the shear stresses along the pile height when compared to
the three embedded row models having Ls of 1.5, 2, and 2.5 m respectively. The rate of
variation grows with the increase of Ls, which proves that neglecting the pile spacing
leads to irrelevant performance

e The plate model overestimated the moment values along the pile height for all soil types
under the influence of all earthquake input motions

o No clear trend was observed in the horizontal displacements of the piles where the plate
provided detrimental results. This is due to the complex interaction between the soil type
and the frequency content of the earthquake

5.2. Building Response
e The plate overestimated the peak horizontal acceleration for loose and medium soils.
Changing Ls has no influence on the acceleration values
o The plate overestimated the peak horizontal displacements for all earthquake input
motions in medium sand, whereas for loose sand, a variable trend was observed. Changing
Ls has no effect on the results in cases of medium and dense soils, whereas a significant
effect was witnessed in case of loose sand
e The plate underestimated the base shear for loose and medium sand under the influence
of Loma earthquake, whereas it overestimated the values under the excitation of Coyote
Lake and Hollister earthquakes. The results are actually depending on the interaction
between the pile distances (Ls) and the earthquake frequency content, which led to such a
variation in the shear
¢ Indense sand, a negligible difference in the results of the building response was recorded
between the plate and embedded row, despite all the variation in parameters. This means
that the plate model could be safely employed
Based on the above findings, it is recommended to use the embedded row feature for
conducting a real structural-pile performance, especially for loose and medium sands. The plate
model cannot be used when designing piles whatever the soil type is since it does not accurately
represent the piles’ real performance, and it could even provide detrimental results in some
cases. Yet, if the objective is the structural behavior, this study proved that the plate model can
be safely used in case of dense sandy soils only.
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