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ABSTRACT: In the case of considering dynamic effects without using sub-programs, dynamic forces can be 
considered in terms of static loads to design of the pile foundation in saturated soils. In this study, the applicability of 
the dynamic loads acting on floating pile foundation constructed in the saturated homogeneous clay, homogeneous 
loose sand and stratified soils (saturated loose sand above saturated clay and saturated clay above loose saturated sand) 
as static loads is investigated. Three different magnitude of earthquake was applied to soils and deformations were 
determined. 2-D Plaxis program was used to determine the deformations of pile foundations. Equivalent static loads are 
found by applying these deformations to the pile foundations. Equivalent static loads, which give the same 
deformations, were calculated by back calculation method from the results. Equivalent static loads on pile can be 
determined by increasing certain percentages, ranging from 4 % to 90 %, of actual static loads. 
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I. INTRODUCTION 
 

Foundations are divided into two main groups such as shallow foundations and deep foundations. Soil bearing 
capacity, settlement and liquefaction potential are main factors affecting selection of foundation type. Deep foundations 
are chosen when excessive upper structure loads and weak soil conditions. In addition, dynamic behavior of soils, 
liquefaction and possible earthquake effects must be considered to safe foundation design. Pile foundations are the most 
chosen type of deep foundations. Piles are structural members and can be classified by material type (steel, concrete, 
wooden or composite piles), application type (driven, bored or jacked piles) or load transfer mechanisms (point bearing, 
friction, compaction or tension piles) [1]. 

Earthquake generates wave movements and can cause damages. Common earthquake effects are surface rupture, 
regional subsidence, liquefaction, slope movement, tsunami and seiche [2]. Especially, liquefaction induced settlement 
and bearing capacity failures can cause huge damages. Tilting or settlement can occur and buildings can suffer. 
Concerning the damages; liquefied fills, poorly compacted loose soils, structural design faults and wrong construction 
steps are concluded as main factors by earthquake reports. And also these damages could be seen at buildings on deep 
foundations consisting of piles or piers [2]. 

Earthquake can cause damages to pile foundations which have axial loads such as own weight, upper structure load 
and lateral loads such as earthquake load, wind load, wave load and seismic loads. Kaynia and Kausel (1982); Sen et al. 
(1985) were developed analytical methods considering linear behavior of soil [3,4]. Nogami et al. (1986) were 
investigated dynamic behavior of pile groups by Winkler theory [5]. They considered non-linear soil behavior and 
supposed independent soil-blok, spring and damping. Naggar and Novak (1996) were studied non-linear time behavior 
of pile groups by using Winkler theory [6]. In all these studies, it can be seen that non-linear soil behavior affects the 
dynamic behavior of pile groups. In practice, laterally loaded piles are considered as a beam. Soil around the pile are 
considered as non-linear load transform function known as “p-y curves”. Huang, J. W. (2011) developed p-y curves to 
determine the behavior of laterally loaded single piles [7].  

In this study, 2-D Plaxis finite element analysis program is used to analyze the dynamic behavior of pile groups 
under three different magnitude of earthquakes for different kind of soils. 
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II. RELATED WORK 
 
Behavior of pile foundation estimation during earthquake loading requires large investigations. Dynamic loading 

should be determined and superimposed on the working loads already acting on the pile. On the other hand, to 
determine reel performance of the pile, site effects on the earthquake loads should be defined. Case history studies 
about performance of the piles during the earthquakes have been given by lots of researchers such as 1964 Niigata 
Earthquake [8], Edgecumbe Earthquake [9], 1995 Kobe Earthquake [10,11], 2001 Bhuj Earthquake [12]. Also 
Bhattcharya et al. (2004) presented an approach to determine behaviour of piles in liquefiable soils during earthquakes 
[13]. Lin et al. (2005) analysed bending and buckling modes of piles on the case histories [14]. Sharahi (2012) 
explained performance of piles by using finite difference model [15]. After developments on the computer technology, 
numerical solutions have been popular by using finite element or finite difference methods, etc. Despite the 
continuation of studies, the problem requires complex solutions. Researchers are working to simplify the problem. 

On the other hand, the other popular approach called performance-based design has been chosen by many engineers 
and they have estimated displacements under various load combinations [16]. Some seismic design codes such as 
PIANC (2001) and ISO 23469 (2005) give estimation of pile performance under different earthquake motion levels 
[17,18]. Selection of displacement limits and designing with considering performance levels are much different from 
the conventional load/stress based on factor of safety method [16]. 

III. METHODOLOGY  
A. Pile foundation design 

Three different pile diameters such as 0.60 m, 0.80 m and 1.00 m are selected. These piles are constructed in 
homogeneous saturated clay layer, homogeneous loose sand layer and stratified soils such as saturated loose sand above 
saturated clay and saturated clay above loose sand. 15 m length of pile foundations constructed in the 30 m thick of 
homogeneous saturated clay layer and homogeneous loose sand layer are shown in Figure 1 and Figure 2, respectively. 

 

  
 
 

Fig. 1.15 m length of pile foundation constructed in the 30 m thick of a) homogeneous saturated clay b) homogeneous saturated sand. 

 
 
 

 

(a)                                        (b) 
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B. Materials 
Properties of clay soil and sand are given in Tables 1 and 2, respectively. Ground water level is located at the -0,50 

m from ground surface for all models. 
 

Table 1. Clay Soil Properties 
Dry unit weight, γd, (kN/m3) 12 

Saturated unit weight, γs,  (kN/m3) 17.5 

Poisson’s ratio, υ 0.2 
Elasticity modulus, E, (kN/m2) 9500 

Internal friction angle, Ø,  (°) 5 
Cohesion, kN/m2, c 25 

Void ratio, e 1.2 
 

Table 2.  Sand Soil Properties 
Dry unit weight, γd, (kN/m3) 15.5 

Saturated unit weight, γs,  (kN/m3) 19.5 

Poisson’s ratio, υ 0.3 

Elasticity modulus, E, (kN/m2) 15000 

Internal friction angle, Ø,  (°) 22 

Cohesion, kN/m2, c 2 

Void ratio, e 0.7 

Friction angle between soil and pile, δ (°) 13.2 

 
Properties of piles used in this study are given in Table 3. Earthquake acceleration reports used in this study are 

given in Table 4. USGS strong motion (smc) data are used for earthquake accelerations. Dynamic moduli of Plaxis 2-D 
program is widely used to determine the deformations of piles under the earthquake loads in Turkey. 

 
Table 3.  Properties of Pile Foundation 

Diameter, D, (m) 0.6 0.8 1.0 

Material behavior Elastic Elastic Elastic 

Length of pile, L (m) 15 15 15 

EA (kN/m) 1.08x107 1.92x107 3x107 

EI (kN/m2/m) 3.24x105 1.02x106 2.50x106 

Poisson’s ratio, υ 0.2 0.2 0.2 

 
Table 4.  Earthquake Properties 

Magnitude (Mw) 5 6 7 
Epicenter distance (km) 31.8 23.6 20 

Date of Earthquake 08.2013 02. 2010 10. 2011 

Location of Earthquake Volcano 
(Hawaii, USA) 

Petrolia 
(California, USA) 

Van  
(Turkey) 

 
C. Bearing capacities and deformations of single pile 

Bearing capacities of piles are found by using different methods. Among them, Meyerhof’s method and α method 
are used to determine the bearing and skin friction capacities of piles, respectively [19]. Factor of safety is considered 3 
to determine the allowable bearing capacities of piles. 
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Bearing capacities are applied to piles in terms of static loads. Deformations of piles are calculated by empirical 
methods and Plaxis program under static loads. These deformations for sand and clay layers are given in Tables 5 and 6, 
respectively.  

 
Table 5.  Deformations for sand layer 

Vertical load (kN) / Pile 
Diameter (m) Deformations (mm) Empirical Deformations (mm) Plaxis 

Software 
332 / (0.6) 28.53 29.01 

560 / (0.8) 37.90 39.08 

850 / (1.0) 47.30 53.25 

 
Table 6.  Deformations of Clay Layer 

Vertical load (kN) / Pile Diameter 
(m) Deformations (mm) Empirical Deformations (mm) Plaxis 

Software 
282 / (0.6) 33.26 30.60 
396 / (0.8) 42.10 43.92 
520 / (1.0) 51.96 59.38 

 
Deformations for clay layer above sand layer and sand layer above clay layer are given in Tables 7 and 8, 

respectively. 
 

Table 7. Deformations of 22,5m Clay Layer above 7,5m Sand Layer 
Vertical load (kN) / Pile Diameter (m) Deformations (mm) Empirical Deformations (mm) Plaxis Software 

193 / (0.6) 28.52 22.31 
278 / (0.8) 40.49 35.27 

375 / (1.0) 50.12 47.62 
 

Table 8. Deformations of 22,5m Sand Layer above 7,5m Clay Layer 
Vertical load (kN) / Pile Diameter (m) Deformations (mm) Empirical Deformations (mm) Plaxis Software 

362 / (0.6) 28.27 24.98 

580 / (0.8) 38.53 35.05 

847 / (1.0) 49.22 47.31 

 

IV. EXPERIMENTAL RESULTS 
 

A. Earthquake analysis of pile groups by using plaxis program 
Calculated bearing capacities are applied to 4 by 4 pile groups as a vertical load. Deformations of pile groups are 

found by Plaxis program under the earthquake loads. Equivalent static loads, which gives the same deformations, was 
calculated by back calculation method from the results. Deformations occurred in the sand and clay layers under the 
earthquake loads are given in Tables 9 and 10, respectively.     

 
Table 9.  Deformations occurred in the Sand Layer under the Earthquake Loads 

Pile Diameter (m) Deformations (mm) Mw=5 Deformations (mm) Mw=6 Deformations (mm) Mw=7 

0.6 47.12 65.41 81.27 

0.8 120.08 138.96 154.11 

1.0 243.23 263.58 277.46 
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Table 10.  Deformations occurred in the Clay Layer under the Earthquake Loads 
Pile Diameter (m) Deformations (mm) Mw=5 Deformations (mm) Mw=6 Deformations (mm) Mw=7 

0.6 59.70 76.60 93.01 

0.8 85.71 108.66 131.23 

1.0 122.19 149.47 175.95 

 
B. Determination of equivalent vertical static loads by back calculation method from the vertical deformations 

obtained by using plaxis program in clay and sand layers  
While group efficiency factor (E) are changing for each pile, group efficiency factor is chosen minimum 0.70 due to 

the 4 piles in the group.  Equivalent vertical static loads, which gives the same deformations, was calculated by back 
calculation method from the results Table 11 and 12). 
Converse – Laberre equation:  

E = 1 − tanିଵ ቀୢ
ୱ
ቁ୫(୬ିଵ)ା୬(୫ିଵ)

ଽ୫୬
 , E = 0.70        (1) 

Equivalent static loads and equivalent static load increments for 15 m length of single pile constructed in the 30 m 
thick clay layer are given as an example. Deformations of single pile (D=0.80 m) are determined by using back 
calculation from deformations of pile group composed of 4 piles under the earthquake load, Mw=6 [19]. 
End Bearing Capacity Calculation (Meyerhof’s method is used): 
Qp = Ap x qp = Ap x (c x Nc*+ qp' x Nq*)         (2) 
Skin Friction Capacity Calculation for Clay (α’s method is used): 
Qs = ∑ α x p x cu x ΔL           (3) 
Skin Friction Capacity Calculation for Sand: 
Qs = P x L' x fav            (4) 
Total elastic settlement of pile Calculation S= S1+S2+S3 (under static load): 
Settlement of pile shaft, S1 
S1 = (Qp +  ξ Qs) (L) / (Ap x Ep)          (5) 
Settlement of pile caused by the load at the pile point, S2 
S2 = (Qp x D) (1-μs

2) Iwp / (Ap x Es)          (6) 
Settlement of pile caused by the load transmitted along the pile shaft, S3  
S3 = (Qs)/(pxL) (D/Es) (1-μs

2) Iws          (7) 
Elastic settlement of pile group is calculated by using Skempton’s formula: 
Sg(e) = S (4D+3/D+4)2           (8) 

 
Table 11.  Equivalent static load and load increment percent of piles in the clay layer 

Type of Soil Pile Diameter (m) Magnitude (Mw) Total Deformation of Single Pile (mm) Equivalent Static Load (Q(g)) (kN) 
Equivalent Static 
Load Increment 

(%) 

Clay Layer 

0,6 
 

5 43.32 1302 16 
6 55.58 1484 32 
7 67.49 1692 50 

0,8 
 

5 51.37 1881 19 
6 65.13 2168 37 
7 78.66 2436 54 

1,0 
 

5 62.34 2641 27 
6 76.26 2985 44 
7 89.77 3320 60 
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Table 12.  Equivalent static load and load increment percent of piles in the sand layer 

Type of 
Soil Pile Diameter (m) Magnitude (Mw) Total Deformation of Single Pile (mm) Equivalent Static Load (Q(g)) (kN) 

Equivalent Static 
Load Increment 

(%) 

SandLayer 

0,6 
 

5 34,00 1384 4 
6 47,50 1618 22 
7 59,00 1902 43 

0,8 
 

5 72,00 2724 22 
6 83,30 3096 38 
7 92,40 3396 52 

1,0 
 

5 124,10 5592 65 
6 134,50 6020 77 
7 141,60 6313 86 

 
C. Determination of equivalent vertical static loads by back calculation method from the vertical deformations 

obtained by using plaxis program in the 22.5 m clay above sand layer and 22.5 m sand layer above clay layer 
Calculated bearing capacities are applied to 4 by 4 pile groups as a vertical load. Deformations of pile groups are 

found by Plaxis program under the earthquake loads. Equivalent static loads, which give the same deformations, was 
calculated by back calculation method from the results. Deformations occurred in the 22,5 m clay layer above 7,5m 
sand layer and 22,5 m sand layer above 7,5m clay layer under the earthquake loads are given in Tables 13 and 14, 
respectively.  

 
 Table 13.  Deformations of Single Pile and Group Piles Under the Earthquake Loads Constructed 22,5 m Clay Layer above 7,5 m Sand Layer 

 
Table 14.  Deformations of Single Pile and Group Piles Under the Earthquake Loads Constructed 22,5 m Sand Layer above 7,5 m Clay Layer 

Type of Soil Pile Diameter (D) m Magnitude (Mw) Deformation of Pile Groups (mm) Deformation of Single Pile (mm) 

22,5 m Clay Layer + 7,5 m Sand Layer 

0,6 
5 41,73 30,27 
6 56,75 41,18 
7 68,21 49,50 

0,8 
5 61,86 37,08 
6 79,57 47,69 
7 96,31 57,73 

1,0 
5 94,73 48,83 
6 112,22 57,26 
7 128,62 65,62 

 

Type of Soil Pile Diameter (D) m Magnitude (Mw) Deformation of Pile Groups (mm) Deformation of Single Pile (mm) 

22,5 m Sand Layer + 7,5 m Clay Layer 

0,6 
5 51,91 37,67 
6 69,78 50,64 
7 86,04 62,44 

0,8 
5 124,81 74,81 
6 142,77 85,57 
7 158,97 95,28 

1,0 
5 242,59 123,77 
6 260,88 133,10 
7 276,69 141,17 
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Equivalent static loads and equivalent static load increments for 15 m length of single pile constructed in the 7.5 m 
thick clay layer and 22.5 m sand layer are given as an example. Deformations of single pile (D=0.80 m) are determined 
by using back calculation from deformations of pile group composed of 4 piles under the earthquake load, Mw=6 
[19].Equivalent static load and percent of load increments are given in Tables 15 and 16. 
 

Table 15. Equivalent static load and load increment percent of piles in the 22.5 m Clay Layer and 7.5 m Sand Layer 

Pile Diameter (D) m Magnitude (Mw) Equivalent Static Load 
(kN) 

Equivalent Static Load 
Increment (%) 

0,6 
 

5 852 11 
6 1014 32 
7 1138 48 

0,8 
 

5 1271 14 
6 1481 33 
7 1679 51 

1,0 
 

5 1867 25 
6 2088 39 
7 2294 53 

 
Table 16. Equivalent static load and load increment percent of piles in the 22.5 m Sand Layer and 7.5 Clay Layer 

Pile Diameter (D) m Magnitude (Mw) Equivalent Static Load 
(kN) 

Equivalent Static 
LoadIncrement (%) 

0,6 
 

5 1531 6 
6 1752 21 
7 2043 41 

0,8 
 

5 2999 29 
6 3353 44 
7 3673 58 

1,0 
 

5 5765 70 
6 6150 82 
7 6482 91 

 

V. CONCLUSION  
 
In this study, pile foundations having different diameters under the total vertical static loads, constructed in the 30 

m thick saturated clay layer, sand layer, 22,5 m clay layer above 7,5 m sand layer and 22,5 m sand layer above 7,5 m 
clay layer are designed under the static and dynamic loads. Deformations of piles and pile groups under the dynamic 
loads are found by using empirical methods and plaxis program. Equivalent static loads, which give the same 
deformations to piles and pile groups, are determined.  

Following results can be drawn from this study; 
In the case of assuming constant total load and the effect of earthquake loads on pile group and satisfying the 

minimum distance between the piles (2.5 D), deformations of piles and pile groups increase with increasing the pile 
diameter under the static and dynamic loads. Therefore, equivalent static load also increases. Because, piles are 
assumed to be floating or friction piles.  

The magnitudes of the earthquake are measured by using Richter scale which is a logarithm. When the magnitude 
of earthquake increases one unit, wave amplitude and the stress energy increase 10 times and 30 times, respectively. 
Therefore, deformations and equivalent static loads increase with increasing magnitudes of earthquake. 

Static load on piles constructed in the saturated clay with the diameters of 0.60 m, 0.80 m and 1.00 m in the case of 
Mw=5.0, Mw=6.0 and Mw=7.0 can be increased between 16 % and 60 % to consider the earthquake effect [20]. 
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High deformations is observed in the case of loose sand layer due to the decreasing of stability of soil. When the 
magnitude of earthquake is Mw=5.0 and the diameter of pile is 0.60 m, the static load can be increased 4 %. However, 
in the case of pile having 1.00 m in diameter, static load can be increased 65 % [20]. 

Equivalent static load increments are about 48 %, 51 % and 53 %   for piles having diameters of 0.60 m, 0.80 m and 
1.00 m constructed in the saturated 22.5 m clay layer above 7.5 m sand layer under the earthquake loads of Mw=5.0, 
Mw=6.0 and Mw=7.0, respectively. 

In the case of saturated 22.5 m sand layer above 7.5 m clay layer, the soil can loose its strength and stability under 
the earthquake loads. Therefore, equivalent static load increment is about 91 %. 

This study is performed for specific soil properties and pile diameters. 
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