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Abstract 
 At some coastal areas in Egypt, especially Port Said and Damietta, there are layers of surface loose to medium silty sand 

with traces of fragments of seashells overlying a very deep soft clay layer. The construction of shallow foundations over such soil 

formation is difficult and in some cases is not possible due to the high soil compressibility, large settlements, low bearing capacity, and 

near surface groundwater. In such case, short small diameter piles could be used especially under low rise structures to transmit the 

structure loads with much lower settlements. A finite element-based numerical analysis using ADINA software (Version 9.4.2) ‎[4] is 

used to analyze and study the behavior of piles in such soil formations. Results indicated that both pile diameter and embedment length 

in loose sand have significant effect on the pile capacity and settlement on the other hand pile embedded length in soft clay layer has 

no effect on either pile capacity or pile settlement. One of the key findings of this study is that most of the load in this case is carried 

by the pile is transmitted to soil by skin friction so that the choice of using pile foundation in such soil formation is practical to some 

extent. 
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These studies indicated that the soft clay in this area has 

been deposited in similar geological conditions. Therefore, it is 

believed that their geotechnical properties are also similar. 

Hamed et al. (2017) ‎[13], created an ideal profile to represent 

the El-Tina plain subsurface conditions, as shown in Figure (2). 

The idealized profile consists of a surface layer of soft clay with 

a depth down to 5 m followed by a layer of loose to medium 

dense sand with some sea shells fragments and some silt 

overlaying a deep layer of soft to medium stiff clay with depths 

extending down to larger than 50 m in some cases. A similar 

soil profile is used to model the soil in the current study. 

 

Figure (1): Location of El-Tina Plain on Egypt’s Map, (After El 

Gammal (2013) ‎[11]) 

Geotechnical engineers consider soft clay as 

problematic soil type due to its high settlements, low shear 

strength and bearing capacity which leads to low allowable 

surface loads. Therefore, soil structure interaction in this 

scenario is complex in both short and long-term conditions, 

Hamed et al. (2017) ‎[13]. 

In Egypt, Nile River flows from the south and forms 

a delta in northern Egypt and extends from east Alexandria to 

Port Said. Nile delta is formed by slowly settling of clay 

particles at the mouth of the river where the water is slowing 

down and soft clay deposit is accordingly formed. The ancient 

branches of the Nile River are also formed along the north-

eastern delta of Egypt and extend east of Port Said, known as 

the Plain of Tina. Figure (1) illustrates the location of El-Tina 

Plain on Egypt's map, El-Gammal (2013) ‎[11]. 

 The depth of soft clay deposit in El-Tina plain area 

extends for about fifty meters below ground surface. Many 

studies focused on the history of the soil formation of the 

northern Nile Delta in general and the Tina plain in particular, 

Ibrahim (2002) ‎[20]; Stanley (2003) ‎[28], Abdeltawab and 

Hussein (2008) ‎[3], Barakat (2010) ‎[9] and Ismail and Ryden 

(2012) ‎[21]. 
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Figure (2): Soil Stratification of Port-Said, After Hamza and 

Shahien (2013) ‎[17]. 

Pile foundations are considered relatively more 

expensive than shallow foundations, so they should be selected 

only when shallow foundations cannot satisfy an acceptable 

bearing capacity and settlement safety during the service life of 

the structure. These two independent design criteria can arise 

because of the nature and magnitude of structural loads, 

settlement-sensitive structures and soil type. Thus, the main 

goal of the piles in this case is to obtain design standards by 

transferring structural loads to deep, stable and stiffer soil 

layers, (Hammam, et al 2017) ‎[16]. 

The case can be more complex as in the current study 

when the topsoil layers consists of loose to medium sand with 

relatively small thickness followed by and extended soft clay 

layer. This complexity adds more uncertainty in the pile 

behavior, therefore, using mainly friction piles needs to be 

studied and analyzed in details to account for the effect of the 

presence of the underlying deep soft clay layers. 

 

2- NUMERICAL MODEL  

2-1-Finite Element Program  

The finite element analysis is conducted using 

Automatic Dynamic Incremental Non-linear Analysis (ADINA) 

computer program (ADINA R& D, 2018) ‎[4]. The program 

allows different 2-D, 3-D and axisymmetric models. Two-

dimensional (2D) finite element models (FEM) are developed to 

study the behavior of the axially loaded piles in the soil with 

profile shown in Figure (3) to simulate the behavior of pile in 

such soil formation. A fully coupled (soil and fluid) 4-noded 

element from the ADINA's element library is utilized. This 

element type is believed to offer high quality stress results and 

to be adequate for failure situations. 

The base of the model is considered to be fixed in the 

horizontal and vertical directions, while the side boundaries are 

fixed in the horizontal direction only allowing for the soil to 

settle freely, as shown in Figure (3). Based on the analytical 

solution proposed by Randolph and Wroth (1978) ‎[25], to 

evaluate the deformation of soil around a pile shaft, two-

dimensional solid elements are used to represent the soil and 

pile elements. Since the bending effects are not significant, the 

4-node rectangular element is used. A zone of very fine mesh is 

employed around and below the pile tip equivalent to three 

times the pile diameter in each direction.  

It this study the concrete pile is modeled by using the 

linear elastic isotropic material model or the concrete model. 

The linear elastic isotropic model is more sufficient when the 

deformation is relatively small but when the load approaches 

the concrete failure load it’s useful to use the concrete model. 

As mostly all models didn’t approach the concrete failure load, 

the linear elastic isotropic model is used to model the pile 

element. The Mohr-Coulomb (MC) material model is used to 

characterize loose to medium sand. On the other hand, Cam-

Clay material model is used to model the soft and medium stiff 

clay behavior. 

2-2- Modeling of Construction Sequence Analysis 

Stages 

The construction sequence effect is modeled in order to 

simulate the sequential loading of soil and pile. The main 

phases of loading can be presented in the following sequence: 

1. Soil settlement due to its own weight under geo-static 

pressure; 

2. Pile installation, in which the soil elements at the pile 

location are set to death followed by the birth of the 

pile elements; and 

3. Pile loading process. 
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(a): The Boundary Conditions and Dimensions Used in 

The Numerical Modeling 

 
 

(b): Finite Element 

Mesh. 

(c): Zoom in Finite Element 

Mesh Around Pile and 

Surrounding Soil. 

Figure (3): Schematic View of the Boundary 

Conditions, Dimensions and Finite Element Mesh Used 

in the Numerical Modeling. 

2-3-Verification of the Proposed Finite Element 

Model  

 The proposed finite element model is verified herein 

against full-scale pile load tests performed by Hammam et al. 

(2017) ‎[15]. Hammam et al. (2017) ‎[15], conducted a full-scale 

pile load test north of Nile delta in Egypt to analyze the load-

settlement behavior of bored piles with lengths equal to 27.0 m 

and longer to support raft foundations of twelve stories 

residential buildings. The soil profile in their study consisted of 

a top layer of loose to medium dense sand with thickness of 8 m 

to 10 m depth, overlying a layer of deep compressible clay 

which extends down to 40 m, as shown in Table (1). The 

ground water table is found to be near the ground surface, as 

shown in Figure (4). Boreholes are drilled down to 60.0 m from 

the ground surface. Six (CPTU) tests are also conducted down 

to 25 m depth to measure the different soil properties. Pile load 

tests are conducted on different types of piles with diameters of 

0.60 and 0.70 m. Static load tests are continued till reaching 

2000 kN, which is equal to 250% of the design pile load 

capacity.  

This case study is numerically modeled herein in this 

paper to verify the proposed numerical model and show its 

ability to accurately model the full-scale field test results 

performed by Hammam et al. (2018) ‎[15]. 

Table (1): Field Soil Profile Properties Used in the Numerical 

Analysis. 

 

 is the soil saturated unit weight. 

  Cu is the undrained shear strength. 

  ɸ is the angle of shearing resistance.  

  Es is the soil modulus (Es = 1/mv, where mv is the 

compressibility modulus). 
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Figure (4): Borehole Data and Soil Properties (After Hammam et 

al., 2017) ‎[15]. 

 

 

 

A comparison between results of the finite element 

model for bored piles in the same soil profile and pile properties 

and the load settlement relationship of the pile load test are 

presented in Figure (5). Results of the numerical model, 

presented in this paper, show a computed settlement of 13.25 

mm under maximum load of 2000 kN while the measured 

settlement from the pile load test at the same load is 13.0mm, 

with a maximum difference not exceeding 9.1% during all the 

loading stages of the test. Thus, the numerical model results are 

found to be in good agreement with the field pile load test 

results. 

 

 
Figure (5): Load-Settlement Relationship for both the Field Pile 

Load Test, and the Numerical Analysis in the Current Research. 

The computed net settlement at the pile head due to 

pile loading is equal to 13.25 mm, as shown in Figures (6). 

Figure (6) shows colored contour shading of pile settlements 

and contour shading of the vertical stresses within the pile and 

soil domain due to the pile load test and also shows their 

distribution within the soil domain at the pile loading stage. The 

shading emphasizes that most of the pile load and consequently 

stresses on the soil are transferred as skin friction around the 

pile shaft with much lower stresses around the pile tip. Good 

agreement is noticed between the pile load test results and the 

proposed numerical model, especially under higher stress 

levels, whereas small differences are noticed at lower stress 

levels.  
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(a): Vertical Stresses Around the Pile and Its Tip. 

 
(b): Net Settlement Shading Contours Around the Pile. 

Figure (6): Colored Contour Shading of Vertical Stresses and 

Settlements Around the pile. 

 

 

3- NUMERICAL MODEL OF THE CASE 

STUDY 

The special soil formation at Port Said and some zones 

of Damietta and new Damietta are interesting case studies 

which needs to be specifically studied, where the main soil 

formation is layers of loose to medium silty sand overlying a 

very deep soft clay layer Hamed, et al., (2017) ‎[13]. This 

specific soil formation is studied herein in this research to 

assess the pile performance and investigate the feasibility of 

using piles constructed in and resting within the upper loose 

sand layer in such areas. In this specific case study, the upper 

loose sand layer with thickness extending from 4.0 m down to 

about 15.0 m is, underlain by a deep compressible clay layer 

which extends down to about 50 m, while the ground water is 

found near the ground surface, as shown in the Figure (7). 

 

 

Figure (7): Special Case Soil Stratification of Port-Said Soil. 

4- RESULTS OF THE NUMERICAL MODEL 

In order to investigate pile behavior in the saturated 

loose sandy soil layer overlaying that extended compressible 

soils, the main factors affecting the pile capacity are exclusively 

studied and presented in this study. A numerical parametric 

study is conducted in order to explore and clarify the behavior 

of piles considering different practical pile configurations and 

soil properties. The parameters studied included the effect of 
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pile length, pile diameter, embedment depth, layer depths, along 

with other factors.  

4-1- Effect of Pile Diameter 

Pile diameter is one of the most effective factors 

affecting the pile behavior and failure loads. Four models with 

different diameters 0.4, 0.5, 0.6 and 0.8 m are studied to 

determine the effect of pile diameter on the pile capacity. In 

these models, the piles are gradually loaded up till failure. The 

failure of these piles is defined as the load corresponding to a 

settlement of 10% of pile diameter, as per (ASTM, 2007 ‎[7] and 

API RP 2, 2000 ‎[6] , along with Terzaghi et al., 1942) ‎[29]. 

For piles with length of 13 m, the variation of pile-

head settlement versus the pile failure load is studied for pile 

diameters of 0.4, 0.5, 0.6, and 0.8 m respectively, as shown in 

Figure (8). For the four studied pile diameters it is noticed that 

the pile load-settlement curves have the same trend. However, a 

linear relationship is noticed in the load settlement curves of all 

the studied pile diameters, except for pile diameter of 80 cm, 

indicating that the piles behave approximately elastic up till the 

failure load, especially for smaller pile diameters. However, 

near failure, the load settlement curve became relatively 

nonlinear for large diameter pile only, i.e., 80 cm diameter. This 

may be attributed to the larger allowable settlement at failure in 

this case, in which the upper sand layer affects the underlying 

soft clay layer. Remembering that the pile failure load is   

defined as the pile load corresponding to 10% of the pile 

diameter as mentioned before.  

 
Figure (8): Load-Settlement Curves for Different Pile 

Diameters. 

The failure loads in this case are 1250, 1640, 2020, and 

2630 kN Respectively. In other words, pile failure loads 

increase about 20.7%, 52.6%, and 93.8%, for the piles with 

diameters 0.5, 0.6, and 0.8 compared to the failure load of the 

pile with diameter of 0.4 m, which indicates a consistent and 

significant increase in the pile load capacity by such moderate 

increase in the pile diameter. Although the calculated 

settlements are larger for larger pile diameters but the increase 

in the load capacity is even higher, as presented in Figure (9) 

for an embedment length of 9.0 m within the loose sand layer. 

 
Figure (9): The Change in Pile Failure Load Versus the 

Change in Pile Diameter at Different Pile Lengths Embedded 

in Loose Sand. 

 Figure (10) presents color contour shading for the 

vertical stresses and the net displacements within the pile and 

soil domain for piles of 11m embedment length in the loose 

sand layer for pile diameter of 0.80 m. The Figure shows that a 

zone of about one to two the pile diameter is the most affected 

stress zone around the pile. At larger distances away from the 

pile centerline, the stresses are inversely decreasing with 

increasing that distance. Moreover, the stresses are concentrated 

along the pile circumference indicating employing all the full 

pile skin friction, with much less allowable end bearing values. 

This trend is clearly presented in Figure (16) below, in which 

the skin friction values are almost 3.00 times the end bearing 

value. In other words, the end bearing resistance is not effective 

in loose sand, while the skin friction is the main contributor to 

the pile load carrying capacity. 
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(a): Vertical Stress for Pile Diameter 0.8 m. 

 
(b): Net Vertical Displacement for Pile Diameter 0.8 m. 

Figure (10): Colored Shading Contours of Vertical Stresses 

and Net Displacement Within the Pile and Soil Domain for 

Pile 11 m Length. 

 

4-2- Piles Embedment in Soft Clay Layer  

To assess the effect of pile embedment length in the 

soft clay, several models are created for piles with diameter 

ranged from 0.4 to 0.8 m and with lengths ranged from 16 to 18 

m. The embedment lengths inside the soft clay layer are starting 

from just touching the soft clay layer down to 3.00 m. Figure 

(11) shows that increasing the pile embedment length within the 

soft clay layer has a very slight effect in increasing the pile load 

carrying capacity. An increase of less than 1% is noticed in such 

case for pile diameter of 0.40 m up to about 2% for pile 

diameter of 0.80 m. 

 
Figure (11): The Change in Pile Failure Load Versus the Change in Pile 

Diameter at Different Pile Lengths Embedded in Soft Clay Layer. 

4-3- Effect of Piles Length 

Pile lengths from 10.0 to 17.0 are studied in this case 

for four different pile diameters of 0.4, 0.5, 0.6, and 0.8 m, as 

shown in Figure (12). The loose sand layer in this case extends 

down to 15.0 m, after which the extended soft clay layer is 

found. The Figure shows reasonable increase in the pile failure 

load by about 26% when increasing the pile length from 10 to 

13 m, all as long as, it lies within the sand layer. However, for 

pile diameters of 0.40, 0.50, and 0.80 m this increase is about 

13%, 20%, and 30% respectively, as shown in Figure (13). On 

the other hand, increasing the pile length to penetrate into the 

soft clay layer did not show any increase in the pile failure load, 

as presented by the typical load-settlement curves of lengths 

15.0 up to 17.0 m. 
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Figure (12): Load-Settlement Curves for Different Values of Pile 

Lengths for 0.6 m Pile Diameter. 

 

Figure (13): Relationship between Pile Failure Load and Length for 

Different Pile Diameters. 

4-4- Effect of the Thickness of Loose Sand under 

the Pile Tip  

 In this case of the study, the thickness of the loose sand 

layer under the pile tip is consistently increased while keeping 

the pile length constant at 10.0 m for pile diameters of 0.40, 

0.50, and 0.60 m. The Figure shows that increasing the loose 

sand layer thickness, under the pile tip, resulted in a noticeable 

increase in the pile failure load up to 3.0 m. However, 

increasing the thickness from 3.0 m to 5.0 m does not show the 

same increase. A total increase in the pile failure load ranging 

between 30 to 40% is noticed when increasing the thickness of 

the bearing layer below the pile tip from 0.0 to 5.0 m. Once 

more, this behavior assures the significant effect of skin friction 

which controls the pile failure load, than the end bearing 

resistance which contributes with much less values as shown in 

Figure (14). 

 
Figure (14): Effect of Loose Sand Layer Thickness under the Pile Tip 

on The Pile Capacity. 

4-5- Effect of Thickness of Upper Soft Clay Layer 

As mentioned before, the top layer in the soil 

formation under this study is a surface layer of soft clay with 

variable thickness. The reduction in thickness of the upper soft 

clay layer combined with increasing the loose sand layer causes 

an increase in the pile failure load, as a result of increasing the 

skin friction, due increasing the loose sand layer thickness. 

Figure (15) shows the effect of reducing the thickness of the 

upper soft clay layer on the pile failure load. Results show that 

reducing the thickness of the top soft clay layer from 4m to 0 

caused an increase in pile failure load by 11% to 17% for piles 

with diameter of 0.6 m and lengths ranging between 10 and 15 

m respectively.‎4- below‎[3] 
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Figure (15): The Effect of Changing in Thickness of the Upper 

Soft Clay Layer on The Pile Failure Load. 

4-6-Analysis of Load Transfer Mechanism  

Due to the nature of the soil where the pile is penetrating, 

and due to the low value of the cohesion of soft clay combined 

with the friction resistance of sand layer, the pile in this study is 

considered a friction pile in loose sand with no significant 

contribution from the end bearing, as in cases of piles bearing in 

dense sand.  

Separating the pile skin friction and end bearing resistance 

using results of the finite element model, it is noticed that the 

relationships are becoming slightly flat when the pile end bears 

in the soft clay layer, as shown in Figure (16). For piles with 

diameters 0.4 to 0.8 m and lengths ranged from 10 to 17 m the 

pile failure loads are calculated and both skin friction and end 

bearing are separated.  

Increasing the pile length until the pile tip touches the soft 

clay layer causes the pile skin friction to increase by 53% at pile 

diameter equal to 0.4 m when increasing the pile length from 10 

to 15 m, as presented in Figure (16). However, reducing the 

thickness of the loose sand layer underneath the pile tip resulted 

in a consistent decrease in the pile end bearing resistance. 

Moreover, penetrating the pile tip into the soft clay layer 

resulted in no increase in the pile end bearing resistance. It is 

also found that increasing pile diameter has a significant effect 

on the pile skin friction resistance, and somewhat limited effect 

on the end bearing resistance of the piles. This behavior is 

ascertained by the smaller stress bulb formed under the pile tip. 

 

Figure (16): Separation  in Pile Skin Friction and End Bearing 

Resistance for Different Pile Diameters and Lengths 

The percentage increase in skin friction increased with the 

change in pile lengths to reach 98% at pile diameter equal to 0.8 

m with due to a change in the pile length from 10 to 15 m, 

synchronized with a decrease in the end bearing resistance to be 

about 20% of the originally calculated end bearing value. 

5- CONCLUSIONS 

In the current research, results of numerical analysis of piles 

constructed in loose sand overlaying a deep layer of soft clay 

are presented. The effect of the presence of an extended soft 

clay layer under a single friction pile in loose to medium sand in 

a typical soil formation in northern zones of Egypt is studied. 

The typically studied case included a layer of loose sand 

extending down to about 15.0 m from the ground surface, 

followed by a very deep soft clay layer. The effects of pile 

length, pile and embedment length in sand are also considered. 

The main conclusions from this study are as follows: 

1- Using relatively short piles constructed within the upper 

loose sand layer is a good economic alternative to the 

very deeply seated piles, or even using shallow 

foundations with large replacement thickness and 

dewatering. 

2- Piles in loose sand are mainly friction piles with friction 

resistance of about 3.0 times the end bearing values. 

This behavior contradicts the cases of piles end bearing 
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in dense sand, where the end bearing resistance is much 

higher than the skin friction values. 

3- There is almost no end bearing resistance for piles end 

bear at the soft clay layer. Only skin friction is the key 

player in such case.  

4- Increasing the pile diameter from 0.4 to 0.8 m resulted 

in an increase in pile failure load from 85% to 116% for 

piles passing through loose sand layer thickness of one 

and half times the pile length. On the other hand, 

increasing the pile embedment length in the loose sand 

from about 55% of the loose sand layer thickness up to 

its full thickness resulted in an increase in the pile 

failure load by 16.2 %, 21.2%, 29.2 and 37.1% for piles 

with diameters 0.4, 0.5, 0.6 and 0.8 m respectively. 

5- Increasing the thickness of the upper soft clay layer 

from 0 to about 25% of the total upper layer 

thickness, caused a reduction in the pile failure load 

by about 17% for piles with diameter of 0.6 m and 

length equal to two thirds of the upper layer 

thickness. 

6- Reducing the failure criteria of settlement from 10% to 

5% of the pile diameter, as recommended by O’Neil and 

Reese (1999) ‎[27], it is noticed that the failure load is 

reduced by 52% for piles diameters 0.4, 0.5 and 0.6 m 

respectively  
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