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Abstract 

Understanding the pile behavior and predicting the load carrying capacity of piles are important topics in foundation design. 

Experimental model tests have been conducted on single piles and pile groups embedded in silty sands and subjected to cyclic 

compressive loading. The experimental tests were conducted on smooth mild steel hollow piles with an outer diameter of 42 mm 

and 2mm wall thickness in a precast concrete cylindrical tank. The model piles have embedment depth-to-diameter ratios (L/d) 

of 8 and 16. Three configurations of hollow pile viz single piles and pile groups containing two piles and four piles embedded in 

silty sands were tested, and the results are presented and discussed in this paper. The experimental results of ultimate load 

carrying capacity have been compared with predicted values obtained by proposed theories.   
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

The foundations of various structures are subjected to cyclic loading in addition to static loading in many situations. Pile 

foundations are widely used in transmitting loads from the superstructure to the supporting soils. After the pile is installed, the 

soil is permanently loaded by both the gravity loads and the live loads of the superstructure. In off shore or near shore structures 

like, docks and harbors, piles are subjected to repeated loading and unloading whose frequency and load amplitude are dependent 

on the rate of filling and emptying of ships . Several studies have been carried out to understand the behavior of the piles on sand 

deposits of different relative densities under cyclic vertical loading. Analytical solutions for a vertically loaded pile in a 

homogeneous single soil layer have been obtained by a number of authors. Poulos and Davis (1968) and Butterfield and Banerjee 

(1971) studied the response of axially loaded piles by integrating Mindlin‗s point load solution (Mindlin 1936). Motta (1994) and 

Kodikara and Johnston (1994) obtained closed-form solutions for homogeneous soil or rock using the load—transfer (t--z) 

method of analysis to incorporate idealized elastic-plastic behaviour. In reality, piles are rarely installed in an ideal homogeneous 

single-soil layer. For the reason, analytical solutions for axially loaded piles embedded in a non-homogeneous soil deposit have 

been sought. Randolph and Wroth (1978) proposed an approximate closed-form solution for the settlement of a pile in a Gibson 

soil (Gibson 1967). Poulos (1979) also presented a series of solutions for the settlement of a pile in a Gibson soil and applied the 

analysis to a pile in a three-layered soil. Rajapakse (1990) performed a parametric study for the problem of an axially loaded 

single pile in a Gibson soil based on a variation formulation coupled with a boundary integral representation. Lee (1991) and Lee 

and Small (1991) proposed solutions for axially loaded piles in finite-layered soil using a discrete layer analysis. Chin and Poulos 

(1991) presented solutions for an axially loaded vertical pile embedded in a Gibson soil and a two layered soil using the t-z 

method. Guo and Randolph (1997) and Guo (2000) obtained elastic-- plastic solutions for the axial response of piles in a Gibson 

soil. Most of the analytical studies have been performed for a Gibson soil rather than for a multilayered soil because the 

mathematical treatment is easier. Vallabhan and Mustafa (1996) proposed a simple closed-form solution for a drilled pier 

embedded in a two-layer elastic soil based on energy principles. Lee andXiao (1999) expanded the solution of Vallabhan and 

Mustafa (1996) to multilayered soil and compared their solution with the results obtained by Poulos (1979) for a three layered 

soil. Although Lee and Xiao (1999) suggested an analytical method for a vertically loaded pile in a multilayered soil, they did 

not obtain explicit analytical solutions. In this paper we present explicit analytical solutions for a vertically loaded steel hollow 

pile in a embedded in silty sands. Due to less experimental results and solution available for steel hollow pile settlement, this 

study is proposed for the settlement of hollow pile under cyclic compressive loading by experimental study. 

II. SCOPE OF THE STUDY 

In the present study an attempt has been made to study the effect of the magnitude of gross uplift load, i.e., stage of uplift loading 

on the pull out resistance of model mono piles by subjecting them to compressive loads of 0, 20, 40, 60, 80, and 100% of their 

ultimate uplift capacity in tension. Laboratory model tests on hollow piles have been carried out with varying embedment length 
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L to diameter d ratio (L/d) embedded in medium dense sands. The experimental results of ultimate pullout capacities have been 

compared with predicted values obtained by proposed theories. 

III. MATERIALS AND EXPERIMENTAL SETUP 

 Model Tank: A.

The experimental tests were performed on model piles in a precast concrete cylindrical tank. Fig. 1 illustrates the complete 

experimental setup to carry out the compression test on model piles. The cylindrical tank has a 900 mm internal diameter, 900 

mm depth, and 50 mm wall thickness. The inner face of the tank was marked at 10 mm intervals to assist accurate formation of 

sand inside the bin during the tests. It should be born in mind that the boundaries of the soil bin may affect the stress and 

displacement fields in the soil. The zone in which the soil will be affected by the tank boundaries varies with the soil‘s relative 

density and the method of pile installation. Robinsky and Morrison reported that the zone of influence is in the range of 3–8 

times the pile diameter. In the current study, the dimensions of the tank provided a minimum lateral clearance of five times the 

pile diameter for even the biggest pile group and a vertical clearance of five times the pile diameter was provided below the pile 

tips. Therefore, it is believed that the boundaries of the soil bin have no effect on the obtained results of the conducted tests. 

 Model Pile: B.

Smooth mild steel pipes with a 42 mm outside diameter (d) and 2 mm wall thickness. The pile lengths (L) considered were 336 

and 672 mm, which correspond to (L/d) ratios of 8 and 16 respectively. The top portions of the piles were threaded to fasten 

them with the pile cap. The piles were fully embedded in the sand during all of the conducted tests. When pile groups were 

tested, the spacing between the piles-to-diameter ratio (s/d) was kept constant at 2.5. 

 Sand Bed: C.

Sand collected from Patan river bank, Gujarat was thoroughly mixed with 2% kaolinite clay to be used as foundation medium. 

Preliminary test carried out on sand and following properties were obtained as shown in table 1. The minimum and maximum 

dry densities were found to be 16 and 18 kN/m3, respectively. After placing piles with the pile cap in the empty soil tank, sand 

beds were placed in 8 cm thick layers and compacted by a surface vibrator to achieve required relative density. The relative 

density achieved during the tests was monitored by collecting samples in small cans of known volume placed at different 

locations in the test tank. Relative density of 31% representing loose sand conditions with placement density was 1.69 gm/cc was 

achieved during all tests. The angle of shearing resistance corresponding to the above placement density was 33◦respectively. 
Table – 1 

Properties of Sand 

Sieve analysis Poorly graded sand 

Uniformity coefficient 3.1 

Specific gravity 2.58 

Dry unit weight (kN/m3) 16.94 

Dry density (g/cc) 1.71 

 

 
Fig. 1: Complete Experimental Setup for Compression Tests 
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IV. TESTING PROGRAM 

In the present investigation the following parameters have been considered as variables: 

1) Sand medium: loose [relative density (R.D 31%)]  

2) L/d ratio of piles: 8 and 16  

3) Stages for applying compressive load = 20, 40, 60, 80 and 100% and so on up to settlement of 10% strain of pile 

diameter. 

4) The testing procedure was carried out as per IS: 2911-4. 

The experimental testing procedures for all piles (L/d = 8 and L/d = 16) are similar. It is described below. 

 Compression Test: A.

This series of tests was meant for the assessment of the ultimate load carrying capacity of piles in compression. In each test the pile 

was suspended centrally in an empty tank by the screw jack and proving ring arrangement Fig. 1. Sand was poured by the rainfall 

method to attain the required embedment length to diameter ratio L/d. The loading, unloading and reloading was done by the screw 

jack arrangement in suitable increments. The corresponding values of load and deflection were recorded from the proving ring and 

displacement dial gauges. The load–displacement curves were plotted for different piles. From the set of such curves the ultimate 

load carrying capacity in compression was determined for settlement of 10% strain of pile diameter. The experimental ultimate 

capacity in compression for embedment depth to diameter ratios L/d of 8, 16 for all the three configurations of piles viz SP8, SP16, 

2PG16, 4PG8 and 4PG16 were 835.2N, 2088.0N, 1879.2N, 3967.2N, 4557.0N and 7291.2N respectively. 

V. TEST RESULTS 

 Load–Displacement Diagrams: A.

The load–settlement diagrams were plotted for all the piles. Typical load–displacement response are given in the below plots. 

These curves are, in general, similar at all test conditions. From the above plot it is observed that for each cycle, the loading 

curve is parallel to the previous curve. Also the unloading curves are parallel to the previous unloading curves. It is also 

concluded that settlement increases with stage of compressive loading. At high load intensity the loop tends to enlarge as 

settlement increases. At initial stage of load application settlement is too low compared to compressive load because of the skin 

friction and base resistance offered by the pile, but as soon as the skin friction is mobilized rapid increase in settlement was seen. 

With each stage of unloading small amount of settlement rebounds(elastic settlement), which is increases with increase in the 

compressive load while major part of settlement is permanent settlement that arise due to loss of skin friction at soil-pile 

interface. With increase in stage of loading the permanent settlement is reducing. 

 
Fig. 2: Compressive Load V/S Settlement for Single Pile with L/D Ratio 8 And 16 
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Fig. 3: Compressive Load V/S Settlement of 2-Pile Group for L/D Ratio 8 And 16 

 
Fig. 4: Compressive Load V/S Settlement of 4-Pile Group for L/D Ratio 8 And 16 

 Analysis: B.

American Petroleum Institute (API) Method is used to predict the ultimate load cayying capacity in compression. According to 

API method (API, 1991), the total load capacity of piles Qt should be determined by the equation. 

Qt= Qb+Qs = qb Ab +∑qsi Asi 

in which qb = base resistance; Ab = gross base area of pile; qsi = unit shaft resistance within a layer i of a single soil type; Asi = 

side surface area of pile interfacing with layer i. For pipe piles in cohesionless soils, the shaft resistance qsi is given as: 

qsi= K σvi' tanδ 

Where, K = coefficient of lateral earth pressure; σvi'= average effective overburden pressure of soil layer i; and δ = friction angle 

between the soil and pile wall. For unplugged piles, K is assumed to be 0.8, while it is assumed to be 1.0 for fully plugged piles. 

For cohesionless soils, the base resistance qb can be computed as follows: 

qb = σv' Nq 

in which σv' = effective overburden pressure at the pile base  

                Nq = dimensionless bearing capacity factor 
Table – 2 

Comparison between Predicted and Measured Pullout Capacity of Single and Group Piles 

% 

Variation 

Single pile 2-pile group 4-pile group 

L/D= 8 L/D= 16 L/D= 8 L/D= 16 L/D= 8 L/D= 16 

Theoretical Load(N) 0.2610 0.5220 0.5220 1.0440 0.9114 1.8228 

Practical Load(KN) 0.8352 2.0880 1.8792 3.9672 4.5570 7.2912 

% Variation 120 300 260 280 400 300 

% Variation for L/D 

changes from 8 to 16 
150 

111 

 

60 
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VI. CONCLUSION 

Based on the foregoing study, the following main conclusions are drawn: 

1) From the compressive load vs. settlement plot it is observed that for each cycle, the loading curve is parallel to the 

previous curve. Also the unloading curves are parallel to the previous unloading curves. It is also concluded that 

settlement increases with stage of compressive loading. At high load intensity the loop tends to enlarge as settlement 

increases. 

2) The ultimate load capacity increases with increase in slenderness ratio and number of piles within the group, while the 

settlement is decrease. 

3) For small magnitude of compressive load, settlement of single pile SP is higher as compared 2 and 4-pile group (2PG 

and 4PG) while the maximum load carrying capacity for 4PG is more compare to 2PG and likewise for 2PG is more 

compare to SP at any increment of load. 

4) For same slenderness ratio  L/D=8, four pile group resist 143% and 446% higher compressive load than two pile group 

and single piles respectively whereas two pile group resist 125% uplift load than single piles. For same slenderness ratio 

L/D=16, four pile group resist 84% and 249% uplift load than two pile group and single piles respectively whereas two 

pile group resist 90% uplift load than single piles. 

5) With each stage of unloading small amount of settlement rebounds (elastic settlement), which is increases with increase 

in the compressive load while major part of settlement is permanent settlement. At 2mm settlement the rebound of soil 

in SP8, SP16, 2PG8, 2PG16 4PG8 and 4PG16 was seen to be 4%,v18%, 11%, 7%, 23% and 32% of the settlement 

respectively. At the ultimate load the rebound of the soil in SP8 and SP16 2PG8 and 2PG16 2PG8 and 2PG16 was seen 

to be 14% and 10% 11% and 7% 22% and 20% of settlement respectively. 
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