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ABSTRACT 

 

Nowadays, using deep foundations in different structures and subsurface conditions is inevitable. 

Precise evaluation of pile bearing capacity, as one of the mostly used foundation, will diminish 

material and energy consumption, so it is a step toward sustainable development. Full-scale 

static loading test, is not applicable for large number of piles, therefore bearing capacity may be 

underestimated. Therefore PDA test which is based on the wave propagation theory was used 

since the early nineteenth. In this study, measured bearing capacity, displacement and  wave 

velocity of field test, which are output of  the CAPWAP program, have been compared with 

the same parameters, calculated by finite element and finite difference programs modeling results, 

and empirical formulas. In addition to the static assessment, by simulation of hammer impact 

force to dynamic load and considering damping factor of 5%, changes in some of the above-

mentioned parameters have been investigated. The results indicated that measured static end 

bearing capacity by Finite Difference modeling in Flac2D is 20% more than CAPWAP results, in 

finite element program (PLAXIS) this error was limited to 45%.among the empirical pile driving 

formula, modified ENR with modification factor of 16%(F.S=6) is in correlation with the 

literature. Skin bearing capacity in numerical software is about 55% less than CAPAWAP result 

due to setting end of the piles in a very dense clayey soil which cannot mobilize skin friction 

completely and absolute dependency to the interface layer parameters. By using equations such 

as β method, not acceptable correlation with CAPWAP results was obtained. Also in dynamic 

assessment by numerical method, the skin friction was 15% overestimated. Acceptable 

correlation especially in static end-bearing capacity was observed. In term of transferred energy to 

the pile head, the stiffness of soil-pile interface has an important effect in pile displacement as a 

result of the increasing the applied energy, more than 40 kN-m. 
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INTRODUCTION 

 

Noticeable part of safety and stability of structures is related to their foundations. Due to high 

construction cost of deep foundation (sometimes half of the total project cost), optimum structural 
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design in compliance with sustainable development should be considered. many studies are 

available in the literature on the basis of static and dynamic load test or in–situ tests such as SPT 

and CPT(e.g. Eslami et al.,2013[1];Fellenius,2008[2]:Feizee and Fakharian,2008[3]) Despite of 

great progress in geotechnical science during recent decades, determination of exact pile bearing 

capacity is a big deal. Due to various factors, affecting physical and mechanical property of 

soils, modeling of such a situation is complicated. Therefore many researchers tried to find 

theoretical or empirical formulas to assess bearing capacity. In addition to provide a proper 

behavioral model, soil geotechnical parameters is another obstacle which leads to underestimate 

of pile bearing capacity. Dynamic tests, to assess bearing capacity as a part of dynamic 

methods, is based on foundation response under dynamic loads. Dynamic methods are included 

dynamic formula, WEAP analysis (Wave Equation Analysis Program), pile dynamic analysis 

(PDA) and CAPWAP method. Through dynamical impact we can use mass-spring-dashpot model 

and by solving one dimensional wave propagation theory, based on embedment depth of pile, we 

can calculate static bearing capacity. Using newton’s impact  law which was based on 

simultaneous energy transition from top to bottom of the pile, lead to dynamic formula to 

determine bearing capacity of piles. Newton’s law in this case was an improper idea, so all 

effort to enhance dynamic formula was interrupted. Issacs (1931) was the first person who 

shows after impact to the pile head, a longitudinal wave will be generated, so the soil- pile-

hammer system should be modeled by one dimensional wave propagation theory. 

Complicated mathematical wave equations, lead to find a numerical solution based on finite 

difference to evaluate pile displacement. Smith (1960) performed a vast investigation on 

effective parameters to model the soil-pile- hammer system ,in this method, designation of 

hammer efficiency and soil parameters in different depth was a controversial issue. due to the 

mentioned uncertainties, the pile dynamic analysis (PDA)test was dedicated.in this test by 

attaching sensors to the pile head, we can measure the force and velocity of the wave initiated 

in the pile due to hammer impact. Since this tool exerts high magnitude of dynamic loads to 

produce a certain range of penetration, it’s also referred as “High strain dynamic pile testing” .the 

PDA output data will be analyzed by two methods in order to evaluate the pile bearing 

capacity: the CASE method and the CAPWAP software. CASE method is consisting of simple 

equations that can predict the static bearing capacity of piles during the tests. The CAPWAP 

software is programmed to analyze the PDA data accurately.in this software the pile and soil are 

divided into smaller elements and the static and dynamic properties are modeled through a series 

of spring and dash –pots. the total static bearing capacity, skin friction and static load-settlement 

diagram can be obtained from CAPWAP analysis .the good agreement between CAPWAP 

results and static load test have been observed in the litrature.in this study the pile bearing 

capacity and pile displacement of two in-situ piles, constructed in south pars gas field 

development phase19 calculated from finite and difference elements methods have been 

compared with PDA test results[4] and empirical pile driving formula the correlation factors 

have been obtained.  

 

MATERIAL AND METHODS 

 

PDA test procedure 

 

The pile driving analyzer-PDA records, analyzes and saves the strain and the accelerations 

induced at the pile head .the system PAX as the most modern version of PDA can record up to 



 

 

eight channels (4strain channels and 4 acceleration channels), though most of the time 2 channels 

of strain and 2channels of acceleration seem to provide enough accuracy needed in practice. The 

procedure of the pile dynamic test is as follows. 

The pile head must be prepared for installation of the gauges .for cast-in-place concrete 

piles, the pile head must be reconstructed above ground level .The gauges have to be installed at 

a distance of 1.5 to 3 times from the pile diameter from the pile head.in this regard the role bolts 

are installed in the concrete at certain points located by the engineer. 

The sensors are attached to the pile using small bolts before attaching the gauges to the 

piles; the allowable error must be evaluated. After the calibration process and ensuring the 

approved performance of the instruments, the main cable is separated from PDA and gauges are 

installed on the piles. the gauges must be located at opposite position and it is recommended that 

their distance be 1.5 to 3 times from the pile diameter from the pile head top.it should be noted 

that their distance from neutral axis must remain the same to minimize the effect of misaligned 

impacts of very large local stress. 

Some of the parameters which are entered into PDA are the pile length, cross section 

dimension depth of embedment, hammer weight or type and gauges position, wave speed in pile 

and elastic modulus. 

The equipment for applying dynamic force to a cast-in-place piles could be a free fall 

hammer .the hammer energy must be capable of mobilizing the full bearing capacity of the pile 

to achieve the ultimate bearing capacity .besides, the properties of the pile head material must 

ensure decent energy transfer from the hammer to the pile .if this condition is not met, the data 

obtained by the test is the bearing capacity which is lower than the ultimate bearing capacity. the 

drop hammer of the company is weighs 12 tons which is modifiable to the maximum of 15 tons. 

The 12 tons hammer is capable of activating of bearing capacity of up to 900-1200 tons. The 

designation and manufacture of the hammer is in a way that energy lost is kept to the lowest. 

The remaining procedure is as follows: 

-the force and velocity waves recording 

-end of driving and test procedure-exit from the program 

-dismantling of the gauges from the pile head 

-PDA data results analysis by the CAPWAP software 

In this study, finite element software (PLAXIS 2D) and finite difference software (FlAC 

2D,3D) have been used. 

The strength and elastic parameters of the soil for the modeling is required. The required 

parameters have extracted from the site geotechnical report as shown in table1 

 

Table1-strengh and geotechnical parameters for modeling 

No Pile Φ υ C(kPa) E(kg/cm
2
) 

1 B1-12 35 0.3 10 1000 
2 E1 36 0.3 10 1000 

 

Geotechnical condition 

 

According to soil strata, [5] one pile is totally submerged and the main part of another pile is 

under the ground water surface. Regarding the soil layers which are a combination of sand and 

gravel, we neglect consolidation settlement and the effective parameters on bearing capacity (unit 



 

 

weight) should be revised (1100 kg/m
3

). Another important parameters in modeling, is the 

strength parameters of interface layer which the following formula have been used: 

ci = (2/3~1) c ∅𝑖= 𝑡𝑎𝑛−1
(2/3𝑡𝑎𝑛∅)

Software Verification 

 

In order to software verification, a 0.66m diameter and 22m length pile have been modeled 

in an undrained clayey soil, and the bearing capacity have compared with theoretical formula. 

 

Hammer impact simulation as a dynamic load 

 

For impact modeling, FLAC 2D have been used.in this method, impact is applied to the pile head 

in 50 ms, as a dynamic load using PAN(2002).As the enclosed area by the curve is the applied 

energy to the pile head, the maximum force should be chosen to meet the required energy. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Dynamic load applied to the pile

 
Figure 2. View of sensor attachment and hammer installation 

 



 

 

 
Figure 3. Provided model in PLAXIS software 

 

Empirical pile driving formula 

 

The PDA test results have been compared with three major empirical pile driving formula such 

as modified ENR, Gate and olson and flaate. 

 

Results and discussion 

 

PDA test results 

 

Figure 4 shows bearing capacity and displacement for pile in PDA test results.Table2 shows 

bearing capacity and allowable compression capacity using safety factor of 2 in PDA test results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Bearing capacity and pile displacement (PDA results) 
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Table 2. Bearing capacity and transferred energy 

 

 
 

Modeling and end-bearing capacity of piles in Numerical evaluation and empirical formula 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Load –settlement curve for FLAC3D, PLAXIS 

 

As it can be seen, no specific yielding point for the pile is on hand .the more pile settlement, the 

more end load.by supposing symmetric settlement of about 10 cm, the ultimate end-bearing is 

calculates according to Fig. 5. 

 

 
Figure 6. End bearing capacity by 8 different method in two piles(ton) 

 

Sensitive analysis on boundary dimensions in FLAC3D 

 

Fine mesh dimension will cause long analysis time.in opposite way, coarse one, will lead to 

considerable error.by three different mesh dimensions and studying load-settlement curve, no 

Considerable different was observed.



 

 

Bearing capacity based on pile driving formula 

 

 
Figure 7. Pile bearing capacity based on pile driving formula on pile B1-12 

 

Dynamic evaluation of bearing capacity and pile displacement 

 

In terms of hammer impact simulation, the wave velocity, stress, displacement changes and 

bearing capacity have been investigated.by studying above mentioned parameters, we can 

conclude that in transferred energy more than 40 kNm no correlation by PDA test results, will be 

found. 

 

 
Figure 8. Maximum force and displacement in pile head and end ,in terms of applied 

dynamic load 

 



 

 

Regarding the above diagram, it is obvious that, maximum displacement in numerical 

modeling is in contrast with PDA results. For example in BH-95related to pile B1-12, maximum 

displacement under 11.3 t.m energy is 15 mm according to CAPAWAP results. But for FLAC2D, 

maximum displacement is 10 cm.so the effect of pile end and skin on displacement will be 

investigated. First by increasing the cohesion to 150 kpa in 20 m length of the pile, the skin 

effect will be observed. According to Fig.9.maximum displacement equal to 18 mm will be 

measured. 

To study the effect of pile end cohesion, the cohesion after 20 m of pile length will be 

150 kpa and the interface strength parameters which show the skin friction, will be null.in this 

case the displacement is equal to 8cm. 

 

 
Figure 9. Effect of end pile cohesion on pile displacement 

 

We found that the interface layer parameters has a great effect on pile displacement, and 

by increasing the interface layer stiffness, the displacement will be reduced.by increasing the 

interface layer stiffness, from 5*10
6 N/m to 1*10

8

N/m, the displacement will be reduced from 

3cm to 7 mm. 

 

CONCLUSION 
 

1-Skin friction bearing capacity calculated from numerical models, is 130, 150 tons in BH-

95,BH-96 respectively ,which is almost40% of values measured from CAPWAP test results. 

The main reason for this inconsistency is absolute dependency of skin friction to 

interface layer parameters and setting end of the pile, in a very dense layer, which due to no 

displacement, cannot mobilize total bearing capacity. 

2-in terms of end bearing capacity in numerical model(both finite element and difference) , 

theoretical formula and PDA test ,results are in a good agreement .among mentioned 

methods,FLAC3D has the most consistency(78% CAPWAP results) and the vesic,s methods has 

the worse one due to unreliable shape factor. 

3-using methods such as β,α to assess the proper performance of numerical software, 

especially in skin friction, indicated that considerable error in comparison with PDA test results,  

still exist. 

4-by comparing pile driving formula, Modified ENR with correction actor of (16%)F.s=6,has the 

most agreement with PDA test results, then we can name olson and flaate ,then Gate formula. 

5-in dynamic evaluation of bearing capacity, using hammer impact simulation, we found that , 

end bearing capacity in piles, using PDA will led to20% underestimate than finite difference 



 

 

methods(FLAC2D).in terms of skin friction ,the results of FLAC 2D,is 60%underestimate than 

PDA results due to abovementioned reasons. 

6-in term of pile displacement, inBH-95(, PDA test results, maximum displacement in end and 

head of the pile is 9.3 and 15.4 mm respectively. but in numerical software in range of 4 t. m 

transferred energy, displacement is 6,9 mm.by increasing applied energy to 11/3 t. m, which is the 

applied energy in sites, end and head displacement increased rapidly to 100 ,110 mm. 

7-in  pile E1,in PDA test results ,the maximum displacement of end and  head of the pile is 7.5 

and 15.6 mm respectively.in another hand by increasing the energy till 7 t.m end and head  

displacement will increase to 3 and 3.5 mm. then by increasing energy to the applied energy in 

sites,(13.56 t.m)displacement in end and head will increase to 14 , 13.5 cm. 

8-inconsistency between displacement in PDA and Numerical model made us to investigate the 

effect of end and skin of the pile, the results showed that, by increasing cohesion of skin from 

10kpa to 150 kpa . Maximum displacement will be 18 mm ,which is in good agreement with 

PDA test results. For assessment of pile end ,we assign 150 kpa cohesion to the length more 

than 20 m, the displacement will be 8 cm which have no agreement with PDA results.so the 

great influence of pile skin stiffness was revealed. 

9- End and head force generation in piles shows linear relation with correlation factor of 

R=0.98.the most agreement with PDA test results for  pile head will take place in 8t.m energy 

and 7t,m energy for pile end. 

10- by increasing applies energy, pile head and end displacement will increase rapidly due to 

great effect of interface layer parameters on pile displacement, the best compliance will occur  in 

4 t.m energy transfer. 
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