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Abstract – The Standard Penetration testing (SPT) is used 

to develop soil profiles and engineering properties. The same 

is employed directly or indirectly to determine the bearing 

capacity of pile foundations. Certain soils exhibit significant 

elastic behavior resulting in a small permanent set and 

consequently produce very high blow counts, does not 

provide a pile with adequate static capacity and prevent the 

pile driving process from being completed. Therefore, the 

engineers redesigned the deep foundation system, whereby 

the large displacement prestressed concrete piles (PCP's) 

were replaced with low-displacement steel H-piles. 

Dynamic pile (i.e., PDA and CAPWAP) load testing was 

performed during the driving of the 610 mm PCP's, and 

actual pile capacity was determined during end-of-drive 

(EOD) and at beginning of restrike (BOR) using CAPWAP 

procedures.  

In this paper, ten methods for predicting axial pile capacity 

are investigated and summarized. The measured pile 

capacities were compared to the predictive capacities to 

evaluate which predictive method would be best suited for 

estimating the pile capacity at site where such difficult soils 

may encountered. Briaud & Tucker (1984), Decourt (1995) 

and Shioi & Fukui (1982) methods appear to provide a 

reasonable estimate of the ultimate bearing capacity with 

factor of safety ranging from 2.7 to 2.9. 

 

Keywords – Bearing Capacity, Driven Piles, Deep 

Foundation, Large Displacement Piles. 

 

I. INTRODUCTION 
 

The Standard Penetration testing (SPT) is used to 

develop soil profiles and engineering properties. The same 

is applied to determine the bearing capacity of pile 

foundations. Geotechnical engineers have been a challenge 

to the overcome the uncertainty in the prediction pile 

capacity [8]. Several formulas and methods have been 

developed include some simplifying assumptions and 

empirical approaches regarding soil stratigraphy, soil-pile 

structure interaction, and distribution of soil resistance 

along the pile. Therefore, they do not provide truly 

quantitative values directly useful in foundation design. 

Certain soils exhibit large elastic behavior, practically at 

the pile toe in end bearing, causing unfavorable high 

rebound during pile driving. High rebound results when a 

pile/soil system that’s highly compressed during a hammer 

blow springs back to near its original condition. This 

situation adversely affects pile drivability and complicates 

assessment of its load bearing capacity [9]. 

High rebound typically occurs when driving large 

displacement-type piles into saturated soils (e.g., dense 

silty sand, hard silty clay). The pile rebounds in these soils 

generally tends to increase as driving progresses due to 

increased pore water pressure. The incompressible water 

in the soil forces the pile rebound to increase [10]. 

A dynamic pile load test program includes Pile Driving 

Analyzer (i.e., PDA and CAPWAP) was conducted to 

evaluate the driving of 610 mm square PCP's pile capacity 

predictions. The pile capacity prediction methods used for 

this project were based on the SPT data.  The pile load test 

program for this pier (pier 6) consisted of dynamically 

monitoring three test piles, during initial driving and at the 

beginning of restrike. This paper describes and presents 

the dynamic load test results as compared with predicted 

shaft and tip resistances.  

 

II. SITE LOCATION AND GEOLOGY CONDITION 
 

The Anderson Street Overpass is located in downtown 

Orlando, Florida and is part of the I-4, SR 408 interchange 

the intersection of I-4 and SR-408 in Central Florida. 

Figure 1 shows the location of the pier where the pile was 

installed and SPT borehole (AS-103). 

 

 
Fig.1. Anderson St. Overpass, plan view showing location 

of pier 6 adjacent to boring AS-103 

 

III. SITE INVESTIGATION PROGRAM 
 

The SPT is considered the oldest in situ soil test 

technique. Its early version dates back to the beginning of 

the 19th century. The basic SPT implementation procedure 

is to force a thick, hollow tube to penetrate into the soil by 

applying an external driving force while calculating the 

soil resistance in terms of blow count [11]. 

As the SPT test progresses, soil samples and 

groundwater information are also collected. A record is 

made of the number of blows required to drive each 150 

mm segment into the soil. This is done until 450 mm depth 

is achieved or otherwise penetration refusal. The first 

record of advance (seating) is usually discarded (first 150 

mm), while the second and third increments are recorded 

and summed as the number of blows N per 300 mm. This 

site was tested with safety hammers during the SPT 

Pile Location 
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sampling [11].  

Split-barrel and Shelby tube samples were obtained in 

order to establish the soil profile. The soil samples were 

classified in accordance with Unified Soil Classification 

System (USCS).  

Sand was the predominate soil at this site consistently 

representing over 50 percent of the soil. The soil strata 

were classified as one of the following groups: SC, SM-

SC, SM, CL, SP-SM, and SP-SC. These soils displayed an 

olive green to light green color with visual descriptions 

ranging from clayey and silty fine sands, to highly plastic 

clays with low permeability. The N values and soil type 

(USCS) for the boring performed at the site (AS-103) are 

presented in Table 6. Groundwater was encountered at 

depth of 3 m. 

A.   Corrections on SPT Data 
Several researchers observed that overburden correction 

has the most significant effect on the modification of the N 

value. Therefore, correction by Liao and Whitman [12] of 

the SPT uncorrected N values was was applied to SPT 

data.  

 

IV. PILE TESTING PROGRAM 
 

The piles were 610 mm square PCPs. A Delmag D62 

diesel hammer with a rated energy of 122 kJ, was used for 

driving the test piles. When the test pile was driven, 

plywood cushions of either 300 mm or 410 mm were used. 

However, when installing the remaining production piles, 

a 300 mm plywood cushion was used. At the end of initial 

driving, the contractors and engineers encountered 

problems with pile rebound at Pier 2 on the west end of 

the bridge, but after allowing the piles to "set-up," the 

required capacities were achieved. Severe driving 

problems occurred during installation of the displacement 

piles at Pier 6 located on the east end of the overpass, 

causing the foundations to be redesigned using low 

displacement steel H-piles (HP 14 x 89). 

Pile 6 at pier 6 was driven as an instrumented test pile. 

Pile information is summarized in Table 1.  In order to 

further investigate pile driveability, a set-check were 

performed one days after the initial drive was completed. 

A set-check typically consists of performing at least 10 

hammer blows or 10 or more inches of driving, after the 

pile has set for at least 15 minutes after driving. 

Results of the loading tests and dynamic CAPWAP 

measured pile capacity are presented in Fig. 2. 

The total pile capacity obtained from the dynamic 

loading testing at EOD and BOR are presented in Table 2.   

At EOD, based on dynamic measurements, pile had a 

predicted resistance of 1775 kN. Comparing the results 

from end of initial driving found that the capacity 

increased by a factor of about 1.9 (3323 kN) over the 

approximately 1-day wait period through side shear set-up. 

 

 

 

 

Table 1: Summary of test pile 

Pile Location and GSE 

Station No. 

Ground Elev. 

4013+22.27 

+32 m 

Hammer Information 

Type 

Rated Energy 

Delmag D62 

122 kJ 

Pile Information 

Size 

Type 

Required Length 

Achieved Length 

610 mm  square 

Pre-stressed Concrete 

38 m 

32 m 

 

 
Fig.2. Load-movement diagrams from the dynamic 

loading test (EOD) 

 

Table 2: Dynamic CAPWAP results 

Pile Capacity Information             

End of Initial Driving  (EOD) 0 day 

Shaft Resistance 525 kN 

Toe Resistance 1250 kN 

Total Capacity 1775 

Beginning of re-strike (BOR) 1 day 

Shaft Resistance 2344 kN 

Toe Resistance 978 kN 

Total Capacity 3323 kN 

 

V. PILE CAPACITY PREDICTION METHODS 
 

Pile capacity prediction by SPT is one of the earliest 

applications that include two procedures; pile bearing 

capacity direct methods and indirect methods. Direct 

bearing capacity predicting methods are developed based 

on in-situ testing data, especially SPT results, while 

indirect method depends on the soil type, properties and 

mechanism [7, 8]. 

Ten methods for predicting pile capacity presented in 

Table 3 were used in this study to evaluate the pile 

capacity.  

A brief description of each method used in the current 

investigation is presented also in Table 3. 
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Table 3: Methods for predicting pile bearing capacity used in this study 

VI. RESULTS AND DISCUSSION 
 

The methods presented in Table 3 were compared to the 

measured pile response during the dynamic load test EOD 

and one-day BOR capacities. 

A.   Shaft Resistance  
The comparison between measured and estimated shaft 

resistance is shown in Fig. 3. The ultimate shaft resistance 

measured during the dynamic load testing when compared 

to the predictive methods varied significantly with the 

methods, depth and soil type.  

The General approach (Terzaghi method) was in good 

agreement in estimating shaft resistance with dynamic 

results. The results indicate that this method provide the 

greatest precision, with overestimations of 13%, while 

31% for effective stress, 42% for Briaud & Tucker, 60% 

Method Unit base resistance Unit shaft resistance Remarks 

1 

 

General 

method 

(Terzaghi)  [4] 

𝑞𝑏 =  𝜎′𝑣  𝑁𝑞  ,  

(KPA) 

𝑓𝑠 =  𝐾𝑜𝜎′𝑣 tan 𝛿 

(KPA) 

𝑁𝑞 : Bearing capacity factor; 𝛿: 

Angle of internal friction.; 𝐾𝑜 : 

Coefficient of lateral earth 

pressure. 

 

2 
Meyerhof [13] 

4 𝑁𝑏  
𝐿𝑏

𝐵
≤ 4 𝑃𝑎  𝑁𝑏 ,  

(KPA) 

𝑓𝑠 =  𝑛𝑠𝑁𝑠 
(KPA) 

 

Failure criterion : Minimum; 

slope of load-movement Curve; 

Energy ratio for N: 55%; Low 

disp. piles: ns=1; High disp. 

piles: ns=2 

 

3 

Briaud & 

Tucker  [3 ] 
𝑞𝑏 = 19.75 𝑁𝑏

0.36  𝑃𝑎  
(KPA) 

𝑓𝑠 = 0.224 𝑁𝑠
0.29 𝑃𝑎  

(KPA) 
 

 

4 

Aoki & 

De’Alencar [1] 
𝑞𝑏 =  

𝐾

1.75
 𝑁𝑏  

(MPA) 

𝑓𝑠 =   
𝑎𝑘

3.5
 𝑁𝑠 

(KPA) 

Failure criteria : Vander veen 

method; Energy ratio for N: 

70%; For sand: a=14 & k=1 ,For 

clay:; a=60 & k=0.2 

5 Decourt  [5] 
𝑞𝑡 =  𝐾𝑏𝑁𝑏  

(MPA) 

𝑓𝑠 = 𝛼 2.8 𝑁𝑠 + 10 , 
(KPA) 

 

Driven piles in clay : 𝛼=1; 

Driven piles in granular 

soil; 𝛼=0.5-0.6; Driven piles in 

sand :Kb=0.325; Driven piles in 

clay : Kb=0.1. 

 

6 
Shariatmadari 

[14&15] 

𝑞𝑏 = 0.358𝑁𝑔𝑏  

(MPA) 

𝑓𝑠 = 3.65𝑁𝑔𝑠  

(KPA) 

𝑁𝑔𝑏 : the geometrical average of 

N values between 8D above and 

4D below pile base . 

𝑁𝑔𝑠 : geometrical average of N 

values along the pile 

7 
Bazaraa & 

Kurkur [2] 
𝑞𝑏 = 𝑛𝑏𝑁𝑏  

(MPA) 

𝑓𝑠 = 𝑛𝑠𝑁𝑠 

(KPA) 

 

ns=2-4; nb=0.06-0.2, Nb: 

average of N Between 1B above 

and 3.75b under pile base, Nb ≤ 

50 

 

8 
Berezontzev &  

Beta [4] 

𝑞𝑏 =  𝜎′𝑣  𝑁𝑞 ,  

(KPA) 

𝑓𝑠 = 𝛽𝜎 ′
𝑣  

(KPA) 

𝛽 : Burland beta coefficient = 

0.44- 1.2 

 

9 
Shioi & Fukui 

[16] 

𝑞𝑏 =  1 + 0.04  
𝐷𝑏

𝐵
  𝑁𝑏 ≤

0.3 𝑁𝑏  (MPA) 

𝑓𝑠 = 𝑛𝑠𝑁𝑠 

(KPA) 

Energy ratio for N: 55%; ns=2 

for sand and 10 for clay 

10 
Effective 

stress [ 6] 
𝑞𝑏 = 𝜎 ′

𝑏𝑁𝑡  

(KPA) 

𝑓𝑠 = 𝛽𝜎 ′
𝑣  

(KPA) 

Nt : Toe bearing capacity 

coefficient for sand = 30-150; Β: 

Burland beta coefficient for sand 

= 0.3-0.8(Fellenius 1991) 

NOTE: Ns= average corrected N-values around embedment depth.; Nb= average corrected N-values around pile 

base.; 𝜎 ′
𝑣=average effective overburden pressure along the pile shaft .; 𝜎 ′

𝑏 :=effective overburden pressure at the pile 

base. 
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for Aoki & De’Alencar, and 74% for Shariatmadari. Based 

on this analysis, the Beta method prediction was highly 

overestimating. This overestimation can be due to its 

failure criterion.  

 
Fig.3. Measured and predicted shaft resistances 

 

B.  Unit Base Resistance  
Fig. 4 shows the tip resistances of the predicted and 

dynamic methods. It can be notice that the Meyerhof [13] 

and Bazaraa & Kurkur appear to provide a more 

reasonable estimate of the ultimate tip resistance for these 

soils with underestimation of 4% and 14% respectively, 

while the other 8 prediction methods are highly 

overestimating of greater than 300%. 

C. Ultimate Total Resistance  
Meyerhof and Bazaraa & Kurkur methods 

underestimated capacities within -15% and -18% of the 

capacities determined by the 1-day dynamic loading tests, 

with Briaud & Tucker, Decourt, Shioi & Fukui methods 

predicting within 81% to 94 % of the measured capacities. 

The other five methods highly overestimate the ultimate 

total resistance within 127% to 429%.  

 
Fig.4. Measured and predicted tip resistances 

 

D. Load Carried By Unit Base and Friction along 

Shaft 
Table 4 shows the load percentage carried by the tip and 

shaft resistances. The tip load carried by the pile was about 

35% by Meyerhof and Bazaraa & Kurkur methods. While 

Briaud & Tucker method showed a more equally 

distributed load percentage for tip and shaft resistances. 

The other seven methods give a higher load percentage 

carried by tip resistance than shaft resistance along the 

pile. 

 
Fig.5. Measured and predicted total capacities 

 

Table 4: Percentage of load carried by unit base and shaft 

resistance 

Method Unit Base 

Resistance 

(%) 

Shaft 

Resistance 

(%) 

General Approach [5] 65 35 

Meyerhof [13] 33.45 66.55 

Briaud & Tucker  [3] 44.73 55.27 

Aoki & De’Alencar [ 1] 68.30 31.70 

Decourt  [ 4] 71.37 28.63 

Shariatmadari [ 14&15] 53.93 46.07 

Bazaraa & Kurkur [2] 31.13 68.87 

Berezontzev & Beta [ 5] 63 37 

Shioi & Fukui [16] 65.96 34.04 

Effective Stress  [ 6] 75.03 24.97 

 

E.   Factor of safety and Predicted 

Capacity/Measured Ratios 
The required factored load (Qall) capacity for this pile 

was 2190 KN with desired length of 38 m. The factor of 

safety (F.S) was calculated as follows:  

F.S = Qult/Qall.   

The recommended F.S when site had a dynamic load 

testing is 2 to 3 [5] and [8].  Table 5 presents predicted 

methods versus factor of safety. The F.S was ranged 

between 1.2 and 5.6.  Berezontzev & Beta had a value of 

7.9 which is higher than the suggested factor of safety of 2 

to 3. The general approach, Briaud & Tucker and Shioi & 

Fukui showed the best factor of safety of 2.7 to 3.4.  

Table 5 also summarizes the range of 

predicted/measured ratios for the ultimate resistance on the 

pile. The ratio was between 0.85 which is underestimating 

the capacity and 5.28 which is over estimate the capacity. 
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Table 5: Ultimate Capacity and factor of safety (F.S) using Presented methods 

No. Author, Year 
Qt 

kN 

Qs 

(kN) 
 

Qult 

(KN) 
Qm/Qp 

Absolute 

Difference (%) 

F.S 

(Qult/Qall) 

1 General Approach [5] 4871 2615  7486 2.26 127 3.4 

2 Meyerhof  [13] 936 1862  2798 0.84 -15 1.3 

3 Briaud & Tucker  [3] 2659 3285  5944 1.80 81 2.7 

4 Aoki & De’Alencar [1] 8022 3722  11744 3.55 257 5.4 

5 Decourt [4] 4563 1830  6393 1.93 94 2.9 

6 Shariatmadari [14&15] 4712 4025  8737 2.64 165 4.0 

7 Bazaraa & Kurkur [2] 842 1862  2704 0.82 -18 1.2 

8 Berezontzev & Beta [5] 10960 6436  17396 5.26 429 7.9 

9 Shioi & Fukui [16] 4212 2173  6385 1.93 94 2.9 

10 Effective Stress [6] 9134 3039  12173 3.68 270 5.6 

11 Dynamic load testing  (EOD) 1249.88 524.86  1775 0.53 -47 0.80 

12 Dynamic load testing  (BOR) 978.56 2344  3323 1 0 1.50 

 

F.   Ultimate Shaft Resistance Predictions versus Soil 

Type 
The shaft resistance for each soil layers was estimated 

from the CAPWAP as presented in Table 6. It can be 

noticed that or this site all methods generally over predict 

shaft resistance at elevation 6.2 m and under predict the 

shaft resistance at elevation 15.3 to 18.4 with the 

exception of Beta and Effective stress. The Beta and 

Shariatmdari methods generally over predict shaft 

resistance at all layers and Meyerhof and Bazaraa & 

Kurkur methods under and predict capacity for most 

layers. In general, it was difficult to draw a conclusion 

with respect to the individual soil layers. 

 

Table 6:  Predicted and measured shaft resistance along the pile versus soil type 

NOTE:*=blows/0.3 m 

 

VII. CONCLUSIONS AND RECOMMENDATIONS 
 

The complex nature of the embedment ground of piles 

and the lack of suitable analytical models to predict the 

pile bearing capacity are the most challenging obstacles 

facing geotechnical engineers nowadays.  

This study presents an evaluation of the performance of 

10 different methods in predicting the ultimate bearing 

capacity of 610 mm square precast concrete pile driven 

into medium dense to dense sand.  The soil at this site 

prevent pile bearing capacity from being achieved, 

therefore the pile stopped before reaching the design 

depth. The measured pile bearing capacity was determined 

during end-of-drive and at beginning of restrike using 

dynamic testing and CAPWAP procedures.  

Ten different methods were compared to actual pile 

bearing capacity determined from dynamic test after one-

day waiting period.  

 

 

The Meyerhof and Bazaraa & Kurkur methods predict 

the pile bearing capacity with reasonable accuracy but 

tend to under predict with an absolute difference of 15% 

and 18% respectively compared to the other methods. 

However Briaud & Tucker, Decourt and Shioi & Fukui 

methods appear to provide a reasonable estimate of the 

ultimate bearing capacity with factors of safety ranging 

from 2.7 to 2.9. 
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Layer 

 (m) 
USCS 

N* 

av

e 

 

Shaft  resistance Rs (kN) 

General 

Approach 
[5] 

Meyerhof  

[13] 

Briaud 
& 

Tucker 

[3] 

Effectiv

e Stress 
[6] 

Shioi 
& 

Fukui 

[16  ] 

Bazaraa 
& 

Kurkur 

[ 2] 

Deco

urt 
[ 4 ] 

Aoki & 
De 

Alenacr 

[1] 

Beta 

[5] 

Shariat-

mdari 
[14&15  ] 

CAPWA

P 
(BOR) 

0-6.2 SP 14 393 417 716 226 417 417 403 833 485 706 114 

6.2-15.3 SP-SM 12 476 524 1005 547 524 524 524 1048 1175 1196 457 

15.3-18.4 SM-SC 4 350 59.5 249 402 60 59.5 87 119 863 136 354.7 

18.4-20 CL 9 216 79 183 248 389 77.8 84 155 533 189 197 

20-27.5 SM-SC 9 876 315 742 1007 315 315 339 631 2163 703 413.8 

27.5-32 SC 39 304 468 389 609 468 468 393 936 1217 1095 807.2 

Total (kN) 2615 1862.5 3284 3039 2173 1861 1830 3722 6436 4025 2344 
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