
1 INTRODUCTION  

Driven piles are the most common deep foundation type in Minnesota.  Historically, 
the prediction of pile capacity was based on the Standard Penetration Test (SPT).  
The piezocone provides an alternate field test to characterize the subsurface condi-
tions.  

A test pile program was performed at Trunk Highway 212 Bridge No. 10038, lo-
cated about 20 km southwest of Minneapolis, Minnesota.  The test pile program was 
performed in order to obtain design information for the new bridge by assessing the 
axial capacity and drivability of two steel pipe piles having different diameters. 

2 GEOLOGY 

The project area is overlain by glacially derived sediments which are largely the re-
sult of several distinct glacial advances that occurred during the Pleistocene Epoch.  
The uppermost soils are part of the New Ulm Formation, a clayey glacial till depo-
sited by the Grantsburg sublobe of the Des Moines lobe of the late Wisconsinan gla-
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tests taken to failure.  In addition, the results of down hole seismic shear wave veloci-
ty tests taken during advancement of the SCPTu sounding are applied to elastic conti-
nuum theory to evaluate the axial load-movement response.  The results at this site 
are in very good agreement to the conventional top-down static loading test results. 
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cial ice sheet approximately 25,000 to 10,000 years BP.  These clayey deposits are 
overconsolidated, and generally highly calcareous and rich with shale fragments.  The 
glacial soils in the area are approximately 60 m thick, overlying Ordovician age se-
dimentary bedrock. 

3 SITE INVESTIGATION 

A seismic piezocone (SCPTu) sounding was advanced at the site of the test pile pro-
gram using a dedicated 200 kN CPT truck.  The resulting profiles are presented in 
Figure 1.  The testing was performed with a standard piezocone having a 15 cm2 con-
ical tip with a 60° apex angle and a 210 cm2 friction sleeve.  Penetration pore pres-
sures were measured along the shoulder at the u2 position.  Down hole seismic shear 
wave velocities (Vs) were also measured at various depths during the advancement of 
the piezocone. 

 
Figure 1.  SCPTu profile at the site of the test pile program, which includes a graphic showing the pe-
netration depth of test piles S-1 and S-2. 

 
 
The SCPTu sounding penetrated 14.3 m of stiff to very stiff clay loam glacial till 

(manually classified from an adjacent conventional soil boring) having uncorrected 
cone resistances, qc, of about 1.7 to 4.1 MPa.  Two notable alluvial sand strata were 
found, an upper, approximately 1.4 m thick sand layer at a depth of 14.3 m, and a 
lower sand layer at a depth of 16.8 m.  This lower sand layer extended beyond the 21 
m depth of the sounding.  The sand layers were separated by an intermediate, 1.1 m 
thick stratum of clay loam till.  The sand strata were dense to very dense; the upper 
sand stratum had qc values on the order of 55 to 75 MPa and the lower sand had qc 
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values on the order of 27 to 41 MPa. The intermediate till layer was very stiff, having 
qc readings of about 4.8 to 6.9 MPa.   

Measured Vs values within the upper clay loam glacial till were fairly uniform 
ranging from 244 to 351 m/s.  The interpreted Vs at the 17.7 m depth was substantial-
ly larger at 677 m/s and was influenced by the dense sand strata. 

4 PILE TESTING PROGRAM 

4.1 Description 

Two test piles were driven at the site; a 304 mm outside diameter steel pipe, designat-
ed test pile S-1, and a 406 mm outside diameter steel pipe, designated test pile S-2.  
Both piles had a wall thickness of 9.5 mm and were driven closed-ended with a con-
ical steel tip welded to the pile toe.  The piles were driven in the vicinity of each oth-
er, with a center-to-center spacing of 1.07 m.  Each pile was driven to a depth of 15.9 
m below grade, and each was purposely driven through the upper dense sand stratum 
to bear within the intermediate till layer.  Dynamic testing was performed on each test 
pile during initial driving and during restrike at 0.1 days and 35 days.  Each test pile 
was filled with concrete about a week after initial driving.  A static loading test was 
performed on test pile S-1 at 30 days after end of initial driving and on test pile S-2 at 
31 days after end of initial driving. 

4.2 Static Loading Test Results 

Graphical results of the loading tests are presented in Figure 2, which show applied 
load versus pile top movement. The load-movement curves exhibit a well defined 
plunging failure condition.  Test pile S-1 had a Davisson Offset Limit of 2080 kN, 
and test pile S-2 had an Offset Limit of 3560 kN. 

 

 
Figure 2.  Load-movement diagrams from the static loading tests on test piles S-1 (304mm diameter) 
and S-2 (406 mm diameter). 
 
At end of initial driving, based on dynamic measurements and signal matching ana-
lyses, test pile S-1 had a predicted resistance of 1246 kN, and test pile S-2 had a pre-
dicted resistance of 1784 kN.  Comparing the static loading test results with the dy-
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namic test results from end of initial driving found that the capacity increased by a 
factor of about 1.9 to 2.0 over the approximately 30-day wait period through side 
shear set-up. 

5 PILE CAPACITY PREDICTIONS 

5.1 Introduction 

Six direct methods were used to evaluate the pile capacity; 3-CPT based methods and 
3-CPTu based methods.  Direct methods use the measured cone resistance and sleeve 
friction to directly calculate pile capacity, whereas indirect methods first correlate to 
various soil parameters, such as friction angle and undrained shear strength, and then 
calculate pile capacity. The direct methods evaluated are: 
 
 CPT based methods 

1. de Ruiter and Beringen (1979), also known as the Dutch Method or Eu-
ropean Method 

2. LCPC method, also known as the French Method or the Bustamante 
Method (Bustamante and Gianeselli, 1982) 

3. Nottingham and Schmertmann Method (1975, 1978) 
 

 CPTu based methods 
1. Eslami and Fellenius (1997) 
2. Takesue et al. (1998) 
3. Togliani (2008) 

 
For the CPTu methods, the cone resistance was corrected for the pore pressure u2 

acting on the shoulder (qt).  The uncorrected cone resistance, qc, was used in the de 
Ruiter and Beringen, LCPC, and Nottingham and Schmertmann CPT based methods, 
since these methods were originally developed for use with mechanical or electric 
friction cones, prior to the widespread use of the piezocone.  The Eslami and Felle-
nius, and Takesue methods use the measured pore pressures directly in the analyses; 
however, the Togliani method does not, but is included in the CPTu category since qt 
is used rather than qc.  Pore pressure measurements were not considered in the CPT 
based methods.  No modifications were made to the methods of calculation or rec-
ommended constants used in any of the methods.  Since the Takesue method only 
evaluates shaft resistance, toe resistance calculations followed the Eslami and Felle-
nius toe resistance calculation method, as suggested by Mayne and Schneider, 2001. 

5.2 Results and Discussion 

The total pile capacity, Qt, obtained from the static loading tests and the predicted to-
tal pile capacity by the various pile capacity prediction methods are presented in Ta-
ble 1 for test pile S-1 and Table 2 for test pile S-2.  The ratio of measured total capac-
ity, Qtm, to predicted total capacity, Qtp, is also presented, along with the absolute 
percent difference between the predicted and measured capacities. 
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Table 1.  Comparison between static loading test results and capacity predictions for test pile S-1 
               Qt          Absolute 
Method            (kN)     Qtm/Qtp   Difference (%)  Basis 
Static Loading Test        2082    1.00       0     Measured 
Nottingham and Schmertmann    2060    0.99        1     CPT 
Togliani            2184    1.05       5     CPTu 
Takesue, et.al          1917    0.92        8     CPTu 
Eslami and Fellenius       1677    0.81      19     CPTu 
de Ruiter and Beringen (Dutch)   1508    0.72     28     CPT 
LCPC (Bustamante)       1326    0.64      36     CPT 

 
 

Table 2.  Comparison between static loading test results and capacity predictions for test pile S-2 
 Qt           Absolute 

Method            (kN)     Qtm/Qtp   Difference (%)  Basis 
Static Loading Test        3560    1.00       0     Measured 
Takesue, et.al          3643    1.02        2     CPTu 
Eslami and Fellenius       3327    0.93        7     CPTu 
Togliani            3221    0.90       10     CPTu 
de Ruiter and Beringen (Dutch)   2420    0.68      32     CPT 
Nottingham and Schmertmann    2273    0.64      36     CPT 
LCPC (Bustamante)       1922    0.54      46     CPT 

 
 
All three CPTu based methods (Eslami and Fellenius, Takesue, and Togliani) had 

predicted capacities for both test piles within 20% of the capacities determined by the 
30-day static loading tests, with the Takesue and Togliani methods both predicting 
within 2% to 10% of the measured capacities for both test piles.  The Eslami and Fel-
lenius method predicted within 10% for test pile S-2 only.  

 For the CPTu based methods, no limit on the calculated toe or shaft resistance is 
imposed in the Eslami and Fellenius method.  Also, no limit was imposed on the shaft 
resistance calculation for the Takesue method since the data (friction ratio and excess 
pore pressure measurement) from the SCPTu sounding falls within the range of pub-
lished data the method was originally based upon.  The Togliani method normally 
imposes a limit on the toe resistance for driven concrete piles, upon which the method 
was originally developed, but this limit is removed for the driven steel pipe piles in 
this study (Togliani, 2009). 

None of the CPT based methods predicted within 20% of the measured capacity, 
except for the Nottingham and Schmertmann method for test pile S-1 only, which 
predicted within 1% of the measured value.  The accuracy of the Nottingham and 
Schmertmann method for test pile S-2 was considerably less due to the limiting toe 
resistance imposed in this method which does not consider the effect of the underly-
ing dense sand layer encountered below 16.8 m at the SCPTu sounding.  This sand 
layer is located within 2.4b beneath the pile toe of pile S-2, and 3.2b beneath the pile 
toe of S-1, where b is the pile diameter; therefore, if considered, the sand layer should 
have a greater effect on the toe resistance prediction for pile S-2 than S-1.  The other 
two CPT based methods, the de Ruiter and Beringen method, and LCPC method, 
both impose an upper limit on both the calculated toe and shaft resistances. 

The CPT based methods tended to under-predict the 30-day pile capacity; however, 
the LCPC method was found to provide an excellent prediction of the end of initial 
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drive capacity for both test piles, with Qtm/Qtp of 1.06 and 1.08 for test pile S-1 and S-
2, respectively. 

6 PILE LOAD-MOVEMENT EVALUATION 

6.1 Introduction 

The axial load-movement response was evaluated using elastic continuum theory 
(Mayne, 2000, Mayne & Schneider, 2001) assuming a Randolph-type pile model 
(Randolph & Wroth, 1979).  The small strain soil stiffness necessary for the analysis 
was calculated from the SCPTu shear wave velocity measurements, and the large 
strain response was represented as the ultimate geotechnical capacity.  A modified 
hyperbola was used to model the degradation of the initial stiffness with increasing 
load level, resulting in a nonlinear load-movement response. 

6.2 Results and Discussion 

Assuming an average Vs of 287 m/s and drained Poisson’s ratio of 0.2 for the small 
strain region, results in an average initial small strain stiffness of 399 MPa for the 
clay loam glacial till. A compressible pile was assumed for the analyses, along with 
modified hyperbola constants f = 1 for both piles, and g = 0.3 for pile S-1 and g = 0.5 
for S-2.  The calculation of total load versus movement at the top of the pile are pre-
sented in Figures 3 and 4, and are compared to the measured axial load versus pile 
top movement for each test pile.  

 
Figure 3.  Measured and calculated load-movement behavior of test pile S-1. 
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Figure 4.  Measured and calculated load-movement behavior of test pile S-2. 

 
The calculated axial load-movement response for both test piles is in excellent 

agreement with the measured pile top movement response.  The ultimate geotechnical 
capacities used in the analyses were 2224 kN for test pile S-1 and 3955 kN for test 
pile S-2, which are within 10% of the static loading test results. 

7 CONCLUSIONS 

Seismic piezocone (SCPTu) tests provide a considerable amount of information to 
characterize the geotechnical properties at a particular site needed for pile capacity 
and movement response prediction.  The time of the measured pile capacity from end 
of initial driving is an important consideration when attempting to predict pile capaci-
ty in high set-up clayey soils, such as are found at this site.  It was found that direct 
CPTu based capacity methods (Eslami and Fellenius, Takesue et al., and Togliani) 
provided very good agreement, all within 20%, of the results of the 30-day static 
loading tests taken to failure at this site, with the Takesue and Togliani methods both 
predicting within 2% to 10% of the measured capacities for both test piles.  None of 
the CPT based methods predicted within 20% of the measured capacity, except for 
the Nottingham and Schmertmann method for test pile S-1 only, which predicted 
within 1% of the measured value.   

The down hole Vs measurements taken during performance of the piezocone 
sounding provide information needed to apply elastic continuum theory for the calcu-
lation of the load-movement response, and the results at this site are in very good 
agreement to the conventional top-down static loading test results. 
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