
1 INTRODUCTION  

A six-story building supported by pile foundations was being constructed in a site in 
Depok, West Java, Indonesia.  The soil of the site is predominantly a silt-clay residual 
soil, characterized by seven mechanical cone penetration tests (CPTs).  The piles are 
250 mm square concrete driven piles.  Two pile axial load tests, 5.5 m long and 11.5 
m long piles, were performed.  The load-settlement curves from the load tests indi-
cate that the ultimate capacity of both piles was reached.  These unique features (axial 
load tests of piles with different lengths and load-settlement curves indicating fail-
ures) provide insights into the behavior of pile foundation in residual soil.   

To examine the observed pile foundation behavior, the axial load tests were subse-
quently back-analyzed using an axisymmetric finite element model.  In the back-
analyses, the soil modulus and shear strength in the model were adjusted so that the 
numerical load-settlement curves matched the actual curves.  The cone penetration 
resistance was used as the reference in the back-analysis process. 

This paper describes the geotechnical conditions and the axial load tests per-
formed.  It continues with a discussion on the back-analysis process.  It concludes by 
highlighting the key observations. 

 

CPT-based ultimate capacity of driven piles in residual 
soil 

W. A. Prakoso & S.P. Hadiwardoyo 
University of Indonesia, Depok, Indonesia 

 
 
 

ABSTRACT: Two pile axial load tests were performed in a site in Depok, West Java, 
Indonesia.  The soil of the site is predominantly a silt-clay residual soil, characterized 
by seven mechanical cone penetration tests (CPTs).  The piles were 5.5 m long and 
11.5 m long, 250 mm square piles, and the results of the load tests showed that the ul-
timate capacity was achieved.  The axial load tests were subsequently back-analyzed 
using an axisymmetric finite element model using PLAXIS.  In the back-analyses, the 
soil modulus and shear strength in the model, using the cone penetration resistance as 
the reference, were adjusted so that the numerical load-settlement curves matched the 
actual curves.  The results of the back-analyses are then synthesized with the results 
of the CPTs.  Some recommendations are then proposed. 
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2 GEOTECHNICAL CONDITIONS 

The geotechnical conditions of the site were characterized by performing a total of 
seven (7) mechanical cone penetration tests (CPTs).  The CPTs were conducted in 
accordance with ASTM D3441 (2008).  The cone with an apex angle of 60° is 10 cm2 
in cross-sectional area and has a 150 cm2 friction sleeve.  Three tests were performed 
in 2007, while the rest were performed in 2009.  The CPT results are presented in 
Figure 1; all cone penetration resistance data, qc, are presented in Figure 1a, while the 
mean values and the mean ± standard deviation values of both qc and the friction ra-
tio, Rf, are shown in Figure 1b.  In addition, the variability, represented by the coeffi-
cient of variation (= standard deviation / mean), for both qc (square & line) and Rf 
(line) is also shown in Figure 1c.  Based on the results, four geomaterial layers can be 
identified:  depth = 0 – 5.0 m,  depth = 5.0 – 11.0 m,  depth = 11.0 – 14 m, and 

 depth = 14.0 – 16.0 m. 
The Robertson (1990) procedure was used to further interpret the CPT results of 

the three first layers.  As shown in Figure 2, the first layer is predominantly in the 
Zone 3 (silty clay to clay) with higher OCR, the second layer is predominantly in the 
Zone 3 with lower OCR, and the third layer is predominantly the Zone 4 (clayey silt 
to silty clay) with relatively low OCR.  Although the Robertson (1990) chart was 
based on electric CPT data, it appears to provide reasonable results for the mechani-
cal CPT’s at this site. 

The qc is also corrected to the overburden effective stress of 1 atm.  The overbur-
den corrected cone penetration resistance, qc1, is computed by using an overburden 
correction factor CN as follows: 

qc1 = CN ⋅ qc (1) 
In this paper, the CN expression proposed by Liao & Whitman (1986) was used: 

CN = (Pa / σ’vo) 0.5 ≤ 1.7 (2) 
in which Pa = 100 kPa and σ’vo = overburden effective stress in kPa.  The qc1 mean 
values and the mean ± standard deviation values are shown in Figure 3, along with 
those of qc.   

The difference in qc and qc1 values with depth is represented by the resistance ra-
tio, in which the average qc and qc1 values in the first layer is used as the reference 
value.  As shown Figure 3c, qc tends to increase with depth, while qc1 tends to de-
crease and to increase with depth.   

3 AXIAL LOAD TESTS 

A total of 179 250-mm-square-concrete piles were installed for the six-story building.  
A 15 kN drop hammer was used to drive the piles.  Two of the piles were driven to 
depths of 5.5 m and 11.5 m, respectively, and the tip elevation of these piles relative 
to the CPT results are shown in Figure 3.   

Axial load tests were subsequently conducted for the two piles in accordance with 
ASTM D1143 (2008).  The load frame consisted of a kentledge system and a hydrau-
lic jack.  The applied load was measured with a pressure gauge calibrated for the hy-
draulic jack.  Pile settlement was measured with four dial gauges capable of reading 
movements of 0.01 mm.  The piles were loaded in increments of 200 kN. 
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Figure 1.  Results of mechanical CPT’s 
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Figure 2.  Q and F of averaged CPT values on Robertson (1990) chart 

 
 
The results of the two pile load tests are shown in Figure 4.  The 5.5 m long pile 

was loaded in two cycles, while the 11.5 m long pile was loaded in three cycles.  The 
axial load tests were terminated as the pile settlement became greater than 25 mm.  
Both load tests ended in less than 12 hours.  The load-settlement curves of both piles 
indicate that the ultimate capacity of the piles may have been achieved. 
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Figure 3.  Averaged CPT values 

 
The L1-L2 method proposed by Hirany & Kulhawy (1988) was used for interpret-

ing the “failure” load or “ultimate” capacity of foundations.  A typical foundation 
load-displacement curve has an initial elastic region, and the load defining the end of 
this region is interpreted as QL1.  In the concluding part of the load-settlement curve, 
the load at the initiation of the final linear region is defined as QL2.  The load level be-
tween QL1 and QL2 comprises the nonlinear transition region.  The QL2 is defined as 
the “interpreted ultimate load”.  Based on these load-displacement curves and the L1-
L2 method, the interpreted ultimate load of the 5.5 m long pile is 300 kN, while that 
of the 11.5 m long pile is 500 kN. 

4 NUMERICAL ANALYSES 

The axial load tests were subsequently back-analyzed using an axisymmetric finite 
element model; the software used was PLAXIS (Brinkgreve, 2002).  In the back-
analyses, the soil modulus and shear strength in the model were adjusted so that the 
numerical load-settlement curves matched the actual curves.   

Figure 5 shows the typical finite element model that was developed to analyze the 
axial loading tests.  A 300 mm in diameter axisymmetric pile model was used in or-
der to account for square pile geometry, which caused 13% error in the tip resistance 
area and 6% error in the side resistance area.  The loads were represented as distrib-
uted loads applied at the top of the pile.  The mesh consisted of 15-node triangular 
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Figure 4.  Results of compression axial pile load tests for 5.5 m and 11.5 m long piles 

 

   
a) Typical mesh b) Pile butt c) Pile tip 
Figure 5.  Typical PLAXIS mesh 
 
Table 1.  Model properties ___________________________________________________________ 
Material/  γ  E   ν  φ 
Soil Depth    
(m)  (kN/m3) (GPa)     (°) ___________________________________________________________ 
Concrete 24  28   0.2  Elastic 
0 – 5.0  16  see Table 2  0.4  0 
5.0 – 11.0 16  see Table 2  0.4  0 
11.0 – 14.0 16  see Table 2  0.4  0 
14.0 – 16.0 16  see Table 2  0.4  Elastic ___________________________________________________________ 
 

 
elements, and interface elements were used between the pile and soil elements.  A 
Mohr-Coulomb model with φ = 0 condition was used to describe the geomaterial be-
havior; this model was chosen so that, for any given layer, the soil strength around 
the pile tip and the side resistance would not vary with depth.  The soil layer with 
depth greater than 14 m and the pile concrete were modeled as a linear-elastic mate-
rial.  The material parameters are given in Tables 1 and 2.  The load-displacement 
curves were generated at the top center point of the pile.  
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Table 2.  Geomaterial properties ________________________________________________________________________________ 
Depth  Series I       Series II   ____________________________________________  
(m)  Sub-series I-A  Sub-series I-B      
  E (MPa) c (kPa) E (MPa) c (kPa) E (MPa) c (kPa) ________________________________________________________________________________ 
0 – 5.0  40.0  52.0  30.0  37.0  24.0  54.0 
5.0 – 11.0 50.0  65.0  37.5  46.3  18.0  40.5 
11.0 – 14.0 80.0  104.0  60.0  74.0  24.0  54.0 
14.0 – 16.0 100.0  Elastic  75.0  Elastic  30.0  Elastic ________________________________________________________________________________ 
Note: φ = 0 condition assumed; E and c values relative to E and c values for depth = 0 – 5.0 m, 

respectively, based on resistance ratio shown in Figure 3c 
 Series I: based on qc resistance ratio; Series II: based on qc1 resistance ratio 

 
 

Table 3.  Comparison of pile capacity _______________________________________________________________________________ 
Pile   Load test  Series I     Series II     ______________________________  
length    Ultimate   Sub-series I-A Sub-series I-B     
(m)   Capacity (kN) Ultimate  Ultimate  Ultimate  
      Capacity (kN) Capacity (kN) Capacity (kN)  _______________________________________________________________________________ 
5.5   300.0   299.6 (99.9%) 213.3 (71.1%) 286.3 (95.4%)  
11.5   500.0   701.6 (140.3%) 496.9 (99.4%) 521.6 (104.3%)  _______________________________________________________________________________ 
 

 
Two series of analyses were performed to match the interpreted ultimate loads and 

the initial part of the load-settlement curve of each numerical model to that of the ac-
tual corresponding curve.  In Series I, the geomaterial elastic modulus and cohesion 
values were set based on the qc resistance ratio while, in Series II, the values were set 
based on the qc1 resistance ratio (See Figure 3).  Series I consisted of two sub-series, 
in which the sub-series I-A was performed to match the load-settlement curve of the 
5.5 m long pile, while the sub-series I-B was performed to match the curve of the 
11.5 m long pile.  Table 2 summarizes the geomaterial properties used for all the se-
ries. 

The load-settlement curves of all series are shown in Figures 6 and 7, compared 
with those of the actual load tests.  For Series I, Figure 6a shows that, when the re-
sults for the 5.5 m long pile were matched, the results for the 11.5 m long pile could 
not be matched.  On the other hand, Figure 6b shows that, when the results for the 
11.5 m long pile were matched, the results for the 5.5 m long pile could not be 
matched.  Table 3 summarizes the difference in the interpreted ultimate loads from 
both the load tests and the numerical analyses, and the difference is about 30 – 40%.   

For Series II (resistance ratio based on qc1), Figure 7 shows that the load-
settlement curves of both the 5.5 m long and 11.5 m long piles could be matched with 
the same geomaterial properties.  As indicated by Table 3, the difference in the inter-
preted ultimate loads is in about 5%. 

The cohesion values in Table 2 represent the side resistance of the piles.  The ratio 
of the average qc1 values to the model cohesion values is about 44.  This ratio is simi-
lar to the ratio recommended in the Canadian Foundation Engineering Manual, 
CFEM (Canadian Geotechnical Society, 1992), which is 40 for clayey geomaterial 
with qc = 1 – 5 MPa.  Furthermore, the ratio of the model elastic modulus to qc1 is 
about 10. 
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a)  Comparison for sub-series I-A geomaterial properties 
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b)  Comparison for sub-series I-B geomaterial properties 
Figure 6.  Comparison of results of load tests and Series I numerical analyses 

 

5 CONCLUSIONS 

Two (2) pile axial load tests were performed in a site with predominantly silt-clay re-
sidual soil.  The axial load tests were subsequently back-analyzed using an axisym-
metric finite element model.  In the back-analyses, the soil properties in the model, 
using the cone penetration resistance as the reference, were adjusted so that the nu-
merical load-settlement curves matched the actual curves.   

The key observations from the comparison include the following: 1) the normal-
ized cone penetration resistance qc1 provides a basis for better curve fitting and 2) the 
recommendation in CFEM appears to be applicable for residual soil. 
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Figure 7.  Comparison of results of load tests and Series II numerical analyses  
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