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1 INTRODUCTION 

In a foundation design, the expected foundation per-
formance variability is determined by the variability 
in the design soil or rock parameters (eg, Prakoso 
and Kulhawy 2011a,b) and the uncertainty of the 
calculation models (eg, Prakoso & Kulhawy 2002).  
The design parameter variability is in turn deter-
mined by the natural soil or rock variability and the 
measurement errors, as well as the transformation 
uncertainty.  This transformation uncertainty would 
theoretically increase the variability in the design pa-
rameters and therefore in the expected foundation 
performance.  The uncertainty of the calculation 
models would increase the expected foundation per-
formance variability as well.  Therefore, it is of in-
terest to understand whether this general theoretical 
approach would lead to an excessive or to a reasona-
ble expected variability of foundation performance.

In this paper, to examine whether the variability 
increase is factual, the variability in actual founda-
tion performance is evaluated in relation to the vari-
ability in field test results.  The focus of this paper is 
on the variability in driven pile performance deduced
from pile load tests.  Three case studies in Jakarta 
are examined. The general observations of the case 
studies are than discussed in the relation to the ex-
pected results of that general approach. 

2 SOURCES OF EXPECTED FOUNDATION 
PERFORMANCE VARIABILITY 

The increase in design parameter variability due to 
transformation uncertainty is often can not be avoid-
ed.  A calculation model for pile axial deformation 
(e.g., Fleming et al. 2009) employs a certain design 
parameter taken from a particular test (ie, shear 
modulus), which sometime may not be available due 
to field difficulties or sample quality issues.  Conse-
quently, simpler tests (eg, cone penetration tests, 
standard penetration tests) need to be performed, and 
the parameters from these tests (eg, cone resistance 
qc, N-SPT values) have to be transformed into that 
certain design parameter using correlations (eg, 
Kulhawy & Mayne 1990). Therefore, in addition to 
the natural material variability and the measurement 
errors, the design parameter would contain the addi-
tional uncertainty coming from the use of the corre-
lations. For example, Prakoso & Kulhawy (2011a) 
discuss parameters from different tests in relation to 
a model design parameter.   

The calculation models could be developed from 
theoretical approaches and from empirical studies.  
For the former, the models ideally should be validat-
ed against actual field cases or other means to assess 
their uncertainty, while for the latter, the models 
would contain inherent uncertainties. In evaluating 
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model uncertainty, Prakoso & Kulhawy (2011b) use 
the Monte Carlo simulations for theoretical models, 
while Prakoso & Kulhawy (2002) discuss the inher-
ent uncertainty of empirical models.  

3 CASE STUDIES 

3.1 Case Study 1 

A series of seven (7) axial compression load tests of 
400 mm square prestressed concrete piles was con-
ducted in a construction site in the southern part of 
Jakarta.  The piles were driven through a residual 
soil deposit, and the pile lengths vary from 20 m to 
23 m.  The piles tested were distributed relatively 
evenly within the construction site.  The pile slen-
derness ratio was 50 or greater, and therefore more 
than 90% of the load would be resisted by the shaft 
(e.g., Fleming et al. 2009).   

The load tests were conducted according to 
ASTM D1143 Standard Test Method for Deep 
Foundations Under Static Axial Compressive Load 
(2007) to a 200% load of 2 MN in four (4) cycles.  
The loading backbone curves of the seven load tests 
are shown in Figure 1.  For a load of 1 MN (100%, 
Cycle No. 2), the mean, standard deviation (SD), and 
coefficient of variation (COV = SD / mean) of the 
pile head settlement are 5.19 mm, 1.30 mm, and 
25.1%, respectively. For a load of 2 MN (200%, Cy-
cle No. 4), the mean, SD, and COV of the pile head 
settlement are 12.90 mm, 2.86 mm, and 22.2%, re-
spectively.  For the zero load condition at the end of 
the first and the fourth cycles, the COV values of the 
pile head plastic settlement are 65.2% and 36.9%, 
respectively.  The distribution of pile head settle-
ment for loads of 1 MN (100%, Cycle No. 2) and 2 
MN (200%, Cycle No. 4) is shown as Figure 2. 

Five (5) mechanical cone penetration tests 
(MCPT) (D3441, ASTM 2005) were performed by a 
soil investigation company.   The test locations were 
distributed relatively evenly within the construction 
site.  The MCPT results are combined and shown as 
Figure 3.  Based on the cone resistance qc and fric-
tion ratio Rf, four (4) soil layers can be identified.  
The cone resistance qc of 15 MPa were found at 
depths from 19.2 m to 22.4 m.  These depths are rel-
atively consistent with the lengths of the piles tested.  
The mean and SD of point cone resistance qc values, 
as well as the mean and SD of point friction ratio Rf, 
are shown in Figure 3.  Up to a depth of 18 m, most 
of the COV of qc are within the range from 16% to 
34%, with a mean value of 25.1%. Those of The 
COV of qc and Rf is shown in Figure 3 as well.  The 
statistics for each soil layer after the qc layering and 
de-trending process are summarized in Table 1.  It 
can be seen that the resulting COVs for both evalua-
tion approaches are within the range of qc inherent 
variability as observed by Phoon & Kulhawy (1999). 

 
Table 1.  Soil layers and associated statistics for Case Study 1. _______________________________________________ 
 Layer Depth (m) qc (MPa) SD  COV (%) _______________________________________________ 
 1  0 – 7.0  0.314·z + 0.831 0.489 54.7-16.1 
 2 7.0 – 17.0  2.077 0.560 27.0 
 3 17.0 – 22.2  1.175·z – 17.091 1.761 43.4-19.6 
 4 >22.2  > 15.0 - - _______________________________________________ 

. 

 
 
Figure 1. Pile load test results for Case 1. 
 
 

 
 
Figure 2. Distribution of pile head settlement at 100% load (cy-
cle 2) and 200% (cycle 4) load for Case 1. 

3.2 Case Study 2 

A series of five (5) axial compression load tests of 
500 mm square prestressed concrete piles was con-
ducted in a construction site in the central part of Ja-
karta.  The piles were driven through a soft soil de-
posit, and the pile lengths vary from 25 m to 39 m 
(mean = 32.5 m and SD = 5.7 m, median = 32.5 m).  
The piles tested were distributed relatively evenly 
within the construction site.  The pile slenderness ra-
tio was 50 or greater, and therefore more than 90% 
of the load would be resisted by the shaft (e.g., 
Fleming et al. 2009).   

The load tests were conducted according to 
ASTM D1143 Standard Test Method for Deep 
Foundations Under Static Axial Compressive Load 
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Figure 3. Mechanical cone penetration test results for Case 1. 
 
Table 2.  Soil layers and associated statistics for Case Study 2. _______________________________________________ 
 Layer Depth (m) N-SPT (blows/0.3m) SD  COV (%) _______________________________________________ 
 1  0 – 18.0  2.08 1.20 57.4 
 2 18.0 – 27.0  1.05·z – 13.49 4.43 82.2-29.9 
 3 27.0 – 40.0  33.87 9.84 29.1 
 4 >40.0 >48 - - _______________________________________________ 

. 
(2007) to a 200% load of 4 MN in four (4) cycles.  
The loading backbone curves of the five load tests 
are shown in Figure 4.  For a load of 2 MN (100%, 
Cycle No. 2), the mean, SD, and COV of the pile 
head settlement are 7.26 mm, 2.95 mm, and 40.7%, 
respectively. For a load of 4 MN (200%, Cycle No. 
4), the mean, SD, and COV of the pile head settle-
ment are 22.44 mm, 7.03 mm, and 31.3%, respec-
tively.  For the zero load condition at the end of the 
first and the fourth cycles, the COV values of the 
pile head plastic settlement are 105.5% and 147.8%, 
respectively.  The distribution of pile head settle-
ment for loads of  2 MN (100%, Cycle No. 2) and 4 
MN (200%, Cycle No. 4) is shown as Figure 5. 

Seven (7) sets of standard penetration tests (SPT) 
(D1586, ASTM 2011) relevant to the pile length var-
iation were performed by four soil investigation 
companies in different years. The test locations were 
distributed relatively evenly within the construction 
site.  The SPT results are shown as Figure 6, and one 
can see that the ground conditions vary significantly.  
N-SPT values greater than 50 blows/0.3m were 
found in depths varying from about 14 m to 49 m.  
The mean and SD of N-SPT for 3 m intervals are 
shown in Figure 7.  The COV of point N-SPT up to 
a depth of 39 m (about maximum length of tested 
piles) varies from 31% to 125%, with a mean value 
of 68% (solid line on Fig. 7).  It is noted that the N-
SPT values of greater than 50 blows/0.3m at a depth 
of 14 m were not considered in the mean and SD 

evaluation because there were no tested piles with a 
length of about 14 m.  The COV values of point N-
SPT performed by two companies were evaluated 
further.  For a company with three data sets, the 
COV varies from 10% to 73%, with a mean value of 
35% (dashed line on Fig. 7), while for the other with 
two data sets, the COV varies from about 0 to 128%, 
with a mean value of 49% (dashed-dotted line on 
Fig. 7).  The statistical results of this company-based 
evaluation suggest that the contribution of the meas-
urement error in COVs might be significant when 
the soil investigation is conducted by more than one 
party. 

Based on the soil descriptions, four (4) soil layers 
can be identified as summarized in Table 2.  It is 
noted that the depths are the median values. The sta-
tistics for each soil layer after the N-SPT layering 
and de-trending process are summarized in Table 2 
as well.  It appears that the layering and de-trending 
process could lower the COV upper bound value ra-
ther significantly, but not for the mean value. 

The above COVs for N-SPT are not significantly 
different from the range of N-SPT inherent variabil-
ity as observed by Phoon & Kulhawy (1999).  The 
range for sands is between 19% and 62% with a 
mean value of 54%, and that for clays/loams is be-
tween 37% and 57% with a mean value of 44%. 

3.3 Case Study 3 

A series of eight (8) axial compression load tests 
of 450 mm circular prestressed concrete piles was 
conducted in a construction site in the northern part 
of Jakarta.  The piles were driven through a soft soil 
deposit, and the pile lengths vary from 22.0 m to 
34.5 m (mean = 25.5 m and SD = 3.8 m, median = 
24.5 m).  The piles tested were distributed relatively 
evenly within the construction site.  The pile slen-
derness ratio was about 50 or greater, and therefore 
more than 90% of the load would be resisted by the 
shaft (e.g., Fleming et al. 2009). 

The load tests were conducted according to 
ASTM D1143 Standard Test Method for Deep 
Foundations Under Static Axial Compressive Load 
(2007) to a 200% load of 2.28 MN in four (4) cycles.  
The loading backbone curves of the eight load tests 
are shown in Figure 8.  For a load of 1.14 MN 
(100%, Cycle No. 2), the mean, SD, and COV of the 
pile head settlement are 4.81 mm, 1.05 mm, and 
21.9%, respectively. For a load of 2.28 MN (200%, 
Cycle No. 4), the mean, SD, and COV of the pile 
head settlement are 13.87 mm, 3.36 mm, and 24.2%, 
respectively.  For the zero load condition at the end 
of the first and the fourth cycles, the COV values of 
the pile head plastic settlement are 92.7% and 
44.2%, respectively.  The distribution of pile head 
settlement for loads of  1.14 MN (100%, Cycle No. 
2) and 2.28 MN (200%, Cycle No. 4) is shown as 
Figure 5. 
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Three (3) sets of standard penetration tests (SPT) 
(D1586, ASTM 2011) were performed by two soil 
investigation companies in different years. The test 
locations were distributed relatively evenly within 
the construction site.  The SPT results (N-SPT) are 
combined and shown as Figure 10.  N-SPT values 
greater than 50 blows/0.3m were found in only one 
of the SPT sets for a thickness of about 3 m at a 
depth of about 23 m.  The mean and SD of for 3 m 
intervals of N-SPT are shown in Figure 10 as well.  
The COV of N-SPT up to a depth of 36 m (about 
maximum length of tested piles) varies from 13% to 
97%, with a mean value of 43%.  For a company 
with two data sets, the COV varies from 24% to 
91%, with a mean value of 40% (dashed line on Fig. 
10). In this case, the contribution of the measure-
ment error in COVs appears to be rather minimum. 

Based on the soil descriptions, four (4) soil layers 
can be identified as summarized in Table 3.  It is 
noted that the depths are the median values. The sta-
tistics for each soil layer are summarized in Table 3 
as well.  It appears that the layering process could 
lower the COV value for the upper soil layer only. 

 
 

 
 
Figure 4. Pile load test results for Case 2. 
 

 
 
Figure 5. Distribution of pile head settlement at 100% load (cy-
cle 2) and 200% (cycle 4) load for Case 2. 
 

Table 3.  Soil layers and associated statistics for Case Study 3. _______________________________________________ 
 Layer Depth (m) N-SPT (b/0.3m) SD  COV (%) _______________________________________________ 
 1  0 – 10.0  1.92 0.64 33.3 
 2 10.0 – 23.0  16.24 7.40 45.6 
 3 23.0 – 28.0  36.57 10.24 28.0 
 4 >28.0 >48 - - _______________________________________________ 
. 
 
Table 4.  COV of soils and pile settlement. ______________________________________________ 
Soil /      Coefficient of Variation (%)         ______________________________  
Pile Performance No. 1    No. 2    No. 3 ______________________________________________ 
Soils 
  All Data    25.1    67.8    43.0 
  Set #1     -     35.1    40.3 
  Set #2     -     48.8    - 
  Upper Layer   35.4    57.4    33.3 
Pile Settlement (Peak) 
  Cycle 1 (50%)  24.4    49.7    24.8  
  Cycle 2 (100%)  25.1    40.7    21.9 
  Cycle 3 (150%)  22.3    35.3    21.9 
  Cycle 4 (200%)  22.2    31.3    24.2 
Pile Settlement (Plastic) 
  Cycle 1 (0%)  65.2    105.5    92.7  
  Cycle 2 (0%)  51.9    141.8    80.0 
  Cycle 3 (0%)  51.0    199.8    55.0 
  Cycle 4 (0%)  36.9    147.8    44.2 _____________________________________________ . 

4 DISCUSSIONS 

The uncertainty of soils along respective pile lengths 
and the variability of pile settlement from all case 
studies are summarized in Table 4, represented by 
the coefficient of variation (COV).  For the former, 
the COV values of all data, as well as those exam-
ined from data sets obtained from different compa-
nies, are given.  There is a general trend that com-
bining data sets (in these cases, N-SPT data sets) 
obtained by different companies tend to increase the 
soil variability.  For Case Study No. 2, the increase 
is unexpectedly high, about 20% to 30%.  The highly 
varied soil conditions might also contribute to this 
significant increase in COV.  In addition, the COV 
value for the upper soil layer is given as most of the 
load would be resisted by the pile shaft. 

The COV of pile settlement at different peak load 
levels was found to be relatively constant (Nos. 1 
and 3) when the COV is relatively not too high, but 
also found to decrease with an increase in load levels 
(No. 2) when the initial COV is relatively high.  For 
Case Study Nos. 1 and 2 (for data obtained from an 
individual company), the COV of pile settlement ap-
pears to be relatively in the same range of the COV 
of soils.  However, for Case Study No. 3, the COV 
of pile settlement is much lower than the COV of 
soils, with a difference of about 15% to 20%. 

The COV of pile plastic settlement after different 
peak load levels is much higher than the COV at 
peak load levels.  Furthermore, the COV of pile 
plastic settlement appears to be higher for soils with 
higher COVs. 
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Figure 6. Standard penetration test results for Case 2. 

 

 
 
Figure 7. Mean and COV of standard penetration test results 
for Case 2. 

 
The fact, that the COV of pile settlement at dif-

ferent peak load levels tends to be relatively constant 
with or lower than the COV of soils, is not in 
agreement with the theoretical approach in which the 
transformation uncertainty and the calculation model 
uncertainty would increase the expected foundation 
performance variability.  Even after separating soil 
data obtained by different companies, the COV of  

 
 
Figure 8. Pile load test results for Case 3. 
 

 
 
Figure 9 Distribution of pile head settlement at 100% load (cy-
cle 2) and 200% (cycle 4) load for Case 3. 
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Figure 10. Standard penetration test results for Case 3. 

 
pile settlement is not found to be greater than the 
COV of soils.  One can then conclude that the use of 
theoretical approach in the current form would lead 
to an excessive expected foundation performance 
variability and therefore unnecessary conservatism 
in foundation design. 

Ching & Phoon (2015), quoting Honjo & Otake,  
argue that the transformation uncertainty is one of 
the major sources of geotechnical performance un-
certainty.  Furthermore, they argue that the reduction 
of transformation uncertainty can lead to a more 
economical design in a reliability-based design 
framework.  They offer the use of the multivariate 
probability distribution that models the correlations 
between the design values used and the values ob-
tained using different tests. The important feature of 
this approach is that it accepts multiple practical test 
results, so the transformation uncertainty can be re-
duced further by incorporating more practical tests.  
As an example, they show that the COV of soil pa-
rameter can be more than 30% when no test result is 
known but can be reduced to less than 10% when 
multiple test results are known. 

A similar approach may be applied to the estima-
tion of calculation model uncertainty.  The current 
practice is to correlate a large number of foundation 
resistance data to the respective soil or rock test re-
sults (eg, Prakoso & Kulhawy 2002).  This practice 
actually introduces some uncertainties, including 
mixing different soil or rock behavior, mixing dif-
ferent resistance definitions.  The use of multivariate 
probability distribution may separate different con-

tributing factors in the correlation development, so 
that the resulting calculation models would have 
lower degree of uncertainty. 

5 CONCLUSIONS 

This paper discussed the variability in driven pile 
performance, and three case studies in Jakarta are 
examined.  In two cases, piles were driven through 
soft soil deposits with relatively high variability, and 
the field tests conducted were standard penetration 
tests.  In one case, piles were driven through residual 
soils with medium level of variability, and the field 
tests conducted were mechanical cone penetration 
tests.  The driven pile performance was deduced 
from axial compressive pile load tests (5 to 8 tests 
for case study), and the variability of pile settlement 
at different peak load levels was examined.  The soil 
variability was deduced from the N-SPT values and 
the cone penetration resistance qc along the respec-
tive pile lengths.  The variability was represented by 
the coefficient of variability COV, and it was found 
that the COV of soils was generally comparable to 
the COV of pile settlement at different load levels.  
This was not in agreement with the results of the 
theoretical approach, and possible strategies to 
bridge this difference were discussed subsequently. 
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