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The massive construction in poor lands has encouraged
engineers to use deep foundations in order to transfer
superstructure loads to the subsoil. Since soil excavation,
sampling, and laboratory testing as a part of site investigation
are relatively difficult, in-situ tests such as cone penetration
test (CPT) as a very informative test may be recommended.
The CPT has been widely used in engineering as a part of
site investigation, and its data has been used to determine the
axial capacity of piles. In this paper, the prediction capability
of three empirical widely famous old methods used to predict
the axial pile capacity based on CPT data is evaluated by
using field data obtained from direct field pile loading tests.
In this evaluation, the direct pile load test results are used as
measured data. Three popular famous statistical evaluation
methods namely the best-fitted line, geometric mean, and
geometric standard deviation have been used. The evaluation
results indicate that generally although predicting methods
based on CPT data have been widely used to determine the
axial bearing capacity of piles, they need to be upgraded for
the economic and relatively accurate design of piles.
According to the statistical studies carried out in the current
research, among three old empirical methods, although the
Nottingham and Schmertmann Method (1975, 1978) (NSM)
[7, 8] has the best agreement with test results, it is felt that
the method needs to be upgraded. The modification of NSM
has been done in the current paper using a comprehensive
database.

1. Introduction

engineers. Various theories have been
proposed regarding computing toe and shaft

Determining pile bearing capacity always has capacity values below the embedment depth
been a challenge task for geotechnical [1].

DOI:


http://dx.doi.org/10.22075/jrce.2018.13732.1250
http://civiljournal.semnan.ac.ir/

116 P. Heidari and M. Ghazavi/ Journal of Rehabilitation in Civil Engineering 7-2 (2019) 115-128

Pile foundations are designed according to
site investigation data. The investigation
based on soil sampling and laboratory testing
is quite difficult, and in-situ tests may be
preferable and recommended. Among these
tests, CPT 1is relatively widespread in
investigating the subsoil. From this test, cone
tip resistance and skin friction are
measurable, as well as by integration of
piezoelectric elements with an electrical
penetrometer. The pore water pressure can
also be determined. The CPT is simple, fast
and, economical, and generates continuous
information along the depth [3] and can be a
model of pile [1]. Indirect and direct CPT-
based methods are two main approaches
which can be used to accomplish true
resistances of pile shaft and toe [1].

The CPT and CPTU have three main
applications in the site investigation to
determine sub-surface stratigraphy and
identify soil type, estimate geotechnical
parameters to provide results for direct
geotechnical design [2]. Contrary to analyses
of piles based on theoretical models which
need laboratory testing data, the CPT data
may be preferable since the CPT has
similarity with piles. In fact, determining the
bearing capacity of a pile from the CPT
information is one of its first applications [4].

To determine the axial pile capacity, the CPT
is performed, and results are presented
graphically along the depth. These results can
be used directly and indirectly to determine
the bearing capacity of piles. The direct use
involves the establishment of relationships
between the cone tip resistance and the unit
toe resistance of piles, as well as
relationships between the skin friction
obtained from CPT and the skin friction of
piles, which are more common among
engineers [5]. Usually, direct methods that

use CPT data for a pile design have a fairly
good fit with the practical results for the
capacity of different piles compared with
indirect methods.

The purpose of this paper is first to evaluate
the capability of three old methods widely
used in practice to predict the axial pile
capacity based on CPT data and second
quantify the best method among three. It is
noted that more efficient and accurate
methods have been developed in recent
years, for example, a method developed by
Eslami and Fellenius (1997). However, the
current research does not intend to evaluate
all CPT-based empirical methods, although
this is of interest for further research. As
mentioned before, the main aim of this
research is to evaluate three old widely used
methods and quantify the best one. This is
because these three methods developed
initially by famous people are still in use by
practicing engineers and they still appear in
the literature, despite they have low accuracy,
as will be shown subsequently. To this aim,
thirty-one case histories have been collected
from full-scale field tests as measured data.
Then three popular direct methods predicting
pile capacity from CPT data are used.

In the current research, the best method is
introduced based on the statistical evaluation.
Finally, some corrections are made to
enhance it for more accurate prediction of
axial pile capacity based on CPT data.

2. Cone Penetration Testing
Methods for Determination of Pile
Bearing Capacity

2.1. Aoki & Velloso Method (1975) [6]

This method estimates the pile bearing
capacity from results of dynamic penetration
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tests. The design equation for estimating the
bearing capacity of piles were proposed,
according to some of the experimental
factors obtained for different types of pile
and soil from the loading test results, which
is applicable to all types of piles and all types
of soil. The unit skin friction of the piles is
obtained from Eq. (1) [6]:

f,, = 2aCda®s < 120kPa (D)
F

S

Where g is in percent and depends on the
soil type, given in Table 1 and qca(sige) 18 the
mean of cone side resistance at the length of
pile in kPa, and Fg is the dimensionless
coefficient, which depends on pile type and is
shown in Table 2.

Table 1. Values of o based on the soil types [6].

Qca(tip) 18 the mean of the cone tip resistance
in the specific range of the pile length in kPa.

Table 3. Values of F}, based on the pile types [6].

Fy pile type
3.5 Drilled shafts
2.5 Driven cast-in-situ
1.75 Steel and PCC
2.2. Nottingham and Schmertmann

o (%) Soil Type
1.4 Sand
2 Silty Sand
2.2 Sandy Silt
24 Sand with Clay or Sandy Clay
2.8-3 Clay-Sand-Silt mix
3.4 Clayey Silt
4 Silty Clay
6 Clay

Table 2. Values of F based on the pile types [6].

Fg pile type

7 Drilled shafts

5 Driven cast-in-situ
3.5 Steel and PCC

The value of the unit toe resistance of pile is
obtained by using Eq. (2) [6]:
qp = "2 < 15MPa (2)

b

In which the empirical factor of F;, depends
on the pile type and given in Table 3, and

Method (1975, 1978) (NSM) [7, 8]

This method was introduced by Nottingham
(1975) [7] based on a summary of the model
of piles and real piles and then presented as
instruction in 1978 by Schmertmann [8]. The
unit tip resistance of pile in sand and clay is
considered to be equal to the mean of cone
resistance. The actual value depends on the
distribution of the g, values to the depth. The
averaging range of this region is assumed to
be due to the failure of a spiral logarithmic
sample at the pile tip, similar to the
Begemann Method (1961). The upper limit
of 12 MPa applies to the pile tip resistance.

The unit side resistance of the pile is
determined from the cone side (qs) as Eqgs.
(3a) and (3b) [7, 8], respectively:

fp = a5.qs < 120 kPa (3-a)

fp = ac. qs (3-b)

Egs. (3a) and (3b) are applicable to sand and
clay, respectively, in which the values of ag
and a. are obtained from Figs. 1 and 2,
respectively.
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Fig. 1. Design curves for fg of pile in sand [7, 8].

— Steel Piles
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Penetrometer Sleeve Friction, qs

Fig. 2. Design curves for f; of pile in clay [7, 8].

In sand, it is also possible to determine the
unit side resistance of pile from the cone tip
resistance by using Eq. (4) [7, 8]:

f, = C.q. < 120 kPa (4)

Where C is a non-dimensional coefficient
which is the function of pile type and varies
from 0.8 to 1.8%, and q. is the cone tip
resistance in kPa.

The amount of the unit side resistance of the
casting piles is reduced by 25% of the
calculated unit side resistance of the driven
piles. The unit toe resistance of pile in the
sand is also calculated from Eq. (5) [7, 8]:

+
Qb = w < 15 MPa (5)

In silty sand, Eq. (6) is used [7, 8]:

+
Qb = w < 10 MPa ©)

The minimum values of q.; are the average
of q. in the range of 0.7d to 3.75d below the
pile tip and the minimum values of q., are
the average of q. in the range of 8d above the
pile tip, where d is the pile diameter [7, 8].

2.3. Philipponant Method (1980) [9]

Philipponant tried to design a simple method
based on the direct use of CPT results to
design piles in a wide range of different types
of pile and soil. He calibrated his method by
using 44 data including various types of
instrumentation piles and loading tests
performed on different soil. The proper
coefficients for design equations for
estimating the unit side resistance of piles in
different types of soil and pile were
introduced. Also, the values of the unit side
resistance of pile were limited by the pile
type. The unit toe resistance of pile is
averaged in the range of 3d below and above
the pile tip according to Eq. (7) [9]:

_ qca(side)- s

7
fb 0 =< fs (max) ( )
s

Where aog is a dimensionless coefficient
depending on the ©pile type and
implementation and the ag value is given in
Table 4. Fg, which depends on the soil type,
is given in Table 5 and fgmay) is also
dependent on the pile type and is presented in
Table 6.

Table 4. Values of o4 based on Pile types and
implementations [9].

O Pile type and implementation
1.25 | Driven PCC piles and drilled shaft with casing
0.85 Drilled shaft (d < 1.5 m)
0.75 Drilled shaft (d > 1.5 m)

1.1 H-piles (circumscribed perimeter)

0.6 Driven/jacked steel pipe piles

0.3 OE steel pipe pile
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Table 5. Values of F based on soil types [9].

Fg Soil Type
50 Clay and Calcareous Clay
60 Silt, Sandy Clay, and Clayey Sand
100 Loose Sand
150 Medium Dense Sand
200 Dense Sand and Gravel

Table 6. Maximum allowable values of unit side
resistance of pile [9].

fs(max) pile type and implementation
120 Driven PCC piles, H-piles (circumscribed
perimeter) and drilled shaft with casing
100 Drilled shaft (d < 1.5 m)
80 Drilled shaft (d > 1.5 m)
50 Driven/jacked steel pipe piles
25 OE steel pipe pile

The value of the unit toe resistance of a
single pile can also be calculated by using
Egs. (8) and (9) [9]:

dp = Kp. Jca(tip) ®)

Where, K;, is a dimensionless coefficient
depending on the soil type and given in Table
7.

Table 7. Values of Ky, based on soil types [9].

Ky, Soil Type
0.35 Gravel
0.4 Sand
0.45 Silt
0.5 Clay
_ dc1 + dc2 (9)
Yeca(tip) = T

In Eq. (9), the values of q.; and q, are equal
to the average of cone tip resistance in the
range of 3d below and above of pile tip [9].
Parameter d is the pile diameter.

3. Review of Direct Methods Based
on CPT Data for Determination of
Axial Pile Capacity

Gianeselli and Bustamante (1982), Robertson
(1988), and Eslami and Fellenius (1997)
studied a large number of piles and had
shown that conventional direct methods
based on CPT had a relatively more precise
ability to predict the axial capacity of piles
compared with other pile test methods. In
methods that arithmetic mean was used for
determination of the axial capacity of piles,
filtering the initial data of CPT had been used
which result in the elimination of the
maximum and minimum values that change
the data [4]. Also, in methods where pore
pressure was not involved, the cone tip
resistance for the pore pressure in the
pentameter was not corrected. Thus, the
information used was coincident with the
error, which was small for sand and could be
large for clay and silt [4].

4. Information about the Piles and
the Profiles of the Soil From the
CPT

Table 8 shows the details of piles and soil
profiles reported from the field. These data
are measured and used to evaluate the
predictions of methods calculating axial pile
capacity from CPT data. Most of these data
are in Sand, and most of these piles are made
of concrete and square cross-sections. The
pile embedment lengths vary 11- 67 m and
the dimension of pile cross section widths or
diameters varies 250-915 mm. The measured
pile capacity is from 630 to 7500 kN, and all
piles are driven. Due to the initial
assessment, modification, and validation, the
thirty-one databases are divided into three
categories as presented in Table 8 for initial
assessment and modification of NSM, and
validation of the modified NSM.
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Table 8. Details of piles and soil profiles.
(a) Databases used for the initial assessment

Site Pile shape and . Pile Embedment Total capacity,
No. Case Reference location diameter, d Soil profile
material (mm) length, L (m) Ry (kN)

1 L&D34 ]i?;‘;g)ﬁ:]l' II1,U.S.A. Pipe, Steel 360 14.4 1300 Sand
2 L&D 37 ]i?;‘;g)ﬁ:]l' 111, US.A. Pipe, Steel 400 14.6 1800 Sand
AN e ok | Awsmlia | SO 450 14 3850 Lime Stone
4 MPI Weber, 1987[15] France H pile, Steel 400 14 2125 Soft Cclg’ Sff
5 UBC 3 Car?f;g‘g)]ﬁ‘;]t al. C]zfa'(ia Pipe, Steel 324 16.8 630 Soft Clay, Sand
6 UBC 5 Car?lp;;;)lé‘i‘;]t al. czﬁiﬁa Pipe, Steel 324 311 1100 Soft Clsai-‘ft’ Sand,
7 NWUP Finno, 1989[18] | IL,US.A. | Pipe, Steel 450 15.2 1020 Sand, Clay
8 UBCA Ca‘?f;;g;‘i‘;]t al. ng'(ia Pipe, Steel 915 67 7500 Soft Clsai{t’ Sand,
9 A &M 69 l??;g‘g)ﬁj]l' I“JA;SZ (:S(’;‘r‘zr:t’e 400 19.2 1780 Clay
10 | LAHW 1-T4 | Rauser (2008)[19] ULSaA Ciii‘;:t’e 610 49 3834 Clay
11 | KLO14B V‘I‘I 9118‘;1’)‘;;(;]"1‘ Belgium Ci‘;‘fr‘:t’e 600 12 6100 Sand
12 | OKLACO Ne"e(lf; 9"‘;‘)‘;2?3’“1‘1 8 1;11 Ci‘;‘frl:t’e 610 18.2 3600 Sand
13 AZAT?ESAN A“ar( ;‘gf;g‘zh]arian Iran Csfsir:t; 400 12.7 1050 Silty Clay
14 AZATI?,ESAN A“ar(;‘ggé‘;]arian Tran sgﬁr:t’e 400 15.9 1850 Silty Clay
15 AZATI?ESAN A“ar(;gf;;f‘;zh]aria“ Iran sgr‘l*ir:t’e 400 14.5 1550 Silty Clay
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(b) Databases used for modification of NSM

Site Pile shape Pile Embedment Total
No. Case Reference location and diameter, length, Z (m) capaciy, Soil profile
material d (mm) g5 Ry (kN)
Altaee et al. Square
1 BGHD 1 (1992a, Iraq C(?ncret,e 285 11 1000 Sand
1992b)[10,11]
Altaee et al. Squar
2 | BGHD2 (1992a, Iraq C(?I‘llcr;’e 285 15 1600 Uniform Sand
1992b)[10,11]
Haustorfer and Square
3 A & N1 Plesiotis Australia C(?ncret’e 450 14 3850 Sand
(1988)[12]
Haustorfer and Square
4 A & N2 Plesiotis Australia Cc?ncret’e 450 13.7 4250 Sand
(1988)[12]
s | upLgp | Avasanlactal o yga | Sauare 350 16 1350 Sand
(1994)[13] R Concrete
Avasarala et al. Square,
6 UFL 52 (1994)[13] Fla.,U.S.A. Concrete 500 11 2070 Sand
Tumay and .
7 | LSUR30 Fakhroo Szli’ Csi‘:j‘rr;’e 750 19.8 2610 | Fill, Sandy Clay
(1981)[16] T
8 | UFLS53 Avasaralaetal. | b)) (5 g o Square, 350 20.4 1260 Sand, Silt
(1994)[13] A-VSA 1 Concrete : and, St
Briaud et al. Mass., Square, .
9 A&M24 (1989)[14] USA Concrete 400 13.4 1170 Silty Sand
Briaud et al. Mass., Square,
10 | A&M40 (1989)[14] USA B 350 16 1070 Sand
Briaud et al. Mass., Square,
11 | A&M49 (1989)[14] USA Concrete 400 12.5 1170 Sand
Briaud et al. Mass., Square,
12 | A&M66 (1989)[14] USA B 350 25 1560 Sand
(c) Databases used for validation of modified NSM.
. Pile shape Pile Total
No. Case Reference lofai:ieon and diameter, lS??ﬁdin?rT) capacity, Soil profile
material d (mm) gl Ry (KN)
Haustorfer and Square
1 A & N3 Plesiotis Australia C(?ncret’e 355 10.2 1300 Sand
(1988)[12]
Axelsson Square,
2 FITTJIAA (1998)[23] Sweden Concrete 235 19 560 Sand
Briaud et al. Mass., Square,
3| A&M30 (1988)[14] US.A. Concrete 430 15 1420 Sand
Briaud et al. Mass., Square,
4 A &M 48 (1989)[14] USA Concrete 400 12.5 620 Sand
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5. Evaluation of CPT-Based
Methods Predicting Axial Pile
Capacity

5.1. The Equation of the Best-Fitted Line

In this section, 15 databases from Table 8-a
have been selected, and the wvalues of
ultimate capacity of piles estimated (QE)
from some CPT based methods are compared
with those measured (Q,,) by static loading
tests for different types of soil. Then, the
best-fitted line, perfect-fitted line and the
regression coefficient for Qy versus Q,, have
been illustrated (Figs. 3-5). This equation
does not necessarily cross all data and in fact,
is the best close to all data. According to this
statistical method, the three methods of Aoki
and Velloso (1975), NSM (1975, 1978) and
Philipponant (1980) are evaluated in Figs. 3-
5, respectively. The final results have been
illustrated in Table 9.

Based on this statistical evaluation, the
results show that the NSM is the best method
among other two methods with R? = 0.9786
and Qg /Q, = 1.0055.

9000

QE =1.1192Qm o
7500 R2=0.836 Q @

w P [o2]
o a1 o
o o o
o o o

—— Dizgonal line

Estimated Pile Capacity KN

1500 e

o, —— The bestfitted line

0

0 1500 3000 4500 6000 7500 9000
Measured Pile Capacity KN

Fig. 3. Estimated (Qf) ultimate pile capacity
based on Aoki and Velloso method (1975) [6]
versus measured (Q,,,) value.

9000

QE = 1.0055Qm
7500 R2 = 0.9786

6000 -
4500

3000

—— Dizgonal line

Estimated Pile Capacity KN

1500 5 ()

& —— The bestfitted line

0

0 1500 3000 4500 6000 7500 9000
Measured Pile Capacity KN

Fig. 4. Estimated (Qf) ultimate pile capacity
based on the NSM (1975, 1978) [7, 8] versus
measured (Q,,,) value.

9000
> QE =1.0977Qm ®
¥ 7500 | R2=0g8159 @ ¢
2
& 6000
S
o
o 4500
E -
=}
£ 3000 ) —— Diagonal line
£
E 1500 --;'- —— The bestfitted line
0 k—

0 1500 3000 4500 6000 7500 9000
Measured Pile Capacity KN

Fig. 5. Estimated (Qf) ultimate pile capacity
based on Philipponant method (1980) [9] versus
measured (Q,,,) value.

6. Geometric Mean and Geometric
Standard Deviation for Q;/Q,,

In this method, the geometric mean and the
standard deviation of Qg/Q, are determined.

The geometric mean in mathematics is equal
to the nth root of the product of n variables
and in statistical knowledge, the arithmetic
mean is the average of the values in a set of
data. In this paper, for evaluating the
accuracy of the predicting CPT based
methods, both arithmetic and geometric
means were used. It was noted that the
geometric mean was more precise than the
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arithmetic mean. Therefore, the geometric
mean was taken as the basis. The evaluation
of the precision of the CPT-based methods,
according to these statistical methods, is that
if the geometric mean of Qg/Qy, is closer to
the unity, it means that the calculated ratio
will be more accurate.

In statistics, the geometric standard deviation
is one of the indicators of dispersion. If the
standard deviation of the set of data is close

to zero, it indicates that the data are closer to
the geometric mean and have little
dispersion, while the large standard deviation
represents the significant dispersion of the
data [24].

The results presented in Table 9 show that in
different types of soil, the NSM (1975, 1978)
has the least error and the highest matching
and is in the priority and has been indicated
with green color in this table.

Table 9. Final results of statistical evaluation of CPT-based methods.

All soils
The best-fitted line for Q5 versus | Geometric mean and standard deviation | Final Priority
Qm for Qr/Qm
The CPT-based 2 " Geometric standard - x| Final
Methods R Qz/Qm Ry mean deviation Ry RI Rank
Aoki & Velloso
(1975) [6] 0.8360 1.1192 2 0.9385 0.3191 2 4 2
NSM (1975, 0.9786 1.0055 1 0.9658 0.1815 1 2 1
1978)
Philipponant
(1980) 0.8159 1.0977 3 0.8976 0.3686 3 6 3

* Ranking based on the best-fitted line

** Ranking based on the geometric mean and standard deviation

*** Rank index

7. Modification of Nottingham and
Schmertmann (1975 and 1978)
Method (NSM)

According to three statistical methods used to
evaluate the accuracy of three direct methods
based on 15 CPT data from Table 8-a for
determination of the capacity of piles, it was
shown that the NSM has higher accuracy and
less error than other methods in different
types of soil and pile. Thus, it is fruitful to
enhance the NSM. Due to the existence of
more databases in sandy soil and square
concrete piles, this method is here modified
for square concrete piles installed in sandy
soil.

To enhance the NSM, a more refined
coefficient is defined to determine the unit

resistance of pile, which is a function of the
ratio of the depth to the diameter of pile. To
this aim, the authors used available data in
Table 8-b and had found that this coefficient
can be modified in sandy soil. Therefore,
Fig.1 is corrected and modified to Fig.6.

0.9

e o
~N

o o o o
w r 0 o

Corrected

PENETROMETER PILE-
FRICTION RATIO

o o
= N

NSM

o

o

20 40 60 80
Z/ID

Fig. 6. Modified coefficient f; for design of
square concrete piles installed in sand.
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In Fig. 6 the NSM graph is not the same as
the original one in Fig. 1 because of the lack
of database but this graph is overlapping with
the original graph.

8. Comparison of NSM (1975, 1978)
with the Present Modified Method

Regarding the correction of the coefficient
for determination of pile unit resistance, it is
possible to evaluate this modified method
and calculate the percentage increase in its
accuracy as compared to the initial NSM by
the database in Table 8-c. The accuracy of
the modified method with the initial NSM is
compared in Fig. 6 by plotting the best-fitted
line. According to the regression coefficient
of 0.9999 and 0.2182 for the present
modified method and the initial NSM,
respectively, Fig. 7 shows that the modified
NSM results in a remarkable improvement.
The percentage of improvement is about78%.
This means that the modified method is able
to decrease the percentage difference
between the estimated and measured capacity
of square concrete piles driven in sand. The
reason for the value of 0.2182 for R? in NSM

is actually the lack of database for square

concrete piles in sandy soil for evaluation

and this is a problem experienced by the

authors.

2000
g NSM
t Corrected
£ 1500
< R2 = 0.9999
S
o 1000
= R7=0.2182
o
3
& 500
)
[92]
)
[10)
= 0

0 500 1000 1500 2000

ESTIMATED PILE CAPACITY (KN)

Fig. 7. Comparison of measured and estimated
pile bearing capacity obtained from initial NSM
(1975, 1978) and the present modified method
for square concrete piles installed in sand.

As a sensible example to clarify to what
extent the present modified method is able to
predict the axial pile capacity more
accurately than the initial NSM, a driven
square concrete pile with a width of 285 mm
and a length of 15 m installed in a sandy soil
profile is considered. Fig. 8 shows the CPT
profile data and Fig. 9 illustrates the load-
settlement response of the pile obtained from
performing field static load test, as reported

by Altaee et al. (1992a, 1992b) [10, 11].
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0. (MPa) f; (MPa) u (MPa)
0 20 40 0.0 1.0 -0.10 0.0 0.10 0.20
0 % 0 0 i
5 ? 54 5
10 10 10
E
N
15 2 15 15
20 20 - 20 —
25 25 25
Fig. 8. CPT profile in sandy soil [10, 11].
1800 capacity more precisely than the initial NSM,
1600 leading to more economical design.
1400
2o 9. Summary and Conclusions
g 800 / . . .
= 600 —/; In geotechnical engineering, due to
388 72 difficulties, uncertainties, and disturbance of
0l | | | | soil in site investigation, the CPT is
0 10 20 30 40 preferable than conventional sampling and
Displacement (mm)

Fig. 9. Load-displacement diagram of Square
Concrete pile in sandy soil [10, 11].

The axial capacity of this pile is 1600 kN
from field data interpretation provided in Fig.
9 [10, 11]. According to the initial NSM, the
predicted axial pile capacity is 1717.4 kN
from CPT data. The present modified
approach gives 1590 kN for the axial pile
capacity which is very close to the field
actual data. This means that the initial NSM
overestimates the pile capacity up to about
117.4 kN whereas the present modified
approach only predicts about 10 kN less than
the measured axial pile capacity. Therefore,
the present approach predicts the pile

laboratory testing. Since the CPT is similar to
piles, its results can be confidently applied to
piles. The CPT results can be directly and
indirectly used in geotechnical engineering.
Direct use of this method is preferable
because of the lack of need for laboratory
tests, and determination of geotechnical
parameters and data are closer to reality.
Therefore, a series of direct methods based
on the CPT have been presented to estimate
the pile bearing capacity in different soil,
each of which has some strengths and
weaknesses.

In this paper, to evaluate and examine the
methods, a series of analyses were conducted
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to determine the method with greater
accuracy. The three statistical analyses used
to evaluate the performance of the CPT-
based methods are the best-fitted line,
geometric mean and standard deviation. The
evaluation of three CPT-based methods has
been done by comparing the estimated
ultimate pile bearing capacity from CPT-
based methods and the ultimate pile bearing
capacity measured by static loading test with
three statistical analyses. Finally, according
to the ranking index, each was ranked
separately according to their precision. The
NSM with rank one for piles in different
types of soil had the best rank. This method
also has some weaknesses and strengths that
cause errors in pile capacity estimation. This
method has been upgraded with regard to the
database for square concrete piles embedded
in sandy soil. This study showed that by
using the CPT data, the bearing capacity of
piles could be estimated with sufficient
accuracy. The purpose of this paper is to
modify and improve the conditions within
the range of static load transfer analysis
based on local experiments using the CPT
data. As a result of a series of analyses, a
method with higher accuracy and less error is
presented.

To determine optimum axial pile capacity, it
may be necessary to perform CPT and CPTu
as a complementary test. Various methods
have been developed to determine the axial
pile capacity from CPT and CPTu data.
According to statistical methods, although
these methods can predict pile capacity with
sufficient accuracy from CPT data, it is still
necessary to increase their accuracy. The
present statistical evaluation has shown that
to predict the axial capacity of piles installed
in the mixture of soil, the NSM (Nottingham
and Schmertmann, 1975 and1978) with Qg
/Qm= 1.0055 ratio, a regression of 0.9786,

the standard deviation of 0.1815, and the
geometric mean of 0.9658 is more accurate
than other methods. Despite this, the NSM
has been upgraded in the present research to
predict axial pile capacity with 78% more
accurate and precision than the initial NSM,
leading to a remarkable cost saving in pile
foundation design. Number 78% is a large
difference, and it is because of lack of
databases for square concrete piles in sandy
soil for comparing the modified approach to
the old NSM. But it can be inferred from this
number more agreement of modified
approach than old one with the real
condition.
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