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ABSTRACT

This study presents an evaluation of the performance of eight cone penetration test (CPT) methods

in predicting the ultimate load carrying capacity of square precast prestressed concrete (PPC)

piles driven into Louisiana soils. A search in the DOTD files was conducted to identify pile load

test reports with cone penetration soundings adjacent to test piles. Sixty piles were identified,

collected, and analyzed. The measured ultimate load carrying capacity for each pile was

interpreted from the pile load test using Butler-Hoy method, which is the primary method used by

DOTD. The following methods were used to predict the load carrying capacity of the collected

piles using the CPT data: Schmertmann, Bustamante and Gianeselli (LCPC/LCP), de Ruiter and

Beringen, Tumay and Fakhroo, Price and Wardle, Philipponnat, Aoki and De Alencar, and the

penpile method. The ultimate load carrying capacity for each pile was also predicted using the

static "-method, which is used by DOTD for pile design and analysis. 

Prediction of pile capacity was performed on sixty piles, however, the statistical analyses and

evaluation of the prediction methods were conducted based on the results of thirty five friction

piles plunged (failed) during the pile load tests. End-bearing piles and piles that did not fail during

the load tests were excluded from the statistical analyses.

An evaluation scheme was executed to evaluate the CPT methods based on their ability to predict

the measured ultimate pile capacity. Four different criteria were selected to evaluate the ratio of

the predicted to measured pile capacities. These criteria are: the best-fit line, the arithmetic mean

and standard deviation, the cumulative probability, and the Log Normal distribution. Each criterion

was used to rank the prediction methods based on its performance. The final rank of each method

was obtained by averaging the ranks of the method from the four criteria. Based on this evaluation,

the de Ruiter and Beringen and Bustamante and Gianeselli (LCPC/LCP) methods  showed the best

performance in predicting the load carrying capacity of square precast prestressed concrete (PPC)

piles driven into Louisiana soils. The worst prediction method was the penpile, which is very

conservative (underpredicted pile capacities).
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IMPLEMENTATION STATEMENT

The results of this study demonstrated the capability of  CPT methods in predicting the ultimate

load carrying capacity of square PPC piles driven into Louisiana soils. de Ruiter and Beringen and

Bustamante and Gianeselli (LCPC/LCP) methods showed the best performance in predicting the

ultimate measured load carrying capacity of square PPC piles. It is strongly recommended that

DOTD implement these two methods in design and analysis of square PPC piles. The

Schmertmann method also showed good results and is recommended for implementation, since it is

one of the most widely used CPT methods. 

Cost-benefit analysis showed that the implementation would result in cost reduction in pile

projects and timesaving without compromising the safety and performance of the pile supported

structures. In fact, implementation of the CPT technology in pile design will reduce the level of

uncertainties associated with traditional design methods. 

In order to facilitate the implementation process, a computer program, Louisiana Pile Design by

Cone Penetration Test (LPD-CPT), was developed for the design/analysis of square PPC driven

piles from CPT data. The program, which is based on the MS-Windows platform, is easy to use

and provides the profile of the pile load carrying capacity with depth. 

Based on the results of the analyses, it is recommended that DOTD implement the cone penetration

technology in different geotechnical applications within its practice. Regarding design and analysis

of driven piles, the following steps are recommended:

1. Foster the confidence of DOTD design engineers in the CPT technology by adding the CPT

to the list of the primary variables in subsurface exploration and use it in soil identification

and classification and in site stratigraphy. Different soil classification methods can be used

such as Zhang and Tumay, Robertson and Campanella, and Olsen and Mitchell. 

2. Compare the test results from the traditional subsurface exploration methods and the results

interpreted from the CPT methods. With time and experience, reduce the dependency level

on the traditional subsurface exploration methods and increase dependency level on the

CPT technology.

3. Use the CPT pile design methods in conjunction with the pile load tests and the static "-
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method to predict the load carrying capacity of the square PPC piles. The following CPT

methods are recommended: de Ruiter and Beringen method, Bustamante and Gianeselli

(LCPC/LCP) method, and Schmertmann method. If a pile load test is conducted for the site,

compare the results of the CPT methods with the measured ultimate pile load capacity. If

the measured and predicted capacities are different, then make a correction to the predicted

capacity in the amount of the difference between the measured and predicted capacity.

Apply this correction to the other for the design of piles at this site.  

4. Increase the role of the CPT design method and decrease the dependency on the static "-

method.
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1

INTRODUCTION

Among the different in situ tests, cone penetration test (CPT) is considered the most frequently

used method for characterization of geomedia. The CPT is basically advancing a cylindrical rod

with a cone tip into the soil and measuring the tip resistance and sleeve friction due to this

intrusion. The resistance parameters are used to classify soil strata and to estimate strength and

deformation characteristics of soils. Different devices added to cone penetrometers made it

possible to apply this test for a wide range of geotechnical applications.

The CPT is a simple, quick, and economical test that provides reliable in situ continuous

soundings of subsurface soil. Due to the soft nature of soil deposits in Louisiana, the CPT is

considered a perfect tool for site characterization. Three CPT systems operate for the Louisiana

Department of Transportation and Development (DOTD). These systems are Louisiana Electric

Cone Penetration System (LECOPS), Research Vehicle for Geotechnical Insitu Testing and

Support (REVEGITS), and Continuous Intrusion Miniature Cone Penetration Test system

(CIMCPT). The CIMCPT system and  REVEGITS are managed by the Louisiana Transportation

Research Center (LTRC). Figure 1 depicts a photograph of the CIMCPT system and REVEGITS.

Deep foundations are usually used when the conditions of the upper soil layers are weak and

unable to support the superstructural loads. Piles carry these superstructural loads deep in the

ground. Therefore, the safety and stability of pile supported structures depend on the behavior of

piles. Most soil deposits in southern Louisiana are soft in nature. In addition, the high percentage

of wetlands, marshes, swamps, bayous, rivers, and lakes makes it necessary to consider deep

foundations in the design of transportation infrastructure. Therefore, pile foundations are used by

DOTD to support highway bridges and other transportation structures. The square precast

prestressed concrete piles (PPC) are the most common piles currently used in DOTD projects. 

Piles are expensive structural members, and pile projects are always costly. For example, DOTD

spent about $19 million for driven piles in Louisiana in 1995 (DOTD Weighted Averages, 1996).

Current DOTD practice of pile design is based on the static analysis ("-method) and some times in

conjunction with the dynamic analysis using the Pile Driving AnalyzerTM . Soil properties are

needed as input parameters for the static analysis. Therefore, it is necessary to conduct field and

laboratory tests, which include soil boring, standard penetration test, unconfined compression test,

soil classification, etc. Running these field and laboratory tests is
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(a) Louisiana cone penetration test systems: the 
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            (b) The hydraulic push system of the REVEGITS 
 
 
 
 
 

Figure 1 
CPT systems managed by LTRC 
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expensive and time consuming. The cost of traditional soil boring and the associated laboratory

tests ranges between $4,500 and $5,000, depending on the sampling depth and the laboratory tests

involved.

Due to the uncertainties associated with pile design, load tests are usually conducted to verify the

design loads and to evaluate the actual response of the pile under loading. Pile load tests are also

expensive (the average cost of a pile load test in Louisiana is $15,000). Moreover, pile load tests

are a verification tool for pile design and they cannot be a substitute for the engineering analysis of

the pile behavior. 

Cone penetration test can be utilized for a wide range of geotechnical engineering applications.

Implementation of the CPT by DOTD is limited to identification of dense sand layers required to

support the tip of the end-bearing piles. Moreover, DOTD uses the CPT to provide a supplemental

subsurface information between soil borings. Unfortunately, these are very limited applications

compared to the wide range of CPT applications. The CPT technology is fast, reliable, and cost

effective especially when compared to the traditional site characterization method (borings and

laboratory/field tests). The DOTD materials section CPT system can perform an average of six to

eight tests per day. The estimated average cost per probe is $850. Compared to traditional borings,

the CPT is faster and more economical. In subsurface exploration, the CPT can be effectively used

to identify and classify soils and to evaluate the undrained shear strength. Implementation of the

CPT can drastically decrease the number of soil borings and reduce the cost and time required for

subsurface characterization. Therefore, implementation of the CPT technology by DOTD in

different engineering applications should be seriously considered. 

Due to the similarity between the cone and the pile, the prediction of pile capacity utilizing the

cone data is considered among the earliest applications of the CPT. Cone penetration tests can 

provide valuable and continuous information regarding the soil strength with depth. Therefore, the

in situ characteristics of the soil are available to the design engineers at a particular point. The

pile design methods that utilize the CPT data proved to predict the pile capacity within an

acceptable accuracy.

Generally, pile design depends on soil conditions, pile characteristics, and driving and installation

conditions. Local experience usually played an important role in design/analysis of piles.

Therefore, it is essential to take advantage of the DOTD experience in the CPT technology to

identify suitable CPT design methods. Implementation of the CPT (in conjunction with the

currently used method) in the analysis/design of piles will foster confidence in the CPT
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technology. With time and experience, the role of the CPT can be increased while the role of

traditional subsurface exploration is reduced.

This report presents the research effort undertaken at LTRC to identify the most appropriate CPT

methods for predicting the axial load carrying capacity of piles driven into Louisiana soils. To

achieve this goal, state projects that have both pile load tests and CPT soundings were identified

and collected from DOTD files. Pile load test reports were selected based on selection criteria,

compiled onto sheets, and analyzed. The ultimate axial load carrying capacity for each pile was

determined using the Butler-Hoy method, which is the primary load test interpretation method used

by DOTD [1]. The CPT soundings close to the test pile location were identified and used to

predict the ultimate pile capacity. Eight methods for predicting the ultimate pile capacity by CPT

were selected. These methods are: Schmertmann, de Ruiter and Beringen, Bustamante and

Gianeselli (LCPC/LCP), Tumay and Fakhroo, Aoki and De Alencar,  Price and Wardle,

Philipponnat, and the penpile method [2],  [3],  [4],  [5], [6],  [7],  [8], [9]. The ultimate pile load

carrying capacities predicted by the CPT methods were compared with the ultimate capacities

obtained from pile load tests using Butler-Hoy method [1]. Statistical analyses were conducted to

identify the most appropriate CPT method for predicting the ultimate capacity of the investigated

piles. 

In order to facilitate the implementation of the CPT capacity prediction methods, a Visual Basic

MS-Windows program was developed and called Louisiana Pile Design by CPT(LPD-CPT). The

program performs the analyses on the CPT soundings using the selected CPT method and provides

the design engineers with pile ultimate capacity profile with depth.    

In the current research, the existing data acquisition systems on the DOTD CPT systems are

approaching obsolescence due primarily to the MS-DOS based applications required to operate

the systems. Therefore, the data acquisition systems and software were updated to take advantage

of the new available technologies and to provide DOTD personnel with better performance

systems.
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OBJECTIVE

The goal of this research is to identify the most appropriate methods for estimating the ultimate

axial load carrying capacity of piles from the cone penetration test data.

To achieve the objective of this research, the following tasks were executed:

i. Identification of the state projects that have both pile load test and cone penetration

soundings close to the pile location. A total of 60 pile load test reports were collected

from DOTD files based on this criterion.

ii. Comprehensive literature review to investigate and evaluate  methods of estimating the

load carrying capacity of piles using cone penetration test data. 

iii. Identification of the most reliable CPT methods based on their ability to predict the load

carrying capacity of square PPC piles driven into Louisiana soils.

iv. Implementation of these methods into MS-Windows based program, LPD-CPT, to facilitate

their use by DOTD design engineers.
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SCOPE

This research effort was focused on the applicability of eight CPT methods to predict the ultimate

axial compression load carrying capacity of piles from CPT data. These methods are described in

detail in the Background section of this report. The predicted capacity was compared to the

reference pile load capacity obtained from the pile load test using Butler-Hoy method [1]. 

The CPT methods were used to investigate the load carrying capacity of square precast

prestressed concrete (PPC) piles of different sizes driven into Louisiana soils. Other pile types

such as timber piles and steel pipes were not covered in the current analyses. Moreover, the

analyses were conducted only on piles that were loaded to failure during the load test. 

The CPT data used in this report are those acquired by the 10 and 15 cm2 friction cone

penetrometers. In these tests the total cone tip resistance (qc) and sleeve friction (fs) were recorded

and no pore water pressures were measured. However, the selected CPT methods used in this

investigation were developed based on the total cone tip resistance (qc) and sleeve friction (fs).
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BACKGROUND

PILE FOUNDATIONS

Piles are relatively long and generally slender structural foundation members that transmit

superstructure loads to deep soil layers. In geotechnical engineering, piles usually serve as

foundations when soil conditions are not suitable for the use of shallow foundations. 

Moreover, piles have other applications in deep excavations and in slope stability. As presented

in the literature, piles are classified according to: 

a. the nature of load support (friction and  end-bearing piles),

b. the displacement properties (full-displacement, partial-displacement, and

non-displacement piles), and

c. the composition of piles (timber, concrete, steel, and composite piles).

The behavior of the pile depends on many different factors, including pile characteristics, soil

conditions and properties, installation method, and loading conditions. The performance of piles

affects the serviceability of the structure they support.

The prediction of pile load carrying capacity can be achieved using different methods such as pile

load test, dynamic analysis, static analysis based on soil properties from laboratory tests, and

static analysis utilizing the results of in situ tests such as cone penetration test.

In the design and analysis of piles, it is important to identify piles based on the nature of support

provided by the surrounding soil, i.e. to classify piles as end-bearing piles and friction piles.

While end-bearing piles transfer most of their loads to an end-bearing stratum, friction piles resist 

a significant portion of their loads via the skin friction developed along the surface of the piles.

The behavior of friction piles mainly depends on the interaction  between the surrounding soil and

the pile shaft.

The ultimate axial load carrying capacity of the pile (Qu) composed of the end-bearing capacity of

the pile (Qt) and the shaft friction capacity (Qs). The general equation described in the literature is

given by:
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where qt is the unit tip bearing capacity, At is the area of the pile tip,  f is the unit skin friction, and

As is the area of the pile shaft. In sands, the end-bearing capacity (Qt) dominates, while in soft

clays the shaft friction capacity (Qs) dominates. The design load carrying capacity (Qd) of the pile

can be calculated by:

where Qu is the ultimate load carrying capacity and F.S. is the factor of safety.

CONE PENETRATION TEST

The cone penetration test has been recognized as one of the most widely used in situ tests. In the

United States, cone penetration testing has gained rapid popularity in the past twenty years. The

cone penetration test consists of advancing a cylindrical rod with a conical tip into the soil and

measuring the forces required to push this rod. The friction cone penetrometer measures two forces

during penetration. These forces are: the total tip resistance (qc), which is the soil resistance to

advance the cone tip and the sleeve friction (fs), which is the sleeve friction developed between

the soil and the sleeve of the cone penetrometer. The friction ratio (Rf) is defined as the ratio

between the sleeve friction and tip resistance and is expressed in percent. A schematic of the

electric cone penetrometer is depicted in figure 2. The resistance parameters are used to classify

soil strata and to estimate strength and deformation characteristics of soils. 

The cone penetration test data has been used to predict the ultimate axial pile load carrying

capacity.  Several methods are available in the literature to predict the axial pile capacity utilizing

the CPT data. These methods can be classified into two well-known approaches: 

(1) Direct approach in which

• The unit tip bearing capacity of the pile (qt) is evaluated from the cone tip

resistance (qc) profile.

• The unit skin friction of the pile (f) is evaluated from either the sleeve friction (fs)

profile or the cone tip resistance (qc) profile.

(2) Indirect approach: in which the CPT data (qc and fs) are first used to evaluate the soil strength

parameters such as the undrained shear strength (Su) and the angle of internal friction (N). These 
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(a) Schematic of the electric friction cone penetrometer

(b) The 1.27, 2, 10, and 15 cm2 cone penetrometers used at LTRC

Figure 2
The electric cone penetrometer
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parameters are then used to evaluate the unit tip bearing capacity of the pile (qt) and the unit skin

friction of the pile (f) using formulas derived based on semi-empirical/theoretical methods.

In the current research, only the direct methods of predicting the pile capacity from cone

penetration test data are investigated.

PREDICTION OF PILE CAPACITY BY CPT

In this report, the direct methods are described in detail. These methods are Schmertmann, de

Ruiter and Beringen, Bustamante and Gianeselli (LCPC/LPC), Tumay and Fakhroo (cone-m), Aoki

and De Alencar, Price and Wardle, Philipponnat, and the penpile method [2], [3], [4], [5], [6], [7],

[8], [9]. The direct CPT methods evaluate the unit tip bearing capacity of the pile (qt) from the

measured cone tip resistance (qc) by averaging the cone tip resistance over an assumed influence

zone. The unit shaft resistance (f) is either evaluated from the measured sleeve friction (fs) in some

methods or from the measured cone tip resistance (qc) in others.

Schmertmann Method

Schmertmann  proposed the following relationship to predict the unit tip bearing capacity of the

pile (qt) from the cone tip resistance (qc):

where qc1 is the minimum of the average cone tip resistances of zones ranging from 0.7D to 4D

below the pile tip (where D is the pile diameter) and qc2 is the average of minimum cone tip

resistances over a distance 8D above the pile tip. To determine qc1, the minimum path rule is used

as illustrated in figure 3. The described zone (from 8D above to  0.7D-4D below the pile tip)

represents the failure surface, which is approximated by a logarithmic spiral. Schmertmann

suggested an upper limit of 150 TSF (15 MPa) for the unit tip bearing capacity (qt).

According to Schmertmann’s method, the unit skin friction of the pile (f) is given by:

where "c is a reduction factor, which varies from 0.2 to 1.25 for clayey soil, and  fs is the sleeve

friction. Figure 4 depicts the variation of "c with fs for different pile types in clay.
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For piles in sand, the friction capacity (Qs) is obtained by:

where "s is the correction factor for sand, which can be obtained from figure 5, y is the depth at

which side resistance is calculated, and L is the pile length. 

Schmertmann suggested a limit of 1.2 TSF (120 kPa) on f.

de Ruiter and Beringen Method

This method is proposed by de Ruiter and Beringen and is based on the experience gained in the

North Sea [3]. This method is also known as the European method and uses different procedures

for clay and sand.

In clay, the undrained shear strength (Su) for each soil layer is first evaluated from the cone tip

resistance (qc). Then, the unit tip bearing capacity and the unit skin friction are computed by

applying suitable multiplying factors. The unit tip bearing capacity is given by:

where Nc is the bearing capacity factor and Nc=9 is considered by this method. Nk is the cone

factor that ranges from 15 to 20, depending on the local experience. qc(tip) is the average of cone

tip resistances around the pile tip computed similar to Schmertmann method. 

The unit skin friction is given by:

where $ is the adhesion factor, $=1 for normally consolidated (NC) clay, and $ =0.5 for
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overconsolidated (OC) clay. Su(side), the undrained shear strength for each soil layer along the

pile shaft, is determined by:

where qc(side) is the average cone tip resistance along the soil layer.

In the current study, the cone factor Nk=20 and the adhesion factor $ =0.5 were adopted in the

analysis, since these values gave better predicted ultimate pile capacity for the investigated piles. 

In sand, the unit tip bearing capacity of the pile (qt) is calculated similar to Schmertmann method.

The unit skin friction (f) for each soil layer along the pile shaft is given by:

de Ruiter and Beringen imposed limits on qt and f in which qt# 150 TSF (15 MPa) and  f# 1.2 TSF

(120 kPa).

Bustamante and Gianeselli Method (LCPC/LCP Method)

Bustamante and Gianeselli proposed this method for the French Highway Department based on the

analysis of 197 pile load tests with a variety of pile types and soil conditions [4]. It is also known

as the French method and the LCPC/LCP method. In this method, both the unit tip bearing capacity

(qt) and the unit skin friction (f) of the pile are obtained from the cone tip resistance (qc). The

sleeve friction (fs) is not used. The unit tip bearing capacity of the pile (qt) is predicted from the

following equation:
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where kb is an empirical bearing capacity factor that varies from 0.15 to 0.60 depending on the soil

type and  pile installation procedure (table 1) and qeq(tip) is the equivalent average cone tip

resistance around the pile tip, which is obtained as follows: 

1. calculate the average tip resistance (qca) at the tip of the pile by averaging qc values over a

zone ranging from 1.5D below the pile tip to 1.5D above the pile tip (D is the pile

diameter), 

2. eliminate qc values in the zone that are higher than 1.3qca and those are lower than 0.7qca as

shown in figure 6, and

3. calculate the equivalent average cone tip resistance (qeq(tip)) by averaging the remaining

cone tip resistance (qc) values over the same zone (bordered by thick lines in figure 6). 

The pile unit skin friction (f) in each soil layer is estimated from the equivalent cone tip resistance

(qeq(side)) of the soil layer, soil type, pile type, and installation procedure. The following

procedure explains how to determine the unit skin friction (f):

A. based on the pile type, select the pile category from table 2 (for example, pile category is 9

for square PPC piles),

B. for each soil layer, select the appropriate curve number (tables 3 and 4) based on soil type, 

equivalent cone tip resistance along the soil layer (qeq(side)), and pile category, use table 3

for clay and silt and table 4 for sand and gravel, 

C. from figure 7, use the selected curve number and the equivalent cone tip resistance

(qeq(side)) to obtain the maximum unit skin friction (f), use figure 7a for clay and silt and

figure 7b for sand and gravel.

Table 1

LCPC bearing capacity factor (kb )

Soil Type Bored Piles Driven Piles

Clay-Silt 0.375 0.60

Sand-Gravel 0.15 0.375

Chalk 0.20 0.40
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Table–2: Pile categories for LCPC method
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Table–3: Input parameters for clay and silt for LCPC method
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Table–4: Input parameters for sand and gravel for LCPC method
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Tumay and Fakhroo Method (Cone-m Method)

Tumay and Fakhroo proposed this method to predict the ultimate pile capacity of piles in clayey

soils [5]. The unit tip bearing capacity (qt) is estimated using a procedure similar to

Schmertmann’s method as follows:

where qc1 is the average of qc values 4D below the pile tip, qc2 is the average of the minimum qc

values 4D below the pile tip, and qa  is the average of the minimum of qc values 8D above the pile

tip. Tumay and Fakhroo suggested an upper limit of 150 TSF (15 MPa) for the unit pile tip bearing

capacity (qt). 

The unit skin friction (f) is given by the following expression:

Tumay and Fakhroo suggested that f#0.72 TSF (72 kPa). The adhesion factor (m) is expressed as:

where fsa=Ft/L  is the average local friction in TSF, and Ft  is the total cone penetration friction

determined for pile penetration length (L).

Aoki and De Alencar Method

Aoki and De Alencar Velloso proposed the following method to estimate the ultimate load

carrying capacity of the pile from CPT data [6]. The unit tip bearing capacity (qt) is obtained from:

where qca(tip) is the average cone tip resistance around the pile tip, and Fb is an empirical factor

that depends on the pile type. The unit skin friction of the pile (f) is predicted by:
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where qc(side) is the average cone tip resistance for each soil layer along the pile shaft, Fs is an

empirical factor that depends on the pile type and "s is an empirical factor that depends on the soil

type. Factors Fb and Fs are given in table 5. The values of the empirical factor "s are presented in

table 6. 

    Table 5

Empirical factors Fb and Fs

Pile Type Fb Fs

Bored 3.5 7.0

Franki 2.5 5.0

Steel 1.75 3.5

Precast concrete 1.75 3.5

       Table 6

The empirical factor "s values for different soil types

Soil Type ""s (%) Soil Type ""s (%) Soil Type ""s (%)

Sand 1.4 Sandy silt 2.2 Sandy clay 2.4

Silty sand 2.0 Sandy silt with clay 2.8 Sandy clay with silt 2.8

Silty sand with clay 2.4 Silt 3.0 Silt clay with sand 3.0

Clayey sand with silt 2.8 Clayey silt with sand 3.0 Silty clay 4.0

Clayey sand 3.0 Clayey silt 3.4 Clay 6.0

In the current study, the following were used as reference values: for sand "s=1.4 percent, for silt

"s=3.0percent, and for clay "s=6.0 percent. For soils consist of combination of sand, silt, and clay,

"s values were interpolated based on the probability percentages of sand, silt, and clay in that soil.

For example if the probabilistic region estimation (refer to section Soil Classification by CPT in

Background) of a soil gives 50 percent clay, 20 percent silt, and 30 percent sand then 

"s = 0.50×"s(clay)+0.20×"s(silt)+0.30×"s(sand) = 0.5×6+0.2×3+0.3×1.4 = 4.02 percent.
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Upper limits were imposed on qt and f as follows:  qt#150 TSF (15 MPa) and f#1.2 TSF (120

kPa).

Price and Wardle Method

Price and Wardle proposed the following relationship to evaluate the unit tip bearing capacity (qt)

of the pile from the cone tip resistance [7]:

where kb is a factor depends on the pile type (kb = 0.35 for driven piles and 0.3 for jacked piles).

The unit skin friction (f) is obtained from:

where ks is a factor depends on the pile type (ks=0.53 for driven piles, 0.62 for jacked piles, and

0.49 for bored piles). Price and Wardle proposed the values for these factors based on analysis

conducted on pile load tests in stiff clay (London clay).

Upper limits were imposed on qt and f as follows:  qt#150 TSF (15 MPa) and f#0.12 TSF (120

kPa).

Philipponnat Method

Philipponnat proposed the following expression to estimate the unit tip bearing capacity of the pile

(qt) from the cone tip resistance (qc)  [8]:

where kb is a factor that depends on the soil type as shown in table 7. The cone tip resistance (qca)

is averaged as follows:

where qca(A) is the average cone tip resistance within 3B (B is the pile width) above the pile tip and
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qcb(B) is the average cone tip resistance within 3B below the pile tip. Philipponnat recommended

the removal of the extreme peaks (spikes) when the tip resistance profiles is irregular and imposed

a condition in which qca(A) # qcb(B).     

The unit skin friction of the pile (f) is determined by:

where qcs is the average cone tip resistance for each soil layer along the pile shaft, Fs is a factor

depends on the soil type as presented in table 8. The factor "s depends on the pile type where "s

equals to 1.25 for precast concrete driven piles. Philipponnat suggested an upper limit for the skin

friction (flim), for  precast concrete driven piles flim# 1.2 PA (PA is the atmospheric pressure).

Table 7

Bearing capacity factor (kb)

Soil Type kb

Gravel 0.35

Sand 0.40

Silt 0.45

Clay 0.50

Table 8

Empirical factor Fs

Soil Type Fs

Clay and calcareous clay 50

Silt, sandy clay, and clayey sand 60

Loose sand 100

Medium dense sand 150

Dense sand and gravel 200
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Penpile Method 

The penpile method was proposed by Clisby et al. for the Mississippi Department of

Transportation  [9]. The unit tip bearing capacity of the pile (qt) is determined from the following

relationship:

where qc is the average of three cone tip resistances close to the pile tip. 

The unit skin friction of the pile shaft (f) is obtained from the following relationship:

where f is expressed in psi (lb/in2) and  fs is the sleeve friction of the cone expressed in psi.

DOTD STATIC METHOD (""-METHOD)

DOTD uses "-method for the design and analysis of pile foundations. Static analysis is primarily

governed by the laboratory test results conducted on the soil samples close to the pile location and

by the standard penetration test (SPT) in cohesionless soils. The following soil characteristics and

parameters are required to perform static analysis using  "-method: (a) soil profile and thickness

of each soil layer, (b) the shear strength parameters: cohesion (C) and angle of internal friction

(N), and (c) unit weight. The angle of internal friction N is obtained from the standard penetration

test results or from laboratory tests.

For cohesive soil, the unit tip bearing capacity of the pile is evaluated from the following

relationship:

where C is the cohesion of the soil layer, Nc is the bearing capacity factor, and FvN is the effective

vertical stress.  Figure 8 presents the variation of  Nc with the ratio R (R=D/B, depth/pile
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f ca= (24)

q Nt q v= α σ'
' (25)

f Kavg= σ ϕ' tan (26)

diameter). The unit skin friction can be predicted by:

where ca is the limiting pile/soil adhesion for cohesive soil. The variation of ca with soil cohesion

is shown in figure 9.

For cohesionless soil, the unit tip bearing capacity of the pile is predicted by:

where " is an empirical factor depends on the angle of internal friction N, pile width B, and pile

depth D (figure 10). Nq’ is the bearing capacity factor (figure 11), and FvN is the effective vertical

stress. For cohesionless soil, qt calculated from equation 25 should be less or equal to the

maximum unit tip bearing capacity evaluated from figure 12. 

The unit skin friction can be predicted by:

where FavgN  is the average effective overburden pressure of the soil layer, K is the coefficient of

lateral stress (K=1.3 for PPC piles), and N is the angle of internal friction. The unit skin friction

(f) is evaluated from equation 26 should be reduced based on soil type by the friction limit factors

presented in table 9.

        Table 9

Friction limit factors for concrete piles

Soil Type Friction Limit

for Concrete Piles

Clean sand 1.00

Silty sand 0.75

Clean silt 0.60

Sandy clay, clayey silt 0.40
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SOIL CLASSIFICATION BY CPT 

Cone penetration test is a popular tool for in situ site characterization. Soil classification and

identification of soil stratigraphy can be achieved by analyzing the CPT data. Clayey soils usually

show low cone tip resistance, high sleeve friction and therefore high friction ratio, while sandy

soils show high cone tip resistance, low sleeve friction, and low friction ratio. Soil classification

methods by CPT employ the CPT to identify soil from classification charts. Soil classification

charts by Douglas and Olsen and Robertson and Campanella are shown in figures 13 and 14,

respectively  [14],  [15]. Zhang and Tumay proposed the probabilistic region estimation method

for soil classification  [16]. This method is similar to the classical soil classification methods

where it is based on soil composition. The method identifies three soil types: clayey, silty, and

sandy soils. The probabilistic region estimation determines the probability of each soil constituent

(clay, silt, and sand) at certain depth. Typical soil profile obtained by the probabilistic region

estimation is shown in figure 15.
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Figure 13
Soil classification chart for standard electric friction cone (after Douglas and Olsen [14])
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Figure 14
Simplified classification chart by Robertson and Campanella for standard electric friction cone [15]



Figure 15
Soil classif ication using the probabilistic region method by Zhang and Tumay [16]
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METHODOLOGY

The primary objective of this study is to evaluate the ability of CPT methods to reliably predict the

ultimate load carrying capacity of square PPC piles driven into Louisiana soils. To achieve this

goal, 60 pile load tests and the CPT tests conducted close to the piles were identified and

collected from DOTD files. Figure 16 depicts a map of the state of Louisiana with approximate

locations of the test piles that were considered in this study. The collected pile load test data, soil

properties, and CPT profiles were compiled and analyzed. This section describes the methodology

of collecting, compiling, and analyzing the pile load test reports and the corresponding CPT

profiles.

COLLECTION AND EVALUATION OF PILE LOAD TEST REPORTS

The practice of DOTD is to carry out pile load tests based on cost/benefit analysis for each

project. The purpose of a pile load test is mainly to validate and verify the pile capacity predicted

through design/analysis procedures. If, as a result of load testing, a pile fails to provide the

required support for design loads, more piles are added to increase the capacity and/or the piles

are driven deeper to hard soil layers.

Pile load test reports conducted in Louisiana state projects are available in the general files

section at DOTD headquarters in Baton Rouge. These files are kept on microfilms as an integral

part of the whole state project. In this study, pile load test reports were obtained from the

pavement and geotechnical design section at DOTD.

Pile load test reports obtained from the DOTD were carefully reviewed in order to evaluate their

suitability for inclusion in the current research. Special attention was directed to the availability of

proper documentation on the pile data (installation and testing), CPT soundings, site location, and 

subsurface exploration and soil testing. If a pile load test report was found satisfactory, then the

report was considered for inclusion in the study.

Pile load test reports provide information and data regarding the site, subsurface exploration, soil

identification, testing, and deep foundation load test. Even though other pile types were good

candidates for inclusion in the current research, only precast prestressed concrete piles were

considered. These piles are the most commonly used in DOTD projects. The characteristics of the

square precast prestressed concrete piles used by DOTD are presented in table 10. 
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Figure 16
Louisiana state map with approximate locations of the analyzed piles
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Table 10

Properties of square PPC piles used in DOTD projects

Pile Size

(in)

Area of Cross

Section (in2)

Void Diameter

(in)

Weight per

Linear Ft. (lb)

14" Solid 196 None 204

16" Solid 256 None 267

18" Solid 324 None 338

24" Hollow 463 12" 482

30" Hollow 625 18.7" 651

COMPILATION AND ANALYSIS OF PILE LOAD TEST REPORTS

The data on the selected pile load test reports were compiled. The information and data regarding

the project, soil stratification and properties, pile characteristics, load test data, CPT profiles, etc.

were processed and transferred from each load test report to tables, forms, and graphs. Some of

the CPT soundings were obtained in digital format. The remaining of the CPT profiles were

scanned using a high resolution scanner and then were converted to a digital format using the

automated digitizing software UN-SCAN-IT.  The following data and information were collected,

compiled, and analyzed for each pile load test report.

Site Data

The site data provide the necessary information to identify the location of the project. The site

identification used herein is the Louisiana state project number. For example the site ID

260-05-0020 is the state project number 260-05-0020 (Tickfaw River Bridge and Approaches on

State Route LA-22).  

Soil Data

The soil data consist of information on the soil boring location (station number), soil stratigraphy,

and laboratory testing (shear strength, physical properties, etc.). For each soil layer, the density,

shear strength, and in situ test results (SPT available for cohesionless soil) were identified for
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input into the DOTD program PILE-SPT and the static analysis program PILELOAD. From soil

stratification, the predominant soil type was qualitatively identified (cohesive or cohesionless).

The importance of this identification will be addressed in the analysis section.

Foundation Data

Foundation data consist of pile characteristics (pile ID, material type, cross-section, total length,

embedded length), installation data (location of the pile, date of driving, driving record, hammer

type, etc.), and pile load test (date of loading, applied load with time, pile head movement, pile

failure under testing, etc.).

CPT Data

The cone penetration soundings information includes test location (station number), date, cone tip

resistance and sleeve friction profiles with depth. In most of the cases, the collected CPT

soundings were not available as a digital data, therefore the CPT soundings were scanned and

digitized using the UN-SCAN-IT program. 

ANALYSIS OF ULTIMATE CAPACITY OF PILES FROM LOAD TEST

The pile load tests were performed according to the standard loading procedure described in the

ASTM D1143-81. The load was applied on the pile head in increments ranging from 10 to 15

percent of the design load and maintained for five minutes. The load was increased up to two to

three times the design load or until pile failure. After loading, the piles were unloaded to obtain

the shape of the rebound curve. Figure 17 depicts the load -settlement curve for a 30 inch square

PPC pile driven at Tickfaw River Bridge.

Figure 17  illustrates how the ultimate pile load carrying capacity (Qu) was interpreted from the

load-settlement curve using Butler-Hoy method. This method was selected for the analysis because

it is the primary load test interpretation method used by DOTD. In Butler-Hoy method, the ultimate

pile load carrying capacity is determined using the following procedure: 

(a) draw a line tangent to the initial portion (elastic compression of the pile) of the load-settlement

curve, 

(b) draw a line tangent to the plunging portion of the load-settlement curve with a slope of 1

inch/20 ton, 



Figure 17
Load-settlement curve for 30 in square PPC pile (TP1) at Tickfaw River bridge
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(c) locate the intersection of the two lines, which represents the ultimate capacity of the pile (as

shown in figure 17). 

INTERPRETATION OF SOIL PROFILE FROM CPT 

In this report, the probabilistic region estimation method was used for soil classification and

identification of site stratigraphy [16]. This method was selected since it provides a profile of the

probability of soil constituents with depth, while other methods show a sudden jump from soil

layer to another. Moreover, this method is simple and provides output that can be easily

understood. Figure 15 shows the soil profile next to pile TP1 at Tickfaw River Bridge as

determined by the probabilistic region estimation method.

ANALYSIS OF PILES USING THE CPT METHODS

The eight CPT methods used to estimate the ultimate load carrying capacity of the selected piles

were discussed in the Background section. Prediction of  the pile capacity using these methods is

difficult to perform manually. A computer code was written in FORTRAN in which these methods

were implemented. The program performs the analysis on the CPT sounding and then uses the eight

CPT methods to predict the pile capacity. 

The core of the FORTRAN program was then converted to a Visual Basic code in order to

develop MS-Windows based application. The program called Louisiana Pile Design by CPT

(LPD-CPT). Appendix A presents an illustration of using the program LPD-CPT to predict the pile

capacity by different CPT methods.

ANALYSIS OF PILE CAPACITY USING STATIC METHODS

The DOTD static analysis method ("-method) was applied to evaluate the load carrying capacity

of the investigated piles. This is to provide a platform to compare the CPT methods with the

method used by DOTD.
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ANALYSIS OF RESULTS

This section presents an evaluation of the ability of the investigated CPT methods to predict the

ultimate load carrying capacity of square PPC piles driven into Louisiana soils. The performance

of the different methods was evaluated based on criteria that include statistical analyses and

evaluation of the predicted/measured pile capacity. Each method was given a rank based on its

performance according to the selected criterion. The final rank of each method was obtained by

adding the ranks of the all criteria. The analyses were conducted only on friction PPC piles that

failed (plunged or showed large settlement) under load testing. 

CHARACTERIZATION OF THE INVESTIGATED PILES

Sixty square precast prestressed concrete piles were considered in the current study. However, the

analyses were conducted on 35 friction piles that were failed during the pile load test.  A summary

of the characteristics of the investigated pile is presented in table 11.  The piles are categorized

based on the predominant soil type, load resistance mechanism, and failure under loading.

Table 11

Number of PPC piles investigated based on pile type, soil type, and load test

Square

PPC Pile

Size

Pile Type Predominant Soil Type Pile Failed Under 

Loading

Friction End-bearing Cohesive Cohesionless Both Yes No

14" 26 1 21 3 3 20 7

16" 5 1 5 0 1 4 2

18" 2 0 1 0 1 2 0

24" 6 1 5 2 0 2 5

30" 9 9 5 0 13 12 6

Total 48 12 37 5 18 40 20
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PREDICTED VERSUS MEASURED PILE CAPACITY

Among the sixty piles considered in this study, only thirty-five piles were used in the analyses.

These piles were identified as friction piles loaded to failure. For each pile load test, the in situ

CPT sounding adjacent to the pile was used to predict the ultimate axial load capacity of that pile

using the CPT prediction methods. These methods are the Schmertmann, de Ruiter and Beringen,

Bustamante and Gianeselli, Tumay and Fakhroo, Aoki and De Alencar, Price and Wardle,

Philipponnat, and penpile method [2], [3], [4], [5], [6], [7], [8], [9]. The ultimate load capacity for

each pile was also predicted from the soil properties (soil boring close to the pile) using the static 

"-method. The ultimate load carrying capacity predicted by these methods (Qp) is compared to the

measured pile  capacity (Qm) obtained from the pile load test using Butler-Hoy interpretation

method [1]. Table 12 summarizes the results of the analyses conducted on the investigated piles.

Among the data presented in table 12 are: the pile size, type, length, location of the load test, the

measured ultimate load carrying capacity, and the predicted ultimate load carrying capacity.

The predicted ultimate load carrying capacity (Qp) consists of pile tip capacity (Qt) and pile shaft

resistance (Qs). The pile capacities Qt, Qs, and Qp predicted by the CPT methods and "-method are

compared with Qm in figures 18-26. The results of 35 friction piles and five end-bearing piles are

shown in these figures. Inspection of these figures shows that the ratio Qt/Qp for the first 35 piles is

relatively small, which is consistent with the previous classification of these piles as friction piles

(pile capacity is derived mainly from the shaft resistance). On the other hand, the ratio Qt/Qp for

piles number 36 to 40 is relatively large and hence these piles are considered as end bearing piles

(pile capacity is derived mainly from the pile tip capacity).

Figures 27-35 show the predicted (Qp) versus the measured (Qm) ultimate load carrying capacity

for the friction and end-bearing piles. For each prediction method, regression analysis was

conducted to obtain the best fit line for the predicted/measured pile capacities. The relationship 

Qfit/Qm and the corresponding coefficient of determination (R2) were determined for each CPT

prediction method and for the static "-method.
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Comparison of measured and ultimate pile capacity predicted by de Ruiter and Beringen method
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Comparison of measured and ultimate pile capacity predicted by LCPC method
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Comparison of measured and ultimate pile capacity predicted by Tumay and Fakhroo method
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Comparison of measured and ultimate pile capacity predicted by Philipponnat method
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Comparison of measured and ultimate pile capacity predicted by Aoki and De Alencar method
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Comparison of measured and ultimate pile capacity predicted by Price and Wardle method
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Comparison of measured and ultimate pile capacity predicted by Penpile method.
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Comparison of measured and ultimate pile capacity predicted by α-method
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STATISTICAL ANALYSES

Briaud and Tucker and Long et al. used statistical analyses to evaluate the performance of different

methods to predict the ultimate load carrying  capacity of piles [17], [18]. Statistical analyses

provide the measures to rank the different methods based on their prediction accuracy. However,

statistical analyses should not be the only criterion used to evaluate these methods. Comparisons of

predicted and measured capacity (figures 27-35) should always be considered together with

statistical evaluation [17]. 

Similar statistical analyses were conducted in this study to help in evaluating the performance of

the CPT methods. The ratio of predicted to measured ultimate pile capacity (Qp/Qm) was the main

variable considered in the analyses. This ratio (Qp/Qm) ranges from 0 to 4 with an optimum value

of one. The CPT method underpredicts the measured capacity when Qp/Qm<1 and it overpredicts

the measured capacity when  Qp/Qm>1.  The mean (:) and standard deviation (F) of  Qp/Qm are

indicators of the accuracy and precision of the prediction method. An accurate and precise method

gives :(Qp/Qm)=1 and F(Qp/Qm)=0, respectively, which means that for each pile, the predicted

pile capacity equals to the measured one.  This case is ideal, however, in reality the method is

better when  :(Qp/Qm) is closer to one and F(Qp/Qm) is closer to 0.

Since 0#(Qp/Qm)<4 with an optimum value of 1, Briaud and Tucker used the Log Normal

distribution to evaluate the performance of pile capacity prediction methods. The Log Normal

distribution is acceptable to represent the ratio of  Qp/Qm, however, it is not symmetric around the

mean, which means that the Log Normal distribution doesn’t give an equal weight of

underprediction and overprediction [17]. In order to use the Log Normal distribution, the mean

(:ln) and standard deviation (Fln) are evaluated for the natural logarithm of  Qp/Qm as follows:
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The ratio Qp/Qm and the natural logarithm of the ratio ln(Qp/Qm) for each pile were calculated.

Then, the mean (:ln) and standard deviation (Fln), and coefficient of variation (COV) of ln(Qp/Qm)

for each method were determined.

 The Log Normal distribution is defined as the distribution with the following density:

where x =(Qp/Qm), :ln is the mean of ln(Qp/Qm) and Fln is the standard deviation of ln(Qp/Qm). The

distribution function of the Log Normal distribution is given by:

The Log Normal distribution was used to evaluate the different methods based on their prediction

accuracy and precision. Figure 36 shows the Log Normal distribution for the different methods

considered in this study. Evaluation of the different CPT prediction methods is presented later in

this section.

Long et al. used the cumulative probability value to quantify the ability of different methods to

predict the measured pile capacity [18]. The concept is to sort the ratio Qp/Qm for each method in

an ascending order. The smallest Qp/Qm is given number i=1 and the largest is given i=n where n

is the number of piles considered in the analysis. The cumulative probability value for each Qp/Qm

is given by [18]: 

Together with the Log Normal distribution and the graphs of Qp/Qm, the cumulative probability

concept was utilized to help in quantifying the performance of the investigated methods. The

cumulative probability versus the ratio Qp/Qm for the investigated methods are depicted in figures

37-45.
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EVALUATION OF THE CPT METHODS

Evaluating the performance of different pile capacity prediction methods is not an easy task and

should not be done based on one criterion (e.g., statistical analyses). An attempt to evaluate the

performance of the CPT methods based only on statistical analyses can give misleading

conclusions and one must always consider the comparison plot of predicted versus measured

ultimate capacity together with statistical analyses [17]. In this study, an evaluation scheme using

four different criteria was considered in order to rank the performance of different CPT methods

for predicting the ultimate axial capacity of piles. These criteria are: (1) the equation of the best fit

line of predicted versus measured capacity (Qp/Qm) with the corresponding coefficient of

determinations (R2); (2) the arithmetic mean and standard deviation for Qp/Qm; (3) Qp/Qm at 50 and

90 percent cumulative probability (P50 and P90); and (4) the 20 percent accuracy level obtained

from the Log Normal distribution of Qp/Qm. A rank index (RI) was introduced in this study to

quantify the overall performance of all methods. The rank index is the sum of the ranks from the

different criteria, RI= R1+R2+R3+R4. The lower the rank index RI, the better the performance of

the method. The performance of the prediction methods based on the four different criteria is

discussed below.

Inspection of figures 27-35 (Qp/Qm plots) shows that de Ruiter and Beringen method has best fit

equation Qfit = 1.02Qm with R2=0.96. This method tends to overpredict the measured pile capacity

by an average of 2 percent. Therefore, de Ruiter and Beringen method ranks number one according

to this criterion and is given R1=1 (R1 is the rank based on this criterion).  The LCPC method with

Qfit = 0.97Qm (R2=0.95) tends to underpredict the measured capacity by 3 percent and therefore

ranks number 2 (R1=2). According to this criterion, Schmertmann, Philipponnat, Tumay and

Fakhroo methods tend to overpredict the measured ultimate pile capacity, while Aoki and De

Alencar, Price and Wardle, penpile, and "-method tend to underpredict the measured ultimate pile

capacity. The penpile method showed the worse performance with Qfit = 0.57Qm (R2=0.95) and

therefore was given R1=9.

In the second criterion, the arithmetic mean (:) and standard deviation (F) of the ratio Qp/Qm

values for each method were calculated. The best method is the one that gives a mean value closer

to one with a lower standard deviation, which is the measure of scatter in the data around the

mean. According to this criterion, de Ruiter and Beringen method with :(Qp/Qm)=0.982 and

F(Qp/Qm)=0.25 ranks number one (R2=1) followed by the LCPC method (R2=2). Schmertmann,

Philipponnat, Tumay and Fakhroo and "-method have  :(Qp/Qm)>1, which means that these

methods on average are overpredicting the measured pile capacity. On the other hand, Aoki and 
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De Alencar, Price and Wardle, and the penpile method have :(Qp/Qm)<1, which means that these

methods on average are underpredicting the measured pile capacity. 

The cumulative probability curves (figures 37 to 45) were used to determine the 50 percent and 90

percent cumulative probability values (P50 and P90). The pile capacity prediction method with P50

value closer to one and with lower P50 - P90 range is considered the best. Based on this criterion,

the LCPC method with P50=1.03 and P90=1.42 ranks number one (R3=1) followed by de Ruiter and

Beringen with R3=2. The penpile method has worst P50 and P90 values and therefore ranks number

nine.

The Log Normal distribution provided the fourth criterion needed to rank the different methods

based on their prediction performance. Using the Log Normal probability function, the probability

of predicting the ultimate load carrying capacity at different accuracy levels was determined and

plotted in figure 46. At a specified accuracy level, the higher the probability is the better the

performance of the method. The 20 percent accuracy level means that the predicted pile capacity

(Qp) is within the range from 0.8 to 1.2 Qm. The probability corresponding to 20 percent accuracy

level is the likelihood that the predicted pile capacity will be within 0.8Qm#Qp#1.2Qm. Based on

the 20 percent accuracy level, Bustamante and Gianeselli (LCPC/LCP) method showed the highest

probability value of 57.4 percent and therefore  ranks number one (R4=1). de Ruiter and Beringen

ranks number two (R4=2). The penpile method has the lowest probability value at this accuracy

level and therefore ranks number nine (R4=9).

In order to evaluate the overall performance of the different prediction methods, all criteria were

considered in a form of an index. The Rank Index (RI) is the algebraic sum of the ranks obtained

using the four criteria. Considering de Ruiter and Beringen method, the RI equals to six as

evaluated from RI=R1+R2+R3+R4. The Rank Index values for all other methods are presented in

table 13. Inspection of table 13 demonstrates that de Ruiter and Beringen method ranks number one

along with Bustamante and Gianeselli (LCPC/LCP) method. These two methods showed the best

performance according to the evaluation criteria and therefore considered the best methods. The

static "-method ranks number three. The penpile method showed the worst performance among all

methods as it ranks number nine.
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Table–13: Evaluation of the performance of the different predictive methods considered in the

study
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COST AND BENEFIT ANALYSIS

DOTD maintained a traditional practice in pile design and analysis, which is basically a static

analysis using "-method. Properties of cohesive soils are obtained from laboratory tests on

undisturbed samples from boreholes, while strength characteristics of cohesionless soils are

evaluated from Standard Penetration Test (SPT). Conducting field and laboratory tests is

expensive and time consuming. The average cost of a traditional soil boring and the corresponding

laboratory and field tests, as reported by the DOTD Materials Section, is $50/ft when conducted

by DOT and $60/ft when carried out by a consultant.

Due to the uncertainties associated with pile design, load tests are usually conducted to verify the

design loads and to evaluate the actual response of the pile under loading. DOTD practice is to

conduct pile load tests based on cost/benefit evaluation. In small bridge projects, it is often cost

effective to increase the factor of safety (increase pile length) compared to conducting pile load

tests. Pile load tests are also expensive. The cost of driving and loading a test pile in Louisiana

ranges from $13,000 to $25,000.

Implementation of the CPT technology by DOTD has been limited to identification of dense sand

layers required to support the tip of the end-bearing piles. The CPT technology is fast, reliable,

and cost effective especially when compared to the traditional site characterization methods

(borings and laboratory/field tests). The average cost of CPT soundings is $14/ft when the system

is operated by DOTD Materials Section and $28/ft when the CPT is conducted by a consultant.

Compared to the traditional borings, the CPT is faster and more economical. 

In order to demonstrate the cost effectiveness of using the CPT in design and analysis of piles, the

following are used to compare the cost of using CPT to the cost of using traditional methods:

1. Comparison of cost between the CPT and traditional exploration methods

2. Comparison of savings in pile length in projects with pile load tests

CPT versus Traditional Subsurface Exploration Methods

This case compares the direct cost of conducting a CPT test versus a traditional soil boring with

no pile load test being carried out at the project. This scenario usually happens in small-bridge

projects where conducting pile load tests is not cost effective due to the small number of piles.

Traditionally, one or two soil borings are usually taken for this kind of projects. In small-bridge
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projects, the CPT is assumed to replace the soil borings on one to one basis (i.e. one CPT replaces

one soil boring). In this case, the average cost of conducting CPT is $14/ft, which is far less than

$50/ft, the average cost of a traditional soil boring and the corresponding laboratory and field

tests. The cost of a 100 ft CPT test is $1,400 while the cost of a 100 ft traditional soil boring and

the corresponding tests is $5,000. Replacing the traditional soil boring by the CPT will result in a

total saving of $3,600 or 72 percent for small-bridge projects.

The cost ratio of CPT and soil borings is 1 to 3.6 (i.e. the cost of CPT and soil borings are equal

when 3.6 CPT tests replace one traditional soil boring). When the CPT is assumed to replace soil

borings on two to one basis, then the cost of CPT will increase and the cost ratio of CPT and soil

boring will be 1 to 1.8. This scenario shows that the CPT direct cost is still 44 percent less than

the cost of traditional soil borings.  There will also be savings in the pile length since more CPT

tests will result in more accurate pile design, which will reduce the cost of piling. 

Pile Length Savings in Projects with Pile Load Test

The use CPT in design and analysis of piles will evidently lead to reduction in pile lengths without

compromising the safety and the performance of the supported structure. First, the CPT can be used

to quickly identify the weakest location at a project. This spot will be selected as the location of

the pile load test, which will provide the design engineer with lowest possible load carrying

capacity of the pile. The pile load test can also be used to modify the pile design using CPT

methods the same way it is being used by DOTD to modify the design using the static method, i.e.

applying the shift. It will also reduce the number of pile load tests conducted at a project, as an

example about one third of the pile load tests considered in the analysis herein did not fail under

load testing. Using the CPT, the weakest spot can be identified and selected for one pile load test

for design verification. 

Second, the CPT methods are proven herein to be more accurate in predicting the pile load

carrying capacity of PPC driven pile in Louisiana soils compared to the currently used static

method. An accurate design leads to less uncertainty and therefore less factor of safety. Finally, the

CPT will reduce the number of  soil borings, which will result in monetary and timesaving.
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CONCLUSIONS

This study presented an evaluation of the performance of eight CPT methods in predicting the

ultimate load carrying capacity of square precast prestressed concrete piles driven into Louisiana

soils. Sixty pile load test reports, which have CPT soundings adjacent to the test pile, were

collected from DOTD files. Prediction of pile capacity was performed on sixty piles; however, the

statistical analyses and evaluation of the prediction methods were based on the results of thirty-

five friction piles plunged (failed) during the pile load tests. End-bearing piles and piles that did

not fail during the load tests were excluded from the statistical analyses.

The pile load test data were analyzed to obtain the measured ultimate load carrying capacity for

each pile. Butler-Hoy method, the primary method used by DOTD, was used to determine the

measured ultimate load carrying capacity for each test pile. The following CPT methods were used

to predict the load carrying capacity of the collected piles using the CPT data: Schmertmann,

Bustamante and Gianeselli (LCPC/LCP), de Ruiter and Beringen, Tumay and Fakhroo, Price and

Wardle, Philipponnat, Aoki and De Alencar, and the penpile method. The ultimate load carrying

capacity for each test pile was also predicted using the static "-method, which is used by DOTD

engineers for pile design and analysis. 

An evaluation scheme was executed to evaluate the CPT methods based on their ability to predict

the measured ultimate pile capacity. Four different criteria were selected for the evaluation

scheme: the line of best fit between the measured and predicted capacities, the arithmetic mean and

standard deviation of the ratio of predicted to measured capacity (Qp/Qm), the cumulative

probability of measured and predicted capacities, and the Log Normal distribution of the ratio of

predicted to measured capacity. Each criterion was used to rank the prediction methods based on

its performance. The final rank for each method was obtained by averaging the ranks of the method

from the four criteria. 

Based on the results of this study, de Ruiter and Beringen and Bustamante and Gianeselli

(LCPC/LCP) methods showed the best capability in predicting the measured load carrying

capacity of square PPC piles driven into Louisiana soils. These two CPT methods showed a better

performance than the currently used "-method. Cost/benefit analysis showed that using the CPT

methods for design/analysis of square PPC piles would cut the cost of initial design as well as the

cost of piling.
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The CPT methods that showed the best performance were implemented into a Visual Basic

computer program to facilitate their use by DOTD design engineers. These methods are de Ruiter

and Beringen, and LCPC/LCP. Schmertmann method was also implemented in the program since it

is one of widely used CPT methods.
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RECOMMENDATIONS

The results of this study demonstrated the capability of  CPT methods in predicting the ultimate

load carrying capacity of square PPC piles driven into Louisiana soils. de Ruiter and Beringen and

Bustamante and Gianeselli (LCPC/LCP) methods showed the best performance in predicting the

ultimate measured load carrying capacity of square PPC piles. It is strongly recommended that

DOTD implements these two methods in design and analysis of square PPC piles. Schmertmann

method also showed good results and is recommended for implementation since it is one of the

most widely used CPT methods. 

Cost-benefit analysis showed that the implementation would result in cost reduction in pile

projects and timesaving without compromising the safety and performance of the pile supported

structures. In fact, implementation of the CPT technology in pile design will reduce the level of

uncertainties associated with traditional design methods. 

In order to facilitate the implementation process, a computer program, Louisiana Pile Design by

Cone Penetration Test (LPD-CPT), was developed for design/analysis of square PPC driven piles

from CPT data. The program, which is based on MS-Windows environment, is easy to use and

provides the profile of the pile load carrying capacity with depth. 

Based on the results of the analyses, it is recommended to implement the cone penetration

technology in different geotechnical applications within the DOTD practice. Regarding design and

analysis of driven piles, the following are recommended:

1. Foster the confidence of the DOTD design engineers in the CPT technology by adding the

CPT to the list of the primary variables in subsurface exploration and use it in soil

identification and classification, and in site stratigraphy. Different soil classification

methods can be used such as Zhang and Tumay, Robertson and Campanella, and Olsen and

Mitchell. 

2. Compare the test results from the traditional subsurface exploration methods and the results

interpreted from the CPT methods. With time and experience, reduce the dependency level

on the traditional subsurface exploration methods and increase dependency level on the

CPT technology.
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3. Use the CPT pile design methods in conjunction with the pile load tests and the static "-

method to predict the load carrying capacity of the square PPC piles. The following CPT

methods are recommended: de Ruiter and Beringen method, Bustamante and Gianeselli

(LCPC/LCP) method, and Schmertmann method. If a pile load test is conducted for the site,

compare the results of the CPT methods with the measured ultimate pile load capacity. If

the measured and predicted capacities are different, then make a correction to the predicted

capacity in the amount of the difference between the measured and predicted capacity.

Apply this correction to the other for the design of piles at this site.  

4. Increase the role of the CPT design method and decrease the dependency on the static "-

method.
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APPENDIX 

Louisiana Pile Design by CPT


