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Alex Silvey, M.S.
University of Nebraska, 2018

Advisor: Chung Rak Song

Cone penetration testing (CPT) is a well established geotechnical subsurface
investigation techniqgue commonly used for site characterization and soil classification.
The CPT gives real time end resistance, side friction, and pore pressure readings. Axially
loaded piles also share these two resistance mechanisms, suggesting the cone can be
considered similar to a miniature pile. This study focused on evaluating eight CPT
methods prediction of pile bearing capacity. The Nebraska Department of Roads (NDOR)
conducts dynamic load tests (PDA) of driven pile to verify pile capacity for bridge
foundations. 91 comparisons of CPT logs and PDA data were evaluated. CPT prediction
methods were assessed based on prediction ratio and statistical performance. Controlling
bearing mechanism was identified as a key influence in method accuracy. Subsequently,
piles were identified as end bearing or skin friction pile for further method analysis. The
CPT methods were calibrated to maximize accuracy for Nebraska’s regional soil
conditions. A numeric modeling study was also conducted to investigate cone vs. pile
behavior. The study found cone influence depth for end resistance about 10D, while pile
influence depth ranged from 1-3 times the diameter. Relative sensitivity to over and
underlying soft/hard layers was also identified. Most importantly, computational
modeling confirmed gb/qgc factors in accordance with or slightly higher than the empirical

methods. Bearing capacity was most accurately predicted by modified Prince & Wardle
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method for end bearing pile, while a modified Philipponnat’s method gave the best
prediction for friction pile. CPT based pile design developed by the study offers a more

robust design approach to accompany modern soil investigation techniques.

www.manharaa.com




ACKNOWLEDGEMENTS

| am very grateful for where I am and for the opportunities | have been presented,
and there are many people to thank for helping me get to where | am today. Without the
support and encouragement from those who surround me, | wouldn’t be able to achieve

what | have.

Primary funding for this project was provide under NTRC project SG-18 by the
Nebraska Department of Roads. | am especially appreciative of the opportunity to work
with NDOR, who has always been a leader in continually furthering Nebraska’s

engineers & infrastructure.

I would specifically like to thank a few people who have been influential
throughout the duration of this project. First, I would like to thank Dr. Chung Song. | am
thankful for the opportunity to work with him on this project and learn from his guidance.
He saw a path for me from the very beginning of graduate school, even when | was at
times unsure myself. Dr. Song’s mentorship has pushed me to expand my horizons and
become a better engineer. His expertise has always offered a practical perspective that

has been invaluable to me in my time as a student.

For all of the late nights spent developing the project and assistance with numeric
modeling, | have my friend and fellow graduate student Binyam Bekele to thank. Binyam
was always there when the project seemed to stall to trade ideas with and develop a plan

to move forward. His expertise continually relied upon.

www.manaraa.com



I would like to thank my coworkers in the geotechnical section at NDOR for
support and flexibility the last two years. Without the knowledge and skills from analysis
to field operations that they have taught me, I would not have been prepared to complete
this research.

Finally, I have my parents and brother for their unwavering support throughout
my academic pursuits. You are the ones who have pushed me to accomplish the highest

goals. Thank you for instilling my work ethic, and even more for always being so

unselfish towards me.

www.manharaa.com




TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt ettt e ii
TABLE OF CONTENTS . ...ttt \
LIST OF FIGURES ...ttt ettt e e IX
LIST OF TABLES ...ttt ettt e et a e et e e e e e nnbneee e Xii
CHAPTER 1 INTRODUCTION. .. ..ttt 1
1.1 BACKGIOUND........eiiiieiiietie ettt 1
1.2 Cone Penetration TeSt (CPT).....uiiiiiiieiiieiie e 2
1.3 Pile FOUNGALIONS......cuviiiiiiiieiiit ettt 4
1.4 OVErVIEW & ODJECTIVES ....eviiieiiie ittt ettt e ae e e e e e e e annee e 5
CHAPTER 2 LITERATURE REVIEW ..o 7
2.1 GENBIAL ... 7
2.2 Aoki & De Alencar (1975) Method..........cccvveiiiieiiiic e 7
2.3 Bustamante and Gianeselli (1982) Method (LCPC/LCP Method)..........ccccccevvvenneee. 8
2.4 de Ruiter and Beringen (1979) Method ...........ccoveiiiie i, 12
2.5 Penpile (1978) MEthOd..........cccviiiiiie e 13
2.6 Philipponnat (1980) MethOd.............ccoiiuiiiiiiicieee e 14
2.7 Prince & Wardle (1982) Method .........cc.ceoiiiiiiiiiicie e 15
2.8 Schmertmann (1978) Method............cooouiiiiiii e 16

www.manaraa.com



Vi

2.9 Tumay & Fakhroo (1982) Method...........cooiiiiiiiiiiiie e 20
CHAPTER 3 METHODOLOGY .....ouiiiiiiiiiiieeiiiiie ettt et 21
3.1 MEtNOU OVEIVIBW ...tttk 21
3.2 SILE SEIECTION ...t 21
3.3 IN PIace Pile CAPACILY ......eeeiieieiieiieesiee ettt 24
Bid Pl TP ettt 24
35 CPT DA ....eeeiiiieiiee ettt 25
3.6 DYNamIC LOAA TESt DALA........ceiueeiiieiiiieitie i ettt 26
3.7 CPT Based Bearing PrediCtion ...........ccuoiviiiiieiiieiie et 29
CHAPTER 4 PILE ANALYSIS ... 30
4.1 CPT PIOTHE .ot 30
4.2 CPT Bearing CapaCILY ......cccuvieiiiieeiiiieiiiee s sieeesieeesiea e s taaesstae e e sine e e snvaeesaeaesnneeeas 31
4.3 Dynamic Load TeSt ANAIYSIS ......vveiiiiieiiiee et e e saee e snee e 34
4.5 Data ANAIYSIS.....eeeiiiiie et e e e e rra e 35
CHAPTER 5 DATA EVALUATION ... 40
5.1 INEFOTUCTION ...ttt 40
5.2 PAITEA TEESE.....ee ettt ettt 40
5.3 Complete Dataset ANAIYSIS ........ccoiveeiiiieciie e 41
5.4 Initial Statistical ANAIYSIS........c.eeiiiei i 48
5.5 Discussion of Initial EVAIUALION ............cccoiiiiiiiiiiiii e 52

www.manaraa.com



vii

5.6 Criterion Based EValULION ...........ccooiiiiiiiiiieii e 54
5.7 Sorted RAtIO ANAIYSIS. .......eeiiieiieiiieiie et 55
5.8 Sorted StatistiCal ANAIYSIS.........c.oiiiiiiiiiie e 69
5.9 Summary of Performance EValuation .............ccccoeiiiiiieiiiiiiiceee e 76
CHAPTER 6 COMPTUTATIONAL MODELING........ccoiiiiiiieiiiiieeieee e 78
6.1 INEFOAUCTION ...ttt et 78
6.2 MOdEliNg PArameters .........couiiiiiiiiieiie et 79
6.3 Model 1 — Cohesive soft overlying Stiff............cccooiiiiiiii 82
6.4 Model 2 — Cohesive stiff overlying SOft..........ccccoiiiiiiiiiei e 87
6.5 Model 3 — Granular 100se OVerlying dense .........cccccvveeiiieeiiie e 89
6.6 Model 4 — Granular dense overlying 100S€ ..........coccveiiiie i 91
6.7 Model 5 — Granular/Cohesive dense oVer SOft ..., 96
6.8 Model 6 — Cohesive/Granular soft overlying dense ............ccccovvveiiiie e, 96
6.9 Numerical StUdY SUMMAIY ........coiiiieeiiie e 99
CHAPTER 7 CPT CAPACITY CALIBRATION ...t 100
7. L INEFOTUCTION ..ottt 100
1Y, =14 ToTo (o] (oo |2 PO PROURR USRI 101
7.4 NValidation TESE CASES. .....ueevierriiiresiieiti ettt 112
CHAPTER 8 DISCUSSION & CONCLUSIONS ...t 121
8.1 RANKING EVAIUALION........coiiiiiiiiiie e 121

www.manaraa.com



viii

8.2 Discussion of Potential SNOrCOMINGS .......ccvvveiiiieiiiieiie e 128
8.3 CONCIUSION ...ttt 131
CHAPTER 9 REFERENGCES ..ottt 133
APPENDIX A PILE DRIVING AND LOAD TEST DATA ....ccciiiiiiiieneeeesiees 136
APPENDIX B CPT CAPACITIES ... 140

www.manharaa.com




LIST OF FIGURES

Fig. 1.1 CPT diagram and cone sizes (Cabal & Robertson, 2010) ..........cccceviveiiieniieeninnn 2
Fig. 1.2 NDOR CPT PIAtFOIM.......eiiiiiiiiiiieee et 3
Fig. 2.1 Procedure for calculation of gca (after Bustamante and Gianeselli 1982) ........... 10
Fig. 2.2 Procedure for calculation of gt by Schmertmann method ..............cccceiiiiinnnn. 17
Fig. 2.3 K, Design curves for pile side friction in sand (after Nottingham 1975) ............ 19
Fig. 2.4 ac, Design curves for pile side friction in clay (Schmertmann 1978)................ 19
Fig. 3.1 Site map of selected CPT/PDA bridge SIteS ........ccovvviiiiiiiiiiiieiiie e 23
Fig. 3.2 Raw CPT output in [.CSV] TOrmMat ........cccvviiiiiieiiiiiie s 25
Fig. 3.3 PDA 10g file @XaMPIe .....ooiiiiiiie s 27
Fig. 3.4 CAPWAP analySiS OULPUL........uvreiiviieiiiiesiiiiecsiieeesieeesieeeesnveeesnaeeesnseeessaeeeneees 28
Fig. 4.1 Example of boring log information from bridge plans............cccccevivevieeiinnn, 30
Fig. 4.2 Example of Cone Penetration (CPT) LOJ.......ccoiveeiiieeiiieeiiee e e siieesiee e 31
Fig. 4.3 Example of numeric output from CPT capacity prediction .............ccccccevvveiivnnnns 32
Fig. 4.4 Example of total axial capacity plot generated from CPT prediction ................. 33
Fig. 4.5 Example of end bearing & skin friction CPT capacity plots ...........ccccccevvevnnnns 34
Fig. 5.1 Total Capacity - PDA vS CPT Methods...........cooveiiiieiiiie e 43
Fig. 5.2 End Bearing Capacity - PDA vs CPT methods............ccceeviieiiiieeiie e, 45
Fig. 5.3 Skin Friction Capacity - PDA vS CPT Methods...........ccceevivveeiiiieeiiiee e 48
Fig. 5.4 CPT Accuracy Level — Total Capacity..........cccouveevveeiiiee e 49
Fig. 5.5 CPT Accuracy Level — End Bearing .........cccccovvveiiiie e 50
Fig. 5.6 CPT Accuracy Level — SKin FriCtion ............ccooveiiii i 51
Fig. 5.7 End Bearing Pile - Total Capacity - PDA vs CPT methods ..............ccooveeiinnen. 56

www.manaraa.com



Fig. 5.8 Skin Friction Pile - Total Capacity - PDA vs CPT methods ...........ccccccevveiinnens 58
Fig. 5.8 End Bearing Pile — End Bearing Capacity - PDA vs CPT methods................... 61
Fig. 5.9 Skin Friction Pile — End Bearing Capacity - PDA vs CPT methods................... 63
Fig. 5.10 End Bearing Pile — Skin Friction Capacity - PDA vs CPT methods................. 66
Fig. 5.11 Skin Friction Pile — Skin Friction Capacity - PDA vs CPT methods................ 68
Fig. 5.12 CPT Accuracy Level — Total Capacity-End Bearing Pile ............cccccovvennnn. 70
Fig. 5.13 CPT Accuracy Level — Total Capacity-Skin Friction Pile ..............cccccoeevnenne. 70
Fig. 5.14 CPT Accuracy Level — End Bearing Capacity-End Bearing Pile .................... 71
Fig. 5.15 CPT Accuracy Level — End Bearing Capacity-Skin Friction Pile .................... 72
Fig. 5.16 CPT Accuracy Level — Skin Friction Capacity-End Bearing Pile .................... 74
Fig. 5.17 CPT Accuracy Level — Skin Friction Capacity-Skin Friction Pile ................... 74
Fig. 6.1 Calibrated FLAC CPT Profiles .......ccoiiveiiiie e see e 79
Fig. 6.2 Model setup and boundary CONditioNS............ccoveeiiieeiiie e 80
Fig. 6.3 Rigid soil mas below pile tip (Randolph, 1994) ..........cccceeiiiieiiie e 81
Fig. 6.4 Pile penetration and resulting surface heave...........c..cccccceviveeiiiie i 82
Fig. 6.5 CPT horizontal and vertical stresses at 3m (Stiff) .........cccccooeeviiieiie i, 83
Fig. 6.6 Pile horizontal stress at 4.5m penetration (Stiff) ..........cccccovvviiiii i, 84
Fig. 6.7 Pile vertical stress at 4.5m penetration (Stiff) .........c.ccccooveiiiiiiiii 85
Fig. 6.8 CPT vs Pile tip resistance Model 1 ..........ccoveiiiieiiiii e 86
Fig. 6.9 CPT vs Pile tip resistance Model 2 ..........ccoveoiiiiiiie e 88
Fig. 6.10 Granular deformation Model 3..........c..oooiiiiiiiie e 89
Fig. 6.11 CPT vs Pile tip resistance Model 3..........cccccoviveiiiie i 90
Fig. 6.12 CPT vs Pile tip resistance Model 4............ccoovveiiiiiiii i 93

www.manaraa.com



Xi

Fig. 6.13 CPT volumetric strain MOdel 4.........c.oooiiiiiiiiie e 94
Fig. 6.14 Pile volumetric strain Model 4 ............coooiiiiiiiii e 95
Fig. 6.15 CPT vs Pile tip resistance Model 5...........ccoiiiiiiiiiiec e 97
Fig. 6.16 CPT vs Pile tip resistance Model 6...........c.covveiiieriiiiiiiiescce e 98
Fig. 7.1 CPT Accuracy Level — End Bearing Capacity-End Bearing Pile...................... 103
Fig. 7.2 CPT Accuracy Level — End Bearing Capacity-Skin Friction Pile ................... 104
Fig. 7.3 CPT Accuracy Level — Skin Friction Capacity-End Bearing Pile .................... 104
Fig. 7.4 CPT Accuracy Level — Skin Friction Capacity-Skin Friction Pile ................... 105
Fig. 7.5 End Bearing Pile — Total Calibrated Capacity - PDA vs CPT methods............ 108
Fig. 7.6 Skin Friction Pile — Total Calibrated Capacity - PDA vs CPT methods........... 110
Fig. 7.7 Calibrated CPT Accuracy Level — Total Capacity — End Bearing Pile............. 111
Fig. 7.8 Calibrated CPT Accuracy Level — Total Capacity — Skin Friction Pile............. 111

Fig. 7.9 Calibrated Bearing Capacity — PDA vs. CPT methods — Skin Friction Pile .....115
Fig. 7.10 Calibrated Bearing Capacity — PDA vs. CPT methods — End Bearing Pile ....118

Fig. 8.1 HP pile soil plugging diagram............ccccveiiiieiiiee e 130

www.manaraa.com



Xii

LIST OF TABLES

Table 1.1 Classification of pile foundations.............c.ccueiiiiiiiiii 4
Table 2.1 Factors Fb and Fs for different pile types........cccooviiieiiinieiiiec e 8
Table 2.2 Factor os for different SOil tYPes.........ooviviieiiiiiii e 8
Table 2.3 End-bearing COffiCIENtS, K .....vveiiiieiiie e 10
Table 2.4 Friction COBTIICIENTS, (f LCPC . trvrrrrrrrririrrrirtriirerrrirrrrrrrrrrsrraeesrsrrerereree————————— 11
Table 2.5 Bearing capacity factors ( Ky ).....ccooviirieiiiiiiesereeeeee e 14
Table 2.6 EMPIrical factor (F)......ccooviiioiiei e 15
Table 3.1 CPT Project infOrmation ...........ccouiiieeiiieiiiesie e 23
Table 3.2 Pile and dynamic load test data SUMMAIY..........cccerivieiieiiieniienie e 35
Table 3.3 CPT prediction for total CapaCity. .........cccevvveiiiie e 37
Table 5.1 Summary of ranking CPT methods from initial statistical evaluation ............. 53
Table 5.2 Summary of ranking CPT based methods for end bearing piles...................... 77
Table 5.3 Summary of ranking CPT based methods for skin friction piles..................... 77
Table 7.1 CPT calibration factors for end bearing pile...........cccccoviviiviie i, 102
Table 7.2 CPT calibration factors for skin friction pile ...........ccccooveiviie i, 102
Table 7.3 Summary of load test results for validation dataset .............ccccccoceeviireninnen, 113
Table 7.4 Summary of CPT capacity prediction for validation dataset......................... 113
Table 8.1 Component rankings-End bearing pile-end capacity ...........cccccoevvveviieeninnnnn, 123
Table 8.2 Component rankings-End bearing pile-skin capacity ...........cccccoeeeevvveeiinnnnn, 123
Table 8.3 End bearing pile component method rank ............ccccceeovieiiiiieciiie e, 124
Table 8.4 Component rankings-Skin friction pile-end capacity.........c.cccccoevvveeiiiinnenns 124

www.manaraa.com



Xiii

Table 8.5 Component rankings-Skin friction pile-skin capacity...........ccccococeeviiveiinnnn, 124
Table 8.6 Skin friction pile component method rank ............ccoeviiiiiiniie, 125
Table 8.7 Total capacity rankings-End bearing pile ..., 126
Table 8.8 Total capacity rankings-SKin friction pile ..., 126
Table 8.9 Total capacity ranking SUMMAIY ...........cueerviiiienieenie e 126
Table 8.10 CPT modified methods final ranking-End bearing pile............cccccooivinennn. 127
Table 8.11 CPT modified methods final ranking-Skin friction pile...............c.ccooven. 127
Table A-1 Project and in-place capacity data............cccovvveriienieiiieiiiee e 136
Table B-1 Complete CPT prediction data Part 1.............cccoovveiiveeiiie e 140
Table B-2 Complete CPT prediction data Part 11 ............ccccooviieiiie e 143

www.manaraa.com



CHAPTER 1 INTRODUCTION

1.1 Background

The cone penetration test (CPT) is a widely used in situ test for geotechnical
investigation of subsurface soil conditions. The test provides stratification information,
soil identification, and estimates physical properties such as strength of the soil. When
the cone penetrometer is advanced into the ground, tip resistance and sleeve friction
parameters are measured. Further capabilities of the testing device have been developed
over the years and subsequently incorporated into the device in either the form of direct
measurement or derived correlations from existing measurements. Cone penetration
testing is economical sounding method that offers continuous and reliable profile data.
CPT is a valuable tool for geotechnical work and becomes even more powerful when

combined with traditional field and lab test regiments.

Deep foundations are chosen in structural applications when bearing cannot be
achieved in shallow soil strata required by spread footing designs. In Nebraska, deep
foundations are the most common choice of foundation type used by NDOR (Nebraska
Department of Roads) for bridges. The deep foundation transmits the load to deep strata
obtaining higher bearing capacity and often helps minimize settlement of the structure.
Pile foundations are the most common deep foundation option, installed by either driven
or cast in place methods. NDOR predominantly uses steel HP piles, steel pipe piles,

precast prestressed square concrete piles and bored cast in place drilled shafts.
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1.2 Cone Penetration Test (CPT)

The cone penetration test has gained popularity as quick and reliable soil
exploration test that provides soundings of subsurface conditions. The CPT device
consists of a conical tip advanced by cylindrical drilling rods. Some type of hydraulic
pushing mechanism pushes the probe into the ground at a constant rate, and the required
forces to advance the cone are measured. The force measurements collected during
testing include cone tip resistance (qc) and the sleeve friction (fs) along the shaft (sleeve)
of the penetrometer. Figure 1.1 is a schematic of the CPT probe and Figure 1.2 shows
NDOR’s drill rig used as hydraulic push and retraction platform for CPT testing. The
cone itself can vary in projected surface area ranging from 2 cm? to 40 cm?, but all
sharing the 60° apex angle of the original cone developed by Dutch scientists. The most
common cones found in practice are the 10 cm? and 15 cm? variants. NDOR use the 10
cm? cone for its CPT testing. Newer iterations of the electric CPT have added further
sensor capabilities such a pore pressure measurement, also referred to as the piezocone or
CPTu. Other possible sensors include temperature, geophones, and electric resistivity

making the CPT an extremely versatile testing device for numerous in situ applications.

Friction | Cone
sleeve penetrometer

Pore pressure
filter location:

Uy

\/ Cone

Fig. 1.1 CPT diagram and cone sizes (Cabal & Robertson, 2010)
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Fig. 1.2 NDOR CPT Platform

Limitations of CPT are dependent on two primary factors: 1) the nature of the soil
where the probe is advanced 2) The hydraulic capacity of the pushing mechanism. CPT
testing is ideal for soft fine-grained soils. Granular materials such as dense sands or
coarse gravels often cannot be penetrated using this test. Pushing capacity requires a
static reaction force greater than the resistance experience by the cone to continue
advancement. This can be achieved by static weight of heavy (excess of 20 ton)
equipment, or by advancing anchors into the ground to supplement machine weight.
Provided optimal conditions, CPT soundings can be advance in excess of 150 ft. The
cone is advanced at a standard penetration rate of 2 cm/sec, with reading intervals

maintained in the range of 20 mm to 200 mm.
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1.3 Pile Foundations

Pile foundations are among the most common deep foundation types. Like all
deep foundations, piles transfer the majority of a structural load from the surface to
deeper strata where higher bearing capacities can be obtained. In the case of bridges, pile
foundations also may reduce risk from impacts such as scour at water crossings. Piling, if
installed to sufficient depth, can survive a scour event and still provided superstructure
support, where a shallow foundation may not be suitable for such situations. Piles are
classified by properties including material, displacement style, load support condition,
and method of installation. Table 1.1 below presents typical classification for pile
foundations. The displacement and load transfer behavior of piling is dependent on
subsurface conditions, the geometry of the pile, and ultimately the interaction between

these factors.

Table 1.1 Classification of pile foundations

Classification as per: Classified as:

Nature of load transfer or support 1. Side friction

2. End-bearing
Displacement properties 1. Full displacement

2. Partial displacement

3. Non-displacement
Material composition 1. Steel

2. Concrete

3. Timber

4. Composite
Method of Installation 1. Driven

2.

Drilled & cast in place
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Axial load capacity of piles can be assessed by a derivation from the general

bearing capacity equation shown below.
Qu:Qp+Qs:qup+fsAs (1)

where Q, = ultimate pile capacity (unit of force), Q, = end-bearing capacity (unit of
force), Q,= skin or shaft friction capacity (unit of force), g,= unit tip resistance (unit of
stress), f, = unit skin friction (unit of stress), A = area of pile tip, and A, = area of pile

shaft. Ultimate axial load capacity can be directly measured in during or after installation
using static, statnamic, or dynamic load testing programs. Analytical techniques based on
shear strength of soils, or in situ tests such SPT N-values, and CPT results can also

provide basis for ultimate capacity design or analysis.

1.4 Overview & Objectives

Cone penetration testing has been used by NDOR personnel for geotechnical
investigation and site characterizations alongside traditional exploration and sampling
methods such as SPT and undisturbed sampling since the early 2000s. CPT applications
have included investigation and design related to MSE walls, slope investigations, and
various shallow foundation applications. Use of CPT for bridge foundation investigation
has been fairly limited primarily because the department’s hydraulic pushing platforms
were unable to advance the cone to the necessary depths of deep bridge foundations,
often in excess of 70 ft. Recently, larger capacity push platforms have made obtaining the

required depths possible. NDOR geotechnical engineers realize the potential advantage of
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CPT testing and design for deep foundation applications. This project aims to advance

pile design practice in Nebraska, founded in more modern in situ testing regiments.

The CPT cone can be considered as a small-scale pile. The point resistance (qc)
and the sleeve friction (fs) are similar to the end bearing (Qp) and skin friction (Qs)
portions of resistance contributing a pile’s bearing capacity. This close relationship lends
itself to applying CPT test data for axial pile capacity prediction. The CPT sounding
gives a continuous profile of the subsurface, providing detailed information of soil
properties along the entire shaft of a pile. More traditional in situ test methods such as the

standard penetration test (SPT) collect samples at discrete intervals, typically every 5 ft.

This project will focus on the use of CPT data for the computation of bearing

capacity for axially loaded pile in Nebraskan soils. Project objectives are outlined below:

a) Conduct literature review on existing methods of direct pile bearing capacity
prediction using CPT data.

b) Collect information on in-service bridge foundation piles in Nebraska and analyze
load test data/installation records to determine accurate bearing capacity.

c) Compare CPT bearing capacity methods to and load test data

d) Find appropriate factors to correlate measured CPT cone tip resistance/sleeve
friction with end bearing/skin friction resistance specific to regional soil
conditions in Nebraska.

e) Implement Nebraska specific factors into CPT based pile bearing capacity

prediction methods.
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CHAPTER 2 LITERATURE REVIEW

2.1 General

Bearing capacity prediction is a common application of in-situ tests; the CPT
offers capability for this application. The physics of the cone penetration and driven pile
have similarities, leading to this correlation. The continuous profile obtained from CPT
testing yields much more detailed information for the design of pile foundation capacity
compared to traditional discrete sampling such as the standard penetration test. Pile
bearing behavior depends on the type of pile installed and the nature of the soil strata
encountered. The axial capacity prediction methods presented below use a variety of
correlation factors to compare the end bearing and sleeve friction from the cone to
associated bearing mechanisms of pile foundations. Literature review was conducted for

direct capacity prediction methods used by other department of transportation agencies.

2.2 Aoki & De Alencar (1975) Method

Aoki and De Alencar suggested the following relationship for the prediction of

unit end bearing capacity (q) of piles from CPT data.

qca
= 2
G = (2)

Where qca = average cone tip resistance around the pile toe, F, = empirical factor
depending on the type of pile, given in Table 2.1. The authors similarly proposed the

following for unit skin friction capacity (f).

a
f = —_— 3
qCS F ( )

S
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Where g, = average cone tip resistance for each soil layer along the shaft of the
pile, F,=empirical factor that depends on the type of pile, also given in Table 2.1, and

finally o, = empirical factor dependent on soil type, presented in Table 2.2.

Table 2.1 Factors Fb and Fs for different pile types

Pile type Fb Fs
Bored 35 7.0
Franki 25 5.0
Steel 1.75 3.5
Precast concrete 1.75 35

Table 2.2 Factor aos for different soil types

Soil type as ) Soil type os (%) Soil type s (%)
Sand 1.4  Sandy silt 2.2  Sandy clay 2.4
Silty sand 2.0 Sandysiltw/clay 2.8  Sandy clay w/silt 2.8
Siltysand w/clay 2.4  Silt 3.0 Siltyclay w/sand 3.0
Clayey sand w/ silt 2.8  Clayeysilt w/sand 3.0  Silty clay 4.0
Clayey sand 3.0 Clayeysilt 34 Clay 6.0

2.3 Bustamante and Gianeselli (1982) Method (LCPC/LCP Method)

The Laboratoire Central des Ponts et Chausees or French method (known as
LCPC) was proposed by Bustamante and Gianeselli based on the analysis of nearly 200
pile load tests, including several pile types and founded in various subsurface strata
conditions. This method uses only cone tip resistance (qgc) to predict both unit end bearing
and unit skin friction of axially loaded pile. The sleeve friction (fs) data obtained from the
CPT is not considered for this analysis. This method considers pile type and installation
method adjustments for capacity prediction. Unit end bearing resistance is predicted by

the following equation:
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9, = KcAe (4)

Where K¢ = empirical end bearing coefficient from Table 2.3 depending on
installation method and soil conditions, and gca = equivalent average cone tip resistance

obtained from the procedure shown if Figure 2.1.

Unit skin friction is estimated from the following equation:

&\ cpc

Where aLcpc =side friction coefficient from Table 2.4.

The procedure for equivalent average cone tip resistance is outlined below in

combination with Figure 2.1.

1. Compute mean value of gc (termed qca) Over a distance a = 1.5*D above and below

the pile tip, where D is pile diameter.

2. Eliminate qc values outside the range: 1.3q .a t0 .7q 'ca OVer the averaging section +/-

a from the pile tip.

3. Calculate equivalent cone tip resistance gca, by calculating the new mean value over

the same distance from the reduced data from the previous step.
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Fig. 2.1 Procedure for calculation of gca (after Bustamante and Gianeselli 1982)

Table 2.3 End-bearing coefficients, K.

Factors K,
Nature of soil q. (MPa) Group | Group Il
Soft clay and mud <1 0.4 0.5
Moderately compacted clay 1to5 0.35 0.45
Silt and loose sand <5 0.4 0.5
Compacted to stiff clay and compacted silt >5 0.45 0.55
Soft chalk <5 0.2 0.3
Moderately compacted sand and gravel 5t0 12 0.4 0.5
Weathered to fragmented chalk >5 0.2 0.4
Compacted to very compact sand and gravel >12 0.3 0.4

Group I: plain bored piles; mud bored piles; micro piles (grouted under low pressure);
cased bored piles; hollow auger bored piles; piers; barrettes.

Group I1: cast screwed piles; driven precast piles; prestressed tubular piles; driven cast
piles; jacked metal piles; micro piles (small diameter piles grouted under high pressure
with diameter < 250 mm); driven grouted piles (low pressure grouting); driven metal

piles; driven rammed piles; jacket concrete piles; high pressure grouted piles of large
diameter.
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Table 2.4 Friction coefficients, ¢ Lcpc

11

Category
Coefficients, o Maximum limit of f (MPa)
I ] I ] 11
ac A B A B |A B A B A B
Nature of soil (MPa)
Soft clay and mud <5 30 90 90 30 |0.015 |0.015 | 0.015 |0.015 | 0.035
Moderately compact clay 1to5 | 40 80 40 80 [0.035 [0.085 |0.035 |0.035 |0.08 > 0.12
(0.08) | (0.08) | (0.08)
Silt and loose sand <5 60 | 150 60 120 [0.035 [0.035 | 0.035 |0.035 | 0.08 -
Compact to stiff clay and compact silt > 5 60 | 120 60 120 | 0.035 | 0.035 | 0.035 |0.035 |0.08 >0.20
(0.08) | (0.08) | (0.08)
Soft chalk <5 100 | 120 | 100 12 | 0.035 |0.035 |0.035 |0.035 | 0.08 -
Moderately compact sand and gravel |5to12 | 100 | 200 | 100 | 200 |0.08 |0.035 |0.08 |0.08 |0.12 > 0.20
(0.12) | (0.08) | (0.12)
Weathered to fragmented chalk > 5 60 80 60 80 012 [0.08 [0.12 [0.12 |0.15 > 0.20
(0.15) | (0.12) | (0.15)
Compact to very compact sand and > 12 | 150 | 300 | 150 200 | 0.12 0.08 0.12 0.12 \ 0.15 > 0.20
gravel (0.15) |(0.12) | (0.15)

Category-1A: plain bored piles; mud bored piles; hollow auger bored piles; micropiles (grouted under low pressure); cast screwed

piles; piers; barrettes.

Category-IB: cased bored piles; driven cast piles.
Category-11A: driven precast piles; prestressed tubular piles; jacket concrete piles.

Category-11B: driven metal piles; jacked metal piles.
Category-Il1A: driven grouted piles; driven rammed piles.
Category-111B: high pressure grouted piles of large diameter >250 mm; micropiles (grouted under high pressure).
Note: maximum limit unit skin friction f: bracket values apply to careful execution and minimum disturbance of soil due to

construction
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2.4 de Ruiter and Beringen (1979) Method

This procedure, also known as the European method, was developed based CPT
and pile information studied in the North Sea. End bearing and skin friction
determination is further differentiated by sandy or clayey conditions encountered in the
subsurface. Individual discussions follow on end bearing and side friction resistance

prediction methods based on the predominant soil classification.

Clayey soils

End bearing resistance is computed in clays by first finding the undrained shear
strength (Sy) from the cone tip resistance per equation 6 then applying a bearing factor as

shown below in equation 7.

q
S, =—¢ 6
T, (6)
q, =N.S, (7)

Where qc = average cone tip resistance around the pile tip by Schmertmann
method, Nk = cone factor, ranging from 15 to 20, adjusted for local conditions. The term
gp = unit end bearing resistance and N¢ = bearing capacity factor, typical taken as Nc =9
for this method. Shaft resistance in cohesive material is given by the following

relationship.

fs =15, (8)
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Where fs = unit skin friction, 3 is an adhesion factor taken as § = 1 for normally
consolidated soils and = .5 for overconsolidated soils. Undrained shear strength is

determined by the same method presented above for end bearing (equation 6)

Sandy soils

In sand, end bearing is evaluated in similar fashion to the Schmertmann method.
Unit skin friction is determined by the comparison of following, selecting the minimum

value:

f,(CPT)

Y (compressian)
f, = min| 300 9)
Y (tension)

400

1.2TSF

The authors also stated upper bound values of 150 TSF and 1.2 TSF for qg: and fs

respectively.

2.5 Penpile (1978) Method
The Penpile method was developed for Mississippi DOT by Crisby et al. The

following relationships predict unit end bearing and skin friction based on the tip
resistance and sleeve friction respectively. The two following equations for end bearing

are dependent on tip embedment in clayey or sandy soil.

q, =0.25q, (clay) (10)
q, =0.125q,  (sand) (11)

Where qc = average of 3 cone tip resistances near pile tip. Pile skin friction is

subsequently determined by the following procedure:
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f

fo s 12
15+0.1f, 12

Where fs= is sleeve friction from the CPT, with the relationship only valid in the

units of pounds per square inch (psi).

2.6 Philipponnat (1980) Method

Philipponnat proposed the following equation to estimate the unit end bearing of

pile:
qt = kcha (13)

Where ky = factor considering soil type, given in Table 2.5 and qca is average cone

tip resistance detailed below:

_ Gea®+ 0 ®

5 (14)

qca

where q,,(A) and g_, (B) are average cone tip resistances over the distance 3B (B = pile

diameter) above and below the pile tip respectively. The author recommends inspection
of this range and removal of extreme spikes in tip resistance prior to averaging over this

interval.

Table 2.5 Bearing capacity factors ( k)

Soil type K,
Gravel 0.35
Sand 0.40
Silt 0.45
Clay 0.50
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Unit skin friction is calculated by the following relationship using tip resistance

values from the CPT:

— O (15)

Where asdepends on the pile type. For driven precast concrete piles as= 1.25.
The factor Fs is related to soil type and presented in Table 2.6. The term qcs = average

cone tip resistance along the pile shatft.

Table 2.6 Empirical factor (F,)

Soil type F,
Clay and calcareous clay 50
Silt, sandy clay, and clayey sand 60
Loose sand 100
Medium dense sand 150
Dense sand and gravel 200

2.7 Prince & Wardle (1982) Method

Prince and Wardle developed a method to estimate capacity from CPT data based on
analysis of load tested piles installed in stiff clay (London clay). The unit end bearing

capacity is predicted by the following relationship:
qp = kch (16)

Where ky is a factor based only pile installation method. For driven piles, k, =.35 and kp
=.30 for jacked piles. Similarly, unit skin fiction is computed from sleeve friction data

using the following equation:

f =k, f (17)
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Where again ks is a factor which depends on the pile installation method. For
driven piles, ks = .53, for jacked piles, ks = .62 and for bored piles, ks = .49. Upper limits
of gp and f were imposed per this method. These values are 150 TSF and .12 TSF for unit

end bearing and skin friction respectively.

2.8 Schmertmann (1978) Method

Schmertmann outlined a procedure for unit end bearing based on Begemann’s
method and two separate methods for side friction prediction in clays and sands
respectively. Considerations are given for pile types and installation methods by

Schmertmann.

End-bearing Determination

Unit end bearing is determined by evaluating a failure zone above and below the

pile tip. The following equation is given for end bearing.
q, =222 <15MPa (18)

Where q,= end bearing resistance, g , = average cone tip resistances of zones

ranging from 0.7D to 4D below the pile tip, q., = average cone tip resistances over a

distance 8D above the pile tip. More details are given on this procedure in Figure 2.2.
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Cone resistance q,

v

_ Y1t Qe
Q= 2

q.; = Average q, over a
distance of yD below the pile
tip (path a-b-c). Sum q.
values in both the downward
(path a-b) and upward

(path b-c) directions. Use
actual q, values along path a-b
and the minimum path rule
along path b-c. Compute q,
for y values from 0.7 and 4.0
and use the minimum q,
values obtained.

Depth

2
f 8D
|

L—-

Envelope of M

minimum q. values

Y a q., = Average g, over a
distance of 8D above the pile
YD  tip (path c-e). Use
the minimum path rule as
for path b-c in the g
¥ computations. Ignore
any minor 'x' peak
v depressions if in sand,
but include in
minimum path if in clay.

Fig. 2.2 Procedure for calculation of gt by Schmertmann method

This method also indicates that additional evaluation of soil strata in the zone
defined by 4D to 10D below the pile tip. The failure surface of the soil surrounding the
pile may extend into this region, thus if weaker strata exists, reductions should be
considered by the designer. Schmertmann gave an upper bound for qc at 300 TSF.
Separate discussions are conducted for skin friction determination based on soil type, the

processes are presented below.
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Sandy Soils

Calculating the skin friction in sand is based on Nottingham’s 1975 procedure

which considers cone sleeve friction, the equation follows.

8D y L
F =K ZS—D f A+ A, (19)

y=0 y=8D

Where Fs = ultimate skin friction resistance, K = sand correction factor-based pile
depth to width ratio, determined from Figure 2.3. y = depth of fs considered, D = pile
width/diameter, L = pile length, and A’s = soil-pile contact area. An upper bound of 1.2

TSF is recommended for sleeve friction.

Clay Soils

In cohesive soils, Schmertmann developed a simple relationship based on the CPT

sleeve friction with an adjustment factor for pile type shown below.
Fo=a fA (20)

Where Fs = ultimate skin friction resistance, ac = ratio of pile to penetrometer
sleeve friction, As= pile-soil contact area. ac can be obtained from Figure 2.4 shown

below.
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Fig. 2.4 ac, Design curves for pile side friction in clay (Schmertmann 1978)
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The author recommended a 25% reduction of skin friction for bored or cast in place
piling compared to driven piles. HP piles can be considered with a rectangular cross

section simulating plugging effects.

2.9 Tumay & Fakhroo (1982) Method

This method was developed primarily for piles installed in cohesive soil conditions.
Unit end bearing is computed by a process very similar to the Schmertmann method

shown below.

qcl qcz qa
— -a 21

Where qc1 = average (¢ values 4D below the pile tip, gc = average minimum ¢
values 4D below the pile tip, and g._= average minimum values ranging 8D above the

pile tip.
The authors proposed the following relationship for unit skin friction prediction.

f =mf_ (22)

Where fsa = average local friction in TSF, and m = an adhesion factor given in

terms of fsa by:
m=0.5+9.5e " (23)

fsa is defined by the equation below:
f,=-"L (24)

Where F; = total CPT friction for pile embedment and L = pile length.
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CHAPTER 3 METHODOLOGY

3.1 Method Overview

The objective of this project is to evaluate CPT based pile bearing prediction
methods for driven pile in Nebraska. The CPT bearing capacity methods discussed
previously use different approaches to determine end bearing and skin friction capacity of
piles, and each of these methods presumably have strengths and limitations related to pile
type and soil conditions. Nebraska has a wide range of geologic conditions across the
state, ranging from wind deposited silts and sands to highly overconsolidated glacially
impacted materials. Additionally, some parts of the state have shallow formations of rock
or rock like intermediate geo-materials (IGMs) such as shale which offer quality bearing
strata for driven pile foundations. This study collected data from NDOR at bridge
locations that had the following records: 1) driven pile records 2) dynamic load test data
3) boring information 4) CPT records. These records were then used to evaluate in place
bearing capacity of installed bridge foundation piles, which could further be statistically
compared to CPT prediction output. The following sections provide further information

on site selection and data sampling.

3.2 Site Selection

The primary objective of project site selection for this research project was to
obtain data representative of the majority of Nebraska soil conditions encountered during
bridge foundation design and installation. During discussion with the advisory
committee, a focus was placed on selecting sites that represented soil conditions where
NDOR recognized potential for CPT subsurface investigation in future bridge foundation

work. Two primary factors drove the projects selected for further evaluation. First, not all
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soil conditions in Nebraska are conducive to CPT investigation. In particular, sites with
significant strata (> 10 ft) of dense sands and gravels at shallow elevations are difficult
for the pushed cone to penetrate. This is a well-known limitation of the CPT test, and
other traditional boring techniques are typically used for geotechnical investigation. Due
to this, most projects selected had predominately softer, fine grained material throughout
the profile. This is not to say that granular material conditions were not evaluated in any
capacity, rather sites with 60+ ft of dense/highly angular sand and gravel typically found

in the western part of the state were avoided.

Second the availability of load test data was a significant factor in the site choice
for this project. NDOR selectively preforms dynamic load tests on structures of high
value or high load capacity. Other structures are selected based on cost/benefit, limited
geotechnical investigation, and concern for site variability. The objective of PDA
dynamic load testing is to verify in place pile capacities are meeting design capacity, and

occasionally provided project specific pile driving adjustments.

Initial site selection consisted of 34 bridge projects consisting of 48 bridge
structures. Each structure was further investigated to find substructure elements (e.g.
Abutment #1, Pier #2) with existing PDA records and corresponding CPT logs. In some
instances, bridges with dynamic load tests for all four substructures were compared to
only two existing CPT logs. Two borings or CPT investigations is common for NDOR
bridge replacement projects evaluated by the geotechnical section. Some projects had

quality load test data but had been built prior to widespread CPT use by the department
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on bridge. As a result, NDOR staff conducted new CPTs at these sites where subsurface

conditions were favorable to advancing the cone to adequate depths.

Final project selection for further study included 17 projects consisting of 20 bridges.

Table 3.1, presents the project and structure information of those projects studied for this

research. Figure 3.1 below is a map of Nebraska with locations of the selected projects

and associated interstate, state highway, or county bridge classification. Further

information related to substructure and specific piling information will be discussed later.

Table 3.1 CPT Project information

PN CN SN PN CN SN
34-6(133) 12425 C05501305P 80-9(865) 12492 S080 40436
S034 31644 80-9(838) 12465 S080 41341
S034 31644 159-7(106) 12381a S$159 01373
77-2(1025) 11801 S077 09368 85-2(111) 22203 S085 0042
80-2(106) 51459B S080 08295L 7066(43) 12785 C006602905
80-9(865) 12492 S080 40436 80-9(811) 21929 S080 43555
180-9(519) 11347 S180 00205 80-9(828) 12455 S080 42094
77-3(128) 22265 S077 11185 80-9(801) 21867 S080 44207
75-2(167) 21849e S034 38219 15-3(115) 32132 S015 13411
81-2(1035) 42050A S081 08578 80-9(830) 12457 S080 41856

i

Lincoln

www.manharaa.com



24

3.3 In Place Pile Capacity

NDOR'’s LRFD pile driving equation was also considered in addition to dynamic
load test results. Equation 25, is the equation used for official pile capacity verified and
reported by department field personnel. The equation has been well verified and
represents a Nebraska specific capacity determination design engineers have confidence
in. Driving equation results are typically found to be slightly conservative compared to

PDA/CAPWAP analysis results, as reported by NDOR geotechnical staff.

4E

Py = — (25)

s+.5

Where ¢ = resistance factor, ¢ =.7, E = hammer energy defined by E = W*H,
where W is the ram weight of the hammer in Kips, H is the fall of the ram in feet, and

finally s = pile set (distance the pile moves when struck) in inches/blow.

3.4 Pile Type

Pile type can be generally classified as end bearing or skin friction piling. NDOR
policy typically specifies steel HP pile for end bearing controlled designs, and steel pipe
piles or precast prestressed concrete piles in the case of side friction dominant designs.
HP piles most commonly used by the state are HP10x42, HP12x53, and HP14x89 sizes.
Steel pipe piles are almost all 12.75 O.D. with 3/8in wall thickness and welded plate
bottoms. Prestressed concrete pile used by the state can be square, circular, or hexagonal
with 28-day strength ranging from 4000-5000psi. In this study HP piles, pipe piles and
square concrete piles were evaluated. CPT bearing design methods used allowed for pile
shape and type considerations. This project analyzed 33 pipe piles, 40 HP piles, and 5

concrete piles. After initial analysis, pile type was considered for variations in dynamic
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load test results versus predicted CPT capacity. Individual pile “sizes” were considered,
but analysis ultimately led to the classification of pile type the predominant bearing
resistance condition, end bearing or side friction. Thus, pile classification for bearing
evaluation and statistical analysis grouped all HP piles as end bearing, and pipe piles and

concrete piles as friction piles in accordance with NDOR practice.

3.5 CPT Data

CPT data collected was collected and output in digital form directly from the
logging software. The software logs depth, tip resistance (qc), sleeve friction (fs), and
pore pressure (uz) real time while the cone is advanced. Information is then saved to the
log file which can be exported in [.csv] format. A report is generated containing the
measured information discussed above as well as important project information. An

example of raw CPT output is shown below in Figure 3.2, from project 80-9(811).

4 A | 8 c | b 3 F .6 Ho1 ) K L M N o P Q R s T u v w

1 Him]  qc[MPa] fs[MPa] w2[MPa] Incl.[] vlcm/s] Rf[%]  Uo[MPa] qt[MPa] ft[MPa] sigmaVo [Isigma'Vo [qt-sigmaViQt[] Fril Bal] Rf(ac) (%] Uh[MPa] Rfd[]  soil[]  L[m]  D[m]  UW[kN/m3]
2 0 0 0 0.0006 19 0 100 0 0 0 0 0 0 10 100 6 100 [ 0 1 0 0 15
3 002 0139 0.0001 0 0.6 0 00n2 0 0139 0 0 0 0139 396429 0072 0 0072 0 0 1 om 002 175
4 0.04 0471 0.0001 -0.0002 0.6 0 0.042 0 0.471 0 0.001 0.001 047 671.383 0.043  -0.0004 0.042 0 0 1 0.04 0.04 175
5 0.06 0913  0.0001  0.0007 0.6 18 0.022 0 0.914 0 0.001 0.001 0912 869.011 0.022  0.0008 0.022 0 0 6 0.06. 0.06 175
6 008 1154 00001 0.0036 0.6 19 0017 0 1154 0 0001 0001 1153 817635 0017 00031 0017 0 0 6 008 008 18
7 0.1 1.028 0.0001 0.0023 0.5 19 0.019 0 1.028 0 0.002 0.002 1.027 580.055 0.019  0.0022 0.019 0 0.024 6 0.1 0.1 18
8 0.12 0959 0.0001 0.0044 0.4 20 0.021 0 0.96 0 0.002 0.002 0.958 451.879 0.021  0.0046 0.021 0 0.021 6 0.12 0.12 175
9 0.14 0.98  0.0001 0.005 0.4 20 0.02 0 0.981 0 0.002 0.002 0.979 394.565 0.02  0.0051 0.02 0 0.019 6 0.14 0.14 18
10 0.16 1.057 0.0001 0.0055 0.4 21 0.019 0 1.058 0 0.003 0.003 1.055 371493 0.019  0.0052 0.019 0 008 6 0.16 0.16 18
n 0.18 1123 0.0001 0.0063 0.4 20 0.018 0 1124 0 0.003 0.003 1121 350.253 0.018  0.0056 0.018 0 0.017 6 0.18 0.18 18
12 0.2 1183 0.0001  0.0066 0.4 21 0.017 0 1184 0 0.004 0.004 118 331.488 0.017  0.0056 0.017 0 0.017 [ 0.2 0.2 18
13 | 0.22 123 0.0001 0.0062 0.4 20 0.016 0 1231 0 0.004 0.004 1.228 313.156 0016 0.0051 0.016 0 0.016 6 0.22 0.22 18
14 0.24 1314 0.0001  0.0063 04 20 0.015 0 1315 0 0.004 0.004 131 306.151 0.015  0.0048 0.015 0 0016 6 0.24 0.24 18
15 0.26 134 0.0001 0.0061 0.5 20 0.015 0 1341 0 0.005 0.005 1336 287.96 0015  0.0046 0.015 0 0015 6 0.26 0.26 18
16 0.28 1375 0.0001 0.0052 0.5 20 0.015 0 1376 0 0.005 0.005 1371 274.166 0.015  0.0038 0.015 0 0.015 6 0.28 0.28 18
17 03 1381 00001 0.0052 06 19 0014 0 138 0 0005 0005 1377 256879 0015 00038 0014 0 o015 6 03 03 18
18 0.32 1.407 0.0001 0.0044 0.6 21 0.014 0 1.407 0 0.006 0.006 1.402  245.032 0014  0.0031 0.014 0 0.014 6 0.32 0.32 18
19 034 1424 0.0001 0.0038 0.6 20 0.014 0 1424 0 0.006 0.006 1418 233.278 0014  0.0027 0.014 0 0014 6 0.34 0.34 18
20 0.36 1425 0.0001  0.0033 0.6 20 0.007 0 1.425 0 0.006 0.006 1419 220.309 0.007  0.0023 0.007 0 0007 6 0.36 0.36 18
21 0.38 146 0.0001 0.0021 0.6 19 0.007 0 146 0 0.007 0.007 1454 213.755 0.007 0.0014 0.007 0 0.007 6 0.38 0.38 18
22 0.4 153 0.0001 0.0016 0.6 0 0.013 0 1531 0 0.007 0.007 1523 212.481 0013 0.0011 0.013 0 0.013 6 0.4 0.4 185
23 0.42 1.559 0.005 -0.001 0.5 19 0.34 0 1559 0.005 0.008 0.008 1552 206.057 0.342  -0.0006 0.34 0 0.349 6 0.42 0.42 18
24 044 1.549 0011 -0.0018 0.4 18 0.736 0 1.549 0.011 0.008 0.008 1541 195.339 0.74  -0.0012 0.736 0 0741 6 0.44 0.44 18
25 0.46 1.558 0.018 -0.0029 0.4 18 1.155 0 1.558 0.018 0.008 0.008 155 187.841 1162 -0.0019 1.155 0 1.156 5 0.46 0.46 18
26 0.48 1.569 0.029  -0.0045 0.4 20 1.868 0 1.569 0.029 0.009 0.009 156 181181 1878 -0.0029 1.867 0 1.86 5 0.48 0.48 18
27 0.5 1.595 0.034 -0.0058 0.4 20 2159 0 1594 0.034 0.009 0.009 1.585 176.667 2171 -0.0037 2.157 0 2.168 5 05 0.5 18
28 052 169 004  -0.007 0.4 20 2485 0 168 004 0009 0009 1618 173467 2450 -0.0043 2443 0 250 5 052 0.52 18
29 0.54 1.627 0.045 -0.0074 0.6 19 2755 0 1.626 0.045 0.01 0.01 1616 166.793 2772 -0.0046 2753 0 2.815 5 0.54 0.54 18
30 0.56 1.627 0.052 -0.0086 0.6 21 3174 0 1.626 0.052 0.01 0.01 1.616 160.764 3194 -0.0053 m 0 3241 4 0.56 0.56 18
31 058 1621 0054 -0.0091 0.6 19 332 0 1619 0054 001 001 1609 154557 3344 -0.0057 3319 0 3380 4 058 058 18
32 06 158 0055 -0.0101 0.4 20 3477 0 1585 0055 0011 0011 1574 146148 3501 -0.0064 3473 0 3487 4 06 0.6 18
33 0.62 1.574 0.056 -0.0104 0.4 20 3543 0 1572 0.056 0.011 0.011 1.561 140.252 3.568 -0.0067 3539 0 3.551 4 0.62 0.62 18
34 0.64 1.567 0056 -0.0121 0.6 19 3.558 0 1.566 0.056 0.011 0.011 1554 135.254 3584 -0.0078 3553 0 3.588 4 0.64 0.64 18
35 066 1557 0052 -0.013 0.6 20 3352 0 1555 0052 0012 0012 1543 130.183 3377 -0.0084  3.347 0 33% 4 066 066 18
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Penetration of the cone was conducted at the standard 2 cm/s. Groundwater table
elevation is determined graphically from the distribution of uz pore pressures measured
by the PCPT probe. CPT analysis software preforms soil classification. NDOR typically
uses the Robertson 1986 method, which was also adopted for use in this project. Soil
classification analysis is typically set a 0.1ft intervals by the NDOR geotechnical section.
This classification was taken directly from the output file for use in pile capacity methods
where required. Standard zero-spike data correction was conducted by the CPT analysis

software to correct for false responses during rod addition.

3.6 Dynamic Load Test Data

Pile load tests can be generally classified into three methods based on the loading

mechanism and behavior:

1) Static Load Test
2) Dynamic Load Test

3) Statnamic Load Test

The state of Nebraska uses dynamic load testing to verify bearing capacity of
driven deep foundations across the state. One of the first and most widely used systems is

the Pile Driving Analyzer (PDA) manufactured and supported by Pile Dynamics Inc.

Dynamic load testing was first used by NDOR in the early 2000s on test piles for
select projects, and use has continued to present day. This provided a large quantity of
records for driven pile foundations. For the purposes of this research, dynamic load test
data for the entire length of the pile was desirable. Many times though, department use of

the pile analyzer is for final drive capacity verification, or for set up factor determination.
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Consequently, some of the available data was eliminated, not because it was
unusable in all cases, but rather complete driving records allowed for more complete
analysis and comparison to CPT methods. The dynamic load test data comprises of two
components. First, the raw wave signal data is recorded for each hammer blow. The PDA
unit records this information to the log. A real time capacity is provided to the engineer;
however, these are only estimates and are not considered accurate for capacity

verification. An example of the real time PDA data collection compiled into the log file is

shown in Figure 3.3.

Fig. 3.3 PDA log file example

The second component of the dynamic load test requires further analysis of the
raw data. This is performed by CAPWAP software, which uses a wave signal matching
technique to refine an accurate capacity. Blows are analyzed individually, which means
the load test data can be calculated at any desired depth from a complete log, but the data

is discrete and computationally speaking time consuming. Figure 3.4 is an example of the
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CAPWAP analysis. Most importantly from this analysis, the load test data gives an

accurate ultimate axial capacity and additionally end bearing and skin friction

distributions that could be compared to CPT data.
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Fig. 3.4 CAPWAP analysis output

For this project the objective to sample load test data at periodic intervals of pile

installation length for complete driving records, focusing on the last 10-15 ft of the

embedment length. The rational being, that these conditions represent near design bearing

conditions such as embedment length and firmer soil strata. For some comparisons,

incomplete PDA records or CPT penetration refusal limited the range of pile embedment

lengths that could be further analyzed with CAPWAP. Finally, department driving

records were also acquired for PDA/CPT comparison. These records allowed for

verification of pile penetration length, measured “set”, and “hammer fall” at 5 ft intervals

on test piles to be compared with dynamic load test records.
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3.7 CPT Based Bearing Prediction

The core task of this project was to implement CPT based bearing capacity design
methods for axially load piles. Due to the repetitive nature and computational effort
required, functions for each of the eight discussed methods was coded in a combination
of Microsoft Excel and RStudio suites. Numerical and graphical output is also from
Excel. These methods were selected due to widespread availability and ease of use.
Additionally, by providing bearing computation along the entire CPT profile rather than
for discrete elevations used in analysis, the CPT methods can be developed as a design
tool for NDOR geotechnical engineers designing pile. This continuous bearing vs depth
style is consistent with current commercial pile design software. Furthermore, multiple

comparisons could be conducted at desired embedment locations.
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CHAPTER 4 PILE ANALYSIS

4.1 CPT Profile

CPT data was provided in raw format from field collection and needed to be
processed prior to bearing capacity prediction. Section 3.5 details standard methods that
were applied to each profile. In addition, the CPT profile was compared alongside boring
logs where available for soil strata verification. Elevation data in relation to bridge
substructure elements needed to be calculated for most projects. Figure 4.1 contains
boring log information from bridge plans. Figure 4.2 is a processed CPT graphic ready

for further bearing analysis.

Beam !
gtfr:g;\\o&os o € Aputment No. I B
Gr. Elev. 122060 Sta SHHaN 0 € et NG 1 € Brid §B\%ag0
g .—Ism. 43415860 Sta. 435+16.60 Gr. Elev. 1223.20
fev. 1221

42" Open Concrete Rall ~

High Water l
Elev. 1213.00
—
O T T TR TR ST ST ST 2%

Low Concrete
Sta. -40.98 Elev. 1214.30

42" Closed Concrete Rall
(Approach Sectlons Only)
Gr. Elev. 1220.01
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\\ F. L Elev. 1202.31 Elev. IZOU..‘NI
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%,
TOPSOIL CLAY SILT GRAVEL

Al
Not to Scale

Fig. 4.1 Example of boring log information from bridge plans
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Fig. 4.2 Example of Cone Penetration (CPT) Log
4.2 CPT Bearing Capacity

Bearing capacity was calculated by eight known CPT based methods investigated
in chapter 2. These methods were Aoki & DeAlencar, LCPC, European, Penpile,
Philipponnat, Prince & Wardle, Schmertmann, and finally Tumay & Fakhroo. Each CPT
profile was evaluated over the entire length of the log. End bearing capacity was
predicted at each CPT log interval (approximately .75”). Similarly, unit skin friction was
calculated at each depth, then accumulated down the profile. Finally, a summation of
resistances was gathered for ultimate bearing capacity prediction at every logged depth.

The figures below are an example of the resultant output including the numerical
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capacities and graphics comparing end bearing, skin friction, and total capacity for all

eight prediction methods.

Penpile Philipponnat - Prince & Wardle LCPC Aoki Schmertmann European Tumay
GPNPI Qs kip] ll!p] Qp [kip] Qs [Kip) m Gp [Kip] QSI”PI_IEPI QK] Os ki) m Qp i) Qs i m Qp i) Qs i M!l GPNPI Qs Kip) m plki] M'Pl_m
B0 556 4748 301 4646 1570 1617 818 3316 435 2308 4008 839 2618

1.98 33.70 35.68 548 4157 SI.N 301 4647 49.‘7 1568 1623 3L91 830 32 41.50 454 2309 17.63 2.71 40.15 41.57 854 2631 34.85
19% 3372 3568 541 4766 5307 301 4648 4948 1565 1630 3195 844 3325 4169 451 B0 261 211 40n 2N 80 2645 KM
389 BB N6 5B 476 534 301 4649 4950 1562 1637 3199 860 3329 4189 467 212 2108 280 4028 4308 888 2658 3546
385 3376 3761 592 4786 5379 336 4651 4988 1560 1644 3203 879 3334 4213 476 2314 2790 286 4035 43u 909 2671 3580
38 B9 }E 588 4797 538 371 4654 5025 1557 1650 3208 899 3339 43 485 17 B2 291 4043 4334 931 2685 3616
380 3383 3763 584 4810 5393 407 4657 5064 1555 1657 312 918 3344 4263 501 BA BN 301 405 85 95 2698 365
378 3388 365 579 48N 5402 425 4661 5086 1552 1664 3216 936 3350 4286 343 2325 2668 206 40620 4268 976 2711 3687
376 B9 N6 576 4836 Sl 44 4665 SLO7 1550 1671 20 951 3357 4308 37 2829 2203 225 4N Q% 9N uA 7Y
376 397 A;B 574 4849 S4B 460 4669 5129 1547 1677 RA 964 36 LU 406 B3 2239 248 48 BB 1000 2738 345
376 34020 3708 57 4863 5435 460 4673 5133 1545 1684 3229 975 3370 4346 43¢ 338 271 260 4092 45 103 2751 M
376 3407 3788 570 4877 5447 478 4678 5155 1542 1691 3233 986 3377 4363 460 234 2802 276 4100 4378 1036 27.64 3800
377 41 3189 569 4892 546l 495 468 5177 1540 1698 3237 995 3385 4379 490 2347 283 29 413 4407 1046 2177 BB
37 317 3194 569 4907 546 513 4687 5200 1537 17.04 324 1000 3392 439 519 285 BN 312 45 436 1043 2790 3834
376 3423 399 570 40 549 531 469 5223 1535 1741 3246 1005 3400 4405 549 2357 2906 330 4136 4466 1053 2804 3856
376 3430 3805 573 4937 5510 513 4698 5210 1532 1748 3250 1009 3408 4417 547 2363 2009 328 4148 4476 1061 2817 387
375 3437 8L 575 495 5527 495 4704 5199 1530 1705 3255 1043 415 M9 512 2369 2041 343 4159 4502 1072 2830 3003
375 3444 3819 578 4967 5545 543 4741 523 1508 1731 3259 1048 3423 4441 587 2376 2964 35 4170 4522 1085 2843 398

374 345 32 58 4981 5563 495 4748 5213 1525 1738 3263 1021 3430 4450 600 2384 2984 360 4181 4541 1077 2856 3934
374 61 3835 586 4996 558 478 4727 5204 1523 1745 68 1023 3436 M50 623 2393 3046 374 4191 4565 1076 2870 3946
373 37 344 59 5042 5603 495 4736 5231 1521 1752 32M2 1026 3444 4469 383 2401 2785 230 4202 4432 1086 2883 3069
373 3480 3853 598 5028 5626 548 4744 5293 1518 1756 3275 1028 345 4480 446 2410 2857 268 414 MB 1097 8% 399

373 3489 386 605 5046 5651 619 4753 53 1506 1761 3277 1029 3461 490 510 2419 2929 306 4228 4534 1109 2909 4018
3 3499 3N 615 5063 5678 601 4762 5363 1504 17.66 3280 1029 3470 4499 567 2428 2994 340 4241 4581 1119 92 4041
371 3509 3880 626 5081 57207 584 4771 5385 1502 1773 3284 1029 3479 4507 619 2437 305 371 4254 4625 1129 2935 4064
370 3519 3889 639 5098 5736 584 4781 5364 1500 1779 3289 1029 3487 4516 678 2445 3123 407 4267 4674 1138 2948 4087
370 3529 3898 652 5114 5766 566 4790 5356 1507 1786 3293 1029 349 4524 736 2454 3190 44 419 4A 1148 296 4109
369 3539 3908 665 5130 5795 566 4799 5365 1505 1793 3298 1027 3503 4530 795 2463 RS 47 AN 4169 111 2975 408
369 3549 3948 676 5138 5844 531 4809 5340 1504 1800 3303 1028 3510 4539 783 471 S5 470 4304 4174 1120 2988 4108
369 3560 3929 72 5152 5874 495 4820 5315 1500 1806 3308 1031 3517 4548 830 248 3A1 498 4315 481 117 3001 4128
369 3571 3940 733 5161 5894 478 4830 5308 1501 1813 3314 1034 3522 4555 856 249 3348 514 4325 4839 1136 3004 4150
369 3581 3950 743 5164 5006 036 4840 4875 1499 1820 3319 1038 3526 4564 564 2499 3064 339 4326 4665 832 3027 38K
368 3591 3959 744 5175 5888 531 4849 5380 1498 1827 3324 1052 3531 458 614 2509 3123 368 4338 4706 850 3040 3890
369 36010 3970 720 5190 5940 531 4859 5390 149 1833 3330 1054 3538 4592 62 2518 3140 373 4349 412 857 3054 394

Fig. 4.3 Example of numeric output from CPT capacity prediction
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Fig. 4.4 Example of total axial capacity plot generated from CPT prediction
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Fig. 4.5 Example of end bearing & skin friction CPT capacity plots
4.3 Dynamic Load Test Analysis

Pile load test data collected from NDOR on bridge construction projects was used
for comparison and calibration of CPT prediction methods. Driving records from the
PDA were selected per the procedure outlined in the methodology section 3.6. Multiple
strike analysis was performed on studied pile where possible. PDA data was further
analyzed by CAPWAP software for accurate ultimate load capacity determination. In
addition to ultimate pile capacity, end bearing and skin friction proportions are available

output. These capacities were recorded in a spreadsheet for further comparison.
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4.5 Data Analysis

The following data tables contain a summary regarding the analyzed piles and
CPT capacity predictions. 78 comparisons were made for initial study discussed here in
after. For complete information regarding project information, driving details, and CPT

end/skin capacities, refer to Appendices A&B.

Table 3.2 Pile and dynamic load test data summary.

Length | Driving
in Egn CW- | CW- CW-
Log Pile Place | Ultimate | total | skin end
ID SN Subst Type [ft] [Kips] [Kips] | [kips] | [Kips]
1 C05501305P Al HP12x53 45 124 163 151 12
2 S034 31644 Al HP12x53 55 154 160 132 28
3 S034 31644 Al HP12x53 57 176 171 147 24
4 S034 31644 Al | HP12x53 60 196 184 129 55
5 S034 31644 A2 | HP12x53 45 64 75 9 66
6 S034 31644 A2 | HP12x53 50 81 99 35 64
7 S034 31644 A2 | HP12x53 55 131 152 132 20
8 S034 31644 A2 | HP12x53 58 130 149 122 27
9 S034 31752 Al | HP12x53 34 223 251 101 150
10 S034 31752 A2 | HP12x53 35 109 113 97 16
11 S034 31752 Bl | HP12x53 40 259 313 3 311
12 S034 31752 B2 | HP12x53 35 172 233 104 129
13 S077 09368 Al pipe 80 393 448 273 175
14 S077 09368 A2 pipe 90 344 429 372 57
15 S077 09368 A2 pipe 92 397 450 96 354
16 S077 09368 Bl pipe 87 394 450 326 124
17 S077 09368 B2 pipe 87 382 430 269 161
18 | S08008295L | Al pipe 32 298 452 429 23
19 S080 40436 P1 Type | 34 143 166 30 136
20 S081 08578 Al pipe 74 173 163 134 29
21 S081 08578 Al pipe 65 145 85 61 24
22 S081 08578 Al pipe 70 163 98 76 22
23 S081 08578 Al pipe 75 185 170 40 130
24 S081 08578 B2 pipe 75 91 137 89 48
25 S081 08578 B2 pipe 68 88 141 61 80
26 S081 08578 B2 pipe 72 99 116 37 79
27 S081 08578 B2 pipe 75 100 120 61 59
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28 | 508040436 | Al pipe 55 125 192 | 141 51
29 | S08040436 | Al pipe 65 136 164 59 105
30 | S08040436 | Al pipe 75 144 133 47 86
31 | S08041341 | Al |HP12x53| 36 296 385 | 156 | 229
32 | S08041341 | Al | HP12x53 | 40 402 401 | 118 | 283
33 | S08041341 | A2 |HP12x53| 35 225 178 | 140 38
N3
34 | S15901373 | (P3) | HP14x89 | 85 397 360 | 155 | 205
N2
35 | S15901373 | (P2) | HP14x89 | 74 526 600 | 145 | 455
36 | S0850042 | P1 pipe 37 71 56 13 43
37 | S0850042 | P1 pipe 40 93 62 12 50
38 | sS0850042 | P1 pipe 42 104 71 21 50
39 | S0850042 | P2 pipe 43 166 136 81 55
40 | S0850042 | P2 pipe 46.5 147 138 70 68
41 | S0850042 | P3 pipe 39 94 69 51 18
42 | C006602905 | A2 |HP10x42 | 44.5 86 105 30 75
43 | C006602905 | A2 |HP10x42 | 44 75 115 35 80
44 | C006602905 | A2 | HP10x42 | 47 91 133 | 112 21
45 | S08043555 | Al | HP12x53 | 45 89 153 | 107 46
46 | S08043555 | Al | HP12x53 | 48 126 178 | 133 45
47 | S08043555 | Al | HP12x53 | 52 145 206 | 130 76
48 | S08043555 | Al | HP12x53| 55 161 223 | 177 46
49 | S08043555 | A2 | HP12x53| 40 172 186 | 133 53
50 | S08043555 | A2 | HP12x53 | 45 195 205 | 150 55
51 | S08043555 | A2 | HP12x53 | 50 214 276 | 227 49
52 | S08043555 | A2 |HP12x53| 55 228 310 | 270 40
53 | S08043555 | A2 | HP12x53 | 60 280 388 | 305 83
54 | S08043555 | P1 | HP12x53 | 50 276 321 | 282 39
55 | S08043555 | P1 | HP12x53 | 53 327 391 | 317 74
56 | S08042094 | Al Pipe 42 184 180 | 145 35
57 | S08042094 | Al Pipe 45 174 165 99 66
58 | S08042094 | Al Pipe 50 148 152 70 82
59 | S08042094 | Al Pipe 55 205 221 | 109 | 112
60 | S08042094 | Al Pipe 60 192 199 | 125 74
61 | S08042094 | A2 Pipe 47 230 252 | 136 | 116
62 | S08042094 | A2 Pipe 50 220 255 | 140 | 115
63 | S08042094 | A2 Pipe 55 238 270 | 188 82
64 | S08042094 | A2 Pipe 60 256 282 | 124 | 158
65 | S08042094 | P1 | Typel 40 172 175 43 132
66 | S08042094 | P1 | Typel 45 206 188 71 117
67 | S08042094 | P1 | Typel 50 248 194 81 113
68 | S08042094 | P1 | Typel 55 191 159 93 66

www.manaraa.com



37

69 S080 42094 P1 Typel 60 242 200 107 93
70 S080 44207 P4 | HP12x53 55 176 170 138 32
71 S080 44207 P4 | HP12x53 60 218 206 160 46
72 S080 44207 P4 | HP12x53 65 238 236 149 87
73 S080 44207 P4 | HP12x53 70 256 275 206 69
74 S080 44207 P4 | HP12x53 73 240 314 241 73
75 S080 44207 P4 | HP12x53 52 163 169 94 75
76 S080 44207 P4 | HP12x53 57 162 170 147 23
77 S080 44207 P4 | HP12x53 63 204 215 175 40
78 S080 44207 P4 | HP12x53 69 263 332 237 95

Table 3.3 CPT prediction for total capacity.
*CPT Methods Key* 1) Penpile 2) Philipponnat 3) Prince & Wardle 4) LCPC 5) Aoki & De

Alencar 6) Schmertmann 7) European 8) Tumay & Fakhroo

Log Dceli)-trh %\:\éi CPT Method -Total Capacity [Kips]
ID .
[ft] [kips] | 1 2 3 4 5 6 7 8
1 29.9 163 129.3 | 302.8 | 279.5 | 176.7 | 366.5 | 374.2 | 247.0 | 288.3
2 46.1 160 106.7 | 377.1 | 175.2 |1 120.1 | 223.0 | 173.9 | 193.3 | 229.1
3 47.8 171 130.1 | 414.8 | 197.2 | 140.9 | 232.9 | 188.1 | 201.2 | 232.9
4 50.3 184 149.1 | 462.9 | 227.7 | 143.0 | 245.0 | 206.0 | 214.4 | 241.9
5 40.1 75 133.6 | 365.5 | 238.6 | 147.8 | 258.1 | 206.8 | 200.5 | 210.3
6 44.6 99 166.1 | 452.2 | 291.8 | 161.8 | 296.0 | 241.9 | 239.2 | 226.1
7 49.1 152 181.3 | 515.4 | 343.3 | 145.8 | 317.6 | 267.9 | 270.9 | 235.2
8 51.7 149 210.7 | 567.9 | 368.0 | 149.5 | 344.7 | 279.8 | 292.0 | 251.4
9 29.2 251 130.3 | 380.4 | 292.4 | 231.0 | 408.7 | 457.2 | 272.2 | 320.1
10 34.0 113 219.2 | 523.4 | 412.5 | 298.6 | 493.2 | 590.2 | 344.8 | 430.6
11 31.0 264 96.4 | 260.3 | 215.5 | 148.0 | 388.5 | 352.1 | 356.4 | 237.0
12 33.8 264 128.3 | 361.6 | 288.3 | 189.7 | 456.4 | 403.6 | 497.1 | 290.6
13 78.5 448 251.4| 674.4 | 402.8 | 281.5 | 522.0 | 430.3 | 216.5 | 409.6
14 84.0 429 328.5 | 884.3 | 684.5 | 443.4 | 708.7 | 466.8 | 520.0 | 451.1
15 86.0 450 348.9 | 927.3 | 662.2 | 455.3 | 736.5 | 494.3 | 535.6 | 456.2
16 81.7 450 265.0 | 740.6 | 576.6 | 306.7 | 690.5 | 515.2 | 273.9 | 433.5
17 82.0 430 300.1 | 801.1 | 575.6 | 386.4 | 674.1 | 446.8 | 505.4 | 446.3
18 18.0 345 189.8 | 547.5 | 446.3 | 452.5 [ 694.8 | 440.4 | 259.7 | 318.4
19 66.3 166 194.6 | 424.8 | 391.7 | 254.8 | 305.1 | 268.2 | 212.3 | 302.8
20 69.8 85 117.7 | 323.2 | 145.1 | 90.2 | 165.0 | 110.5 | 217.1 | 179.5
21 65.8 98 139.4 | 357.8 | 177.4 |1 100.1 | 202.5 | 119.0 | 238.0 | 196.9
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22 69.5 163 152.2 | 404.7 | 245.9 | 109.3 | 223.6 | 139.5 | 266.4 | 218.0
23 70.8 170 170.1 | 423.8 | 227.9 | 115.8 | 244.1 | 146.8 | 272.2 | 229.1
24 81.0 141 3485 | 617.6 [ 532.0 | 192.7 | 521.3 | 313.5 | 368.8 | 330.7
25 85.0 116 384.7 | 757.6 | 616.5 | 225.3 | 468.9 | 379.7 | 405.3 | 318.0
26 86.0 137 387.1 | 754.6 | 661.1 | 233.1 | 503.8 | 422.0 | 442.2 | 343.8
27 86.5 120 390.2 | 772.1 | 677.6 | 235.6 | 515.3 | 433.0 | 453.0 | 352.4
28 63.3 192 228.0 | 586.1 | 352.0 | 192.5 | 341.5 | 217.8 | 230.4 | 227.1
29 73.3 164 268.7 | 677.2 | 399.9 | 214.0 | 385.9 | 254.8 | 280.9 | 267.6
30 83.3 133 312.2 | 769.0 | 464.9 | 238.2 | 449.7 | 310.1 | 345.5 | 325.0
31 36.0 385 186.9 | 288.4 | 459.2 | 72.2 | 513.6 | 366.8 | 281.5 | 417.7
32 40.0 401 2459 | 457.3 | 433.0 | 131.1 | 458.4 | 501.1 | 376.6 | 429.8
33 34.0 178 1341 | 278.2 | 339.7 | 785 | 452.1 | 402.1 | 318.4 | 423.8
34 83.0 360 2169 | 687.6 | 345.8 | 177.9 | 521.0 | 419.0 | 392.5 | 559.1
35 74.0 600 172.1 | 530.0 | 420.2 | 120.6 | 552.5 | 487.5 | 384.3 | 610.0
36 46.1 56 109.8 | 167.1 | 125.4 | 63.2 | 101.3 | 106.0 | 122.6 | 127.1
37 49.1 62 120.7 | 186.2 | 138.1 | 68.3 | 118.1 | 112.9 | 135.0 | 140.9
38 51.1 71 128.0 | 196.9 | 143.3 | 71.8 | 127.7 | 124.1 | 146.9 | 147.7
39 52.5 136 1279 | 209.3 | 182.8 | 75.3 | 135.7 | 130.2 | 156.5 | 156.0
40 56.0 138 153.3 | 247.0 | 184.6 | 88.2 | 174.3 | 176.0 | 198.5 | 191.7
41 55.0 69 115.2 | 193.8 [ 132.1 | 77.3 | 121.0 { 123.1 | 149.5 | 156.2
42 45.0 105 73.3 | 192.0 | 171.1 | 65.7 [ 340.4 | 240.7 | 227.2 | 251.9
43 45.5 115 76.7 | 206.3 | 178.7 | 70.4 [354.7 | 244.1 | 250.2 | 253.5
44 47.5 133 93.3 | 276.4 | 209.4 | 85.1 | 400.5 | 254.4 | 310.9 | 259.4
45 56.7 153 216.0 | 436.1 | 323.4 | 106.2 | 244.5 | 232.1 | 317.7 | 200.0
46 59.7 178 237.8 | 487.7 | 358.0 | 109.5 [ 272.9 | 251.8 | 348.4 | 214.6
47 62.7 206 261.2 | 539.8 | 408.5 | 122.0 | 313.5] 293.1 | 392.3 | 243.6
48 65.7 223 288.4 | 612.0 | 478.0 | 130.2 | 343.5 | 329.5 | 428.3 | 266.1
49 51.0 186 200.0 | 389.4 | 305.1 | 98.8 [ 221.1]219.4 | 281.4 | 207.4
50 56.0 205 249.6 | 485.0 | 382.7 [ 112.0 | 316.0 | 260.0 | 337.1 | 261.3
51 61.0 276 294.6 | 614.6 | 467.2 | 128.9 [ 340.4 | 329.1 | 387.1 | 276.4
52 66.0 310 324.3 | 691.1 | 558.7 | 143.4 [ 387.6 | 385.7 | 441.5 | 312.1
53 71.0 388 364.2 | 795.0 | 652.0 | 157.3 | 447.9 | 432.3 | 495.2 | 357.2
54 69.1 321 317.7 | 705.6 | 575.1 | 140.1 | 392.8 | 393.6 | 436.5 | 310.3
55 72.1 391 343.9 | 767.0 | 629.3 | 148.6 | 440.4 | 418.0 | 467.5 | 345.4
56 46.0 180 184.0 | 460.0 | 297.5 [ 153.0 | 357.8 | 193.9 | 181.8 | 284.0
57 49.0 165 192.3 | 499.7 | 349.7 | 162.3 | 341.6 | 190.8 | 183.3 | 232.7
58 54.0 152 232.1 | 530.8 | 291.9 | 176.9 | 436.5 | 242.4 | 229.1 | 297.9
59 59.0 221 291.6 | 672.1 | 366.5 | 202.9 | 506.0 | 280.2 | 241.0 | 328.9
60 64.0 199 284.7 | 759.3 | 494.3 | 243.8 | 532.6 | 400.2 | 313.7 | 363.5
61 50.4 252 242.3 | 598.6 | 432.0 | 178.5 [ 497.1 | 410.7 | 373.1 | 443.0
62 53.4 255 253.0 | 663.6 | 461.3 | 201.5 [ 491.3 | 344.9 | 339.8 | 427.4
63 58.4 270 249.3 | 711.5 | 410.4 | 236.0 | 407.4 | 231.7 | 278.3 | 270.7
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64 63.4 282 2679 | 732.3 | 409.4 | 248.4 | 466.0 | 236.4 | 293.5 | 287.9
65 48.5 175 216.7 | 588.1 [ 397.9 | 218.6 | 473.0 | 409.0 | 331.8 | 421.9
66 52.5 188 231.5 | 597.5 | 252.1 | 254.8 | 410.2 | 212.2 | 181.6 | 265.4
67 57.5 194 245.0 [ 710.8 | 406.2 | 285.6 | 480.8 | 328.0 | 240.6 | 312.1
68 62.5 159 287.0 | 793.4 [ 568.7 | 326.0 | 595.5 | 459.8 | 314.5 | 387.4
69 68.5 200 315.7 | 914.9 | 430.3 | 367.5 | 583.1 | 338.5 | 320.5 | 350.9
70 62.5 170 286.4 | 753.0 [ 543.4 | 206.3 | 497.7 | 425.9 | 297.6 | 306.2
71 67.5 206 327.3 | 842.7 [ 552.1 ] 208.3 | 512.7 | 416.1 | 285.8 | 289.8
72 72.5 236 339.4 | 931.2 | 615.1 | 225.7 | 556.6 | 489.5 | 320.5 | 335.3
73 77.5 275 365.3 | 1028.4 | 649.0 | 238.0 | 602.2 | 533.1 | 339.8 | 377.3
74 80.5 314 383.1 [ 1089.1 | 683.2 | 246.4 | 632.6 | 548.6 | 343.4 | 392.4
75 59.5 169 287.3 | 703.0 [ 472.6 | 195.3 | 478.8 | 408.7 | 282.8 | 310.4
76 64.5 170 299.8 | 797.4 [ 558.3 | 211.9 | 489.1 | 431.5 | 297.9 | 295.2
77 70.5 215 3259 | 883.8 [ 595.4 | 220.4 | 542.8 | 466.2 | 311.3 | 317.3
78 76.5 332 359.8 | 1008.5 | 644.8 | 235.5 | 592.1 | 526.7 | 337.5 | 371.0
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CHAPTER 5 DATA EVALUATION

5.1 Introduction

Evaluation of the data was conducted primarily to determined which of the CPT
prediction methods most accurately determines axial capacity compared to dynamic load
test data. Evaluation was conducted for total capacity, end bearing, and skin friction

resistances.

The first method for comparison was calculating a direct ratio of CPT predicted
capacity to PDA measured capacity. Plots of measured (PDA) and predicted (CPT) pile
capacities were prepared to assess the relative accuracy of each CPT based methods.
Figure 5.1 presents this data for total capacity, end bearing, and skin friction. The 45-
degree linear line passing diagonally through the data points shows ideal prediction
where PDA result is equal to CPT result. The dashed lines are a linear regression fit of

the data points to give a better indication of relative performance.

Second, a statistical comparison was made to further understand the accuracy of
each prediction method. The paired t-test was chosen for this study. The test determines
the significance of the difference between the predicted (CPT) and measured (PDA)

capacities. A brief background on the paired t-test is discussed in the following section.

5.2 Paired T-test

The paired t-test evaluates the difference between two dependent measurements.
The paired t-test indicates measurements are taken twice on same subject (Heumann et al.
2016). The soil condition, the pile type, diameter, and depth are equivalent for any given

pairs of pile capacities. Thus, the only difference is the method of analysis, specifically
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PDA vs CPT measured capacity. Let b =x —y denote the difference between variable X
and Y. In this case, variable X and Y represent pile capacity from a PDA and a CPT

based method respectively. With this test, we will evaluate if x, =0, where x, is the

mean of the difference p . The t-statistics T (o) on the difference D is given by:

T (XY )=T 0)=—A/n (26)

ST

If the t-statistics value is closer to zero, it means the difference between the
variable X and Y is small or in other words the error is small. Conversely, if the
difference between datasets is large, then the variables being compared are significantly
different. The p-value is commonly used to conduct a hypothesis test on the compared
values. The null hypothesis is that there is no significant difference between PDA & CPT
data pairs. When the p-value is less than .05 (using 95% confidence), the alternative
hypothesis is accepted, meaning there is significant difference between the load test and
predicted measurements. In practical terms, a p-value of .80 represents an 80%
probability that the error between the two quantities is zero. Based on this concept, bar

graphs were compiled to compare p-values of the eight capacity prediction methods.

5.3 Complete Dataset Analysis

Initially, the entire dataset was evaluated for the three bearing measurements
discussed above. The following figures in this section present evaluation information
outlined above. The CPT/PDA ratio figures offer prediction trend and relative accuracy

indication. Individual data plots for each of the eight methods are shown.
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Fig. 5.1 Total Capacity - PDA vs CPT methods

Total bearing capacity analysis results suggest that Penpile and LCPC methods are the
most accurate CPT prediction methods. The Penpile method has an average prediction

ratio of (CPT/PDA) of 1.24 while LCPC was the only method to under predict total
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capacity with an average ratio of 0.97. These two methods also had the smallest standard

deviation among the eight methods. Penpile gave a linear fit with the slope closest to one.

In general, all of the methods appear to noticeably overestimate total capacity, evidenced

by the majority of data points and dashed linear fit line falling above the 1:1 line.
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Fig. 5.2 End Bearing Capacity - PDA vs CPT methods
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Evaluation of end bearing capacity did not yield well defined results compared to
total capacity. Based on the average prediction ratio, LCPC is the clear top performer
with a 1.03 ratio. However, looking at Figure 5.2 (d), the data points do not appear to
agree with this near perfect prediction. The majority of points are well below the 45° line
less a few large over predictions, which is supported by LCPC having a higher standard
deviation than four other methods. Additionally, the linear trendline has a slope much
lower than one. Other potential quality performing methods for end bearing prediction
include Philipponnat, Prince & Wardle, and European. These methods had prediction
ratios of 1.35, 1.31, and 1.52 respectively. While these methods overpredict capacity
more so than LCPC, standard deviation is lower, and graphical trends suggest potentially
better prediction quality. Only Penpile underpredicted end bearing, with the other seven

methods over predicting capacity by a factor up to about 2.5 times the PDA value.
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Fig. 5.3 Skin Friction Capacity - PDA vs CPT methods

Every CPT method overpredicted skin friction capacity, with half in excess of 2.5
times the dynamic load test capacity. LCPC had the lowest average prediction ratio of
1.52, followed by Tumay & Fakhroo overpredicting frictional resistance by an average
factor of 1.99. Standard deviation for skin friction was generally higher than deviation
values for end bearing and total capacity, suggesting less accurate prediction. Again,
LCPC capacity shown in Figure 5.3 (d) has a linear fit slope further from one compared
to plots (h) & (f). LCPC appears to over predict at lower PDA skin friction capacities and
under predict at resistance values greater than approximately 200 kips. This does not

necessarily discredit LCPC prediction but the behavior should be considered.

5.4 Initial Statistical Analysis

Paired t-tests were performed on the entire set of comparisons. The goal of this
statistical evaluation was to conduct hypothesis testing of PDA vs CPT axial capacity and

identify statistically significant correlation. Secondly, by plotting bar charts, a relative
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comparison of performance between the eight CPT capacity methods is apparent. While
the null hypothesis may be rejected, some methods may still show potential for accurate
capacity prediction. The higher the p- value, the higher probability that the CPT method’s
capacity will match the dynamic load test value. Charts for total capacity, end bearing,

and skin friction were formulated once again, these are presented below.
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Fig. 5.4 CPT Accuracy Level — Total Capacity

Results of the t-test for total pile capacity, reported in Figure 5.4, showed that
Penpile method was the best CPT based method by a large margin. The Penpile method
had a p-value of 0.24 or 24%. The second most accurate method for total capacity was
the LCPC method with a p-value of 0.013. This value however is below p-critical value
of 0.05 for hypothesis testing. These two methods were rated the highest by the simple
prediction ratio comparison, however the in reverse order. The large difference in p-
values, with the LCPC value too low to reject the null hypothesis, suggests that the

Penpile method more accurately predicts total pile compacity versus LCPC despite LCPC
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having a CPT/PDA ratio closer to one. The other six methods did not reject the null
hypothesis. Lower statistical performance by a large margin is observed, indicating poor

prediction accuracy.
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Fig. 5.5 CPT Accuracy Level — End Bearing

Statistical evaluation of end bearing prediction indicated three CPT methods
rejected the null hypothesis of the t-test. European, Philipponnat, and Prince & Wardle
were the top three methods, while the remaining five methods had p-values lower than p-
critical. Figure 5.5 clearly shows the European method is the most accurate method (p-
value 97%), followed by Philipponnat and Prince & Wardle having similar accuracy with
p-values 0.37 and 0.26 respectively. The European method had the 5™ ranked prediction
ratio and standard deviation for end bearing capacity. Philipponnat and Prince & Wardle
methods were similarly the 2" and 3" ranked CPT methods based on the evaluation in

section 5.3. All three of these methods showed higher prediction accuracy values for end
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bearing compared to the top methods for total capacity prediction, especially the

European method.
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Fig. 5.6 CPT Accuracy Level — Skin Friction

The paired t-test of skin friction capacity gave results in agreement with the ratio
analysis conducted in section 5.3. LCPC was the only CPT method with a p-value (0.92)
greater than p-critical, indicating good accuracy. Tumay & Fakhroo which ranked 2" by
the previous evaluation, also finished 2™ by the statistical test, however the p-value was
only 0.001, well below 0.05, meaning poor accuracy. While the rest of the CPT methods
strongly overpredict the skin friction resistance, visual inspection of Figure 5.3 suggests
that there may be some other methods showing some potential for quality prediction
based on close grouping. Further investigation into the skin friction will be discussed

later in the paper in an effort to identify other viable CPT methods.
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5.5 Discussion of Initial Evaluation

Sections 5.3 and 5.4 evaluated the quality of CPT based capacity prediction for 78
comparison of dynamic load test data and CPT data. Total capacity, end bearing
resistance, and skin (side) friction resistance was evaluated for each comparison. The
relative under prediction or over prediction of eight CPT methods was determined by
calculating a CPT/PDA capacity ratio for each dataset. Most methods appeared to
overpredict all three measured capacities, with skin friction being the most significant
over prediction on average. Second, performance was measured on a statistical basis
using the paired t-test. The p-value gave indication of the probability that the predicted
CPT pile capacity would match load test information (higher p-value being more
accurate). Statistical tests indicated that end bearing prediction by the CPT methods was
the most accurate of the three measured quantities, with skin friction only being predicted
with some accuracy by the LCPC method. Table 5.1 below summarizes the performance
of the eight methods with comparison to ranking found in a similar study conducted by
Abu-Farsakh and Titi (2004) for Louisiana DOT. The ranking of methods for this study
shown here is based on the statistical testing only, while the Abu-Farsakh & Titi ranking

is an aggregated score for total capacity only.

www.manaraa.com



53

Table 5.1 Summary of ranking CPT methods from initial statistical evaluation

CPT method Total Capacity End-Bearing Skin Friction Abu-Farsakh & Titi (2004)

Penpile Ist - - Oth
Philipponnat - 2nd - 4th
Prince & Wardle - 3rd - 7th
LCPC 2nd - Ist Ist
Aoki & de Alencar - - - Sth
Schmertmann - - - Sth
European - Ist - Ist
Tumay & Fakhroo - - 2nd 8th

The table above indicates agreement with previous study that LCPC should be a
quality prediction method, which was found to be the case for total capacity and skin
friction. Additionally, the European CPT method was the top performer for end bearing
prediction, again in accordance with LTRC’s study. Conversely, Penpile, Philipponnat,
and Prince & Wardle methods demonstrated accurate prediction in some instances

despite lesser ranking found by LTRC.

The lack of a clearly most accurate CPT methods and discrepancy between this
study and previous work by LRTC motivated further investigation into performance
assessment. Different methods showing categorically varying accuracy also suggests that
perhaps a hybrid CPT prediction method may be a viable approach to increase prediction
quality for Nebraska pile and soil conditions. Possible causes for the discrepancies in

results are likely found in differences in regional soils and pile types investigated.
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5.6 Criterion Based Evaluation

After initial evaluation of the eight CPT methods discussed in section 5.3 and 5.4,
the results indicated that the prediction methods demonstrated accuracy for some
comparisons, but not on a consistent basis. Thus, bearing resistance mechanism was
taken into further consideration. Comparisons were separated by dominant bearing type,
specifically, end bearing or skin friction resistance controlled pile. While all pile in the
real world experience a combination of resistance, an effort was made to practically
separate based on pile type. Of course, soil bearing strata is also an important
consideration. Determining end bearing in firm IGM or rock formations is fairly straight
forward. Conversely, determining unit skin friction along the pile shaft and identifying
the most prominent contributing layers is difficult and often varies even within a single
substructure’s pile group. A simplified approach was the first step to identify bearing
type. In conjunction with NDOR classification, all HP piles were considered end bearing
controlled pile. Steel pipe and prestressed concrete pile were considered to obtain the

majority of their capacity from skin friction.

Once again CPT/PDA prediction ratio, standard deviation, and t-test statistical
analysis was performed on the entire 78 comparison pairs. Analysis was initially sorted
by individual pile type. However due to sample size and comparable findings discussed
here in after, piles were categorized into simply end bearing or skin friction piles. The
distribution of sampled projects resulted in a sample population of 40 end bearing pile
and 38 skin friction pile comparisons. Once again total capacity, end bearing capacity,
and skin friction capacity were evaluated. This sorting led to 6 categories for CPT

prediction accuracy evaluation.
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Fig. 5.7 End Bearing Pile - Total Capacity - PDA vs CPT methods

www.manaraa.com



57

600

400

PDA, Kips

sdiy ‘(LdD) perdipaid

600

sdiy ‘(LdD) pe1dipaid

200

400

PDA, Kips

200

(b) Philipponnat

(a) Penpile

o o o o o o o
o o o o o o
© o < (92] N i

sdiy ‘(1LdD) peioipaid

sdiy ‘(1LdD) pe1oipaid

600

400

PDA, Kips

200

600

400

PDA, Kips

200

(d) LCPC

(c) Prince & Wardle

www.manaraa.com



58

600
500
» 400 "
2 2
X X
£ 300 =
o o
e e
5 200 b
(] Q
k3 5
3 100 ki
o [a
0
0 200 400 600 0 200 400 600
PDA, Kips PDA, Kips
(e) Aoki () Schmertmann
600 600
500 500
@ 400 2 400
v 2
=300 = 300
o o
L e
T 200 T 200
5 S
B 100 © 100
o o
0 0
0 200 400 600 0 200 400 600
PDA, Kips PDA, Kips
(9) European (h) Tumay & Fakhroo

Fig. 5.8 Skin Friction Pile - Total Capacity - PDA vs CPT methods

Total bearing capacity analysis yielded similar results to the unsorted evaluation.
In general methods showed overprediction for total capacity except for LCPC method.
There was a noticeable shift in prediction ratio between end bearing versus friction piles.

End bearing CPT/PDA ratios decreased for all eight methods, while skin friction pile

www.manaraa.com



59

prediction ratios generally increased. This evidence points to more significant over
prediction of skin friction piles, and possibly the unit skin friction in general. For the case
of end bearing piles, the top two methods were once again Penpile and LCPC methods,
with ratios of 1.08 and 0.80 respectively. Friction pile results showed the same two
methods with the best accuracy, however in this instance LCPC had a 1.15 ratio while
Penpile was second with 1.41. Standard deviation decreased by at least 20% for both
Penpile and LCPC methods for end bearing pile but increased about 10% for skin friction
pile. Such behavior indicates the methods predicted total capacity more reliably for HP
pile compared to either pipe or concrete pile. Tumay & Fakhroo, and European methods
showed reasonable ratios consistently around 1.60 for all total capacity predictions.
Standard deviations improved significantly for European in end bearing pile while

Tumay & Fakhroo showed deviation improvement only for friction piles.
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Fig. 5.8 End Bearing Pile — End Bearing Capacity - PDA vs CPT methods
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Fig. 5.9 Skin Friction Pile — End Bearing Capacity - PDA vs CPT methods

Baseline evaluation of end bearing showed some of the most accurate CPT/PDA
ratios among all three capacity types. Once sorted, there was apparent movement in both
directions from the ideal 1:1 line. For the case of end bearing pile, prediction ratios
increased for all eight methods, with over prediction shown for all methods other than
Penpile. LCPC and Penpile had ratios of 1.37 and .69 respectively, while Philipponnat
and Prince & Wardle were almost identical at 1.70 for 3" best prediction. Standard

deviation increased for all eight methods for end bearing pile by approximately 30%.

Evaluating the friction piles for end bearing capacity showed a decrease in the
prediction ratio for most methods. Five of the eight methods now showed ratios less than
one, or under predicted end bearing compared to the load test data. Philipponnat and
Prince & Wardle had ratios closest to one with 0.96 and 0.91 respectively. Schmertmann

and European methods also had ratios of 1.27 and .77 respectively, suggesting fairly
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close prediction. The most significant result of pile type classification in for end bearing
capacity was evident in the standard deviation for pipe and concrete piles. All eight
methods showed at least 50% reduction in the deviation value, with three methods
yielding over 70% reduction. Comparing this behavior with the end bearing piles makes a
clear case that the CPT methods were struggling predicting end bearing capacity for end
bearing pile compared to the end bearing for pipe or concrete piles. Overall, as was the
case with the initial unsorted analysis, end bearing prediction seemed to show more
accuracy over multiple methods compared to the total capacity prediction. Figures 5.8 &

5.9 present the CPT/PDA ratios of end bearing capacity for each pile classification.
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Fig. 5.10 End Bearing Pile — Skin Friction Capacity - PDA vs CPT methods
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Fig. 5.11 Skin Friction Pile — Skin Friction Capacity - PDA vs CPT methods

Skin friction capacity was found to be strongly overpredicted by all eight CPT
bearing capacity methods upon analysis of the entire dataset. Once sorted, HP piles once
again showed this over estimation, however with the exception of the Schmertmann
method, there was a decrease in the CPT/PDA ratio relative to the baseline data. Top
three performers for end bearing pile prediction all lowered ratios below 2.0. Most
accurate was LCPC with a ratio of 1.01, followed by Tumay & Fakhroo and Penpile
showing 1.43 and 1.63 respectively. These three methods also shared the lowest standard
deviations, with LCPC having the lowest among the top three. Standard deviation
decreased by about 20% for the sorted end bearing pile compared to the deviation
calculated for the entire set of comparisons. Tumay & Fakhroo and Penpile gave the

largest decrease in deviation for HP pile’s skin friction capacity.
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Separate evaluation of side friction piles resulted in all eight predictive methods
increasing the ratio, with some of the largest over estimates of pile capacity versus the
dynamic load test data. Five of the eight CPT methods had ratios greater than 3.0. Visual
inspection of Figure 5.11 above confirms this, and also indicates that over prediction is
most significant at lower skin friction (PDA) values, becoming slightly more accurate at
higher load test points. The lowest ratios for friction piles in this assessment belonged to
LCPC, followed by a tie for second between Schmertmann and Tumay & Fakhroo.
Consistent with lower prediction ratios, these three methods also had the lowest standard
deviation values. The deviation values were almost identical to those found by the same
methods for end bearing pile prediction of skin capacity. Conversely to end bearing pile,
there was a significant increase in standard deviation for the sorted friction pile group’s
friction capacity compared to baseline numbers found previously. Once again, the
behavior in the filtered evaluation is useful to see because it was not apparent in the
initial numbers. With this new information, skin fiction prediction seems to be more

accurate for end bearing piles compared to friction piles based on the prediction ratio.

5.8 Sorted Statistical Analysis

Similar to the procedure outlined in the previous section, the data set was sorted
by pile type for further statistical evaluation. The same six categories for the two pile
classifications and three bearing quantities were followed. The paired t-test was
performed again, allowing for direct comparison to baseline information found in the

initial statistical assessment.
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Fig. 5.12 CPT Accuracy Level — Total Capacity-End Bearing Pile
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Fig. 5.13 CPT Accuracy Level — Total Capacity-Skin Friction Pile

Evaluation of the entire data set by the statistical paired t-test indicated that
Penpile and LCPC methods were the most accurate CPT based capacity predictions.
Once comparisons were sorted by pile bearing mechanism, the t-test was used again on
the two populations. End bearing or HP pile analysis indicated that the Penpile method

was by far the most accurate with a p-value of 0.78. Second ranked was again LCPC,
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however the p-value (2.5e-4) did not exceed p-critical = 0.05. For reference, unsorted
analysis gave p-values of 0.24 and 0.01 for the two respective methods. Next, steel pipe
and prestressed concrete piles, considered friction piles, were evaluated with the paired t-
test. LCPC ranked first with a p-value of 0.23, while Penpile was next best with p-value =
0.052, slightly greater than p-critical. Considering both categories and the baseline t-test
results, it is apparent that the methods moved in opposite directions for the different
bearing behavior classification. End bearing piles were better predicted by Penpile
method, yielding accuracy increase of 54% compared to the original p-value. Similarly,
LCPC method appeared to predict the total capacity of friction pile more accurately. An
improvement of 22% from the first analysis in this category was realized. Conversely,
LCPC’s p-value decreased below p-critical for end bearing pile, while Penpile’s accuracy
decreased 19% for skin friction pile. Figure 5.13 indicates the negligible accuracy of the

other methods not discussed in detail in this section.
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Fig. 5.15 CPT Accuracy Level — End Bearing Capacity-Skin Friction Pile

Next, end bearing capacity was further evaluated using the pile bearing type
classification procedure. For HP piles, Prince & Wardle was the most accurate method
with a p-value of 0.78. Philipponnat method followed with an accuracy of 55%. LCPC
and European methods were the only other methods of mention, however p-values for
both were just below p-critical. This relative performance is plotted in Figure 5.14 above.
Baseline values from the entire data population indicated that both methods were among
the best performers. Prince & Wardle had p-value 0.26 while Philipponnat’s p-value was
0.37. A 52% and 18% respective increase in prediction accuracy realized for the CPT

methods in end bearing pile.

Friction pile gave similar results to the end bearing pile, however for this case the
Philipponnat method was the most accurate method while Prince & Wardle was second.
These methods had p-values 0.48 and 0.19 respectively for end bearing capacity of

friction piles. Additionally, the Schmertmann method indicated reasonable accuracy with
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a p-value of 0.17. By evaluating the skin friction classified piles independently,
Philipponnat indicated an increase of 11% while Prince & Wardle did have a slight

decrease in accuracy with the p-value decreasing about 7%.

Overall, end bearing capacity evaluation upon the sorted pile types showed
improvement in accuracy measures. Both Prince & Wardle and Philipponnat methods
were indicated to be fairly accurate methods by the initial analysis, and this was
reinforced by the sorted data. Accuracy numbers generally increased for both pile types
with each method distinguishing itself for end and friction piles respectively.
Interestingly, the European method had extremely high accuracy when the entire
comparison population was evaluated but was not a top measuring method in either of the
sorted analysis This may suggest some form of averaging or extremes mitigation in the
larger dataset leading to a reduction of total error. Conversely, Schmertmann had very
poor accuracy initially, but was a very close third rank for pipe and concrete pile end
bearing prediction. This is confirmed by the decrease in standard deviation and lowering
of the prediction ratio for these pile (accompanied increase for HP pile). Observation of
Figure 5.15’s plot of relative performance, argues this method may be worthy of further
consideration in this category. In summary, the bearing mechanism acting on the different
pile studied appears to play a role in measured capacity compared to the empirical CPT
methods. The CPT prediction’s over or under estimations of end capacity was clarified by

studying pile types separately.
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Skin friction capacity was the final criterion for sorted evaluation of statistical
performance of the eight CPT predictive methods. Results from the full dataset indicated
that LCPC was the lone accurate method for skin friction capacity with a p-value around
90%. Tumay & Fakhroo ranked second but had an accuracy less than p-critical. First, HP
piles were evaluated. The paired t-tests seen in Figure 5.16 show that Tumay & Fakhroo
had very good accuracy with p-value = 0.75. Schmertmann’s method was ranked second
but showed very low accuracy. Prediction for side friction classified piles showed very
limited accuracy in this set of comparisons. LCPC was ranked highest by the t-test
followed by Tumay & Fakhroo. However, the y-axis of Figure 5.17 clearly indicates that
the accuracy of these two methods for skin friction prediction is significantly lower
relative to accuracy various methods measured in the other five categories in this section.

P-values for both methods were well below p-critical on the order of 0.1%.

The most significant change observed in the skin friction capacity sorted analysis
was the new performance measures of LCPC. Similar to the phenomenon discussed
above for the European method’s accuracy in end bearing prediction, a muted response is
perhaps being measured in the initial evaluation. The scatter plots of the LCPC methods
skin friction (Figures 5.10 & 5.11) suggest that the method was under predicting for HP
piles and over predicting for the majority of side friction pile comparisons. Despite this,
linear fit and deviation values improved, so this method still offers prediction potential

later in the study.
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5.9 Summary of Performance Evaluation

Upon completion of initial evaluation of the entire dataset, subsequent tests were
performed on sorted subsets. Classification was based primarily on the concept of pile
type and dominant resistance behavior for the different piles. This logic established six
categories constructed from the three bearing capacity measures (total, end, skin) and the
two pile types, end bearing pile and skin friction pile. The results of this new assessment
clarified that data, and established situations where individual methods excelled or
performed poorly. In addition, there was skepticism of confidence in some accuracy
numbers found from the first analysis. By sorting the data and evaluating more refined
datasets, it became apparent that in some situations “averaging” effects were perhaps
taking place. This means that a method may have been over predicting x group of piling,
and under predicting y group of piling. The net result was an apparent accuracy, but
rather a net effect rather than a highly accurate (individual basis) method. Additionally,
total capacity may have indicated quality prediction, but component proportions were
inaccurate. Similar to section 5.5, summary tables with performance ranking are
presented below. These tables are based only on t-test results and are not an entirely
comprehensive view. Differing from the previous summary tables, below performance is
presented separately for end bearing and friction piles. Again, the final column from
Abu-Farsakh & Titi (2004) is the comprehensive rank found by that particular study for
total capacity and are shown for consideration purposes rather than direct comparison

based on identical sorting or ranking criteria.
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Table 5.2 Summary of ranking CPT based methods for end bearing piles

CPT method Total Capacity End-Bearing Skin Friction Abu-Farsakh & Titi (2004)

Penpile Ist - - 9th
Philipponnat - 2nd - 4th
Prince & Wardle - Ist - 7th
LCPC 2nd - - Ist
Aoki & de Alencar - - - Sth
Schmertmann - - 2nd Sth
European - 3rd - Ist
Tumay & Fakhroo - - Ist 8th

Table 5.3 Summary of ranking CPT based methods for skin friction piles

CPT method Total Capacity End-Bearing Skin Friction Abu-Farsakh & Titi (2004)

Penpile 2nd - - Oth
Philipponnat - 2nd - 4th
Prince & Wardle - 3rd - Tth
LCPC Ist - Ist Ist
Aoki & de Alencar - - - 5th
Schmertmann - 3rd - 5th
European - - - Ist
Tumay & Fakhroo - - 2nd 8th
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CHAPTER 6 COMPTUTATIONAL MODELING

6.1 Introduction

A numeric modeling study was conducted to better understand the mechanisms
relating the CPT device and driven pile. Two main objectives for the study were defined.
First, determine influence depths above and below the pile tip, then compare to those
suggested by the eight CPT capacity prediction methods. Second, obtain q»/qc ratios, and
compare to the empirical method’s recommendations for cohesive and granular material.
These measures further investigate the empirical processes studied in the project to
validate more than capacity accuracy, but rather aid to determine if the mechanics are
reasonable. FLAC 2D v8 finite difference software was used to build models replicating

CPT penetrometer, pile, and soil strata conditions.

An attempt was made to replicate actual CPT profiles from the project, which
could then be further studied with cone and pile penetration. The two selected projects
were 77-2(1025) (Wahoo Bypass) and 80-9(811) (1-80 & Capehart Rd). The projects
were select because two different pile types were represented, as well as primary bearing
strata consisting of dense sand and glacial till respectively. Modeling of the soil layers,
and subsequent penetration behavior of CPT/pile proved to be substantially more
complex than expected. Though the process of the computational modeling shifted,
Figure 6.1 confirms agreement between horizontal and vertical stresses, and subsequent
gc values of the actual CPT profiles can be obtained. Proceeding forward, six simplified
models were studied for resultant behavior. The models consisted of combinations of

soft/stiff cohesive material and loose/dense granular material. While exact confirmation
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of measured CPT to empirical predictions were not obtained, understanding of behavior

in stratified conditions was thoroughly investigated.
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Fig. 6.1 Calibrated FLAC CPT profiles

6.2 Modeling Parameters

Equilibrium equations and strain compatibility were used for the study. The soil
constitutive model assumed for all scenarios was the Mohr-Coulomb criterion,
considering elastic-perfectly plastic failure. Pore pressure effects were not included into
the study. Linear strain terms and explicit time step evaluation were applied in the FLAC

models. Boundary conditions for the modeling consisted of an axis symmetric model,
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with displacement partially restrained on the y-axis and full restrained at the x-axis. See
details below in Figure 6.2 for complete boundary condition details. Initial conditions
applied to the models included gravity loading for overburden stresses throughout the
model. Coefficient of lateral earth pressure was determined by the relationship in
equation 27, with poisson’s ratio varying by material. Unit weight of soil considered was

18kN/m?® for all soils.

Ky =— (27)

Piezocon

Axisymmetric line

Fig. 6.2 Model setup and boundary conditions
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Models were constructed for 5m x 5m blocks, with strata changes implemented at
2.5m. Cohesive materials were assumed to have ¢ = 0, and ¢ = 100kpa for soft and
200kpa for stiff material. Granular materials were defined withc =0, and ¢ =30°or ¢ =
40° for loose and dense material respectively. Interface values were 2/3 of internal
friction angle and 60% of cohesion compared to bulk material properties. Pile shape was
modeled as circular, with D = 0.3m, similar to the typical 12.75” NDOR pipe pile. Due to
numerical instabilities, the end section was modified from a flat steel plate to a conical
point. According to Randolph (1994), driven circular pile a rigid cone of soil can be
assumed beneath the pile tip in sandy soils. The assumption was transferred to cohesive
conditions for this study, however actual penetration behavior may vary with a flat

bottom. All models were run with CPT penetration and pile penetration for comparison.

Pile

Fig. 6.3 Rigid soil mas below pile tip (Randolph, 1994)

www.manaraa.com



82

6.3 Model 1 — Cohesive soft overlying stiff

Model 1 consisted of entirely cohesive material. Only cohesion values were
modified to increase or decrease material strength and stiffness. The simulation
represents common driving conditions in Nebraska where overlying soft materials such
as alluvium or loess are encountered, prior to the pile being driven into stiffer bearing
layers. Figure 6.4 depicts the model construction with pile penetration. At the surface,

slight heaving can be observed due to the pile’s displacement properties.
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Fig. 6.4 Pile penetration and resulting surface heave
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Figure 6.5 shows the small zones of influence around the CPT cone, with both

horizontal and vertical stresses clearly higher in the stiffer material below 2.5m. Vertical

stress contours influence about .3m or 8D. Compare to the following figure of pile

penetration stress distributions where horizontal and vertical stress contours are impacted

at approximately 1m distances respectively.
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Fig. 6.6 Pile horizontal stress at 4.5m penetration (stiff)
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Fig. 6.7 Pile vertical stress at 4.5m penetration (stiff)

Finally, horizontal and vertical stress logs taken at history points along the
cone/soil penetration interface were exported to calculate g» and gc values for
comparison. A tip resistance plot was prepared with corresponding material changes
reflected at 2.5m or 8ft depth. Influence depths above and below the pile tip are estimated
on the plot. Additionally, qv/qc ratios were determined by comparing the pile resistance

value to the CPT at the point where CPT resistance reached steady state conditions.
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Fig. 6.8 CPT vs Pile tip resistance Model 1
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CPT cone and pile responses indicate different response and strength mobilization
times. Figure 6.8 shows the CPT tip resistance reaching a steady state near 135 psi within
the first 1.5 ft of penetration. Conversely, the pile does not mobilize this resistance until a
depth of 6.5 ft. Calculated qv/qc ratio in soft cohesive material (layer 1) is 0.64. Influence
depths appear to be about 1.5D above and below the pile tip. It is evident that the pile
begins to feel the underlying stiffer layer at 6.5ft, where the pile resistance exceeds the qc
value. The CPT records almost instantaneous resistance increase at the soft/stiff interface,
reaching steady conditions within 0.25 ft. The final portion of the plot indicates good

agreement between the pile and penetrometer.

6.4 Model 2 — Cohesive stiff overlying soft

Next, a completely cohesive soil model was maintained, but the order of layers
was reversed. The situation is perhaps less likely than model 1 to be encountered,
however it represents a study on the effect of loss of bearing capacity due to underlying
weak materials. Cohesion values were not changed from model 1. Slightly larger
differences in stiffness were investigated, however deformation discrepancies occurred.
Figure 6.8 again shows the longer mobilization period for the pile compared to the CPT.
The pile reached steady conditions (225 psi) between 5.0 and 5.5ft. This is slightly earlier
compared to model 1 in the soft cohesive soil. Reduction in strength of the pile began at
7.0 ft (1.0D). Influence above the pile tip was calculated to be near 1.5D, similar to the
previous conditions. This suggests that the pile feels weaker layer earlier than the CPT,
which may lead to CPT over prediction if proper consideration is not given to underlying
layers. The qv/q. ratio in the stiff cohesive layer was 0.70, slightly higher than the soft

material, and in agreement with the shorter mobilization length.
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Fig. 6.9 CPT vs Pile tip resistance Model 2
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6.5 Model 3 — Granular loose overlying dense

Model 3 consisted of granular material, assumed to have no cohesion. Internal
friction angle was the only parameter changed between the two layers, with higher phi
values assumed to correspond to denser sand/gravels. In granular materials the resistance
is derived from frictional strength, which means the horizontal stress adds a large
contribution to the resistance felt by the cone or pile. For the case of the conical tip, this
is proportional to the 60 ° angle at the interface. Figure 6.10 demonstrates the relative

deformation of the loose material interacting with the underlying dense sand.
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Fig. 6.10 Granular deformation Model 3
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Fig. 6.11 CPT vs Pile tip resistance Model 3
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Model 3 indicated the first time there was a measurable mobilization period for
the CPT, where the steady state was not reached until 3.5 ft (325 psi). The model also
verified a higher tip response in the loose sand compared to the soft cohesive material as
expected. The pile penetrated with a linear resistance mobilization trend, requiring almost
the entire depth of layer 1 to reach the qc value. The gv/gc ratio determined for this
analysis was 0.50. Influence depth below the pile tip was only, 0.75D suggesting minimal
impact from dense sand until actual pile embedment has taken place. Conversely,
influence above the tip was at least 2.0D in the loose sand. Similar to the cohesive
material, the weaker strata show a more significant influence length. Once the CPT/pile
reach the dense sand, resistance immediately increases to over 1000psi. Furthermore, a
node to the right for both plots is evident in the dense sand. This response is similar to
behavior observed in a direct shear test where dilation occurs, and the initial interlocking
of highly angular particles must be overcome followed by a residual strength. A slight
lag is observed in the pile response compared to the CPT which has a nearly horizontal
resistance increase curve at the layer boundary. The tip resistance in the dense sand is

over 4x the value observed in the strictly cohesive stiff soil.

6.6 Model 4 — Granular dense overlying loose

Dense material over loose material offered another chance to observe the effect of
weaker strata not directly in contact with the pile, but potentially impacting the bearing
capacity. The scenario is possible in many of Nebraska’s alluvial environments where
alternating layers of loose and dense poorly graded sands/gravels are present, which is
certainly relevant to bridge foundations. Influence depths were calculated at 1.5D above

and below the pile tip for this scenario. The CPT’s mobilization period was shorter than
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observed in the loose sand, however it is still longer than cohesive conditions. A similar
linear pile resistance development period can be seen in Figure 6.12, with a brief steady
state, before the loose underlying material begins to decrease the pile resistance. The CPT
quickly indicates the drop in strength, while the pile maintains some resistance from the
dense sand above. The gv/qc ratio in dense granular material proved to be the lowest
among the models, corresponding to the slow mobilization of strength. The difference in
pile resistance when encountering dense material between models 3 & 4 was an
unexpected result. Possible explanation for such behavior could be due to short vs deeper
pile embedment lengths suggests White & Bolton (2005). Another key outcome from this
model was the discrepancy in steady state below 10ft, with gc exceeding qp. Further
investigation into the volumetric strain gave insight into the behavior. Large strains
observed in Figure 6.14 (pile) compared to Figure 6.13 (cone) for the case of a constant
elastic modulus would increase the confining pressure. This points to the larger soil
deformation of the pile inducing a densification effect on the loose material, that the
smaller CPT cone simply cannot achieve. As a result, the pile experiences a slightly

higher end resistance in the same material compared to the CPT profile.
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Fig. 6.12 CPT vs Pile tip resistance Model 4
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6.7 Model 5 — Granular/Cohesive dense over soft

The final two models considered mixed soil conditions, combining granular and
cohesive material. Model 5 evaluated an often-considered critical bearing state, that is
dense sand underline by soft cohesive material. Pile designers typically avoid placing a
pile toe in these scenarios due not only to capacity reduction, but also the potential for
settlement. Similar behavior observed in model 4 held true in this model regarding CPT
and pile behavior in the dense sand. An identical gv/qc ratio of 0.35 was observed. Pile
resistance mobilization was again linear and slow, and in this case never reached steady
state due to the influence of the soft lower layer. Influence depths of 1.5D above and
below the pile tip were determined for the model. The CPT recorded a quick response to
the reduction in tip resistance found in layer 2, while the pile showed a staged decrease.
Prior to contact the pile slowly decreased end capacity, then quickly dropped to steady
conditions by 10 ft. The lower portions of the plot indicate quality model performance at

145psi in the soft soil.

6.8 Model 6 — Cohesive/Granular soft overlying dense

Model 6 evaluated a very common bearing condition and was encountered at
project 77-2(1025) discussed earlier in the chapter. Both the CPT and pile quickly
mobilized the strength in the soft cohesive upper layer. Steady state was reached in the
first 3.0 ft. A qv/qc ratio of 0.74 was found in this study, agreeing with the piles brief
mobilization length. The pile corresponded to the CPT’s rapid detection of the dense
lower layer with only a 0.5 ft lag observed. A larger influence depth of 2.0 above the tip
can be seen, which is consistent with previous findings for soft materials. Unexpectedly,

there is no apparent influence below the pile tip gained from the dense sand layer. While
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not initially intuitive, this could perhaps be explained the difference in cohesive and
granular strengths. First, the horizontal stress dominates the dense sand condition, while
it is minimal for layer 1. Large deformation takes place in the cohesive layer one. The
cohesive material is essentially independent from horizontal stress and friction, while the
sand layer is limited in vertical stress impact and cohesion. This leads to independent
behavior at the layer interface and thus little influence obtained below the pile tip. Figure

6.16 shows the rapid pile response once in contact with the dense layer.
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Fig. 6.16 CPT vs Pile tip resistance Model 6
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6.9 Numerical Study Summary

The computational modeling offered further insight into the behavior of driven
pile compared to the CPT. Numeric verification of measured CPT profiles was achieved
for two projects. Various soil stratifications were studied to obtain qy/qc ratios and
additionally influence depths for the pile case were derived. Pile to CPT end resistance
factors were found to be 0.60 — 0.75 for cohesive materials. For granular materials, values
were 0.35 for dense sand/gravel and 0.50 for loose material. These values correspond
with reduction ratios suggested by empirical methods studied. VValues found from the
models were slightly higher than the empirical methods, with Prince & Wardle indicating
0.35 for all driven pile, and Philipponnat reporting 0.35-0.4 (sand/gravel) and 0.50
(clays). Influence depths generally were found to be between 1.0D and 3.0D for the pile,
while CPT had a fairly constant 10D influence depth below the cone, though still
quantitatively small due to the much smaller diameter. Softer/looser materials
demonstrated a larger influence length, especially above the pile tip compared to stronger
soils. Pile embedment depth also played a large role in the mobilization behavior of the
pile. The influence ranges indicated by the modeling results indicate that many of the
empirical methods overestimate the zone of influence impacting end bearing. However,
due to the limited scope and simplification of soil profiles, the constructed models may
not cover full behavior. If weak layers are fairly thin and surrounded by stronger material,
this could lead to over prediction by the CPT methods. Overly large influence depths up
to 8D suggested by some methods could dampen the local weak/strong layers recorded

by the CPT.
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CHAPTER 7 CPT CAPACITY CALIBRATION

7.1 Introduction

Once prediction accuracy and statistical evaluation was completed, the next phase
of this project was to adjust empirical factors for the predictive methods. By doing so, the
goal is to increase accuracy of the CPT capacity methods, thus providing confidence in
the CPT method of pile analysis compared to traditional methods. An attempt was made
to calibrate all eight methods, while realizing not all methods may prove to be viable for
accurate prediction. However, from a design perspective, having results from multiple
methods will form a capacity envelope. With experience and engineering judgment,
certain methods may offer optimal performance in varying conditions, or perhaps give a

consistent more or less conservative prediction.

The basis for the CPT calibration was the CPT/PDA prediction ratio graphs
extensively analyzed in the prior chapter. By adjusting empirical factors of the base
equations, predicted capacities were modified to more closely match dynamic load test
data. These adjustments represent multiple factors related to final determination of
bearing capacity. First, and maybe most significantly, by scaling the point resistance (qc)
and sleeve friction (fs) obtained from the cone penetration, Nebraska specific soil
conditions are accounted for which is necessary because predictive methods explored in
this project were not originally derived for the region. As an example, prediction quality
explored by Abu Farsakh & Titi (2004) was conducted in Louisianan alluvial delta
materials. In contrast, generally over consolidated windblown loesses, glacial tills, and

some IGM’s were encountered in this investigation. Similarly, NDOR uses
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predominantly a few sizes and type of pile for bridge foundations, so empirical
adjustments may account for properties unique to said pile. Driving systems and losses
are also a factor in accuracy since the load response is measured to determine bearing

capacity of soils, and a partially accounted for since similar diesel hammers are used.

7.2 Methodology

New factors were introduced to end bearing and skin friction capacity
components of the CPT methods. Based on the results of the sorted evaluation, the
empirical adjustments were made separately for end bearing and skin friction controlled
pile based on the criteria discussed earlier. Improvement in accuracy was assessed by
moving the CPT/PDA ration closer to 1:1, reduction in standard deviation, and finally
improvement in linear fit quality. Rather than attempting to directly calibrate the total
capacity prediction data, the new total capacity was determined from the adjusted end and
skin bearing components. The objective was to obtain component accuracy as this holds
more value compared to accurate total capacity that may be disproportioned compared to

the load test results.

Linear regression slope information gave indication of relative scaling factors

needed to improve the CPT predictions. By comparing the regression slope to the 45°-
line, indication was given to increase or decrease the CPT parameter. For a baseline

factor, equation 28 was used to determine an adjustment parameter, o.

Y = [(1 + Preg) * S]/Preg (28)

Where Preg = slope of the regression line, s = scaling factor. The scaling factor

was defaulted to .5 (50%), representing the midpoint between the 1:1 line and the current
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regression line. The factor was subsequently modified to optimized the criteria outlined

above. The final calibration factors are presented in tables 7.1 below.

Table 7.1 CPT calibration factors for end bearing pile

CPT calibration factors [¢]
End Bearing Pile
End Skin
Method Bearing Friction
Capacity Capacity
Penpile 2.057 0.763
Philipponnat 1.115 0.331
P&W 1.074 0.475
LCPC 1.643 1.490
Aoki 0.688 0.685
Schmertmann 0.592 0.756
European 0.805 0.690
Tumay 0.544 0.938

Table 7.2 CPT calibration factors for skin friction pile

CPT calibration factors [o]
Skin Friction Pile
End Skin
Method Bearing Friction
Capacity Capacity
Penpile 2.383 0.588
Philipponnat 1.075 0.762
P&W 1.155 1.027
LCPC 1.387 0.822
Aoki 0.864 0.393
Schmertmann 0.969 0.618
European 1.266 0.579
Tumay 0.766 0.651
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Statistical evaluation was also used to optimize the calibration factors presented
above. Factors were modified based on p-value results from the test, increasing the
statistical accuracy of the prediction methods. This evaluation was performed on the piles
sorted by bearing criteria for both end bearing capacity and skin friction capacity. A bar
graph was created for each of the four categories, indicating the relative quality of each
prediction method. Furthermore, categorized approach indicates what particular pile type
and bearing portion the method may or may not excel at in prediction. The following
figures are the calibrated CPT methods t-test results for the two bearing conditions and

two pile types.
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Fig. 7.1 CPT Accuracy Level — End Bearing Capacity-End Bearing Pile
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Fig. 7.3 CPT Accuracy Level — Skin Friction Capacity-End Bearing Pile
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Fig. 7.4 CPT Accuracy Level — Skin Friction Capacity-Skin Friction Pile

The post calibration statistical analysis indicates significant improvement in
prediction accuracy compared to the base CPT equations. The end bearing pile charts
show that five of eight methods have p-values greater than 70% for end bearing capacity,
and four methods exceeding the 60% threshold for skin friction capacity prediction.
Similarly, for the case of side friction pile end bearing capacity results finished with two
methods just under 80% and two methods exceeding p-values of 0.90. Skin friction
capacity prediction also improved, with three methods indicating accuracy levels near
90%. These results are encouraging not only because the p-values increase post
calibration, but more so because multiple methods indicate improved prediction
performance compared to base results. Agreement in prediction by more than one
methods speaks to higher reliability in CPT based bearing capacity prediction for pile.
Additionally, multiple methods showing quality prediction for the individual bearing

capacity components (end and skin capacity), increase the likelihood that total capacity
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Accurate total capacity prediction is the ultimate goal of the calibration
adjustments conducted above. Final CPT/PDA prediction charts and subsequent
statistical evaluations were prepared for all eight CPT methods from the aggregated
component capacities. Based on the positive results of the sorting process, it was deemed
beneficial to measure the performance separately for end bearing (HP pile) and skin
friction (steel pipe & concrete) piles. CPT/PDA charts for total calibrated capacity are

shown in Figures 7.5 & 7.6.
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Fig. 7.5 End Bearing Pile — Total Calibrated Capacity - PDA vs CPT methods
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Fig. 7.6 Skin Friction Pile — Total Calibrated Capacity - PDA vs CPT methods

Statistical performance measured by the t-test demonstrated significant
improvement from the baseline CPT equations. Four of eight methods had p-values
exceeding 0.60 after calibration, with Prince & Wardle’s p-value in excess of 90%. Skin
friction pile prediction also improved, and three of the methods had p-values at or over
0.50. Based on the t-test the calibrated Penpile method was the most accurate at 90% p-
value. In general, statistical evaluation indicated higher p-values for end bearing piles
compared to skin friction reliant piles. Refer to Figures 7.7 & 7.8 for the t-test outcomes.
This trend is in agreement with the results of the individual bearing component analysis,
where statistical accuracy was higher for the HP piles compared to pipe & prestressed

concrete piles.
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Fig. 7.7 Calibrated CPT Accuracy Level — Total Capacity — End Bearing Pile
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7.4 Validation Test Cases

While the calibrations presented above are based on the entire data population,
further study was conducted to verify the modified CPT equations and gauge confidence
of predictive methods. To this end, two bridge sites were set aside from the previous
analysis phases conducted in this project. These projects were selected for two primary
reasons. First, both sites have quality CPT data conducted in close proximity to the
substructure, and well documented consistent PDA dynamic load test data existed. In
conjunction, complete driving records and boring logs were available for complete
analysis and verification. The second rational came from discussion with NDOR
engineers regarding the soil conditions observed at each site. Both project 80-9(830) and
15-3(115) have primarily soft fine grained material with low SPT counts to depth.
Underneath, firmer glacial till formations are present. Advisory committee members felt
that these conditions represented optimal conditions where CPT geotechnical
investigation could be deployed for bridge foundations with successful results. This is
quantified by reaching necessary scour depths with the probe and offering time savings

versus traditional mud rotary drilling methods conducted by department staff.

Both pile bearing mechanisms were represented by these projects with S080
41856 using HP12x53 piles while S015 13411 was constructed with steel pipe piles. This
allowed for both sets of CPT method calibration factors to be tested. Tables 7.3 & 7.4
give a summary of PDA/CAPWAP load test results and calibrated CPT capacity
predictions. Complete tabulated results can be found in Appendix A. 15 comparisons

were made for these two projects, nine for pipe pile and six for HP pile.
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Table 7.3 Summary of load test results for validation dataset

Length | Driving

in Egn CW- | CW- CW-
Log Pile Place | Ultimate | total skin end
ID SN Subst Type [ft] [Kips] [Kips] | [kips] | [Kips]
1c S015 13411 Al pipe 66 143 185 76 109
2c S015 13411 Al pipe 69 165 232 179 53
3c S015 13411 Al pipe 72 182 249 178 71
4c S015 13411 Bl pipe 52 240 197 113 84
5c | S01513411 | B1 pipe 55 298 204 148 56
6¢C S015 13411 Bl pipe 59 246 223 152 71
7c S015 13412 B2 pipe 57 202 185 116 69
8c S015 13412 B2 pipe 60 212 201 154 47
9c S015 13412 B2 pipe 62 216 217 160 57
10c S080 41856 Al HP12x53 64 122 171 147 24
11c | S080 41856 Al | HP12x53 67 171 160 133 27
12c¢ | S080 41856 Al | HP12x53 70 210 198 166 32
13c | S080 41856 A2 | HP12x53 62 188 276 194 82
14c | S080 41856 A2 | HP12x53 65 231 302 232 70
15c | S080 41856 A2 | HP12x53 68 268 342 255 87

Table 7.4 Summary of CPT capacity prediction for validation dataset

Log Dcef)-trh CW-total CPT Method -Total Capacity [kips]
ID [Kips]
[f] 1 2 3 4 5 6 7 8

1c 69 185 183.6 | 138.4 | 169.0 | 124.7 | 151.8 | 186.8 | 208.0 | 175.6
2C 72.0 232 202.11151.1]|186.6 | 132.3 | 167.8 | 195.9 | 224.6 | 189.4
3c 75.0 249 21551 163.6 | 210.4 | 139.7 | 176.9 | 213.2 | 245.4 | 197.8
4c 68.0 197 179.5| 134.0| 151.5| 122.1 | 148.3 | 183.5| 201.8 | 173.3
5c 71.0 204 195.0 | 146.5] 180.51 129.6 | 162.6 | 191.5 | 2175 | 184.5
6C 75.0 223 21551 163.6 | 210.4 | 139.7 | 176.9 | 213.2 | 245.4 | 197.8
7c 77.2 185 178.9 | 115.3 | 150.7 1 101.7 | 129.1 | 173.4 | 2249 | 178.6
8c 80.2 201 1929 | 127.1]1170.5] 108.2 | 142.3 | 180.7 | 240.6 | 190.0
9c 82.2 217 203.6 1 134.1 | 185.8 | 112.7 | 151.4 | 192.2 | 256.5 | 194.6
10c 66.0 171 185.0 | 175.7 | 145.0 |1 181.3 | 163.7 | 165.2 | 164.5 | 170.6
11c 69.0 160 1841 177.3 | 143,51 186.5| 172.0 | 167.3 | 169.4 | 176.9
12¢ 72.0 198 206.0 1 183.8 | 147.9 | 196.6 | 201.9 [ 174.2 | 178.5| 196.4
13c 61.1 276 286.0 1 302.5| 278.5 | 276.1 | 304.7 | 307.0 | 259.2 | 246.9
14c 64.1 302 302.3 1 320.0 | 295.8 | 290.0 | 324.2 | 313.4 | 261.3 | 247.9
15¢ 67.1 342 315.8 1 338.9 | 312.4 | 302.4 | 3425 | 337.0 | 271.2 | 263.6

www.manaraa.com



114

The same forms of performance evaluation conducted for the main dataset was

used again to evaluate these final two projects. CPT/PDA prediction ratio plots were

compiled; however, all eight methods were combined into one figure for each capacity

measure to gage a relative performance of each method. Additionally, total capacity

results from the NDOR pile driving equation 25 was overlain (driving equation/PDA) as

another comparison. This information if of value because there is often times small

discrepancy between the driving equation and CAPWAP results, with the driving

typically giving more conservative capacities. Figure 7.9 is the results from project 15-

3(115) evaluating skin friction pile.
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The pipe pile studied to test the calibration factors showed generally accurate
prediction by the adjusted CPT methods. End bearing capacity ranged from
approximately 50 to 110 kips measured by the dynamic load test. The methods formed an
envelope above and below the measured capacities. Penpile, Schmertmann, European,
and Tumay & Fakhroo appeared to be the most accurate for the end bearing capacity.
Graphical observation suggests the most of the CPT methods predicted higher for lower
measured capacities and decreased slightly for the higher PDA values. End capacity
appears to be slightly underpredicted by most methods. Figure 7.9c plots the skin friction
capacity. Penpile, Prince & Wardle, and European methods indicate the most accurate
prediction. The comparisons have a fairly consistent slope of increasing CPT capacity

relating to pile embedment depth.

Total capacity prediction formed a very close relationship between predicted and
measured capacities. Most accurate methods based on this analysis include the European
method, with slight overprediction, and Penpile, Prince & Wardle, Schmertmann, and
Tumay & Fakhroo methods giving nearly identical predicted capacities slightly below the
measured values. The remaining methods under predicted total capacity, however still
had a consistent increasing linear trend. These underpredicted capacities may hold value
in a more conservative design capacity for pile design. Comparison of the CAPWAP
values and predicted CPT capacities to the NDOR pile bearing equation (seen as
triangles) confirms reasonably accurate values. The equation capacities indicate some
comparisons above and below the dynamic load test data, comparing favorably with the
range of values plotted by the eight predictive methods. Considering the soil conditions

encountered at the 15-3(115) site the results from these comparisons indicate quality
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prediction capability of the CPT methods. The till materials encountered in the lower

portion of the pile embedment often gives low hammer fall (small rebound force) and the

highly plastic nature yields easily under driving conditions. This behavior was confirmed

by the driving logs for this structure. Subsequently, measuring/mobilizing the full

capacity in the soil structure is often difficult. There is some spread among the methods,

however statistical analysis of the skin friction piles indicated slightly less accurate

prediction compared to end bearing pile.
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Figure 7.10 is the results from project 80-9(830) evaluating end bearing pile.
Comparison between calibrated CPT empirical methods and dynamic load tests obtained
at structure SO80 41856 correlated very closely. End bearing capacity seen in Figure
7.10b was very closely grouped to the 1:1 CPT/PDA line for all methods. LCPC slightly
overpredicted capacity for the higher PDA capacities, but still error was almost
negligible. Results for skin friction capacity also had very good CPT/PDA prediction
rations. All eight methods were within a close envelope, with Penpile, European, and
Prince & Wardle appearing to be the most accurate for this site. CPT predictions were
nearly in total agreement with load test results for the lower three skin frictions, with

small variation developing for the comparisons in the 200-250 kip range.

Accuracy for total bearing capacity prediction of the HP12x53 pile in this project
demonstrated excellent agreement. Philipponnat and Penpile methods gave the best
predictions compared to the PDA measurements. All eight methods showed a strong
increasing linear relationship with the load test results. This enhanced accuracy is
supported by the higher p-values found for the calibrated methods in end bearing piles
compared to skin friction piles. Pile driving equation capacities seen in Figure 7.10a are
generally below the dark blue 1:1 line, meaning more conservative axial capacities. This
was expected at this site because pile driving records indicated fairly high pile set
(movement in/blow) with lower capacities at the end of initial driving. Additionally,
fairly high setup factors were recorded at this project. This information suggests the CPT
predictions as calibrated may point closer to long term capacities and those that

CAPWAP analysis recognizes as higher resistance mobilization. Regardless of the more
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conservative capacities, the driving equation supports evidence that the CPT methods

demonstrated accurate capacity prediction at this test site.
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CHAPTER 8 DISCUSSION & CONCLUSIONS

8.1 Ranking Evaluation
The primary objective of this study was to identify CPT method(s) that most

reliably predict bearing capacity of pile, specifically for Nebraska. This task is
complicated and from a design prospective carries safety implication. Evaluation
conducted in previous sections analyzed three pile types: steel HP pile, steel pipe pile,
and square prestressed concrete pile. Some size variation was also considered in the
studied projects. With these considerations, it is understandable that a single method may
not preform best for all scenarios. A key finding of the CPT prediction evaluation with
PDA results was the impact of bearing mechanism, which is related to the pile type.
Hence, further analysis of CPT methods was conducted on the categorized basis of end
bearing and skin friction pile. Of course, actual piles derive bearing capacity from a
combination of resistances, as reflected by the CAPWAP analysis. Optimizations of the
prediction methods was based on accurate determination of end and skin portions of the
bearing, leading to reliable total capacity prediction. Following this logic, evaluation and
ranking of the CPT methods should not only consider total capacity, but accuracy of the

components, and moreover for both categories of pile.

Performance ranking introduces subjectivity into the analysis. Prediction accuracy
can be defined by statistical means, over/under prediction, and repeatability among other
user defined outcomes. Thorough analysis should attempt to consider multiple measures

and provide a global view of the evaluation. To this end, a set criterion consisting of four
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components was established to measure and ultimately rank the CPT methods

effectiveness. These measures are outlined below.

1) CPT/PDA prediction ratio (Qp/Qm). This measure provides a sense of inclination
for over or under prediction. The value is an average from the entire comparison
dataset.

2) Standard deviation. Defined by equation 29, where X is the individual sample, X
is the sample mean, and n is the population size. This measures the variation in

the predicted values away from the expected or mean value.

o= |REHC (29)

n-1

3) P-value from the paired t-test. Refer to section 5.2 for details on this parameter. A
statistical approach is an important component of accuracy evaluation.

4) R?value. The quality of linear regression fit indicates the quality of the prediction
comparisons and also has applicability beyond discrete measurements. This
measure was primarily used as a tool to modify CPT equations, improving fit.

Intercepts were fixed, affecting the absolute values of the measure.

The criteria listed above was compiled for end bearing capacity, skin friction
capacity, and total capacity. A ranking one through eight was assigned to the CPT
methods for each of the criteria, then a four-component aggregated ranking score was
assigned. The lowest aggregate score indicated the best overall ranking. This procedure is

similar with the Abu-Farsakh & Titi 2004 study for Louisiana DOT.
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First, methods were evaluated on a component basis; specifically end bearing and

skin friction capacity. Assessment was conducted for end and skin friction pile

separately. Next, rankings determined for both components were added together to find

the best method for end bearing or side friction pile categories. Refer to tables 8.1 - 8.6

for these results.

Table 8.1 Component rankings-End bearing pile-end capacity

avg std-dev t-test-pa R2
PENPILE 1.42 1 1.32 1 0.22 7 -1.87 8
PHILI 1.93 5 241 4 0.96 1 -1.50 7
P&W 1.82 3 2.42 5 0.79 3 -0.03 2
LCPC 2.25 8 3.96 8 0.93 2 -0.87 6
Aoki 2.00 6 2.59 7 0.20 8 0.01 1
Schmer 2.00 7 2.47 6 0.38 6 -0.58 5
Europ 1.79 2 2.23 3 0.79 5 -0.15 3
Tumay 1.88 4 2.21 2 0.79 4 -0.52 4

Table 8.2 Component rankings-End bearing pile-skin capacity

avg std-dev t-test-pa R2
PENPILE 1.24 2 1.34 1 0.95 1 0.50 2
PHILI 1.42 6 1.72 4 0.17 7 0.36 4
P&W 1.20 1 1.35 2 0.68 3 0.54 1
LCPC 1.50 7 1.91 7 0.48 6 -0.18 8
Aoki 1.69 8 2.23 8 0.01 8 0.12 6
Schmer 1.35 4 1.58 3 0.56 4 0.23 5
Europ 1.38 5 1.73 5 0.71 2 0.43 3
Tumay 1.33 3 1.86 6 0.48 5 0.05 7

www.manaraa.com



Table 8.3 End bearing pile component method rank

124

End bearing Skin friction Combined Rank

13 P&W 6 PENPILE 20 P&W 1

13 Europ 7 P&W 23 PENPILE 2

14 Tumay 15 Europ 28 Europ 3

17 PENPILE 16 Schmer 35 Tumay 4

17 PHILI 21 PHILI 38 PHILI 5

22 Aoki 21 Tumay 40 Schmer 6

24 LCPC 28 LCPC 52 LCPC 7

24 Schmer 30 Aoki 52 Aoki 8

Table 8.4 Component rankings-Skin friction pile-end capacity
avg std-dev t-test-pa R2

PENPILE 0.98 2 0.57 1 0.97 1 0.36 1

PHILI 1.03 3 0.75 4 0.21 7 0.31 2

P&W 1.05 4 1.01 7 0.80 3 0.31 3

LCPC 0.94 1 1.05 8 0.80 4 0.27 4

Aoki 1.32 8 0.98 6 0.07 8 0.26 5
Schmer 1.23 7 0.83 5 0.26 6 0.23 6
Europ 1.07 5 0.73 3 0.95 2 0.19 7
Tumay 1.19 6 0.70 2 0.41 5 0.14 8

Table 8.5 Component rankings-Skin friction pile-skin capacity
avg std-dev t-test-pa R2

PENPILE 1.75 7 1.31 7 0.48 5 -5.69 8

PHILI 1.30 1 0.80 1 0.35 6 -2.45 7

P&W 1.67 4 1.26 6 0.56 4 -2.36 6

LCPC 1.70 6 1.08 3 0.27 8 -1.69 4

Aoki 1.45 2 0.91 2 0.98 1 -1.49 1
Schmer 1.60 3 1.17 4 0.90 3 -1.59 3
Europ 1.89 8 1.41 8 0.30 7 -1.53 2
Tumay 1.68 5 1.26 5 0.95 2 -1.98 5
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Table 8.6 Skin friction pile component method rank

End bearing Skin friction Combined Rank
5 PENPILE 6 Aoki 31 PHILI 1
16 PHILI 13 Schmer 32 PENPILE 2
17 P&W 15 PHILI 33 Aoki 3
17 LCPC 17 Tumay 37 P&W 4
17 Europ 20 P&W 37 Schmer 4
21 Tumay 21 LCPC 38 LCPC 6
24 Schmer 25 Europ 38 Tumay 6
27 Aoki 27 PENPILE 42 Europ 8

Component based performance measurement shows that for end bearing pile,
Prince & Wardle, Penpile, and European methods are most accurate. The top three
methods for friction pile are Philipponnat, Penpile, and Aoki & De Alencar. Performance
scores were quantitively lower for end pile compared to friction pile, however the range
of scores from 1% to 8™ is substantially large for the end pile. Lower score values suggest
that methods ranked more consistently among each of the four criteria, meaning end
bearing pile prediction may be slightly more accurate of the two categories. Higher
variation in compiled scores means more differentiation between the best and poorest
ranking methods. Low score spread for friction pile suggests that difference between

methods quality is less significant.

Next, the calibrated total capacity prediction accuracy was evaluated. Total
capacity accuracy is ultimately the most important measure, but accuracy of end and
frictional components is once again being measured due to the calibration process

outlined in the previous section. Two purposes will be served, true total capacity analysis
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and indirect assessment of end and frictional components to be compared to the previous

rankings. The following tables outline total capacity performance scores and rankings.

Table 8.7 Total capacity rankings-End bearing pile

avg std-dev t-test-pa R2
PENPILE 1.04 1 0.38 1 0.32 6 -0.58 4
PHILI 1.20 6 0.49 5 0.40 5 -0.73 5
P&W 1.11 3 0.39 4 0.97 1 -0.26 2
LCPC 1.24 7 0.73 8 0.67 3 -1.31 8
Aoki 1.37 8 0.54 7 0.00 8 -0.77 6
Schmer 1.20 5 0.52 6 0.30 7 -0.43 3
Europ 1.16 4 0.38 2 0.65 4 -0.96 7
Tumay 1.10 2 0.38 3 0.74 2 0.02 1

Table 8.8 Total capacity rankings-Skin friction pile

avg std-dev t-test-pa R2
PENPILE 1.15 4 0.52 8 0.94 1 -0.38 8
PHILI 0.98 1 0.34 1 0.26 7 0.55 3
P&W 1.10 3 0.48 5 0.69 2 0.45 4
LCPC 1.09 2 0.38 2 0.33 4 0.63 2
Aoki 1.16 5 0.40 4 0.03 8 0.65 1
Schmer 1.17 6 0.50 6 0.27 5 0.41 5
Europ 1.23 8 0.50 7 0.26 6 0.19 6
Tumay 1.19 7 0.38 3 0.49 3 -0.03 7

Table 8.9 Total capacity ranking summary

End Piles Rank Friction Piles Rank
8 Tumay 1 10 LCPC 1
10 P&W 2 12 PHILI 2
12 PENPILE 3 14 P&W 3
17 Europ 4 18 Aoki 4
21 PHILI 5 20 Tumay 5
21 Schmer 5 21 PENPILE 6
26 LCPC 7 22 Schmer 7
29 Aoki 8 27 Europ 8
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Tumay & Fakhroo, Prince & Wardle, and Penpile methods ranked the highest for
end bearing piles. LCPC, Philipponnat, and Prince & Wardle are the top three methods
for friction pile. Scores were fairly close between both pile types. With the exception of
Prince & Wardle, the rankings were quite different between the categories, providing
further evidence that there is value in the separated evaluation conducted in the study.
With that said, Prince & Wardle may prove to be fairly effective as a single method
approach. The final step of the evaluation and ranking process was to combine the
component approach with the total capacity evaluation. The goal being to compare

reliability measures and give the most global view of method performance.

Table 8.10 CPT modified methods final ranking-End bearing pile

Component Rank Total Rank Combined Rank
20 P&W 8 Tumay 30 P&W 1
23 PENPILE 10 P&W 35 PENPILE 2
28 Europ 12 PENPILE 43 Tumay 3
35 Tumay 17 Europ 45 Europ 4
38 PHILI 21 PHILI 59 PHILI 5
40 Schmer 21 Schmer 61 Schmer 6
52 LCPC 26 LCPC 78 LCPC 7
52 Aoki 29 Aoki 81 Aoki 8

Table 8.11 CPT modified methods final ranking-Skin friction pile

Component Rank Total Rank Combined Rank
31 PHILI 10 LCPC 43 PHILI 1
32 PENPILE 12 PHILI 48 LCPC 2
33 Aoki 14 P&W 51 P&W 3
37 P&W 18 Aoki 51 Aoki 3
37 Schmer 20 Tumay 53 PENPILE 5
38 LCPC 21 PENPILE 58 Tumay 6
38 Tumay 22 Schmer 59 Schmer 7
42 Europ 27 Europ 69 Europ 8
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Table 8.10 presents the final ranking of the CPT prediction methods for end
bearing pile. This ranking is for the modified (calibrated) methods, which were adapted
based on Nebraska specific conditions and load tests. The most accurate method for HP
pile bearing capacity prediction is the modified Prince & Wardle method, followed by
Penpile and Tumay & Fakhroo. Combined scores show a breakpoint in the rankings
scores occurring between the 4™ and 5" ranked methods. The two previous rankings had
generally close agreement. Table 8.11 gives the final ranking for skin friction pile.
Philipponnat’s modified method shows the best performance. LCPC ranked 2" followed
by a tie for 3" between Prince & Wardle and Aoki & De Alencar. The scores for friction

pile were higher, but again had less variation than the end bearing pile.

8.2 Discussion of Potential Shortcomings

Determination of pile bearing capacity is not simply determined due to the
complex mechanisms at work ranging from installation to soil pile interface interaction
behavior. The empirical methods investigated relate gc and fs measurements from the
CPT to g» and unit gs from the pile. The relationship between these resistance values is
defined with a scaling factor to account for differences such as size. Numerical modeling
of the mechanics also presents difficulty due to the extreme variability, and vulnerability
to instability occurring at rigid (CPT probe or pile) and soft (soil) large deformation

boundaries.

Dynamic vs static considerations play a large role in the quality of capacity
predictions. Piles studied are driven into the ground by a dynamic, but intermittent
inertial system. The CPT test is also a dynamic process; however, the probe is advanced

at an intentionally slow, continuous rate. The process attempts to gain static strength
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parameters by limiting dynamic influences such as induced excess pore pressure
response. Furthermore, driving system losses and system damping parameters also affect
the measured capacities, and cannot be easily accounted for by CPT results. Axial
capacity in this study was determined by dynamic load testing (PDA) representing
current capacity of the pile. The pile’s capacity however will continue to increase do to
“set up” phenomenon for a period of time. The effective bond between the soil and pile
increases as the soil tightens back around the pile’s surface. Further study is needed to
compare the CPT method predictions to the long-term strength of the pile determined

post set up.

End bearing vs skin friction proportioning of capacity is another factor that may
have played a role in error from the CPT prediction methods. While the CAPWAP
analysis gives a close estimate of the values, these proportions are highly sensitive to
changes in the soil strata encountered and driving response of each soil. The values for
each bearing component can change in only a few hammer blows. PDA/CAPWAP
analysis is also sensitive to low hammer blow/high set (large penetration per blow)
conditions. The behavior is indicated by some of the comparisons where the CAPWAP
values are lower than the NDOR driving equation, which is typically the more
conservative capacity. Due to CPT refusal and incomplete PDA records for some of the

projects these conditions were unavoidable.

Finally, soil plugging behavior and effective area considerations should be
mentioned. For displacement piles such as concrete pile, and closed end pipe pile which

are used by NDOR maintain a constant toe area. Non-displacement pile such as open-end
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pipe pile or HP piles, do not always maintain a constant cross-sectional area during

driving. Figure 8.1 diagrams the zone on a HP pile that acts as variable area.

Fig. 8.1 HP pile soil plugging diagram

The blue area will initially not contribute to the pile’s toe bearing area, but at
some time during installation, typically cohesive stiff soils will form a soil plug which
remains adjoined to the pile inside the HP channel. The soil plug increases the effective
toe bearing area and the pile will act as a square displacement pile. It is extremely
difficult to know when and if this plugging action takes place, and furthermore the
behavior can revert pending encountered soil conditions. As a result, it is impractical to
incorporate the variable effective toe area consideration in to the CPT prediction analysis
code. The variability associated with this behavior is likely a large contributor to

prediction error by the CPT methods.
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8.3 Conclusion

Eight CPT methods were evaluated for pile capacity prediction performance of
driven pile in Nebraska. Initial findings indicated reasonable end bearing capacity
prediction, while the skin friction component was in most cases significantly over
predicted compared to dynamic load test CAPWAP analysis. Performance trends
indicated pile type was influencing individual method accuracy, and piles were classified
as end bearing or frictional piles for further analysis. Due to the high variability in soils,
regional considerations are often beneficial in design. Nebraska soils are generally
overconsolidated, a factor that was not encountered in previous work found in the
literature review. All CPT methods were calibrated for gc and fs values to optimize pile
capacity prediction. Rankings criteria consisted of prediction accuracy, statistical
performance, linear fit, and standard deviation. Summarized findings and

recommendations are bulleted below.

e For “end bearing pile” considered to be steel HP piles the preferred method is the
modified Prince & Wardle equation shown below.
o qp =kpq.*1.074
o f =ksf;*0475
e For “skin friction pile” considered to be steel pipe piles and square PPC piles the
preferred method is the modified Philipponnat equation shown below.

o  qp = kpqcq * 1.075

o f= Z—:qcs ¥ 0.762
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Numerical modeling further investigated cone and pile tip resistance behavior.
Empirical methods suggest gv/gc ratios for reduction of CPT tip resistance translated to
pile end bearing capacities. These factors were confirmed to be applicable to the
Nebraska conditions studied. Influence depths above and below the pile toe affecting
capacity were evaluated. Computational findings indicate that some of the empirical
methods may have larger than needed influence zones for end bearing prediction, though

additional study is suggested.

The cone penetration test offers a high resolution soil investigation tool, providing
information often missed by traditional exploration methods. Traditional pile design
methods used by NDOR are reliant on these traditional methods, primarily SPT results.
Findings from the study suggest that multiple modified CPT empirical methods can offer
quality pile specific prediction of axial bearing capacity. Further study may evaluate the
potential use of hybridized methods, taking end bearing and skin friction components
from various methods to further refine capacity prediction. Effectiveness of CPT based
investigation and pile design is reliant primarily on the capability to advance the cone to
necessary deep foundation depths. These depths and very stiff or dense gravels can pose
challenges in Nebraska. With that in mind however, transition to higher data resolution
based designed such as CPT technology could offer NDOR cost savings in pile, and the

ability to conduct more informed deep foundation designs.
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APPENDIX A PILE DRIVING AND LOAD TEST DATA

Table A-1 Project and in-place capacity data

Length Driving
in Eqgn CW- | CW- | CW- | CPT
Place Ultimate | PDA | total skin end | Depth

PN CN SN Substct | Pile Type | Pile # [ft] Hammer Ram [Ibs] | STK [ft] | Set[in] [Kips] BN | [kips] | [kips] | [Kips] [ft]
34-6(133) | 12425 | C05501305P Al HP12x53 1 45 APE 19-42 4190 7.52 0.95 124 169 163 151 12 29.9
S034 31644 Al HP12x53 10 55 APE 19-42 4190 741 0.65 154 169 160 132 28 46.1

S034 31644 Al HP12x53 10 57 APE 19-42 4190 7.34 0.50 176 204 171 147 24 47.8

S034 31644 Al HP12x53 10 60 APE 19-42 4190 7.67 0.44 196 260 184 129 55 50.3

S034 31644 A2 HP12x53 6 45 APE 19-42 4190 5.19 1.45 64 104 75 9 66 40.1

S034 31644 A2 HP12x53 6 50 APE 19-42 4190 5.72 1.20 81 162 99 35 64 44.6

S034 31644 A2 HP12x53 6 55 APE 19-42 4190 6.57 0.70 131 227 152 132 20 49.1

S034 31644 A2 HP12x53 6 58 APE 19-42 4190 6.50 0.70 130 256 149 122 27 51.7

S034 31752 Al HP12x53 5 34 APE 19-42 4190 7.44 0.30 223 106 251 101 150 29.2

S034 31752 A2 HP12x53 24 35 APE 19-42 4190 6.03 0.83 109 77 113 97 16 34.0

S034 31752 B1 HP12x53 26 40 APE 19-42 4190 7.83 0.23 259 261 313 3 311 31.0

S034 31752 B2 HP12x53 5 35 APE 19-42 4190 7.18 0.50 172 117 233 104 129 33.8

77-2(1025) | 11801 S077 09368 Al pipe 15 80 Delmag 30-32 6615 7.28 0.20 393 40 448 273 175 78.5
S077 09368 A2 pipe 6 90 Delmag 30-32 6615 7.28 0.30 344 205 429 372 57 84.0

S077 09368 A2 pipe 6 92 Delmag 30-32 6615 7.35 0.20 397 264 450 96 354 86.0

S077 09368 B1 pipe 3 87 Delmag 30-32 6615 8.07 0.28 394 112 450 326 124 81.7

S077 09368 B2 pipe 27 87 Delmag 30-32 6615 7.32 0.23 382 71 430 269 161 82.0

80-2(106) | 51459B | S080 08295L Al pipe 9 32 Delmag 30-32 6615 7.49 0.45 298 202 452 429 23 18.0
80-9(865) | 12492 S080 40436 P1 Type | 10 34 APE 19-42 4190 5.39 0.40 143 837 166 30 136 66.3
81-2(1035) | 42050A | S081 08578 Al pipe 5 74 ICE 30S 3000 6.05 0.10 173 1021 | 163 134 29 69.8
S081 08578 Al pipe 5 65 ICE 30S 3000 5.07 0.10 145 402 85 61 24 65.8

S081 08578 Al pipe 5 70 ICE 30S 3000 5.72 0.10 163 684 98 76 22 69.5

S081 08578 Al pipe 5 75 ICE 30S 3000 5.92 0.05 185 1030 | 170 40 130 70.8
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S081 08578 B2 pipe 7 75 ICE 30S 3000 5.72 0.58 91 1408 | 137 89 48 81.0

S081 08578 B2 pipe 7 68 ICE 30S 3000 5.82 0.63 88 1225 | 141 61 80 85.0

S081 08578 B2 pipe 7 72 ICE 30S 3000 5.77 0.50 99 1346 | 116 37 79 86.0

S081 08578 B2 pipe 7 75 ICE 30S 3000 5.84 0.50 100 1413 | 120 61 59 86.5

80-9(865) | 12492 S080 40436 Al pipe 12 55 APE 19-42 4190 6.00 0.65 125 119 192 141 51 63.3
S080 40436 Al pipe 12 65 APE 19-42 4190 6.26 0.60 136 240 164 59 105 73.3

S080 40436 Al pipe 12 75 APE 19-42 4190 6.31 0.55 144 456 133 47 86 83.3

80-9(838) | 12465 | S08041341 Al HP12x53 36 Delmag 19-42 4000 9.08 0.20 296 290 385 156 229 36.0
S080 41341 Al HP12x53 40 Delmag 19-42 4000 10.90 0.12 402 527 401 118 283 40.0

S08041341 A2 HP12x53 35 Delmag 19-42 4000 7.39 0.25 225 12 178 140 38 34.0

159-7(106) S$159 01373 | N3 (P3) | HP14x89 16 85 APE 30-32 6615 8.40 0.30 397 360 155 205 83.0
S$159 01373 | N2 (P2) | HP14x89 4 74 APE 30-32 6615 8.70 0.13 526 600 145 455 74.0

85-2(111) | 22203 S085 0042 P1 pipe 39 37 Pileco 19-42 4010 5.27 1.20 71 27 56 13 43 46.1
S085 0042 P1 pipe 39 40 Pileco 19-42 4010 6.06 1.00 93 76 62 12 50 49.1

S085 0042 P1 pipe 39 42 Pileco 19-42 4010 6.34 0.90 104 103 71 21 50 51.1

S085 0042 P2 pipe 39 43 Pileco 19-42 4010 7.25 0.50 166 85 136 81 55 52.5

S085 0042 P2 pipe 39 46.5 Pileco 19-42 4010 6.42 0.50 147 132 138 70 68 56.0

S085 0042 P3 pipe 39 39 Delmag 19-42 4000 6.20 1.00 94 9 69 51 18 55.0

7066(43) C006602905 A2 HP10x42 5 44.5 SPI119-42 4185 5.90 1.15 86 10 105 30 75 45.0

C006602905 A2 HP10x42 5 44 SPI119-42 4185 5.50 1.25 75 5 115 35 80 45.5

C006602905 A2 HP10x42 5 47 SPI119-42 4185 5.90 1.05 91 26 133 112 21 47.5

80-9(811) | 21929 | S080 43555 Al HP12x53 6 45 Link Belt 520 5080 2.84 0.43 89 224 153 107 46 56.7
S080 43555 Al HP12x53 6 48 Link Belt 520 5080 3.60 0.33 126 319 178 133 45 59.7

S080 43555 Al HP12x53 6 52 Link Belt 520 5080 3.90 0.28 145 491 206 130 76 62.7

S080 43555 Al HP12x53 6 55 Link Belt 520 5080 4.10 0.24 161 637 223 177 46 65.7

S080 43555 A2 HP12x53 6 40 MKT DE30 2800 7.00 0.15 172 312 186 133 53 51.0

S080 43555 A2 HP12x53 6 45 MKT DE30 2800 7.80 0.14 195 805 205 150 55 56.0

S080 43555 A2 HP12x53 6 50 MKT DE30 2800 8.30 0.12 214 1283 | 276 227 49 61.0

S080 43555 A2 HP12x53 6 55 MKT DE30 2800 8.40 0.09 228 1823 | 310 270 40 66.0

S080 43555 A2 HP12x53 6 60 MKT DE30 2800 9.10 0.02 280 2849 | 388 305 83 71.0
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S080 43555 P1 HP12x53 14 50 Link Belt 520 5080 5.70 0.10 276 1479 | 321 282 39 69.1
S080 43555 P1 HP12x53 14 53 Link Belt 520 5080 6.20 0.05 327 1849 | 391 317 74 72.1
80-9(828) | 12455 | S080 42094 Al Pipe 6 42 Delmag 25-32 5514 6.60 0.63 184 38 180 145 35 46.0
S080 42094 Al Pipe 6 45 Delmag 25-32 5514 5.90 0.57 174 95 165 99 66 49.0
S080 42094 Al Pipe 6 50 Delmag 25-32 5514 6.10 0.80 148 181 152 70 82 54.0
S080 42094 Al Pipe 6 55 Delmag 25-32 5514 6.50 0.50 205 285 221 109 112 59.0
S080 42094 Al Pipe 6 60 Delmag 25-32 5514 6.70 0.60 192 372 199 125 74 64.0
S080 42094 A2 Pipe 15 47 Delmag 25-32 5514 6.40 0.38 230 171 252 136 116 50.4
S080 42094 A2 Pipe 15 50 Delmag 25-32 5514 6.50 0.43 220 288 255 140 115 53.4
S080 42094 A2 Pipe 15 55 Delmag 25-32 5514 6.60 0.38 238 425 270 188 82 58.4
S080 42094 A2 Pipe 15 60 Delmag 25-32 5514 6.70 0.33 256 576 282 124 158 63.4
S080 42094 P1 Type | 40 40 Delmag 25-32 5514 7.10 0.80 172 352 175 43 132 48.5
S080 42094 P1 Type | 40 45 Delmag 25-32 5514 7.00 0.57 206 428 188 71 117 52.5
S080 42094 P1 Typel 40 50 Delmag 25-32 5514 6.30 0.30 248 570 194 81 113 57.5
S080 42094 P1 Typel 40 55 Delmag 25-32 5514 6.50 0.57 191 751 159 93 66 62.5
S080 42094 P1 Typel 40 60 Delmag 25-32 5514 6.30 0.32 242 912 200 107 93 68.5
80-9(801) | 21867 S080 44207 P4 HP12x53 35 55 Delmag 25-32 5514 7.00 0.75 176 91 170 138 32 62.5
S080 44207 P4 HP12x53 35 60 Delmag 25-32 5514 7.60 0.60 218 181 206 160 46 67.5
S080 44207 P4 HP12x53 35 65 Delmag 25-32 5514 7.70 0.52 238 270 236 149 87 72.5
S080 44207 P4 HP12x53 35 70 Delmag 25-32 5514 7.80 0.46 256 379 275 206 69 77.5
S080 44207 P4 HP12x53 35 73 Delmag 25-32 5514 8.00 0.55 240 450 314 241 73 80.5
S080 44207 P4 HP12x53 57 52 Delmag 25-32 5514 7.00 0.85 163 30 169 94 75 59.5
S080 44207 P4 HP12x53 57 57 Delmag 25-32 5514 6.70 0.80 162 104 170 147 23 64.5
S080 44207 P4 HP12x53 57 63 Delmag 25-32 5514 7.30 0.63 204 198 215 175 40 70.5
S080 44207 P4 HP12x53 57 69 Delmag 25-32 5514 8.00 0.46 263 356 332 237 95 76.5
15-3(115) | 32132 S015 13411 Al pipe 9 66 MKT 33-30-20 3300 5.30 0.20 143 868 185 76 109 69.0
S015 13411 Al pipe 9 69 MKT 33-30-20 3300 5.70 0.15 165 1112 | 232 179 53 72.0
S015 13411 Al pipe 9 72 MKT 33-30-20 3300 5.80 0.10 182 1337 | 249 178 71 75.0
S015 13411 Bl pipe 3 52 Pileco 19-42 4010 6.80 0.15 240 909 197 113 84 68.0
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S015 13411 Bl pipe 3 55 Pileco 19-42 4010 7.80 0.10 298 1133 | 204 148 56 71.0
S015 13411 Bl pipe 3 59 Pileco 19-42 4010 6.00 0.06 246 2018 | 223 152 71 75.0
S015 13412 B2 pipe 7 57 MVE M-12 2822 7.50 0.10 202 991 185 116 69 77.2
S015 13412 B2 pipe 7 60 MVE M-12 2822 7.90 0.10 212 1410 | 201 154 47 80.2
S015 13412 B2 pipe 7 62 MVE M-12 2822 7.70 0.08 216 1825 | 217 160 57 82.2
80-9(830) 12457 S080 41856 Al HP12x53 3 64 Delmag 19-42 4000 6.40 0.70 122 603 171 147 24 66.0
S080 41856 Al HP12x53 3 67 Delmag 19-42 4000 7.50 0.50 171 661 160 133 27 69.0
S080 41856 Al HP12x53 3 70 Delmag 19-42 4000 7.80 0.35 210 742 198 166 32 72.0
S080 41856 A2 HP12x53 9 62 Delmag 19-42 4000 7.80 0.45 188 759 276 194 82 61.1
S080 41856 A2 HP12x53 9 65 Delmag 19-42 4000 8.10 0.30 231 848 302 232 70 64.1
S080 41856 A2 HP12x53 9 68 Delmag 19-42 4000 8.20 0.20 268 1022 | 342 255 87 67.1
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Penpile Philipponat Prince & Wardle LCPC
S I I I I N N B (= [ s e (e R v R [ [ (o e
[kips] [Kips] [Kips] [ft]

C05501305P Al HP12x53 1 45 163 151 12 29.9 29.2 100.1 129.3 112.1 190.7 302.8 131.7 147.9 279.5 127.0 49.7 176.7
S034 31644 Al HP12x53 10 55 160 132 28 46.1 14.3 92.5 106.7 37.6 339.6 377.1 36.9 138.3 175.2 51.3 68.8 120.1
S034 31644 Al HP12x53 10 57 171 147 24 47.8 27.9 102.2 130.1 43.4 371.4 414.8 42.9 154.3 197.2 68.8 72.1 140.9
S034 31644 Al HP12x53 10 60 184 129 55 50.3 30.0 119.1 149.1 40.2 422.7 462.9 415 186.2 227.7 64.9 78.1 143.0
S034 31644 A2 HP12x53 6 45 75 9 66 40.1 26.2 107.5 133.6 51.3 3143 365.5 52.9 185.7 238.6 71.0 76.8 147.8
S034 31644 A2 HP12x53 6 50 99 35 64 44.6 28.7 137.4 166.1 57.1 395.1 452.2 45.5 246.3 291.8 74.5 87.3 161.8
S034 31644 A2 HP12x53 6 55 152 132 20 49.1 13.4 167.9 181.3 42.6 472.8 515.4 33.7 309.6 343.3 47.6 98.2 145.8
S034 31644 A2 HP12x53 6 58 149 122 27 51.7 26.9 183.8 210.7 51.6 516.3 567.9 313 336.7 368.0 45.2 104.4 149.5
S034 31752 Al HP12x53 5 34 251 101 150 29.2 50.0 80.3 130.3 171.9 208.6 380.4 151.0 141.3 2924 172.6 58.4 231.0
S034 31752 A2 HP12x53 24 35 113 97 16 34.0 55.2 164.0 219.2 178.8 344.6 523.4 142.7 269.8 412.5 197.3 101.3 298.6
S034 31752 Bl HP12x53 26 40 264 65 199 31.0 415 54.9 96.4 103.5 156.8 260.3 130.9 84.7 2155 105.3 42.7 148.0
S034 31752 Al HP12x53 5 35 264 84 180 33.8 49.1 79.3 128.3 152.2 209.4 361.6 151.0 137.3 288.3 128.7 61.0 189.7
S077 09368 Al pipe 15 80 448 273 175 78.5 23.7 227.7 2514 101.9 5725 674.4 7.7 325.1 402.8 130.5 151.0 281.5
S077 09368 A2 pipe 6 90 429 372 57 84.0 70.9 257.6 328.5 238.7 645.6 884.3 270.7 413.8 684.5 249.3 194.0 443.4
S077 09368 A2 pipe 6 92 450 96 354 86.0 77.1 271.8 348.9 247.7 679.6 927.3 214.6 447.7 662.2 2445 210.7 455.3
S077 09368 Bl pipe 3 87 450 326 124 81.7 28.9 236.2 265.0 146.7 593.9 740.6 232.8 343.8 576.6 146.6 160.2 306.7
S077 09368 B2 pipe 27 87 430 269 161 82.0 55.1 245.0 300.1 188.5 612.6 801.1 191.6 384.0 575.6 208.5 177.8 386.4
OggggL Al pipe 9 32 345 214 131 18.0 106.8 83.0 189.8 326.5 221.0 547.5 278.0 168.3 446.3 348.2 104.3 452.5
S080 40436 P1 Type | 10 34 166 30 136 66.3 40.8 153.8 194.6 162.6 262.2 424.8 117.5 2742 391.7 183.4 714 254.8
S081 08578 Al pipe 5 74 85 61 24 69.8 13.3 104.5 117.7 19.0 304.2 323.2 14.1 130.9 145.1 14.1 76.1 90.2
S081 08578 Al pipe 5 65 98 76 22 65.8 15.0 1244 139.4 19.4 338.4 357.8 18.7 158.7 177.4 14.5 85.6 100.1
S081 08578 Al pipe 5 70 163 134 29 69.5 9.6 142.5 152.2 26.3 378.4 404.7 57.1 188.8 245.9 14.9 94.4 109.3
S081 08578 Al pipe 5 75 170 40 130 70.8 21.5 148.7 170.1 30.9 392.8 423.8 29.0 198.9 227.9 18.3 97.5 115.8
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S081 08578 B2 pipe 7 75 141 61 80 81.0 49.5 299.1 348.5 27.8 589.8 617.6 31.8 500.1 532.0 23.9 168.8 192.7
S081 08578 B2 pipe 7 68 116 37 79 85.0 58.2 326.5 384.7 103.6 654.0 757.6 51.3 565.2 616.5 34.2 191.1 225.3
S081 08578 B2 pipe 7 72 137 89 48 86.0 37.2 349.9 387.1 51.2 703.4 754.6 46.5 614.6 661.1 34.9 198.2 233.1
S081 08578 B2 pipe 7 75 120 61 59 86.5 32.6 357.6 390.2 52.2 719.9 7721 46.5 631.0 677.6 35.1 200.5 235.6
S080 40436 Al pipe 12 55 192 141 51 63.3 8.8 219.2 228.0 51.4 534.7 586.1 129 339.0 352.0 31.3 161.1 192.5
S080 40436 Al pipe 12 65 164 59 105 73.3 17.6 251.1 268.7 57.5 619.8 677.2 20.2 379.7 399.9 31.9 182.1 214.0
S080 40436 Al pipe 12 75 133 47 86 83.3 21.3 290.8 312.2 48.3 720.7 769.0 29.0 435.9 464.9 32.2 206.0 238.2
S080 41341 Al HP12x53 8 36 385 156 229 36.0 57.1 129.9 186.9 86.8 201.6 288.4 260.7 198.5 459.2 125 59.8 72.2
S080 41341 Al HP12x53 8 40 401 118 283 40.0 84.4 161.5 245.9 184.7 272.7 457.3 164.4 268.6 433.0 35.6 95.5 131.1
S080 41341 A2 HP12x53 8 35 178 140 38 34.0 27.7 106.4 134.1 84.5 193.8 278.2 186.2 1535 339.7 21.9 56.7 78.5
S159 01373 (gg) HP14x89 16 85 360 155 205 83.0 24.6 192.3 216.9 64.1 623.4 687.6 91.9 253.8 345.8 39.7 138.2 177.9
S159 01373 (gg) HP14x89 4 74 600 145 455 74.0 26.0 146.1 172.1 57.8 472.2 530.0 188.3 231.9 420.2 20.0 100.6 120.6
S085 0042 P1 pipe 39 37 56 13 43 46.1 7.8 102.1 109.8 12.6 154.5 167.1 8.7 116.8 125.4 9.6 53.6 63.2
S085 0042 P1 pipe 39 40 62 12 50 49.1 10.6 110.1 120.7 152 170.9 186.2 12.4 125.7 138.1 9.8 58.5 68.3
S085 0042 P1 pipe 39 42 71 21 50 51.1 12.1 1159 128.0 152 181.7 196.9 11.0 132.4 143.3 10.0 61.8 718
S085 0042 P2 pipe 39 43 136 81 55 52.5 6.6 121.3 127.9 156 193.7 209.3 42,5 140.3 182.8 10.1 65.2 75.3
S085 0042 P2 pipe 39 46.5 138 70 68 56.0 16.6 136.7 153.3 20.9 226.1 247.0 20.6 163.9 184.6 15.1 73.1 88.2
S085 0042 P3 pipe 39 39 69 51 18 55.0 9.3 105.9 115.2 15.0 178.8 193.8 14.6 1175 132.1 12.7 64.6 77.3
C006602905 A2 HP10x42 44.5 105 30 75 45.0 38.0 35.3 73.3 57.3 134.7 192.0 126.4 44.7 1711 7.9 57.9 65.7
C006602905 A2 HP10x42 44 115 35 80 45.5 38.7 38.0 76.7 62.8 1435 206.3 129.5 49.2 178.7 8.2 62.2 70.4
C006602905 A2 HP10x42 47 133 112 21 47.5 46.3 47.0 93.3 98.9 177.5 276.4 146.6 62.9 209.4 9.4 75.7 85.1
S080 43555 Al HP12x53 6 45 153 107 46 56.7 27.4 188.6 216.0 43.2 393.0 436.1 43.4 280.0 323.4 253 81.0 106.2
S080 43555 Al HP12x53 6 48 178 133 45 59.7 27.9 209.9 237.8 415 446.2 487.7 33.7 324.3 358.0 213 88.2 109.5
S080 43555 Al HP12x53 6 52 206 130 76 62.7 31.2 230.0 261.2 41.8 498.0 539.8 44.5 364.0 408.5 26.7 95.3 122.0
S080 43555 Al HP12x53 6 55 223 177 46 65.7 35.5 252.9 288.4 53.5 558.5 612.0 60.5 417.4 478.0 27.6 102.6 130.2
$S080 43555 A2 HP12x53 6 40 186 133 53 51.0 253 1747 200.0 37.9 351.4 389.4 34.3 270.8 305.1 26.4 724 98.8
$S080 43555 A2 HP12x53 6 45 205 150 55 56.0 39.8 209.8 249.6 43.3 441.6 485.0 39.4 343.4 382.7 27.7 84.3 112.0
$S080 43555 A2 HP12x53 6 50 276 227 49 61.0 45.2 249.3 294.6 78.5 536.1 614.6 39.6 427.6 467.2 29.4 99.5 128.9
$S080 43555 A2 HP12x53 6 55 310 270 40 66.0 38.4 285.9 324.3 57.9 633.2 691.1 51.6 507.1 558.7 31.2 112.2 143.4
$S080 43555 A2 HP12x53 6 60 388 305 83 71.0 39.5 324.7 364.2 60.5 734.5 795.0 52.7 599.3 652.0 33.0 124.3 157.3
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S080 43555 P1 HP12x53 14 50 321 282 39 69.1 37.3 280.4 317.7 60.1 645.5 705.6 53.0 522.1 575.1 323 107.8 140.1
S080 43555 P1 HP12x53 14 53 391 317 74 72.1 40.1 303.8 343.9 60.9 706.0 767.0 50.5 578.8 629.3 33.5 1151 148.6
S080 42094 Al Pipe 6 42 180 145 35 46.0 21.9 162.1 184.0 58.2 401.8 460.0 60.5 237.0 297.5 37.0 116.0 153.0
S080 42094 Al Pipe 6 45 165 99 66 49.0 20.0 172.2 192.3 60.4 439.2 499.7 99.6 250.1 349.7 345 127.8 162.3
S080 42094 Al Pipe 6 50 152 70 82 54.0 45.0 187.2 232.1 41.8 489.0 530.8 23.7 268.2 291.9 35.3 141.6 176.9
S080 42094 Al Pipe 6 55 221 109 112 59.0 70.8 220.7 291.6 103.6 568.5 672.1 20.6 345.9 366.5 37.3 165.6 202.9
S080 42094 Al Pipe 6 60 199 125 74 64.0 33.5 251.2 284.7 113.8 645.5 759.3 80.9 413.4 494.3 50.1 193.7 243.8
S080 42094 A2 Pipe 15 47 252 136 116 50.4 42.4 199.9 242.3 104.6 494.0 598.6 109.5 322.5 432.0 31.8 146.7 178.5
S080 42094 A2 Pipe 15 50 255 140 115 53.4 41.7 211.3 253.0 119.1 544.5 663.6 1234 337.9 461.3 34.1 167.4 201.5
S080 42094 A2 Pipe 15 55 270 188 82 58.4 19.9 229.4 249.3 89.7 621.8 7115 48.7 361.7 410.4 45.2 190.8 236.0
S080 42094 A2 Pipe 15 60 282 124 158 63.4 25.5 242.4 267.9 64.9 667.4 732.3 317 377.7 409.4 46.5 201.9 248.4
S080 42094 P1 Type | 40 40 175 43 132 48.5 42.5 174.1 216.7 112.6 475.6 588.1 139.7 258.2 397.9 26.9 191.7 218.6
S080 42094 P1 Type | 40 45 188 71 117 52.5 52.2 179.2 231.5 77.5 520.1 597.5 146 237.5 252.1 43.8 211.0 254.8
S080 42094 P1 Type | 40 50 194 81 113 57.5 32.6 212.4 245.0 1111 599.7 710.8 98.8 307.4 406.2 41.5 244.1 285.6
S080 42094 P1 Type | 40 55 159 93 66 62.5 37.3 249.7 287.0 102.5 691.0 793.4 176.9 391.8 568.7 44.3 281.7 326.0
S080 42094 P1 Type | 40 60 200 107 93 68.5 48.4 267.3 315.7 85.1 829.8 914.9 39.2 391.1 430.3 43.0 324.4 367.5
S080 44207 P4 HP12x53 35 55 170 138 32 62.5 21.8 264.6 286.4 89.1 663.8 753.0 75.8 467.7 543.4 54.2 152.1 206.3
S080 44207 P4 HP12x53 35 60 206 160 46 67.5 31.2 296.1 327.3 82.6 760.1 842.7 245 527.6 552.1 45.0 163.3 208.3
S080 44207 P4 HP12x53 35 65 236 149 87 72.5 17.0 322.4 339.4 76.9 854.3 931.2 48.2 566.9 615.1 51.3 174.4 225.7
S080 44207 P4 HP12x53 35 70 275 206 69 77.5 18.1 347.3 365.3 74.2 954.3 1028.4 47.0 602.0 649.0 52.5 185.5 238.0
S080 44207 P4 HP12x53 35 73 314 241 73 80.5 19.3 363.7 383.1 75.6 1013.5 1089.1 55.5 627.6 683.2 53.4 193.0 246.4
S080 44207 P4 HP12x53 57 52 169 94 75 59.5 45.8 241.4 287.3 98.3 604.7 703.0 57.9 414.8 472.6 51.9 143.4 195.3
S080 44207 P4 HP12x53 57 57 170 147 23 64.5 194 280.4 299.8 92.8 704.6 797.4 55.0 503.3 558.3 54.7 157.1 2119
S080 44207 P4 HP12x53 57 63 215 175 40 70.5 154 310.5 325.9 70.3 813.5 883.8 47.9 547.5 595.4 50.9 169.5 220.4
S080 44207 P4 HP12x53 57 69 332 237 95 76.5 17.6 342.2 359.8 74.0 934.6 1008.5 50.2 594.7 644.8 52.2 183.4 235.5
S015 13411 Al pipe 9 66 185 76 109 69.0 66.6 117.0 183.6 51.4 87.0 138.4 46.4 122.6 169.0 253 99.4 124.7
S015 13411 Al pipe 9 69 232 179 53 72.0 74.2 127.9 202.1 54.1 97.0 151.1 48.3 138.3 186.6 26.9 105.4 132.3
S015 13411 Al pipe 9 72 249 178 71 75.0 76.8 138.6 215.5 56.9 106.7 163.6 56.3 154.1 210.4 28.4 111.2 139.7
S015 13411 B1 pipe 3 52 197 113 84 68.0 66.3 113.2 179.5 50.4 83.6 134.0 34.0 1175 151.5 24.7 97.3 122.1
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S015 13411 Bl pipe 3 55 204 148 56 71.0 70.9 124.0 195.0 52.9 93.5 146.5 47.7 132.8 180.5 26.3 103.3 129.6
S015 13411 Bl pipe 3 59 223 152 71 75.0 76.8 138.6 215.5 56.9 106.7 163.6 56.3 154.1 210.4 28.4 111.2 139.7
S015 13412 B2 pipe 7 57 185 116 69 77.2 60.7 118.2 178.9 35.8 79.4 115.3 38.0 112.7 150.7 17.4 84.2 101.7
S015 13412 B2 pipe 7 60 201 154 47 80.2 64.5 128.5 192.9 38.2 89.0 127.1 44.0 126.5 170.5 18.1 90.0 108.2
S015 13412 B2 pipe 7 62 217 160 57 82.2 68.2 1354 203.6 38.7 95.4 1341 50.4 1354 185.8 18.6 94.1 112.7
S080 41856 Al HP12x53 3 64 171 147 24 66.0 23.5 161.5 185.0 31.4 1443 175.7 13.8 131.3 145.0 34.9 146.4 181.3
S080 41856 Al HP12x53 3 67 160 133 27 69.0 16.7 167.4 184.1 27.5 149.9 177.3 8.6 134.9 143.5 35.3 151.2 186.5
S080 41856 Al HP12x53 3 70 198 166 32 72.0 33.8 172.2 206.0 28.1 155.7 183.8 10.3 137.6 147.9 39.6 157.0 196.6
S080 41856 A2 HP12x53 9 62 276 194 82 61.1 87.2 198.8 286.0 85.0 2175 302.5 66.2 2123 278.5 117.3 158.8 276.1
S080 41856 A2 HP12x53 9 65 302 232 70 64.1 85.8 216.4 302.3 82.5 237.6 320.0 60.4 2354 295.8 119.7 170.3 290.0
S080 41856 A2 HP12x53 9 68 342 255 87 67.1 82.8 233.1 315.8 81.7 257.1 338.9 55.7 256.7 3124 120.7 181.7 302.4
Table B-2 Complete CPT prediction data Part 11
Aoki Schmertmann European Tumay
O I T ol R B e A - [ B [ O o R [ [ e
[kips] [kips] [kips] [ft]

C05501305P Al HP12x53 1 45 163 151 12 29.9 222.0 144.6 366.5 251.1 123.1 374.2 150.7 96.3 247.0 211.7 76.6 288.3
S034 31644 Al HP12x53 10 55 160 132 28 46.1 70.9 152.1 223.0 96.9 77.1 173.9 57.4 136.0 193.3 101.8 127.3 229.1
S034 31644 Al HP12x53 10 57 171 147 24 47.8 69.7 163.2 232.9 99.7 88.4 188.1 59.8 141.4 201.2 101.3 131.6 232.9
S034 31644 Al HP12x53 10 60 184 129 55 50.3 63.0 182.1 245.0 99.8 106.2 206.0 59.9 154.6 2144 104.2 137.6 241.9
S034 31644 A2 HP12x53 6 45 75 9 66 40.1 63.4 194.7 258.1 81.3 125.5 206.8 48.8 151.8 200.5 90.3 120.0 210.3
S034 31644 A2 HP12x53 6 50 99 35 64 44.6 68.9 227.0 296.0 89.8 152.1 241.9 53.9 185.3 239.2 94.0 132.2 226.1
S034 31644 A2 HP12x53 6 55 152 132 20 49.1 57.1 260.6 317.6 87.0 180.9 267.9 52.2 218.7 270.9 89.4 145.8 235.2
S034 31644 A2 HP12x53 6 58 149 122 27 51.7 67.6 277.1 344.7 86.5 193.3 279.8 51.9 240.1 292.0 97.3 154.1 251.4
S034 31752 Al HP12x53 5 34 251 101 150 29.2 246.6 162.1 408.7 300.0 157.2 457.2 188.0 84.3 272.2 221.8 98.3 320.1
S034 31752 A2 HP12x53 24 35 113 97 16 34.0 232.9 260.3 493.2 300.0 290.2 590.2 188.0 156.8 344.8 334.2 96.4 430.6
S034 31752 Bl HP12x53 26 40 264 65 199 31.0 285.1 103.5 388.5 2454 106.7 352.1 281.9 74.5 356.4 169.2 67.8 237.0
S034 31752 Al HP12x53 5 35 264 84 180 33.8 346.2 110.2 456.4 246.6 157.1 403.6 346.2 150.9 497.1 207.7 82.9 290.6
S077.09368 Al pipe. 15 80 448 273 175 78.5 2334 288.7 522.0 193.8 236.6 430.3 116.3 100.2 216.5 245.1 164.5 409.6
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S077 09368 A2 pipe 6 90 429 372 57 84.0 354.7 354.0 708.7 266.0 200.9 466.8 166.7 353.4 520.0 266.0 185.1 451.1
S077 09368 A2 pipe 6 92 450 96 354 86.0 350.0 386.5 736.5 266.0 228.4 494.3 166.7 369.0 535.6 266.0 190.3 456.2
S077 09368 B1 pipe 3 87 450 326 124 81.7 379.8 310.7 690.5 266.0 249.2 515.2 166.7 107.2 273.9 266.0 167.5 433.5
S077 09368 B2 pipe 27 87 430 269 161 82.0 351.6 3225 674.1 266.0 180.8 446.8 166.7 338.7 505.4 266.0 180.3 446.3
OggggL Al pipe 9 32 345 214 131 18.0 497.0 197.8 694.8 266.0 174.4 440.4 166.7 93.1 259.7 266.0 52.4 318.4
S080 40436 P1 Type | 10 34 166 30 136 66.3 120.3 184.8 305.1 93.6 174.6 268.2 56.2 156.1 212.3 165.1 137.7 302.8
S081 08578 Al pipe 5 74 85 61 24 69.8 23.0 142.0 165.0 29.7 80.8 110.5 17.8 199.3 217.1 32.7 146.8 179.5
S081 08578 Al pipe 5 65 98 76 22 65.8 44.5 157.9 202.5 25.9 93.1 119.0 15.6 222.5 238.0 39.3 157.6 196.9
S081 08578 Al pipe 5 70 163 134 29 69.5 45.2 178.5 223.6 35.7 103.8 139.5 21.4 245.0 266.4 52.7 165.3 218.0
S081 08578 Al pipe 5 75 170 40 130 70.8 59.5 184.6 244.1 38.2 108.6 146.8 22.9 249.2 272.2 61.1 168.0 229.1
S081 08578 B2 pipe 7 75 141 61 80 81.0 180.9 340.5 521.3 69.5 243.9 3135 41.7 327.1 368.8 126.5 204.3 330.7
S081 08578 B2 pipe 7 68 116 37 79 85.0 74.8 394.1 468.9 94.2 285.4 379.7 56.5 348.7 405.3 101.1 217.0 318.0
S081 08578 B2 pipe 7 72 137 89 48 86.0 76.0 427.8 503.8 116.4 305.6 422.0 69.9 372.4 442.2 116.4 227.4 343.8
S081 08578 B2 pipe 7 75 120 61 59 86.5 76.0 439.4 515.3 121.2 311.8 433.0 727 380.3 453.0 121.2 231.2 352.4
S080 40436 Al pipe 12 55 1924 141 51 63.3 22.5 319.1 341.5 28.9 188.9 217.8 17.3 213.1 230.4 30.8 196.3 227.1
S080 40436 Al pipe 12 65 164 59 105 73.3 32.2 353.7 385.9 42.9 2119 254.8 25.7 255.2 280.9 45.1 2225 267.6
S080 40436 Al pipe 12 75 133 47 86 83.3 57.9 391.9 449.7 722 237.9 310.1 43.3 302.2 345.5 76.2 248.7 325.0
S080 41341 Al HP12x53 8 36 385 156 229 36.0 385.2 128.4 513.6 255.0 111.8 366.8 153.0 128.5 281.5 300.0 117.7 417.7
S080 41341 Al HP12x53 8 40 401 118 283 40.0 266.9 1915 458.4 300.0 201.1 501.1 219.1 157.5 376.6 300.0 129.8 429.8
S080 41341 A2 HP12x53 8 35 178 140 38 34.0 334.1 118.0 452.1 300.0 102.1 402.1 206.3 112.0 318.4 300.0 123.8 423.8
S159 01373 (gg) HP14x89 16 85 360 155 205 83.0 213.2 307.8 521.0 249.9 169.0 419.0 150.0 242.6 392.5 249.9 309.2 559.1
$159 01373 (Eg) HP14x89 4 74 600 145 455 74.0 328.3 224.2 5652.5 345.0 1425 487.5 207.0 177.4 384.3 345.0 265.0 610.0
S085 0042 P1 pipe 39 37 56 13 43 46.1 20.0 81.4 101.3 256 80.3 106.0 15.4 107.2 122.6 27.2 99.8 127.1
S085 0042 P1 pipe 39 40 62 12 50 49.1 29.9 88.3 118.1 26.1 86.8 1129 15.7 119.4 135.0 34.9 106.0 140.9
S085 0042 P1 pipe 39 42 71 21 50 51.1 34.8 929 127.7 32.7 915 1241 19.6 127.3 146.9 37.5 110.2 147.7
$S085 0042 P2 pipe 39 43 136 81 55 52.5 37.7 98.0 135.7 35.2 95.0 130.2 211 135.4 156.5 42.9 113.1 156.0
$S085 0042 P2 pipe 39 46.5 138 70 68 56.0 61.7 1126 174.3 717 104.4 176.0 43.0 155.5 198.5 717 120.0 191.7
$S085 0042 P3 pipe 39 39 69 51 18 55.0 24.2 96.9 121.0 35.8 87.2 123.1 215 127.9 149.5 35.8 120.3 156.2
C006602905 A2 HP10x42 44.5 105 30 75 45.0 235.2 105.2 340.4 208.3 324 240.7 139.7 87.6 227.2 300.0 51.5 351.5
C006602905 A2 HP10x42 44 115 35 80 45.5 242.3 112.4 354.7 208.3 35.8 244.1 159.7 90.6 250.2 300.0 53.3 353.3
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C006602905 A2 HP10x42 47 133 112 21 47.5 256.1 1444 400.5 208.3 46.1 254.4 208.3 102.5 310.9 300.0 60.4 360.4
S080 43555 Al HP12x53 6 45 153 107 46 56.7 60.1 184.3 2445 82.7 149.4 232.1 49.6 268.1 317.7 90.1 109.8 200.0
S080 43555 Al HP12x53 6 48 178 133 45 59.7 64.9 208.0 2729 85.6 166.2 251.8 51.3 297.0 348.4 96.2 118.5 214.6
S080 43555 Al HP12x53 6 52 206 130 76 62.7 84.6 229.0 313.5 1116 181.5 293.1 67.0 325.4 392.3 116.2 127.4 243.6
S080 43555 Al HP12x53 6 55 223 177 46 65.7 85.7 257.8 343.5 126.4 203.1 329.5 75.8 352.5 428.3 129.1 137.0 266.1
S080 43555 A2 HP12x53 6 40 186 133 53 51.0 61.7 159.4 221.1 85.1 134.3 219.4 51.1 230.3 281.4 88.1 119.3 207.4
S080 43555 A2 HP12x53 6 45 205 150 55 56.0 118.2 197.8 316.0 98.1 161.9 260.0 58.9 278.2 337.1 1245 136.7 261.3
S080 43555 A2 HP12x53 6 50 276 227 49 61.0 85.6 254.8 340.4 109.6 219.6 329.1 65.7 321.4 387.1 119.8 156.6 276.4
S080 43555 A2 HP12x53 6 55 310 270 40 66.0 85.9 301.7 387.6 130.4 255.4 385.7 78.2 363.2 4415 133.1 179.0 312.1
S080 43555 A2 HP12x53 6 60 388 305 83 71.0 96.7 351.3 447.9 141.6 290.8 432.3 84.9 410.3 495.2 154.0 203.3 357.2
S080 43555 P1 HP12x53 14 50 321 282 39 69.1 85.1 307.7 392.8 137.8 255.8 393.6 82.7 353.8 436.5 139.8 1705 310.3
S080 43555 P1 HP12x53 14 53 391 317 74 72.1 102.9 337.5 440.4 141.2 276.8 418.0 84.7 382.8 467.5 160.1 185.4 345.4
S080 42094 Al Pipe 6 42 180 145 35 46.0 121.3 236.5 357.8 62.3 131.7 193.9 37.4 1445 181.8 140.1 143.8 284.0
S080 42094 Al Pipe 6 45 165 99 66 49.0 85.1 256.6 341.6 50.8 140.0 190.8 30.5 152.9 183.3 81.1 151.6 232.7
S080 42094 Al Pipe 6 50 152 70 82 54.0 155.2 281.2 436.5 90.4 152.0 242.4 54.2 174.8 229.1 133.6 164.2 297.9
S080 42094 Al Pipe 6 55 221 109 112 59.0 164.3 341.7 506.0 73.8 206.4 280.2 44.3 196.7 241.0 150.9 178.0 328.9
S080 42094 Al Pipe 6 60 199 125 74 64.0 133.8 398.8 532.6 155.0 245.1 400.2 93.0 220.6 313.7 169.8 193.7 363.5
S080 42094 A2 Pipe 15 47 252 136 116 50.4 211.9 285.2 497.1 260.5 150.2 410.7 156.3 216.8 373.1 266.0 177.0 443.0
S080 42094 A2 Pipe 15 50 255 140 115 53.4 173.1 318.2 491.3 184.5 160.4 344.9 110.7 229.1 339.8 241.1 186.3 427.4
S080 42094 A2 Pipe 15 55 270 188 82 58.4 44.3 363.1 407.4 55.5 176.1 231.7 33.3 245.0 278.3 69.2 201.5 270.7
S080 42094 A2 Pipe 15 60 282 124 158 63.4 83.3 382.8 466.0 50.2 186.2 236.4 30.1 263.4 293.5 717 216.2 287.9
S080 42094 P1 Type | 40 40 175 43 132 48.5 215.7 257.2 473.0 241.1 167.9 409.0 144.7 187.1 331.8 264.7 157.2 421.9
S080 42094 P1 Type | 40 45 188 71 117 52.5 121.4 288.8 410.2 38.7 1735 2122 23.2 158.4 181.6 110.9 154.5 265.4
S080 42094 P1 Type | 40 50 194 81 113 57.5 135.5 345.2 480.8 92.6 235.4 328.0 55.5 185.0 240.6 1419 170.2 312.1
S080 42094 P1 Type | 40 55 159 93 66 62.5 182.6 413.0 595.5 167.6 292.2 459.8 100.5 214.0 314.5 198.9 188.4 387.4
$S080 42094 P1 Type | 40 60 200 107 93 68.5 137.9 445.2 583.1 75.8 262.7 338.5 45.5 275.0 320.5 118.0 232.9 350.9
$S080 44207 P4 HP12x53 35 55 170 138 32 62.5 95.3 402.5 497.7 119.1 306.8 425.9 715 226.2 297.6 131.6 174.7 306.2
$S080 44207 P4 HP12x53 35 60 206 160 46 67.5 67.1 445.6 512.7 69.1 347.0 416.1 41.5 244.4 285.8 93.3 196.5 289.8
$S080 44207 P4 HP12x53 35 65 236 149 87 725 77.2 479.4 556.6 1129 376.7 489.5 67.7 252.8 320.5 116.9 218.4 335.3
$S080 44207 P4 HP12x53 35 70 215 206 69 77.5 86.7 515.5 602.2 130.0 403.2 533.1 78.0 261.8 339.8 1375 239.8 377.3
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S080 44207 P4 HP12x53 35 73 314 241 73 80.5 93.5 539.2 632.6 126.1 422.5 548.6 75.7 267.7 343.4 140.0 252.4 392.4
S080 44207 P4 HP12x53 57 52 169 94 75 59.5 110.3 368.4 478.8 130.8 277.9 408.7 78.5 204.4 282.8 147.9 162.5 310.4
S080 44207 P4 HP12x53 57 57 170 147 23 64.5 62.5 426.6 489.1 101.2 330.3 431.5 60.7 237.2 297.9 1118 183.5 295.2
S080 44207 P4 HP12x53 57 63 215 175 40 70.5 79.7 463.2 542.8 104.1 362.0 466.2 62.5 248.8 311.3 107.7 209.6 317.3
S080 44207 P4 HP12x53 57 69 332 237 95 76.5 83.7 508.3 592.1 129.1 397.6 526.7 77.5 260.0 337.5 1355 235.6 371.0
S015 13411 Al pipe 9 66 185 76 109 69.0 58.0 93.8 151.8 90.8 96.1 186.8 77.9 130.1 208.0 75.4 100.2 175.6
S015 13411 Al pipe 9 69 232 179 53 72.0 65.0 102.7 167.8 94.3 101.6 195.9 80.9 143.7 224.6 84.4 105.0 189.4
S015 13411 Al pipe 9 72 249 178 71 75.0 65.1 111.8 176.9 104.8 108.4 213.2 89.9 155.4 245.4 87.8 110.0 197.8
S015 13411 Bl pipe 3 52 197 113 84 68.0 57.3 91.0 148.3 89.2 94.3 183.5 76.6 1253 201.8 74.6 98.6 1733
S015 13411 Bl pipe 3 55 204 148 56 71.0 63.1 99.5 162.6 91.7 99.8 1915 78.7 138.8 217.5 81.2 103.3 184.5
S015 13411 Bl pipe 3 59 223 152 71 75.0 65.1 111.8 176.9 104.8 108.4 213.2 89.9 1554 245.4 87.8 110.0 197.8
S015 13412 B2 pipe 7 57 185 116 69 77.2 51.1 78.1 129.1 86.5 86.9 173.4 74.2 150.7 224.9 70.9 107.7 178.6
S015 13412 B2 pipe 7 60 201 154 47 80.2 56.4 85.9 142.3 88.8 91.9 180.7 76.2 164.3 240.6 78.3 111.7 190.0
S015 13412 B2 pipe 7 62 217 160 57 82.2 60.2 91.2 151.4 96.7 955 192.2 83.0 173.5 256.5 80.0 114.6 194.6
S080 41856 Al HP12x53 3 64 A7 147 24 66.0 10.5 153.2 163.7 158 149.4 165.2 12.9 151.6 164.5 153 155.4 170.6
S080 41856 Al HP12x53 3 67 160 133 27 69.0 14.0 158.0 172.0 12.8 154.4 167.3 10.5 158.9 169.4 14.5 162.4 176.9
S080 41856 Al HP12x53 3 70 198 166 32 72.0 39.2 162.7 201.9 155 158.6 174.2 12.7 165.8 178.5 27.2 169.2 196.4
S080 41856 A2 HP12x53 9 62 276 194 82 61.1 65.8 238.9 304.7 85.3 221.7 307.0 69.6 189.6 259.2 83.8 163.1 246.9
S080 41856 A2 HP12x53 9 65 302 232 70 64.1 63.7 260.5 324.2 70.7 2427 313.4 57.7 203.7 261.3 721 175.8 247.9
S080 41856 A2 HP12x53 9 68 342 255 87 67.1 63.3 279.2 3425 716 265.4 337.0 58.4 212.8 271.2 74.9 188.7 263.6
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