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ABSTRACT

A micro screw pile is a multi-sectional pile that consists of a smooth segment at the top, a threaded
segment in the middle and a tapered segment at the bottom. Due to limited information on the
performance, design and behaviour of micro screw piles, further research is required to study the
axial, axial cyclic and lateral behaviors and capacities of the micro screw piles in cohesive and
cohesionless soils. Therefore, six types of micro screw piles were tested at three sites with various
soil compositions.

An axial load field test program was performed on full-scale micro screw piles installed in
a cohesionless soil site (Sandpit) using the torque method. Selected piles were instrumented with
axial strain gauges (SGs). A geotechnical site investigation was carried out involving cone
penetration and standard penetration tests. A total of 41 piles, including eight instrumented piles,
were tested. The ultimate capacities and the distributions of unit shaft resistances were determined.
The shaft resistance was then compared with the tip resistance from cone penetrometer tests
(CPTs). The coefficient of lateral earth pressure and combined shaft resistance factor was
determined over the individual pile segment, and then an effective stress method based on the
combined shaft resistance factor was used to estimate the capacity of 41 test piles. A theoretical
torque model was adopted using the CPT sleeve friction. The model was verified by comparing
the estimated torque to the measured torque of the test piles. In the end, empirical torque factors
were developed.

An axial cyclic load field test program was carried out at Sandpit to examine the axial
cyclic response of the micro screw piles. Six one-way compressive and load-controlled axial cyclic
tests were performed. Three piles were instrumented with axial SGs to measure the distribution of
the unit shaft resistance during the cyclic test. The pile-head cumulative displacement, stiffness
and equivalent damping ratios were determined from the load-displacement curves. The effect of
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the initial factor of safety on cyclic behavior was examined. The re-distribution of the unit shaft
resistances of the individual pile segments was obtained. The equivalent damping ratio and
stiffness of the individual pile segments were obtained from the unit shaft resistance hysteresis.
A lateral load field test program was carried out that included six piles at a cohesive soil
site in Sherwood Park, 22 at a cohesive soil site on South Campus and 18 at Sandpit. Initially, the
lateral capacity, pile shaft response and failure mode of the pile were investigated. Afterward, the
effectiveness of Broms’s method in estimating the piles’ capacities was assessed once the pile
failure mode was determined. The estimated capacities of the piles using only shaft resistance and
neglecting the effect of the thread are comparable to the measured capacities of the piles.
Numerical models based on the Beam-on-Nonlinear-Winkler-Foundation (BNWF) method
were developed on the OpenSEES platform to predict the lateral responses of the micro screw piles
at these three sites. Different components of the soil-pile interaction responses, including the lateral
shaft resistance, the vertical shaft resistance, the bearing resistance of the threads and the lateral
thread resistance, were represented using materials with uniaxial load-deformation responses, such
as p-y, t-z, g-z and -z curves, respectively. The failure mode was investigated by examining the
distribution of the pile deformation, the bending moment and the shear stress of the pile as well as
the lateral normal forces of the soil on the pile shaft. The contributions of different components of
soil-pile reactions were assessed. The effect of the thread on the lateral capacity of the pile was
evaluated. A sensitivity analysis was conducted to examine the effect of different soil properties

and specific pile geometrical features on the lateral response of the pile.
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Preface

A version of Chapter 3 has been published in the Canadian Geotechnical Journal (Khidri and Deng
2022), and Chapter 4 has been published in the journal Soil Dynamics and Earthquake Engineering
(Khidri and Deng 2021), which the candidate and Dr. Lijun Deng co-authored. The candidate
contribution to the content of this research included planning, coordinating, managing and
conducting the site characterization program, field test program, data processing and numerical
simulation.

The geotechnical site investigation at Sherwood Park was conducted by Guo (2017). The
geotechnical investigation at South Campus was jointly conducted by Guo (2017) and the
candidate. Additional raw cone penetration test data were obtained from Zhang (1999). The raw
data obtained from the geotechnical site investigation at Sherwood Park and South Campus were
then analyzed by the candidate to obtain the soil properties, including unit weight, relative density,
undrained shear strength and friction angle. In addition, the lateral load field test of piles at
Sherwood Park was conducted by Moira Guo. The raw data obtained from the lateral load field
test at Sherwood Park were then gathered, interpreted and analyzed by the candidate.

Versions of Chapters 5 and 6 are being prepared as two journal manuscripts.

v



Acknowledgements

I would like to extend my gratitude to my parents, siblings and wife for supporting me during this
program. To my parents, your vision lightened my path to pursue education. Thank you to my
father (Ata) for giving me rides and to my mother (Apa) for making lunch for me every day. To
my wife and siblings, I thank you for partnering with me to paddle through life’s challenges and
enjoy its blessings.

I am grateful to Dr. Lijun Deng for serving as my supervisor. With your guidance,
consistent support, and constructive feedback, you have opened a new horizon in my career. It was
a joy to explore my passion in geotechnical engineering in the exciting academic environment that
you enabled. I would like to thank Dr. Dave Chan and Dr. Yong Li for their constructive comments
on the technical and editorial aspects of the thesis. It is a great pleasure to learn from your
experience.

I would like to sincerely thank Graduate Program Advisors Lorraine Grahn, Arlene Figley,
Trina Cattral and Ellie Kim for your kind and friendly assistance. Thanks to Gilbert Wong for
supporting me while conducting the laboratory tests.

This research was funded by the Natural Science and Engineering Research Council of
Canada under the collaborative R&D program (CRDPJ 469600-14) and Krinner Canada Inc. |
would also like to thank Dr. Weidong Li and Dr. Keshab Sharma for your consultancy during my
research. | appreciate Tomas Johansson for representing Krinner and Benoit Trudeau of
Workonthat Structure Inc for conducting the pile field tests. I would like to also thank Moira Guo,

Chao Liu, Allen Gao and Longqi Liu for assisting in the field tests and site investigation programs.



Table of Contents

PIETACE. ...ttt ettt sb ettt e bttt ae et v
ACKNOWIEAZEMENLS.......viiiiieiiieiiieeieeete ettt et ettt e e b e e taeeabeebaeenseessseenseesseeenseennns v
LISt O TADIES ..ottt ettt ettt ettt et sbe et st e bt et xi
LSt OF FIGUIES ..ttt ettt ettt e s e ebeesaaeesseessseensaeessesnsaenssesnseens xiil
List Of PUDIICAtIONS ....eeuiiiiiieieciesee ettt sttt xxiii
L INEEOAUCTION ..ottt ettt et s bt et st esse e be et e eaeenbeennesneens 1
1.1, BaCK@IOUNd.......ooiiiiiieiiece ettt et stae e e e saeenneas 1

1.2. Problem StatemMENtS ..........coverierierieieeieeieste ettt sttt nae s 2

1.3. ReSCAICh ODJECHIVES....cuviieiiieiieeiiieiieeie ettt ettt ettt et e s aeeseessaeesbeessneenneas 4

1.4. Methodology and Significance of the Research ............ccocveviiieiiiiiiiniicicieeee, 5

1.5, ThESIS OULINE ...ccueeiiiiiiiiiie ettt st eeeas 8

2. Test Sites, Test Piles and Pile InStallation .........c....eeeviiiiiiiiiiiiiieeiieieecieeeeeee e 11
2.1 TESE STEES .. eeuetetie ettt te ettt ettt ettt et e st e et e et e eabeesaeeenbeessteeabeesseeenbeesaneenteenneaans 11

2.1.1. Sherwood Park .........coooiiiiiiii e 12

2.1.2. SOULh CAMPUS ....vveeiiiieiiie ettt et e et e e s e e s e e e ereeeaaeesseeesnseesnnseens 14

B0 TG T - 16 10 1 A SRR 15

2.2, TESE PIlS ettt ettt ettt st 21

2.3. Pile INStallation ......cocueiiiiiiiiiiieie e e 23

3. Axial Load Field Tests of Micro Screw Piles in Sand.........c..ccooeeniiiiiiniiiiiniiiieniceeee 25
3.1 INtrOAUCHION ...ttt ettt e b e e sbe e 25

vi



3.2. Field Test PrOQram.......c.ccoiieiiiiiiiiiieiiecit ettt st eee 26

3.2.1. INStrUMENTALION ..c.uveniieiieiieeiieie ettt ettt ettt st 26
3.2.2. TESE SELUP ..vveeeiiieeiiee ettt et ettt e et e e et e e s bt e e eabeeesabeeesnseeenes 28
3.2.3. Test Procedure and SUMMATY .........ccoccviiriiiiiiieniieeieeiiecee e 30
3.3, Field Test RESUILS. .....ooiuiiiiiiieeiiee e e 31
3.3.1. Axial Load vs. Normalized Displacement...........ccccceeureeviiieiciieeeiieeeiie e 31
3.3.2. Ultimate Pile Capacity of the Micro Screw Piles .........ccccoceeviinieninicnicnennee. 34
3.3.3. Distribution of Unit Shaft ReSiStance ...........cceveeviieiieniiiiieeiieieeeeeeee 38
3.3.4. Progressive Development Of s......cccueeiieiieiiiiiieiiieeeeeee e 43
3.3.5. Method of Calculating the Unit Shaft Resistance.........c..ccccceeeneenenicnecnenne. 45
3.3.6. Installation Torque Model ..........cccuiiiiiiiiiiiieiee e 54
3.3.7. Torque Versus CaPACILY ....ccueevueerieeriieeieeiieeieeieeeeeesteeseteeteesieeebeesneeeseesneeens 59
3.4, CONCIUSIONS ...ttt ettt et ettt e bt esat e et esbe e st eesbteenbeesae 62
4. Axial Cyclic Load Field Tests of Micro Screw Piles in Sand ..........ccccvevviiieiieeniieeeiieeee, 64
4.1 INErOAUCTION ...cuiiiiiiiieeiee et ettt sttt e sbee b e saeeens 64
4.2. Field Test PrOrami.........cccviiiiiiiiiieeiie ettt st sree e s 67
.21 TESE SEEUD ettt et ettt e st e et e e e e s 67
4.2.2. TSt PIOCEAUIE ....cueeiiiniiiiiiiieie ettt 68
4.3. Field Test RESUILS.......coiiiiiiiiiieiiiiesteee et 74
4.3.1. Axial Load vs. Displacement CUIVES ..........ccceerieriiienieeiienieeieesie e seee e 75
4.3.2. Pile-head StfINeSs ......ooeriiriiiiiiienieeeeceee e 79
4.3.3. Pile-head Equivalent Damping Ratio ...........cccevviiiiiiiniiiiiiniieieieeeeeeen 80

vil



4.3.4. Performance of Individual Segments: Shaft Resistance............ccccceevvvenenennnen. 84

4.3.5. Performance of Individual Segments: Stiffness and Damping........................ 89

4.4, CONCIUSIONS ..ottt ettt et eb ettt st e bt et e s e nbeeneseeens 92

5. Lateral Load Field Tests of Micro Screw Piles ..........ccccooiiiiiiiiiiiiiiiiieeeeeeeeee 94
5.1 INEEOAUCTION ...ttt ettt et ettt e s e e e 94

5.2. Literature Review and Background ..............ccocouveviiieniiieiiie e 95

5.2.1. Relative Stiffness 0f Piles ........cooiiiiiiiiiiiiiieieeeee e 96

5.2.2. Criteria for the Lateral Capacities of Piles.........ccocceeiiiiiiiiiiniiiiiieiee 98

5.2.3. Review of the Effects of Helical Plates and Tapering on Lateral Capacity... 102

5.3. Field Test Programi..........cccieiiiiiiieiiieeiiciie ettt sttt et ennaes 104
TR B0 R ] A1) o SO USROS 104
5.3.2. INStrUMENTATION ..cueviiiiiiiieeiiesite ettt st 106
5.3.3. Test ProCEAUIE ....c.eeiiiiiiiiiieieeeeee e 107

5.4. Field Test RESUILS......coiiiiiiiieiiee ettt e 108
5.4.1. Lateral Load vs. Displacement Behaviour...........ccccoeceeniiiiiieniiiiienieeene, 108
5.4.2. Distribution of the Bending Moment...........cccoeveeniiiiiieniieiierieeeeeeeee 112
5.4.3. Pile Failure MOde..........cooeiiiiiiiiiiiiiiciceieteeee ettt 117
5.4.4. Estimation of the Ultimate Lateral Capacity Using the Broms Method..... 120

5.5. Conclusions and LImitations ..........cecueeeerieriinienienienieieniesicee et 122

6. Numerical Modelling of Micro Screw Piles Subjected to Lateral Loading using the BNWF

IMLEENOM e e e e e e et e e e e e e e e et aae e e e e e et —aaeeeeeeraa——————— 125

6.1 INEEOAUCTION ... oot e e e e e et ee e e e e e e e e eaeeeeeeereaaaaaaees 125



6.2. Literature Review and Background .............cccoccveviieniiiiiieniiieiicieceee e 127

6.2.1. Numerical Analyses of Similar Piles........c.cccccoeviiriiiiiieniiiieiccieeeee 127

6.2.2. Soil-pile Interactions and Soil SPrings ..........ccceceevieeiiienieerienieeieeie e 130

6.3. Development of the Numerical Models...........cccuvieriiieiiiieiieeieeeece e 136

6.3.1. Pile Shaft......ccooiieieeeiee e 137

6.3.2. SOil-pile INtETaACtIONS.......cccviieeiiieciieeciee et e e s 139

6.3.3. Verification of the Pile Shaft Model using Elastic Solution............c.cccc... 142

6.4. Results of the Numerical Models..........cooieiiiiiiiiiiiiiieeeeee e 143

6.4.1. Load versus Displacement CUIVES..........cocueerureeirienieiiiienieeieenieeieeseneeneeens 144

6.4.2. Pile Shaft and Soil RESPONSES........cccueeriiiiiieriiieiieiecie e 152

6.4.3. Mobilization of the Various Soil-pile Interactions ............cccceevvererrerreenenne. 158

6.5. SeNSIIVILY ANALYSES...eiiiiiiiiiiiieiiiieeiie ettt ettt e e ste e et eeeeaeessreesaeeesseeesnseeas 164

6.6. Conclusions and LIMItations .......c.ceeeieeruiirieiiienieeiie ettt 168
Conclusions and Limitations.........c.eevuieriieniieriienieeiie ettt eiee e 171

7.1. Axial Performance of Micro Screw Piles in Sand ...........cccccoeviiniiiiiiniiinieneen, 171

7.2. Axial Cyclic Performance of Micro Screw Piles in Sand...........ccccooveveniinennennne. 172

7.3. Field Lateral Performance of Micro Screw Piles.........ccccvvieviininiieniencnicnicncnne. 174

7.4. Numerical Modelling of the Lateral Behaviour of Micro Screw Piles................... 175

7.5, LAMIEAIONS ..ottt sttt sttt ettt st 177
RETETEICES ...ttt ettt ettt sb et sbe e saeens 178
Appendix A: Additional Site Characterization Results and Torque Readings..........c.ccccueeee. 193
Appendix B: Additional Results of Axial Load Field Tests........cccccevueririerieneniienienieenens 199

X



Appendix C: Additional Information of Lateral Load Field Test........c.cccccevieneniienieninnennnns 232
Appendix D: Additional Results of Lateral Cyclic Load Field Tests.........c.ccovcevvierienennennnns 237

Appendix E: OpenSEES Codes for Simulation of Micro Screw Pile Subjected to Lateral Loading



List of Tables

Table 2.1. Properties of sands from 1aboratory teStS.........cveriieriieriiiiiieriieieeeie e 17
Table 2.2. Densities of the reconstituted sand for direct shear (DS) tests. ......c.coeveeveveeeeieeeennennn, 20
Table 2.3. Dimensions of the Pile tYPeS. ....c.cecuieriiiiiiiieiiieieeeere e ae e 23
Table 2.4. Summary of the max-installation and end-installation torque at the three sites.......... 24
Table 3.1. Summary of test piles and Qu. .....oecvieruiieiiiiiiiciieeeeee e 31

Table 3.2. Summary of coefficient amed at the individual pile segments at different soil conditions.

Table 3.3. Description of piles used in combination of Figure 3.14b (after Bustamante and
GIANESEIIT 1983). ..ttt ettt et ettt e bt e et e e sbeebeesabeenbeesaneenseens 48
Table 3.4. Summary of coefficients Ksmed and fmed over the individual pile segments. .............. 50
Table 3.5. The empirical torque factor of each pile in compression and tension as obtained in this
research and estimated using Perko (2009). .......cociiiiiiiiiiieiie e 61
Table 4.1. CyCliC tESt MALITX. ....eiiiiieeiiieesieeerieeeriee et e e teeeieeeeateesbeeesseeessseeessseeensseessneesnnseeens 74
Table 5.1. Summary of ultimate lateral capacity criteria based on the lateral displacement or tilting
o) 85011 1< SRR 99
Table 5.2. Summary of the test matrix and lateral capacities of the test piles according to two
(6 LIS o T O OSSPSR PSP 111

Table 5.3 Summary of pile relative stiffness and the ratio of L/R and L/T and the failure modes of

] T A o) (SRS 119
Table 6.1. Strain &0 corresponding to half of sy (Matlock 1970). .....ccceevvveevciieiiiiieieeee e, 132
Table 6.2. Values of kr versus the friction angle of sand (Mosher and Dawkins 2000). ............ 135
Table 6.3. Summary of the sensitivity analyses of pile P3 in clayey soil..........ccccceevvenireneenen. 166
Table 6.4. Summary of the sensitivity analyses of pile P3 in sandy soil...........cccceevieriieneenen. 166

X1



Table 6.5. Summary of the geometrical sensitivity analyses of pile P3. ..........ccccceeviiniienennnnn. 168

xil



List of Figures
Figure 1.1. Examples of applications of micro SCTeW piles .........ccceevuerirvierieneeniiniienierenieseeens 2
Figure 2.1. (a) Key map of Edmonton showing the locations of the test sites and site layouts at: (b)

Sherwood Park (53.5937 N, 113.2919 W), (c¢) South Campus (53.4983 N, 113.5327 W) and (d)

Sandpit (53.8765 N, 112.9290 W). ....eeuieieieieieeieceeteeeeee ettt ettt et 12
Figure 2.2. Profiles of cone penetration tests at Sherwood Park ............ccocoeveviiniiiiniiniincnnne. 13
Figure 2.3. Profile of the cone penetration tests at South Campus..........ccceeeveeeiierieeiiienieeieeneen. 15
Figure 2.4. Layout of the test piles, cone penetration tests and BHs with SPTs at Sandpit. ........ 16

Figure 2.5. (a) SPT index N0 and (b) description of soil stratum based on SPT and disturbed
SF 10010 1 SRS 17
Figure 2.6. Profiles of cone penetration tests at Sandpit.........c.ccceeeevierieeiiienieeriienie e 18
Figure 2.7. Soil properties: (a) shear wave velocity at CPT-1 and CPT-3, (b) unit weight, (c)

relative density and (d) estimated peak friction angles vs. lab-measured peak friction angles. ... 21

Figure 2.8. Drawing of the Pile tYPes. ...ccoouiiiiiiieiiie ettt e e 22
Figure 2.9. Pile installation €qUIPMENL. .......eeecuiieriiiieiiieeiieeeriee et e et e eeeeeieeesreeesveeesnneesnnreeens 24
Figure 3.1. Drawing of the Pile tYPes. ...oovoiiiiiiieiiie et 27
Figure 3.2. (a) A layer of epoxy to be covered by aluminum foil and (b) metal sheet casing...... 28
Figure 3.3. F1eld teSt SETUP. .e.utiiuiiiiieiieeeee ettt 29
Figure 3.4. Pile installation equipment at Sandpit. .........ccccveeriiieriiieeiiieecieeceeeee e 29
Figure 3.5. Layout of test piles, cone penetration tests and SPTs at Sandpit ...........ccceevieeennne. 31

Figure 3.6. (a) Raw axial load vs. displacement and (b) axial load and displacement time histories
(o) 5031 (N o R O SRR 33

Figure 3.7. Selected curves of smoothened axial load (Q) versus normalized axial displacement



Figure 3.8. (a) Source of pile resistance and (b) typical Q vs w response of the pile (adapted from
SAIGAAO 2008) ....vieneieeiieeiieeie ettt ettt ettt e et e et e e be et e ebeeetbeeteeerbeebeesnbeeseennreenns 35
Figure 3.9. Measured Qu of all the pile types .....cccveeeiieeiiiiiieeiieieceee e 37
Figure 3.10. Measured w/D at the ultimate capacity of all pile types: (a) compression tests and (b)
tension tests. Note: The error bars show one standard deviation.............ceceeeriereinenienienennene. 37
Figure 3.11. Ultimate unit shaft resistance (¢su) and the distribution of axial load at various load
increments for tests (a) P1-C3, (b) P1-T3, (¢) P3-C3, (d) P3-C5, (e) P3-T3 and (f) P5-C4......... 42
Figure 3.12. (a) Assumption of CSM, (b) schematic of a tapered segment and (c) equivalent
CYIINATICAL SEZIMENL. .....viiviiiiiiieiiecie ettt ettt ettt e et e e bt e saeebeesseeesseensaeensaessseenseesssesnseens 43
Figure 3.13. Unit shaft resistance (¢s) vs. normalized axial displacement (w/D) for tests ........... 45
Figure 3.14. (a) Values of friction coefficients () at the middle of each pile segment and (b)

average qsu vs. average ¢c values compared with the recommendation of Bustamante and

GIANESEIIT (1983). .. ittt ettt ettt e bt e e b e e et e eabeesateenbeessneenseens 47
Figure 3.15. Coefficient of lateral earth pressure (K;) at the middle of each pile segment. ......... 50
Figure 3.16. Values of £ at the middle of each pile segment: (a) P1, (b) P3 and (c) P5. ............. 51
Figure 3.17. Relevant combined unit shaft resistance factor over different shaft segments. ....... 52
Figure 3.18. Estimated Qy using fmed vs. the measured Qu of 41 test piles. ......occveeveveenciieennenne 53
Figure 3.19. Summary of the measured Tend and Tmax of five pile types. ....ccceevvvveveecienieieenee, 55

Figure 3.20. Estimated and measured continuous installation torques with the depth of the pile tip

for selected pile types: (a) P1, (b) P3 and (C) P5. ..ooviiiiiiieeeeeeeee e 55
Figure 3.21. Schematic of @ torque model ..........cocooveiiiiiiiiiiiiieee e 57
Figure 3.22. Average of the four CPT f values used to estimate 7.........c..ccccevveveevienieneeniennnn 57
Figure 3.23. (a) Measured Tmax vs. estimated Tmax and (b) measured Tend vs. estimated 7eng....... 59

Figure 3.24. The measured Qy vs. Teng 0f piles for (a) compression tests and (b) tension tests.... 61

Xiv



Figure 4.1. Layout of cone penetration tests, BHs with SPTs and test piles. ........cccccecuevienennene. 68
Figure 4.2. The effect of an earthquake on a superstructure (drawing not to scale)..................... 69
Figure 4.3. Experimental testing methods for a general SFSI study .......ccccooevieviiiiiiinienenene. 71

Figure 4.4. A schematic of the (a) axial cyclic load test procedure and (b) dissipated energy and

MAXIMUM STTAIN CTIETZY . .eeuvveeuvrerereeteeaireeteenteenseesseenseessseesseessseesseeasseesseessseesseessseesssesnsessssessseessees 74
Figure 4.5. The axial load vs. displacement curves of the test piles:........cccoovvvevieriiiiiieniieieenen. 77
Figure 4.6. Cumulative displacement vs. the number of cycles of the test piles...........ccccevuenneee. 78
Figure 4.7. Normalized cyclic stability diagram of the test piles .........cccoccvevviieiiieriiiiieniieieee. 78

Figure 4.8. (a) Pile-head loading stiffness and (b) unloading stiffness vs. the number of cycles. 80
Figure 4.9. (a) A schematic of Kelvin-Voigt solid and (b) stress-strain (or load vs. displacement)
relationship during one cycle (after Kramer 1996). ..........cccovviiiiiieiieiiieiecieceece e 81
Figure 4.10. Pile-head equivalent damping ratio vs. the number of cycles of the test piles: (a) P1,
P3, PS5 and (D) P2, P4, PO. ... 83
Figure 4.11. Schematics of equivalency: (a) tapered segment and (b) equivalent cylindrical
Y2410 1S) 1| A SRR 85

Figure 4.12. Initial distribution of unit shaft resistance along test pile P3 at selected deformation.

....................................................................................................................................................... 86
Figure 4.13. Time history of the unit shaft resistance of test pile P1 .........c.ccociiniiiiiniinnne. 88
Figure 4.14. Time history of the unit shaft resistance of test pile P3 .........c..cocoiiiniininnne. 89

Figure 4.15. The unit shaft resistance vs. the normalized pile displacement of the individual
segMENtS N tESE PIIE Pl.....oiiiiiiiiee e e e e e e 90
Figure 4.16. (a) Segment loading stiffness and (b) segment equivalent damping ratios of test pile

P et st e 91

XV



Figure 5.1. Initial modulus of subgrade reaction versus relative density (adapted from API 1993).

Figure 5.2. Distributions of deflection, soil reaction and bending moment of a long free-headed
pile in cohesionless soil (adapted from Broms 1964a). ..........cccoooieeiiiiniieiiieniieiieeieeieeeee e 100
Figure 5.3. Distributions of deflection, soil reaction and bending moment of a long free-headed
PILE 1N CONESIVE SOTL ..ttt sttt st 101

Figure 5.4. Schematic of the lateral test setup: (a) top view; (b) side view and (c) a photo....... 105

Figure 5.5. The layout of the test piles and the CPT logs at Sandpit........c.ccceevveevrienieecriennnnne. 106
Figure 5.6. Schematic of instrumented Piles. .........cocevieriiiiiriiiiiieieeeeeeeeeee e 107
Figure 5.7. Lateral load-lateral displacement of the test piles at the three sites .................c........ 109
Figure 5.8. Summary of ultimate lateral loads and ultimate lateral displacement...................... 110

Figure 5.9. (a) Example results of longitudinal strain at six locations along pile P1 during lateral
loading at South Campus; (b) the location of the SGs for a full Wheatstone bridge for measuring
the bending moment at one cross-sectional plane of pile shaft wall.............cccoeeiiiiiininnnnn. 113
Figure 5.10. Distribution of the bending moment along the instrumented pile P6 at Sherwood Park.
Note: fmin and fmax 1s the range of the location of the maximum moment as estimated from Broms
(1964b) from several CPT 1€adings. .......cccuveeiiieeriiieeiiieeiieeeeeeeiteeeieeeereeesree s e eeveeesaaeeeaeeas 115
Figure 5.11. Distribution of the bending moment along the instrumented piles at selected lateral
displacements at SOUth CamPUS.........ccueeeiiiiiiiieeiieeeeee e ere e e e eanees 116
Figure 5.12. The permanent deformed shape of selected piles at Sandpit.........ccoeeevvererreennnenn. 117
Figure 5.13. (a) Ratios of L/R and L/T and (b) the relative stiftnesses of the piles tested at the three
STEES. -teeutteeuttett e ettt ettt ettt et h et h ettt e bt e et e e eh bt e bt e eh bt e bt e eh bt e bt e eh bt e bt e ea bt e bt e enb e e beeeabeenbbeenbeenbeas 119
Figure 5.14. Comparison of the estimated and measured Py of the piles at the three sites ........ 122
Figure 6.1. Backbone curve of the springs: (a) p-y spring, (b) #-z spring and (c) ¢g-z spring. ..... 133

xvi



Figure 6.2. Normalized shaft stress vs. axial displacement in clay (after Coyle and Reese 1996).

OPENSEES PrOGIAIM ......oiiiiiieiiie ettt ettt e st e e st e e e sabeeesabeeeenbeesnaseesnseas 138
Figure 6.4. Schematics of soil-pile interaction mechanisms during lateral loading ................... 141
Figure 6.5. A uniform, smooth pile shaft in the OpenSEES program with the same diameter and
thiCKNESS S PIIE Pl. ..oiiiiiiiiiiiciece et ettt et e et e e ssbeesaeenae e 143

Figure 6.6. Comparing the uniform smooth pile displacement results obtained using the numerical

model and analytical MEthOd .........c.cooiiiiiiiiiieiiee e e 143
Figure 6.7. Lateral load vs. displacement curves of piles.........cccuevvvieviieniieiiieniieieeie e 146
Figure 6.8. Lateral load vs. displacement curves of piles:.........ccceviieriieniieiiienieeiecie e 148
Figure 6.9. Lateral load vs. displacement curves of piles:.........cccevvvieriieniiiciieniieiecieeieeeenn, 150

Figure 6.10. Summary of the ultimate lateral load capacities of piles obtained using the numerical
modelling and field tests at the three SIteS ......cc.oovcviiiriiiiiiie e 151
Figure 6.11. The distributions of the (a) lateral displacement, (b) pile shaft cross-sectional plane
rotation, (¢) bending moment, (d) shear force, and (e) lateral soil-shaft stress of pile P6 at Sherwood
PaTK. e ettt et ettt b e st 154
Figure 6.12. The distributions of the (a) lateral displacement, (b) pile shaft cross-sectional plane
rotation, (c¢) bending moment, (d) shear force and (e) lateral soil-shaft stress of pile P1 at South
L2 101 o1 1 1RSSR 154
Figure 6.13. The distributions of the (a) lateral displacement, (b) pile shaft cross-sectional plane
rotation, (¢) bending moment, (d) shear force and (e) lateral soil-shaft stress of pile P3 at South

L2 101 o1 1 1RSSR 155

xvii



Figure 6.14. The distributions of the (a) lateral displacement, (b) pile shaft cross-sectional plane
rotation, (c) bending moment, (d) shear force and (e) lateral soil-shaft stress of pile P5 at South
L1 141010 SO 155
Figure 6.15. The distributions of the (a) lateral displacement, (b) pile shaft cross-sectional plane

rotation, (c) bending moment, (d) shear force and (e) lateral soil-shaft stress of pile P1 at Sandpit.

Figure 6.16. The distributions of the (a) lateral displacement, (b) pile shaft cross-sectional plane
rotation, (c¢) bending moment, (d) shear force and (e) lateral soil-shaft stress of pile P4 at South
LG 101010 LSRR 157
Figure 6.17. The lateral shaft reaction, the vertical the shaft reaction, the thread bearing reaction
and the lateral thread reaction of pile P6 installed at Sherwood Park. ............ccccocvvveiiniiennnnnn. 160
Figure 6.18. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and
the lateral thread reaction of pile P1 installed at South Campus. .........cccccvveviiiencieeniieeieeeee. 161
Figure 6.19. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and
the lateral thread reaction of pile P1 installed at Sandpit...........ccccveeviiiniiieniiiieeeee e, 162
Figure 6.20. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and
the lateral thread reaction of pile P4 installed at Sandpit..........cccccvveeviiieiiiiniiieeieeeee e, 163
Figure 6.21. Results of the sensitivity analyses — Lateral load-displacement of pile P3 in (a) clay
08T I (o) JEST 0 Lo PSSR 165
Figure 6.22. Results of the sensitivity analyses — Lateral load vs. displacement of piles (a) P3 in

clayey soil and (b) P3 in sandy soil and (c) P4 in clayey soil and (d) P4 in sandy soil.............. 167

xviil



List of Symbols

o

a, f

%,7’,7W

e
£d1, Pd2

Ov, U’v; Oatm
¢’P’ ¢’CV
a,f,e

deq.pk, &

A, As

n,c, Ce

Ce, Cu

Ci, (2, G5

D, Ds, Dy , D

adhesion coefficient (in Chapter 6)

friction coefficient and combined shaft resistance factor (in Chapter 3)

total unit weight of soil, effective unit weight of soil, unit weight of water
strain and yield strain

strain corresponding to half of sy

viscosity of the soil (in Chapter 4)

percentage difference of the ultimate lateral capacity (in Chapter 6)

equivalent damping ratio of the pile head and the individual pile segment

dry density at a loose state and a dense state

vertical stress, vertical effective stress and atmospheric pressure

peak friction angle and constant-volume friction angle

the distance between the pile head and axial force, the distance between the
ground surface and the location where plastic hinge is developed and pile
stickup

equivalent peak vertical acceleration and Earth’s gravitational acceleration
cross-sectional area and surface area of pile

adjustment coefficient for static loading condition

n is an exponent, ¢ is a constant that defines the normalized stiffness of elasticity
of soil reaction curves and Ce is a constant that the normalized stiffness of
elasticity of soil reaction curves

curvature coefficient and uniformity coefficient

factors defined in API (1993) to estimate puit

diameter of pile, diameter of the pile shaft, diameter of the helix, diameter of the
pile thread

X1X



Di, Do; Vo, i

Dsl, Ds2

Dini, Dini
Dho, Dso, Deo
Dr1, D2
€max, €min
Ep, Es

En, Es

E v

fs» qc, U2, FR
FS

GF, I'r

Gs, We

1, Z,

k

ke

ko

KO, Ka, Kp

Kr, Krs, Kic

K

inner and outer shaft diameter; inner and outer shaft radius

diameter of the pile shaft along the smooth and top threaded segments; diameter
of the pile shaft along the bottom threaded segments

diameter of the upper threaded segment and the lower threaded segment
particle size diameter corresponding to 10%, 50% and 60% passing
relative density at a loose state and at a dense state

maximum void ratio and minimum void ratio

dissipated energy and maximum energy during one cycle (in Chapter 4)
horizontal soil modulus of clay and sand (in Chapter 6)

Young’s modulus and Poisson s ratio

sleeve friction, tip resistance, dynamic pore pressure and friction ratio of a CPT
factor of safety

gauge factor and voltage ratio

specific gravity and water content

moment of inertia and plastic section modulus

initial modulus of subgrade modulus of sand

initial slope of the vertical shaft resistance

modulus of the subgrade reaction of clay

coefficient of earth pressure at rest, coefficient of active and passive earth
pressure

relative stiffness of pile, relative stiffness of pile in sand and in clay

coefficient of lateral earth pressure

XX



Kt
Ki, Ky
ki

L,Li, L2, L3, La,
Ls

Lt ¢, Lth e

Ne, Ng
N0

P> Pults Psts Psd

P, Put, Pups,
Pu-Y
q, qult

qs, dsU

0, Qu, w
Ovot, Qtop
Ocye, Oini
Omax, Omin

empirical torque factor
loading and unloading stiffness of the pile head
loading stiffness of the individual pile segment

total length of a pile, length of the smooth, the top threaded, the bottom threaded,
the top tapered and the bottom tapered segments

length of threads along the centerline and along the edge
mass of the superstructure

bending moment, maximum bending moment, plastic bending moment and
elastic bending moment

Site-specific cone factor

bearing capacity coefficient for wedge failure under lateral loading
bearing capacity coefficients

corrected standard penetration test index

lateral soil-shaft stress, ultimate lateral soil stress, ultimate lateral soil capacities
based on wedge failure on flow failure

lateral capacity of a pile, ultimate lateral capacity of a pile, ultimate lateral
capacity of a pile based on DeBeer’s method and corresponding to lateral
displacement of 12.5 mm

bearing stress of thread and ultimate bearing stress of thread

unit shaft resistance and unit shaft resistance corresponding to ultimate axial pile
capacity

axial force, ultimate axial capacity and axial displacement
axial load at the bottom and top of a pile segment
cyclic load and initial load during axial cyclic load field test

maximum and minimum axial loads during one cycle

xx1



Teg, Vs R
R, T
R?

S, Wth
Su

SBT

£, tult

ls

£, P, 1o

T, Tend, Tmax
Ts, T'n
dy/dx, V
Wimax, Wmin

Y5 Y50

Y, Yu-pB, Yu-y

Zc
Zt505 Zq50

28, 2P, zoP

the radius of the equivalent cylinder, smaller and larger radius of frustum
coefficients used in Broms’s method

coefficient of regression

pitch of the thread or helix and thread width

undrained shear strength

soil behavior type

shaft stress and ultimate shaft stress

thickness of pile shaft

elastic and plastic components of the shaft stress, plastic component of the shaft
stress at the start of the current plastic loading

installation torque, end-installation and maximume-installation torque
torque contribution from pile shaft and thread

cross-sectional plane rotation of shaft, shear force

displacements corresponding to Omax and Omin

lateral displacement of below a pile head and lateral displacement corresponding
to half to puit

lateral displacement of a pile head, lateral displacement corresponding to Py.pB
and lateral displacement at 12.5 mm

depth
critical depth
vertical displacement corresponding to half of #u and quit

elastic and plastic component of the vertical displacement, vertical displacement
at the start of the current plastic loading

xxii



List of Publications

Chapter 3:

Khidri, M. and Deng, L. 2022. Field axial loading tests of screw micropiles in sand. Canadian
Geotechnical Journal, 59(3): pp. 458-472.

Chapter 4:

Khidri, M. and Deng, L. 2021. Field axial cyclic loading tests of screw micropiles in cohesionless
soil. Soil Dynamics and Earthquake Engineering, 143: pp. 106601.

Chapter 5:

Khidri, M. and Deng, L. 2022. Lateral behaviour of screw micropiles in the field. (status in review)

xx1ii



1. Introduction

1.1. Background

Piles are often used to support axial and lateral loads when soft soil is encountered at shallow
depths. Piles transfer superstructure loads to deeper and more competent soils. Aside from
increasing the load-carrying capacity and stiffness, piles may reduce the settlement of the
foundation. Aside from supporting the axial compressive load, piles are also subjected to
earthquakes, wind, waves and tidal loads, which are then categorized into axial cyclic and lateral
cyclic loads.

Many types of piles are available in the construction industry. They vary in shape,
materials, functions and installation methods. Displacement piles such as precast and prestressed
concrete, closed-ended steel pipe, H-piles, timber and Franki piles are either driven or jacked into
the ground. Other displacement piles that are drilled in place are Omega and APGD piles. Non-
displacement piles are drilled and cast-in-place piles. There are also partial displacement piles,
such as open-ended pipe piles, CFA piles and drilled displacement piles. In addition, piles have
different cross-sections, such as square, round, hexagon, octagon and H-section, and can be
tapered. Helical piles have one or more helices located at the lower portion of the shaft, and they
are torqued into the ground.

A new type of pile, called a micro screw pile, as mentioned in Guo and Deng (2018), has
been used in the Canadian construction industry recently. It is generally used for lightweight
structures, such as timber-framed structures, solar-powered generation systems, fencing, garden
and landscape construction and advertisement and traffic signs. Some common examples of its
application in Canada include storage racks, solar panels, stairwells and flag pole foundations, as
shown in Figure 1.1. The pile is a relatively slender and short pile. It is a multi-segmented hollow

steel pipe pile that is smooth at the top and continuously threaded in the middle, with closed-ended-
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tapered segments at the bottom. It is installed by applying torque at the pile head. It can be
classified as a micropile as the shaft diameter is less than 300 mm. Given that the micro screw pile

is relatively new in the Canadian construction industry, there is no guidance on the geotechnical

design of this type of pile when it is subjected to axial, axial cyclic and lateral loads.

Figure 1.1. Examples of applications of micro screw piles: (a) storage rack in Edmonton, Alberta;
(b) solar panel in Whitehorse, Yukon; (c) climbing stairs in Ontario; and (d) flag pole in northern

Ontario. (a) and (b): courtesy of Benoit Trudeau; (c) and (d): courtesy of Michael Chaytor.

1.2. Problem Statements
Regarding the axial behaviour of the micro screw pile, additional study is needed in regard to the

following:

e Guo and Deng (2018) and Sanzeni and Danesi (2019) have shown that the axial load transfer
to the micro screw pile installed in a cohesive soil and design parameter (adhesion coefficient)
along the smooth, threaded and tapered segment is a reflection of the development of gaps over
the smooth segment, cylindrical shear failure and mobilization of additional lateral pressure
over the tapered segment. There is a need to examine the axial load transfer to the micro screw

pile installed in cohesionless soil and the possible failure mechanisms.



The effective stress method, the CPT-based method and the empirical torque factor method
with the current design parameters cannot be used to estimate the axial capacity of the micro
screw pile.

Guo and Deng (2018) developed a method to predict the installation torque of the micro screw
pile in cohesive soil. These methods need to be evaluated to check their effectiveness in
predicting the installation torque of the micro screw pile in cohesionless soil. Guo and Deng

(2018) did not examine the effect of the thread on the installation torque.

In regard to the axial cyclic performance of the micro screw pile in cohesionless soil, additional

study is needed regarding the following:

In the literature, key stability parameters have been investigated to assess the axial cyclic
response, including the change in pile capacity, pile-head stiffness and displacement
accumulation. The cyclic response of the pile depends on many factors, including pile type,
soil type and loading pattern. However, the axial cyclic response of the micro screw pile
installed in cohesionless soil has never been studied.

There is limited research into the re-distribution of the shaft resistance of a pile that is based
on pile type, pile installation method and soil type. These key stability parameters can be better
understood when looking at the axial cyclic response of the individual pile segment with

respect to the soil condition in which it is installed.



In regard to the lateral response of the micro screw pile, additional study is needed on the

following:

Broms’s (1964a, b) and Meyerhof and Yilcin’s criteria may be used to obtain the failure mode
of the pile. However, the effectiveness of this method to estimate the failure mode of the micro
screw pile needs to be evaluated.

Several methods are available to estimate the lateral capacity of piles based on full-scale,
model-scale and theoretical studies (Broms 1964a, b, Meyerhof et al. 1983, Meyerhof and
Yalcin 1984, Meyerhof and Sastry 1985, Sastry et al. 1986). The effectiveness of the Broms
method for the micro screw pile needs to be evaluated. The effects of the threads on the lateral
capacity of the micro screw pile have not been studied.

A numerical model for simulating piles’ lateral behaviour and capacities is needed. The method

should appropriately consider the effects of threads, soil properties and pile material properties.

1.3. Research Objectives

The overall research objectives of the research are to provide a guide to estimate at the axial and

lateral capacity of the pile. It is also necessary to understand the overall pile and individual pile

segment response to cyclic load. The objectives of the present research are as follows:

Obtain the capacities and the distribution of the axial load of the micro screw pile. Understand
the failure mechanism along the smooth, threaded and tapered segments. Obtain appropriate
design parameters by correlating the field test and site characterization results using the CPT-
based method, the effective stress method and the empirical torque factor method. Understand
the installation torque data and adopt the theoretical torque model.

Understand the overall pile and the individual pile segment response during cyclic load by
assessing key axial cyclic stability parameters, such as pile-head stiffness, equivalent damping
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ratio and cumulative displacement. Measure the change in the unit shaft resistance of the
individual pile segments in different types of sand during the cyclic test.

e Investigate the lateral capacity, the distribution of the bending moment and the failure mode
of the micro screw pile. Evaluate the effect of the tread on the lateral response. Assess the
effectiveness of the Broms method in estimating the capacity of piles.

e Develop a numerical model to predict the lateral capacity and soil-pile reactions of the micro
screw pile. Investigate the failure mode by examining the pile deformation, the bending
moment and the shear stress as well as the lateral forces of the soil on the pile shaft. Quantify
the contribution of each component of soil-micro screw pile reaction and the effect of the
thread on the lateral capacity of the micro screw pile. Examine the effects of thread and soil

properties via numerical sensitivity analysis.

1.4. Methodology and Significance of the Research
The research methodology included geotechnical site characterization, a field test program and
numerical modelling. The geotechnical site characterization program included site investigation
and laboratory testing. To characterize the site geology, a desktop study, cone penetration tests and
standard penetration tests (SPTs) at boreholes (BHs) were conducted at Sandpit. Index tests and
direct shear (DS) tests were conducted in the laboratory. In addition, the soil properties were
interpreted from CPT readings using empirical equations. The site characterization program for
Sherwood Park was performed by Guo (2017). The site characterization program for South
Campus was performed by Guo (2017) and the candidate.The data were re-analyzed in the present
research.

The field test program and pile resistance prediction method were developed to investigate

the axial behaviour of six types of full-scale micro screw piles installed in sand. In total, 41,



including 21 compression and 18 tension tests, were conducted. Eight piles were instrumented
with SGs to obtain the axial load transfer. Based on the CPT-based method, the effective stress
method and the empirical torque factor method, the appropriate design parameters relevant for the
micro screw pile were obtained by correlating the distributions of appropriate soil parameters with
unit shaft resistance. The theoretical torque model was adopted for piles in sand.

To examine the axial cyclic behaviour of the piles, six one-way compressive and load-
controlled axial cyclic tests were conducted at Sandpit. The axial cyclic load was designed to
simulate the vertical loads on the pile during an earthquake load. Three piles were instrumented
with SGs. Both overall pile and individual pile segment responses to cyclic load were examined.
To assess the stability of the pile, pile-head cumulative displacement, stiffness and equivalent
damping ratio were obtained. In addition, the re-distribution of the unit shaft resistances of the
individual pile segments in different types of sand during the cyclic load was investigated. The
equivalent damping ratio and stiffness of the unit shaft resistance hysteresis of the individual pile
segments were determined.

The behaviour of the micro screw piles subjected to lateral loads in cohesive and
cohesionless soils was investigated using the field test. Six piles at Sherwood Park, 22 piles at
South Campus and 18 piles at Sandpit were tested. Selected piles at Sherwood Park and South
Campus were instrumented with SGs to measure the distribution of the bending moment. The
location of maximum curvature of piles at Sandpit was documented. Broms’s (1964a, b) criterion
and Meyerhof and Yilcin’s (1984) criterion were used to assess the failure modes of the piles at
the three sites. Limited research on the lateral behaviour of helical piles was reviewed to
understand the thread’s effect. Based on the appropriate pile failure mode, the lateral capacities of

the piles were estimated using Broms’s (1964a, b) criterion for all the piles at the three sites.



A numerical model based on the BNWF method was developed on the platform of
OpenSEES (PEER 2016) to simulate the lateral response of the micro screw pile with various soil-
pile reactions. The model incorporated the following innovative techniques: 1) the pile shaft was
simulated as fiber sections instead of typical elastic beam-column elements, and 2) the thread-
bearing reactions were modelled by a series of soil reaction fiber sections. The model was verified
against the field tests conducted at three sites. The contributions of individual soil-pile reactions
were assessed. Finally, a sensitivity analysis was performed to evaluate the lateral response of piles
to changes in soil properties and specific changes in pile geometry.

The significance of the present research in the geotechnical community may include the
following facets. This research provides a guide to estimate the axial and lateral capacity of the
micro screw piles to support the field application of this new pile type. The design parameters for
the CPT-based method, the effective stress method and the empirical torque factor method specific
to the micro screw pile are provided. By examining key stability factors and the axial load transfer
during cyclic load, the behaviour of piles with a similar geometry and installation method can be
better anticipated. By examining the lateral load field test results, it is understood that both the
thread and helix have only minor effects on the overall lateral capacity of the pile. Based on the
BNWF method, a numerical model was developed that captures different components of soil-pile
reactions by modelling the thread-bearing reactions as a series of zero-length fiber sections with
appropriate soil reactions. This method can be extended to predict the lateral-response helical piles
with various helical configurations. The field test data can be adopted in further numerical studies

for investigating soil-pile interaction.



1.5. Thesis Outline

The thesis contains seven chapters. A literature review on the axial and lateral behaviour of piles
is presented individually from Chapter 3 to Chapter 6. A short description of each chapter and
appendix is summarized as follows:

Chapter 1: Introduction

The introduction includes the background, problem statement, research objectives, methodology
and significance of the research. A review of the literature related to the axial, axial cyclic and
lateral behavior and numerical analyses of micro screw piles is reported in the respective chapters.
Chapter 2: Test Sites and Test Piles

In Chapter 2, the site characterization program at the three sites and its results are reported. In
addition, the test piles and the pile installation methods are described.

Chapter 3: Axial Load Field Tests of Micro Screw Piles in Sand

This chapter includes a review of the relevant research; the results of the axial load field tests of
micro screw piles in sand; and the pile capacity prediction method based on the CPT method, the
effective stress method and the empirical torque factor method. The theoretical torque model is
compared with measured torque. A version of this chapter constitutes the paper that has been
published in the Canadian Geotechnical Journal.

Chapter 4: Axial Cyclic Load Field Tests of Micro Screw Piles in Sand

The result of the axial cyclic load field tests of the micro screw pile is presented. Aside from overall
pile stability, the stability of the individual pile segments in different types of sand is examined by
analyzing key stability factors, such unit shaft resistance degradation and aggregation, stiffness
and equivalent damping ratio. A version of this chapter constitutes the paper that has been

published in the journal Soil Dynamics and Earthquake Engineering.



Chapter 5: Lateral Load Field Tests of Micro Screw Piles

This chapter reports the lateral response of the micro screw piles at three sites by examining pile
relative stiffness, pile failure mode and pile capacity. A review of the literature is conducted to
assess the effect of helices on the lateral capacity of the helical pile, which will aid our
understanding of the effect of thread. Finally, the Broms method is used to estimate the capacity
of the test piles at the three sites, which is then be validated using the measured lateral capacity.
Chapter 6: Numerical Modelling of the Micro Screw Piles Subjected to Lateral Loading
Using the BNWF Method

In this chapter, the numerical model is compared with the field tests results. The failure mode of
the piles will be determined by examining the pile deformation, bending moment and shear stress
and the lateral forces of the soil on the pile shaft. The individual soil-pile reactions are examined
to assess their contribution to the overall lateral response of the micro screw pile. A sensitivity
analysis is conducted to check the effects of soil property and key geometrical features on the
lateral response of the piles.

Chapter 7: Summary of Conclusions

In the final chapter, a summary of the conclusions of all the parts is reported. In addition, the
study’s limitations and a list of further research areas are given.

Appendix A: Additional site investigation results at Sandpit and the measured continuous
installation torque records of the pile at South Campus are presented in this appendix.

Appendix B: This appendix shows the raw and smooth axial load vs. displacement curves of all
piles, the smoothenin process, estimated and measured continuous torque reading of additional

piles, the summaries of ¢s, &, Ks and £ over individual pile segments at different soil types, with

their backup calculation, the estimation of the ultimate capacities of piles using coefficient f and



the backup calculation to determine the emprirical torque factor for micro screw piles in
compression and tension.

Appendix C: The site layout at Sherwood Park and South Campus, the process to smoothen the
raw lateral load vs. displacement of a pile and an example of obtaining the ultimate lateral capacity
of a pile based on DeBeer (1968) method are presented in this appendix.

Appendix D: The result of a cyclic lateral load field test of the pile P4 at Sherwood Park which
included lateral load vs. displacement, lateral load and displacement time histories, the change in
stiffness of the pile and equivalent damping ratio during cyclic load are shown in this appendix.
Appendix E: In this appendix, the OpenSEES code for simulation of micro screw pile subjected

to lateral loaded and classical Hermitian polynomials used in the OpenSEES Codes are shown.
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2. Test Sites, Test Piles and Pile Installation

2.1. Test Sites

The present research is intended to study the engineering performance of micro screw piles in both
cohesive and cohesionless soils. Three sites were selected around Edmonton, Alberta, because of
its various surficial soil deposits, as shown in Figure 2.1. The first site is located north of Sherwood
Park, southwest of Range Road 232 and Township Road 534, about 3 km north of Yellowhead
highway. It consists of surficial backfill overlying glacial clay till. The second site is located at the
University of Alberta South Campus farm near 60" avenue and 118™ street. It consists of
glaciolacustrine clay overlying glacial till (Edwards 1993). The third site is at a sandpit that is
located 80 km north of Bruderheim, Alberta. It consists of well-graded fine to medium-grained
Pleistocene and Holocene eolian sand deposit overlying lacustrine clay (Bayrock 1958, Fenton et
al. 1983). A detailed site investigation including cone penetration tests (CPTs), BHs with SPTs

and laboratory tests were conducted at each site.
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Figure 2.1. (a) Key map of Edmonton showing the locations of the test sites and site layouts at: (b)
Sherwood Park (53.5937 N, 113.2919 W), (c) South Campus (53.4983 N, 113.5327 W) and (d)

Sandpit (53.8765 N, 112.9290 W).

2.1.1. Sherwood Park
A detailed site investigation was conducted, including two CPTs and two BHs and laboratory tests.

The cone penetration results, including tip resistance (g:), sleeve friction (f;) and pore pressure (u2)
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measured at Sherwood Park, are shown in Figure 2.2. At Sherwood Park, the undrained shear

strength (sy) of the soils was estimated using Equation 2-1 (Robertson and Cabal 2012):

2-1)
where Ny is the site-specific cone factor with a selected value of 14, which was calibrated with

triaxial testing of the intact soil. The total unit weight of the soil () was assumed at the first

iteration. At the second iteration, the value of y was estimated using Equation 2-2 (Mayne et al.

2010):

' 0.06 0.06
, :1.9%{ o, } [L} 2-2)
O-atm O-atm

where yy is the unit weight of water and ocam is the atmospheric pressure.
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Figure 2.2. Profiles of cone penetration tests at Sherwood Park: (a) tip resistance, (b) sleeve
friction, (c) pore pressure, (d) unit weight, (e) estimated undrained shear strength vs. lab-measured

undrained shear strength and (f) generalized soil behavior type (SBT).
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The soil properties profile including j, sy and generalized SBT at Sherwood Park, which
was empirically interpreted from CPT readings, is shown in Figure 2.2. The sy of the intact soil
samples measured using the unconfined compression test (UCT) is also shown in Figure 2.2. The
soil deposit consists of 2.5 m of low plastic and normally consolidated clayey and silty fill, with
two thin layers of silty and sandy fills at depths of 0.5 m and 2.5 m and clay till down to BH
termination depth. The values of the sy of the clay fill vary between 50 kPa and 200 kPa, and the

values of the sy of the clay till are between 200 kPa and 400 kPa.

2.1.2. South Campus

As part of the site investigation, seven CPTs, four BHs and laboratory tests were conducted. The
CPT results, including gt, fs and u> measured at South Campus, are shown in Figure 2.3. The value
of the sy of the soil was estimated using Equation 2-1. At South Campus, the value of % was
assumed at the first iteration. In the second iteration, the value of y was estimated using Equation
2-2. The soil properties profile, including y, su, SBT and generalized SBT at South Campus, which
were empirically interpreted from CPT readings, is shown in Figure 2.3. The su of the intact soil
sample measured using UCT and a vane shear test (VST) is also shown in Figure 2.3. The soil

deposit mainly consists of high plastic and normally consolidated silty lacustrine clay. The values

of sy vary between 50 kPa and 110 kPa.
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Figure 2.3. Profile of the cone penetration tests at South Campus: (a) tip resistance, (b) sleeve
friction, (c) pore pressure, (d) unit weight, (e) estimated undrained shear strength vs. lab-measured

undrained shear strength and (f) generalized SBT.

2.1.3. Sandpit

The soil deposit at Sandpit consists of well-graded fine to medium-grained Pleistocene and
Holocene eolian sand deposit overlying lacustrine clay (Bayrock 1958, Fenton et al. 1983). A
comprehensive site investigation program included four BHs, four CPTs and laboratory tests. The
BHs and CPTs were advanced through the sand stratum into the lacustrine clay. The BHs were
drilled with a continuous-flight solid stem auger, and the SPTs were conducted at a depth interval
of 0.75 m. The measured properties of sand retrieved from grab samples and a split spoon sampler
included the water content (w¢), particle size distribution (PSD), specific gravity (Gs), minimum
void ratio (emin), maximum void ratio (emax) and friction angle (¢,). The sand samples were
visually examined and classified as per the unified soil classification system (USCS). The locations

of the BHs, CPTs and test piles are shown in Figure 2.4.
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Figure 2.4. Layout of the test piles, cone penetration tests and BHs with SPTs at Sandpit.

The sand properties, which include USCS classification, uniformity coefficient, curvature
coefficient, particle size Dso and so on are summarized in Table 2.1. The values of SPT-Nj o,
corrected for overburden stress, are shown in Figure 2.5. The SPT-Nj 60 values vary between 17
and 23 at the upper sand stratum and 5 and 9 at the lower sand stratum. Based on the values of
SPT-Nj 60 and a visual inspection of soil samples, the 4.3-m-thick sand deposit is composed of two
sand strata with distinct compositions and compactness. The upper sand stratum with gravel is
compact, well-graded and dry-damp; the lower sand stratum is loose, poorly graded and wet-
saturated. The groundwater table (GWT) is 1.7 to 2 m below the ground surface, as measured in

the standpipe installed near the test zone.
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Table 2.1. Properties of sands from laboratory tests.

Stratum Upper sand Lower sand
Depth (m) 0-2 2-4

USCS SW, SP, SW-G SW, SP

Gs 2.65 2.6

€min 0.43-0.46 0.48-0.51
€max 0.60-0.71 0.68-0.72
Cu 1.9-4.8 1.8-2.6

Ce 0.5-1.7 0.6-1.1

Dso (mm) 0.2-1.3 0.2-0.4
PSD (%) 0-21G,77-98S,0-5F 0-6.4G,92-998S,0-1.6 F
we (%) 0-13 13-24

Note: USCS = Unified Soil Classification System; Cy = uniformity coefficient; C. =

curvature coefficient; w. = water content; G = gravel; S = sand; F = fines.
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Figure 2.5. (a) SPT index Ni o0 and (b) description of soil stratum based on SPT and disturbed

samples.

The CPT results, including gqt, fs, friction ratio (/R), u> and soil SBT are shown in Figure
2.6. Since the CPTs were conducted in early winter (December), when there was surficial frost,
the CPT results of surficial soil might be affected. The effects of frost penetration were shown in

the large values of gt and u> to a depth of 0.8—1 m, approximately. The surficial frost at CPT-3 was
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removed using heat treatment. Therefore, the surficial soil properties at CPT-3 may represent the
normal in-situ properties more accurately. Shear wave velocity (Vs) tests were conducted at CPT-
1 and CPT-3, as shown in Figure 4a. The total unit weight of the soil (%) was estimated from V5
results using Equations 2-3 and 2-4 (Mayne 2005):

7, (kN / m*) =8.63log(V,) —1.181og(z) —0.53 (2-3)
7, (kN / m’) =8.64log(V,)—0.74log(c,,)— 0.4 (2-4)
where oy is the vertical effective stress, and z is the depth.

q. (MPa) f, (kPa) Friction ratio (%) u, (kPa) SBT Qtn
0 1020304050 0 100 200 300 0 1 2 010203040 4 5 6 7 8

E == 3
g = _
£ — —
2 - 3
Q — —
E ] E
— -
- — I(e)§

|- - -CcPT-1—— CPT-2— — CPT-3—— CPT-4|

Figure 2.6. Profiles of cone penetration tests at Sandpit: (a) tip resistance, (b) sleeve friction, (c)
friction ratio, (D) pore pressure and (e) generalized SBT. Note: SBT O 7: sand with gravel, SBT

O 6: clean sand, SBT QO 5: silty sand.
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The value of peak friction angle (¢#p) and relative density (Dr) were estimated using

Equations 2-5 to 2-7 (Mayne 2006, Robertson 2004):

q,—0,
g, = _Gam_ (2-5)
Gatm
o,
¢,=17.6 . ...0log(q,) (2-6)
D, =100(0.2681In(g,,)-b,) 2-7)

where g1 is the stress-normalized tip resistance, cam is 103.1 kPa and by is 0.825. The value of D:
varies between 40% and 90% in the upper sand stratum, and D is about 40% in the lower sand
stratum, as shown in Figure 2.7c.

The SBT suggests that the soil at this site consists of 1.1 to 1.8 m of sand with gravel
overlying 2.7 to 3. 5 m of clean sand. The upper sand stratum comprises gravelly sand (SBT = 7)
and clean sand (SBT = 6). The lower sand stratum comprises clean sand (SBT = 6), with layers of
silty sand and sandy silt (SBT = 5). The SBTs are consistent with the soil descriptions interpreted
from the SPT-Nj 60 values and visual inspection of sand samples.

The friction angles of reconstituted sand samples were measured using a DS device. The
reconstituted sand samples were prepared representing in-situ sand at each BH location and depth.
Several profiles of in-situ D; were obtained from the current (Fig. 4c) and historical CPTs. Due to
the uncertainties of in-situ densities, the reconstituted sand specimens were prepared at a loose
state (i.e., a relatively small Dy1) and a dense state (i.e., a relatively large Dr2), which were bounded
by the D ranges shown in Figure 2.7c. The specimens representing the upper sand stratum were
prepared with in-situ we, and specimens representing the lower sand stratum were saturated. The

properties of the reconstituted sand samples including the emin, €max, Dr1 and Dy used in the DS
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program are summarized in Table 2.2. The values of ¢, obtained from DS and CPTs are shown in
Figure 2.7d. Generally, the values of ¢, obtained from DS tests are compatible with ¢, obtained
from CPTs. The CPT results show that ¢, varies between 40° and 55° in the upper sand stratum
and 34° and 42° in the lower sand stratum. Based on the DS results, the average constant-volume

friction angle (@) of the upper and the lower sand strata are approximately 42° and 35°,
respectively.

Table 2.2. Densities of the reconstituted sand for direct shear (DS) tests.

Depth | Dii | D2 | pai Pa2

m) | (%) | (%) |Mgm) | (Mgm’)
0 38.5 |70.5 | 1.70 1.77

0.5 59.5 | 74 1.70-1.77 | 1.74-1.80
1 63 76 1.71-1.78 | 1.74-1.80
1.5 71.5 | 82 1.73-1.79 | 1.76-1.81
2 49 72.5 | 1.67-1.75 | 1.73-1.80
2.5 40 62.0 | 1.22-1.25 | 1.26-1.29
3 39 58.0 | 1.22-1.25 | 1.25-1.28
3.5 51 69.0 | 1.24-1.27 | 1.27-1.30
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Figure 2.7. Soil properties: (a) shear wave velocity at CPT-1 and CPT-3, (b) unit weight, (c)
relative density and (d) estimated peak friction angles vs. lab-measured peak friction angles. Note:
Dy denotes the loose state and Dy denotes the dense state of the reconstituted sand in the DS

testing.

2.2. Test Piles

In this program, six types of full-scale micro screw piles (P1 to P6, Fig. 2.8) were tested in
compression and tension. The pile shaft diameters (Ds) are 114 mm (P1, P2), 89 mm (P3, P4) and
76 mm (PS5, P6), and the lengths are 3 m (P1, P3, P5) and 1.5 m (P2, P4, P6). Piles P1 and P2 have
five segments: smooth, upper threaded, upper tapered, lower threaded and lower tapered segments.
The lower threaded segment has a diameter of 76 mm. Piles P3, P4, P5 and P6 have three segments:
smooth, upper threaded and upper tapered segments. The schematic and the dimensions of the six

types of micro screw piles are shown in Figure 2.8 and Table 2.3. The shaft wall thickness () is
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3.6 mm along the cylindrical segment. The shaft wall thickness is 3.6 mm at the top of the tapered
segment, and it became progressively thicker by a couple of millimetres toward the bottom of the
tapered segment. The spiral threads were welded to the pile shaft at 90° from the pile axis. The
width (wu), thickness (#n) and pitch (s) of the spiral threads are 12, 2 and 50 mm, respectively. The
thread pitch to thread width ratio (S/wwm) is 4.2. The thread pitch to thread outer diameter ratio
(s/Ds) of piles P1 and P2, P3 and P4 and P5 and P6 are 0.36, 0.44 and 0.50, respectively. The thread
outer diameter to shaft outer diameter ratio (D¢/Ds) of piles P1 and P2, P3 and P4 and P5 and P6
are 1.21, 1.27 and 1.32, respectively. The pile shaft and threads were made of structural steel with
Young’s modulus of 210 GPa and yield strength of 248 MPa and tested by Guo and Deng (2018).
The pile material was manufactured in accordance with German standards DIN EN 10219-1 (DIN

2006a) and DIN EN 10219-2 (DIN 2006b).
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Figure 2.8. Drawing of the pile types.
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Table 2.3. Dimensions of the pile types.

Pl P2 P3 P4 P5 P6
D (mm) 114 114 | 89 89 76 76
D> (mm) 76 76 N.A. |NA. | NA. | NA.
L (mm) 3033 | 1538 | 3048 | 1566 | 3076 | 1566
L (mm) 815 | 626|904 |596 | 1792 | 594
L> (mm) 1501 | 205 1801 | 622 | 922 | 602
L3 (mm) 213|200 | 343 |348 |362 | 370
Ly (mm) 126 | 112 |NA. |NA. |NA. |NA.
Ls (mm) 378|395 |NA. |NA. |NA. | NA.
s/Dun 036 |036 |044 |044 |05 0.5
Dun/D; 121|121 127 |127 [132 [132
Du/D> 132|132 |NA. |NA. |NA. |NA.

Note: Definition of the symbols are shown in Figure 2.8.

2.3. Pile Installation

The piles were installed using a small excavator equipped with a hydraulic torque head (Fig. 2.9).
A combination of torque and a small axial load (i.e., the crowd load) at the pile head was applied
to advance the piles into the ground. The advancement rate was controlled at nearly one thread
pitch per revolution. The inclination of the pile shaft was checked by a level mounted on the torque
head. Continuous installation torque was measured with an electronic pin (a pressure differential
gauge integrated into the installation equipment) and recorded in a datalogger inside the small
excavator. The maximum-installation (7max) and end-installation (7eng) torques of each pile were
documented. The value of Tenga was interpreted as the average of the measured torque during the

last continuous turn at the pile termination depth. The summary of maximum-installation and end-

installation torque at the three sites is shown in Table 2.4.
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Figure 2.9. Pile installation equipment.

Table 2.4. Summary of the max-installation and end-installation torque at the three sites.

Site Pile Test Tnax Tena
(KN*m) (KN*m)
P1 L1 - 3.780
P2 L1 - 1.467
Sherwood | P3 L1 - 3.111
Park P4 L1 - 0.860
P5 L1 - -
Po6 L1 - 0.556
P1 L1-L3 3.689,5.084,4.404 3.131,4.805,4.247
P2 L1-L3 2.728,2.297,2.635 1.891,2.077,2.077
South P3 L1-L3 3.348,2.356,3.792 3.255,1.767,2.821
Campus P4 L1-L3 2.821,2.108,1.705 0.930,1.922,1.581
P5 L1-L6 | 3.534,3.627,1.612,3.379,3.069,2.635 | 1.488,1.488,1.364,0.496,1.209,1.085
P6 L1-L4 1.922,3.100,2.046,2.015 0.899, 1.829, 1.891, 1.674
P1 C1-C3 6.200,6.727,4.092 5.613,6.231,4.092
T1-T3 6.696,6.386,5.115 6.603,5.549,5.115
P2 | C1-C3 2.666,2.852,3.038 2.573,2.604,2.573
T1-T3 2.387,2.790,2.697 2.139,2.418,2.449
P3 cl1-C2 3.534,4.278 2.480,3.534
Sandpit T1-T2 3.255,3.658 2.325,2.914
P4 | C1-C3 1.798,2.356,2.449 1.736,2.046,1.922
T1-T3 1.984,2.852,1.612 1.891,1.457,1.457
PS5 | C1-C3 - -
T1-T2 3.348,2.883 2.170,2.542
P6 | C1-C3 - -
T1-T3 - -
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3. Axial Load Field Tests of Micro Screw Piles in Sand

3.1. Introduction

The micro screw pile is a unique type of pile because of its shape and installation method. A micro
screw pile consists of a smooth shaft at the top, a continuously threaded shaft at the middle and a
continuously threaded and tapered shaft at the bottom. The piles are installed using a torque head
attached to the arm of a drill rig. The piles are suitable for lightweight structures, including traffic
signs, landscape construction, fencing and solar panels. This pile type may be classified as a
micropile as the shaft diameters are less than 300 mm.

One of the first studies of the micro screw piles (but only in cohesive soils) was conducted
by Guo and Deng (2018). They suggested that the soil-pile shaft adhesion coefficient (i.e., the ratio
of unit shaft resistance to undrained shear strength) of the smooth segment in clay was low and
that the capacity of the threaded segment was best represented by the cylindrical shear mode
(CSM; Mooney et al. 1985, Narasimha Rao et al. 1993, Elsherbiny and El Naggar 2013, Guo and
Deng 2018). They reported that the thread pushes the failure surface to the outer edge of the threads
and increases the adhesion coefficient to unity and hence increases the pile capacity (Guo and
Deng 2018). Sanzeni and Danesi (2019) adopted the prediction model proposed by Guo and Deng
(2018) to estimate the axial capacities of the test piles at a stiff silty clay site in Italy. Sanzeni and
Danesi (2019) concluded that the adhesion coefficient over the smooth segment was 0.3 and that
the average capacity of the tapered segment was 30% greater than that of the equivalent threaded
segment, further increasing the adhesion coefficient.

The micro screw piles belong to a family of piles whose shaft is modified in various
manners for desired performance advantage. Cutherson-Black (2001) stated that pile helix,
concentric rings, lugs and other modifications might increase the soil volume involved in shear

failure by moving the failure plane away from the shaft surface. The shaft modification will also
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change the displacement behavior of piles. Ladanyi and Guichaoua (1985) tested model corrugated
and slightly tapered piles and smooth shaft piles in frozen saturated sand. The results showed that
the corrugated shaft capacity was 2 to 3.5 times the smooth shaft capacity. The corrugated shaft
exhibited contractive behavior, whereas the smooth shaft exhibited dilative behavior between the
pile and soil. The advantageous effects of the tapered shaft piles in cohesionless soil were reported
as early as in the 1920s (Robinsky et al. 1964, Rybnikov 1990, Kodikara and Moore 1993).
Robinsky et al. (1964) realized these effects when the load test capacities were consistently greater
than the estimated capacities. Sakr and El Naggar (2003) and Robinsky and Morrison (1964)
reported that the increase in pile capacity was due to the densification of sand during pile
installation. Kodikara and Moore (1993), Wei and El Naggar 1998 and Guo and Deng (2018)
suggested that the increase in the capacity of the tapered pile was due to the development of
additional lateral earth pressure as the pile was penetrated in the ground.

A limited number of studies on micro screw piles (e.g., Guo and Deng 2018, Sanzeni and
Danesi 2019) have concentrated on this pile type’s behaviour and capacities in cohesive soils. To
support the application of this pile type in cohesionless soils, the failure mode, load transfer
mechanism and capacities of the micro screw piles in sand are required. Hence, a field test program
of six types of full-scale piles was undertaken. Selected piles were instrumented with axial SGs.
Axial capacities, load transfer mechanism, methods of estimating shaft resistance and torque
mechanism were investigated based on the field test results.

3.2. Field Test Program

3.2.1. Instrumentation

Pile types P1, P3 and P5 were instrumented with five SGs stations, with either a Wheatstone half-
bridge or quarter-bridge circuit, to measure the distribution of axial load along the pile. Therefore,

the pile was divided into five segments by adjacent strain gauge (SG) stations. The locations of
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the SG stations and the indices of the pile segments are shown in Figure 3.1. The SG was installed
on the outer shaft of the pile. The electric wires attached to the SG were pulled from a drilled hole
adjacent to the SG through the pile head hole. The SG was sealed with a layer of epoxy, a layer of
aluminum foil and a layer of blue clay and protected with a metal sheet casing, as shown in Figure
3.2. The layer of blue clay with low permeability was applied between the aluminum foil and the
metal sheet casing to provide the SG with waterproofing below the GWT. The metal sheet casing
was bolted with a threaded nut rivet into the shaft. The metal sheet casing protected the SG stations
from sand abrasion during pile installation. To mitigate the transmission of load to the metal sheet
casing, the metal sheet casing was built to be marginally smaller than the pitch of the threads, and

the hole in the metal sheet casing was drilled large enough to allow vertical movement of the bolt.

P4 P5 P6
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Figure 3.1. Drawing of the pile types. Note: Black strips = SG stations; the indices of segments are

labelled beside instrumented piles.

27



Figure 3.2. (a) A layer of epoxy to be covered by aluminum foil and (b) metal sheet casing.

3.2.2. Test Setup
The general test setup is shown in Figure 3.3. It included a boxed slider, a 4.2-m-long W360X179
I-beam with two 7.9-mm-thick steel plate stiffeners as reaction beams, two groups of four identical
2.1-m-long micro screw piles as reaction piles, lumber blocks, steel rebars as tension rods and steel
frames as pile caps. Two groups of reaction piles, each including four identical 2.1-m-long micro
screw piles, were installed at a spacing of 2.25 m. The spacing between each pile was at least 0.75
m. Reaction piles were capped using three steel frames bolted to the pile head. The lumber blocks
and the tension rods provided support for compression and tension tests, respectively. A two-way
hydraulic jack equipped with a load cell of 900 kN capacity was installed below the slider to
provide the axial load. The load was supplied by a hydraulic pump, which was equipped with a
remote control. Two linear potentiometers were placed between the hydraulic jack and the pile
head to measure the axial displacement. The load cell, two linear potentiometers and SG recordings
were available in real time (at 1 hz) via a laptop onsite via a datalogger. The recordings were saved
after the completion of the tests at end of each test day.

The piles were installed using a small excavator equipped with a hydraulic torque head
(Fig. 3.4). A combination of torque and a small axial load (i.e., the crowd load) at the pile head
was applied to advance the piles into the ground. The advancement rate was controlled at nearly
one thread pitch per revolution. The inclination of the pile shaft was checked by a level mounted
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on the torque head. Continuous installation torque was measured with an electronic pin (a pressure
differential gauge integrated into the installation equipment) and recorded in a datalogger inside
the small excavator. The maximum-installation (7max) and end-installation (7end) torques of each

pile were documented. The value of Tend Was interpreted as the average of the measured torque

during the last continuous turn at the pile termination depth.

Figure 3.3. Field test setup.

Figure 3.4. Pile installation equipment at Sandpit.
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3.2.3. Test Procedure and Summary

The compression tests and the tension tests were conducted in accordance with ASTM standards
D1143 (ASTM 2007b) and D3689 (ASTM 2007¢), respectively. The quick load test method was
adopted. The load was increased manually at an increment of 5% of the anticipated capacity until
plunging failure or excessive settlement was observed. Then, the load was decreased at an
increment of 25% of the anticipated capacity. The load in the hydraulic jack was supplied by a
pump that was equipped with a remote control. The load could be supplied with an accuracy of
less than approximately half a kilonewton. The load could be controlled with a reasonable accuracy
because of the remote-controlled hydraulic pump and availability of load cell and linear
potentiometer readings on site in real time. Each load step was maintained for 5 min until there
was a negligible creep. Due to the quick dissipation of the excess pore pressure in the sand that
had developed during pile installation, pile setup was not considered. Therefore, there was no
specific wait time between pile tests.

A total of 41 tests, which included 23 compression tests and 18 tension tests, were
performed on re-used (not laterally loaded) piles as the axial deformations were anticipated to be
negligible. To enhance the reliability of the test results, a minimum of three compression tests and
a minimum of three tension tests were repeated on each pile type. A minimum of one compression
and one tension test was performed on each instrumented pile type of P1, P3 and P5. The summary
and the site layout of the test pile are shown in Table 3.1 and Figure 3.5. As an example of test

identification, P1-C1 corresponds to the first compression test of pile P1.
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Table 3.1. Summary of test piles and Q..

Pile type | Comp. Test | Ou(kN) Tens. Test | Ou(kN)
P1 C1-C3 129, 139, 95 T1-T3 103, 75, 84
P2 C1-C3 48,43, 36 T1-T3 8,13, 14
P3 C1-C5 82,118, 86, 64,64 | T1-T3 65, 70, 65
P4 C1-C3 57, 56, 48 T1-T3 15, 14, 15
P5 C1-C5 73, 50, 56, 53, 44 T1-T3 63,59, 44
P6 Cl1-C4 27,21,17,39 T1-T3 10, 11, 19
r3m
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Figure 3.5. Layout of test piles, cone penetration tests and SPTs at Sandpit

3.3. Field Test Results

3.3.1. Axial Load vs. Normalized Displacement

In this research, 41 tests, including 23 compression tests and 18 tension tests, were performed.
Each pile was tested a minimum of three times in compression and in tension. The raw data curves
of O vs. w/D of all piles are shown in Figure B1 in Appendix B. The raw curves of Q vs. w/D of
pile P1-C1 is shown in Figure 3.6a, as an example. The O and w time histories are shown in Figure
3.6b. After each small axial load increase, there is a drop in load because the load was applied

quickly. There are two mechanisms worth mentioning. First, there is a drop in load because the
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hydraulic fluid cooled after the fluid was injected from the hydraulic pump through the hydraulic
pump nasal and hydraulic jack nasal. In this case, the load would decrease with no to a very small
increase in displacement, as shown in Figure 3.6¢c. Second, the pile could displace due to the
delayed sand response after the increase in load. In ASTM 2007b, it is reported that the
displacement measured between readings for a given load increment could be an indication of
creep behaviour. The creep in sand consists of a slippage between sand particles and the fracture
of sand particles. Therefore, it is assumed that the measured displacement under constant or
reduced load could be due to creep, as shown in Figure 3.6d. Therefore, the load was maintained
for five minutes to stabilize the load and displacement. A numerical program was developed to
smoothen the curve by selecting the stabilized load and displacement, which is shown in Appendix
B. The smoothened curves of the axial load (Q) vs. the normalized displacement (w/D) of selected
piles are shown in Figure 3.7, and those of all test piles are shown in Appendix B, where w is the
axial displacement and D is the outer shaft diameter of the pile along the top smooth segment. The

elastic compression of the pile shaft is minimal, and hence it is neglected.
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Figure 3.6. (a) Raw axial load vs. displacement and (b) axial load and displacement time histories

of pile P1-C1. Note: Figure 3.6¢ shows the reduction in load with no or a small displacement, and

3.6d shows the measured displacement under constant or reduced axial load.
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Figure 3.7. Selected curves of smoothened axial load (Q) versus normalized axial displacement
(w/D): (a) P1-C1 and P1-T3, (b) P2-C2 and P2-T3, (c) P3-C2 and P3-T2, (d) P4-C3 and P4-T2,
(e) P5-C3 and P5-T2 and (f) P6-C1 and P6-T1. Note: L1 is the point where the linear-elastic zone

with high stiffness ends.

3.3.2. Ultimate Pile Capacity of the Micro Screw Piles

Piles resist the applied load (Q:) of the superstructure through shaft resistance (Qs) and base
resistance (Ov), as shown in Figure 3.8a. As the Q; at the pile head is increased, the pile w increases
until the pile plunges into the ground when the Qs and Oy reach their limit values. There is a high
localization of shearing within a thin layer of soil around the pile shaft. Typically, a small amount
of the w of the pile is required to mobilize the limit shaft resistance (Qs1) because of the thickness
of the shear zone. However, a large amount of the w of the pile is required to reach Oy. In fact, it
is very difficult to mobilize the limit base resistance (Qvr) of typical piles with common testing

equipment unless the soil is very weak. The typical QO vs. w response of piles is shown in Figure
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3.8b. Therefore, the ultimate load (Qui) based on various load vs. displacement criteria is often
used to define the capacity of the pile. Some common criteria include the Davisson Offset Limit,
the DeBeer Yield Limit, the Hansen Ultimate Load, the Chin-Kondner Extrapolation and the

Decourt Extrapolation.
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Pile head
; w = (0.01-0.02)D
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s«

Figure 3.8. (a) Source of pile resistance and (b) typical Q vs w response of the pile (adapted from

Salgado 2008)

In the present study, piles do not exhibit apparent plunging failure (i.e., the limit failure as
defined in Salgado 2008) in compression tests typically, as would be expected for other pile types
in sand, because of the apparent densification of sand and the development of additional lateral
earth pressure during installation. However, piles in tension tests do show a peak load. In many
test cases, the pile failure is reached at a displacement of more than 10% shaft diameter. Therefore,
the ultimate pile capacity (Qu) was used in the present study to characterize the geotechnical failure
of piles. Generally, the following three different zones can be identified for piles in compression

tests: the initial linear-elastic zone with high stiffness (the end of which is plotted in Fig. 3.7), the
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nonlinear transitional zone with decreased stiffness and the secondary linear zone with low
stiffness. Although several failure criteria for Q. are available (as summarized in Fellenius 1989),
the method of Hirany and Kulhawy (1988) seems more suitable for the micro screw piles in this
study; applications of the Hirany and Kulhawy criterion in pile tests in sand were reported in
Mansour (2019). This criterion selected the value of Qu corresponding to the start of the secondary
linear zone. For piles in tension tests, Qu was selected corresponding to the peak load achieved.
The compressive and tensile Q, points, with subjective judgment to a reasonable degree, are
labelled on the Q vs. w/D curves in Figure 3.7. The values of Q. and the corresponding w/D of 41
tests are summarized in Figures 3.9 and 3.10. The process to approximate Q. is shown in Table
B1 in Appendix B.

As shown in Figure 3.9, the average compressive Oy of the piles is greater than the average
tensile Oy because of the greater capacities of the tapered segments in compression than in tension
tests. The differences in the compressive and tensile capacities are more pronounced in short piles
(i.e., P2, P4 and P6, long piles) and almost insignificant in long piles. Since the ratios of the tapered
segment lengths to the total lengths of the short piles are greater than the ratio for long piles, the
contribution of the taper to the Oy 1s more significant in the short piles. In addition, the tapered
segment of the long pile is situated in loose sand, and the tapered segment of the short pile is
situated in compact sand.

The value of w/D at the ultimate state of all tests is shown in Figures 3.10a and 3.10b,
respectively. The compressive Qy is mobilized at a w/D of 0.14-0.22, and the tensile Qy is
mobilized at a w/D of 0.06-0.22. It is observed that significant displacement, more than 10% of
the pile diameter, is required to reach the ultimate state at this site. The variation of w/D ratios at
failure is greater in the tension tests than in the compression tests. There is a visible difference in
the values of w/D between the long and the short piles in the tension tests. For the short piles, Qu
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is mobilized at less w/D than the long piles in general, perhaps because the tapered segment of the

short piles is located within the dense upper stratum.
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Figure 3.9. Measured Q. of all the pile types: (a) compression tests and (b) tension tests. Note: The

error bars show one standard deviation.
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Figure 3.10. Measured w/D at the ultimate capacity of all pile types: (a) compression tests and (b)

tension tests. Note: The error bars show one standard deviation.
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3.3.3. Distribution of Unit Shaft Resistance
In order to determine the axial load transfer mechanism, the axial load Q transferred to each SG

station was calculated using Equation 3-1:
0=¢EA (-1

where ¢ is the measured strain, £ is Young’s modulus of the pile material and A4 is the cross-
sectional area of the pile at the SG location. Figure 3.11 shows selected distributions of O along
the pile shafts at different load steps. The value of Q at the pile tip was assumed to be zero as the
cross-sectional area reduced to almost zero.

The ratios of the S/Dy, of piles P1 and P2, P3 and P4 and P5 and P6 are 0.36, 0.44 and 0.50,
respectively. Several studies have shown that helical pile capacity is best represented by the CSM
when the helical plate ratio of S/Dx is less than a range of 2 to 3 (Narasimha Rao et al. 1993, Al-
Baghdadi 2018). Al-Baghdadi (2018) reported that the ratio of helix diameter to shaft diameter
(Dn/Ds) also affected the helical pile’s capacity. The ratios of Dn/Ds for piles P1 and P2, P3 and P4
and P5 and P6 are 1.21, 1.27 and 1.32, respectively. Al-Baghdadi (2018) showed that the
effectiveness of this ratio increases with the Dn/Ds value and reaches a constant value at a ratio of
2. Although it was expected that this ratio would affect the capacity of the pile, it is hard to quantify
this amongst the variability associated with pile installation and soil heterogeneity. From the pull-
out of the micro screw piles in cohesionless soils in this study, it was observed that the soil failed
along the outer edge of the threads. In addition, a back analysis of pile capacities suggested that
the capacities would be significantly overestimated if the soil had failed on the individual threads.
Hence, it may be reasonable to assume that the CSM applies to the tests in the present study.

Hence, the unit shaft resistance (gs) of the individual pile segment between adjacent SGs

was calculated using Equation 3-2:
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_ Qtop - Qbot
A

s

(3-2)

where Qiwop and Ohor are the measured axial loads at the top and bottom of a specific shaft segment,
and 4 is the outer surface area of the segment. Figure 3.12a shows a free-body diagram of a
cylindrical shaft segment. For the tapered segment, it is inappropriate to calculate g5 directly from
the perspective of force equilibrium. Instead, the method that treats the taper as an equivalent
cylinder was adopted, which was used by El Naggar and Sakr (2000) and Guo and Deng (2018).
As shown in Figures 3.12b and c, the equivalent cylinder has the same volume as the tapered
segment, and then gs was calculated based on the CSM failure of the equivalent cylinder. The
radius of the equivalent cylinder req was calculated using Equation 3-3 according to the principle

of equal volume:

2 2
= ,R +r3 + Rr (3-3)

where r and R are the smaller and larger radii of the frustum. The outer surface area of an equivalent
cylinder could then be calculated from req and the length of the equivalent cylinder.

The distribution of unit shaft resistance at the ultimate state (gsu) along various piles is
shown in Figure 3.11. Although the values of ¢gsu change considerably with the depth, because of
the nature of such field tests, several important observations can still be drawn. Figure 3.11 implies
that the gsu along the smooth and threaded segments are not significantly affected by the loading
direction; this is similar to what was reported in previous research (e.g., Dennis and Olsen 1983,
O’Neill 2001, Fellenius 2002, O’Neill 2002). The values of gsu at the smooth segment in sand are
relatively large. Guo and Deng (2018) reported that the average adhesion coefficient between the

clay and the smooth segment was less than 0.1 because the torsional installation process had
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created annular gaps between the clay and the smooth segment. However, the annular gaps are not
formed in sand because the sand might have fallen in.

Figures 3.11a and 3.11b imply that the loading direction affects gsu at the tapered segment.
For example, the gsu along pile P1-C3 segment 4 and segment 5 are 222.0 kPa and 271.2 kPa,
whereas the gsu along pile P1-T3 segment 4 and segment 5 are 118.6 kPa and 136.6 kPa. The
compressive taper capacity comprises end-bearing capacity and shaft capacity components
(Manandhar and Yasufuku 2013). The tensile taper capacity is composed of only shaft capacity.
During pile installation and testing, the soil around the taper pile may be densified both vertically
and horizontally. Moreover, additional lateral earth pressure is developed due to cavity expansion
(Wei and El Naggar 1998, Guo and Deng 2018, Kodikara and Moore 1993) when the pile is
installed and loaded. The shaft capacity may increase due to dilation of the soil which imposes
addition lateral stresses on the pile. The gsu value along the tapered segment of piles in tension
tests is shown in Figures 3.11b and 3.11e. Notably, the gsu at the tapered segment of the piles in
the tension test is still high, which may be due to the dilative behavior of the shaft component.

The average and standard deviation of gsu along the smooth segment of instrumented piles
are 84 kPa and 27 kPa. In the upper sand stratum, the average and standard deviation of ¢gsu along
the threaded segment are 60 kPa and 29 kPa. The average gsu along the threaded segment is lower
than the average gsu along the smooth segment; this is primarily caused by the decrease in relative
density, the friction angle of sand (as indicated in the site investigation) and an increase in the
shearing area. By normalizing gsu to similar soil conditions and shearing area, gsu along the
threaded segment would be significantly greater than the smooth segment.

In the lower sand stratum, the average and standard deviation of the gsu over the cylindrical
threaded segments (Fig. 3.11a to 3.11f) are 19 kPa and 8 kPa. This low average gsu is again due to
the decrease in relative density and friction angle. The average and standard deviation of the gsu
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along the tapered segment are 135.9 kPa and 79.3 kPa. The average and standard deviation of the
gsu along the tapered segment in compression are 199 kPa and 86 kPa. The average and standard
deviation of the gsu along the tapered segment in tension are 134 kPa and 15 kPa. In general, the
average gsu along the tapered segments in compression and tension are 10 times (=199/19) and 7
times (=134/19) the average of the gsu along the threaded segment within the same loose sand,
which suggests the effects of the taper on increasing the pile resistance. Generally, the gs along the
tapered segment in compression is higher than in tension. The gsu of 40.3 kPa and 48.3 kPa along
the tapered segment 5 of pile P5-C4 and P3-C4 are abnormally low. Therefore, these values are

not considered valid.
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Figure 3.11. Ultimate unit shaft resistance (gsu) and the distribution of axial load at various load

increments for tests (a) P1-C3, (b) P1-T3, (c) P3-C3, (d) P3-C5, (e) P3-T3 and (f) P5-C4.
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Figure 3.12. (a) Assumption of CSM, (b) schematic of a tapered segment and (c) equivalent

cylindrical segment.

3.3.4. Progressive Development of ¢s

The curves of the gs vs. w/D of selected instrumented piles were obtained to understand the
development of shaft resistance during loading, shown in Figure 3.13. The values of w/D
corresponding to 10% and the ultimate state (Hirany and Kulhawy’s criterion) are also displayed
as references. In compression tests (Fig. 3.13a and b), a large, normalized displacement (or w/D)
greater than 20% is needed to reach the peak ¢s along the tapered segment, and this large
displacement is compatible with the displacement needed to reach the ultimate state. In tension
tests (Fig. 3.13c and d), the displacement (w/D) required to mobilize the peak gs is slightly greater
than 10%. The displacement needed to mobilize the peak gs at the cylindrical segments varies with

the piles and loading directions but, in general, is about 10% w/D.
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As shown by the curve of the smooth segments (segment 1) in Figure 3.13, the value of ¢s
increases with displacement until it reaches a peak ¢s. Then, gs gradually decreases with increasing
displacement. The contributing factors to this behavior are low confining stress, dense sand and
small diameter. Boulon and Foray (1986) and Houlsby (1991) suggested that the dilation of the
soil-pile interface for small-diameter piles was the main contributing factor in developing large
shaft resistance. As shown by the curve of the threaded segments (segments 2 and 3), located
within the dense zone, the value of ¢s increases with displacement until it reaches a peak gs. Then,
gs gradually decreases with increasing displacement, perhaps due to the rough surface and presence
of dense sand. As shown by the curve of the threaded segments (segment 4 of P3-C4 and P3-T3)
located within the loose zone, the value of ¢s increases with displacement without reaching a peak
gs. As shown by the curves of the tapered segments (segment 5 of P3-C3, segment 4 and segment
5 of P1-C4) in compression, the value of ¢s increases with displacement without reaching a peak
gs- As shown by the curves of the tapered segments (segment 5 of P3-T3 and segments 4 and 5 of
P1-T3) in tension, the value of gs increases with displacement, then, it gradually decreases with
increasing displacement. It should be noted that these behaviours are based on stabilized g or the

lower bound of the gs vs. w/D curves.
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Figure 3.13. Unit shaft resistance (gs) vs. normalized axial displacement (w/D) for tests: (a) P3-

C4, (b) P1-C3, (c) P3-T3 and (d) P1-T3.

3.3.5. Method of Calculating the Unit Shaft Resistance

The CPT-based method and the effective stress methods with the current design parameters cannot
be used to estimate the axial capacity of the micro screw pile. These methods can be used by
obtaining design parameters appropriate for the micro screw pile by correlating the measured gsu

and relevant soil parameters interpreted from the CPT readings. Eight piles were instrumented with
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SG to obtain the distribution of ¢gsu. The measured value of gsu over 34 different segment types
and two soil types is shown in Tables B1 and B2 in Appendix B. Five instrumented piles were
tested under compressive load, and three instrumented piles were tested under tensile load.
Thereafter, the effective stress method was used to estimate the axial capacity of 41 piles, where

21 piles were tested under compressive load, and 18 piles were tested under tensile loads.

3.3.5.1. CPT-Based Method

Bustamante and Gianeselli (1982), using data from 197 full-scale compression and tension tests of
different piles in various soil types, suggested a CPT-based method for pile capacity prediction.
Typically, a friction coefficient (also known as a reduction factor) is used to account for scale
effects, loading rate, difference in installation technique, position of the CPT friction sleeve and
differences in horizontal soil displacements (Lunne et al. 1997). Following the CPT-based method,
the friction coefficients (@) over the different shaft segment types of micro screw piles were
determined using the relationship between gsu and average cone penetration resistance (¢gc,avg), as
in Equation 3-4:

|
sU— _ Yea 3-
qU aq,g (

4)

The values of gc herein are averaged (gcavg) from the CPT logs along the corresponding pile
segment. A summary of the values of ¢, gcavg and gsu over 35 corresponding shaft segments and
backup calculations is shown in Appendix B. The estimated values of « are categorized by segment
type and soil type. The median values of coefficient friction (amed) based on shaft segment type
and soil type are shown in Figure 3.14a and Table 3.2. The estimated friction coefficient was

categorized by shaft shape and soil type. The correlation of the average gsu versus the average g.
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was plotted against the curves recommended by Bustamante and Gianeselli (1983). It seems that
the measured ¢gsu and gc over the smooth segment are comparable to Curve 2 (screw-in pile
installed in fine sand with g > 3,495 kPa). A description of the pile used is given in Table 3.3. The

small median value of amed of the tapered segments is due to the tapered shape.

Table 3.2. Summary of coefficient amed at the individual pile segments at different soil conditions.

Soil type qc Coefficient cimed
(MPa) | Smooth | Threaded | Tapered Tapered
segment | segment segment in | segment in
compression | tension
Moderate compact sand with | 5-12 102 183 36 42
gravel
Compact to very compact | >12 223 397 No data No data
sand with gravel
a(: qc,avg /qu) qc,avg (MPa)
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Figure 3.14. (a) Values of friction coefficients (&) at the middle of each pile segment and (b)
average ¢su vs. average ¢c values compared with the recommendation of Bustamante and
Gianeselli (1983). Numbers 1-5 in (b) refer to curves for soil types and g. magnitude in

Bustamante and Gianeselli (1983).
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Table 3.3. Description of piles used in combination of Figure 3.14b (after Bustamante and

Gianeselli 1983).

Pile Description Remarks CPT CPT Soil Curve
qc dc
(ksf) | (MPa)
any any Clay-Silt 1
qc < 53ksf > 25 > 1.2 Clay-Silt 2
Slow penetration >94 | >45 Clay-Silt 3
?OCSTWI;[ZES Slow penetration any any | Sand-Gravel 1
i frlc))nt of Fine sand with load test > 73 >3.5 | Sand-Gravel 2
corrugated Coarse gravelly >153 | >7.3 | Sand-Gravel 3
pipe that is sand/gravel
pushed or Coarse gravelly any any Chalk 1
Screwed | screwed in sand/gravel -
in place; gc < 146 ksf without load | > 63 >3.0 Chalk 2
reverse test -
rotation to | 4¢ < 146 ksf with load >63 >3.0 Chalk 3
pull casing test
while Above water table; > 94 >4.5 Chalk 3
placing immediate concrete
concrete placement; slow
penetration
Above water table with >250 | >12.0 Chalk 4
load test

3.3.5.2. Effective Stress Methods

At the preliminary design stage, another common practice is to estimate gsu at the ultimate state

using the effective stress method for piles in cohesionless soils, as in Equation 3-5:

'

qu = le,angs tan(éﬂvg) = ﬂavz,avg

5)

(3-

where K is the coefficient of lateral earth pressure, J'is the angle of friction between the pile and
the soil, A is the combined shaft resistance factor and o v.ave is the average vertical effective stress
over a shaft segment. The values of oy were determined from % and the GWT. The values of

O vi.avg Were obtained from CPT-3 only as the ¢, interpreted from CPT-3 was not affected by frost.
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The values of & v1.ave Were obtained from all of the CPTs because y# was not affected by frost. The
value of Sover the smooth segment was assumed to be 0.8¢,, and & over the threaded segment
was taken as the ¢, of sand. A summary of the values of K and /3 obtained by using appropriate
gsu, ov1 and o2 over 34 corresponding segment types and backup calculations is shown in
Appendix B. The estimated values of K and f were categorized by shaft segment type and soil
type. The median value of lateral earth pressure (Ksmed) and the median value of combined shaft
resistance factor (fmed) are shown in Table 3.4.

The values of K, categorized by shaft segment types, are shown in Figure 3.15. The
distributions of K5 in Mitsch and Clemence (1985) and Meyerhof and Adams (1968) are also
shown for comparison. The values of 2Ky, where Kj is the coefficient of earth pressure at rest and
the coefficient of passive earth pressure (K,), were plotted because 2Ky and K, are sometimes used
to estimate the preliminary shaft resistance of driven piles. The median value of K5 over the upper
smooth segment and the lower smooth segment in dense sand are 20.6 and 5.4 in dense sand. The
median value of K over the upper smooth segment in compact sand is very high. The median value
of K over the threaded segments is 2.6 in dense sand and 0.6 in loose sand. The median K5 over
the lower smooth and threaded segments in compact sand is near the Ks recommended by Mitsch
and Adams (1985) and Kp; this fact implies that pile installation should have loaded the compact
sand to nearly passive failure. The median K; over the uniform segments in the loose sand is close
to 2Ko; these small K values may be attributed to the contractive behavior of soil. The distributions
of Ks in Mitsch and Clemence (1985) and Meyerhof and Adams (1968) were compared with the
distribution of K for CHD piles by Jeffrey et al. (2016). Jeffrey et al. (2016) reported relatively
high K for CHD piles, which provides additional confidence in the present results. The tapered

segment exhibits a significantly high Ks value, 7.7 in compression and 4.5 in tension.
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Table 3.4. Summary of coefficients Ksmed and fmed over the individual pile segments.

Pile shaft segment type Soil type D:(%) | Prned | Ksmed
upper smooth segment compact sand with gravel 57 13.8 | 20.6
lower smooth segment compact sand with gravel 78 4.1 5.4
threaded segment compact sand with gravel 66 2.3 2.6
threaded segment loose sand 48 0.5 0.6
tapered segment in comp. loose sand 45 6.3 7.7
tapered segment in tens. loose sand 46 33 4.5

D
S)

Depth (m)
=
[$,}

6 8 10 12

passive
Mitsch and Clemence 198
— — K =0.09¢e%%%%" .
Meyerhof and Adams 1968

Irllllllllllllll

2.0 -+ - K =0.096"%%" =
B smooth O threaded @ threaded
A tapered - compression A tapered - tension | median

Figure 3.15. Coefficient of lateral earth pressure (K;) at the middle of each pile segment.

The median of the coefficient Sned over the individual pile segment at different soil types
are summarized in Table 3.4 and shown in Figure 3.16. The values of fned are very large at shallow
depths. They decrease with depth and then increase at the bottom of the tapered segment. The gsu
along the cylindrical segments in compression and tension are combined because loading direction

does not affect gsu along the cylindrical segment. CGS (2006) recommended values of / between
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0.8 and 1.5 for driven piles in gravel, but the value of fned along the top two segments appears
relatively high. However, it should be noted that most studies behind this recommendation were
carried out on long piles, as stated in CGS (2006). In the present study, o is low, and Dx is
relatively high at shallow depths, which led to relatively high S values. Theoretically, the value of

f should be very high at shallow depths. An observation of high £ near shallow surface was also

noted in Stuedlein and Gurtowski (2012).
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Figure 3.16. Values of £ at the middle of each pile segment: (a) P1, (b) P3 and (c) P5.

3.3.5.3. Estimation of the ultimate capacity of the micro screw pile
The ultimate compressive capacities (Qu,c) and ultimate tensile capacities (Qu,1) of the 41 micro

screw piles were estimated using the effective stress method, as in Equations 3-6 and 3-7:

uC zﬂym v2avg S+zﬂth vzavg y+Zﬁzc v2avg s (3'6)
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Zﬂsm v2avg S+Zﬂth v2avg s+2ﬂtt v2avg s (3-7)

where fsm 1s the combined shaft resistance factor of the smooth segment, S is the combined shaft
resistance factor over the threaded segment and £ and /3 are the combined shaft resistance factor
over the tapered segment in compression and tension. The relevant values of f that are needed to
calculate the ultimate capacities of each pile are shown in Figure 3.17. As shown in Table 3.4, the
values of S over all the segments are known except over the tapered segment in compact sand. The
values of S and St over the tapered segment in compact sand were back-calculated from Equation
3-7 using all the other combined unit shaft resistance factors and the measured Qy of Piles P2, P4
and P6. The values of S and St over the tapered segment in compact sand are estimated as 6.2
and 1.2. The value of S over the tapered segment in compact sand is similar to S over the tapered
segment in loose sand. However, the value of £ over the tapered segment in compact sand is
about one-third of the value of f: over the tapered segment in loose sand, as inferred from the low

Q. values of the short piles (see Fig. 3.9b).

P1 P2 P3 P4 P5 P6
Om
Tm
2m
| 7 1 PreaOf
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Figure 3.17. Relevant combined unit shaft resistance factor over different shaft segments.
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To examine the accuracy of the values of f, the aforementioned values of fmin along
appropriate segments were used to estimate Q.. The estimated and measured Q. values of 41 piles
are plotted in Figure 3.18. The coefficient of the determination (R?) of the estimated and measured
ultimate capacity is 0.76, which indicates a relatively strong prediction. Alternatively, the
estimated Qy is only 4% greater than the measured Q. on average. The method seemed to have a
better estimation of the capacity of the piles in tension tests than in compression tests. In addition,
the S method underestimates the capacities of pile types P1 and P4 in compression tests. The reason
for underestimating P1 capacities is that the value of the fmed of the tapered segment is less than

the measured value of the fned of P1 in compression tests.
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Figure 3.18. Estimated Qy using fBmed vs. the measured QO of 41 test piles.
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3.3.6. Installation Torque Model

The torque recorded during pile installation provides a method for verifying pile capacity and soil
properties. In the present study, the installation torques were recorded manually and electronically.
Figure 3.19 summarizes the Tend and Tmax of five pile types; the records of pile P6 were unavailable
because the torque data were not collected correctly. The average Tend and one standard deviation,
shown as error bars in Figure 3.19, imply that the Tenq of each pile type is reasonably consistent
among each pile type except for P1. The long piles exhibit greater Tena than the short piles, as
would be expected. Figure 3.20 shows the profiles of the measured installation torque (7) of
selected pile types. In general, the installation torque (7) increases with depth because of increasing
soil-shaft interface area and reaches the peak near the end. As shown in Figure 3.20, the pile type
P3-T1 exhibits exceptionally high torques when breaking ground to a depth of 0.6 m. The frozen
ground likely caused this high torsional resistance because those piles were installed in early winter

(December). As the piles break through, 7 drops and then increases until reaching the peak.
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Figure 3.19. Summary of the measured 7end and Tmax of five pile types. Error bars are the average

and one standard deviation of Tend and Tmax.
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Figure 3.20. Estimated and measured continuous installation torques with the depth of the pile tip

for selected pile types: (a) P1, (b) P3 and (c) PS5.

Estimating the installation torque is essential for selecting an appropriate torque head, but
it can also be used in the empirical torque factor method to obtain the pile capacity. Several
researchers have attempted to develop correlations between the CPT tip resistance and installation
torque of helical piles (Gavin et al. 2013, Spagnoli 2016, Al-Baghdadi et al. 2017, Davidson et al.
2018). Guo and Deng (2018) developed a theoretical torque model based on the soil-pile interface
shearing resistance of the pile shaft and threads, as shown in Figure 3.21, where the interface
shearing resistance was taken as the CPT f; readings. When estimating 7, it might be reasonable
to adopt the CPT f; in sand because f; reflects the shearing mechanism at the soil-pile interface.
The torque of a test pile was estimated based on moment equilibrium in horizontal plane using

Equation 3-8:
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I=I+1I, (3-8)

where Tsand Ty are the torque contributions from shaft and threads, respectively, which were

estimated from Equations 3-9 and 3-10:

T.=%(0.5A22D; f.) (3-9)

T, = Z((Dh +D,) fn(D; —Dfx%}z[owhﬂ JO57D,) +5%1, (%)) (3-10)

where Ds = pile shaft diameter, Dy, = thread diameter, s = the spacing of the thread, #n = thread

thickness and /z = the length of an arbitrary segment. A free body diagram (in terms of torque) of

an arbitrary segment is shown in Figure 3.21. Equations 3-8 to 3-10 were based on two
assumptions. First, the installation torque was counter-balanced by the resisting torque determined
from the soil-pile interface area and friction. The surface area of the pile includes the surface area
of the shaft, the horizontal projection of the upper and lower surface area of the thread and the
surface area of the edge of the thread. The horizontal projection of the surface area of the thread is
the surface area of a disc, which is represented by the first term in Equation 3-10. Secondly, the
interface friction was represented by the CPT f; at the same depth because the soil was expanded

and sheared in a similar manner during CPT advancement and pile torsion.
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Figure 3.21. Schematic of a torque model. Dimension unit: mm.
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Figure 3.22. Average of the four CPT f; values used to estimate 7.

Profiles of installation torques were estimated following this simple torque model. The

average of the four CPT f; values was used to estimate 7, as shown in Figure 3.22. The curves of
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estimated total torque (7), torque due to threads (7) and torque due to shaft (7s) are compared
with the curves of measured 7 in Figure 3.20. It can be seen that the estimated 7 increased rapidly
as the pile passed through the dense sand, reached a maximum 7, and then decreased very slowly
as the pile traversed through the loose sand. The trend of estimated 7' is approximately similar to
the trend of measured 7, particularly at the deeper level. However, the measured 7 is abnormally
higher than the estimated 7 below 0.6 m ground depth, likely because of the effects of surface
frost. By comparing the estimated and measured torque profiles, it can be seen that the excessively
high T is due to the frozen ground since such a high torque cannot be developed based on the
unfrozen fs profiles. The reasonable similarity at greater depth may suggest the validity of the
present torque model based on the CPT f; profiles. On the other hand, the torsional resistance is
predominantly due to the 75 because of the large surface shaft area.

The correlation of the measured Tmax vs. estimated Tmax and the measured Tend vs. the
estimated Tend Of 24 piles is shown in Figure 3.23. The R? of the measured and estimated Timax is
0.75, and the R? of the measured and the estimated Tenq is 0.78. There is some variation between
the measured and estimated 7Tmax and Tend, which can be due to soil heterogeneity and the operator’s
error in installing a pile (e.g., pile oscillating near the end, as noted in the field). Although not
perfect, the R values suggest consistency in the measured and estimated values to some extent. It
is, therefore, legitimate to conclude that the present torque model can estimate the installation

torque with reasonable accuracy.
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Figure 3.23. (a) Measured Tmax vs. estimated Tmax and (b) measured Tend vs. estimated Tend.

3.3.7. Torque versus Capacity

The method based on the empirical torque factor is often used to estimate the capacities of piles
(such as helical piles; Hoyt and Clemence 1989) that are screwed into the ground. Given that the
geometrical properties of the micro screw pile thread are different those of other helical piles’
helices, there is a need to obtain an empirical torque factor (Kr) that is unique to these piles.
Following this torque vs. capacity concept, an empirical torque factor Kr of the micro screw piles

was determined using the relationship between the measured Q. and measured 7eng, as in Equation

3-11:

0,=K.T,, G-11)
Since the diameters of the test piles are similar, the piles were grouped only by loading

directions. The measured Qu versus Tend, With line of best fit, of each pile in compression and

tension tests are plotted in Figures 3.24a and 3.24b. The empirical torque factor of each micro

screw pile, with corresponding regression coefficients, is shown in Table 3.5. The regression
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coefficients of piles P1 and P3 in compression and piles P1 and P2 in tension that are satisfactory
are shown. However, the regression coefficients of other piles in compression and tension are quite
low, which can be due to the limitation on the number of tests and the scatter in the data.
Nevertheless, it can be seen that the empirical torque factor of the screw micropiles increases with
decreasing pile diameter and increasing pile length. Perko (2009) related the value of Kt with the

effective diameter of the pile shaft, as in Equation 3-12:

/1/(
T~ ;092
deff

K (3-12)

where AX is a fitting factor equal to 1433 mm®“?/m. In addition, Sakr (2015) mentioned that for a
specific helical pile, the ratio of Kt for tension to compression is equal to the ratio of tensile to
compressive capacities as the installation torque is the same in both cases. The average ratio of Kt
for tension to compression is 0.53, which is nearly equal to the average ratio of the tensile to
compressive capacities of 0.48. However, the influence of the location of the threads and the
number and angle of the tapered segment of micro screw piles on both lateral capacity and torque
should be noted.

As a comparison, the empirical torque factor (Kt.p) of the micro screw piles in compression
tests were estimated based on Perko (2009). The Kt.p of the micro screw piles in tension tests were
estimated by taking the Kt.p of a pile in compression and multiplying it by the average ratio of
tensile to compressive capacity. It was found that the method provided by Perko (2009) generally
underestimated the empirical torque factor of the micro screw piles. The limitation of the torque
factor approach should be noted. The factor Kt is only used for estimating pile capacities at the
preliminary stage. The values of Kt in Figure 3.24 are based on a limited number of tests at a single

test site. More data on the capacity and torque of the micro screw piles from various sites may be
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warranted to provide a more credible Kt. The backup calculation to get the Kt of each micro screw

pile in compression and tension is shown in Appendix B.
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Figure 3.24. The measured Qu vs. Tenq 0f piles for (a) compression tests and (b) tension tests.

Table 3.5. The empirical torque factor of each pile in compression and tension as obtained in this

research and estimated using Perko (2009).

Pile Compression Tension
Kt R2 Krt.p Kt.p Kt R2 Average Kt.p Krt.p
/Kt comp. / /Kt
tens. Qu
m?h) | (%) [ (m) | (%) m?h) | (%) (%) m?h) | (%)
P1 | 20.8 | 98.9 | 183 88 15.2 66.8 72 13.2 87
P2 | 164 | NA. | 183 | 112 4.9 42.7 27 4.9 101
P3 | 332 100 | 23.1 69 25.8 N.A. 68 15.6 61
P4 | 284 | N.A. | 23.1 81 9.2 N.A. 27 6.3 69
P5 | N.A. | N.A. | 26.6 | N.A. 25.9 N.A. 100 26.6 103
P6 | N.A. | N.A. | 26.6 | N.A. N.A. N.A. N.A. N.A. N.A.
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3.4. Conclusions

A field test program of 41 full-scale micro screw piles was carried out in a sandpit site. The

following conclusions may be drawn:

1.

The tapered segment contributes significantly to the compressive Qu; the tensile O, at the
tapered segment is also considerable, particularly for tapers in the loose sand stratum.

The compressive and tensile Qu are mobilized at the w/D ranges of 0.14-22 and 0.06-0.22,
respectively. Significant displacement is required to achieve the ultimate state. The curves of
the gs vs. w/D over the smooth and threaded segments in dense sand increase with increasing
displacement until reaching a peak gs; then, ¢s gradually decreases with displacement. The
curves of the ¢s vs. w/D over the threaded segment in loose sand increase with increasing
displacement without reaching a peak ¢s. The curves of the gs vs. w/D over the tapered segment
in loose sand and in compression increase with increasing displacement without showing a
peak gs. The curves of the gs vs. w/D over the tapered segment in loose sand and in tension
increase with increasing displacement until reaching a peak ¢s. Then, gs gradually decreases
with displacement.

The cylindrical shearing mode governs the failure of the threaded segment. The value of gs,
which increases with increasing displacement, exhibits dilative behavior. The interface of the
threaded segment in loose sand exhibits contractive behavior.

The cylindrical shearing mode governs the failure of the threaded segment. The values of gsu
along the smooth and the threaded segments are not visibly affected by the load direction. The
value of gsu along the tapered segment of the pile is estimated using CSM on the equivalent
cylinder area. The average gsu along the tapered segment is 7.1 times that of the value at the

threaded segment.
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5. A correlation between shaft resistance gs and cone tip resistance g. was developed for the CPT-
based prediction method for pile capacities. The measured ¢s and ¢g. along the smooth segment
trend are comparable to Curve 2 provided by Bustamante and Gianeselli (1983). The median
value of along the threaded segment is less than that of the smooth segment, while the median
value of « along the tapered segment is significantly less than that of the uniform segment.

6. The median value of K along the uniform segments in compact sand is near the passive-state
pressure coefficient. The median value of K along the uniform segments in loose sand is near
2Ko. The value of fneq along the tapered segment is greater than the uniform segment because
of the soil-pile failure mechanism along the tapered segment.

7. A theoretical torque model was adopted to estimate the profiles of torque, max-installation
torque and end-installation torque based on the soil-pile interface shearing resistance (or CPT
fs) developed along the pile shaft and thread during the pile installation. The estimated 7 profile
is comparable with the measured torque profile.

8. The empirical torque factor of each micro screw pile in compression tests and tension tests
were obtained. The empirical torque factor increases with decreasing pile diameter and
increasing pile length. The average ratio of the empirical torque factor of the micro screw piles
in tension to compression is 0.53, which is nearly equal to the average ratio of tensile to the
compressive capacities of 0.48. The empirical torque factor of micro screw piles is generally

underestimated by the method provided by Perko (2009).
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4. Axial Cyclic Load Field Tests of Micro Screw Piles in Sand

4.1. Introduction

A new type of pile has been introduced in the Canadian construction industry. It consists of a
smooth segment at the top, a threaded segment at the middle and a tapered segment at the bottom.
It has a relatively small diameter and short length, which is aimed for various lightweight
structures. It is screwed into the ground using the torque method. Therefore, it is referred to as a
“screw micropile” (Guo and Deng 2018). When piles are used in areas where cyclic (dynamic)
loads are persistent, the cyclic performance of piles becomes as important as their static
performance. Many structures, including offshore structures, transmission poles, residential
buildings, commercial buildings and machine foundations, are founded on piles. These structures
are subjected to various cyclic loads from earthquakes, wind, waves, tides and machine vibrations.
These cyclic loads on the superstructure are transferred to the underpinning pile foundation as axial
cyclic loads, in addition to the lateral cyclic loads. As noted in Kunnath et al. (2008), axial cyclic
loads have an adverse effect on the soil-structure interaction (SSI) particularly when the
superstructure is significantly wide. Therefore, it is essential to study the performance of piles
subjected to axial cyclic loads.

Several studies have been dedicated to the axial cyclic performance of piles. In the research
where physical testing is adopted, axial cyclic loads are often decoupled from lateral loads due to
the limited capability of hydraulic loading equipment. In the literature, changes in pile capacity,
pile-head stiffness and cumulative displacement are often examined to indicate axial cyclic
performance. El Naggar and Abdelghany (2007) and El Naggar and Sakr (2002) observed a
reduction of pile capacity. However, the reduction of pile capacity may not be observed in the case
of load-controlled cyclic tests. During a load-controlled cyclic test, pile shaft resistance may be

redistributed, and base capacity may increase. Poulos (1989) suggested that the-shaft resistance
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degradation depends on cyclic displacement, number of cycles, soil type and pile type. Drbe and
El Naggar (2015) reported the results of cyclic compression tests on hollow-bar micropiles. The
shaft resistance had re-distributed, and the base capacity had increased slightly. El Sharnouby and
El Naggar (2012) reported that the shaft resistance had degraded but that the load transferred to
the lead section had increased. El Sharnouby and El Naggar (2012) observed that both the static
and cyclic responses of piles could be enhanced by changing pile diameter or stiffness. El
Sharnouby and EI Naggar (2012) observed that the shaft resistance had degraded and that the base
capacity of a tapered pile in loose sand had increased; the increase in base capacity was related to
the densification of the sand around the tapered pile.

Pile-head stiffness, defined as the ratio of change in axial load to change in axial
displacement, has been widely examined in the literature because stiffness may be an indicator of
pile stability. Li et al. (2010) investigated the cyclic performance of a pile in dense sand with
different installation procedures using centrifuge modelling tests and found that pile-head stiffness
had decreased with several cycles. Abd Elaziz and El Naggar (2011), El Sharnouby and El Naggar
(2012) and El Naggar and Abdelghany (2007) reported that pile stiffness had remained unchanged
during a cyclic loading test. E1 Naggar and Sakr (2000) and El Naggar and Wei (2000) suggested
that an increase in stiffness was associated with the densification of sand around the tapered pile.
Hanna et al. (1978) reported that the displacement of an anchor increased with an increase in
loading amplitude during a one-way uplift cyclic test. However, it should be noted that the
cumulative displacement mainly occurred during a one-way cyclic loading test, especially at a
strain-softening soil-pile interface (Poulos 1989, Abd Elaziz and El Naggar 2011). In all cases, the
cumulative displacement increased with the number of cycles in models or field tests (Li et al.

2010, Abd Elaziz and El Naggar 2011, Hanna et al. 1978).
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The axial capacities and failure mechanism of the micro screw pile in a cohesive soil site
were first examined by Guo and Deng (2018) via a static loading test program. Similar testing
programs were carried out by Sanzeni and Danesi (2019) at a cohesive soil site and Khidri and
Deng (2022) at a cohesionless soil site. Guo et al. (2019) performed axial cyclic tests on the micro
screw piles at a cohesive soil site; small cumulative displacement was observed to decrease with
increasing pile diameter and shaft length. However, the axial load cyclic performance of the micro
screw pile installed in cohesionless soil has never been studied. Hence, research on the axial cyclic
performance of the micro screw pile subjected to axial cyclic loads is required. In addition, most
previous research into the axial cyclic behavior of piles often lacks a detailed study of the re-
distribution of shaft resistance. Furthermore, micro screw piles consist of several segments with
unique shapes and outer surfaces. It will be insightful to inspect the soil-segment interaction of
these piles during cyclic loads.

In the present research, the axial cyclic performance of the micro screw pile in cohesionless
soil was investigated. Six types of micro screw piles installed at Sandpit were tested in the field
with one-way load-controlled cyclic load to simulate the loading pattern of an “earthquake.” Three
types of micro screw piles were instrumented with axial SG stations to measure the distribution of
the unit shaft resistance and time histories of the unit shaft resistance. A geotechnical site
characterization program was undertaken to obtain the soil profile and properties. The first
objective of the research was to obtain the overall axial cyclic response of the pile, including an
examination of load vs. displacement curve, cumulative displacement, pile-head stiffness and pile-
head damping ratio. The second objective was to obtain the axial cyclic response of the individual
segments, including examining the unit shaft resistance, segment stiffness and segment damping

ratio.
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4.2. Field Test Program

4.2.1. Test Setup

The test setup was designed for axial static load field test as per ASTM (2007b) standard D1143
and ASTM (2007c¢) standard D3689 by Guo and Deng (2018). The layout and setup of the test are
shown in Figure 4.1 and Figure 3.3, respectively. The test setup was designed to conduct both
compression and tension testing. Four reaction piles, 2.1-m-long micro screw piles, were installed
at each side of the test pile. The reaction piles were 3 m apart. Each setup allowed for at least two
tests while maintaining a minimum spacing equal to five times the diameter of the pile. A slider
was designed that allowed the movement of the hydraulic jack under the reaction beam. Before
loading the pile, the slider was moved on top of the pile, and the hydraulic jack’s piston was
extended just enough to be touching the pile head. Then, one set of the bolt was used to fix the
slider on the reaction beam, and another set of the bolt was used to fix the hydraulic jack piston to
the test pile head. Then, two linear potentiometers were attached between the hydraulic jack and
the pile head. The two-way hydraulic jack was equipped with a load cell of 900 kN capacity to
measure load. The load cell, two linear potentiometers and SGs were recorded in a datalogger at a
time interval of 1 sec. Piles P1, P3 and P5 were instrumented with axial SGs to measure the

distribution of the axial load along the pile, which is shown in Figure 3.1.
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Figure 4.1. Layout of cone penetration tests, BHs with SPTs and test piles.

4.2.2. Test Procedure

During an earthquake, seismic waves emanate from the source and propagate through the Earth’s
crust, as shown in Figure 4.2. Seismic waves can generally be categorized as body waves, which
travel through the Earth, and surface waves, which travel at the surface of the Earth. Body waves
include primary or compressive waves and secondary or shear waves. Surface waves include
Rayleigh or ground roll waves and Love or horizontally polarized shear waves. During an
earthquake, the superstructure may experience rocking motion which includes vertical and lateral
vibrations. The rocking motion of the superstructure causes vertical and lateral cyclic load on the

underpinning pile foundation.
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Figure 4.2. The effect of an earthquake on a superstructure (drawing not to scale).

Dynamic soil-foundation-structure interaction (SFSI) during earthquake shaking has been
extensively studied in the literature. A common experimental method to investigate the SFSI is the
dynamic shaking table test (e.g., Elsawy et al. 2019), for which the soil-foundation-structure
system is shaken at the base of the shaking table, as shown in Figure 4.3a and Figure 4.3b. Shaking
table tests at 1 g or on a geotechnical centrifuge can be expensive, and the equipment may be
unavailable in an institution. Hence, other test methods, including mass (or force) vibration test
(e.g. Algie 2011, Elkasabgy and El Naggar 2013) and pseudo-static cyclic load tests (e.g., El
Naggar and Abdelghany 2007, Drbe and El Naggar 2015, El Sharnouby and El Naggar 2012, Abd
Elaziz and El Naggar 2011), as shown in Figure 4.3, are also carried out instead of the shaking
tests. As shown in Figure 4.3c and Figure 4.3d, a dynamic test shakes the soil-foundation system
in the lateral direction, a mass vibration test exerts a high-frequency vibratory force on the pile or
building top, and a pseudo-static cyclic test applies slow cyclic loading on the pile top in the

vertical or lateral direction.
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When a pseudo-static cyclic test is carried out, as in Figure 4.3¢ and Figure 4.3f, the cyclic
loading is applied at a sufficiently slow speed such that the inertia force of the mass (if the mass
exists) is negligible. The cyclic behavior of the soil-foundation system provides the equivalent-
linear properties or backbone curves of the soil-foundation system that can be later used to assess

the dynamic behaviour of the system.

70



Mass ﬁ

(b) schematic of dynamic test

- ‘,.,.n1m1111'1'1'1'1'1'1'1!1!”1!1WI)WIWW LR
G T

& Time

Force input

frequency
(d) schematic of mass vibration test

% Quye

& Qini
RA

(e) photo of pse‘udo-s‘taticA cyclic test

(f) schematic of pseudo-static cyclic test

Figure 4.3. Experimental testing methods for a general SFSI study: (a) and (b) dynamic shaking
test, (c) and (d) mass (or force) vibration test and (e) and (f) pseudo-static cyclic test. Note: the
mass vibration and pseudo-static cyclic loading tests can also be applied in the lateral direction;

(b), (d) and (f) are illustrative only and do not necessarily match the actual experimental setup.
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In the present research, axial cyclic loading tests, which were pseudo-static and one-way
compressive, were designed to simulate the vertical loading pattern of an earthquake. One-way
cycles are more analogous than two-way cycles to the scenario where a pile is subjected to axial
cyclic loads from the superstructure. Seed et al. (1975) provided a chart of the number of
representative cycles vs. the earthquake magnitude and suggested 15 cycles for an earthquake
magnitude of 7.5. Although the chart was initially developed for a liquefaction potential
assessment (Liu et al. 2001), 15 cycles were adopted for the soil-pile interaction research when
earthquake loads were concerned (e.g., Rollins et al. 2003, Guo et al. 2019, El Naggar and
Abdelghany 2012).

As shown in Figure 4.4, the pile was initially loaded to an initial load (Qini), corresponding

to a factor of safety (FS) as in Equation 4-1:

Fs=Qr (4-1)
Q[m'

where Oy is the ultimate compressive capacity that was approximated by Kulhawy’s approach
(Khidri and Deng 2022). The value of Qu was taken as the arithmetic mean of three or four
monotonic load field tests of the respective pile type (as reported in Khidri and Deng 2022). The
target FS was 1.5, which is common for the ultimate state design of a pile. However, the actual FS
varied between 0.6 and 1.9. This deviance was because the O, measured from monotonic load field
tests differed among piles mainly due to installation disturbance or soil heterogeneity. An FS < 1
does not actually imply a pile failure in the initial stage of this specific pile, as shown in subsequent
curves of cyclic load vs. displacement.

Afterward, the load was increased and decreased by an amplitude of QOcyc 15 times in 15.6

min on average as this frequency is sufficiently low to eliminate any dynamic effects. The time
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over which the cyclic loads were applied varied between 9.1 min and 24.0 min. The value of Qcyc

may be evaluated by Equation 4-2a:

ae . a@ .
Q,.=m-a,,=(mg)r—L5=0, ? (4-2a)

where m is the mass of the superstructure, aeqpk is defined as the equivalent peak vertical
acceleration and g is the Earth’s gravitational acceleration (= 9.81 m/s?). Hence, deqpk can be

calculated using Equation 4-2b:

_ Qcyc g

aeq.pk - Ql.m. (4_2b)

Currently, there is a lack of guidance on sel ecting peak vertical acceleration for
applications in which this pile type would be potentially used. For ordinary highway bridges, as
an example, the Seismic Design Criteria of California recommends an equivalent vertical load at
a magnitude of 25% of the dead load in the upward and downward directions if a horizontal peak
rock acceleration of 0.6 g or more is expected at a site (Kunnath et al. 2008, Caltrans 2019). This
1s approximately equivalent to an deqpk 0of 0.25 g. In the present study, an deqpk of 0.5 g was
selected, representing a very high equivalent peak vertical acceleration. Nonetheless, the actual
deq.pk Varied coincidently from 0.4 to 0.6 g because it was difficult to apply the exact Qcyc manually.
Upon completing the cyclic load, the load was decreased in four equal increments. Table 4.1

summarizes the QOini with the corresponding FS and Qcyc with the corresponding a@eq pk.
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(a) (b)

Figure 4.4. A schematic of the (a) axial cyclic load test procedure and (b) dissipated energy and

maximum strain energy.

Table 4.1. Cyclic test matrix.

Test | Qu Oimi | FS | Ocye | @eqpk | Cycles | Test
pile | (kN)? | (kN) (kN) | (g) #) duration
(min)

PI' 923 55.5 | 1.7 | 34.0 | 0.61 |15 14.2

P2 36.9 395109 | 14.1 [ 036 |15 9.1

p3' 572 344 | 1.7 | 21.8 [ 0.63 |15 19.5

P4 37.7 319 | 1.2 | 17.1 [ 0.54 |15 24.0
P5! | 374 28.1 |13 | 165 | 0.59 |15 16.3

P6 18.8 293 106 | 123 (042 |15 10.4

Note: 1. These piles are instrumented with axial SGs; 2. Arithmetic mean of Qu of 3 to 4 axial

compressive tests.

4.3. Field Test Results

The first objective of the research is to understand the cyclic response of the micro screw piles at
a particular cyclic loading magnitude and soil condition. The axial load vs. displacement curves of
the tests is presented. The curve of cumulative displacement vs. the number of cycles was obtained.

The equivalent linear method, which is based on a secant stiffness and a damping ratio, is often a
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design method for piles when earthquake loads are concerned. Hence, the pile-head stiffness and

damping ratio was obtained with the number of cycles.

4.3.1. Axial Load vs. Displacement Curves

The axial load vs. displacement curves of the test piles is shown in Figure 4.5. Generally, the
loading curves are nonlinear. During the cyclic loading stage, piles P2, P4, P5 and P6 exhibit two
distinctive nonlinear loading curves (elastic and plastic deformation) because they were loaded to
a lower initial FS. Piles P1 and P3 exhibit only one distinctive nonlinear hysteresis curve because
they are loaded to a greater initial FS. These features are shown using dashed boxes in Figures
4.5a and 4.5e. The piles do not exhibit a plunging failure or a significant reduction in pile capacity
during the cyclic test. However, the piles reach the serviceability limit state, which can be defined
as a pile-head displacement of 10% shaft diameter because a large amount of displacement is
accumulated.

Cumulative displacement (w., Fig. 4.4) is defined as the increment in the average
displacement with respect to the first cycle. The value of w. was calculated starting from the first
Omin and the second Omax, as shown in Figure 4.4. The curves of wc vs. the number of cycles of the
six test piles are shown in Figure 4.6, which is grouped into long (P1, P3, P5) and short piles (P2,
P4, P6). The value of w increases, but at a decreasing rate, with an increased number of cycles in
a nearly linear pattern because the sand might have densified and flown around the tapered
segment. The patterns of curves in Figure 4.6 suggest the key effect of the initial FS on the pile
settlement. Based on the limited number of tests, it appears that a lower initial FS leads to a greater
We.

Several studies adopted the concept of the stability interaction diagram in classifying piles
subjected to axial cyclic wind load (e.g., Rimoy et al. 2013, Jardine and Standing 2012). Rimoy et
al. (2013) presented a stability interaction diagram for assessing the cyclic response of driven piles
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in sand. The diagram indicates the stable, metastable and unstable regions based on the results of
several pile tests. As per Rimoy et al. (2013), piles that accumulate 1 mm of axial displacement in
1,000 and greater cycles are classified as stable, those accumulating 1 mm between 100 and 1,000
cycles as metastable and those accumulating 1 mm in less than 100 cycles as unstable. The cyclic
response of the micro screw pile in terms of the number of cycles required to accumulate 1 mm of
displacement is shown in the stability interaction diagram (Fig. 4.7) and compared with the
classification of Rimoy et al. (2013). It can be seen that all the piles may be classified as “unstable”
as these points are located within or beyond the unstable zone. The reasons may be twofold: 1) the
initial values of FS are low, and 2) the selected values of aeqpk are high due to the high demand of
the earthquake load. Although comparing the cyclic response of different piles may not be ideal,
the stability interaction diagram offers a mean of examining the axial cyclic stability of piles; the
diagram for the present piles would be more valuable if more test results at various FS or aeqpk

were available.
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Figure 4.5. The axial load vs. displacement curves of the test piles: (a) P1, (b) P3, (c) P5, (d) P2,
(e) P4 and (f) P6. Note: The dashed box in (a) shows one nonlinear stiffness, and the dashed box
in (f) shows two distinct loading stiffnesses.
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4.3.2. Pile-head Stiffness
As shown in Figure 4.4, the pile-head loading stiffness (Ki) and unloading stiffness (K.) were

calculated using Equations 4-3 and 4-4:

Klv _ Qmax,erl _Qmini (4_3)
Wmaxm - wmin;

Ku_ — Qmax,- _Qmin,- (4_4)
Wmaxi - Wmin,-

where Omax and Omin are the maximum and minimum loads, respectively, Wmax and wmin are the
displacements corresponding to Omax and Omin and i is the index of the cycle. The values of K and
Ky vs. the number of cycles are shown in Figures 4.8a and 4.8b, respectively. The initial values of
the K of the short piles are smaller than the long piles. Although the K of all the piles increases
with increasing cycles, the Kj of the short piles increases much more than the long piles. Note that
these piles have a relatively greater taper length to total length proportion. The increase in Kj is
caused by densified sand around the tapered segment. This observation and interpretation were
also made by Abd Flaziz and El Naggar (2011), El Sharnouby and El Naggar (2012) and El Naggar
and Abdelghany (2012), where tapered piles were cyclically loaded in sand.

The value of Ky is steady with an increasing number of cycles; this response may be due to
the elasticity of the soil. Given that the short piles were entirely situated in compact sand and that
the long piles were situated in both compact and loose sand, it is reasonable to observe that the Ky
of the short piles (P2, P4, P6) is greater than the long piles (P1, P3, P5). Hence, the unloading
response of the pile in denser sand is stiffer. Furthermore, K is smaller than K, due to nonlinear
soil deformation response in the calculation of the loading stiffness.

The ratio of average Ki over average Ky (termed the Ki/K, ratio for convenience) over all

cycles was obtained and labelled beside the data points in the stability interaction diagram (Fig.
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4.7). As K, is relatively steady, the Ki/Ky ratio may be considered another indicator of pile stability.
As observed in Figure 4.7, a more stable pile, which had been loaded to a greater FS, has a greater
Ki/K,y ratio where the cyclic response is predominantly elastic. On the contrary, a more unstable

pile, loaded to a lower FS, has a lower Ki/K, ratio, where the cyclic response includes more plastic

deformation.
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Figure 4.8. (a) Pile-head loading stiffness and (b) unloading stiffness vs. the number of cycles.

4.3.3. Pile-head Equivalent Damping Ratio

Energy can be dissipated in soils, foundations and structures by many mechanisms, including the
friction, grain slippage, heat generation and plastic yielding. These mechanisms are not adequately
understood for them to be modelled separately. Therefore, the contribution of each energy
dissipation mechanism is typically lumped as a damping coefficient. Kelvin-Voigt solid is a
common model for representing the stress-strain relationship of a soil element subjected to
shearing where the shear stress is represented as the sum of the elastic spring component and a

viscous dashpot component, as shown in Figure 4.9a.

80



d urr— = P

|
G
sz -7

@)

Figure 4.9. (a) A schematic of Kelvin-Voigt solid and (b) stress-strain (or load vs. displacement)

relationship during one cycle (after Kramer 1996).

As shown in Figure 4.9b, the stress-strain relationship of a Kelvin-Voigt solid in shear is

defined as in Equation 4-5 (Kramer 1996):

oy
r=Gy+n— (4-5)

where G is the shear modulus of the soil, 7 is the viscosity of the soil, ¥ (=du/dz) is the shear strain

and ¢ is the time. By considering a harmonic shear strain response, as in Equation 4-6:

y =y,sin(or) (4-6)
where @ is the angular frequency of the harmonic shearing and y is the amplitude of the shear
strain; the shear stress can be expressed as in Equation 4-7:

7 =Gy, sin(at) + wny, cos(wt) (4-7)

The dissipated energy (Ep) is equal to the enclosed area of the ellipse and maximum strain energy
(Es) 1s the maximum energy stored in one cycle, as expressed in Equation 4-8a and 4-8b,

respectively (Kramer 1996):
T=2r/w

E,= J- ra—jt/dt = nwy; (4-8a)

0
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E=1G% (4-

8b)
Then, the equivalent damping ratio (&) during one cycle is defined as the ratio of the viscosity 77 to

the critical viscosity of soil 7:

= 1% (4-9)
7.

where 7 is equal to 2G/an and an is the natural angular frequeny of the system (herein the Kelvin-
Voigt solid). The critical viscosity 7. is similar to the critical damping coefficient (=24/ &, where
k is the lateral stiffness, refer to Chopra 2007) of a single-degree-of-freedom “lollipop” structure.
The critical viscosity of soil is the magnitude of viscosity that brings a freely excited system to an
equilibrium in the shortest duration. By combining Equations 4-8 and 4-9, &£ can be expressed in
terms of Ep and Es (Chopra 2007):

1 1 E
= (4-10)
dr o/, E,

When wis equal to an, where the system is most responsive to damping, &is expressed as (Kramer

1996, Chopra 2007):
§="—— (4-11)

Equation 4-11 would be a satisfactory approximation to & at the harmonic excitation frequency @
other than the natural frequency wn. The concept of the equivalent damping coefficient is a
convenient method for accounting for seismic energy dissipation and is applicable to soil elements
and soil-pile interaction subjected to dynamic loading. Moreover, the concept is adopted to

approximate the energy dissipation capability of elements even subjected to slow cyclic loading.
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Following the method of calculating &, the energy dissipation characteristics of piles can
then be quantified. The value of Ep of the entire pile is equal to the enclosed area within a Q vs. w
curve for one cycle, and the E; of the entire pile is equal to the elastic energy stored within a Q vs.
w curve over one cycle, as shown in Figure 4.4b. The values of the & of the long and short piles
are shown in Figure 4.10a and Figure 4.10b. It seems that & remains more or less unchanged with
the increasing number of cycles. The values of the & of piles P4 and P3 fluctuate to a certain level
caused by the uneven plastic displacement of piles. The values of the & of piles P1, P3 are lower
than the other piles. These piles are loaded to a greater corresponding FS. A cyclic load that is
closer to the elastic region has a smaller & However, it dissipates less energy in the soil, which can

potentially cause damage to the superstructure.
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Figure 4.10. Pile-head equivalent damping ratio vs. the number of cycles of the test piles: (a) P1,

P3, P5 and (b) P2, P4, P6.
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4.3.4. Performance of Individual Segments: Shaft Resistance

The second objective of the research is to understand the cyclic response of the individual pile
segments. The re-distribution of unit shaft resistance with the increasing number of cycles was
then assessed from the time histories. The axial load (Q) at each SG station was calculated using

Equation 4-12:
0=¢kA (4-12)

where ¢i1s the measured strain, E is the elasticity modulus of the pile shaft and A4 is the cross-
sectional area of the pile at each SG location. One SG was installed above the ground surface to
calibrate the SG data against the load cell reading. The tapered segment was considered as one
segment with no base. The unit shaft resistance (gs) of the individual segment was calculated using

Equation 4-13:

OQop = Do,
q, = ”’TS“ (4-13)
where Qwp and Ovor. are the axial load at the top SG station and the bottom SG station, and As is
the outer surface shaft area of the individual segment. Khidri and Deng (2022) suggested that the
failure of the threaded segment in cohesionless soil was best represented by the cylindrical
shearing mode, which means the failure surface likely occurs along the outer shaft surface (i.e.,
edges of threads). As such, the outer shaft area of the threaded segment was taken as the shear
surfaces. As shown in Figure 4.11, the shaft area of the tapered segment was calculated based on
the principle of the equivalent cylindrical method (refer to El Naggar and Sakr 2000, Guo and
Deng 2018, Khidri and Deng 2022). The SG3 of pile P3 was damaged. A combined ¢s over

segment 2 and segment 3 was obtained using SG2 and SG4.
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Figure 4.11. Schematics of equivalency: (a) tapered segment and (b) equivalent cylindrical

segment.

The initial g5 distribution of test pile P3 during the initial loading stage is shown in Figure
4.12. The value of the gs of the smooth and the threaded segments is great in compact sand and
small in loose sand, and the gs of the tapered segment is the greatest even though the segment was
located in a zone with loose sand. The initial distribution of gs reflects the effect of soil layering
and the tapered shape. The initial distribution of gs is consistent with the pattern of measured gs

during the monotonic test (Khidri and Deng 2022).
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Figure 4.12. Initial distribution of unit shaft resistance along test pile P3 at selected deformation.
Note: SG3 was not functional. Therefore, the combined gs of segment 2 and segment 3 was taken
based on SG2 and SG4.

Time histories of gs of the individual segments of piles P1 and P3 are shown in Figures
4.11 and 4.12. Refer to Figure 3.1 for the positions of the piles’ segments. The values of the gs of
the smooth and threaded segments of all piles in compact sand remain steady with an increasing
number of cycles as the compact sand tends to dilate during shearing at the interface. However,
the gs of the threaded segment (segment 4 in Fig. 4.14c¢) of test pile P3 in loose sand degrades with
the increasing number of cycles. This may be due to the contractive behavior of loose sand, which
causes sand volume to shrink. The value of the gs of the lower threaded segment (segment 3 in
Fig. 4.13c) of pile P1 even in the compact sand degrades with the increasing number of cycles; the
degradation can be due to the re-distribution of the total pile load. As for the tapered segments
(segment 4 in Fig. 4.13d, segment 5 in 4.14d), g5 increases significantly with the increasing number

of cycles although these segments were placed in loose sand; the loose sand might have been
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significantly densified from shearing and sloughing, thereby significantly increasing shaft
resistance.

The lower taper (segment 5 in Fig. 4.13¢e) of test pile P1 does not increase with the
increasing number of cycles. The values of the gs of the lower taper is smaller than the g5 of the
upper taper. It is suspected that a cavity in the soil could have developed beneath the lower tapered
segment; the presence of an unexpected cavity may be supported by the development of negative
gs at the smooth segment (segment 1 in Fig. 4.13a) of test pile P1 before the cyclic load. However,
the negative ¢ is eliminated during the cyclic loading stage (Fig. 4.13a).

A similar program of axial cyclic testing of micro screw piles was conducted at a cohesive
soil site by Guo et al. (2019). Their results show that piles with greater length and diameter
experienced less we. In addition, the piles loaded to Qini, corresponding to a greater FS, exhibited
less we. Generally, the piles were considered stable as they experienced a small amount w, in Guo
et al. (2019). The piles at the cohesive soil site exhibited less w. than the piles in current research
because the piles were loaded to Oini, corresponding to a greater FS. The amplitude of ¢s reduced
with an increasing number of cycles in Guo et al. (2019), which actually indicated that the soil was

remoulded by cyclic shearing and approached the residual state.
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Figure 4.13. Time history of the unit shaft resistance of test pile P1: (a) segment 1, (b) segment 2,

(c) segment 3, (d) segment 4 and (e) segment 5.
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Figure 4.14. Time history of the unit shaft resistance of test pile P3: (a) segment 1, (b) combined
segment 2 and segment 3, (c) segment 4 and (d) segment 5. Note: The SG3 was not functional.

Therefore, the combined ¢s of segment 2 and segment 3 was taken based on SG2 and SG4.

4.3.5. Performance of Individual Segments: Stiffness and Damping

The hysteresis curves of ¢gs vs. the normalized displacement (w/D) of the individual segment of
test pile P1 are shown in Figure 4.15, where D is the diameter of the shaft. Note that only the last
five hysteresis loops are shown in Figure 4.15¢ and 4.15d because the SG readings are not
reasonable for the first nine cycles. The loading stiffness 4 (unit: kPa /mm) of the individual pile
segment was determined in a similar way as in Equation 4-3 but based on the gs vs. w hysteresis.
The curves of ki vs. the number of cycles of the individual segments are shown in Figure 4.16a.
The values of ki of the tapered segments (segments 4 and 5 in Fig. 4.16a) are the greatest, while
the & of the smooth segment (segment 1 in Fig. 4.16a) is the least. The values of the ki of the lower
threaded segment (segment 3) are generally greater than the upper threaded segment (segment 2),
possibly because of the greater confining stress. The values of the 41 of the lower tapered segment

(segment 5) are smaller than the upper tapered segment (segment 4), perhaps because of the
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presence of a cavity near the lower taper. Notably, the magnitude of ki presumably depends on
shaft shape, soil characteristics, vertical confining stress and so on. Hence, it may not be a good
practice to compare the magnitude of 4 of all segments explicitly.

The value of ki increases significantly in the tapered segment, as shown in Figure 4.16a,
and this explains the increase in the Kj of test pile P1 with the increasing number of cycles (Fig.
4.8). The tapered segment has the greatest increase in ki, whereas the smooth and threaded
segments exhibit a small increase in k1. The increase in 4 at the smooth segment is likely attributed

to the dilative behavior of compact sand during cyclic loading.
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Figure 4.15. The unit shaft resistance vs. the normalized pile displacement of the individual
segments in test pile P1: (a) segment 1, (b) segment 2, (c) segment 3, (d) segment 4 and (e) segment

5. Note: Only a portion of the hysteresis response is shown in (c) and (d).
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Figure 4.16. (a) Segment loading stiffness and (b) segment equivalent damping ratios of test pile

P1.

The curves of equivalent damping ratio (&) for the individual segments were obtained in a
similar way as in Equation 4-11 but based on the gs vs. w/D hysteresis of test pile P1. Figure 4.16b
shows the progress of ' vs. the number of cycles. The values of the ¢ of the tapered segments are
the greatest, whereas the { of the smooth segment are the least. The values indicate that more
energy is dissipated through the soil-pile interaction around the tapered and threaded segments.
The amount of dissipated energy may be due to the densification of sand around the tapered
segment, as mentioned previously. The value of the J'of the lower tapered segment is smaller than
the upper tapered segment. Overall, the { of the individual segments remains unchanged with the
increasing number of cycles, which is also shown in the pile-head &history. This fact suggests that

the piles provide a great energy dissipation capability but that the piles undergo a large we.
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4.4. Conclusions

Six axial cyclic load field tests on micro screw piles were conducted at Sandpit. The following

conclusions may be drawn.

1.

The piles do not develop plunging failure or exhibit a reduction in axial capacity. The piles
reach the serviceability limit state by accumulating a displacement during the cyclic load. The
value of w, increases with an increasing number of cycles in a nearly linear pattern. The final
we ranges from 5 mm to 35 mm. All piles may be considered unstable based on the normalized
cyclic stability interaction diagram.

The initial FS has a significant effect on cyclic behavior. A pile loaded to lower FS exhibits a
greater we and a lower Ki/Ky ratio, where the cyclic response included more plastic deformation
and is more unstable.

The loading stiffness K of all piles increases with an increasing number of cycles, and the K
of the short piles increases much more than the long piles because of the effects of a greater
taper length to total length proportion. The unloading stiffness K, remains steady with an
increasing number of cycles. The damping ratio £ remains more or less unchanged with an
increasing number of cycles. The values of the & of test piles P1 and P3 are smaller than other
piles because these piles are loaded to a greater FS.

The value of the gs of the individual segment re-distributes during the cyclic loading: the gs of
the smooth and threaded segments in compact sand remains unchanged with an increasing
number of cycles, the ¢gs of the threaded segment in loose sand degrades because of the
contractive behavior of loose sand and the gs of the tapered segment in loose sand increases
significantly.

The values of the ki of the tapered segment are the greatest, while the ki of the smooth segment

are the least. The tapered segment ki exhibits the greatest increase, which means the taper
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contributes the most to the overall increase in the stiffness of the entire pile. The values of the
€ of the individual segments remain unchanged with an increasing number of cycles. The
values of the C of the tapered segments are the greatest, while the C of the smooth and threaded
segments are the least.

The following limitations should be noted if the results are to be used in practice. First,
more tests at a variety of aeqpk and FS are needed to establish the comprehensive cyclic behavior
of piles subjected to a large spectrum of cyclic loads (e.g., earthquakes, wind and waves).
Secondly, the loading scheme is pseudo-static instead of dynamic, and hence the effects of the

loading rates were neglected.
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5. Lateral Load Field Tests of Micro Screw Piles

5.1. Introduction

Piles are often subjected to lateral load from the superstructure due to earthquakes, wind, lateral
soil spreading and so on. The design of piles subjected to lateral load considers the requirements
for both the ultimate limit state and the serviceability limit state. The ultimate limit state
corresponds to the situation where the applied lateral load exceeds either the pile’s structural
capacity or the adjacent soil’s capacity. The structural capacity of the pile can be exceeded either
in bending or shear. The serviceability limit state corresponds to exceeding an allowable lateral
displacement that causes non-structural damage to the superstructure. Therefore, it is necessary to
obtain both the lateral load versus displacement response of the pile and the capacity of the pile.
The lateral capacity of the pile is governed by either the short pile failure or long pile failure modes.
Meyerhof and Yalcin (1984) suggested that the lateral capacity of a long pile could be estimated
by treating the effective length of the pile as a short pile. Several studies have provided methods
to estimate the lateral capacity of conventional piles based on full-scale, model-scale and
theoretical studies (Broms 1964a, b, Meyerhof and Ranjan 1972, Poulos 1980, Meyerhof et al.
1981, Meyerhof et al. 1983, Meyerhof and Yalcin 1984, Meyerhof and Sastry 1985, Sastry et al.
1986). A more comprehensive solution to the lateral soil-pile interaction can be obtained by
utilizing numerical simulations based on the Beam-on-Nonlinear-Winkler-Foundation (BNWF)
method.

Although adequate research has been performed on the lateral response of conventional
piles, such as cast-in-place and driven steel piles, research on the lateral performance of micro
screw piles has been absent. In the present study, a lateral test program of micro screw piles was
carried out in the field at three test sites. The objectives of the lateral load field test program were

to 1) investigate the lateral capacity, pile shaft response and failure mode; 2) assess the
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effectiveness of Broms’s method in predicting the lateral capacities of piles; 3) evaluate the effect
of thread and taper on the lateral response of micro screw piles; and 4) gather field test data that
could be used for the further numerical modelling of lateral soil-micro screw pile interaction.

For this research, six piles at Sherwood Park, 22 piles at South Campus and 18 piles at
Sandpit were tested. These piles, with two shaft lengths and three shaft diameters, were selected
to examine the effects of the pile geometry on the lateral behaviour of piles. Selected piles were
instrumented with full-bridge SGs for measuring bending moments. Site characterization,
including cone penetration tests, SPTs and laboratory tests, was carried out at each site to obtain
the soil profile and properties. The lateral load vs. displacement curves at the three sites was
obtained. The distributions of the bending moment along the instrumented piles at Sherwood Park
and South Campus were obtained and compared with the bending moment capacities of the pile
shaft in order to derive the failure mode of the test piles. The effectiveness of the Broms method

was examined by compiling the measured and estimated capacities of all piles.

5.2. Literature Review and Background

This section reviews two criteria for lateral pile failure, including the Broms criterion to define
short pile failure and Meyerhof and Yilcin’s (1984) criterion for flexible piles based on pile relative
stiffness (Poulos and Davis 1980). A summary of the typical values of allowable lateral
displacement is reported. Thereafter, the method provided by Broms (1964a, b) to estimate the
ultimate capacity of a long pile installed in cohesionless and cohesive soils loaded under free-head
conditions is reviewed. Finally, the effects of helical plates and tapering on the lateral capacity of

the piles are reviewed.
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5.2.1. Relative Stiffness of Piles

The response of a laterally loaded pile depends on the relative stiffness (k) of the pile, which is a
function of the bending stiffness of the pile, soil stiffness, pile length, pile fixity and base fixity
(Banerjee and Davis 1978, Poulos and Davis 1980). Pile response can exhibit either a rigid
response, as in a short pile failure mode, or a flexible response, as in a long pile failure mode. A
long pile has sufficient length embedded in the ground, where deformation and movement are
minimal ear the pile base. On the contrary, a short pile with insufficient embedment length moves
as a rigid body and experiences a small deformation. Therefore, the soil adjacent to the short pile
fails. Broms (1964a, b) defined short piles that met the following criterion, shown here in

Equations 5-1 and 5-2:

% <2 for sandy soils (5-1)

% <2 for clayey soils (5-2)

where L is the length of the pile, and the values of 7" and R are as defined in Equations 5-3 and 5-

4:
r —1/5
T= % for sandy soils (5-3)
ro4
El _
R= . for clayey soils (5-4)
L %o ]

where E is the pile Young’s modulus, / is the pile cross-sectional moment of inertia, k& is the initial
modulus of the subgrade reaction of sand and ko is the modulus of the subgrade reaction of clay.
The value of kg as a function of relative density (D) was adapted from API (1993), as shown in

Figure 5.1. The value ko was defined as in Equation 5-5:
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19 It
ko, = Hudt 5-5
V756D (5-5)

where D is the pile diameter, pur is the ultimate soil lateral stress and &0 is the strain corresponding

to half of the undrained shear strength. The value of pur is equal to 3Dsy. The value of &0 was

provided by Matlock (1970).
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Figure 5.1. Initial modulus of subgrade reaction versus relative density (adapted from API 1993).

The relative stiffness (Kis) of the pile in sandy soil is defined as in Equation 5-6 (Banerjee and
Davis 1978; Poulos and Davis 1980):

K, - EI4
E,.D

(5-6)

where Ey is the horizontal soil modulus of sand. The relative stiffness (Kic) of the pile in clayey

soils is defined as in Equation 5-7 (Poulos and Davis 1980):
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EI
Krc = 4
ED

(3-7)

where Ej is the average horizontal soil modulus of clay.

5.2.2. Criteria for the Lateral Capacities of Piles

The lateral capacity of the pile is based on either the ultimate or serviceability limit state. The
ultimate limit state corresponds to the structural failure of the pile or the failure of the soil. The
serviceability limit state corresponds to a lateral displacement that causes nonstructural damage to
the superstructure. However, there is no widely accepted allowable lateral displacement. The
allowable lateral displacement for buildings and other structures is often defined by a structural
engineer or the owner for each project. Bozozok (1978) provided a graph of the horizontal and
vertical movement of bridge foundations that could cause visible structural damage. A summary
of the ultimate lateral capacity criteria based on allowable lateral displacement is shown in Table
5.1. Typical allowable lateral displacement varies from 5 to 50 mm. In the research, the ultimate
lateral capacity corresponding to a lateral displacement of 12.5 mm (Y.-v), which is also adopted

by USACE (1991), Elkasaby and El Naggar (2015) and ICC (2013).

98



Table 5.1. Summary of ultimate lateral capacity criteria based on the lateral displacement or tilting

of piles.
Reference Criteria
O’Neill and Reese (1999) 5% of the shaft diameter
Li(2016) 10% of the pile diameter
Prakash and Sharma (1999) and | 6.25 mm
Sakr (2009)
US-ACE (1991) and Elkasaby and | 6.25 to 12.5 mm
El Naggar (2015)
Al-Baghdadi (2018) 0.25° tilt of the pile at the ground
ICC (2013) for helical piles Half of the load required to mobilize 25.4 mm (1 inch)

ICC (2012) for micro screw piles Half of the load required to mobilize 19.1 mm (3/4 inch)

When it is difficult to find a trend in the lateral load-displacement curve, the DeBeer (1968)
method of logarithmic linearity can be used by plotting the load and displacement in a logarithmic
scale. Two straight tangent lines can be drawn on the curve and the ultimate capacity corresponds
to the intersection of these two lines. This method is linked to the initial yielding of the soil-pile
system when subjected to lateral loads. Therefore, this method is also adopted in the present study
to obtain the ultimate lateral capacity of test screw piles.

Pile lateral capacities can also be defined depending on either the short or long pile failure
mode. Broms (1964a) provided a method to estimate the ultimate lateral capacity of a long pile in
cohesionless soil under the free-head condition. The distributions of deflections, soil reactions and
bending moments of a long pile in cohesionless soil under the free-head condition are shown in
Figure 5.2. A long pile subjected to lateral load under the free-head condition fails by developing
a plastic hinge (at the location of the maximum bending moment) at a distance below the ground

surface. The maximum bending moment (Mmax) and the distance (f') to the location where the
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plastic hinge forms are determined by assuming the lateral earth pressure as three times the passive
Rankine earth pressure. On the basis that the total shear force on the pile shaft to the depth of f'is

equal to zero, f'is determined by:

P
yDK,

£=082 (5-8)

where P is the lateral capacity of the pile, and K, is the coefficient of passive earth pressure. The

corresponding maximum positive bending moment, Mmax, was determined, as in Equation 5-9:

M_ =P(e+0.67)+M

applied (5-
9)

where e is the pile stickup length, Mapplied is the moment applied at the pile head. The values of P
and f can be determined from Equations 5.8 and 5.9 by setting Mmax equal to the fully plastic

bending moment capacity of pile (M,), where M, can be determined from the cross-sectional

properties of the pile.

ﬂMapplied

o

deflection soil reaction bending moment

Figure 5.2. Distributions of deflection, soil reaction and bending moment of a long free-headed

pile in cohesionless soil (adapted from Broms 1964a).
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Broms (1964b) also provided a method to estimate the ultimate lateral capacity of a long
pile installed in cohesive soil under the free-head condition. The distributions of deflections, soil
reactions and bending moments of a long pile in cohesive soil under the free-head condition are
shown in Figure 5.3. A long pile with the free-head condition fails when a plastic hinge is formed
at some distance f below the ground surface. It was assumed that a full passive resistance of soil
was mobilized to the depth corresponding to the location of the maximum bending moment. Based

on the rule of equilibrium, f'and Mmax were determined as in Equation 5-10 and 5-11, respectively:

P
/= 9s D (>-10)
M__ =Pe+1.5D+0.5f) (5-11)

where sy is the undrained shear strength. The values of P and f can be determined using Equations

5.10 and 5.11 by setting Mmax equal to M,.

P

Plastic
hinge

> @)

deflection soil reaction  bending moment

Figure 5.3. Distributions of deflection, soil reaction and bending moment of a long free-headed

pile in cohesive soil (adapted from Broms 1964b).
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5.2.3. Review of the Effects of Helical Plates and Tapering on Lateral Capacity

The equations for lateral capacities in Broms (1964a, b) were developed for conventional straight-
shaft piles, such as driven piles or bored shafts. The micro screw piles are different from
conventional piles in that the shaft is modified to enhance the axial resistance, and the piles are
installed by torque. Although the lateral soil-micro screw pile interaction has not been investigated
in the literature, research conducted in other screw pile types, such as helical piles whose shaft is
modified with helical plates, may give us insight into the anticipated lateral behaviour of micro
screw piles.

A limited number of studies has investigated the lateral response of helical piles. Zhang
(1999) performed lateral load field tests of four instrumented helical piles with three-helices in
clay and sand. The lateral resistance of the pile was observed to increase with the thickness of the
pile, and the contribution of a helix that was located at a large depth was minimal. El Aziz (2012)
calibrated the results of a numerical model using the L-Pile software with lateral load field tests
on hollow bar micropiles and reported that piles’ lateral response was mainly influenced by soil to
a depth of 10D. Sakr (2009) noted that the ultimate lateral capacities of single- and double-helix
piles were similar. The lateral response of helical piles, evaluated in L-Pile software without taking
the contribution of the helix, is comparable with the measured curve of single- and double-helix
piles. The evaluation reports ICC (2012) for micro screw piles and ICC (2013) for helical piles
recommended that the lateral capacity consider shaft resistance only and that the lateral capacity
of the threads and helix should not permitted.

Elkasabgy and El Naggar (2015) conducted lateral load field tests on two large-diameter
helical piles with double helices and with the same lead sections but different extension lengths
and observed that long piles had a higher lateral load capacity than short piles. Prasad and
Narasimha Rao (1996) experimentally investigated the lateral behaviour of rigid helical model
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piles having two and four helices relative to a straight pile in soft to medium stiff clayey soils. It
was observed that lateral capacity was increased with embedment depth and soil shear strength.
The capacity of helical piles was 1.2 to 1.5 times the capacity of straight piles where pile capacity
increased with the number of helices. El Shernouby (2012) suggested that the differing results of
previous research could be related to the helix location relative to the active zone. It was observed
that helix resistance was mobilized for short piles and that helix resistance was not mobilized for
piles where the helix was situated in a zone where there was no rotation.

Tapered piles have a better lateral performance than straight piles because the pile material
is distributed more efficiently. Wei and El Naggar (1999) conducted numerous lateral load tests
on instrumented large-scale model piles installed in cohesionless soil in the laboratory. They
observed that tapered piles had a lateral capacity that was 77% more than straight piles with the
same average diameter. Since the cross-sectional area of tapered piles at the location of the
maximum moment was more than the straight pile, lower stress was developed. Sakr et al. (2004)
investigated the lateral response of composite tapered piles driven in dense sand. Tapered piles,
having the same volume as straight piles, had a lateral capacity that was 66% more. Fahmy and El
Naggar (2015) conducted lateral load tests on spun-cast ductile iron helical and helical tapered
piles. It was observed that helical plates increased the lateral capacity of the short pile. In addition,
tapered piles had a higher ultimate capacity and stiffer response than straight shaft piles due to
greater pile diameter and stiffness at the upper portion.

In summary, several researchers have conducted small-scale laboratory and full-scale field
tests of various helical piles in conjunction with theoretical and numerical analyses. Based on this
limited research, it can be concluded that mainly the pile shaft affects the lateral response of helical
piles. The contribution of helices to pile lateral behaviour depends on the location of the helices.
In fact, ICC (2012) for micro screw piles and ICC (2013) for helical piles recommended that lateral
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capacity consider shaft resistance only and that the lateral capacity of thread and helix not be
permitted although there was no prior evidence on the contribution of the threads of the micro
screw piles. In the present study, the lateral capacity of the micro screw pile was estimated using
the Brom method and neglecting consideration of the threads. A numerical model further

investigates the lateral soil-pile interaction of this pile in the next chapter.

5.3. Field Test Program
5.3.1. Test setup
There are many types of micro screw piles that are suitable for various applications. The micro
screw pile varies in diameter, length, the length and location of the thread, angle and tapering.
Regardless of their differences, they are similar in that they have a relatively small diameter (<
114 mm) and short length (< 3 m) compared to conventional piles, and they have thread and tapered
segments. Therefore, six out of the available 13 M-series micro screw piles (P1-P6) were laterally
loaded at three sites. There is a need to study the lateral response of the micro screw pile and the
effects of such pile variation on the lateral response of the micro screw pile installed in various
soils.

The details of the test piles and the results of the site investigation program conducted at
each site were elaborated in Chapter 3. The lateral load field test setup is shown in Figure 5.4.
Initially, four micro screw piles, each with a diameter of 140 mm and a length of 2.1 m, were
installed in a square grid. The spacing between the micro screw piles was 0.75 m, which was five
times the shaft diameter (Ds) of the largest pile. The reaction system was specifically designed and
fabricated for the present field test program. Four steel frames were laid out and bolted on the pile
cap to form a rigid reaction pile group cap. The hydraulic jack, equipped with two special adapters,

was lowered on top of a lumber block between the rigid reaction pile group and the test pile. One
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adapter was designed and built to connect the piston of the hydraulic jack with the pile cap of the
test pile, and another adapter was designed and built to connect the load cell and the rigid reaction
pile group cap. Each adapter was equipped with a hinge that eliminated the possibility of moment
and vertical load development at the pile cap. Initially, the adapter was bolted to the rigid reaction
pile group cap. Then, the piston was slowly extended until the other adapter was bolted on top of
the pile cap. This setup was generally stable during the field tests. The lateral displacement of the
reaction pile group was observed to be negligible, as shown in the lateral load field test result

example in Appendix C.

load cell

(a) hydraulic
reference jack
LP

SN

hinges

tt-;-lst
reaction piles prie

(b)

Figure 5.4. Schematic of the lateral test setup: (a) top view; (b) side view and (c) a photo.
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Figure 5.5. The layout of the test piles and the CPT logs at Sandpit. The layouts at the other two

sites are similar.

5.3.2. Instrumentation

The hydraulic jack was equipped with a load cell of 900 kN capacity to measure the applied lateral
load. Two linear potentiometers were positioned horizontally adjacent to the hydraulic jack and
along the applied load. The linear potentiometers were attached to the hydraulic jack using a
magnet and a clamp, and the tip of linear potentiometer was bolted into the leading edge of the
hydraulic piston. Another linear potentiometer was connected to a reference steel frame to measure
the movement of the reaction pile group. The pile P6 at Sherwood Park, pile P1, P3 and P5 were
instrumented with several SG stations along the pile depth. The schematic of the instrumented
piles is shown in Figure 5.6. A Poisson SG was applied to the outer shaft of the pile. A small hole
was drilled adjacent to the SG station. The electric wires, attached to the SG, were pulled from the
pile hollow shaft and through the pile cap hole. The SG station was covered by epoxy and
aluminum foil, which provided waterproofing below the GWT. A metal sheet casing was welded
on top of these layers to protect the SG stations during pile installation. The load cell and two

linear potentiometers and SG readings were recorded at a time interval of 1 to 2 sec.
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Figure 5.6. Schematic of instrumented piles. Note: Black strips = bending SG stations; the indices

of SG stations are labelled beside the instrumented pile.

5.3.3. Test Procedure
The lateral load field test procedure was generally conducted in accordance with ASTM standards
D 3966 (ASTM 2007a). Procedure A and Procedure B of the ASTM standards were modified and
adopted. Initially, the load was increased at 12.5% up to 75% anticipated capacity. After an
increase of 10%, the load was increased at an increment of 5% of the anticipated capacity until
ultimate lateral pile capacity was reached. The first two load steps were maintained for 15 minutes,
and the remaining load step was maintained for 10 minutes. In the unloading stage, the load was
decreased by 25% of the anticipated capacity and each load step was maintained for five minutes.
The piles in Sherwood Park and South Campus were tested at least three days after the piles were
installed. The piles in Sandpit were tested without considering pile setup.

The layout of the test piles, SPT tests and CPTs at Sandpit are shown in Figure 5.5. The

layout of the test piles, SPT tests and CPTs at Sherwood Park and South Campus are shown in
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Appendix C. A summary of the piles tested at Sherwood Park, South Campus and Sandpit is shown
in Table 5.2. Each of the six piles was tested a minimum of three times at South Campus and
Sandpit to improve the reliability of the test data. Each of the six piles was tested once at Sherwood
Park. In total, 46 piles were tested. The tests were performed on the piles that were not laterally

loaded. As an example of a test identification, P1-L1 corresponds to the first lateral test of pile P1.

5.4. Field Test Results

5.4.1. Lateral Load vs. Displacement Behaviour

The lateral load vs. displacement curves (P vs. Y curve) of the piles at the three sites are shown in
Figure 5.7. The raw P vs. Y curves of the piles had fluctuations due to the hydraulic jack fluid
heating and cooling and delayed soil response. The curve was smoothened by selecting the
stabilized lateral load vs. displacement. An example of the smoothening of the curve for pile P1-
L1 is shown in Appendix C. The load-displacement curve is highly nonlinear. In this research, two
ultimate lateral loads were defined for the convenience of use and comparison. The first ultimate
lateral load (termed Py.y herein) is defined as the load corresponding to a lateral displacement of
12.5 mm. It adopts the allowable lateral load defined by ICC (2012) for the micro screw piles. It
has also been used by USACE (1991), Elkasaby and El Naggar (2015) and ICC (2013) for helical
piles. The second ultimate lateral load (Pups) is defined based on the DeBeer (1968) criterion.
When plotting the P vs. Y curve in a double-logarithmic diagram, two approximate lines will
appear, one before and one after the ultimate lateral load. The intersection of these two lines is
defined as the second ultimate lateral load (Pu.oB). An example of this method is shown in
Appendix C. The ultimate lateral loads Pu.y and Py.pp are labelled on the load-displacement curve

in Figure 5.7. A summary of P.y, Pu.pB and the lateral displacement corresponding to the Pups
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(YupB) of the piles tested at Sherwood Park, South, Campus and Sandpit is shown in Table 5.2 and

Figure 5.8.
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Figure 5.7. Lateral load-lateral displacement of the test piles at the three sites: (a) to (¢) Sherwood
Park, (d) to (f) South Campus and (g) to (i) Sandpit. Lateral capacities at Y=12.5 mm and the

capacities by DeBeer’s method are marked in the figure.
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Figure 5.8. Summary of ultimate lateral loads and ultimate lateral displacement (a) the Pu..y and
Pups of the piles at Sherwood Park, (b) the Yu.ps of the piles at Sherwood Park, (¢) the Pu.y and
Py.ps of the piles at South Campus, (d) the Yu-ps of the piles at South Campus, (e) the Puy and Pu-

ps of the piles at Sandpit and (f) the Yu.ps of the piles at Sandpit.
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Table 5.2. Summary of the test matrix and lateral capacities of the test piles according to two

criteria.
Site Pile Test Puy PupB Instrumented | Soil type
(kN) (kN)
P1 L1 11.1 26.0 No
P2 L1 15.9 25.0 No
Sherwood | P3 L1 11.5 17.9 No lav il
Park | P4 | LI 7.5 13.7 No cay
P5 L1 9.4 13.0 No
P6 L1 12.5 14.3 L1 only
P1 L1-L3 12.8,13.9,13.4 | N.A,22.1,15.2 L1 only
P2 | LI-L3 95,139,134 | 11.4,13.1, 18.1 No
P3 | L1-L3 49,8.6,7.3 10.3, 14.5,16.2 L2 only Glacio
South P4 | L1-L3 10.0,6.9,6.8 15.2,11.0,11.0 No lacustrine
Campus P5 | L1-L6 | 4.6,4.8,4.8,5.7,6 8.1,6.6,7.5, L4 only clay
.5,7.0 7.3,11.7,10.7
P6 | L1-1L4 | 5.2,8.8,58,11.7 | 24.4,19.0, 28.0, No
15.2
P1 L1-L3 54,8448 13.7,17.6, 15.0 No
P2 | L1-L3 9.1,8.1,4.1 N.A. No
Sandpit P3 | L1-L3 3.0,4.5,3.8 11.0, 12.6, 13.6 No Eolian
P4 | L1-L3 4.0,5.1,3.8 N.A. No sand
P5 | L1-L3 3.1,17.7,1.2 -, 85,84 No
P6 | L1-L3 3.2,3.8,3.7 N.A. No

Note: P6-L1 at Sherwood Park, P1-L1, P3-L2 and P5-L4 were instrumented with SG. The
location of maximum curvature of piles P1, P3 and P5 was measured.

Generally, these piles were loaded corresponding to a large displacement in excess of the
lateral displacement of 25 mm and 19 mm needed to mobilize the ultimate lateral capacities of the
helical and the micro screw piles, respectively. The P-Y curves of piles P1, P3 and P4 at Sherwood
Park have a ductile feature, where the load keeps increasing without achieving a peak load. This
can perhaps be due to a long pile failure and the mobilization of deep soil resistance. On the
contrary, a short pile would likely have failed abruptly as the soil fails due to pile rotation. The P-
Y curves of piles P2, P5 and P6 (refer to Fig. 5.7a and Fig. 5.7¢) have a brittle feature with a

plunging failure where the load decreases after reaching a peak load. Piles P2 and P6 are shorter
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than the other pile. The P-Y of all the piles at South Campus and Sandpit has a ductile feature,
which indicate that the piles at these sites also failed as long piles.

The measured capacities Puy and Py.ps and with their means and coefficients of variations
of the piles at Sherwood Park, South Campus and Sandpit are shown in Table 5.2 and Figure 5.8.
It is seen that Puy and Py.pB generally increase with pile diameter and not so much with pile length.
Therefore, the P-Y curves of these piles are shown in the same figure. It is possible that the effective
lengths of piles P1 and P2, P3 and P4 and P5 and P6 at Sherwood Park and South Campus are
identical. It is observed that pile P6 has a higher Py.y and Pu.ps than pile PS5 even though pile P6
is shorter than pile P5. This can be caused either by soil heterogeneity, by variation in pile stickup
and the presence of a cavity system or by the fact that pile P6 had thread at shallow depths. The
variation of the pile capacities of the piles at Sandpit is relatively smaller than the piles at South
Campus because the soil susceptibility to develop a cavity and the effect of pile setup with a sandy
soil are less. The value of the Yu.pB of the pile tested at Sherwood Park increases with pile diameter.

However, the value of the Yy.pB of the piles tested at Sandpit decreases with pile diameter.

5.4.2. Distribution of the Bending Moment

The pile P6 at Sherwood Park and piles P1, P3 and P5 were instrumented with several SG stations
along the pile depth that measured the distribution of the bending moment. The longitudinal strain
(¢) was calculated from the measured voltage ratio (V;) using Equation 5-12a, and the bending

moment (M) was calculated using Equation 5-12b:

o2V (5-12a)
GF(v+1)
ekl
r

0

M (5-12b)
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where GF is the gauge factor of the SG, and 7, and v are the outer shaft radius and Poisson’s ratio
of the pile shaft material. Examples of the time histories of ¢ are shown in Figure 5.9. The main
form of deformation along the pile length is bending of the pile shaft due to lateral loading. Along
the direction of the applied load, a maximum positive and negative longitudinal strain with a
corresponding Poisson’s negative and positive latitudinal strain is developed on the pile’s outer

circumference at each SG station, which is shown in Figure 5.9b.
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Figure 5.9. (a) Example results of longitudinal strain at six locations along pile P1 during lateral
loading at South Campus; (b) the location of the SGs for a full Wheatstone bridge for measuring
the bending moment at one cross-sectional plane of pile shaft wall; gauges are placed at opposite
sides of the wall. SGs ¢ to & were placed at different pile depths from the pile top to the pile toe.

In order to determine whether the pile shaft experienced any plastic bending, elastic (My)
and fully plastic (Mp) bending moments are calculated using Equations 5-13 and 5-14 (Beer et al.

2006):

2V HiJ (5-13)

o,
M, =—
¥
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M, =0, ——~ (5-14)

where oy is the yield strength of the pile steel material (=248 MPa), and r; is the inner shaft radius
of the pile. The parameter My is the bending moment when the pile shaft cross-section begins to
yield at the exterior edges, and M, is the bending moment when the pile shaft yields fully.

The measured distributions of the bending moment (DBMs) of the instrumented pile P6 at
Sherwood Park and P1, P3 and P5 at South Campus are shown in Figures 5.10 and 5.11,
respectively. The bending moment at the SG locations are also shown in these figures as to
compare with the measured DBMs. The measured DBMs of these piles have the qualitative
representative shape of a long pile under the free-head condition. The distributions are minimal
near the pile head. The measured Mmax of pile P6 at Sherwood Park and P1 and P3 at South Campus
are measured at a depth of 0.55 m (7Ds), 0.84 m (7Ds) and 0.89 m (10Ds), respectively. The SG at
the location of the maximum moment of pile P5 at South Campus could have been damaged due
to excessive deformation given that piles P1 and P3, with a larger diameter, had yielded. The
measured M of pile P6 at Sherwood Park and P1, P3 and PS5 at South Campus are minimal below
the depths 0f 0.91 (12Ds), 2.5 m (22Ds), 1.8 m (20Ds) and 1.8 m (24 D), respectively. The measured
Mmax of pile P6 (Fig. 5.10) is less than My, indicating that the pile has apparently not yielded.
However, it should be noted that A/ was measured at discrete locations, and so the location of Mmax
may be uncertain. The pile may have yielded at some location where the SG was not installed. The
measured Mmax of pile P1, P3 and P5 at South Campus exceed My indicating that the piles have
yielded.

Another method of inferring the pile failure mode from limited M readings is to check the

ratio of the change in M (AM) to the change in the lateral displacement (AY). As shown in Figure

5.10, this ratio AM/AY is large when the pile shaft deforms elastically. Once the pile lateral
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displacement reaches into the vicinity of Y,y and Yy.pp, AM/AY decreases because the pile has

yielded. On the other hand, since the values of M are negligible near the tapered segments, the
effect of the taper on the lateral response is negligible. The values of M are the greatest along the
uniform (smooth and threaded) segments, where the pile diameter are the greatest. Therefore, a
higher pile shaft capacity and soil resistance are mobilized along the uniform segments. The

observation indicates that the distribution of pile material is efficient for pile to provide the lateral

resistance.
M (kN*m)
1 0 -1 -2 -3 -4 -5
0.0 — oz o
0.2}
fmin
0.4 ::::::::::\:
v
—_ o o A v &> f —
0.6} max -
= -
K
5.0.8 M| M =
Q o0 y P L —
Q
1.0} N\
1.2} o -
1.4} // -
' . . . .

Y (mm)=
oo O 37 A 63V 9490 124 4 153
D> 169 O 541

Figure 5.10. Distribution of the bending moment along the instrumented pile P6 at Sherwood Park.
Note: fmin and fmax 1S the range of the location of the maximum moment as estimated from Broms

(1964b) from several CPT readings.
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Figure 5.11. Distribution of the bending moment along the instrumented piles at selected lateral
displacements at South Campus: (a) P1, (b) P3 and (c) P5. Note: fmin and fmax 1s the range of the
location of maximum moment as estimated from Broms (1964b) from several CPT readings.
Upon completing the lateral tests at Sandpit, the test piles were removed from the soil, and
the permanent deformed shapes of the piles were carefully examined. Photos of the permanently
deformed piles, with the locations of maximum curvature and permanent displacements of the pile
heads, are shown in Figure 5.12. The distance between the pile head and bent plane can be denoted
as f. The measured ratios f/D; of piles P1, P3 and P5 laterally loaded under the free-head condition
are 8Ds, 10Ds and 9-10Ds, respectively. The measured distance f decreases with decreasing pile
diameter. In addition, the pile deformation clearly indicates that the pile fails as a long pile.
Notably, since these piles are not laterally loaded to an excessively large displacement, the

locations of the maximum curvature may be changed as the load continues.
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Figure 5.12. The permanent deformed shape of selected piles at Sandpit: (a) and (b) P1; (c) and
(d) P3; and (e) and (f) P5. Note: The arrows show the locations of maximum curvature. The symbol

Y}, denotes the permanent displacement of the pile head.

5.4.3. Pile Failure Mode

In the present section, the pile failure mode was approximated using Broms’s (1964a, b) and
Meyerhof and Yilcin’s (1984) criteria. It was compared with the observed failure mode based on
the distribution of the bending moment of the piles at Sherwood Park and South Campus and
photos of the deformed pile with the location of maximum curvature. Thereafter, the lateral
capacity of the pile was obtained using an appropriate failure mode. The soil parameters were
interpreted from CPT readings. Given that the lateral capacity was mainly influenced by the pile

shaft resistance and the soil to a shallow depth such as 10D (El Aziz 2012), the pile was assumed
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to have a uniform shaft, and the effect of the thread was neglected. Finally, the estimated lateral
capacity of the pile was compared with the measured Pupg to assess its effectiveness.

Based on Broms (1964a, b), the ratio of the L/R of the piles tested at Sherwood Park and
South Campus and the ratio of the L/T of the piles tested at Sandpit are shown in Table 5.3 and
Figure 5.13a. The required soil parameters, such as D: and sy, were interpreted from CPT readings.
It can be seen that the ratio of the L/R of the piles tested at Sherwood Park and South Campus and
Sandpit are greater than the value of 2, which suggests that all these piles met the criteria of long
piles. The suggested failure mode is consistent with the observed failure mode based on the
distribution of the bending moment of pile P1 at Sherwood Park; P1, P3 and P5 at South Campus;
and photos of the deformed piles with the location of maximum curvature. These piles generally
have small shaft thickness and diameter compared to their length. It can be seen that there are two
linear trends, where piles P1, P3 and P5 form one trend and piles P2, P4 and P6 form another trend.
The ratios L/R and L/T of piles P1, P3 and P5 are greater than piles P2, P4 and P6. The ratios of
L/R and L/T increase with decreasing pile diameter for piles with similar lengths. The relative
stiffnesses of the piles tested at Sherwood Park, South Campus and Sandpit were obtained using
the equations provided by Benerjee and Davis (1978) and Poulos and Davis (1980). The required
soil parameters, such as horizontal soil modulus (£4) and soil modulus (E5), were interpreted from
CPT readings. The relative pile stiffnesses (K;) of the piles tested at Sherwood Park, South Campus
and Sandpit are shown in Table 5.3 and Figure 5.13b. The K; of all the piles tested at the three sites
is smaller than the 107! to 10" that meets Meyerhof and Yalcin’s (1984) criterion suggested for a
long pile. The K; of pile P2 tested at Sherwood Park and South Campus is at the margin of these
criteria. Pile P2 has the largest diameter and a shorter length than other piles. As noted previously,
two linear trends are observed, where piles P1, P3 and P5 form one trend and P2, P4 and P6 form
another trend. The value of K; decreases with decreasing diameter, which means the pile behaves
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more like a long pile. The values of the K; of P1, P3 and P5 are less than piles P2, P4 and P6

because K decreases with decreasing pile diameter for piles with similar lengths.
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Figure 5.13. (a) Ratios of L/R and L/T and (b) the relative stiffnesses of the piles tested at the three

sites. Note: LP denotes long pile and SP denotes short pile.

Table 5.3 Summary of pile relative stiffness and the ratio of L/R and L/T and the failure modes of

all test piles.

Pile | Ds L Sherwood Park South Campus Sandpit

(mm) | (m) | Krc L/R FM | Kic L/R FM | Kis LIT FM
P1 1143 | 3.04 | 53e4 | 8.1 LP | 79e4 | 74 LP | 94e5| 83 LP
P2 | 1143 | 1.55 | 0.011 3.8 TP | 0.011 3.8 TP | 9.1e4 | 44 LP
P3 88.9 | 3.09 | 2.3e4 | 10.1 | LP |3.4e-4| 9.1 LP |41le5| 98 LP
P4 88.9 | 1.58 | 0.005 4.7 LP | 0.005 4.7 LP | 39e4 | 52 LP
P5 76.1 | 3.08 | 1.4e-4 | 113 | LP | 2.1e-4 | 10.2 LP |25e5]| 108 | LP
P6 76.1 | 1.57 | 0.003 53 LP | 0.003 53 LP | 24e4 | 5.8 LP

Note: Failure mode, FM;, long pile failure mode, LP;, short pile failure mode, SP; and transitional

pile failure mode, TP.
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5.4.4. Estimation of the Ultimate Lateral Capacity Using the Broms Method

The ultimate lateral capacities of the six piles at Sherwood Park, the 22 piles at South Campus and
the 18 piles at Sandpit were estimated using the Broms method with the following assumptions:
1) The pile fails as a long pile because the measured DBM of pile P6 at Sherwood Park; piles P1,
P3 and P5 at South Campus; and the permanent deformed shape of piles P1, P3 and P5 at Sandpit
resembled long piles. In addition, all the piles met Broms’s (1964a, b) and Meyerhof and Yilcin’s
(1984) criteria for long piles. 2) The pile was assumed to have a uniform shaft, and the effect of
the thread was neglected because the top thread of this pile is located at depths of 7 (P1), 5 (P2),
10 (P3), 7 (P4), 24 (P5) and 8 (P6) times the pile diameter. El Aziz (2012) observed that pile
response was mainly influenced by soil to a depth of 10D;. Puri et al. (1984) and Sakr (2009)
reported that the lateral capacity of a helical pile was mainly influenced by shaft resistance and
that the influence of thread was minimal. In addition, the evaluation report ICC (2013) for micro
screw piles and ICC (2013) for helical piles recommended that lateral capacity should only
consider shaft resistance and that the lateral capacity of threads and helices should not be permitted.
3) The pile is subjected to lateral loaded under the free-head condition with negligible moment
because there was a hinge between the pile head and the hydraulic jack and another hinge between
the hydraulic jack and the reaction piles. 4) The required soil parameter, the su of cohesive soils
and the 7, ¢, of cohesionless soils were interpreted from the CPT readings, as shown in Chapter
2. 5) The value of Mmax was set as M,.

The use of Broms’s (1964b) method to estimate the ultimate lateral capacity (Py) of a long
pile in cohesive soils under the free-head condition may be an appropriate method. This method
assumes that a plastic hinge (Mmax) would develop in the pile as some distance (f) and full passive
earth pressure would develop above this distance. The Py of the six piles tested at Sherwood Park

and the 22 piles tested at South Campus were estimated as a function of sy, pile stickup, pile

120



diameter and Mmax (or Mp). The required soil parameter s, was interpreted from two CPT readings
at Sherwood Park and seven CPT readings at South Campus.

The estimated and measured P, of the piles tested at Sherwood Park and South Campus
are shown in Figures 5.14a and 5.14b, respectively. The estimated P, of the piles tested at
Sherwood Park is 19% less than the measured P, on average. It can be seen that the measured Pu.ps
of the six piles is marginally underestimated, which can be due to neglecting the thread’s effect on
the pile’s lateral capacity. For the piles at South Campus, it can be seen that the measured P, of
the 22 piles is generally within the margin of the estimated Pu. The estimated Py is 34% greater
than the measured P, on average. This overestimation can perhaps be due to the development of
the cavity (Guo and Deng 2018) and soil disturbance after pile installation (Puri et al. 1984,
Bagheri and El Naggar 2013).

The use of Broms’s (1964a) method to estimate the P, of a long pile in cohesionless soils
under the free-head condition was used. The method is based on the assumption that a plastic hinge
would develop at some distance below the ground surface and that the lateral earth pressure was
three times the passive Rankine earth pressure. The required soil parameters y and ¢ were
interpreted from four CPT readings. The values of the Pu. of the piles tested at Sandpit were
estimated as a function of y, ¢, pile stickup, pile diameter and Mmax (or M,). The estimated and
measured Py of the piles tested at Sandpit are shown in Figure 5.14c. The estimated Py of the pile
1s 16% less than the measured P.. It can be seen that the measured Py of the nine piles is marginally
underestimated. Overall, the Broms method provides a reasonable estimate of the measured Py of
micro screw piles without considering the effect of the thread. Therefore, the contribution of the

thread to the lateral capacity of pile may be insignificant.

121



estimated: measured:
mean P, ¢ — minandmax P, |P, ©
30 L 1 1 1 1 1 1 J 25 | 1 1 1 1 1 1 i 20 I 1 1 1 1 1 1
[ o ] L o ] [ o
25 2 ° 120 F . [

[ - o ] [ 115 N }: ]
=20F s ° 1 f ° .
Zz | ® 115F ° ° 1 I . ]
X - J ® ) ] E
=15 F [ 110 | .
O ** o ° 1.0k ° I I I 1 K2 o 2

10 MO I [
5t s 1°F ]
o E(a)l 1 1 1 1 1 0 :(b)l 1 1 1 1 1 o :(c)l 1 1 1 1 1
P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6
Pile type Pile type Pile type

Figure 5.14. Comparison of the estimated and measured Py of the piles at the three sites: (a)

Sherwood Park, (b) South Campus and (c) Sandpit. Note. The minimum and maximum P, were

obtained from CPT readings available on each site.

5.5. Conclusions and Limitations

1. Generally, the pile Py increases with diameter and not with length because the effective lengths

of the piles with the same diameter are the same. The value of the Py of pile P6 is slightly

greater than pile PS5 because pile P6 has the thread situated at a shallower depth.

The DBM of the instrumented pile P6 at Sherwood Park and P1, P3 and P5 at South Campus

exhibits the representative shape of a long pile under the free-head condition, where the pile

deformation is minimal near the pile base. Furthermore, the ratio of AM/AY decreases in the

vicinity of YupB and Yu.y, which suggests that the pile has failed structurally. The deformed

shapes of the piles at Sandpit clearly demonstrates long pile failure.

Consistent with the observed failure mode, Broms (1964a, b) and Meyerhof and Yalcin (1984)

criteria suggest that all these piles behave as long piles at these sites.
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4. Broms’s method underestimates the measured Py of the piles at Sherwood Park and Sandpit.

Perhaps, the underestimation could be due to neglecting the thread when estimating the Py of
the piles. The values of Py of the piles at South Campus are significantly overestimated by this
method which can be due to the development of cavity and soil disturbance after the pile
installation.

The effect of the threads on the values of P, are minimal as the estimated P, without
considering the effect of thread are comparable with the measured P, of the piles.

The placement of the tapered segment at the bottom of the pile is efficient. The values of M
are the greatest along the uniform (smooth and threaded) segments, where the pile diameter
are the greatest. Therefore, a higher pile shaft capacity and soil resistance are mobilized along
the uniform segments. The distribution of pile material is efficient for pile to provide the lateral

resistance.

The following limitations of this research should be noted:

The pile was loaded laterally under the free-head condition. The hydraulic jack was equipped
with two hinges, one adjacent to the load cell and one adjacent to the hydraulic jack piston.
However, some moment could have developed at the pile head.

The smoothened lateral load-displacement curve was accurate to within a couple of
kilonewtons because the load fluctuated due to the hydraulic fluid heating and cooling.

The ultimate lateral capacity was obtained using DeBeer’s (1968) method. There is some
subjective error introduced by using this approximate method.

The distributions of the bending moments of selected piles were obtained. The bending
moment was obtained at discrete locations along the pile. The actual distribution of the bending

moment could be obtained by installing additional SGs.
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e The ultimate lateral load was obtained by using the soil properties interpreted from CPT

readings. The effect of pile installation on soil disturbance was not considered.
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6. Numerical Modelling of Micro Screw Piles Subjected to Lateral Loading using the BNWF

Method

6.1. Introduction

The current chapter presents the numerical modelling of micro screw piles subjected to lateral
loading in cohesive and cohesionless soils. There are many methods to obtain the lateral response
of pile. Theory of elasticity, where a single value is assigned to soil parameter is not accurate.
Method such as theory of subgrade reaction have simple assumptions, such as assigning subgrade
modulus that increase with depth and assuming linear elastic soil. However, the solution to this
method have significant errors. Moreover, the lateral soil-pile interaction of micro screw piles with
varying pile diameters and shaft modifications is complex. Therefore, as complementary to field
tests of full-scale piles, numerical modelling provides a powerful tool for understanding such a
complex problem. In the numerical modelling of laterally loaded piles reported in the literature,
soils were modelled as either continuum media (e.g., Papadopoulos et al. 2014, Kurian and Shah
2009, Fahmy and El Naggar 2017, Al-Baghdadi 2018) or discrete soil reaction springs using the
BNWF method (e.g., El Naggar et al. 2015, Li 2016).

Micro screw piles are different from other conventional piles in terms of their overall shape
and installation method. However, they are similar to helical piles because they both have helix or
thread and are torqued into the ground. There have been several numerical studies on the lateral
soil-pile interactions of helical piles showing that deeply embedded helical plates had a minimum
contribution to helical piles’ lateral stiffnesses and load capacities (Kurian and Shah 2009, Al
Baghdadi 2018, Fahmy and El Naggar 2017, Li 2016). Nevertheless, the lateral behaviour of micro
screw piles has not been studied numerically. Micro screw piles differ from helical piles regarding
their overall geometry and shape. Specifically, micro screw piles have continuous threads welded

along the pile’s lower portion with unique width, thickness, length, pitch, embedment depths and
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spacing. Hence, it is necessary to examine the soil-pile interactions of the micro screw pile in
detail.

In the present research, numerical models based on the Beam-on-Nonlinear-Winkler-
Foundation (BNWF) method were developed using an open-source finite element software
framework, OpenSEES (PEER 2016), to simulate the lateral behaviour of the micro screw piles
installed at three sites. In these numerical models, the lateral shaft resistance, the vertical shaft
resistance, the thread bearing resistance and the lateral thread resistance were represented by p-y,
t-z, g~z and ty-y (similar to t-z) springs, respectively, each of which was characterized by uniaxial
load-displacement curves. The p-y spring materials for cohesive and cohesionless soils were
approximated by Matlock (1970) and API (1993), respectively. The #-z spring materials for
cohesive and cohesionless soils were approximated by the equation provided by Boulanger et al.
(2003) with soil parameters from Reese and O’Neill (1987) and Mosher (1984), respectively.
Furthermore, the ¢g-z spring materials for cohesive and cohesionless soils were defined by the
equation provided by Boulanger et al. (2003) with soil parameters from Reese and O’Neill (1987)
and Vijayvergiya (1990). The required soil parameters for defining the spring material were taken
from the continuous CPT readings. The numerical models developed were validated against the
field tests of the micro screw piles conducted at the three test sites.

Compared to other models based on the BNWF method in the literature (e.g., Guo et al.
2014, Li 2016, El Naggar et al. 2005), the present numerical models incorporated two techniques
as follows: 1) the hollow pipe shaft was simulated by beam-column elements with fiber sections,
and the Giuffre-Menegotto-Pinto steel material model (Carreno et al. 2020) was assigned to each
fiber with an appropriate post-yield strain hardening ratio; and 2) the thread bearing resistance was
modelled by a series of zero-length section elements with fiber sections, and the g-z uniaxial spring
material was assigned to each fiber. The objectives of the numerical modelling of the micro screw
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piles are to 1) propose a tool to predict the lateral behaviour and load capacity of the micro screw
piles, 2) investigate the pile shaft deformation and displacement characteristics and failure mode,
3) quantify the contribution of various soil-pile interactions to the lateral load capacity of the micro
screw piles and 4) examine the effects of the threads and soil properties via sensitivity analyses.
Different pile shaft and soil responses are obtained from numerical analyses, including the
distributions of lateral displacement, cross-sectional plane rotation, bending moment, shear force
and the lateral soil stress along the pile depth direction. To examine the pile and the adjacent soil
failure, the distributions of the bending moment and lateral soil stress are compared with the
distribution of the bending moment capacity and the ultimate lateral soil stress along the pile depth
direction, respectively. Furthermore, the mobilization of the lateral shaft resistance, the vertical
shaft resistance, the thread bearing resistance and the lateral thread resistance at the middle of the
individual pile segments are examined to assess their contributions. Finally, a sensitivity analysis
was conducted to evaluate how the lateral behaviour of piles changes as the pile geometry and soil

properties vary.

6.2. Literature Review and Background

6.2.1. Numerical Analyses of Similar Piles

There have been a limited number of numerical studies on the lateral behaviour of piles with
similarity to micro screw piles. The smooth segment of a micro screw pile may be similar to driven
piles and the central shaft of helical piles. The threads in a micro screw pile can be understood by
observing the effect of helical plates on helical piles. On the other hand, the tapered pile has been
reported to have efficient material distribution when subjected to lateral load. Therefore, a review
of the research on these relevant piles can aid our understanding of the lateral behavior of micro

screw piles.
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Papadopoulos et al. (2014) evaluated the lateral response of helical micropiles by
conducting a continuum finite element analysis in the Plaxis program and full-scale in-situ tests.
The soil was modelled as a linear elasto-perfectly plastic material according to the Mohr-Coulomb
criterion. The numerical model underestimated the failure load but accurately predicted the load
at a lateral displacement of 25 mm. The lateral load capacity of micropiles, which behaved as long
piles, did not increase after a certain pile length. Kurian and Shah (2009) conducted a finite element
analysis and compared the simulation results with experimental results from Narasimha Rao et al.
(1991). The soil was modelled as a continuum with a Drucker-Prager constitutive model in that
study. The lateral response of the pile with two different blade diameters (Dy) was compared with
the counterpart of the pile with no blade. It was found that the ultimate lateral load capacity was
increased by 325% with the inclusion of blades when the blades were embedded at a depth between
1.1 and 1.6 times the pile shaft diameter (Ds), which represents a relatively shallow blade
embedment. The ratio of pile helix to shaft diameter (Dn/Ds) varied between 2 and 3, representing
a relatively large blade compared to the shaft diameter.

Using the ABAQUS program to perform finite element analysis, Fahmy and El Naggar
(2017) investigated the lateral behaviour of spun-cast ductile iron tapered piles with a single helix
installed in clay. The lateral load capacity of the pile was increased by 5% with the addition of a
helix (the ratio of Dn/Ds was 2), which was embedded to a depth of between 7Ds and 15D;. The
helix acted as a restraint at the bottom of a short pile. The lateral load capacity of a long pile was
increased by 40% due to tapering, whereas the lateral load capacity of a short pile was increased
by 28% due to tapering. Al Baghdadi (2018) investigated the lateral performance of helical piles
with a single helix that varied in core diameter and embedment depth installed in sand using
centrifuge model tests and finite element analysis. The lateral load capacity of piles was improved
by 5-7.5% with a Dyw/Ds of 2.5-3.3 and a helix embedment of 90% of the critical depth (where
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plastic bending occurs). The lateral load capacity was improved by 15-22% at a helix embedment
of 10% of the critical depth. Moreover, the lateral load capacity was improved marginally by
increasing the Dn/Ds from 2.5 to 3.3.

El Naggar et al. (2005) modelled the response of offshore piles subjected to earthquake
load using the BNWF method in the OpenSEES program. The procedure proposed by Matlock
(1970), Reese and Welch (1975) and O’Neill and Murchison (1983) was used to generate the p-y
springs for piles in soft clay, stiff clay and sand layers. The result from the numerical model
compared reasonably well with centrifuge model tests. Guo et al. (2014) simulated the lateral soil-
pile interaction of an H-pile in sandy soil in the OpenSEES program using the BNWF method.
The soil resistance along the pile was modelled by p-y and ¢-z springs, and the soil resistance at
the base was modelled by a g-z spring. The p-y spring from API (1993) and Reese et al. (1974)
provided a reasonable load-displacement curve. However, the lateral stiffness and the ultimate
load capacity were slightly underestimated. Li (2016) investigated the lateral soil-pile interaction
of helical piles using field testing and the BNWF method. The soil resistances, including lateral,
shaft and overturning, were represented by p-y springs, #-z springs and g-z springs. The numerical
model was calibrated against the experimental tests in Sakr (2009) and Prasad and Narasimha Rao
(1996). A chart of the lateral load capacity improvement as a function of helix embedment was
provided. The lateral load capacity improvement for piles in cohesionless soil increased with helix
embedment. It peaked at a helix embedment up to 36% of the pile length, and it was negligible
below a depth equivalent to 90% of the pile length. The lateral load capacity improvement of piles
in cohesive soil was the highest at a helix embedment of about 6% of the pile length, and it
decreased with embedment depth. The role of overburden stress was noted in the case of helices
embedded in cohesionless soil. Also, the lateral load capacity improved by embedding the helix at
a depth where the bending moment was high. It was noted that the lateral load capacity could be
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improved by increasing the helix diameter up to the point where the torsional strength of the pile
shaft is not exceeded (Tsuha et al. 2007).

Overall, the previous research using numerical models of helical piles suggests that the
lateral load capacity can be improved by embedding the helix at a shallow depth, where the
bending moment along the pile shaft is typically the greatest. The lateral load capacity can also be
improved by increasing the helix diameter relative to the shaft diameter. However, the
improvement may only be observed at a large displacement. Although the previous research can
aid our understanding of the lateral behavior of micro screw piles, there is still a need to investigate
the lateral behavior of micro screw piles because the overall geometry and shape of the pile is
different. Moreover, a numerical study that considers the various soil-pile interactions, including
the lateral shaft, the vertical shaft, the thread bearing and the lateral shaft interactions, of micro

screw piles has not been conducted.

6.2.2. Soil-pile Interactions and Soil Springs

In the present research, numerical models that considered the various soil-pile interactions of screw
micropiles subjected to lateral load were developed in the OpenSEES program using the BNWF
method. Specifically, the lateral shaft resistance, the vertical shaft resistance and the lateral thread
resistance were represented by a series of zero-length elements with lateral p-y, vertical #-z and
vertical -z uniaxial spring material models, respectively. The thread bearing resistance was
represented by a series of zero-length section elements with nonlinear fiber-sections to generate
the thread bearing or overturning reaction with the g-z uniaxial spring material model assigned to
each fiber. The vertical shaft resistance and the lateral thread resistance were modelled by #-z
uniaxial spring materials. It should be noted that the lateral thread resistance is denoted by the #-

y spring material in the next section for the convenience of showing the direction of the resistance;
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however, it was in principle represented using -z spring materials in the OpenSEES program.

Details about these soil springs are provided as follows.

6.2.2.1. The Lateral Shaft Resistance — p-y spring
The lateral shaft resistance of piles in cohesive soils was represented by a series of p-y springs as

described by Equation 6-1 as per Matlock (1970):

13

P Yso

where

Vs =2.564d (6-2)

where p and y are the lateral shaft stress and displacement, pu: is the ultimate lateral shaft
resistance, yso is the lateral displacement corresponding to half of the ultimate lateral resistance,
&so 1s the strain of the clay corresponding to half of sy and d is the diameter of the pile shaft. The
recommended values of &0, as a function of sy, are shown in Table 6.1. The ultimate lateral shaft

resistance was defined in Equation 6-3:
pult = Npsud (6-3)
where the coefficient N, for wedge failure close to the ground surface was defined as in Equation

6-4:

N :3+7—z+§z<9 (6-4)

p Su
where z is the depth below the ground surface, ¥ is the effective unit weight of soil and J is a
constant equal to 0.5 for soft clays (Matlock 1970) and 1.5 for stiff clays (Bhushan et al. 1979) and

was interpolated for clays of different consistency. The coefficient N, is equal to 9 for flow failure

at great depth (Matlock 1970).
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Table 6.1. Strain &0 corresponding to half of s, (Matlock 1970).

Su &50
0-24 0.02
24-48 0.01
48-96 0.007
96-192 0.005
192-384 0.004
>384 0.001996

For piles in cohesionless soils, the lateral shaft resistance was represented by p-y springs

as described in Equations 6-5 and 6-6 (API 1993):

p= ;lpuh ‘[anh(fi ¥) (6-5)
A pult
A=(3-0.82z/d)=0.9 (6-6)

where A4 is the adjustment coefficient for static loading condition, and & is the initial subgrade
modulus (refer to API 1993). The ultimate lateral shaft resistances based on wedge failure (pst) and

flow failure (psq) were defined as follows:

P, =(C-z+Cy-d)y -z (6-
7)
psd:C3'd'7"Z (6-8)

K, tan(@)sin(f) N tan’ () tan(¢/ 2)
' tan(B-g)cos(4/2)  tan(f—¢)

+ K, tan(f)(tan(¢) sin(f) —tan(¢/ 2)) (6-9)

- an(f) (6-10)
tan(f—¢) °
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C, = K, tan(¢) tan* () + K, (tan(5) - 1) (6-11)

where =45+, /2, Ky is the horizontal coefficient of earth pressure at rest, and K, is the horizontal
coefficient of earth pressure at active condition. The value of yso was calculated from Equation
6.5. The value of puri is the smaller of pst and psa. The backbone curves of the p-y springs for the

lateral shaft resistances in sand and clay are shown in Figure 6.1a.

1.2 T 1.2 . 1.2
1 (a b
1.04 (@) - - 1.0 (b) 1.0
0.84 0.8+
3 =
Q0.6+ . 50.6+
3

Sand - API (1993)

Sand - Reese and O'Neill (1987) w

0.4+

- - . - 0.2 0.2+ . "Nei -
Clay - Matlock (1970) ] — —Clay - Vijayvergiya (1977) . _::: ;::::ri:gsg)ml" (1987).
0.0 L 0.0 1 0.0 L
0 5 10 0 5 10 0.0 0.5 1.0
! zZ/z z/d
yiy, 50 50

Figure 6.1. Backbone curve of the springs: (a) p-y spring, (b) #-z spring and (c) g-z spring.

6.2.2.2. The Vertical Shaft Resistance and the Lateral Thread Resistance — #-z springs
For piles in cohesive soils, the vertical shaft and the lateral thread resistances of soils were

represented by #-z springs as per Equations 6-12 and 6-13 (Boulanger et al. 2003):

t
£ =C, 5 (6-12)
Z50
cz
=t —(t, —t X 6-13
ult (ult 0)|:C.ZSO+(ZP_Z(.;7):| ( )

where fu¢ 1s the ultimate vertical shaft resistance, zso (or zso) is the vertical displacement
corresponding to half of the ultimate vertical shaft resistance, # and # are the elastic and plastic

components of the shaft stress, " and z,” are the plastic components of the shaft stress and vertical

133



displacement at the start of the current plastic loading and z° and zP are the elastic and plastic
components of the vertical displacement, respectively. For piles in clay, Boulanger et al. (2003)

used a value of 0.5 for ¢, 1.5 for n and 0.708 for Ce based on Reese and O’Neill (1987).

The ultimate vertical shaft resistance was defined as in Equation 6-14:
tult = asu (6'14)
where « is the adhesion coefficient provided by Tomlinson (1957). Coyle and Reese (1966)
provided the normalized shaft stress to #ui with vertical displacement, as shown in Figure 6.2. The
value of zso: was selected from curve I, which represented soil-pile interaction from the ground

surface to 3 m below. Curve II represents soil-pile interaction from 3 m to 6 m, and curve III

represents soil pile interaction below 6 m of the ground surface.

1.0
0.9F
0.8F
0.7f
0.6F
0.5F
0.4}
0.3F
0.2}
0.1
0.0

t/t,

— Curve |
Curve |l
Curve Il 1

2 3 4 5 6 71
Z (mm)

Figure 6.2. Normalized shaft stress vs. axial displacement in clay (after Coyle and Reese 1996).
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For piles in cohesionless soils, the vertical shaft and lateral thread resistances of soils were
represented as 7-z springs based on Mosher (1984). The #-z spring was defined as in Equation 6-

15:

z

f=——- 6-15
'k, +z/t, (1)

where ¢ and z are the vertical shaft stress and displacement, and 4t is related to sand’s friction angle
(Mosher and Dawkins 2000). The value of kr as a function of the friction angle of sand based on

Mosher and Dawkins (2000) is shown in Table 6.2. The ultimate vertical shaft resistance was

obtained as in Equation 6-16:

t,, = 0K, tan(6) (6-16)
where ¢ is the soil-pile interface friction angle taken as 0.8 times ¢, and K is obtained from
Castello (1980). The value of zso was back-calculated from Equation 6-15. The backbone curves

of the #-z springs for the vertical shaft and the lateral thread resistances in sand and clay are shown

in Figure 6.1b.

Table 6.2. Values of kr versus the friction angle of sand (Mosher and Dawkins 2000).

Friction Angle (°) ke (kPa/mm)
28-31 11-19
32-34 19-26
35-38 26-34

6.2.2.3. The Thread Bearing Resistance — g-z spring
For piles in cohesive soils, Boulanger et al. (2003) used 0.35 for ¢, 1.2 for n and 0.2 for C. based
on Reese and O’Neill (1987). The ultimate thread bearing resistance (qur) was defined as in

Equation 6-17:

qult = Ncsu (6- 1 7)
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where N is the end-bearing capacity factor that is equal to 9. The vertical displacement (zsoq),
corresponding to half of the ultimate thread bearing resistance, is recommended to be 0.8% of the
pile thread diameter by Reese and O’Neill (1987).

The thread bearing resistance in cohesionless soils was represented by the g-z spring, as in

Equation 6-18 (Vijayvergiya 1990):

1/3
Z
qi _ [Z_} (6-18)
ult c

where z¢q s the vertical displacement corresponding to when the stress starts to maintain a constant
value, and it is equal to 3 to 9% of the pile diameter (Vijayvergiya 1977). The ultimate thread

bearing resistance was defined in Equation 6-19:
Gu =N ,0, (6-19)

where N is the bearing capacity factor (Meyerhoff 1976). The backbone curves of the g-z springs

for piles in sand and clay are shown in Figure 6.1c.

6.3. Development of the Numerical Models
The numerical models were developed to simulate the lateral behavior of micro screw piles in the
OpenSEES program using the BNWF method. This approach used existing structural elements
(e.g., displacement-based fiber beam-column elements to model shafts) to model the pile and some
special elements (e.g., zero-length element or zero-length section elements to model well-
established soil springs) to model the soil springs. Additionally, the required uniaxial material
models for the pile shaft and well-established soil springs were available in the OpenSEES
program. Further modelling details are provided in the sections below.

The lateral responses of the six piles tested in Sherwood Park, the 22 piles in South Campus

and the 18 piles in Sandpit were obtained from numerical simulations. The lateral loading of the
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micro screw pile was simulated by performing displacement-controlled static analyses. The lateral
displacement was applied at an increment of 0.1 mm to the maximum displacement that was

measured in the field.

6.3.1. Pile Shaft

The pile shaft was modelled using displacement-based fiber beam-column elements, which were
defined with two nodes, each having three degrees of freedom (DOF) in the two-dimensional FE
model: one horizontal, one vertical and one rotational DOF. This element follows standard finite
element procedures where the displacement field was interpolated using classical Hermitian
polynomials. An example of the second order classical Hermitian polynomial with 3 corresponding
nodes is shown in Appendix E. As shown in Figure 6.3, the pile shaft was discretized into a number
of beam elements with a length of 50 mm. Three Gauss-Legendre integration points were used for
each element, and each integration point was assigned a nonlinear fiber section. Each fiber section
was discretized into nine subdivisions (fibers) in the radial direction and 36 subdivisions (fibers)
in the circumferential direction. All the fibers were assigned a uniaxial Giuffre-Menegotto-Pinto
steel material model (Carreno et al. 2020) with Young’s modulus of 210 GPa, a yield strength of
248 MPa and a post-yield isotropic strain hardening ratio of 0.1. The tapered shaft was modelled
as a series of discrete uniform shafts with progressively decreasing diameters. Compared to other
models for piles based on the BNWF method in the literature (Li 2016, Guo et al. 2004, Kurian
and Shah 2009, El Naggar et al. 2005), the present models used fiber beam-column elements,
which allow consideration of the nonlinearity of material fibers over the cross-section. By doing
so, the models were able to capture the pile shaft’s yielding more accurately than the common

method used in the literature.
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Figure 6.3. Configuration of the soil-pile interactions in the numerical models developed in
OpenSEES program. Note: wg = width of threads, n: = the number of fiber in radial direction and

ne = the number of fibers in circumferential direction. The drawing is not to scale.
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6.3.2. Soil-pile Interactions

The different soil-pile interaction mechanisms for micro screw piles are shown in Figure 6.4. The
lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and the lateral thread
reactions were represented by a series of zero-length elements with p-y, t-z, g-z and ¢-z (or tv-y,
where /1 and y stand for the lateral direction) uniaxial springs materials. The thread bearing reaction
was represented by a series of zero-length section elements with fibers, and the ¢g-z uniaxial spring
material was assigned to each fiber. Each zero-length element was connected to a corresponding
pile shaft node via a slave node on one side, and it was connected to a corresponding soil side on
the other side via a node that was fixed against all DOF (see Fig. 6.3). These elements had a virtual-
zero length as the slave, pile and fixed nodes were defined to have the same location (or
coordinates).

The lateral shaft reaction was defined based on a series of zero-length elements placed
horizontally along the pile shaft. The p-y spring materials assigned to the zero-length elements
were defined based on Matlock (1970) for piles in cohesive soils. The recommended &0, as a
function of sy, are shown in Table 6.1. The parameter J was set at 0.5 for soft clays (Matlock 1970)
and at 1.5 for stiff clays (Bhushan et al. 1979). The p-y spring materials were defined based on
API (1993) for piles in cohesionless soils. The initial subgrade modulus was provided by API
(1993). The values of yso were calculated from the equation provided in API (1993) for the p-y
springs. The mechanism of the lateral shaft reaction is shown in Figure 6.4a.

The vertical shaft reaction was defined based on a series of zero-length elements placed
vertically along the pile shaft. The #-z spring materials assigned to zero-length elements were
defined based Boulanger et al. (2003) for piles in cohesive soils. The ultimate vertical shaft
resistances were defined based on the adhesion coefficient provided by Tomlinson (1957).
Boulanger et al. (2003) used a value of 0.5 for ¢, 1.5 for n and 0.708 for C. to construct the -z
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springs based on Reese and O’Neill (1987). The parameter zso; was selected from the normalized
shaft stress vs. axial displacement provided by Coyle and Reese 1996. The #-z spring materials
were defined using the relationship provided by Mosher (1984). The recommended values of 4,
as a function of the friction angle of sand were given by Mosher and Dawkins (2000). The ultimate
vertical shaft resistances were defined based on K provided by Castello (1980), and the values of
zsor were back-calculated from the relationship provided by Mosher (1984). The mechanism of
vertical shaft reaction is shown in Figure 6.4b.

The thread bearing reaction was defined based on a series of zero-length sectional elements
placed vertically along the pile shaft. The continuous thread was modelled by a series of flat discs,
which is a common convenience for piles with helices (e.g., Knappet et al. 2014 and Al-Baghdadi
2018). Al-Baghdadi (2018) showed that the inclination of the helix has a minor effect on the lateral
behaviour of the screw pile. The zero-length section elements had inner radii equal to the pile outer
radii and outer radii equal to the pile outer radii plus the width of the thread, which is 12 mm. The
elements were assigned fiber sections, which were discretized into nine subdivisions (fibers) in the
radial direction and 36 subdivisions (fibers) in the circumferential direction. The g-z spring
materials were assigned to each subdivision. The g-z spring materials were defined based on
Boulanger (2003) for piles in cohesive soils. The parameters ¢, n and Ce were set to 0.35, 1.2 and
0.2 based on Reese and O’Neill (1987). The g-z spring materials were defined based on
Vijayvergiya (1990) for piles in cohesionless soils. The parameter zcq was equal to 3 to 9% of the
pile diameter (Vijayvergiya 1977). The parameter Nq was defined by Meyerhoff (1976). The
mechanism of the thread bearing reaction where soil stress could develop at individual fibers upon
pile rotation or axial movement is shown in Figure 6.4c. This method to model the thread bearing

reaction is innovative.
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The lateral thread reaction was defined by a series of zero-length elements placed
horizontally along the pile shaft. The #-z spring materials assigned to zero-length elements were
defined using the same method used for the vertical shaft reaction. The tu was obtained by
multiplying the lateral thread stress with the actual thread’s top and bottom surface area for each
pile depth interval. The mechanism of the lateral thread reaction is shown in Figure 6.4b.
Furthermore, this mechanism has not been modelled previously based on the limited literature

review.

il

Earth pressure Earth pressure
distribution before distribution after et
lateral loading lateral loading

(a)

Figure 6.4. Schematics of soil-pile interaction mechanisms during lateral loading: (a) the lateral
shaft resistance, (b) the vertical shaft resistance and the lateral thread resistance and (c) the thread
bearing resistance.

The spring materials were defined in the OpenSEES program by assigning appropriate soil
type (clay or sand) and input parameter, such as the ultimate soil loads (puit, furt and gure in terms of
force) and displacement corresponding to half of the ultimate loads. The ultimate soil resistances
(or stress), such as pu, tut and gui, were multiplied by the surface area of the shaft and thread,
respectively. The required soil parameters, such 7, sy for clayey and y, Dr and ¢, for sandy soil,
were interpreted from the CPT readings. Several CPTs were conducted at each site, including two
CPTs at Sherwood Park, seven CPTs at South Campus and four CPTs at Sandpit. At South

Campus, the CPT-7 reading was selected as it was least affected by tree roots. The average of
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CPT-1 and CPT-2 was used for soils at Sherwood Park as the two CPT readings were identical.

At Sandpit, the CPT-3 reading was used because it was least affected by ground frost.

6.3.3. Verification of the Pile Shaft Model using Elastic Solution
A simple numerical model was developed in the OpenSEES program to simulate the response of
a uniform and smooth pile shaft, as shown in Figure 6.5. Pile P1 was modelled as described in
Section 6.3.1 without any soil reaction springs. The pile shaft was modelled by a series of discrete
displacement-based fiber beam-column elements. The pile shaft was discretized into a number of
beam elements with a length of 50 mm. For each element, three Gauss-Legendre integration points
were assigned a nonlinear fiber section. Each fiber section was discretized into nine subdivisions
(fibers) in the radial direction and 36 subdivisions (fibers) in the circumferential direction. Each
fiber was assigned a uniaxial Giuffre-Menegotto-Pinto steel material with isotropic hardening. The
pile shaft was fixed at one end, and a transverse load (P) was applied at the free end.

To verify the pile shaft model, the numerical model results were compared with analytical
calculation. Based on the elastic solution, the deflection at the free end (Y) and deflection y(x)

along the pile shaft were calculated using Equations 6-20 and 6-21 (Beer et al. 2006):

pPr
_ 2
-1 (6-20)
() = - (L= %) +312(L - x)— 21) 6-21)
6EI

The graphs of P vs. Y and y vs. L obtained from the numerical model and analytical
calculation are shown in Figure 6.6. It seems that the result of the numerical model is comparable
with the analytical calculation. Therefore, the numerical model accurately predicts the pile

response at least within the elastic range.
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Figure 6.5. A uniform, smooth pile shaft in the OpenSEES program with the same diameter and

thickness as pile P1.
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Figure 6.6. Comparing the uniform smooth pile displacement results obtained using the numerical
model and analytical method: (a) P vs. Y at the free end and (b) deflection y distribution along the

pile shatft.

6.4. Results of the Numerical Models
The numerical models were built to simulate the lateral response of the six piles tested at the three
sites. In total, the six piles tested at Sherwood Park, the 22 piles tested at South Campus and the

18 piles tested at Sandpit were simulated. In the following sections, the results and findings of
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selected piles are shown. The lateral vs. displacement curve of each pile type at the three sites is
presented. The pile shaft and soil response of the instrumented pile P6 at Sherwood Park; piles P1,
P3 and P5 at South Campus; and P1 and P4 at Sandpit are presented. Piles P1 and P4 were selected

as they have different diameters and lengths.

6.4.1. Load versus Displacement Curves
The predicted and measured lateral load vs. displacement curves (P vs. Y curve) of the six piles
tested at Sherwood Park are shown in Figure 6.7. The predicted and measured P vs. Y curves of
the piles at this site are relatively comparable. The measured initial stiffnesses of piles P2, P5 and
P6 are predicted relatively accurately. The measured initial stiffnesses of piles P1 and P4 are
smaller than the predicted initial stiffnesses. The measured initial stiffness of pile P3 is under-
predicted. The small measured initial stiffnesses of piles P1 and P4 can be due to the presence of
a soil cavity near the pile-head, which was observed for some piles after pile installation. However,
the post-yield stiffnesses of all piles, except P5 and P6, are predicted relatively accurately because
the soil cavity was closed upon lateral loading. The measured P vs. Y curves of piles P5 and P6
exhibit a slightly softening load with increasing displacement, which can be due to either soil or
pile failure resulting in the yielding of the soil-pile interaction mechanisms. Perhaps this is
expected as piles P5 and P6 are slenderer than the other piles. Alternatively, it can be due to the
strain-softening behaviour of the stiff clay fill layer. However, the predicted P vs. Y curves of piles
P5 and P6 do not exhibit a slightly softening load with increasing displacement because the soil
was modelled based on Matlock (1970), which does not consider this.

To verify the accuracy of the numerical models, the predicted and measured Py.y and P..
pB of the six test piles at Sherwood Park, where P..y and Pu.pg has been defined in Chapter 5, are

summarized and compared in Figure 6.10a. The predicted Pu-y is 18% greater than the measured
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Pu.y on average. However, the predicted Pu.ps is 20% less than the measured Pu.pp on average.
This means that the numerical models generally overpredict the measured P..y and underpredict
the measured Pu.ps. On the other hand, the numerical models reasonably predict the unloading

response of the pile at this site.
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Figure 6.7. Lateral load vs. displacement curves of piles: (a) to (f) for P1 to P6 at Sherwood Park

obtained from the numerical models and field tests.
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The predicted and measured P vs. Y curves of the piles at South Campus are in substantial
agreement aside from minor deviations, as shown by the P-Y curves of selected piles in Figure 6.8.
The predicted and measured initial and post-yield stiffnesses of the P vs. Y curves of the piles are
similar. The predicted and measured Puy and Pu.ps of the 22 test piles are shown in Figure 6.10a.
The predicted Puy is 17% greater than the measured Puy on average, and the predicted Pups is
only 4% greater than the measured Pu.ps on average. The numerical models overpredict the pile
response at a small displacement and predict quite accurately at a larger displacement. It should
be noted that Guo and Deng (2018) reported an adhesion coefficient significantly smaller than the
adhesion coefficient suggested by Randolph and Murphy (1985) and Tomlinson (1957). This was
associated with the expansion and disturbance of the soil surrounding the smooth segment because
of the torsional installation, and the smooth segment had a smaller external diameter than the
threaded segment. The annular cavity was also observed in the field following the pile installation.
This loss of contact between the soil and pile along the smooth segment can be the reason that the
measured Py.y is smaller than the predicted Pu.y. Puri et al. (1984) and Bagheri and El Naggar
(2013, 2015) reported on the soil’s slicing by the helix of the helical pile during pile installation.
This reduced the soil’s shear strength and the pile’s lateral load capacity. However, Jeffrey et al.
(2016) reported an increase in radial stress around the pile as it was installed to compensate for
this reduction. Notably, the numerical models predict the Pups accurately as the soil cavity was
closing upon lateral displacement at a later stage. The other reason that the numerical models
predict the measured Pupg of the test piles at South Campus better than Sherwood Park is because
the soil at South Campus is made of Glacier Lake Edmonton lacustrine clay, which can be

represented by Matlock (1970).
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Figure 6.8. Lateral load vs. displacement curves of piles: (a) to (f) for P1 to P6 at South Campus

obtained from the numerical models and field tests.
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Generally, there is some agreement between the predicted and the measured P vs. Y curves
of piles at Sandpit, as shown by the P vs. Y curves of selected piles in Figure 6.9. The numerical
models overpredict the initial stiffnesses of all the piles except for P2. The small measured initial
stiffnesses can be due to the presence of a sand cavity around the pile. Although a cavity in sand
is not usually considered because sand may slip and slough in the cavity, it is possible in compact
sand due to sand arch. The numerical models predict the measured post-yield stiffnesses of piles
P1, P3 and P5 (3 m long) relatively accurately and under-predict the measured post-yield
stiffnesses of piles P2, P4 and P6 (1.5 m long). The predicted P vs. Y curves of these piles has
plateaued, but the measured P vs. Y curve has not. The reason could be that the piles in the
numerical models had failed as short piles earlier than they should. The flattening of the P vs. Y
curve is due to the yielding of soil reactions springs as the pile rotates. The predicted and measured
Py.y and Py.pg of the 18 test piles are summarized in Figure 6.10b. The predicted Py of the 18
piles is 32% greater than the measured Pu.y on average. The predicted Pups of the nine long piles
1s 25% less than the measured Py.pp on average. The numerical models also predict the unloading

response of the pile at this site quite accurately.
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lateral load capacity of the piles at the three sites, the following conclusions are made:

Based on the comparison of the predicted and the measured P vs. Y curves and the ultimate

e The numerical models predict the measured P vs. Y curves of the piles relatively accurately.

The measured initial stiffnesses of some piles are smaller than the predicted initial stiffnessess

due to the presence of soil cavities . However, the post-yield stiffnessess and Pu.ps of all piles

are reasonably predicted once the soil cavities have closed.

e Therefore, the numerical models predict the measured Pups much better than P.y. The

numerical models predict the Pu.ps of the piles at South Campus better than the piles at

Sherwood Park because the soil at South Campus is made of Glacier Lake Edmonton lacustrine

clay, which can be better represented by Matlock (1970).
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e The numerical models predict the unloading P vs. Y curves of the piles at Sherwood Park and
South Campus accurately, and the prediction of the unloading P vs. Y curves of the piles at
Sherwood park is also similar.

e In general, the numerical models suitably simulated the lateral response of the micro screw

piles, especially at larger lateral displacement.

6.4.2. Pile Shaft and Soil Responses

This section shows the pile shaft and soil responses of selected piles of different lengths (1.5 and
3 m long) tested at the three sites. The pile shaft and soil responses include the lateral displacement
(y), cross-sectional plane rotation of the shaft (dy/dx), bending moment (M), shear force long pile
shaft (V) and lateral soil-shaft stress (p). The bending moment M is compared with the My and M,
of the pile shaft, and lateral soil-shaft stress is compared with ultimate lateral soil-shaft stress (pui)
to assess failure mode. The values of pu are calculated using Matlock (1970) for cohesive soils
and API (1993) for cohesionless soils. The soil parameters are interpreted from the CPT readings.
The distributions of the pile shaft and soil responses along pile P6 at Sherwood Park; P1, P3 and
PS5 at South Campus; and P1 and P4 at Sandpit are shown in Figures 6.11 to 6.16.

The predicted deformation of the pile has the qualitative representative shape of a long pile
under the free-head condition. The predicted and measured distribution of the M of pile P6 at
Sherwood Park and P1, P3 and PS5 at South Campus are shown in Figure 6.11 and Figure 6.12c—
6.14c. The bending moment is zero at the pile head. The predicted maximum moment (Mmax) along
pile P6 at Sherwood Park and piles P1, P3 and P5 at South Campus exceeds My and M, at pile
depths of 0.6 m (=7Ds) and 0.8 m (7Ds), corresponding to Yups, which is the displacement
corresponding to the lateral load capacity of the pile according to DeBeer’s method. This is another

way that shows that the pile has yielded, especially for pile P6 at Sherwood Park, where Max is
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lower than My. The measured Mmax of pile P6 at Sherwood Park and P1 and P3 at South Campus
is reached at pile depths of 0.55 m (7Ds), 0.84 m (7Ds) and 0.89 m (10Ds), respectively. The
predicted Mmax of piles P1 and P3 at South Campus is 7% and 1% greater than the measured Mmax.
The measured and predicted M at a certain pile depth increases rapidly up to the corresponding Y.
pB as the pile was deforming elastically. Later, the predicted M increases slowly because the pile
was yielding. The predicted M reaches a minimal value at a pile depth of 1.2 m (16Ds). The
predicted M of piles P1, P3 and P5 reaches a minimal value at pile depths of 1.95 m (17Ds), 1.85
m (21D;s) and 1.8 m (24Ds), respectively. The measured M reached a minimum value at pile depths
of 0.91 (12Ds), 2.5m (22Ds), 1.8 (20Ds) and 1.8 m (24Ds), respectively. Generally, the numerical
models accurately predict the Mmax and location of the Mmax of the piles at South Campus quite
accurately, as can be seen by similarities between the measured and predicted distribution of M.
There is some divergence between the predicted and the measured distribution of M of pile P6 at
Sherwood Park.

The predicted displacement of pile and soil response can be used to assess the pile failure
mode. The mechanism of long pile failure for a free-headed pile in cohesive soils is shown in
Figure 5.3. A long pile with the free-head condition fails when a plastic hinge is formed at some
distance f below the ground surface. A short pile under the free-head condition generally rotates
as a rigid body with minimal deformation. As shown in Figures 6.11-6.14, the distributions of y
and dy/dx are the highest near the pile head and are minimal near the pile base. In addition, it can
be seen that either the soil does not fail at all or that the soil located within a small pile depth
interval has failed by examining the y and p with yur and pur. Therefore, it can be seen that the
piles fail as long piles (or flexibly pile) as the pile deformation and displacement resemble the

qualitative representative shape of long piles and that the soil failed within a small depth interval.
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The predicted distribution of the M of the instrumented pile P1 at Sandpit has the qualitative
representative shape of a long pile under the free-head condition, as shown in Figure 6.15c. The
predicted M is zero at the pile head; it reaches the Mmax that exceeds M, at a pile depth of 1.1 m
(9D;) and a minimal M at a pile depth of 2.35 m (21Ds). It can be seen that the pile has yielded.
The distance to Mmax (f) is measured in the field to be used for numerical model verification. The
distance /' was measured to be 0.9 m (8Ds), and it appears that the numerical model predicts the
distance f quite accurately, as shown in Figure 6.15c. Also, the distributions of y and dy/dx are
highest near the pile head and are minimal near the pile base. However, from the distribution of p,
it seems that almost all of the soil has failed except for the soil at a pile depth ranging from 1.4 m
to 1.7 m, where y was near zero. Therefore, pile P1 at Sandpit can also be classified as a transitional
pile with mixed behavior as both the pile and soil have failed.

The predicted pile shaft and soil response of pile P4 have the qualitative representative
shape of a short pile under the free-head condition. As shown in Figure 6.16c, M reaches Mmax at
a pile depth of 0.8 m (9Ds) and reaches a minimal M at a pile depth of 1.5 m (17Ds). The predicted
Mmax 1s less than My, indicating that the pile did not fail. The distributions of y and dy/dx are the
highest near the pile head but are significant near the pile base, which shows that the pile is rotating.
Although the pile experiences some bending, it has not failed. Based on the distribution of p, it
seems that almost all the soil springs have reached pur except for the soil at a pile depth ranging
between 1.1 m and 1.2 m, where y is near zero. Therefore, pile P4 at Sandpit can be classified as a

short pile because the pile rotates without yielding, and the soil fails throughout the pile depth.
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Figure 6.15. The distributions of the (a) lateral displacement, (b) pile shaft cross-sectional plane

rotation, (c) bending moment, (d) shear force and (e) lateral soil-shaft stress of pile P1 at Sandpit.
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Based on the pile shaft and soil responses of the selected pile, the following conclusions
are drawn:

e The numerical models predict Mmax and the location of Mmax and the failure mode of the
instrumented piles P1 and P3 at South Campus quite accurately. There is a significant
divergence in the predicted and measured distribution of the M of pile P6 at Sherwood Park.
This could perhaps be due to a thin layer of stiff clay fill.

e Pile P6 at Sherwood Park and P1, P3 and P5 at South Campus exhibit the characteristic of a
long pile loaded under the free-head condition. The distribution of M is small near the pile
head. It increases to a maximum value at a pile depth of 7D;. It decreases to a minimal value
at a pile depth of 16D; along the pile at Sherwood Park and at a pile depth ranging from 17D;
to 24D; along the piles at South Campus, respectively. The piles at Sherwood Park and South
Campus fail structurally as the Mmax exceeds My. The predicted distribution of M is comparable
to the measured distribution of M.

e The numerical models predict the distance f of pile P1 at Sandpit measured in the field. Pile P1
exhibits a mixed behaviour of long pile and short pile as both the pile and soil failed.

o Pile P4 exhibits the characteristic of a short pile because the pile rotates without yielding, and
the soil failed throughout the pile depth.

e In general, the numerical models suitably simulate the pile shaft and soil response of the micro

screw piles that are consistent with the lateral load field test results.

6.4.3. Mobilization of the Various Soil-pile Interactions
In this section, the lateral shaft, the vertical shaft, the thread bearing and the lateral thread reactions
in the middle of each segment type, including smooth, threaded and tapered segments, of pile P6

at Sherwood Park, P1 at South Campus and P1 and P4 at Sandpit are be examined to show the
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mobilization of various soil-pile interactions. These piles are selected as they have different lengths
(1.5 m and 3 m) and are installed in different sites.

The mobilization of the lateral shaft, the vertical shaft, the thread bearing and the lateral
thread reactions at the middle of each segment type of pile P6 at Sherwood Park are shown in
Figure 6.17. At the middle of the smooth segment, a lateral thread stress of -14 kPa/mm, just below
the ultimate stress of -16 kPa/mm, is developed, corresponding to a lateral displacement of 6 mm.
Although the lateral displacements at the middle of the threaded (y = -0.5 mm) and the tapered (y
= -0.1 mm) segments are small, the lateral thread stresses in the middle of the threaded (21
kPa/mm) and the tapered (8 kPa/mm) segments are significant. As the pile is mainly displaced
laterally, the vertical displacement of the pile is minimal even though the pile is subjected to
bending. Therefore, a negligible downward vertical shaft stress is developed in the middle of the
smooth segment (-0.3 kPa) and a negligible upward vertical shaft stress is developed in the middle
of the threaded (0.1 kPa) and the tapered (0.1 kPa) segments. Also, the thread bearing reactions at
the middle of the threaded and the tapered segments are small because the cross-sectional plane
rotations are minimal (dy/dx = 0.01). Minor lateral thread stresses of 8 kPa and 2 kPa are developed
at the middle of the threaded and the tapered segments, corresponding to -0.5 mm and -0.1 mm,
respectively. These stresses are equivalent to 0.65 kN and 0.04 kN over the entire threaded and
tapered segments. Aside from the threaded and tapered segments experiencing small lateral
displacements, the surface area of the thread is also small. Therefore, the lateral shaft reaction has
the most significant contribution to the lateral response of this pile. A minor contribution comes
from the lateral thread reactions and the contribution of the vertical shaft, and the thread bearing

reactions are negligible.
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Figure 6.17. The lateral shaft reaction, the vertical the shaft reaction, the thread bearing reaction

and the lateral thread reaction of pile P6 installed at Sherwood Park.

The lateral shaft, the vertical shaft, the thread bearing and the lateral thread reactions at the

middle of each segment type of pile P1 at South Campus are shown in Figure 6.18. As pile P6

(Fig. 6.17) at Sherwood Park and pile P1 (Fig. 6.18) at South Campus both behave as long piles

and the soils in which it they were embedded have similar strengths, the contribution of the

individual reactions to the overall pile response is similar. Except that the tapered segment of pile

P1 at South Campus is situated at a greater pile depth (2.65 m), the contribution of lateral shaft

reactions (-0.9 kPa) at the middle of the tapered segment is minor as the lateral displacement is

very small (0.02 mm).
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Figure 6.18. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and

the lateral thread reaction of pile P1 installed at South Campus.

The lateral shaft, the vertical shaft, the thread bearing and the lateral thread reactions at the

middle of each segment type of pile P1 at Sandpit are shown in Figure 6.19. A lateral shaft stress

of -12 kPa/mm is developed at the middle of the smooth segment that is laterally displaced by 26

mm that had reached ultimate stress of 12 kPa/mm. All other components exhibit linear stress vs.

displacement behavior, indicating that pile P1 exhibits the long pile failure mode, similar to the

piles shown in Figures 6.17 and 6.18.
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Figure 6.19. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and

middle of each segment type of pile P4 at Sandpit are shown in Figure. 6.19. The lateral shaft stress
along the pile reaches the ultimate stress. As discussed in Section 6.4.2, pile P4 tested at Sandpit
behaves as a short pile. Therefore, the soil is displaced sufficiently along the pile length except
near the rotational axis. The lateral thread stresses in the middle of the threaded and tapered
segments are -9 kPa and 16 kPa, corresponding to 3 mm and -3 m, respectively. A greater lateral
thread reaction is mobilized along pile P4 compared to the other pile because the pile experiences
greater lateral displacement near the pile base. Although the lateral thread stress over the threaded

and tapered segments is equivalent to 0.9 kN and 0.3 kN, it is minor because of its short length.
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Figure 6.20. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and

the lateral thread reaction of pile P4 installed at Sandpit.

conclusions may be drawn:

Based on the predicted mobilization of various soil-pile interactions, the following

Generally, large lateral shaft stress is developed along the piles. The largest lateral shaft stress

is developed near the pile head, where the pile’s lateral displacement is the largest. Significant

lateral shaft stress is also developed near the base of the short pile.

As the piles are mainly displaced laterally, the vertical shaft and the thread bearing reactions

are negligible.

Minor lateral thread stresses are developed at the threaded and the tapered segments. Greater

lateral thread reactions are developed at the threaded and the tapered segments of the short pile
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because the pile experiences greater lateral displacement near the pile base. Although the
lateral thread stress is significant, it translates to minor force due to the small surface area of
the thread.

e Therefore, the lateral response of the pile is mainly influenced by the lateral shaft reaction. The
lateral response is slightly affected by the lateral thread reactions, and the contribution of the

vertical shaft and the thread bearing reactions are negligible.

6.5. Sensitivity Analyses

A sensitivity analysis of pile P3 in clayey soil and sandy soil was carried out using the numerical
model to examine the effect of the soil properties, the thread and the pile stickup on the lateral
response. Initially, the lateral response of pile P3 in soil with benchmark soil properties, original
thread and pile stickup was obtained. Then, the soil properties were varied to some commonly
occurring ranges to examine which parameter had the greatest effect on the lateral response.
Similarly, the effects of increasing the thread width and the addition of thread along the smooth
segment were evaluated. Given that the test piles were embedded in the ground with different
stickups, the effect of different stickups had to be verified. Then, the lateral response of the pile
was obtained by changing the soil properties to certain commonly occurring values. The
sensitivity, in terms of the percentage difference, of the ultimate lateral load capacity was defined

as follows:

n= (Mjloo% (6-22)

u-Y0
where Puyo 1s the benchmark Py.y. The results of the sensitivity analysis including the P vs. ¥
curves and Py.y of pile P3 in clayey soil are shown in Figure 6.21a and Table 6.3. Pile Py.y is
reduced by 40.2% when sy 1s decreased to 50 kPa, and it is increased by 48.5% when sy 1s increased

to 100 kPa. The P,.y does not change when ¢’ is decreased to 16 kN/m? or increased to 20 kN/m?.
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It can be seen that the lateral load capacity of the micro screw pile is significantly changed when

su 18 decreased to 50 kPa or increased to 200 kPa.

The results of the sensitivity analyses, including the P vs. Y curves and the Pu.y of pile P3

in sandy soil, are shown in Figure 6.21b and Table 6.4. The P..y decreases by 34.8% when ¢’ is

decreased to 30°, and it is increased by 55.9% when ¢ is increased to 50°. The value of Puy

changes minimally with the changes in »’, and it does not change with the change in D:. It should

be noted that  has more effect on pile P..y in sandy soils because of its role in increasing confining

stress along the pile.
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Figure 6.21. Results of the sensitivity analyses — Lateral load-displacement of pile P3 in (a) clay

and (b) sand.
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Table 6.3. Summary of the sensitivity analyses of pile P3 in clayey soil.

v’ (kN/m?) su(kPa) | Puy (kN) n (%)

Benchmark 18 100 13.9 N.A.
Change in sy 18 50 8.3 -40.2
18 200 20.7 +48.5

Change in y’ 16 100 13.9 -0.02
20 100 13.9 +0.02

Table 6.4. Summary of the sensitivity analyses of pile P3 in sandy soil.

]/ Dr ¢’ Pu-Y n
(kN/m®) | (kPa) ©) (kN) %)
Benchmark 18 70 40 3.3 N.A.
Change in 16 70 40 3.1 -5.9
20 70 40 3.5 +5.3
Change in D: 18 50 40 33 0
18 90 40 33 0
Change in ¢ 18 70 30 2.2 -34.8
18 70 50 5.2 +55.9

The sensitivity of the lateral load capacity of pile P3 in a clayey soil and sandy soil to
change in regard to the pile geometry and embedment was investigated. The results of the
sensitivity analyses including P vs. Y curves and Py.y are shown in Figure 6.22 and Table 6.5. The
Py of pile P3 in a clayey soil is significantly affected (+6.8%) by the addition of thread at the
smooth segment, and it is not affected (0.05%) by increasing the width of the thread to 24 mm.
Therefore, it is evident that the lateral response of the pile can be enhanced by adding thread at the
smooth location where the lateral displacement and the cross-sectional plane rotation are highest.
Moreover, the lateral response of the pile is not enhanced by increasing the thread width as the
lateral displacement and cross-sectional plane rotation are very small at these pile depths.

However, the Py.y of pile P3 in sandy soil is affected (+2.4% and +3.9%) by increasing the
thread’s width and the addition of thread at the smooth segment. Perhaps the lateral displacement

of pile P3 in the sandy soil is large enough to affect the lateral thread reaction. Also, the lateral
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response of the pile is significantly sensitive to pile stickup. Given that the diameter of this pile is
small, even a small change in pile stickup can result in a significant change in the lateral response.

Therefore, it is recommended that this pile be installed in the ground with a very small stickup.

20 r r 5
— =12 mm — Wy, =12 mm
Wy, =24 mm Wy,=24 mm
15l — — +thread ] — — +thread
stickup =0.1m -7 stickup = 0.1 m
E - stickup=0.3m 2 - stickup=0.3m _ =
x =
a. 10} Q
5t
/ (b)
0 L L L L
0 5 10 0 5 10
Y (mm) Y (mm)
20 3
— =12 mm — Wy, =12 mm
Wy,=24 mm Wy, =24 mm
15k — - +thread ] = — +thread
—————————— 17
(d)
0 5 10 0 5 10
Y (mm) Y (mm)

Figure 6.22. Results of the sensitivity analyses — Lateral load vs. displacement of piles (a) P3 in

clayey soil and (b) P3 in sandy soil and (c) P4 in clayey soil and (d) P4 in sandy soil.
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Table 6.5. Summary of the geometrical sensitivity analyses of pile P3.

Pile P3 in a clayey soil | Pile P3 in a sandy soil
Puy (kN) n (%) Puy (kN) | 7( %)
Benchmark 13.9 N.A. 3.3 N.A.
wih = 24 mm 14.1 +0.05 3.4 +2.4
Addition of thread at the smooth | 15.1 +6.80 34 +3.9
segment
Pile stickup of 0.1 m 18.3 +29.1 3.8 +14.9
Pile stickup of 0.3 m 10.9 -22.6 2.9 -12.9

6.6. Conclusions and Limitations

The lateral responses of the piles tested at the three sites were obtained by numerical modelling in
the OpenSEES program. The predicted and measured P vs. Y curves are compared. The
distributions of lateral displacement (y) with lateral displacement corresponding to the ultimate
lateral soil-shaft stress (yur), the cross-sectional plane rotation of the shaft (dy/dx), the bending
moment (M) with the elastic bending moment (My) and plastic bending moment (M,) and the shear
force along the pile shaft (¥) and lateral soil-shaft (p) with the ultimate lateral soil-shaft stress (puit)
are obtained. The mobilization of the lateral shaft reaction, the vertical shaft reaction, the thread
bearing reaction and the lateral thread reaction at the middle of each segment type along the pile
are obtained. The lateral response sensitivity of the pile in a clayey and sandy soil to changes in
soil properties and pile geometry is examined using the numerical model. Based on the numerical

modelling, the following observations are drawn:

1. The numerical models provide a reasonable prediction of the measured response of the piles at
the three sites. The measured P vs. Y curves of the piles at the early loading stages are smaller
than the predicted P vs. Y curves, which can be due to the presence of soil cavities near the pile
head observed after the pile installation. However, the P vs. Y curves of the piles are improved

as the annular soil cavities were closed upon lateral loading.
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2. Generally, the predicted and measured distributions of the bending moment are relatively
comparable to each other. The distributions of the y, dy/dx, M, V and p of the piles at Sherwood
Park and South Campus have the qualitative representative shape of a long pile with the free-
head condition. Furthermore, the predicted Mmax of piles P3 and PS5 exceeds My, and the p only
at specific small pile depths exceeds pur. Therefore, it is shown that the piles failed as long
piles (or flexible piles) as plastic hinges were formed at some distance below the ground
surface without the failure of a significant portion of the soil.

3. The predicted distribution the pile shaft of pile P1 at Sandpit has the qualitative representative
shape of a long pile with the free-head condition. However, almost all of the soil reached the
pult €xcept near the rotational axis. The pile can be classified as a transitional pile with mixed
behaviour as both the pile and soil failed. The distribution of pile P4 has the qualitative
representative shape of a short pile with the free-head condition. Almost all the soil reached
the pur, which further validates the short pile failure mode.

4. An examination of the soil-pile reactions shows that the lateral shaft reaction contributes the
most to the lateral pile response of all the piles. The contribution of the lateral thread reaction
is minor, and the contributions of the vertical shaft reaction and the thread bearing reaction are
negligible. One pile at Sandpit behaves as a short pile in that the lateral soil-shaft reaction near
the pile base also yielded.

5. The lateral load capacity of a pile in clayey soil is significantly affected by a change in s,. The
lateral load capacity of a pile in sandy soil is significantly affected by a change in ¢'. In
contrast, it is minimally affected by »” and not very much by D:. The lateral load capacity of a
pile in clayey soil is significantly enhanced by the addition of thread along the smooth segment

because the lateral displacement and cross-sectional plane rotation is the greatest at a shallow
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pile depth. The lateral load capacity is not improved even when the thread width is doubled
along the lower portion of the pile.

6. The lateral load capacity is affected by the addition of thread along the smooth segment and
doubling the width of the existing thread in sandy soil. The lateral response of a pile is

substantially affected by stickup because the pile diameter is relatively small and slender.

The lateral shaft resistance of pile in cohesive soils was represented by p-y springs as defined by
Matlock (1970). Matlock (1970) defined p-y spring for a soft, submerged clay deposit. Field tests
were conducted on fully instrumented, flexible, driven pipe piles (D = 320 mm) at Lake Austine
and Sabine under static and cyclic loading. The lateral shaft resistance of pile in cohesionless soils
was represented by p-y spring as defined by API (1993). This method was originally presented by
Parker et al. (1970) from the research of small-diameter pipe piles and it was modified by O’Neill
and Murchison (1983). The p-y curves was correlated from measured soil properties and response
of instrumented, driven pipe pile (D = 50.8 mm). It should be noted that the p-y springs, also -z
springs and g-z springs, used in this research were initially developed for specific piles and specific
soils. The micro screw piles are installed at the three sites using the torque method. However, these
p-y springs, which were used in the current research, provide a relatively accurate prediction of

pile response.
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7. Conclusions and Limitations
This research characterizes the axial and lateral performance of micro screw piles based on field

tests at three sites and numerical models.

7.1. Axial Performance of Micro Screw Piles in Sand

An axial load field test program was undertaken to develop the axial response of micro screw piles
in sand. In total, 41 tests, including 21 compression tests and 18 tension tests, were performed.
Eight piles were instrumented to obtain the axial load transfer. Relevant design parameters for the
micro screw pile were obtained for the CPT-based method, effective stress method and empirical
torque factor method by correlating the distributions of unit shaft resistance and appropriate soil
parameters. The theoretical torque model was adopted for piles in sand. Based on the field test

program, the following conclusions were drawn:

e Mostly the compressive but also the tensile Oy of the piles is significantly affected by the
tapered segment, especially for tapers in loose sand. The pile does not experience plunging
failure during compression testing. Substantial displacement is required to achieve the ultimate
state. The soil-pile interfaces of the smooth segment and the threaded segments in dense sand
exhibit dilative behavior. The interface of the threaded segment in loose sand shows
contractive behavior.

e The cylindrical shearing mode governs the failure of the threaded segments. The values of gsu
along the uniform (smooth and threaded) segments are not visibly affected by the loading
direction. The values of gsu along the tapered segments are estimated using CSM using the
equivalent cylinder area. The average gsu along the tapered segments is 7.1 times that of the

value at the threaded segment.
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A correlation between the distribution of ¢s and cone tip resistance g was developed for the
CPT-based prediction method for pile capacities. The measured ¢s and ¢g. along the smooth
segment is comparable to Curve 2 reported by Bustamante and Gianeselli (1983). The median
value of « along the threaded segment is less than that of the smooth segment, and the median
value of « along the tapered segment is substantially less than that of the uniform segment.
The median value of K along the uniform segment in compact sand is near the passive-state
pressure coefficient. The median value of K along the uniform segments in loose sand is near
2Ky, as suggested by CGS (2006) for driven piles. The average value of £ along the tapered
segment is greater than the uniform segment because of the soil-pile failure mechanism along
the tapered segment.

Based on the theoretical torque model, the estimated profiles of 7, Tmax and Tend are comparable
to the measured profiles of 7, Tmax and Tend. The empirical torque factor Kt is greater for the
piles in the compression tests than the tension tests. The proposed Kt values are similar to the

values estimated using the empirical equation provided by Perko (2009).

7.2. Axial Cyclic Performance of Micro Screw Piles in Sand

A field test was performed to investigate the axial cyclic behavior of micro screw piles at Sandpit.

The axial cyclic load was designed to simulate the vertical loads on the pile during an earthquake.

Three piles were instrumented with SGs to measure the re-distribution of unit shaft resistance

during the test. Both the overall pile and the individual pile segment response were examined. Key

stability factors such as pile-head cumulative displacement, stiffness and equivalent damping ratio

were obtained. In addition, the stiffness and equivalent damping ratio of the unit shaft resistance

hysteresis of the individual pile segments were assessed. Based on the axial cyclic load field tests

of the micro screw piles conducted at Sandpit, the following conclusions were made:
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e The piles do not experience plunging failure or a reduction in axial capacity. The piles reach
the serviceability limit state by accumulating a large displacement. The value of w. increases
with an increasing number of cycles in a nearly linear pattern. The final w. varies between 5
mm and 35 mm. All the piles are considered unstable based on the normalized cyclic stability
interaction diagram.

e The cyclic behavior of piles is affected by the load corresponding to the initial FS. A pile loaded
to a lower FS experience a greater we and a lower Ki/Ky ratio, where the cyclic response
includes more plastic deformation and is more unstable.

e The loading stiffness K| of piles increases with an increasing number of cycles, and the Kj of
the short piles increases much more than the long piles because of the effects of a greater taper
length to total length proportion. The unloading stiffness K, remains steady. The damping ratio
& remains more or less unchanged with the number of cycles. The values of the & of piles P1
and P3 are smaller than other piles because these piles are loaded with a greater FS.

e The value of the ¢s of the individual segment re-distributes: the gs of the smooth and the threaded
segments in compact sand remains unchanged, the gs of the threaded segment in loose sand
degrades because of the contractive behavior of loose sand and the gs of the tapered segment
in loose sand increases significantly.

e The values of the /i of the tapered segment are the greatest, and the ki of the smooth segment
are the least. The tapered segment ki exhibits the greatest increase, which means the taper
contributes the most to the overall increase in the stiffness of the entire pile. The values of the
¢ of the individual segment remain unchanged with an increasing number of cycles. The values
of the { of the tapered segments are the greatest, and the values of the { of the smooth and

threaded segments are the least.
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7.3. Field Lateral Performance of Micro Screw Piles

A field test program was undertaken to investigate the lateral response of micro screw piles in
cohesive and cohesionless soils. Six piles at Sherwood Park, 22 piles at South Campus and 18 piles
at sandpit were tested. Selected piles were instrumented with SGs to measure the distribution of
the bending moment. The locations of the maximum curvature of the test piles at Sandpit were
documented. The pile failure mode was found using the distributions of the bending moment, the
location of maximum curvature and Broms’s (1964) and Meyerhof and Yilcin’s (1984) criteria.
Based on a limited number of small-scale and full-scale tests along with theoretical and numerical
research, it was concluded that the effect of the helix on lateral response was negligible. Therefore,
the lateral capacity of the pile was estimated by only considering the pile shaft and assuming long

pile failure mode. Based on the field test program, the following conclusions were drawn:

e Generally, the pile Py increases with increasing diameter and not with increasing length
because the effective length of these piles with the same diameter is the same. The value of the
Py of pile P6 (L = 1.5 m and Ds = 76.1 mm) is slightly greater than pile PS5 (L =3 m and Ds =
76.1 mm) because the pile P6 thread is located at a shallower depth.

e The DBM of the instrumented pile P6 at Sherwood Park and P1, P3 and P5 at South Campus
exhibits the representative shape of a long pile under the free-head condition, where the pile
deformation is minimal near the pile base. In addition, the ratio of AM/AY decreases in the
vicinity of Yuy and Yu.pB, which suggests that the piles have failed structurally. The deformed
shape of the piles at Sandpit also indicates that the piles have failed as long piles.

e The lateral response of pile P6 at Sherwood Park and P1 and P3 at South Campus is probably
mainly affected by the soil at the shallow depths of 7Ds, 10D and 10Ds, respectively. Therefore,

the threads are not efficient in improving the lateral response of the piles.
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e Consistent with the observed failure mode, Broms’s (1964a, b) and Meyerhof and Yilcin’s
criteria suggest that all the piles (P1-P6) behave as long piles at these sites. Broms’s method
provides a marginally smaller estimate of the measured ultimate lateral capacity of the piles at
Sherwood Park and Sandpit. Perhaps the underestimation is due to neglecting the threads when
estimating the lateral capacity of the piles. The capacities of the piles at South Campus are
significantly overestimated by this method.

e The effect of the taper on the lateral response of the pile is negligible in the sense that the pile
deformation is minimal along these depths. The DBM is the greatest along the uniform segment
where the cross-sectional area is the greatest. Therefore, the placement of the tapered segment

at the bottom of the pile is an efficient way to increase the pile and soil capacity.

7.4. Numerical Modelling of the Lateral Behaviour of Micro Screw Piles

Numerical models were developed on the OpenSEES platform to simulate the lateral response of
the micro screw pile. A comprehensive method that modelled the different components of soil-pile
reactions was developed. Aside from the typical soil-pile reactions, the thread-bearing reaction
was modelled by a series of zero-length fiber sections with appropriate soil reactions. Furthermore,
instead of typical elastic beam-column elements, the pile shaft was modelled as fiber sections,
which better represents the pile response. The model was verified against the field test results
obtained at the three sites. The contributions of the individual soil-pile reactions were assessed.
Finally, a sensitivity analysis was conducted to evaluate the effect of soil properties and specific

pile geometry. Based on this method, the following conclusions are drawn:

e The model provides a reasonable prediction of the measured response of the piles at the three

sites. The lateral response of the pile at the early loading state is overestimated because of the
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annular soil cavity development. The lateral response of the pile is improved as the annular
soil cavity is closed.

Generally, the distribution of the predicted and measured bending moment is reasonably
comparable. The distribution of the y, dy/dx, M, V and p of the piles at Sherwood Park and
South Campus has the qualitative representative shape of a long pile with the free-head
condition. Furthermore, the predicted Mmax of piles P3 and P5 exceeds My, and the p only at
specific small depths exceeds pu.

The distribution of pile P1 at Sandpit has the qualitative representative shape of a long pile
with the free-head condition. However, almost all the soil has reached pur, except near the
rotational axis. The distribution of pile P4 has the qualitative representative shape of a short
pile where the pile deformation and movement are significant near the pile base and all of the
soil had failed.

The lateral capacity of the pile in clayey soil is significantly affected by the change in su. The
lateral capacity of the pile in sandy soil is significantly affected by the change in ¢, while it is
minimally affected by y and not very much by D:. The lateral capacity of the pile in a clayey
soil is significantly enhanced by the addition of thread along the smooth segment because the
lateral displacement and cross-sectional plane rotation is the greatest at shallow depths. The
lateral capacity is not improved even when the thread width is doubled along the lower portion
of the pile.

The lateral capacity of the pile in sandy soil is affected by increasing the addition of thread
along the smooth segment and doubling the width of the existing thread. The lateral response
of the pile is substantially affected by stickup because the pile’s diameter is relatively small

and slender.
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7.5. Limitations
For the axial cyclic load field test results, the following limitations should be noted if the results

are to be used in practice:

e First, more tests at a variety of aeqpk and FS are needed to establish the comprehensive cyclic
behavior of piles subjected to a large spectrum of cyclic loads (e.g., earthquakes, wind and
waves).

e Secondly, the loading scheme is pseudo-static instead of dynamic, and hence the effect of

loading rates is neglected.

For the lateral load field test results, the following limitations should be noted:

e The pile was laterally loaded under the free-head condition by equipping the hydraulic jack
with two hinges. However, some moments could be developed at the pile head.

e The smoothened lateral load-displacement curve was accurate to within a couple of
kilonewtons because the load fluctuated due to the hydraulic fluid heating and cooling.

e There are some subjective errors associated with obtaining ultimate lateral capacity by using
DeBeer (1968).

e The DBM was obtained at the discrete locations of selected piles. A better DBM could be
obtained by adding extra SGs.

e The ultimate lateral capacity was estimated using the soil properties interpreted from CPT

readings. The effect of the pile installation on soil disturbance was not considered.
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Appendix A: Additional Site Characterization Results and Torque Readings

Additional site investigation results at Sandpit include:

photos of boreholes with SPT testing

e a schematic of soil stratigraphy Sandpit based on borehole drilling and distribution of SPT-
Ni6o

e profile of water content

e Profile of water content

e Particle size distribution of sand

e Specific gravity of sand

¢ Maximum and minimum void ratio and maximum and minimum dry density of sand

¢ Constant-volume friction angle

Furthermore, measured continuous installation torque records of the piles at South Campus

attached.
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A.2. A schematic of soil stratigraphy at Sandpit based on borehole drilling and distribution of SPT-

Ni,60 at Sandpit
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Table A.1. Particle size data of sand at Sandpit

Depth | Gravel | Sand | Fines | Dio | D3o | Deo | Cu | Cc | Group
Symbol
BHI1
GS1 0.1-0.2 | 212 | 77.7 | 1.1 1.0 1 06 | 04 |26]1.0| SP-G
GS2 0.5-0.6 | 135 [ 8.3 | 02 |07 ]05]02]36]|1.7 SW
SPT1 0.8-1.3] 9.6 857 | 47 |06 |04 |02 |32]1.0 SW
GS3 1.2-1.3 | 7.7 919 | 04 |06 | 03 | 02 |3.1]09 SP
SPT2 1.5-1.9 | 23 953 | 24 | 05]021]0229]0.6 SP
GS4 1.9-2.0| 0.7 940 | 53 |03 ]102]0219]09 SP
SPT3&GSS5 |2.4-29| 0.2 94 | 04 |04 1]03]02 23|09 SP
SPT4 3-3.4 6.4 92.1 1.5 0410302 ]21]1.1 SW
GS6 3940 | 0.5 982 | 13 | 05]03]0223]09 SP
BH2
GS1 0.6-0.7 | 3.1 965 | 04 |06 |03 ] 02 |32]1.0 SP
SPT1 0.8-1.3] 3.5 928 | 3.6 |04 |03 ]02|24]|1.0 SP
GS2 14-1.5| 3.9 944 | 1.8 [ 05]021]02 |31]0.5 SP
SPT2&GS3 | 1.5-1.9 1.1 96.1 | 28 | 05]031]0223]1.0 SP
SPT3 & GS4 | 2.2-2.6| 0.3 989 | 08 |04 ] 0202 |26]0.6 SP
SPT4 3-3.4 0.1 98.3 1.6 10403 )|02]|18]1.0 SP
GS5 2.6-27| 03 993 | 04 |04 ] 02|02 |25]0.6 SP
BH3
GSI1 0.6-0.7 | 11.4 | 88.6 0 14109 |03 |48]1.7 SW
SPT1 08-12] 164 |88 | 08 |06 |02 |02]36]0.5 SP
GS2 1.3-14 ] 3.1 952 | 1.7 [ 0.6 | 03 ] 02 |28]1.0 SP
SPT2 1.5-19| 49 928 | 25 106 |03 1]02]|28]|1.0 SP
GS3 2.0-2.1] 0.1 98.5 14 104 ]03)]02/]20]1.1 SW
GS4 2.8-29| 0.2 98.7 | 1.1 04 103 ]02]22]1.0 SP
SPT4 3-3.4 2.8 96.5 | 07 |04 ] 03] 02 |20]1.1 SW
BH4
GSI1 0.6-0.7 | 0.6 9851 09 |06 |04 |02 ]25]|1.0 SP
GS2 & SPT1 |0.8-1.2| 214 | 770 | 1.6 | 0.8 | 04 | 0.2 |35]| 1.0 SP
SPT2 & GS3 | 1.5-1.9| 2.0 96.8 1.1 03020212108 SP
SPT3 2.2-2.6 0 987 | 13 |04 ]02]02|20]1.0 SP
GS4 28-29] 0.1 989 | 1.0 [ 04 ] 03 ]02 |20]1.1 SW
SPT4 3-3.4 0.2 993 | 05 |04 1]02]02 22|07 SP
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Appendix B: Additional Results of Axial Load Field Tests
In regards to axial load field test results, additional tables, figures and backup calculations are

shown which includes the following:

e The summary of coefficient « over 35 individual pile segment at different soil types.

e The summary of coefficient Ksand £ over 35 individual pile segments at different soil types.

e The schematic of test setup for axial load field test

e The raw axial load vs. normalized axial displacement of 41 piles.

e The smoothened axial load vs. normalized axial displacement of 41 piles.

e The approximate method to obtain the value of Qu of selected piles.

e Additional measured and estimated continuous torques with pile penetration depth

¢ The smoothening process of the raw axial load vs. normalized displacement of a pile.

e Backup calculations of the CPT-based method for micro screw piles.

e Backup calculations to determine the coefficient of K

e Backup calculations to determine the coefficient S

e Backup calculation for estimation of the ultimate capacities of the micropiles using the
coefficient f.

e Backup calculations to get the K; of each micro screw pile in compression and tension
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Table B1. The summary of coefficient & over the individual pile segments at different soil types.

Shaft segment type in soil type Geave Pile Seg. e, ave qsu a Clined.
(MPa) (kPa) | (kPa)
P5-C4 1 89099 | 1414 | 63.0
P5-C5 1 91849 | 943 | 974
P3-C4 1 77039 | 844 | 912
Smooth segment in moderate compact sand 5.9 P3-C5 1 8909.9 | 84.2 | 105.8 101.6
with gravel P1-C3 1 77039 | 51.4 | 1499 '
P5-T3 1 9894.5 | 39.0 | 254.0
P3-T3 1 9656.6 | 84.3 | 114.5
P1-T3 1 8346.6 | 106.4 | 78.4
Smooth segment in compact to very P5-C4 2 18157.1 | 80.0 | 226.9
compact sand with gravel >12 P5-C5 2 17831.9 | 80.1 | 222.7 222.7
P5-T3 2 17392.1 | 88.4 | 196.7
P5-C4 3 97609 | 67.4 | 144.8
P5-C4 4 7954.1 | 29.9 | 265.6
P5-C5 3 9504.8 450 | 211.2
P3-C4 3 121759 | 123.2 | 98.8
P3-C4 4 7937.7 | 12.4 | 639.1
Threaded segment in compact to very ~12 P3-C5 3 11170.0 | 94.7 | 117.9 1833
compact sand with gravel P3-C5 4 77872 | 11.3 | 689.4 '
P1-C3 3 10143.5 | 60.1 | 168.7
P5-T3 3 8620.5 | 43.5| 1979
P3-T3 3 101514 | 66.7 | 152.3
P3-T3 4 75249 | 22.6 | 3324
P1-T3 3 95776 | 59.4 | 161.3
P3-C4 2 19720.7 | 44.7 | 440.9
P3-C5 2 198293 | 98.0 | 202.4
i 4
"sfggeigiet(}il ;rz%:lent in moderate compact 5.12 PI.C3 > 186559 | 225 | 8279 (22(7).9)
P3-T3 2 19490.7 | 55.1 | 353.8
P1-T3 2 18539.4 | 41.0 | 452.6
P5-C4 5 5954.1 | 403 | 1479
Tapered segment in moderate compact sand P3-C4 > 60035 ] 1030 | 58.3 36.2
with gravel under compressive loading >-12 | P3-C5 > 2624.5 | 483 | H6-5 (58.3)
P1-C3 4 8030.7 | 222.0 | 36.2
P1-C3 5 5954.1 | 2712 | 22.0
Tapered segment in moderate compact sand P>-T3 > 23669 | 147.6 1 36.4
with gravel under tensile loading >-12 | PI-T3 4 7852.2 | 1186 | 66.2 41.9
P1-T3 5 5719.1 | 136.6 | 41.9

Note: The values gsu over pile P1-C3 segment 2, pile P5-C4 segment 5 and pile P3-C5 segment 5

have been not used to determine min.
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Table B2. The summary of coefficient Ks and £ over the individual pile segments at different soil

types.
Segment type in soil type Pile | Seg. | g | Oviavg | Ppave | K5 | Ksmed | Gvomvg | B | Baca.
(kPa) | (kPa) | (kPa) (kPa)
P5-C4 1 1414 | 64 419 | 334 63 |223
P5-C5 1 94.3 6.6 42.1 | 214 6.6 14.4
P3-C4 1 84.4 5.5 41.0 | 24.0 54 15.6
Upper smooth segment in | P3-C5 1 84.2 6.4 419 | 199 206 6.3 13.3 138
compact sand with gravel P1-C3 1 51.4 5.5 41.0 | 14.6 ' 54 9.5 ’
P5-T3 1 39.0 7.3 426 | 79 7.3 54
P3-T3 1 84.3 7.1 424 | 177 7.0 12.0
P1-T3 1 1064 | 5.9 41.5 | 274 5.9 18.1
Lower smooth segment in | P5-C4 2 80.0 198 | 46.1 | 54 19.6 4.1
compact sand with gravel P5-C5 2 80.1 204 | 459 | 53 54 20.2 4.0 4.1
P5-T3 2 884 | 21.5 | 456 | 5.6 214 | 41
P5-C4| 3 674 | 283 | 415 | 2.7 29.2 | 23
P5-C5 3 45.0 | 285 | 413 | 1.8 29.5 1.5
P3-C4| 2 44.7 16.1 | 47.1 | 2.6 16.0 | 2.8
P3-C4| 3 123.2 | 260 | 43.0 | 5.1 263 | 47
P3-C5 2 98.0 17.5 | 469 | 5.2 173 | 57
Upper threaded segment in P3-C5 3 947 | 27.0 | 424 | 38 275 | 34
compact sand with gravel P1-C3 2 22.5 17.7 | 46.6 | 1.2 2.6 17.5 1.3 2.3
P1-C3 3 60.1 284 | 418 | 24 29.1 2.1
P5-T3 3 43.5 299 | 407 | 1.7 31.1 14
P3-T3 2 55.1 19.3 | 465 | 2.7 19.1 29
P3-T3 3 66.7 | 282 | 41.8 | 2.6 289 | 23
P1-T3 2 41.0 18.6 | 464 | 2.1 184 | 2.2
P1-T3 3 594 | 29.0 | 415 | 23 299 | 2.0
P5-C4| 4 29.9 329 | 407 | 11 346 | 09
Lower threaded segment in | P3-C4 4 12.4 325 | 40.6 | 04 0.6 34.1 0.4 05
loose sand P3-C5| 4 11.3 33.1 | 40.6 | 04 ’ 348 | 03 '
P3-T3 4 22.6 33.8 | 404 | 0.8 356 | 0.6
P5-C4| 5 403 | 362 | 395 | 13 376 | ++
. P3-C4| 5 103.0 | 36.1 | 39.5 | 35 37.6 | 2.7
oo o and [ps o5 {5 s 570 | e | ke | 17 (w13 53
PI-C3| 4 222.0 | 333 | 408 | 7.7 ’ 35.1 6.3 '
P1-C3 5 2712 | 36.2 | 395 | 9.1 376 | 7.2
Tapered segment in loose sand P3-T3 5 147.6 | 37.7 | 398 | 47 38.8 | 3.8
under tensile load P1-T3 4 118.6 | 33.7 | 40.7 | 4.1 4.5 355 | 33 3.6
P1-T3 5 136.6 | 36.7 | 39.6 | 4.5 38.0 | 3.6

Note: The values gsu over pile pile P5-C4 segment 5 and pile P3-C5 segment 5 have been not used

to determine K and f.
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Figure B.1. Schematic of test setup for axial load field test
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Figure B.2. Raw axial load (Q) vs. normalized axial displacement (w/D) of the pile: (a) P1 in

comp., (b) P1 in tens., (c) P2 in comp., (d) P2 in tens., (¢) P3 in comp., (f) P3 in tens., (g) P4 in

comp., (h) P4 in tension, (i) P5 in comp., (j) P5 in tens., and (k) P6 in comp., (I) P6 in tens. at

Sandpit.
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Figure B.3. Smoothened axial load (Q) vs. normalized axial displacement (w/D) of the pile: (a) P1
in comp., (b) P1 in tens., (c) P2 in comp., (d) P2 in tens., (¢) P3 in comp., (f) P3 in tens., (g) P4 in
comp., (h) P4 in tension, (i) P5 in comp., (j) P5 in tens., and (k) P6 in comp., (I) P6 in tens. at

Sandpit.
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Figure B.4. Approximate method to obtain the value of Q, of the pile: (a) and (b) P1 in comp., (c)
and (d) P2 in comp., (e) and (f) P3 in comp., (g) and (h) P4 in tens., (i) and (j) P5 in comp., and

(k) and (1) P6 in comp.
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Figure B.5. Measured and estimated continuous torques with pile penetration depth for pile:

P1, (b) P2, (c) P3, (d) P4, (e) P5 and (f) P6 at Sandpit.
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The Smoothening Process of the Raw Axial Load vs. Normalized Displacement of a Pile

Axial Compression Load Test

Project =“CCMC Load Tests”
PileNumber = “Pile 56”

InstallationDate = *July 9, 2018”
PileModel = “M114X3000”

TestDate =“July 9, 2018”
ZeroReadings:=6.24 kN

Dat = READEXCEL (*.\..\ Breuneliewrn\Field Testing — Piling!\Daily Data\Pile 56 — July 9, 2018 — Instrumented — M114X3000 — Tension.xlsx” , “P5ELA3Y51507)
i .
LP1:=Data®™ mm —Data mm LP2:=Data® mm —Data mm
4 0,5

7 LP1+ LP2 0 5
LoadCell := Data™ kN w w Qo = LoadCell — ZeroReadings

Time:= Data® min

raw: *=
2
LP1 (mm) LP2 (mm) LoadCell (kN)
81
72
63
54
45
36
27
18
[¢ L
,J —er=t— 0 85 IT 25.5 34 425 51 595 68 765 85 U35
_ol 8.5 1725534 42.551 50.5 68 76.5 85 03.5 Time (min)
Time (min)
A
904
81
21 f .
A
a3t " .
5d+ \ =
45
Qraw (kN) 369 f
I 27
18+ {
';J'
o . ; . i ; ; ‘ ; "
= 8 16 24 32 40 48 56 64 72
Wy (mm)
Step 1 of smoothing raw Q vs w
Qunootia (11 8) =5 —0 Wyt (B, 8) 1= |1 j = 0
i—0 ie0

n <« rows (Q)
localmar «— Q
L] M
for j € 1,2..n— 10
I il (abs (Q -Q |) >sk:N)
J & S
| } t—i+1
| | localmax — Q.
2 b

[i—d+1

1

localmax

Select the first value from two value whose
load difference is s (kN). This steps gives the
upper and lower bound of the curve.
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n <« rows (Q)
loml“nm:::k — Qj

disprar — w.
¥ vl
for j € 1,2..n—10
it (abs(Q -Q I)>5k:N)
1 : S
| f—i+1
| tocalmar — Q. .
[ o

‘ dispmar —w N
£ L

j—i+1

dispmax




§:=0.05 Qsmoothl = Qsmoothl (Qmw ? S)
90 o
81 "
72 f‘ﬁ,
51q e
9 '8
45 P
Qraw (kN) i i
18
]
Qsmoothl (kN) M [ R,
' . . 8 0 8 16 24 32 40 48 56 64 72
Wogap (mm)
Wornoothl (mm)
» L] L]
Step 2 of smoothing raw
Qranin (Q.7) = | T =7

rows -1
n «— floor &
v

30
i+ 0
forie 0,1..n—1
LMin +— Q.

k3 7
for jel+rei,24reinr+r-i
if @ <LMin

J i

H LMin — Q
i i

‘j‘—j'ﬂ
t—i+1
LMin

Find local min from a given number of

data
Qrarue (Q,7) =

T«

n e Moor [FOME(@) -1
r

j—0

i+ 0

forie0,1.n—1
LMaz — Q
L 2
forjel+ret,24+r i.r+r-3
it @ >~LMaz
b i

I
H LMar —Q
L 7

Hj(—j+1
i—1+1
LMazx

Find local max from a given number of data

n:=3

n:=3

Qs-ﬁrwochmin = Q.LMi'rn (Qsm.oath.l ’ 'I’l)

Qsmnotmmrm = QLM’ ax (Qmwothl ? ”)

Wemoothl = Wemoothl (Q'raw y Wy » S)

Qraw (kN )

VS W

Wiasin (Q W, 'l‘] =

Weaton (Q y W, r‘) =

Qsmoothl (kN) “

e | o e

o - -
o e B @

C = St Ot
L] -

=
i L el
GRS

14+

P S VA SR CA U R S S U
11.00.1R.2T7. 364551, 6B. TR.81.9..99

Wygy (mum)

Wmoothl (mm)
»

e
n + floor 7140“;5(62)_1
i
j—0
i+ 0
forie0,l.n—-1
QLMin «— ¢}
i J

whLMin «—w.
i b
for je L+rei,24reir+r-id
if Q@ <QLMin
i i

iLx‘lﬂn —Q
+ ¥

| wLMin «— w
r 7

wLMin

T

ows(ce)—l]

r
n +— floor
T
j—0
i—0
forie 0,1.n—1
QLMazx — Q.
* |
wlMar — w
i E
for je l4+r-i,24r-i.r+r-i
I it @ >QLMax,
F i
| HQLI‘I{NIJ_HQ_
I
I HwLM’u:r: —w.
! i
ld—i+
fe—i+1

wLMax

Wemooth2min *= WLMin (errwothl + Wemoothl » ")

Wemooth2mas *— WiAfar (Qsmnothl s Wemoothl » n‘)
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20+
a1 v ()
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- 63+ Wornooti (T
Qurnerrtir [EN) 54y i i '
» . ‘ A5+ Weepthizoin - (1)
Qoromttizm (RN) 304
27 Wonesthzina (197
Qsronttizinaz (RN) 18
9
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0
(i)
68
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] 4 67 ] L
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Qemootimin BN) 64 Wegomnzimin (M)
63
Qumoothzmae (RN 62 Weoothtmar (M)
61
GO
e e B e | >

11.5 15 18.5

Step 3 of smoothing raw

Qmootns 7= Movavg (Qsmonth2rn-z‘n 3 ’r)

VS W

Wemoothy = MOVAVE (wmrwot.’ﬂmm ’ 14)

'y 'y
90 1
sl 70
72 69
63 68
ad 67
45 66
Qv (W)
G (k) 65
) Qtvmuu&h: (kN) ) a7 . i
Qumaotn (BN}
e 18 » L] q -
Qumoothzmin (RN) 8 63
¢ Qsmoothamin (N)
. kS 62
Qumootrzmar (KN)
8 = o Qunootzma (RN 61
= i To14 21 28 35 42 48 56 63 TO
Qunoorrs (KN) 5
Qunootny (BN} &
—_——
ey ()
T 0 35 T 105 14 17.5
oo (mm) Wy ()
] . ] ] & 4
Wapnoothntin ("I’"l) Bmovifil (7"7")
» L] 1
Wanotnanar (mm) Wtz (T)
Wanoothy (M) Wamooifizmaz (T
—_———————————y
Wamootty (T}
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Backup Calculations of the CPT-Based Method for Micro Screw Piles

Unit Shaft Resistance

51.39117 b £7* [ 84.4319 ] h f:w
22.53505 ) 44.72009 i
1.324 ; 1.158
e o A S Typmap= 124, 28406\ Deptlip guis ooy
222.03653 23015 12.42017 2'%5‘7‘5
~ = 516 .t
271.21586 103.01332
| 2.6805 : . | 2.6725
84.21048 [0 [141.35705 ] o
97.9576 Ol'bﬁf 80.00662 ?i;ﬁ;i
Q.pyosi=| 9472792 Depthp iy := 1 é&;, Gopsoai=| 6741593 | Depthpy gy:= 1.89:332
11.29595 2‘442;’ 29.94945 b
48,2722 s 40.26207 e
| 2.7575 L . | 2.67582
94.32384 " 384 38.9497 ! ;’64
Q.psosi=|80.08196 | Depthp; ;= 1'4% Go.prn = | 88.44154 | Depthpy py = 1',-79
45.0122 Py 43.54921 o)
[ 1.923 2.003
o [0 . 0
84.34213 I 106.43756 L
55.0859 s e 40.9601 ” '%7;
Qypzs=| 66.67408 Depthp, p4:= 1-‘9‘596 Gep1ai=| 5937229 Depthp pq:= 9 0685
22.63973 e 118.59131 b a16s
147.57244 o 136.60732 B
| 2.3486 2.7355

Cone Penetration Test Data
“.\..\..\Breuneheum\Site Investigation\CPT\(CPT)\CPT1qc.xlsx”, “Sheet1!A1:A121")
“.\..\..\Breuneheum\Site Tnvestigation\CPT\(CPT)\CPT2qc.xlsx”, “Sheet1!A1:A1217)
“.\..\..\Breuneheum\Site Investigation\CPT\(CPT)\CPT3qc.xlsx”, “Sheet1!A1:A1217)
“\\A\Breuneheum)\Site Investigation\CPT\(CPT)\CPT4qe.xlsx”, “Sheetl!A1:A1217)

d.cpr” = READEXCEL
@oepr) = READEXCEL
@oopr? = READEXCEL
Gecpr=READEXCEL

e sl wiie Sl

Average CPT ge reading over an individual pile segment

Data,,,,. (Dam1 , Data, , Dam_@) = TOL «0.025
for 2 € 0,1..rows (Datal) -2
The above two function are ‘ Data,, ’
used to calculate the average Interpolatmni — mean |lookup Data ,Data, , Data; , “range”
CPT-qc reading over an it
individual pile segment Interpolation
Interpolation
Qe.cPTng = || for i € 0,1..51
decriaeg, < decrr, The tip resistance of CPT 1, CPT 2
and CPT 4 were effected by frost.
qu.CPT,u'uy‘_ The ground at CPT-3 was heat
) thread. Therefore, we are using
for i € 52,53..rows (g, cpp) — 1 CPT-3 tip resistance from the

ground surface to a depth of 1.3 m.
Afterward, we are taking the
average of the four CPT readings.

ng‘PT.twqq_'_Inean (QC.C’PT’ G:QC,CPT_P I:Qu.CPTi 2>Qc.CPTﬂ, 3)

QU.CT‘PT.rl1iyl

e, 0T avg

210



—Depthepr

Goopr™ » 0.001
8,367 &

o \-—_ Qepr - 0.001

Qoo - 0.001

Gucir™ « 0.001

/ Qe 0PT.ang * U001
6

+ + + + + + + +
12 18 24 30 36 12 13 54 60

v

Qeprosorri=Data,, (Depthp-, o3> Depthepr, fI.«,.(:'PT..w,;) de.ps.cs.crr = Data,,, (Defpmps.cs s Depthepr, q(:.cPT.mry)
Qe.py.cr.opri=Dalag, (D‘fpthpa.m > Depthepr, QL-.CPT.avg) de.p1racpr = Datag,, (DCPthPL:m : Depthepr, qc,CPT.m,._q)
Qeps.o5.opr =Dt (Depmm,cs > Depthepy, q(:.GPI'.(w_q) Qepsraopr =Dl (Dﬁpﬁ s Depthopr, Q(:.CPI'.G'M)
e.ps.cocrr = Datag,, (Depthps g Depthepr s Guortang) — depsracpr = Datay,, (Depthps vy Depthepr  4ecptang)
The average CPT qc over the individual pile segments of eight instrumented pile

Calculate the friction coefficient, alpha

a (Datay , Datag) = || | for i € 0,1..rows (Data;) — 1 Ap1.cs = (Qupros s eproscrr)
il Data, #0 Apy.ca = (opsoas lI.:.R;.(W.(?PT‘)
I Dt Ops 5 1= O (G P35 5 Uops.c5.0PT)
[[ex _L Qpy g7 =0 (fi,s.Ps,c:4 3 fI-.-.Ps.cm,c,'M')
i
i Dataq?_ Qpy o "= O (Q‘S.Ps.(.'s » lI.a.Pn.(!srwr)
a Qp 3= (qs.Pl.Tzz > QC.PLT:}.CPT)
’ Qpy 3 =0 (‘I,s.Pa.rx ’ qc,P:ﬁ‘..TR.CPT)
= Qpr 13 i=0 (Q,ﬁfs.m > ch’J.'l‘.‘{.C’I’J‘)

Collect the friction coefficient, alpha over the smooth segment (qc = 5-12 MPa)
Data,; (Dy, Dy, Dy, Dy, Dy, Dy, Dy, Dy) = || for j € 0,1..cols (D) — 1

i
I
3 L D D D D D D D )
s 1 2 ) £ ) 4 ) 5 : (3 o 7. . 8
0,4 0, 0,4 0,4 0,3 0,5 0,3 0,3

D means data
D

sl

Qg1 5= Db, (uPS.Cf'-l s Op5.o5 s OUP.cd s Opn.os s P03 s OPs. T s OPT aPl,Tfi) gy 1 median = Meclian (asm.l) =101.591

Collect the friction coefficient. alpha over the smooth segment (qc > 12 MPa)

Data,,,» (D, D5, Dy,Dy, Dy, Dy, Dy, Dg) = | for j € 0,1..cols (Dy) — 1
o) 2
D.s‘m.2 = D] D2 = D(i ;
1.j 1.7 1.7
Dsm.Q
Qg = Dty o (amm s Op5.05 5 Op3.c4 s Opa.os s p1.ca s P51 s Opy.T s U .Tf!) A2 median = Median (asnﬂ) =222.671

211



Collect the friction coefficient, alpha over the threaded seement (qc = 5-12 MPa
Datay,, Dy, Dy, Dy, Dy, Dy, Dg, Dy, D) = Ifor 4 €0,1..cols (D) —1

| i
| 1 Datay,?—[D, D, D, NaN D, D,
th.l 8 I s e 3 3
| 2,7 3.4 2.5 2,4 3.5
‘ Datay,
ay, = Datay, (U‘Psxm s Qpson 2 Qg4 Qpz.on s Opros s Aps s Cpgora aPl.T:ﬁ) oy, s=TilterNaN (U-fl.n.l)

af,h,.me:d'éan = IHEdj'a'n (aﬂM) =183.336
Collect the friction coefficient. alpha over the threaded sesment (q¢ > 12 MPa
Datay, 5 {Dy, Dy, Dy, Dy, Dy, D, Dy, D) = | for j e, cols (D) -1

T
o]
Datay,y” —| Dy Dy Dy Di Dy
| L3 | 1,7 1.7 1.4
| Datay, »
Oy, o i= Datay, 5 (G’P5,04 s Ops.on s Apy.c4 2 Op3.o5 5 Ap1.o3 s Aps.T3» P3.T3 aPl.TH) Op 2 median = Median (ﬂ’m.z) =440.893

s = . o =
Xih. 2 medion = median ((lifz,2'> =397.359

Collect the friction coefficient, alpha over the tapered segment in compression
(ge =5-12 MPa)

Data, . {Dy,Dy,D4,Dy, Dy, Dy, Dy, Dy) = for j € 0,1..cols (D) — 1

5 1y
D, P { D NaN Db D D; ]
il 4,7 4,7 4.7 38 4.7
| Dl‘,(’
o .= Datay (QPS.(M s 05 05 » P04 s OP3.cs» OP1Les s OP5.T3  OpaTs » AP .T:s) ay .= lilterNaN (at.r)
Q4 median = Median (at.c) =bB.279 X o median = Median (at_c/) =36.168

Collect the friction coefficient, alpha over the tapered segment in tension
(gqe =5-12 MPa)

Datay; (Dy, Dy, Dy, Dy, Dy, D, D7, Dy} = || for j € 0,1..cols (D) — 1

s T
D, e [NaN Dy Dy I ]
J 4.4 8.4 4.4
Dy,
ay = Datay, ((IPB.O4 s QP55 Apg.ca y Xpzos s XpLos » Ops.T3 > XP3.T3 aPl,T‘:i) oy ;1= filterNaN (ﬂ’-f.t)
Xy median = Median ((yt_f> =41.865
A
.05 + + + t + + t + t 1 >
Er] 2" % o 260 ®o 20 s0 w0 660 70 s0 900 Depth
. N P hem. 1
—0.451 ® » ] ¢
—0.7
~0.951 . . . = 3 ‘Dﬂf’mm.ni ]
1.2+ o
—1.45+ ® o —Depthy,
Loy ‘. L » ® 4
—1.95
X ® —Depthy, -
_99 @ [ ] YUY
_)2_;_: ®n ] o ]
—945
£l ® .. ;
—2.71 —Depih,..
» [ ] |
[ Qg Qg Qg2 —Depthy
1 | LI ) ® «1 ] 1 1 L 1
Gy Cpp
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Backup Calculations to Determine the Coefficient of K

Gs.p1.03 7=

Qup3.05 7=

s.p5.05 "=

Qs P3.T3 "

Tye

[ 51.39117
22.53505
60.11845
222.03653

| 271.21586

[84.21048 ]
97.9576
94.72702
11.29595
| 48.2722 |

[94.32384]
80.08196
| 45.0122 |

84.34213
55.0859
66.67408
22.63973
147.57244

Depthp e

Depthyp o

Depthps ¢

Depthps rs =

Unit Shaft Resistance

0
0.5575
1.324
2.0135
2.3615
| 2.6805

0
0.6495
1.243
1.8685
2.4425
| 2.7575

0
0.684
1.499
| 1.923

0
(.7406
1.3341
1.9596
2.5336
2.8486

84,4319 |
44.72009
123.23406
12.42017
103.01332 |

Qe =

141.35705 |
80.00662
67.41503
29.94945
40.26207 |

spnoat

[ 38.9497
88.44154
| 43.54921

9ePs.T3 ¢

[ 106.43756
40.9601
59.37229
118.59131
| 136.60732

9spP1.T3 =

Cone Penetration Test Data

:=READEXCEL ("‘.\Avcragc values of all CPT.xlsx”, “Sheet1!j3:j 123”)

¢, = READEXCEL (“\Average values of all CPT.xlsx”, “Sheet11i3:1123”)

b

8 12162024 28:32.361044

—Depthepr

A
0.25+

0.5645
1.158
1.7835
2.3575
2.6725

Depthps oy =

0
0.65432
1.46932
1.89332
2.35982
2.67582

Depthps ey

0
0.764
1.579
| 2.003

Depthps 4

0
0.6125
1.379
2.0685
2.416b
2.7355

Depthp, 3=

The CPT 1, CPT 2 and CPT 4 were
effected by frost. The ground at CPT-3
was heat thread. Therefore, we are
using data from CPT-3.

—0.05
—0.35+1
—0.651
—0.95+1
1.25+4
—=1.551
—1.85+
—2.157
—2.451
2.754

35.05+

Pu

G610 14 18 22 26 30 34 Tk 46 5

—Depthepr

Average effective stress and peak friction angle interpreted from CPT readings over an
individual pile segment

Data,

ave

Data, , Data, , Datag) :=
1 2

TOL — 0.025
for ¢ € 0,1..rows (D(lml) -2
l Data,
| Interpolation «— mean |lookup , Datay , Data, , “range”
i Data, =
|| Interpolation,
Interpolation
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Toerscsorr=Datay, (Depthps oy, Depthopp, o,,..)
Ty.e.P5.05.0PT = Dty (Depthps o, Depthepr, 0,
T epsororr = Dot (Depthp, oy, Depthopy, o

e,

Tyepyosopr=Datag,. (Dﬁpfhm.cs »Depthepr, o,

Toepr.onopr =Dt (Depih'PLCIi »Depthepp. o (Lb)
Tye.p5.13.0P7 = Dt (DEPthPE..TS »Depthepr . o, c)

Tyeparsopr i =Dotty,, (Depthpy ¢y, Depthopr o,

Tp.P1.Ts.0P7 = Dottty (Depthp, 1y, Depthepr , o,,.)

Dppscscpr = Data,, (Depthps ¢y, Depthep , ¢,) -
by.ps.c.cp = Datiy,, (Depthps oy, Depthepr . ¢,)
bppacecer = Data,,, (Depthp, oy, Depthep, ¢,)
@y py.cs.opr = Datag,, (Deiﬂthpa.cs s Depthepr, ¢’p) . 150
Gpprovopy = Doty (foi””ﬁyl.(::s s Depthepy, ‘i)p) 2 ﬁ
Pp.ps.13.0p7 = Datay,, (Dﬁpthps.m »Depthepr, $p) + 150
Oy parn.opr = Data,, (Depthpzc.n s Depthepr, ¢‘p) .
By p1 Ta.cpr = Data,,. (Depthp, 7, Depthopr , &,) «

2/ 22>

=z

18

<

Collect the coefficient of lateral earth pressure. Ks over the upper smooth segment

Kpg (qs,ﬁr_e.,cf)) =||forie0,1..1

s,
K «

g Toc, tan ((6) . QSi)
K

for ¢ € 2,3..rows (q‘q> -1

qS‘

i
Ke——
i Ty, ban ((P)

i

K

i

K

Kps oy =Kpy (%.Pr..m 3 Ty P CACPT s Pp.Ps e .(Z'P’T)
Kpy o P Kpap, (QS.PH.C-i s T e P3.CLCPT ¢'p_P3L’4.CPT)
Kpy cap=Kpyp (qs.P'J €3> To.ePLES.CPT » Pp.p1 ,(.':s.f':Pr)

Kpsrap=Kpsp (QS.P3.T3 s Toe.PRTACPT (Pp.Ps.Ta.C'PT)

R’PBPl (l&' sTpe s ‘75) = forie 0
q,:;‘
K —
e (0))
K

K

KPs.Cs.p =Kpy (QS.PS.CE s Toe PE.OS.CPT ‘?’p.Pr..('s.CPT)
Kpﬂ.c.—s,p =Kpap, (qs.Ps.C; 1Ty P3.C5.0PT ) ¢p.P:;.05.CPr)
Kps oy pi=Kpy (QS.PE.TLS » T P5.TH.CPT d)p.Pﬁ.T.'S.C'PT)

Km.:rﬂ.p =Kpap, (Qs.Pl.rs: » .6 PLT3.CPT ¢p,P1.T3,CPT)

2
¢}) kis - i w
Kp:=tan||45+ - K,=2-|1-sin|¢,-|—
2 180 180
'y
o —Depthyegpica
0.25+ » ® L]
> Depl}
{ 3 6 il 12 5 18 21 Y 27 30 TP g P
0.354 ™ ¢ . LI L . 1 [ 1
—Depthygpyca
» ® ]
—Depth,,g.pa.0n
L [ ] L
—DepiRynypr s
» [ ]
» =Dty s
® L} u [ ]
_Dﬂ.'l')fhm-y.m.‘r;
v . .
=Depthy s
» L 1
Kpseap Kpscnp Ky e Kpyeonp K cap
» L) 1 [ 1) 1 [ 1 @ « —Deptheer
Kesgap Kespp Koz K, Kp
] u | . [ [ 0
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Collect the coefficient of lateral earth pressure, Ks over the upper smooth segment

Datty, (D, Dy, Dy, Dy, Dy, Dy, Dy, 1) ::“ for j € 0,1..cols (D)) —1

i
| Dy, e Dy By Dy Dy Dy Dy Dy Dy

| i 0, 0.4 0, 0. ) o [ 6,
s

|
|
E

K, =Data,,, (K n.Cdpr Kpscap  Bpacap  Kpsenp Kpycap Kparsp s Kpsrap . Kpy .T3.p>
Ke?rz.1,'rzr=rfir:1) := median (Ksmj) =20.614 Kmm.nuzrm = nean (Ksm.!) =20.763

Collect the coefficient of lateral earth pressure. Ks over the lower smooth segment
Dat@,, 5 (Dy, Dy, Dy, Dy, D5, Dg, Dy, Ds) = for § € 0,1..cols (D;) -1

(j‘ AL
D.s”rr't.l }‘_I:Dll ; D,Z i DG :|
L3 1.4 1.4
D sm.2

5.387
Kop2i=Dalay,, » (Kpﬁ,m,p Kpsosp  Kescap Kevosp Kevesps Kesrs g Kpsas g "(Pl.:t‘:;_p> =[5.261
o ” ’ 5.561

Kam.‘z.merlian :=median (K:m.l) =5.387 Rm’n.lmﬂm = 1mean (Ksm.‘z) =5.403

Collect the coefficient of lateral earth pressure, Ks over the upper threaded segment
Datay,, (D1, D,,Dy,D,, D5, Dy, D;, D) = Ifor j€0,1..cols(Dy—1
I

Dﬂ,_,ﬁh—[pll D, NaN D, D, D, D,

9.5 2,5 S5 | Y8l 1.4 2,4 }

| th.l
Ky, q = Datay, (Kys.w.pa Kpscnp s Kpsoap: Kpsenps Kpreap s Kpsay s Kpsrs, K .-1‘3.;,) Ky, o =TilterNaN (Km. l)

Kth.l.madzm‘b = median (K-thJ) =2.577 R’fh.l.me(m = median (K-th.l) =2.577

Collect the coefficient of lateral earth pressure, Ks over the lower threaded segment
Datag; (D, Dy Dy, Dy Dy Dy, Dy, D) s= | for j € 0,1...cols (D) — 1

Dth.zm L [Dl.

3.

; D:;fj.j Dd:jj D73 ).]

| Dth.Q

Ky, 2= Datay, 5 (Km.(n,p s I‘P;.C:..p Kps Cdp s Kmfs.p Kpy Cap !BPJ.T;}.p sKP;i,T:a.p , I‘Pl.n.p)
— 1 oy 21 = —— .
Kth.z.?m:(hun = median (th..2> =0.615 Kth,.?.-rm’:rm ‘= mean (Kt,h,.?) =0.672

Collect the coefficient of lateral earth pressure, Ks over the tapered segment in
compression
Datay, (D, Dy, Dy, Dy, Dy, Dy, Dy, Dy) = Iforj € 0,1..cols (D))~ 1

r
[
Data, " |:D14 NeN Dy D, Dj 5, ]
sd 4.7 4,7 3.4 4,7
| Data,
K, , = Data,,. (Kps.cq,p Kpscap s Kpacap  Kpsonp s Kpicap  Kpsrsp s Kparsp - Kpy .Ts.p) K, = lilterNaN (K t.c.p)
Kt.c.wn.(:tiil)-rl = median (Kt.c.p’) =T7.714 Kt.r:.'m?n’j(m ‘= Inean (Kf.r:.p‘) =6.719
Kt.c.mediu'r: = median (Kf.c.p) =3.461 Kt.c.medimz 9 el (Kf.c.p> =4.635
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Collect the coefficient of lateral earth pressure. Ks over the tapered segment in tension
Datay, (D, Dy, Dy, Dy, D5, D, Dy, Dy) = for j € 0,1..cols (D;) =1

i1 T
Dt.té’/"*[N‘lN D74 7 D?ﬂ';;,i Dﬂ.:]

Dy,
Ky = Datay, (Kpﬁ.cri.p yKpsosps Kesotp: Kpsonp: Kproay s Kesasp Kpasp s Kpl.r:z,p) K., =filterNaN (Kt..f,p)

.504 K ¢ pedion =mean (K, , ) =4.433

»

4

K, 4 medion = median (KM_I,)
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Backup Calculations to Determine the Coefficient £

51.39117 _"_ 24,4319 _”
29 53505 i 4472900 ok
1.524 o 1.158
Jupirs=| G011845 | Depthp o= 2 D135 Gepsry == | 12328406 | Depthps o= 1 TS5
292 13653 EIH.EII.‘: 12.42017 2‘35?':1
271.21586 Bl 103.01332 il i
EX 26T2S
. [ D e ]
BA21048 h.odes 14135706 b nslias
470576 |. za'; B D062 ! aﬁq:sz
g, ps s o= | BA.T2702 Depthp, = i ;!.ﬁ}-‘iﬁ Gupary=| 6741583 | Depthp, -, == l-H‘i-E‘I;S!..*
11.205095 2.44% #0.04545 2-3_;-%2
4R.2722 S AN 26207 =
| 2.7575 T HTHEE
[0 . i
04.32584 > A8.0407 g
g, pu oy = | BOLOB186 |  Depth, = lld‘i'ﬂ Qo page=| BE44154 |  Depth,, .= 1-::_H
45.0122 ) 4354921 -
| 1.9 - 2,003
r . 0 P . ]
2434213 ) 10643756 b
55.0B50 [lll"::i' AD.DE01 ”{Efil_—;
Hepzre = GEGTI0HE Depthp, 3= l-ﬂ-ﬁ-"-il':i Qepias=| 5937229 Depthp) r5== 5 ah'!ﬁ
206307 2‘_1:”:_ 11859131 2--115:’:
147.57244 p 13660732 g
2 RARE - 2.7355

. == READEXCEL [ “.\ Average values of all CPT.xdsx”, “Sheet1!pi:P123")
W used the average value of effecive vertical stress as the unit weight interpreted from CPT readings was not effected by
frost.

e

Average effective vertical stress interpreted from CPT readings over an individual pile
segment

Data,,, {Data, , Datay , Datay) = | TOL — 0.025
for i £ 0, 1..rows (Data,} —2

De::!n,l
” frth:rmfmianl — mean | lookap E““ﬂnl - . Data, , Data, , “range"
ii Irtmumtnlianl
Interpolation
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& e mcicrr = Daty,, (Depthps oy , Depthcpr o,
dr.f.P.‘nl'.".'l.l!T"n"‘T :=Dﬂ!ﬂ-|_‘r {mpmhf!.‘ﬂﬁmhfﬂ"r‘gra}
&y o pycacpr=Data,,, (Depthe ¢, Depthepr , a,.,)
oo prncer = Dby, (Depthes o, Depthepr  o0.0)

et cscrr = Dol {Depthpy o , Depthepr, oy,
&, o pupacpr= Dala, {mpmh.ﬁ » Depthopr, "-'1-..-}
O oy 73.cpr = Datag,, (Depthe 1y . Depthepr @, .}

o Tacrr= Datag,, (Depthe, s Depthepr .}

Calculate the combined shaft resistance factor, beta

a {Dﬂtﬂ, : mm:ﬂ} =|| || for i € 0.1..rows {-Dﬂm|::| —1 Apyra =3 (T, pmraorr s D)
i Dﬂ'm‘!‘ #0 Apnn =4 I:_'-'rr..r_Fr.r LT '?u-_‘r.!-:'
I Dﬂ.!ﬂ.- Hpyrg=4 I:_'-'rr..rﬂr AP '?ud.r.u:'
|'|r:|r — Bppg =i |:_ﬂ'u.|":.|: RLPT El'u':r.':-:l
Data
|| 4 Bprm =4 |:F’r..r.|"|.|: LT 'i'an.r.:-;'
Hpnga = ﬂ{"-"r e TLOFT s e f n]'
e =T et Yara :r'.|}
¥
Apr =0T e ToePT Y :r'.|]'
- i 12 1 18 a1 4 s W —Ihepth, . sy
| - . - , Wy ® & ¥ L] 1
”_ _E:J"u'm-,d'u %
i [ ] L] "
14 E ] ._' [ ]
' ‘ mwuluth L
= ] L] 1
1 L
_ L] —muluhmJ'u -
174wy I . [
1051
h - _E:J"u'au,d'.u .l
L * ¥ L] L}
- - ‘ » ""_ » _n?"u'm-,d'x.l':
- 1 n [
_E:J"u'an':.n
Fpwoa Fpwis Fpac Fpars Fpics L - 1
» ™ an - 1 ™ i ™ 1b ™ I
-‘:"'U-"-r'a...h.n
Fpars Fpas Apin L] L 1
n u L - LI - L]

Collect the combined shaft resistance factor over the upper smooth segment

Dati,g o {0y, By, Dy, 04, Dy, Dy, Iy, D)=

DIILJ

[ :Dd__,:ﬂ.._[_r_:,"_J o, B D, B,

for j & 0,1 ..cols {0 =1

D, DD,

"o, § (] “a, (] ‘i, § ()

g = b, {J-fi':a.u Hpags "ﬂl‘]t'-l . ﬂ]'l[!-'l.ffix.'l'ﬁf'.'. T3+ T 'ﬂh.:rn]'

ﬂ-ni.mdm=MIm {ﬂnd =13.814

IgI|'|l|. |.muan 3= DAL {Gn.} = 13.807

Data,, (D, .Dy. Dy, D, Dy, D, D,ﬂ,,}::

B 2 nfien 7= Wvidllan {3, 5) = 4.087

ﬂm

Bz =Dete By - Bpacs -Bpace Brars - Fres - Frmrs - Frars "dl".l.:l'.'l}

“[D-.

for § e 0.1 cols (D)) —1

Bt mam = MEAN (F 0 3) = 4057
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Damm[i} 0.0, .0, .0, D D D == for y e 0,1 r.u]hl::ﬂ':l—l

|
|
I ||D”" '_[D"z. D":..- NaN D"l..- Dy 3 D":l.| D”:.| '"]
| T

i 1
D‘
Fapey 7= Dharbeag, o {3 g - B 0n - Apn o - Been - Fones - Fps s - Fonrs - B v} Fypp g == filterNaN {_Hr.':.:}
Bt 1 amrtio 7= Medlan (3, ) =2 206 B i s, = Melian (3, ) = 2305

Datag,s (Dy, Dy, Dy, Dy, Dy Dy, Dy, Bg) =l for j & 0,1...cals (D)) - 1

|| ||DJ|'|.¢"_[D Dﬂ;_,. D‘:.| D".:l.l]
” | [0.865]
; ; p 0364
'Ifl'hz = m‘“ﬂ!{d "!-\.r'l"lfn"'-.!'ﬂ-"'jm.l:'-l 'd]ﬂrT ,If., i B = jl"" s f|"'.l.T'| o} T'.l} l i R
Bt 2 mudien = Mexdlan i:am::' =03 [ TE— {.'3&2} =0.547

Collect the combined shaft resistance factor over the tapered segment in compression

Dt . {DI'D'J'DH'DI'DL'D&'DT'DH} =

for § € 0,1..c0ls {D.}—I

Il r
|| Data, " +— [DJ, NaN D, D, Dy Dy ]
ol ¥ | o a.1 ]
!-!.Drl!u,_,_
By = Dbiry  (Bpn g Beven - Bevea - Bpses - Brres - Bpara - Bpy s - Gy ) 3y o= filterNaN '.r_r';e.r.p}
By snnfian == median (8, ) =6.318 By i = 0N (B, ) =5.424
lﬂl.rmﬁnn==mﬂiia'u {lﬂl.r.p} =2.Td5 ﬂt.r.mnﬁ-n = e {lﬂl.rp} =3.T21

Collect the the combined shaft resistance factor over the tapered segment in tension
Datay (D4 Dy, Dy Dy Dy Dy, Dy DF:l = |[for 3 = 0,1..cols |:-D|:| -1

5 r
” D, W — ’Nunr S i R B J
d.3 3.1 4.7

oy,
By g 3= Dhetany y (Fp ey - Braes - Bees - Gpacs - Bpoes - Gea - Bpars - Bprs) 3y 4 7= AlterNalN |:H|.|.p}
B inedian = Median 'Gg:r_;:} =350 3, 4 st = MIEAN {ﬂ“-i’} =3.5T0
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Backup Calculations to Determine the Coefficient £

QL{.PIAC
Qu.Pl.T

QM.PS.C
QuAP34T

QuAPS.C
QM.P54T

QM.PZC
QuAPZAT

QuAP4.C
QM.P4.T

QLLP()AC
Qu.P6.T

= ﬂsm 1~ v2,avg. lAs 1 + ﬂth 16v2,avg.2A5.2 + ﬂt.alavlavg& As.3

= ﬂsm 1~ v2,avg. IA th.lo-v2 avg.2As.2 + tAcAlo-\/Z,avngs

= ﬂsm 1~ v2,avg. IAS 1 + ﬂh lo-v2 avg.2A542 + ﬂt.t.lo-v2,avg.3AS

220

= ﬂsmAIO_VZ,anglASAI + th.lo-v2,avg.2Av.2 + tAC.20-v2,avg.3Av.3 +

zﬂsml v2avg1A + thlo-v2avg2A32+ tt20v2avg3As3+ﬂth2 v2avg4As4+ﬂ112 v2avg5A5

3

3

th.2o-v2,avg.4

As.4 +

= IBsm.lO-VZ ,avg. IA th.lav2 ,avg. 2A th.ZO-VZ,avg.3As.3 + IBt4c.20v2,uvg44As.4
= ﬁsmAIJvLanAIASAI + thAlo-v2,ang2As.2 + thA20v2,avg.3AsA3 + tAcAZO-VZ,ang 5.4
= ﬂsm 1~ v2,avg. 1Av 1 + ﬂvm l'o-v2,avg.2ASA2 + th.lo-v2,avg.3AsA3 + thAZO-VZ,ang

Av.4 +

tAc.2o-

I.CAZO_

v2,avg.5

v2,avg.5

AVAS

A

= ﬁsm.lGVZ,avg.lAs.l + Sm.l'av2,avg42As.2 + ﬂth.laVZ,ang As.3 + ﬂtl1.20-v2,avg.4As.4 + ﬂtt.ZO-vZ,avg.SAs

= ﬂsm.lGVZ ,avg. IA th.lav2,avg42 As42 + IBLL‘.IO-VZ,uvg.S AS.3 + IBth4lo-v2,avg.4As.4 + ﬂt.c.lo-v2,avg.5As45
= ﬂsm 1~ v2,avg. IA thAlo-v2,ang2AsA2 + t.t.l v2 ,avg. 3A thA16v2,avg.4As44 + t4t.lo-v2,ang5AsA5
= ﬂsm 1~ v2,avg. IA thAIO_VZ,angZASAZ + tAc.IO_VZ,angSAsAES

5.5

.5



Pile diminsions

Depthp, =0 0.815 2.316 2.529 2.655 2.981 3.033]T py=[0.067 0.069 0.069 0.069 0.05 0.05 0.033 0.002}T
Depthp,:=[0 0.626 0.831 1.031 1.143 1.481 1.538]T rpsi=[0.057 0.069 0.069 0.05 0.05 0.031 5~1tr‘]T
Depthp,:==[0 0.904 2.735 3.015 3.078]T Tpyi=[0.044 0.056 0.056 0.056 0.035 0.001]T
Depthp,:=[0 0.596 1.218 1.501 1.566]T Tpy=[0.044 0.056 0.056 0.035 0.001}"'

Depthp;:=[0 1.792 2.714 3.036 3.077]T psi=[0.038 0.038 0.05 0.05 0.05 0.029 0.002]T
Depthp;:==[0 0594 1.195 1.521 1.565]T rpgi=[0.038 0.05 0.05 0.028 0.003}T

Ban1=13818  f,.,:=4.087 f5,:=2305 Buy=05  B,,=6318 B,;=3.506

Stickup:=READEXCEL (“.\pile displacement at ultimate.xlsx”, “Sheet1!D2:(G42 "]
7, = READEXCEL (“.\after second review\Soil Properties method\Average values of all CPT.xlsx”, “Sheet1!P3:P182")

| Oult of P1

Qe (z o B) = | Indexgq p) < round [0.025]

for j € 0,1..6

for i e Iude:rbr&,,];,Indewg(;_mj +1 ..I’fbdemg(;‘1)1j+ ;

Inderge
&

| Cruwg, 1
| 1 i=Tndergg o | Indff:]:_sc;nle il I’n,(iﬁflfsc_PIj
i 3 ]

a,

avg
for: € 0,1..2
Qa‘_‘ﬂﬂz-{r’-”'g@'- (Z'f+l_zi) -2-71--Rf

forie 3

Qﬁeﬁi-crm,yi-z'rr-(zﬂlfzi)-

forie4d
Qﬁ%,@i-am,gﬂ-(zﬂ‘fzi)-Z-?r-R?

forieb
0.5
(Rz +R *+R-R )
) i i+l i it 1
Q. B, Cpyg 2> (zi“—zi) . =
forie6

0.5
2

{(Ri—0.024) #(R, )+ (R-002) (R, ))

3
[QU QW QE Q# QQ QJ Qﬁ QU+Q1+Q2+Q3+Q4+QW+QG]

—B .0, 2.mefz —zV-
Q-i il avd; ¥ (a+l 1)

T r

31’1.6'::[#3.%4 B Bia Bie Buo Bie .Bu] /BPT.T:=[6W1L1 B B B Bue Bis fgt.f]

Depthyp, = Depthp, (norm (si.up,m":”}»
Qrps=Quy (Depthrpy . 7o Bp o) =[32.468 30.978 2.481 20.754 0.909 23.234 0.748 111.573] Qgpy:=norm (anz): 111.573

Depthyp, = Depthy, (nnrm (.':tm,p‘j_,%(“;))
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Qrpy=Quu (Depthpp ,tp, , B o) =[32.371 3104 2461 2096 0.882 23.234 0.748 111.696] Qrpy = norm (Qrp, ™) = 111.696

Depthypp,q:= Depthp, (norm (.st.'up. pﬁ(ﬂ}))
Qupys = Quy (Deplhypys, 7py, Bprc) = [32.361 31.046 2.459 20.96 0.882 23.234 0.748 111.69]  Qppyy:=norm (Qgp’™) = 111.69

Depthyp, =Deplhp, (norrn (st,u.p. m(m»
Qrpr = Quie (Depthypy Ty s By ) =[17.57 33.827 0.788 11287 0.869 12.681 0.100 77.433] Qypr = no0rm Q™) = 77.433

Depthyp, := Depthp, (norm (st.u.p. sz)»
Qupz = Qui (Depthypy s Tpy s Bpy ) =[20.31 33.407 1104 11516 0.873 1271 0.413 §0.334] Qyps =Tnorm (Qm(”):so.sm

Depthypy; = Depthp, (norm (st.up. P,.,ﬁ‘3”>))
Qs = Quar (Depthppse s Tpy . Bprp) =[16.04 34209 0.553 11.229 0.865 12.623 0.407 75.927]  Qppg = norm (QTPSG‘TJ):75.927

Qult of P3

z
Qu (2, R, 3) =l Indexq, py — round
i B) SG.P1 505

for j € 0,1..4

for ¢ e Inclcmsc_m],[ndcmgcp,j +1 ..Ind!em:sgﬁj+ :

e
I ndeTsePl . | (O'a:.ul)

vy, T
! imindorspy  ANAETgG | 17] ndexge p
i ) 7
G—rn'.r]
for : € 0,1..2
—B T,z —z)*2:7w-R
Qi '61 org; ( ) ;) i
for i € 3

Q;(_‘B;.o—'“'-"-;-z.ﬂ. (zi+l_zz)-

3
for i € 4
g 0.5
((R,fo.azzl) + (R )2 + (R 70.024) . (R )]
+ i+ 1 i T+
Q=B Ty 2077 (2. —Z) :
i i P i+l i 3
[QU (2\ QE Q:‘; Q4 Q0+Q1 +Q1+Q3+Q4:|
T T

-’6.1’3.(.j i [ﬁa‘m.l -UUL.I 61.!1,2 -’61“(; ﬁ.‘,c] ﬁ[’ﬂ.]' B [ﬁa‘m.l ﬁlh,l 18!!1.2 Pﬁt.l 65.&]
Depthyp,, = Depthp, (norm (st ap. Pn(ﬂ)))
Qre11 = Quis (Depthypyy ,Tps, Bpy.c) = [31.427 23.79 1.891 22.209 1.039 83.446] Qrpiy =norm (Qrp,,™) = 83.416

Depthppy = Depthp, (norm (st P 3(-”)))
Qrpia = Qus (Depthepys, Tpss Bpac) =[29.944 24.031 4.754 22,405 1.035 82.169] Qrpy3 =norm (QTPlf)):SQ.lﬁQ

Depthypy = Depthpg (norm (st P, pgg(m))
Qupag = Quit (Depthypss , Tpn . Bpa.c) =[28.33 24.372 4.578 22.305 1.03 80.615] Qupas = norm (Qpo™) = 80.615
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Depthrp, = Depthp, (norm (st.up. P,ﬂ,@))
Qrpan = Quy (Depthypy Ty, Bpsc) = [31.316 23.859 4.869 22.405 0.922 83.371]

Depthyp,s = Depthp, (norm (st.'up. p,m(”)))

Qrpaz = Quy (Depthypis s vps s Bpac) = [26.72 24.73 4.389 22.001 1.026 78.366]
Depthrpys = Depthp, (norm (st.up. P12<0>))

Qrpr2 = Quy (Depthypy y1pa s Bpap) = [14.626 27.268 2.861 12.009 0.561 57.324]

Depthyp,y = Depthp; (norm (St.’u,p. - 4<f')>)
Qrpia=Que (Depthypyy, Tpy . Bpyr) = [13.532 27479 2.703 11.951 0.558 56.223]

Depthyps, = Depthps (norm (st.up. P5-1(U>)>
Qrpsa = Que (Depthrps, . tpy . Bpyr) = [15.804 27.014 3.03 12.067 0.563 58.479]

Qult of PS5

z
vt (25 B, B) = || Indezgq p) +— round
Qun e 1.0) = | e o2

for j € 0,1..5

for i € Indexge p .Indexsgp; +1..Indexgop; . .
i i F

Tndeiwge; g
| sy, ()

avg .
J.T

i—Indengy py AMACESH Py s Indexgep,
K T b

T g

for¢ie 0,1..3
Q=B ouy" (z]_ = zl) “2em-R

fori e 4

=B, 2emz | —z)
Q'A ﬁ-x gy (171 .‘)

fort e b

2

Q] P40

Q]'P-li

Qrpi2

QTPM

(2 TP54

((R; 0.024) + (Rm)z + (Rﬂfu,tm) . (RM))

= [Or (leﬂm) =83.371

1= T0rTIL (Qmﬁ) = 78.866

= norm (Q.jpu(ﬁ)) =57.324

= norm (QTPM@) =56.223

= norm (Qrps,”) = 53.479

0.5

[QO QJ Q2 QB Q*l Q?’r QU+Q1+Q2+Q1+QI+Q3]

T T
Besc=[Bani Bana Bt Bma Buc Brcl Bpsr=[Bans Bunz Bimi Bmz Bt Buil

Depthyppy, = Depthps (norm (st.up. p2,1<f])))

Qrpag = Quy (Depthypys , Tps s Bps.c) = [16.817 24.38 5.968 4.132 22.144 0.487 73.928]

Depthypys = Depthps (norm (st.up, pzr,(“)))

Qrpas = Quy (Depthypos . vps, Bps o) = [ 16.817 23.485 6.678 3.943 22.126 0.363 73.413] Qma:norm(cgrpz;“)):73.413

Depthypy; = Depthp; (norm (st.up. ,,;,7@))
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Qrpyz=Qui (Depthypyz , vps, Bps. o) = [16.817 23.771

Depthppy = Depthps (norm (st.up. p;m(ﬂ)))
Qrpag=CQun (DﬁpthTP:m »TpPs5 .’[3,05,6) - [ 16.817 21.579

Depthypy, = Depthps (norm (st.up, o~ 1(-”)))

Qrpin=Qur (Depthypyy vy, Bps o)) = [16.817 21.491

Depthypy, = Depthp (norm (st.up.ml(m))
Qrpor=CQun (DﬂpthTle »TP5 ﬁps,T) - [ 16.817 15.359

Depthrp,, = Depthp; (uorm (St.up. P22(U>))
Qrpag=CQuy (Dﬁpthrng s Tps s .UPS;T) = [ 16.817 16.585

Depthypss = Depthp:, (norm (st.u-p. P—")—S(U)))
Qrpss =Qune (De‘pthI‘PaB +TPs s ﬁPﬁ,T) =[16.817 23.551

Qult (Z L] R ) [}) =

z
Indexy, — round
SG.P1 ( 0.025]

for j € 0,1..5

Tnder,
SGL L

6.35 4.018 22.045 0.365 73.365]  Qqpyr:=norm (Qrps:") = 73.365

7.942 3.571 21.748 0.36 72.018] QTP‘.;D::norm(QTP:,,!,("J):72.018

8.043 3.548 21.748 0.36 72.006]  Qgpy =norm (Qppy") = 72.006

12.556 2213 11.865 0.262 59.072] Qrpy :=norm (Qrps") =

59.072

11661 2.486 11981 0.264 59.793] Qrpy i=norm (Qrpy'") = 59.793

6.603 3.96 12.547 0.276 63.755]  Qgpss=norm (Qrpss") = 63.755

Qult of P2

fori e Indemsg_};l.,Indemsgvplj_+ 1 ..Indcm_qgvplj s

e

Tang

avy,
i= Imicn,l 1y I’ridew};(,ﬁp

| o

forie0,1..1

forie?2

1, —Indexge
i+l J

. . P «2eqr e
Qi T 'Be o’m-g{ (za o | zz) & Ra

(RHR, %
i i+1

Qi‘iﬁi'(rm‘y'f.z'ﬂ-'(zi+l7Zi)'

forie 3

forie 4

th_ﬁr-a,,,,y,-(z —z)-2-1’r-R
T ] s 1 i H

(R2+R, 2
1] i+ 1

QB ey, 2.0 (z‘ fzr) .
i - % i+1 i

(=3

for: e

Qa“_ﬁe.g(”‘gi.z.Tr'(zz-+l_za).

RF,:=0.9835=0.984 RF,:=0.3308 RF.-8

[QE) Q'l QQ QJ‘} Q4 CJ? (2[1 i Q'\ <& QQ s Cgf% T Q4 ki Q’i]

he=0.214 By RF,=1.19
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Po.ci= [ﬁsm.l By Bre BRF, By Bro BRI By 'RF«.'} Bpar= [Bsm.l By Bre By Bpa By RE, By 'RFt]

Depthyppg = Depthps (norrn (st.up‘ pﬁm)))
Qrpe = Quit (Depthapg, Tps , Bpy o) = [15.978 2.893 8.499 0.404 13.471 0.372 41.617] Qypgi=norm (Qpe'®) = 41.617

Depthyp; = Depthp, (nortn (st,up, ,,7‘3“>))
Qppr=Quy (Depthypr vy, Bpao) = [10.972 2,472 7.545 0.376 12.23 0.347 33.943] Q“,,_::nOI-,-n(QTm(ﬂ)): 33.043

Depthrpy = Depthp, (norm (st.u.p‘ p,f“)))
Qppy = Quyy (Depthypy ¥y, Bps.o) = [19.005 3.103 B.975 0.423 13.994 0.332 45.831] Qype ::norm(QTm(ﬂ)):45.831

Depthyps = Depthp, (norm (st.up_ PE(U)))
Qrpy = Qui (Dez)thrps s Tp2s sz.r) =[5.301 1.838 1.17 0.308 2.077 0.05% 10.756] Qrps = norm (QTPB(U)) —10.756

Depthyppy = Depthp, (norm (st.up,w(u)))
Qrps = Q. (Depthyps, 7ps, Bpyr) =[1.623 1.199 0.894 0.251 1775 0.052 5.793]  Qgps:=norm (Qm(")) =5.793

Depthypy = Depthp, (nﬂrm (st.up.P m“”))
Qrpio = Quie (Depthrpiy s Tpy s Bpaz) =[11.231 2472 1444 0366 2.379 0.06 17.952] Qrpyy :=nm-m(g7,pmﬂﬁ>)=17.952

Qult of P4

z
z,R.03) = |[Indexss py + round
Qu{t( i ! ) SG.P1 [0.025J

for j € 0,1..3

forz e Indews(;.mjsf”'dew.s'(;.mj +1 '~I”d"-’T,':'c:,P17 I

Indegey

(Tm:g? T

isTulese Inde-’”s*c;_mj % IndemSG.Plj

(Tm;y
forz e 0,1..1
QB Tuy, (zH ‘ —zi) 2.mR
forie2
0.3
(R_2 +R * +R‘-R_+1)
k3 1 2 T
Qih‘@i.ga“g{-}w-(Z”]_zl)- 3
forz e 3
5 0.5
((R‘ L 0.024) + (R_, 7 1)2 + (R,— 0.024) : (R 2 .))
Q_ieﬁi-o'{my_i-2-7r-(ziwfz?_)- P
]:Qt) CJI QE Q({ Q(P+ Q'I i QZ +Q3:|
= ,‘.,
Bric=[Buns Bus Buc*BF. B+ RF ] Bpsr={Bans By BriBF; Byy+RE,]
Depthypg = Depthp, (nﬂrm (.st.up.p m(u)))
Qrpis = Qo (Depthyps , 1oy ,ﬁpm) =[11.341 8372 13.331 0.599 33.643] rpig :=NOTIN (QTm(“)) =33.643
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Depthypg i= Depthp, (norrn (st.up. pmm)))

Qrpro = Qui (Depthypiy, 7oy, Bpac) = [12.612 8.61 13.552 0.673 35.448

Depthypy = Depthp, (norm (St.u-p. pz“([))))
Qrpao = Quye (Depthypsy, Tps» Opac) =[11.135 8.267 13.115 0.673 33.19]

Depthpp,; = Depthp, (norm (st.u.p. - 5(”)))
Qrpis = Quy (Depthapys, py, Opag) =[5.448 6.701 2.218 0.104 14.472]

Depthyps = Depthp, (nm'm (st.u,p.PlG(D)))
Qupis = Quy (Depthypis, Tps, Bpay) =[5.545 6.701 2.218 0.104 14.568 |

Depthyp, 7= Depthp, (norm (st.up.PlT(D) )
Qrprr = Quy (Depthypr s oy, Bpyr) = 5-559 6.701 2.226 0.118 14.604]

Qu{t (z R ,ﬂ) =

T
IBPGS_C’ = [Bmm ﬁthj }@r..e -RF, Bf.r? 'RF:‘,]

Z
Indexgs p +— round ( 1= )

fo

fo

Qult of P6

025

for j € 0,1..3

for i € Indexg. Plj_,[ ndexg; »1, +1..Indexgq P1l,

Indexge, p
i Frm,}lj L (‘Titei)

imtnderg o AT py . —Indetye py
il i+1 7

Tavg,

T oy

rie0,l..1
Qz(iﬁe“g’wy:‘.(zzurlizz) .2'1TIR1:

rie2

(R,2 +RH.‘2 +R1"Ra.+) 0.5
Qi‘*ﬁl'ﬂuwi'z-ﬂ--(Zwlizm)‘ 3
ries3

QTPIB

Qrpsn

QTPIG

Qppis

QTP17

‘= norm SN = 35.448
{Qre1e™)

=T10rm (QTP2(I<1)) =33.19

:=norm (QTMS“)) =14.472

I=T10T111 (QTPH)»(")) =14.568

= T0ITIL (QIPHH)) =14.604

((ngo.ozzl)2 + (RH 1)2 + (R?_f 0‘024) . (R-.H))

QaH’Q;“J‘”"Js'Z‘W'('ZiH7z-,‘)' 3

[@ @, @, @ 0+Q+Q,+Q,]

Depthyppeg = Depthpg (n()rm (st.up. P%r‘b)))
Qrpas = Quyt (Depthyps , Tpg 2 Bpsc) =[10.755 7.338 13.241 0.24 31.574]

Depthypsy = Depthpg (norm (St,up, P:;(;(D\'))
Qrpzo=Cun (Deptfzj},;;(, » Ty ,,31:5,(:) =[8.898 6.926 12.806 0.24 28.87]
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Bpri= [@vm Bena Bri RFy Bige RFr]

0.5

Qrpas = norm (Qrpyq ) = 31.574

3
Qqpy =n00rm (QIP!S(I(‘l/) =28.87



Depthyps, = Depthp; (nnrm (st UP.py 1{0)))
Qs = Quie (Depthapy , rg+ Bpe.c) =[10.01 7.132 13.019 0.24 30.132] Qs =10rm (Qp, ™) = 30.432

Depthyppas = Depthpg (norm (st AP P.y{{(')))
Qrpss = Qun (Depthapss s Tpe - Opec) =[ 11.718 T.543 13.433 0.244 32.938] Qrpssz =norm (QTP33<”)=:~‘.2.938

Depthypyri= Depthpg (norm (st ap. ,)27<('j))
Qrpa7 = Grup (Depthypyr , Tog , Bps.r) = [4.592 5.688 2.171 0.042 12.493] Qa7 =101 {Qpp ) = 12.493

Depthypy, i= Depthpg (norm (st AL Pm{m))
Qrpaz = Qun (Depthapsy s g » Bpe.r) = [ 3428 5.273 2.078 0.054 10.833] Qrpsp =n0TM (QTP32<‘)) = 10.833

Depthyps- = Depthpg (norm (st wp. pr7( j))
Qw57 = G (Depthrpsy , Tog, Bper) = [4.191 5.481 2,194 0.041 11.837] Qppy =m0 (e ) = 11.887

Coefficient of correlation of measured and estimated Qu

Qzps 111.573
Qrpy 111.696 128.78
me = QTP—L‘S = 111.69 chrlﬂ . 139.48

Qrei 77.433 :
My o 7= MeAN (Q) = 52.617 MEAN Gy egs = MEAN {Qy 00} = 53ATT
StandardDeviaton (data " mean) = I data + data

5y 06
| rows (data) — 1 (da‘ta‘- - mean)
S8.D. — S T
i=0 rows (data) — 1

T gu.est = StandardDeviaton, (Qest s TEAT G, €.St) =30.385 T gu.meas = Standard Dematon (th e :'neanqu'wmﬁ) =33.418

datal « datal
data2 — dafa2

|
|
rows {d‘uml) 15 rows {datal) — 1 rows {data2) — |
‘ { (data] ) (data‘z )] [ 3 datal ) ( 3 dataz)

Covariance (datal , data2) :=

i=0 1=0 =0

rows {datal} rows (datal) rows (data2)

COV’I'e,nd.tension.Qu.ﬁeﬂ,sfon = Clovariance (Qest z3 Qmeﬂs) =891.701

Correlation Coefficient (normalized covariance)

0.5

COV it -
Tend.tension.Qu.tension —0.937 R2 = (COIT (Qm(_ﬂs, Qﬂ;f)) —0.949

p't'emd.tension,Qu.temian =
T uest "7 Quaneas
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Using average percentage difference to find beta over the tapered segment in loose sand

Qrps 41.617

palei i 47.546
Qu.e‘sl.Short.truu A= QTP? = 33.943 Qu.’m.t.‘u..b'fm‘rl,L:vm = [ s ]
5 Qu..a.s’t,gfwrt.cnm 87.531 -
PercentDifference, ,, =— - 100 = ] mean (PcrcentDzﬁferenccmmp) =100.001
Qu.mrm..S‘lmrt.(:um :
. 7.5
Qrps 10.756 .
Quvest Short.ten = L= : QumcaShort ien = | 12.59

113.116
Goadoronion
PercentDifference,.,, = B L il P51 O 46.014 mean (PercentD’iffer'f;Tar:emn) =09.999

Qu-.-rm.u.shnri. fen
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Backup Calculations to Get the Kt of each Micro Screw Pile in Compression And Tension

Empirical torque factor for piles

REQ LConst.Var (‘J'r.iutu.l ? I—Lu’um2> = || Hdatar T Hdaial

Hdotar  Hdata2

,8<— “,’dutu.'_)]
Heeiar
B
P1 - Tensile
e ————— o
T e tenspr =] 6.603 5.549 5.115] Quienspr=[103.09 74.94 84.16]

Size, Mean and Standard of Deviation

Np) :=TOWS (Cgu.tems.Pl) =3 HTend tens p1 = INEAN (Tend.tens.Pl) =5.756 #Qu.fe?'t.s.Pl = Inean (Qu.ten.ﬂ.Pl) =87.397
Linear Regression
.B’T‘(:ud.h:ns.(?u.r,c:u,\‘.Pl = Rey.Co:rwt,Va’r (ﬂTmn].f.ens.P] ’MC?’U.T.(.’N.Y.P]) =15.184 R2:=66.8%

P2 - Tensile
= ———— =
T tenspz =] 2.139 2,418 2.449] Qulensp=[7.5_12.59. 13.96]
Size, Mean and Standard of Deviation

Mpy i=FOWS (Qn.h:'ms.PQ) =3 KTend tens P 1= INEAN (Tmnl.tl:ns.]"Z) =2.335 #Q'u..hem&.l’? =inean (Qu_hz-rm_l’?) =11.35

Linear Regression
ﬁTc-n.d.comp.Qu.cnmp.PQ e RGQ,COHSLV(IT (’J‘Te-red.ﬁurr.s.PZ 3""‘@1{.&’?1-.%.?2) = 4.86 R2:=42.7%

P3 - Tensile
4 b T
:[‘f.u.d..‘whs,l’fﬁ = [2'325 2‘914] Q'U.Jf,’n,.‘ﬁ.l’ﬁ = [ 65.06 69’86]
Size, Mean and Standard of Deviation

Npy i =TOWS (Cgu.tem.P;’.> =2 HTend tens p3 *= INEAN (Tend.wns.P‘d) =2.62 #Qu.tm't.s.Pii =Inean (Ql[.f(’?tﬁ.PS) =67.46

Linear Regression
Brend.tens uienss = Reg-COStVar (fy g ensps s B tens.pz) = 25.753

P4 - Tensile

T T
Tt iorpai=[1.891 11457 1.457] Qutenspai=[15.41 14.05 14.75]
Size, Mean and Standard of Deviation
Mpy :=TOWS (Qu./e:'rr..\'.i’ri) =3 Hrend.tenspa 7= 11CAIL (1 ve.‘u(if,l.e:n.-c.l’df) =1.602 DL’L(J'U..é.«n.-»‘.l’ﬂt = Imcarn (QTLJ.«'M.I’LO =14.737
Linear Regression
ﬁT&nd.tcm.Qu.tcnﬁPﬁl A= Reg.Const.Va’r (uTend.tcn.ﬁBi i anu.tens.Phi) =19.201
PS - Tensile
™ T
"l!t-n.(l.tfmstS = [2'17 2.542 } Qu.l.ema.PS = [ 62.575 59.28 ]
Size, Mean and Standard of Deviation
Npp = TOWs (Cgu.teﬂs.P5> =2 MTend tensps *= H1€A1 (Tcnd.te?i‘s.P-B) =2.356 MQwr.fc’rw.PE = nean (Qu,fena.PE) =60.928
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Linear Regression

ﬁTﬁ'nd..fcnn.Qn.tcn.-f.P-S = REQ-CO’RSLV&T (’J‘Tcu(].fulmpﬁ » HQU..fcn.s.P-S) =25.861

P1-Comp

i T
Tcnd.::mnp.Pl o [ 5.613 6.231 /]-[]92] Qu.cmnp.Pi = [ 128.78 139.48 95.34 }
Size, Mean and Standard of Deviation
Np ==TOWS (Qu.cump.Pl) =3 H‘Tmul_cmrzp.Pl =mean (Tcud.cump.Pl) =5.312 H'Q’H.L‘U‘nl]i.Pl i=mean (Qu.cump.Pl) =121.2

Linear Regression

-GT(’.'I!(LLUH!.I).Q'(L.LU.‘fL;[’).Pl = RBQ,COTLSt.V(M' (“Teud,ulrm,{!,f’l i MQU,wmpPl) =22.816 R2:=98.9%

P2 - Comp

T T
T ond.comprn = 2573 2,604 2,573] Qucomppa=[47.546 43.25 36.148]

Size, Mean and Standard of Deviation

Npy i=IOWS (Q'u.wmp,PQ) =3 p‘Te:ru].co'mpPZ i=mnean (Te,mi',uu'mpf"l) =2.583 :u'Qu.cunw,P? = ean (Qu,unnp.l’Z) =42.315

Linear Regression

G Tend.comp.Qu.comp P2 *= Reg Const.Var (“Té;un' comp.P2 s HQU.LO"N}')PQ) =16.38

P3 - Comp
T T
Te‘uri.c:r)mp,PfS = [ 2.48 3.534 } Qu.t:wr!p.l’ii = [ 82.24 J‘17‘5]
Size, Mean and Standard of Deviation

Npy = TOWs (Q'u.wmp,Pf&) =2 ”‘Te:m].compl’.’! = mean (Temi',co'mp,l’."r) =3.007 “‘Qu.cunw,l’fﬂ = mean <Qu.(omp.l’fi> =089.87

Linear Regression
ﬁl"eml.umm.Q'u.uwrL;r).P!f = Reg Const.Var (“Té;mt' cormnp.P3 s HQU.M}TH}')P:‘) =33.213 R2:=100%

P4 - Comp

- -
Tondcomppai=| 1.736 2.046 1.922] Qucompps=[57.28 56.34 48.125]

€

Size, Mean and Standard of Deviation

Npy :=TIOWS (Q'u.cwup,]’4) =3 ”Te:m].complkl =mean (Té,nd,co'rnpi’sg =1.901 auQu.c:unm,P4 = mean (Qu.(mmp.l’tl) =53.915

Linear Regression

G Tend.comp.Qu.compPd *= R‘gg Const.Var (“Té;ua' cormp.Pd s #Qu.wmpl%) =128.356
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Pile information

dp:=114.3 mm dpy:=76.1 mm  dp;:=88.9 mm dpyi=88.9mm dp;:=76.1 mm dp;:=76.1 mm

deff,m =dpy deff.PQ =dpy d, ff.P3= dps df:ff.P1 i=dpy d, ff.P5 = dps desz.Pﬁ i=dpg

Perko (2008)- Compression and Tension

K. = Ay A, = is a fittting factor equal to 1433
t dost™” mm~0.92/m
d.p= effective diameter
Ap:=1433
A
K py o= - T =18.317 Kip14=0.72-K;p, ,=13.188
(114.3)"
A
Kipse e e 18.317 K py4=0.27-K; p, ,/=4.945
(114.3)
A
K psei= ( gk) o 23.081 K p34=0.68.K; py ,=15.695
A
Kipie ::—k0%:23-081 Ky p1:=0.27-K; py . =6.232
(88.9)"
A
Kt.PF).(i = ﬁ: 26.63 K]f.PFJ.f, :=100 -Kt.Pﬁ,(Z =2.663- 103
(76.1)™
Ay
Kt.P(j.c = ( '1)0_92 =26.63
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Appendix C: Additional Information of Lateral Load Field Test

In regards to lateral load field tests, the following information is included in this appendix:

e Site layout of the test pile, cone penetration tests and standard penetration tests at Sherwood
Park and South Campus.
e The smoothening process of the raw lateral load vs displacement.

e An example of obtaining Pu.ps based on DeBeer (1968).
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Figure C.1. Site layout of the lateral load field tested piles, cone penetration tests and standard

penetration tests at Sherwood Park.
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Figure C.2. Site layout of the lateral load field tested piles, cone penetration tests and standard

penetration tests at South Campus.
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The Smoothening Process of the Raw Lateral Load vs Displacement

teral L jield T

Project: CCMC Field Test Pile Model: M114X3000 Installation Date: August 30, 2018
Data:= READEXCEL (“..\..\Brmmcheum\Lutcral loading\Daily Log\63—August 29, 2018.xlsx™, “Sheet‘z‘.!Af&:LSﬁ()S”)

Time = Data®™ min LBl = Da.tau , mm — Data" mm Note 1: LP1 and LP2 were used to
LoadQelli=Data™ &N LP2:=Data _mm— Data mm Measure lateral displacement of the
P:=LoadCell — LoadCell LP3=Data | mm —Data® mam |
T : 2 e . properly. Therefore, LP1 was used as a
Yi=LE3 measure of lateral displacement of the
pile.
A
120
105
90
LP1 (mm) i
60
LP2 (mm) 15
S TR D 30
Lr3 (mm] 15
;l 9.5 19 28.5 38 17.5 57 66.5 76 86.5 )5 g

Time (min)

Note 2: LP3 was used to measure the lateral displacement of the reaction piles. The change of the lateral
displacement in LP3 was zero.

v

LoadCell (kN)

Time (min)

10 20 30 40 5() 60 70 80 90 100 110 120




Note 3: The P vs Y curve was
corrected because there was a small
space in the hinge.

B i Ii for ¢ € 0,1..rows (l] -1 b AN il for i € 0,1..rows (l) -1
| smnoth. i i | | Y‘nmmfh = I
|| norm \1\‘») “ norm ()
Il |I Pem{)nrh II || qurmth
|| smooth “ smaoth
(Psmuoth.n i1 _P.snwotht) EN
ta=1 m = =0.384 b ==P3mtmmt - Y‘gmmﬂht =—4.854 EN
(Y’Rmﬂﬂtht e . -Y‘smrmtht) mim
0—-b
= u =12.627 mm
m . .
Ppoothe = | for i € 0,1..1 Yanootne=| for i € 0,1..¢
Pamnoth.c_i —0 kN 1 renmnth.ci —0mm
P, s'mvﬂlr‘!.{:l Ys-rm)olh.(:L
foriet+1 St +2..rows (Ps-.m;m.n> T1 YS'H’H!UHLL’
T2 T = for i € T+ 1,6+ 2/ ToWS (Y pgorn) — L
T E3
r sznmmh.c?. % Ysmnnth, -
smooth.c; i |
Ysﬂwoth.ci
P smooth.c
Yemnnth.n
A
22.5
20
17.5
15
P (kN) A2
10
Pootn (EN)
7.5
Povcane () X
2.5
£ » + + + t + T t + t + +
I 10 20 30 40 a0 60 o 80 90 100 110 120
—=2.5
Y (mm) Vs (mm) Yo (mm)
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An Example of Obtaining Pu-pB Based on DeBeer (1968)

PZJDB :=15.025 YILDB :=42.193

i5% 1.535
L | - log (¥ ]
e .“ﬂ{ .J

Note 4: The second ultimate lateral load (Pu-DB) was defined based on the DeBeer (1968) criterion. When
plotting the # vs. ¥ curve in a double-logarithmic diagram, two approximate line will appear. One before and one
after the ultimate lateral load. The intersection of these two lines was defined as the second ultimate lateral load

(Pu-DB).
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Appendix D: Additional Results of Lateral Cyclic Load Field Tests

The lateral load-displacement curve of the pile P4 tested at Sherwood Park is shown in Figure D.1.
The overlap of the hysteresis over the 9 stages formed an envelope. This envelope had a similar
pattern as the load- displacement curve of the monotonic lateral load field test that comprised an
initial elastic zone with high stiffness, midway nonlinear transitional zone with decreasing stiffness
and secondary linear zone with low stiffness. The hysteresis could be separated into two types:
elastic hysteresis and plastic hysteresis. The elastic hysteresis was located near the first zone, and
they are generally relatively linear and the area enclosed by the hysteresis was small. The plastic
hysteresis was located near the third zone and they are generally non-linear and the area enclosed
by the hysteresis was large. The time histories of the lateral load and displacement time are shown
in Figure D.2. As shown in the Figure D.2, the load stays constant even with increasing
displacement amplitude.

The stiffness of the pile (K) at each cycle was calculated using Equation D-1:

Qmax’v Qmin,,

w, i - Wmin i

max

K = (D-1)

where Omax,i and Omin,i are the maximum and minimum load at each cycle and Wmax,i and wmin,i are
the maximum and minimum displacement at each cycle. The values of K at each cycle are shown
in Figure D.2.b. As shown in the Figure D.2.b, the values of K decreased with the number of cycle
and displacement amplitude. The value of K decreased steeply with the number of cycles during
the first four stages. The value of K decreased modestly with the increased number of cycles during
the 5% to 9™ cycles. Therefore, two lines of best fit were drawn based on the regressed equation.
Perhaps, the intersection of these two lines at the displacement of 16.6 mm could be an estimation
of Yult DeBeer.

The pile equivalent damping ratio (&) at each cycle was calculated using Equation D-2:
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f=—220 (D-2)

where Ep is the dissipated energy and Es is the maximum strain energy in each cycle. The value
of & each cycle is shown in Figure D.2.c. As shown in the Figure D.2.c, the values of & fluctuated
around a constant value of 0.08 during the first five cycles. This was a mark of elastic response
where the amount of energy dissipated was constantly small. The value of &increased dramatically
with the number of cycles during 6" to 9" cycle. The increase of &£shows that there was failure or
plasticization of either the pile or the soil surrounding the pile because the amount of energy
dissipated was increasing. In Figure D.2.c, two lines of best fit were drawn based on the regressed
equation. The intersection of these two lines at the displacement of 33.2 mm was an estimation of
YuitpeBeer. As can be seen, there was a significant difference between the values of YuitpeBeer that

was based on the stiffness and & values, which shows that this method was very inconsistent.

40 [
30|
20

-80 -60 -40 20 0 20 40 60 80
Y (mm)

Figure D.1. Cyclic lateral load versus displacement of the pile P4 at Sherwood Park
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Figure D.2. Results of cyclic lateral load field test of the pile P4 at Sherwood Park: (a) lateral load

and displacement time history, (b) stiffness of the pile and (c) equivalent damping ratio
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Appendix E: OpenSEES Codes for Simulation of Micro Screw Pile Subjected to Lateral
Loading

lassical Hermitian Polynomials (Lapl 181
hermitian Pﬂolynomials can defined as followin
C L2

dx”

The first elevent hermitian polynomials are defined as following:

Hy=1 Hg:=64 2° —480 2 + 720 «® — 120

Hy=2x H =128 &7 —1344 2" + 3360 «” —1680 x

Hy=4z" -2 Hg:=256 2" — 3584 2" + 13440 &' — 13440 =* + 1680
Hy=82"-12% Hy=512 2" — 9216 " +48384 «° — 80640 o” + 30240 ©

Hi=16z" —48 2° +12  H,;;:=1024 x'°— 23040 &” + 161280 =* — 403200 z* + 302400 =* — 30240
Hy:=32 2° =160 2* +120 x

50+

10 Hy
30
20 H,
TO
- =06 [ 0.2 0.4 i 0.8 N H,
—201
H,
3
T !
~104
-850 H,y
3 Hy

Hermitian polynomial with 3 nodes

H,

.node

Gauss-Legendre quadrature is a method to approximate the definite integral of a
function by using quadrature weights and the root of the nth polynomial as shown in
following:

1 where n is the number of sample used, wi is the guadrature
ff(m) de= Z’wi'f(m.;:) weights and xi is the root of the nth polynomial.
i | i=1

{Golub and Welsch 1969)
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Main Program

This OpenSEES program simulates the lateral response of the micro screw pile by representing
the lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and the lateral
thread reaction as p-y, t-z, g-z and ty-y spring. The soil reaction parameters are calculated in other
OpenSEES program.

wipe

4.
s

# pile stickup length
set L1 0.2

# pile embedment length
set L2 2.8

# smooth pile length
set L3 0.815

# number of pile element
set Element 60

# total number of pile nodes
set PileNode [expr 1 + $Element]

# pile element length
set ElemSize [expr ($L1+$L2)/$Element]

# total number of spring nodes
set SpringNode [expr round([expr 1 + $L2 /$ElemSize])]

# model builder:
model basic -ndm 2 -ndf 3

L
s

# create pile nodes
set count 0
for {seti 1} {$i <=$PileNode} {incri} {
set zCoord [expr $ElemSize*($i - 1)]
if {$zCoord <= [expr $L1 + $L2]} {
node $i 0.0 $zCoord
set count [expr $count + 1]

}
h

4.
s
T

#create spring nodes over embedded length of pile
set count 0
for {set i [expr $PileNode + 1]} {$i <= [expr $PileNode + $SpringNode]} {incri} {
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set zCoord [expr $ElemSize*($i - $PileNode - 1) + $L1]
if {$zCoord <= [expr $L1 + $L2 + 0.001]} {
node $i 0.0 $zCoord
node [expr $i + $SpringNode] 0.0 $zCoord
set count [expr $count + 1]
}
}

4.
17
T

# Boundary Condition at pile toe:
fix [expr round($PileNode)] 0 0 0;
fix [expr round([expr $PileNode + $SpringNode])] 0 0 0;

4
s

# fix spring nodes
set count 0
for {set i [expr $PileNode + $SpringNode + 1]} {$i <= [expr $PileNode + 2 * §SpringNode]}
{incri} {
fix$il111
set count [expr $count + 1]

}

#

# create spring nodes

for {set i [expr $PileNode + 1]} {$i <= [expr $PileNode + $§SpringNode]} {incri} {
equalDOF $i [expr $i - $SpringNode] 1 2 3
set count [expr $count + 1]

}

4
s

# transformation:
geomTransf Corotational 1

# time

timeSeries Linear 1
pattern Plain 1 1 {
load 1 30000. 0. 0.0

}

4.
s

# create depth for pile length

set count 1

for {seti 1} {$i <= $PileNode} {incri} {
set z1($1) [expr $ElemSize*($i - 1)]

# procedure to get inner diameter at each index
source GetlD.tcl;
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set ID1($i) [GetID $z1(8$i)];

# procedure to get outer diameter at each index
source GetOD.tcl;
set OD1($i) [GetOD $z1($i)];

set count [expr $count+1]

}

4.
s

e

set count 1

# set soil reaction parameters

for {seti 1} {$i <= $SpringNode} {incri} {
#embebdment depth
set z2($1) [expr $ElemSize*($i - 1)]

# procedure to get su at each index
source Getsu.tcl;
set su($i) [Getsu $z2(81)];

# procedure to get UW at each index
source GetUW.tcl;
set UW($1) [GetUW $z2($i)];

# procedure to get 50 percent strain at each index
source Gete50.tcl;
set €50($1) [Gete50 $su($i)];

# procedure to get coefficient J of clay at each index
source Get].tcl;
set J($1) [Get] $su($i)];

# procedure to get outer diameter at each index
source GetlD.tcl;
set ID2($i) [GetID [expr $z2($i) + $L1]];

# procedure to get outer diameter at each index
source GetOD.tcl;
set OD2($1) [GetOD [expr $z2($i) + $SL1]];

# procedure to get Pult at each index
source CalcPult.tcl;

set Pult($i) [CalcPult SUW(S$i) $z2($i) [expr $OD2($i) + 0.0] $su($i) $ElemSize 0.5];

# procedure to get Tult at each index
source CalcTult.tcl;
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set Tult($1) [CalcTult $su($1) $ElemSize $OD2($1)];

# procedure to get Qult at each index
source CalcQult.tcl;

set Qult($i) [CalcQult $su($i) SOD2($i) $ID2($1)]

# procedure to get Tult at each index
source CalcTulthl1.tcl;
set Tulth1($1) [CalcTulthl $z2($1) $ID2($i) SOD2($i) $ElemSize];

set count [expr $Scount + 1]

}

4
s

# create pile material and element
set E 2.10el1;#psi 210GPa

set Fy 248.0e6; #248MPa

set b 0.1; #hardening ratio

set RO 15.0; #recommended value
set cR1 0.925; #recommended value
set cR2 0.15; #recommended value

uniaxialMaterial Steel02 5000 $Fy $E $b $RO $cR1 $cR2

set count 0
for {seti 1} {$i <= $Element} {incri} {
section Fiber $i {
set subcircum 36
set subradius 9
patch circ 5000 $subcircum $subradius 0.0 0.0 [expr $ID1($1)/2] [expr SOD1($i)/2] 0.0 360.0
§

element dispBeamColumn $i $i [expr $i+1] 3 $i 1

}

L
s

# create Pyspring material

set count 1

for {seti 1} {$i <=$SpringNode} {incri} {
uniaxialMaterial PySimplel $i 1 $Pult($1) [expr 1*2.5%$e50($1)*$OD2($1)] 0.1
set count [expr $count + 1]

}

# create Pyspring element

set count 0

for {seti 1} {$i <= [expr $SpringNode]} {incri} {
element zeroLength [expr $i + $Element] [expr $i + $PileNode] [expr $i + $SpringNode +
$PileNode] -mat $i -dir 1
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set count [expr $count + 1]

}

4.
s

# built tzspring material

set count 1

for {seti 1} {$i <= $SpringNode} {incri} {
uniaxialMaterial TzSimplel [expr $i + $SpringNode] 1 $Tult($i) 0.0016
set count [expr $count + 1]

}

# create tzspring element

set count 0

# create spring elements

for {seti 1} {$i <= [expr $SpringNode]} {incri} {
element zeroLength [expr $i + $SpringNode + $Element] [expr $i + $PileNode] [expr $i +
$SpringNode + $PileNode] -mat [expr $i + $SpringNode] -dir 2
set count [expr $count + 1]

}

#

T

set skipnode [expr round([expr ($L3 - $L1)/0.05])];

# spring material properties

set count 1;

for {seti 1} {$i <=[expr $SpringNode - $skipnode]} {incri} {
uniaxialMaterial QzSimplel [expr $i + 2 * $SpringNode] 1 $Qult([expr $i + $skipnode])
[expr 0.008 * ($OD2([expr $i + $skipnode]) + 0.024)]
set count [expr $count + 1]

}

4
s
T

# create zeroLengthSection using QzSimplel material
set count 1;
for {seti 1} {$i <= [expr $SpringNode - $skipnode]} {incri} {
section Fiber [expr $i +200] {
set subcircum 36
set subradius 9
patch circ [expr $i + 2 * $§SpringNode] 36 9 0.0 0.0 [expr SOD2([expr $i + $skipnode])/2]
[expr SOD2([expr $i + $skipnode])/2 + 0.012] 0.0 360.0
b
element zeroLengthSection [expr $i + 2 * $SpringNode + $Element] [expr $i + $PileNode] [expr
$i + $SpringNode + $PileNode] [expr $i +200] -orient 0 10100

}

4.
s
T

# spring material properties
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set count 1;

for {seti 1} {$i <= [expr $SpringNode - $skipnode]} {incri} {
uniaxialMaterial TzSimplel [expr $i + 3 * $SpringNode - $skipnode] 1 $Tulthl([expr $i +
$skipnode - 1]) 0.0016
set count [expr $count + 1]

}

4.
s

# create tzspring element

set count 0

# create spring elements

for {seti 1} {$i <= [expr $SpringNode - $skipnode]} {incri} {
element zeroLength [expr $i + 3 * $SpringNode + $Element - $skipnode] [expr $i + $PileNode
+ $skipnode] [expr $i + $SpringNode + $PileNode + $skipnode] -mat [expr $i + 3 *
$SpringNode - $skipnode] -dir 1
set count [expr $count + 1]

}

#

#Recorder:

recorder Node -file Nodedisp.out -time -nodeRange 1 61 -dof 1 disp
recorder Node -file Nodeforce.out -time -nodeRange 1 61 -dof 1 reaction
recorder Element -file pileForce.out -time -eleRange 1 60 globalForce

recorder Node -file pyNodedisp1l.out -time -node 1 -dof 1 disp
recorder Element -file pyelementForcel.out -time -ele 1 force
recorder Node -file tzZNodedisp1.out -time -node 1 -dof 1 disp
recorder Element -file tzelementForcel.out -time -ele 1 force

#Analysis

integrator DisplacementControl 1 1 0.0001
numberer RCM

system SparseGeneral

constraints Transformation

test NormDisplIncr 1 100 0

algorithm Newton

analysis Static

analyze 171

integrator DisplacementControl 1 1 -0.0001
analyze 1

wipe
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external program - Get inner diameter of pile P1

# This procedure is built to output inner diameter of the pile for a given depth.
proc GetID {z} {

# create inner diameter for segment 1 of pile (Diameter straight = 114.3 mm)
if {(0<=$2z) && ($2<=2.316)} {
set ID 0.1071}
# create inner diameter for segment 2 of pile (Diameter Tapered)
if {(2.317<=82z) && ($z<=2.5287)} {
set ID [expr 0.1071+(0.1071-0.0648)*($z-2.317)/(2.317-2.5287)];}
# create inner diameter for segment 3 of pile (Diameter straight = 76.1 mm)
if {(2.5288<=%7) && ($2<=2.6547)} {
set ID 0.0689}
# create inner diameter for segment 4 of pile (Diameter Tapered)
if {(2.6548<=%7) && ($2<=2.9800)} {
set ID [expr 0.0689+(0.0689-0.025401)*($2-2.6548)/(2.6548-2.98006)];}
# create inner diameter for segment 5 of pile (Diameter Tapered)
if {(2.9807<=%2z) && ($2<=3.0326)} {
set ID [expr 0.025401+(0.025401-0)*($2-2.9807)/(2.9807-3.0326)];}
return $1D;}

external program - Get outer diameter of pile P1

# This procedure is built to output outer diameter of the pile for a given depth.
proc GetOD {z} {

# create outer diameter for segment 1 of pile (Diameter straight = 114.3 mm)
if {(0<=%7) && ($z<=2.316)} {
set OD 0.1143}
# create outer diameter for segment 2 of pile (Diameter Tapered)
if {(2.317<=%z) && ($z<=2.5287)} {
set OD [expr 0.1143+(0.1143-0.07610)*($2-2.317)/(2.317-2.5287)];}
# create outer diameter for segment 3 of pile (Diameter straight = 76.1 mm)
if {(2.5288<=%7) && ($2<=2.6547)} {
set OD 0.07610}
# create outer diameter for segment 4 of pile (Diameter Tapered)
if {(2.6548<=%7) && ($2<=2.98006)} {
set OD [expr 0.07610+(0.07610-0.0411)*($z-2.6548)/(2.6548-2.98006)];}
# create outer diameter for segment 5 of pile (Diameter Tapered)
if {(2.9807<=%7) && ($2<=3.0326)} {
set OD [expr 0.0411+(0.0411-0.003)*($2-2.9807)/(2.9807-3.0326)];}

return $OD;}

external program - Get undrained shear strength
# This procedure is built to output Su for a given depth.
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proc Getsu {z} {

# get and read the depth and su file
catch {open CPT7Depth.txt r} CPT7Depth ;
catch {open CPT7Su.txtr} CPT7Su ;

# create Depth array and Su array
set Depth [split [read SCPT7Depth]];
set Su [split [read $CPT7Su]];

set LN [llength $Depth];

# create D and S array with index from 0 to 148
for {seti0} {$i <=[expr $LN - 2]} {incri} {
set D($i) [lindex $Depth $i]
set S($1) [lindex $Su $i]}

# use linear interpolation to get su at any depth

for {seti0} {$i <= [expr $LN - 3]} {incri} {
if {(§D($1)<=$z) && ($z<=$D([expr $i+1]))} {
set su [expr 1000*($S($1)+(SS([expr $i+1])-$S(81))*($z-$D(8$1))/($D([expr  $i+1])-
$D$)))I; S}

seti0;

# create su for initial depths

if {(0<=%z) && ($z<=$D(81))} {
set su [expr $S($1)*1000];}

return $su;}

external program - Get unit weight
proc GetUW {z} {

# get and read the depth and UW file
catch {open CPT7Depth.txt r} CPT7Depth ;
catch {open CPT7UW.txt r} CPT7UW ;

# create Depth array and UW array
set Depth [split [read SCPT7Depth]];
set UW [split [read SCPT7UW]];

set LN [llength $Depth];
# create D and UWW array with index from 0 to 148
for {seti 0} {$i <= [expr $LN - 2]} {incri} {

set D($1) [lindex $Depth $i]

set UWW(8i) [lindex $SUW $i]}
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# use linear interpolation to get UWW at any depth

for {seti0} {$i <= [expr $LN - 3]} {incri} {
if {(8D(81)<=8z) && ($z<=$D([expr $i+1]))} {
set UW [expr 1000*(SUWW($i)+(SUWW([expr $i+1])-SUWW(S$i))*($z-$D(8$1))/($D([expr
$i+1])-$D($1)1;}

seti0;

# create UW for initial depths

if {(0<=$z) && ($z<=$D(51))} {
set UW SUWW($1);}

return $UW;}

external program - Get J
# This program outputs coefficient J of clay

proc GetJ {su} {

if {$su<=12500} {
set J 0.28;}

if {(12510 <= $su) && ($su <=25000)} {
setJ 0.5;}

if {(25010 <= $su) && ($su <=50000)} {
set J 0.83;}

if {(50010 <= $su) && ($su <=100000)} {
setJ 1.5;}

if {(100010 <= $su) && ($su <=200000)} {
set ] 2.84;}

if {(200010 <= $su) && ($su <=400000)} {
setJ 5.51;}

if {(400010 <= $su)} {
set J 10.85;}

return $J}

external program - Get &0
# This program calculates €50 of clay using Matlock (1970) equation.

proc Gete50 {su} {

if {$su <=24000} {

set €50 0.02;}

if {(24010 <= $su) && ($su <=48000)} {
set €50 0.01;}

if {(48010 <= $su) && ($su <=96000)} {
set €50 0.007;}
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if {(96010 <= §$su) && ($su <=192000)} {
set €50 0.007;}

if {(192010 <= $su) && ($su <=384000)} {
set €50 0.007;}

return $e50}

external program - Get Pur of clay
# This program calculates Pult of clay using Matlock (1970) equation.

proc CalcPult {UW z D su ElemSize J} {

# create Nc
set Nc [expr 3 + (SUW*$z)/$su+($J*$z)/$D]

# an upper limit Nc of 9

if {$Nc>9} {
set Nc 9 ;}

# create pu
set Pult [expr $Nc*$su*$D*$ElemSize];

return $Pult}

external program - Get Tur of clay
# This program calculates Tult of clay using Tomlinson (1957) equation.

proc CalcTult {su ElemSize D} {
# atmospheric pressure in kPa

set Pa 101325;
set p1 3.14159265359;

# calculate adhesion coefficient
set adhesioncoefficient [expr 0.21 + 0.26*$Pa/$su]

# an upper limit of 1 for adhesion coefficient
if {$adhesioncoefficient > 1} {

set adhesioncoefficient 1 ;}

# calculate Tult
set Tult [expr $adhesioncoefficient*$su*$pi*$D*$ElemSize];

return $Tult}

external program - Get Quit of clay
# This program calculates Qult of clay.
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proc CalcQult {su OD ID} {

# define bearing capacity coefficient
set pi 3.14159265359
set Nc 9;

# calculate Qult
set Qult [expr $Nc*$su*$pi* (pow(($OD + 0.024),2) - pow($OD,2)) * 0.003086];

return $Qult}

external program - Get Tui of clay in horizontal direction
# This program calculates Tult of clay using Tomlinson (1957) equation.

proc CalcTulthl {z di do ElemSize} {

# get the friction angle at the required depth
source Getsu.tcl;
set su [Getsu $z];

# atmospheric pressure in kPa
set Pa 101325;
set p1 3.14159265359;

# calculate adhesion coefficient
set adhesioncoefficient [expr 0.21 + 0.26*$Pa/$su]

# an upper limit of 1 for adhesion coefficient
if {$adhesioncoefficient > 1} {
set adhesioncoefficient 1 ;}

# obtain the area of the upside and downside of the thread

set Area [expr (pow((pow(0.05,2) + pow($pi * $do,2)),0.5) + pow(pow(0.05,2)+pow($pi *
($d0+0.024),2),0.5))/2 * 0.012 * 2]

puts "Area"

puts $Area

# calculate Tult
set Tulthl [expr $su*$adhesioncoefficient*$Area];

return $Tulth1}

external program - Get friction angle of sand
# This procedure is built to output FA for a given depth.
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proc GetFA {z} {

# get and read the depth and FA file
catch {open CPT3DepthSand.txt r} CPT3Depth ;
catch {open CPT3FASand.txt r} CPT3FA ;

# create Depth array and FA array
set Depth [split [read SCPT3Depth]];
set FA [split [read SCPT3FA]];

set LN [llength $Depth];

# create D and FAA array with index

for {seti0} {$i <=[expr $LN - 2]} {incri} {
set D($1) [lindex $Depth $i]
set FAA(S$i) [lindex $FA $i]}

# use linear interpolation to get FA at any depth
for {seti0} {$i <= [expr $LN - 3]} {incri} {

if {(§D($1)<=$z) && ($z<=$D([expr $i+1]))} {

set FA [expr (SFAA($I)HSFAA([expr S$i+1])-SFAA($1))*($z-$D($1))/($D([expr $i+1])-
$D$)))I: S}

seti0;

# create FA for initial depths

if {(0<=$z) && ($z<=$D($i))} {
set FA [expr SFAA(Si)];}

return $FA;}

external program - Get relative density of sand
# This procedure is built to output Dr for a given depth.

proc GetDr {z} {

# get and read the depth and Dr file

catch {open CPT3DepthSand.txt r} CPT3Depth ;
catch {open CPT3DrSand.txt r} CPT3Dr ;

# create Depth array and Dr array

set Depth [split [read SCPT3Depth]];

set Dr [split [read SCPT3Dr]];

set LN [llength $Depth];

# create D and Drr array with index
for {seti 0} {$i <= [expr $LN - 2]} {incri} {
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set D($1) [lindex $Depth $i]
set Drr($1) [lindex $Dr $i]}

# use linear interpolation to get Dr at any depth
for {seti0} {$i <= [expr $LN - 3]} {incri} {
if {($D(8$1)<=$z) && ($z<=$D([expr $i+1]))} {
set Dr [expr ($Drr($1)+($Drr([expr $i+1])-$Drr($1))*($z-$D($1))/($D([expr $i+1])-$D($1)))];} }

set10;

# create Dr for initial depths

if {(0<=$%2) && ($z<=$D(51))} {
set Dr [expr $Drr($1)];}

return $Dr;}

external program- Get unit weight of sand
proc GetUW {z} {

# get and read the depth and UW file
catch {open CPT3DepthSand.txt r} CPT3Depth ;
catch {open CPT3UWSand.txt r} CPT3UW ;

# create Depth array and UW array
set Depth [split [read SCPT3Depth]];
set UW [split [read SCPT3UW]];

set LN [llength $Depth];

# create D and UWW array with index from 0 to 148
for {seti0} {$i<=[expr $LN - 2]} {incri} {

set D($i) [lindex $Depth $i]

set UWW($1) [lindex $UW $i]}

# use linear interpolation to get UWW at any depth
for {seti0} {$i <= [expr $LN - 3]} {incri} {

if {(SD($i)<=$7) && ($z<=8D([expr Si+1]))} {

set UW [expr 1000*(SUWW(S$i)+SUWW([expr $i+1])-SUWW(S$i))*($z-$D($1))/($D([expr
$i-+17)-SD($i))];} }
set10;
# create UW for initial depths
if {(0<=%z) && ($z<=$D(81))} {

set UW SUWW(81);}

return $UW;}
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external program -Get vertical stress of the sand
# This procedure is built to output VS for a given depth.

proc GetVS {z} {

# get and read the depth and UW file
catch {open CPT3DepthSand.txt r} CPT3Depth ;
catch {open CPT3UWSand.txt r} CPT3UW ;

# create Depth array and UW array
set Depth [split [read SCPT3Depth]];
set UW [split [read SCPT3UW]];

set LN [llength $Depth];

# create D and VSS array with index

for {seti0} {$i <= [expr LN - 1]} {incri} {
set D($1) [lindex $Depth $i]
set UWW($i) [lindex SUW $i]}

# create D and VSS array with index

for {seti0} {$i <=0} {incri} {
set VSS($i) [expr 0.025*SUWW($i)]}
for {seti 1} {$i<=72} {incri} {
set VSS($i) [expr 0.025* SUWW(S$i) + $VSS([expr $i - 1])]}

for {seti73} {$i <=[expr SLN - 1]} {incri} {
set VSS($i) [expr 0.025* SUWW(S$i) + $VSS([expr $i - 1]) - 0.025*9.81]}

# use linear interpolation to get VS at any depth

for {seti0} {$i <=[expr $LN - 1]} {incri} {
if {($D($1)<=%$z) && ($z<=$D([expr $i+1]))} {
set VS [expr ($VSS($i)HSVSS([expr $i+1])-$VSS($i))*($z-$D($i))/($D([expr $i+1])-
SDS))I;

seti0;

# create VS for initial depths

if {(0<=$2) && ($z<=$D($i))} {
set VS [expr $VSS($i)];}

set VS [expr $VS*1000]

return $VS;}

external program - Get kr parameter
proc Getkf {z} {
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# get FA at the required depth
source GetFA . .tcl;
set FA [GetFA $z];

# assign kf for respective FA
if {(0<=$FA) && ($FA<=28)} {
set kf [expr (11000000/28)*$FA]}
if {(28.001<=$FA) && ($FA<=31)} {
set kf [expr ((19000000 - 11000000)/(31 - 28))*($FA - 28) + 110000001}
if {(31.001<=$FA) && ($FA<=31.999)} {
set kf 19000000}
if {(32<=$FA) && ($FA<=34)} {
set kf [expr ((26000000 - 19000000)/(34 - 32))*($FA - 32) + 190000001}
if {(34.001<=$FA) && ($FA<=34.999)} {
set kf 26000000}
if {(35<=$FA) && ($FA<=38)} {
set kf [expr ((34000000 - 26000000)/(38 - 35))*($FA - 35) + 260000001}

if {38.001<=SFA} {
set kf 34000000}

return $kf;}

external program - Get k parameter
# This procedure is built to output Dr for a given depth.

proc Getk {z} {

# get Dr at the required depth
source GetDr.tcl;
set Dr [GetDr $z];

# assign k for respective Dr
if {$z <=2} {

set k [expr (0.0439 * pow($Dr,2) - 0.5036 * $Dr + 7.3929)*271447.137]
if {$k>275} {

set k [expr 275%271447.137]} }
if {$z>2} {

set k [expr (0.0206 * pow($Dr,2) - 0.0383 * $Dr + 4.4167)*271447.137]
if {$k > 150} {

set k [expr 150%271447.137]} }

return $k;}

255



external program - Get yso parameter
# This program calculates Y50 of sand using using API (1993) method.

proc CalcY50 {z d} {
set pi 3.14159265359

# get the friction angle at the required depth
source GetFA. tcl;

set FA [GetFA $z];

set FA [expr $FA*$pi/180]

# get the UW at the required depth
source GetUW.tcl;
set UW [GetUW $z];

# procedure to obtain k for sand
source Getk.tcl;
set k [Getk $z];

# obtain the at rest earth pressure coefficient
set Ko [expr 1 - sin($FA)]

# obtain the active earth pressure coefficient
set Ka [expr pow(tan($pi/4 - $SFA/2),2)]

set beta [expr $pi/4 + SFA/2]
set A [expr 3 - 0.8%$z/$d]

if {$A<0.9} {

set A 0.9}

set Cl [expr  ($Ko*tan($FA)*sin($FA))/(tan($beta - $FA)*cos($FA/2)) +
(pow(tan($beta),2)*tan($FA/2))/tan($beta-§FA)  +  $Ko*tan(Sbeta)*(tan($beta)*sin($beta)-
tan($FA/2))]

set C2 [expr tan($beta)/tan($beta-$SFA) - $Ka]

set C3 [expr $Ko*tan($FA)*pow(tan($beta),4) + $Ka*(tan($beta) - 1)]

# ultimate lateral capacity due to wedge failure
set Pst [expr ($C1*$z + $C2*$d)*SUW*$z]

# ultimate lateral capacity due to flow failure at depth
set Psd [expr $C3*$d*SUW*$z]

# choose the smallest of Pst and Psd for Pult
if {$Pst == $Psd} {
set Pult $Psd}
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if {$Pst> $Psd} {
set Pult $Psd}

if {$Psd > §Pst} {
set Pult $Pst}

# obtain the displacement at which 50% of Pult is mobilized.
if {$Pult==10} {
set halfY 0.1}

if {SPult >0} {
set halfY [expr (0.5*10og(0.5/$A + 1) - 0.5*log(1 - 0.5/($3A)))*(($A*$Pult)/($k*$z))]}

return $halfY}

external program - Get zso parameter for th-y Spring
# This program calculates Tult of clay using Mosher (1984) equation.

proc Calcz50th {z d ElemSize} {
set pi 3.14159265359

# get the friction angle at the required depth
source GetFA .tcl;

set FA [GetFA $z];

set FA [expr $SFA*$pi/180]

# procedure to obtain vertical stress at required depth
source GetVS.tcl;
set VS [GetVS $z];

# procedure to get initial slope, kf
source Getkf.tcl;
set kf [Getkf $z];

# obtain the active earth pressure coefficient
set Ka [expr (1 + sin($FA))/ (1 - sin($FA))]

# obtain ultimate shaft capacity
set Tulth [expr $VS*tan(0.8*$FA)]

# obtain the displacement at which 50% of Tulth is mobilized.
set z50th [expr $Tulth/$kf]

if {$z50th == 0} {
set z50th 0.1}

257



# obtain Tulth considering the pile diameter and element size.
set Tulth [expr $Tulth*$pi*$d*$ElemSize];

return $z50th}

external program - Get zso parameter for #-z spring
# This program calculates Tult of clay using Mosher (1984) equation.

proc Calcz50t {z d ElemSize} {
set pi 3.14159265359

# get the friction angle at the required depth
source GetFA. .tcl;

set FA [GetFA $z];

set FA [expr SFA*$pi/180]

# procedure to obtain vertical stress at required depth
source GetVS.tcl;
set VS [GetVS $z];

# procedure to get initial slope, kf
source Getkf.tcl;
set kf [Getkf $z];

# obtain the active earth pressure coefficient
set Ka [expr (1 + sin($FA))/ (1 - sin($FA))]

# obtain earth pressure coefficient using Castello (1980)
set K [expr pow(10,(log10($Ka) - 0.017*($2/$d)))]

# obtain horizontal stress
set HS [expr $VS*$K]

# obtain ultimate shaft capacity
set Tult [expr SHS*tan(0.8*$FA)]

# obtain the displacement at which 50% of Tult is mobilized.
set z50t [expr $Tult/$kf]

if {$z50t==0} {
set z50t 0.1}

# obtain Tult considering the pile diameter and element size.
set Tult [expr $Tult*$pi*$d*$ElemSize];
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return $z50t}

external program - Get Pur in sand

# This program calculates Pult of sand using API (1993) method.

proc CalcPult {z d ElemSize} {
set pi 3.14159265359

# get the friction angle at the required depth
source GetFA . tcl;

set FA [GetFA $z];

set FA [expr SFA*$pi/180]

# get the UW at the required depth
source GetUW.tcl;
set UW [GetUW $z];

# procedure to obtain k for sand
source Getk.tcl;

set k [Getk $z];

# obtain the at rest earth pressure coefficient
set Ko [expr 1 - sin($FA)]

# obtain the active earth pressure coefficient
set Ka [expr pow(tan($pi/4 - $SFA/2),2)]

set beta [expr $pi/4 + SFA/2]
set A [expr 3 - 0.8%$z/$d]

if {$A <0.9} {

set A 0.9}

set Cl1 [expr  ($Ko*tan($FA)*sin($FA))/(tan($beta

SFA)*cos($FA/2))

+

(pow(tan($beta),2)*tan($FA/2))/tan($beta-§FA)  +  $Ko*tan(Sbeta)*(tan($beta)*sin($beta)-

tan($FA/2))]
set C2 [expr tan($beta)/tan($beta-$SFA) - $Ka]

set C3 [expr $Ko*tan($FA)*pow(tan($beta),4) + $Ka*(tan($beta) - 1)]

# ultimate lateral capacity due to wedge failure
set Pst [expr ($C1*$z + $C2*$d)*SUW*$z]

# ultimate lateral capacity due to flow failure at depth
set Psd [expr $C3*$d*SUW*$z]

# choose the smallest of Pst and Psd for Pult
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if {$Pst == $Psd} {
set Pult $Psd}

if {$Pst> $Psd} {
set Pult $Psd}

if {$Psd > §Pst} {
set Pult $Pst}

# obtain the displacement at which 50% of Pult is mobilized.
if {$Pult ==0} {
set halfY 0.1}
if {$Pult> 0} {
set halfY [expr (0.5*10og(0.5/$A + 1) - 0.5*log(1 - 0.5/($3A)))*(($A*$Pult)/($k*$z))]}
if {$Pult==0} {
set Pult 0.642}

# obtain Pult considering the element size
set Pult [expr $Pult*$ElemSize];

return $Pult}

external program - Get 7ur in sand
# This program calculates Tult of sand using Mosher (1984) equation.

proc CalcTult {z d ElemSize} {
set p1 3.14159265359

# get the friction angle at the required depth
source GetFA .tcl;

set FA [GetFA $z];

set FA [expr $SFA*$pi/180]

# procedure to obtain vertical stress at required depth
source GetVS.tcl;

set VS [GetVS $z];

# procedure to get initial slope, kf

source Getkf.tcl;

set kf [Getkf $z];

# obtain the active earth pressure coefficient
set Ka [expr (1 + sin($FA))/ (1 - sin($FA))]

# obtain earth pressure coefficient using Castello (1980)
set K [expr pow(10,(log10($Ka) - 0.017*($2/$d)))]

# obtain horizontal stress
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set HS [expr $VS*$K]

# obtain ultimate shaft capacity
set Tult [expr SHS*tan(0.8*$FA)]

# obtain the displacement at which 50% of Tult is mobilized.
set halfz [expr $Tult/$kf]

# obtain Tult considering the pile diameter and element size.
set Tult [expr $Tult*$pi*$d*$ElemSize];

return $Tult}

external program - Get Quit in sand
# This program calculates Qult of sand.

proc CalcQult {z OD ID} {

sete 2.718281884;
set pi 3.14159265359

# get the friction angle at the required depth

source GetFA. tcl;

set FA [GetFA $z];

set FA [expr $SFA*$pi/180]

# procedure to obtain vertical stress at required depth
source GetVS.tcl;

set VS [GetVS $z];

# define bearing capacity coefficient
set Nq [expr 0.1581*pow($e,0.1462*SFA)]

# obtain Qult
set Qult [expr SNg*$VS*$pi* (pow($0D,2) - pow($ID,2)) * 0.003086];

return $Qult}

external program - Get #uit for -y spring in sand
# This program calculates Tulth of sand using Mosher (1984) equation.

proc CalcTulth {z di do ElemSize} {
set pi 3.14159265359

# get the friction angle at the required depth
source GetFA .tcl;
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set FA [GetFA $7];
set FA [expr $FA * $pi/180]

# procedure to obtain vertical stress at required depth
source GetVS.tcl;
set VS [GetVS $z];

# procedure to get initial slope, kf
source Getkf.tcl;
set kf [Getkf $z];

# obtain ultimate shaft capacity
set Tulth [expr $VS*tan(0.8*$FA)]

# obtain the displacement at which 50% of Tulth is mobilized.
set halfz [expr $Tulth/$kf]

# obtain the area of the upside and downside of the thread
set Area [expr (pow((pow(0.05,2) + pow(Spi * $di,2)),0.5) + pow(pow(0.05,2)+pow($pi *
$do,2),0.5))/2 * 0.012 * 2]

# obtain Tulth considering the threads area.
set Tulth [expr $Tulth*$Area];

return $Tulth}
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