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PREFACE

This report presents the results of the work carried out within the subproject CNRD
13-2, TENSION PILE STUDY. CNRD 13-2 is sponsored by Conoco Norway Inc. and

is a part of a larger research program consisting of the following subprojects:

CNRD 13-1: Tension Pile Planning Study

CNRD 13-2:  Tension Pile Study

-Laboratory model pile tests, theoretical development

and predictions; Responsibility VERITAS

-Field test with 3" diameter segment pile, theoretical

development and predictions: Responsibility ERTEC
CNRD 13-3: Tension Pile Large Scale Test

-Perform a large scale field test on a 30" diameter

pile, embedded 67 m in a soft clay deposit, Block 58,

West Delta Area, Gulf of Mexico

-Conclude and finalize theoretical development

-Work out recommendations for design procedures based

on the findings from the overall research program

The three subprojects are closely interconnected and have the common objective of
improving the understanding of pile-soil interaction and produce design procedure

recommendations for pile foundations for anchoring of Tension Leg Platforms.

Det norske Veritas (VERITAS) acted as main contractor to Conoco Norway Inc. with
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The Earth Téchnology Corporation (ERTEC) as a designated subcontractor. The con-
tract was transferred to A.S Veritec, a subsidiary of VERITAS as of 1. January 1984,
with the same obligations to the involved parties as VERITAS had in the past. The
name VERITAS will be used throughout this report for work performed by or for
VERITAS prior to this date and A.S Veritec after this date. The Norwegian Geotechn-
ical Institute (NGI) and the University of Trondheim (NTH) acted as consultants to
VERITAS throughout the project.

The work performed by VERITAS within CNRD 13-2 has mainly consisted of the fol-

lowing:

*  Perform laboratory model pile test program
* Theoretical work and improvement of analytical methods
* Prediction of test results and comparison with observed behaviour

* Reporting and overall administration of CNRD 13-2.
The project staff at VERITAS consisted of the following: -

* Tore J. Kvalstad, project manager and main responsible for overall administration
and technical direction of Veritas’ work as well as theoretical work and improve-

ment of analysis methods.

* Kjéll Hauge was responsible for the execution of the laboratory part of the pro-
ject, the data reduction and the production of the project reports, and assisted in

the administrative work.

* Gunnar Flaten carried out the work related to sample preparation, soil testing and

most of the practical execution of the laboratory investigations.
* Knut Ronold assisted in execution of theoretical analysis and predictions.

* Sergio Matos of Veritas’ Technical Services in Houston assisted in in project coor-

dination and information.

The valuable technical support through discussions and comments provided by Ertec’s
staff, especially Hudson Matlock and Dewaine Bogard, by NGI's Ove Eide, Fritz
Nowacki and Kjell Karlsrud and by NTH’s Lars Grande is greatly acknowledged.
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Special thanks go to Conoco’s staff, Ron Gratz, Jack H.C. Chan, Jeff Mueller and
Harry Wahl for their administrative and technical support throughout the project.
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EXECUTIVE SUMMARY

GENERAL

The objective of this subproject CNRD 13-2 and the connected subprojects CNRD 13-
1 and CNRD 13-3 is to improve the understanding of pile-soil interaction resulting
from static and cyclic tensile loading as produced by a deepwater Tension Leg Plat-
form (TLP) and to produce design procedure recommendations for pile foundations for

anchoring of TLPs.

The overall project plans were developed under subproject CNRD 13-1; Tension Pile
Planning Study, and is described in two separate reports by Veritas and Ertec where a
research program consisting of a 3-part experimental prograni combined with theoretical

and analytical investigations was presented.

The three-part experimental program consists of:
_a) Laboratory model pile tests

b) Field tests with 3" diamete‘r pile segments

c) Field tests with a 30" diamefer, 67 m long instrumented pile

. The latter part has been authorized under contract CNRD 13-3; Tension Pile Large
Scale Test and is well under way at the time of writing with Ertec acting as a desig-
nated subcontractor to Veritas and mainly responsible for the technical execution of the

large scale test program.

Part b) the field tests with the 3" diameter segment piles was carried out by Ertec act-
ing as a designated subcontractor to Veritas under this CNRD 13-2 contract. Part b)
has been completed and reported by Ertec.

This report presents the results of part a) the laboratory model pile test program,
which has been the main responsibilty of Veritas under the CNRD 13-2 contract,
together with the theoretical development and predictions under the overall CNRD 13

‘program.

16 F
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LABORATORY MODEL PILE TESTS

The model pile test equipment was developed by Veritas mainly prior to this project,
but during the execution of the test program, a second improved version of the model
pile had to be constructed in order to solve problems in connection with pore pressure

measurements.

Soil material was delivered from the West Delta Area, Block 58 site and based on the
site characterization study performed by Ertec and presented in /4/ the material was
divided in three groups, Stratum I, II and III, according to ‘the main stratification
identified through the site investigations. The model tests were perfom}ed on remoulded
and reconsolidated samples and a special laboratory investigation was carried out in
order to quantify and describe the effect of remoulding on the soil properties com-

pared with the in-situ undisturbed conditions (see Appendix. K).

The laboratory test program was performed during 1982 and the first half of 1983. The
time schedule and test program had to be prolonged and modified to a certain extent
due to the unexpectedly long consolidation time required for the remoulded materials

used in the tests.

Basically the test program consisted of’ 4 different types of tests:

* Static tests (i.e. monotonically increasing displacement at a low displacement rate)
to determine the ultimate capacity and establish a reference value for the other

types of tests.

* Static creep and relaxation tests to evaluate long term stress redistribution under

static (pretension) loading.

* Load-controlled cyclic tests at various static load levels combined with series of .
gradually increasing cyclic load levels to determine critical load combinations and
to study the effect of cyclic loading below failure on the capacity of a pile.
Further two tests were run with random cyclic loading simulating storm loading

superimposed on a static (pretension) load.

* Displacement-controlled tests with two-way cyclic loading to evaluate degradation
of skin friction caused by severe cyclic displacements. The cyclic displacement

was applied in parcels of 100 cycles with gradually increasing amplitude.
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results of the laboratory model pile test program has been interpreted and is

presented in this report and the main findings are summarized below:

* Static Capacity

The shear displacement relationships for the pile-soil segments were very close to
linearly elastic-plastic, with a pronounced peak at point of yield. The initial slip
(vield) occured at relative displacement between pile and soil of about 1-2% of
the pile diameter (0.25-0.5mm). When relating the ultimate friction to the
undrained shear strength of the clay through a-factors, values ranging from 0.45-
0.85 resulted. Tests with full set-up on the pile-soil interface indicated a of 0.85.
For the effective stress approach, relating the uitimate friction to the effective
vertical pressure prior to installation of the pile through the so-called B-factors,
resulted in values ranging from 0.1 to "0.25. These factors are directly dependent
on the determination of the effective vertical pressure, which for the laboratory

tests were associated with some uncertainty.

* Cyclic Loading Below the Ultimate Capacity

Cyclic loading below the ultimate capacity did not produce any pore pressure
build-up on the pile wall and only minimal changes in the total and (thus) effec-
tive pressure. The.permanent pile displacement during cycling (cyclic creep) was
minimal for stress levels less than 80% of the static capacity. Signs of permanent
uplift started at stress levels of 90-100% percent of the ultimate static strength.
Failure occured as a sudden pullout of the pile at maximum stress and at load
levels generally higher than the previous static capacity. The combination of static
bias level and the cyclic component seemed to have minimal effect on the
occurence of pile failure, and only minior signs of cyclic displacement of the pile
was seen during the tests. The friction displacement curves during cyclic loading
below failure were almost ideally elastic with only small signs of hysteresis as the
load approached the ultimate static capacity. There were no signs of degradation

in the slope of these curves after several hundered cycles.

* Displacement-Controlled Cyclic Loading (Degradation Tests)

The two-way cyclic loading (full reversal in the direction of shear on the pile-soil
interface caused degradation (reduction) of the maximum and residual mobilized
skin friction. The major part of the degradation occured during the first (~10)
cycles after the yield level was reached. The maximum degradation from initial
maximum to steady residual friction during large slip was generally between 20 to

30% but could be as drastic as about 40% . The skin friction versus displacement

We L] i
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relationship was almost linearly elastic plastic after the initial degradation, and
was very repetitive with no sign of degradation in the slope of the elastic portion
of the loading curve. Some gain in the mobilized friction was seen in large
deformation cycling due to rate effects, although this increase diminished after the

first cycles.
* Creep and Relaxation

Static creep and relaxation tests were performed and indicated that no pile creep
started before the interface friction reached about 80% of the ultimate static capa-
city, in fact most of these tests showed measureable pile displacements first when
the stress reached about 90% of the static capacity, aithough these load levels
were kept for only about one hour. The relaxation tests indicated almost no loss
in interface friction for load levels below about 75% of the ultimate static capa-

city.

THEORETICAL WORK AND IMPROVEMENT OF ANALYTICAL METHODS

This part of the project work was concentrated on the effects of cyclic loading on the

capacity of tension piles and to explain the findings of the experimental test programs.

The follo;ving areas have been adressed:

* Evaluation of progressive degradation of skin friction down along a long flexible

pile under combined static and cyclic tensile loading.
* Evaluation of cyclic creep and redistribution of shear stress along a flexible pile
based on an elasto-plastic and viscous t-z model.

* Evaluation of simultaneous pore pressure generation and dissipation during cyclic

loading.

The basic findings of these studies are as follows:

* Progressive Degradation

Based on a number of analyses with the computer program DRIVE 15 it was

found that degradation of skin friction will be limited to the upper part of a long
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flexible pile. This is especially so for a soil deposit with increasing shear strength
with depth as is the case of West Delta and deepwater blocks in the Gulf of
Mexico and the Norwegian Trench. The conclusion is based on the assumption of
a reasonable safety against static pull-out. Only a minor reduction in capacity was
found. The West Delta large scale pile test was simulated in the analysis and the

results indicated a capacity reduction in the order of a few percent.
* Cyclic Creep and Redistribution of Skin Friction

The elasto-plastic and viscous t-z model implemented in the computer program
CRAPIL allowed a number of analyses simulating pile creep due to cyclic loading
to be carried out. Material parameters were fitted to a limited number of test data
from laboratory model pile tests and in-situ segment tests. The results of the
analysis showed that no significant creep would develop provided a reasonable
safety factor against pull-out was included. The redistribution effect caused by
cyclic creep tended to reduce the static (pretension) shear stress in the top part
and to increase the shear stress correspondingly further down the pile. The cal-
culated pile head creep displacements were in the range of a few millimeters for

a pile similar to the large scale pile tested at West Delta.
* Pore Pressure Generation and Dissipation Under Cyclic Loading

Based on the pore pressure generation measured in the cyclic triaxial tests on
undisturbed and on remolded reconsolidated samples from the West Delta site, a
pore pressure generation model was developed for this material and fitted to a
pore pressure generation function already implemented in the FEM-program
OCEAN2. A number of computer runs were carried out simulating storm loading
on a pile segment. The analyses were simulating the laboratory model pile tests as
well as the 3 inch diameter segment tests under a cyclic loading. The pore
pressure generation at the pile wall due to cyclic loading was found to be minor
for both test types, which corresponds well with the measured behaviour. For ten-
sion piles with' a total safety factor in the range 1.5 to 2.0 the reduction in skin
friction caused by pore pressure generation during storm loading is considered

unlikely to be significant.
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FURTHER WORK

The findings presented above will have to be compared with and calibrated against the
results of the large scale pile test and the theoretical development work performed by
Ertec within the total research program before final conclusions and more general
recommendations for design procedures for tension piles for TLP foundations can be

finally worked out.

Nevertheless, it is felt by the authors that the CNRD 13-2 project has already at this
stage contributed significantly to improve the basic understanding of the mechanisms
governing pile-soil interaction and the development and degradation of skin friction on
piles subjected to combined static and cyclic loading. There is in the authors opininon
a good correspondence between the theoretical models and the findings from the tests
and this is considered to be very promising for the further development within the
CNRD 13-3 project.

1 g e



1. INTRODUCTION

1.1 GENERAL

The concept of Tension Leg Platforms (TLP) involves design and installation of
anchors. Piles/pilegroups are considered to represent a technically and economically
feasable type of anchor foundation able to resist the large tensile forces produced by a
vertically moored, pretensioned floating platform in the offshore environment. Deepwa-
ter blocks in the Gulf of Mexico, in the North Sea, in the Mediterranean as well as in
" other parts of the world represents potential locations where the TLP concept is con-

sidered to be a feasable solution.

The fundamental failure mode of TLP pile foundation is pull-out failure, either as an
abrupt large upward displacement under extreme tensile loads or as an upward dis-
placement gradually accumulating under the combination of static and cyclic tensile
forces, i.é cyclic creep. Degradation of skin friction due to cyclic displacements caused

by cyclic load variations and pile flexibility will have to be carefully evaluated.

The existing methods used in design of piles today do generally not account for these
effects and have mainly been developed for prediction of static capacity. The methods
are based on empirical relationships between in situ soil strength properties and ulti-
mate skin friction, and the mechanisms involved in cyclic creep and degradation of

skin friction are not well understood.

To improve this situation Conoco Norway Inc. authorized Det noréke Veritas (Veritas)
with The Earth Technology Corporation (Ertec) acting as a designated subcontractor to
conduct a study t;ocusing on tension piles for anchoring of TLPs. The objective was to
improve the basic understanding of pile-soil interaction and to produce design pro-

cedure recommendations for tension piles for TLP anchoring.

B g o i
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1.2 RELATIONSHIP TO CONOCO NORWAY RESEARCH AND DEVELOPMENT
(CNRD) PROGRAM

This subproject CNRD 13-2: TENSION PILE STUDY is the second subproject in
Conoco Norway Inc.’s Project CNRD 13: FOUNDATIONS. The first subproject
CNRD 13-1: TENSION PILE PLANNING STUDY was performed during summer
1981 by Veritas with Ertec acting as a designated subcontractor and with the
Norwegian Geotechnical Institute (NGI) and the Geotechnical Division at the
Norwegian Institute of Technology (NTH) at the University of Trondheim as consul-

tants.

The results of the planning study formed the basis for this subproject CNRD 13-2 as
well as for the third subproject CNRD 13-3: TENSION PILE LARGE SCALE TEST

and are described in the two final reports by Veritas and Ertec respectively:

* Veritas Report No. 81-0587: "Tension Pile Planning Study, Subproject CNRD 13-
1, Final Report", August 28, 1981. )

* Final Techincal Report, Subproject CNRD 13-1, August 28, 1981, Project No. 81-
204, Ertec Inc. . '

These two reports are integral parts of this contract CNRD 13-2 as well as CNRD 13-

3 and describe the proposed 3-phase experimental program consisting of:

- 25 mm (1") Diameter Laboratory Model Pile Tests
- 76 mm (3") Diameter Segment Pile Tests in the Field

- 0.76 m (30") Diameter Large Scale Field Test

The laboratory model pile tests and the 3" diameter segment tests were authorized by
Conoco under the CNRD 13-2 contract. Veritas has been mainly responsible for the
overall administration and management of the CNRD 13-2 project and for the labora-
tory model pile test program, while Ertec has been responsible for the 3" diameter seg-
ment pile test program and the field work in general, including the site investigation.
NGI and NTH have acted as technical consultants to Veritas throughout the CNRD
13-2 project.
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1.3 REFERENCE TO ERTEC’S WORK WITHIN CNRD 13-2

The details regarding the field work within CNRD 13-2 has been reported by Ertec
and only a brief summary will be given in this repbrt. The field work within CNRD

13-2 consisted mainly of the following:

- A site characterization study consisting of a rather comprehensive field and

laboratory investigation in order to define all soil properties relevant for pile
design and to provide the project with special information in order to allow a

better interpretatidn of the field tests.
- Planning and implementation of the 3" diameter segment pile tests

- Data reduction and analysis of the test result

In parallel to these tasks a part of the planning of the large scale field test with
preparation of functional drawings and specifications for the physical test system has
been carried out within the CNRD 13-2 contract. This worlé will be completed and
reported under the CNRD 13-3 contract.

Within the CNRD 13-2 project Ertec has issued the following reports:

- Tension Pile Study, CNRD 13-2, Volume I, Site Investigation and Soil Characteri-
zation Study at Block 58, West Delta Area, Gulf of Mexico, April, 1982.

- Tension Pile Study, CNRD 13-2, Volume II, Plan for Performing Small-Diameter
Pile Segment Tests, August 1982. . "

- Tension Pile Study, CNRD 13-2, Volume III, Final Report on Small-Diameter Pile
Segment Tests, June 1983.

1.4 REFERENCE TO WORK BY NGI AND NTH WITHIN CNRD 13-2

NGI and NTH, acting as technical consultants to Veritas, have worked mainly with
reviewing and commenting on reports issued within the study. Further, predictions
regarding the 3" diameter segment pile behaviour have been made and additionally

NGI and NTH have conducted limited series of independent laboratory investigations
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on samples from the West Delta location in order to provide special information for
predictions and interpretation based on NGI's and NTH’s methods for analysis of pile

behaviour under cyclic loading.

The following reports and notes have been issuedby NGI and NTH within the CNRD
13-2 project: '

NGI:Contract Report, Det norske Veritas, Block 58, West Delta Area, Gulf of Mexico,
Laboratory Report, 81222-2, June 1982.

Contract Report, Det norske Veritas, Block 58, West Delta Area, Gulf of Mexico,
Segment Pile Tests, Predictions of Response during Pile Installation and Mono-
tonic Static Axial Loading, 81222-3, September, 1982.

vNTH:Conoco Tension Pile, Triaxial and Oedometer Tests on Cyl. No. 71 and 119 from
McClelland’s Boring 5, 0.82.02-1, NTH, May 1982.

Subproject CNRD 13-2, Tension Pile Study, Technical Note on Prediction of
Static Behaviour of 3" Diameter Segment Pile, 0.82.02, Note No. 1, September
1982. '

1.5 PREVIOUS REPORTS BY VERITAS WITHIN CNRD 13-2

Under the CNRD 13-2 contract the following reports and -technical notes have been

issued by Veritas:

Veritas Report No. 82-0302: "Tension Pile Study, Subproject CNRD 13-2,
Description of Test Procedures and Equipment for Laboratory Model Pile Test",
June 20, 1982.

Veritas Technical Note No. FDIV/23-82-01: "CNRD 13-2 Tension Pile Study,
Review of Ertec’s Report No. 82-200-1, Site Investigation and Soil Characteriza-
tion Study at Block 58, West Delta Area, Gulf of Mexico", June 20, 1982.

Veritas Technical Note No. FDIV/23-82-02: "Subproject CNRD 13-2, Tension Pile

B8 it § by
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Study, Comments to Segment Test Program", July 7, 1982.

Veritas Technical Note No. FDIV/23-82-03: "Subproject CNRD 13-2, Tension Pile
Study, Prediction of Small Scale (3") Segment Pile Test Results", July 19, 1982.

Veritas Technical Note No. FDIV/23-82-04: "Subproject CNRD 13-2, Tension Pile
Study, Revised Model Pile Test Program", July 28, 1982. July 19, 1982.

1.6 FINAL REPORT

This repori is the final report to be issued under the CNRD 13-2 contract. It
describes the laboratory model pile test equipment and test program and gives a char-

acterization of the soil material used in these tests in Section 2, see also Appendix K.

In Section 3 the results of the tests are presented and interpreted regarding static_capa-
city, effect of combined static and cyclic loading, degradation of skin friction and
cyclic creep. Detailed test results are presented in the Appendices A through J of this

report.

The theoretical work has been concentrated on improvement of understanding with
respect to pore pressure generation under cyclic loading, effect of local degradation on
the overall pile capacity and pile head displacement, as well as cyclic creep. The find-
ings of the study is presented in Section 4. The predictions of the segment tests are

commented on and compared with the test results.

1.7 FURTHER WORK

As stated previously the three subprojects CNRD 13-1, 13-2 and 13-3 are integral parts
of a comprehensive research program on tension piles for anchoring of TLPs. Veritas is
presently continuing this research for Conoco in cooperation with "Ertec, NGI and
NTH under the third subproject CNRD 13-3: Tension Pile Large Scale Test. The
results, conclusions and recommendations presented in this report and in Ertec’s final
report on CNRD 13-2 should be reevaluated together with the large scale test results
and the additional 3" diameter "long-term" segment tests included in the CNRD 13-3
project.

[RREONE T



2. DESCRIPTION OF LABORATORY TEST PRO-
GRAM

2.1 GENERAL

A general description of the apparatus and the test procedures were presented in an
early phase of the test program in Veritas Report No. 82-0302, "Tension Pile Study,
Subproject CNRD 13-2, Description of Test Procedures and Equipment for Laboratory
Model Pile Test".

Further details about the individual tests are presented in the detailed test reports
(Appendices ‘A through J) regarding special effects and deviations from the standard

test procedures.

The basic purpose of the equipment is to allow simulation of a pile segment embedded
in the soil at a given depth‘ with boundary conditions as close as possible to the in

situ conditions and with the possibility to apply axial loading to the pile.

This has been achieved by insertion of a 25 mm diameter pile segment into a soil sam-
ple subjected to vertical and radial stress conditions similar to what was expected to be
found in situ at a given depth below mudline. After a certain degree of reconsolidation
the pile is subjected to combined static and cyclic loading or to axial displacement

variations in order to study pile-soil interaction mechanisms.

In the following a short summary of the equipment and test procedures will be given.
Further the results of a study of the material properties of the remoulded, reconsoli-
dated material used in the laboratory model pile test compared with the properties of
undisturbed material is commented on with reference to the soil conditions in the field
versus the soil conditions in the laboratory model pile tests (see also Appendix K).

Finally a summary of the conducted model pile test program is given.
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2.2 DESCRIPTION OF MODEL PILE TEST EQUIPMENT

2.2.1 Model Pile Test Chamber

The model pile test chamber with the model pile is shown in Figure 2.1 and a photo-
graph of the model pile chamber in Figure 2.2. It consists of the confining cylinder
with top and bottom plates connected by lock bolts and guide cylinders. The top and
bottom plate have cylindrical center holes with a floating bearing that can move rela-

tive to the top and bottom plates and the pile.

The soil sample is sealed from the radial confining water pressure and the vertical
water pressure acting on top and bottom of the soil sample by means of reinforced
rubber membranes. This allows independent application of radial and vertical consoli-

dation stresses on the soil sample.

The dimensions of the soil sample is as follows:

Diameter = 20 cm (8")

Height = 35 cm (14")

The top and bottom pressure chambers and the radial confining pressure chamber are
connected to the pneumatic pressure system used for triaxial tests in Veritas’ Geotechn-

ical Laboratory.

2.2.2 Model Pile

Photographs of the model pile are shown in Figures 2.3 and 2.4. The model pile out-
side diameter is 25 mm (1") and the total length is about 600 mm. It consists of three
separate parts with measurements taken in the middle instrumented part which is cen-

tered in the soil sample during pile installation.

The middle section is 250 mm long (10") leaving 50 mm on both ends to the top and
bottom of the soil sample in order to avoid boundary effects and achieve uniform

stress conditions over the instrumented part.

Bl | s



Shear Force Measurement
Two axial force transducers connect the middle section to the two end parts and allow
measurement of the shear force transferred between soil and pile over the middle sec-

tion which have a total side area of 196 cm? (30.4 sq.in.).

Total Normal Stress

In the middle of the center piece a lid of about 15 mm width and with a length of
about 100 mm is cut out of the pile wall. The lid fits closely into the pile perimeter
and rests on a load cell measuring the total lateral force due to earth pressure acting
on the lid. The first pile version was equipped with two commercially available
independent miniature load cells under the upper and lower part of the lid. The
second version of the model pile is equipped with a strain gauge instrumented load
beam on which the lid is resting. The first pile version had silicone seals around the
lid, while the second version made use of a thin and very flexible steel membrane
welded to the pile in order to prevent pore water to enter into the instrumented sec-

tion.

Pore Pressure

In the middle of the lid a filter stone has been inserted. The first version made use of
an externally mounted pore pressure transducer connected to the filter stone by a saran
tube coming up through the center of the pile. The second version made use of a
miniature pore pressure transducer monted directly into the pile wall behind the filter

stone.

The second version allowed realiable pore water pressure measurements to be taken
with a small time lag compared with the first version where the compliance of the

pore pressure measurement system obviously introduced a serious time lag effect.

The first version of the model pile was used during tests | through 9 while the second

version was used during tests 10 through 13 (see also test program).

Axial Displacement
Axial displacement is measured at the top of the load piston by means of a LVDT.

RIS
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2.2.3 Loading System

The model pile chamber with the inserted pile was placed in the load frame normally
used for triaxial test, and the pile head was connected to an electro-hydraulic jack
which is mounted on the top of the load frame. The load system is based on closed
loop control and allows accurate simulation of any kind of load or displacement time

history of relevance for this type of problem.

The control signal was normally generated by a function generator which allowed
monotonic or sinusoidal variations to be applied superimposed on a static level. For
the storm load test (tests 12 and 13) a time history consisting of a sinusoidal signal
with constant period of 10 seconds and random variation of amplitudes had been gen-
erated by a microprdcessor and recorded on tape. The amplitudes were generated to
give a Rayleigh distribution of the double amplitudes, and the order was generated by

a random number generator.

2.3 DATA ACQUISITION SYSTEM

The transducer signals from pore water pressure, total normal stress, axial loads and
axial displacement were recorded on an 8-channel PCM (Pulse Code Modulation) tape
recorder together with time signal and identification signals (to separate recording
sequences). Confining pressures in the vertical and lateral direction as well as backpres-

sure were kept constant and read from pressure gauges manually.

Only sequences of the test were recorded on tape. A typical recording sequence was 5

cycles every 20 cycles, i.e. 5 sequences of 5 cycles per 100 cycles.

A 4-channel strip chart recorder monitored pore pressure, normal stress, axial displace-
ment and shear force on the mid section of the pile throughout the tests from installa-
tion to extraction of the pile. A x-y plotter was used to follow shear force vs axial

load during static and cyclic loading.

e
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data analysi’s program was developed to allow a consistent analysis of the recorded

signals and preparation of plots. A schematic diagram showing test set-up and signal

flow is shown in Figure 2.5. The results are presented in form of the following types

of

plots:

skin friction, displacement, pore pressure, normal stress and effective stress vs

number of  cycles.
skin friction vs axial displacement
skin friction vs effective stress

pore pressure, total pressure and skin friction vs time, for selected cycles

See also the detailed test reults in Appendices A through J.

24

PREPARATION OF SOIL SAMPLES

Based on the available soil information from the site investigation the soil profile was

div

ided in three strata over the depth of interest for the large scale pile test, in this

report referred to as Stratum I,v Stratum II and Stratum III, mainly based on distinct

changes in plasticity properties, water content and partly shear strength with depth

bel
hav

Str

rep

ow mudline. There are no absolutely clear boundaries between the layers but we

e found Ertec’s definition acceptable.

STRATUM I: 0.0 to 244 m
STRATUM II: 24.4 to 48.8 m

STRATUM III: 488 to 77.1 m

atum III overlays a fine gray sand. For further details we refer to Ertecs’s Volume I

ort under this subproject.
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Soil samples were taken during the site investigation carried out by McClelland
Engineers in November/December 1981. A large number of cores were packed and
transported to Veritas for use in the model pile tests. A summary of the visual classif-
ication and simple strength tests performed during opening of the samples is contained
in Appendix K. Basically the samples were sorted according to the- defined stratifica-
tion, and within each stratum the samples were mixed to produce a homogenous sam-

ple representative for each stratum.

The samples were mixed with an industrial type of mixer and water (with the same
salt content and composition as the original pore water fluid) was added to give the
sample a consistency allowing a simple building-in in the consolidometer. The

remoulded clay was formed into small balls and placed in the consolidometer by

pressing it with the fist and tamping it with the end of a large diameter bar, in a
crude attempt to avoid formation of entrapped air pockets. After completion of a pile
test the material was again remoulded and water added. This means that the same
material was used several times and subjected to repeated remoulding and reconsolida-

tion.

The remoulded material was filled into a specially -built consolidometer, 60 cm (24")
high and with an inner diameter of 20 cm (8"). The ldad piston and the bottom plate
are equipped with filter stones. Additionally two to three internal horizontal filter
plates were used to speed up the unexpectedly slow consolidation process. The internal
filter plates were connected to the top and bottom filters through sealed plastic drains

at the perifery of the sample to avoid radial drainage.

A pore pressure transducer was mounted at the side wall at approximately mid height
of the sample to allow monitoring of the pore pressure dissipation together with

recording of axial load and axial compression of the samples.

The final sample preparation procedure was selected on the basis of a series of trial
tests which are described in Veritas Report No. 82-0302, " Description of Test Pro-
cedures and Equipment". After an acceptable degree of consolidation had been
achieved, the sample was transferred to the pile test chamber where the selected axial
and radial confining pressures, and in some of the tests a back pressure were applied.
The samples were allowed to cdntinue consolidation in the pile test chamber for a

number of days before the model pile was inserted.
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2.5 CHARACTERIZATION OF REMOULDED SAMPLES AND COMPARISON
WITH UNDISTURBED SAMPLES AND FIELD CONDITIONS

2.5.1 General

The remoulded and reconsolidated samples represent a soi0l type different from the in
situ soil regarding the grain structure, density, water content, permeability, etc. This
may influence the stress-strain behaviour and in particular the response of the material

to cyclic loading regarding pore pressure generation and degradation of strength.

To evaluate the differences between the in situ undisturbed conditions and the condi-
tions in the laboratory model pile tests a spesific series of tests were carried out in

order to quantify these differences.

Totally thirteen triaxial tests, five pure static tests and eight cyclic tests with post cyclic
static loading, were performed on remoulded and undisturbed material from Stratum II
and Stratum III. Water content and plasticity properties were determined on a number

of samples during the test program.

Seven oedometer tests were carried out on remoulded material in order to allow com-
parison of compressibility, permeability and coefficients of consolidation. Oedometer
samples were taken from the reconsolidated samples for the pilé model tests and sam-
ples were cut horizontally and vertically to compare the properties in the vertical and

radial direction. Detailed results of this investigation are presented in Appendix K.

2.5.2 Plasticity Properties

Several checks of plastic and liquid limits of the material were made. The results have
been compared with the results of the site characterization study and are summarized

in the table below.




Table 2.1 Plasticity Properties for Model Test Clay
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Remoulded Undisturbed
wL wp Ip wr, wp Ip
Stratum II 56-62 18-22 35-42 50-65 20-27 25-37
Stratum III 92 26 64 75-99 30-40 39-63

Based on these results there seems to be no significant effect on the material’s plasti-

city properties due to repeated remoulding and reconsolidation.

2.5.3 Natural Water Content

A comparison of the water contents of undisturbed and remoulded reconsolidated sam-

ples after being subjected to equal consolidation stresses in the triaxial test showed a

clear difference. The water content of the undisturbed samples was consistently higher

than the water content of the remoulded samples as shown below.

Table 2.2 Water Content Comparison

Consolidation Remoulded Undisturbed Difference
Stress w(percent) w(percent) percent
Stratum II 300 kPa 27-29 38-41 9-15
Stratum III 500 kPa 35-36 44-48 9-13
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2.5.4 Consolidation Properties

Seven compression tests were carried out on remoulded, reconsolidated material. The
c,-values were consistently lower than the results reported on undisturbed material from

the previous investigation by the other laboratories involved.

The compression moduli of the two types of material in the stress range above the
consolidation stress (i.e in the virgin range beyond 200 to 300 kPa for the remoulded
samples) were found to fall in a fairly close range. Tests from all laboratories have

been compared and no significant differences can be pointed out.

An interpretation of the permeability, k, based on the measured compression moduli,

M and coefficients of consolidation ¢, has been based on the expression:

CYw

k=

where y, = unit weight of water = 10 kN/m?

This gives k-values for the remoulded material about 3 to 10 times smaller than for the
undisturbed material.

Three of the consolidation tests on remoulded material were carried out on samples cut
vertically from the big consolidometer, i.e. the compression tests were performed in the
radial direction when relating to the model pile tests. A comparison of these results

with the results from the horizontally cut samples gave the following differences:

Compression modulus : no significant differences

Coeff. of consolidation: 25 to 50 percent higher in
and permeability the radial direction than

in the vertical direction.

2.5.5 Static Stress-Strain and Strength

Seven static triaxial tests were carried out on remoulded, reconsolidated material. Three
of these tests were static only, four were cyclic load- controlled tests followed by
postcyclic static loading. Six comparable tests were carried out on undisturbed material

from strata II and III.

f pltve
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The tests performed on material from Stratum II revealed no significant differences in
the behaviour of the remoulded material when compared with the behaviour of the
undisturbed material regarding undrained static shear strength, stress-strain behaviour

and pore pressure development.

The tests perfbrmed on material from Stratum III indicated a 10 to 30 percent lower
shear strength for the remoulded, reconsolidated samples. However, the tests giving the
lowest shear strengths were found not to be fully consolidated when the static test was
started, and this would tend to reduce the differences. Further, when comparing with
triaxial and simple shear tests carried out by NGI, NTH, ERTEC and McClelland we
find a scatter in the results that covers this range of variation. The conclusion must be

that the differences are small.

The drained strength parameters, cohesion and friction angle, seem to fall well inside
the range of values indicated by the overall labobratory investigations on undisturbed

material.

2.5.6 Cyclic Stress-Strain-Porepressure Generation

A set of comparable cyclic, two-way, CIU tests on remoulded, reconsolidated and on
undisturbed material were performed in order to determine possible deviations in

material behaviour when subjected to cyclic loading.

The results have been compared regarding:

*  pore pressure generation
* development of cyclic shear strain (stiffness reduction)

* degradation in static shear strength

For Stratum II material there seem to be no significant differences between the two
types of material neither regarding development of pore pressure, cyclic strain nor
strength degradation. The differences are considered to be within the normal range of

variations.
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For Stratum III it seemed at first to be a clear difference in development of cyclic
strain and pore pressure. However, a closer review of the consolidation data revealed
that test T13 most probably was not completely consolidated when testing was started.
The cyclic stress ratio t/s, was misjudged prior to testing and the sample was sub-
jected to cyclic shear stress levels above what was planned for comparison with tests

T9 and T10.

When adjusting for this misjudgment the results for Stratum III seems to follow the
same trend as in Stratum II, i.e. no significant differences between the two types of
material. It must, however, be pointed out that due to the much denser structure of
the remoulded material, the coefficient of consolidation is considerably lower than for
undisturbed material. This leads to a time lag in the pore pressure measurement. It

turned out to be impossible to get reliable pore pressure measurements during cyclic

testing of the remoulded material.

Based” on our experience with cyclic triaxial tests we are convinced about the very
close relationship betwen cyclic shear strain development and effective stress levels. The
close correspondance in cyclic shear strain development between the two types of
materials indicates clearly that the effective stress development and thus aiso the pore

.pressure generation within the samples must be approximately the same.

The reduction in undrained shear strength after cyclic loading was found to be very
limited for the undisturbed samples and limited to some 10 percent for the remoulded,

reconsolidated samples.
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Table 2.3 Comparison of Triaxial Test Results

Sample Depth Index Properties Consolidation Strength Data Stratum  Laboratory
) l ’ ’ K
- - wi | wf ] wl, | wp i Ip | ape Sye OCR | tang a Sy "_ac €af - -
- m percent kPa kPa - kPa kPa - p\erc.
5-61 324 45.8 | 33.4 103.4 | 103.4 Lo 043 0.0 34.9 0.34 16.6 ERTEC
6-61 25.0 39.2 | 320 196.5 | 283.0 1.0 0.58 | 0.0 88.0 0.31 7.2 ERTEC
5-69 349 42.0 | 30.0 | 64 27 37 | 4340 | 7110 1.0 0.53 00 | 1930 0.27 44 11 | McClelland
5-71 354 136.0 | 226.0 1.0 0.52 | 20.0 . 830 0.37 8.8 NTH CONI1. pc
571 354 44.0 65 35 30 | 1250 219.0. 1.0 0.55 | 150 | 600 0.27 44 NTH CNI102. p¢
5-71 35.4 40.0 98.0 212.0 1.0 0.54 | 250 | 540 0.26 114 NTH CNI103. pc
5-87 45.§ 50.3 | 40.2 300.0 | 300.0 1.0 0.53 0.0 97.0 0.32 10.8 VERITAS T5
5-87 45.9 49.2 | 380 79 24 54 | 300.0 | 3000 1.0 0.53 | 40.0 | 950 0.32 89 VERITAS Té.pc
5-87 45.9 492 | 414 300.0 | 3000 1.0 0.53 | 40.0 | 1020 0.34 10.5 VERITAS T7.pc
Remoulded 28.0 | 277 350.0 35'0.0 1.0 0.49 0.0 | 108.0 0.31 10.1 VERITAS Ti
Remoulded 27.0 | 286 | 62 20 | 42 | 3000 | 3000 1.0 0.49 | 30.0 | 88.0 0.29 10.7 VERITAS T2.pc
Remoulded 274 | 275 300.0 | 300.0 i.0 049 | 100 | 850 0.28 10.1 VERITAS T3.pc
Remouided 28.0 2_7.0 3000 | 3000 1.0 0.49 0.0 95.0 0.32 6.1 VERITAS Td.pc
6-45 49.2 529 | 414 358.6 | 358.6 1.0 047 | 00 | 1052 0.29 7.5 ERTEC
6-62 64.3 49.3 | 434 503.3 | 503.3 1.0 046 = 0.0 | 1331 0.26 10.0 i ERTEC
6-53 55.0 56.4 | 43.0 361.3 | 4805 1.0 046 | 00 | 1270 0.26 6.2 [l | ERTEC
5-110 517 54.0 | 36.0 | B89 36 | 53 | 7650 | 968.0 1.0 0.35 0.0 | 2265 0.23 5.5 MCCLELLAND
5-119 62.7 51.0 199.0 | 371.0 1.0 0.50 ; 20.0 | 1370 0.37 10.8 NTH CON10.pc
5-119 62.7 98 40 58 | 224.0 | 384.0 1.0 0.49 | 200 | 1380 0.36 115 NTH CONIl.pc
6-64 67.3 58.6 | 47.6 500.0 | 500.0 1.0 052 ] 00 | 1430 0.29 10.8 VERITAS T8
6-64 67.3 58.7 | 456 | 99 28 | 71 5000 | 500.0 1.0 052 | 15.0 1410 0.28 8.7 VERITAS T9.pc
6-64 67.3 53.7 | 440 5000 | 500.0 1.0 0.52 | 15.0 | 1440 0.29 8.7 VERITAS T10.pc
Remoulded 404 | 36.5 <500 | <3500 Lo 0.39 0.0 | 107.0 | >0.21 9.2 VERITAS Tl11
Remoulded 406 | 349 | 92 26 | 66 | 500.0 ; 5000 1.0 0.37 0.0 | 1340 0.27 8.4 VERITAS T12
Remoulded 40.1 | 36.2 : <500 | <500 1.0 0.35 0.0 | 1040 >021 8.8 VERITAS Ti3.pc

2.5.7 Comparison of Soil Conditions in the Laboratory Tests with
the Field Conditions

General
The stress-strain and strenght properties of a clay surrounding a pile are heavily depen-
dent on the effective consolidation stresses, but also on the mineral type and grain

structure of the soil.
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The initial effective stress conditions depend on the total overburden pressure due to
the weight of the soil, the coefficient of lateral earth pressure at rest, Ko, and the
ambient pore water pressure (which may exceed the hydrostatic water pressure as in
the case of the West Delta area). The effective stress conditions at the pile surface or
at a failure surface a small distance out from the pile will depend on the initial condi-
tions in the surrounding soil, the stress changes caused by pile installation and the
consolidation (set-up) time. It may further be influenced by a static pretension force

acting at the pile head and also by eventual residual stresses after pile driving.

The soil strength will thus change from the free field towards the pile surface as a
function of time after pile installation. In order to compare the results of the labora-
tory model pile tests and the 3" diameter field segment tests the effective stress situa-
tion close to the pile and in the free field will have to be evaluated for both types of
tests. However, as pile design is very often based on total stress methods like the o -
method, the free field undrained shear strength before pile installation is an equally

interesting parameter to compare.

Undrained Shear Strength

The undrained shear strength s, of a soil is to a considerable degree dependent on the
sampling and test method applied. Sample disturbance can be considerable, especially
for gassy soils. Field tests like the cone penetration test (CPT) and the remote vane
test (RVT) avoid the sample disturbance effects caused by stress reduction and gas
expansion, however, pushing a vane or cone into the soil may cause a certain degree

of disturbance also for these test methods.

Triaxial compression tests normally give higher values of undrained shear strength than

simple shear tests which again normally exceeds triaxial extension tests.

Any relationship between measured skin friction and undrained shear strength should
therefore be connected to a special test method like the unconfined compression test
(UCT) or the miniature vane test (MVT) as specified by API in their " Recommended

Practice for Planning, Designing, and Constructing Fixed Offshore Platforms".

The reference test methods applied by Veritas in the model pile tests were the UCT
and the pocket penetrometer test (PPT). The latter test is a very simple and rapid

method to check the undrained shear strength and to determine variations of strength
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locally in a soil sainple. Further the fall cone test (FCT) was used for rapid strength
determination when the samples with undisturbed samples were opended and classified
visually before remoulding and mixing and to some extent the FCT was used also on

remoulded reconsolidated samples.

Based on their soil characterization study Ertec proposed a design shear strength pro-
file as shown in Figure 2.6. The strength profile is based on a variety of different
strength tests. RVT, MVT, CPT, and unconfined, undrained compression tests (UU)
plus, the in our opinion somewhat uncertain and operator dependent, torvane tests

(TVT), which have been adjusted by a set of adjustment factors.

The extremely detailed "soil investigation carried out within this research project con-
tains a considerable amount of strenght determinations with the various methods. This
makes a statistical treatment of data possible in order to determine correlations
between the different strength tests. Only strenght determinations on the same samples
or on neighbour samples have been used in this study which gave the following corre-

lations:

Table 2.4 Shear Strength Test Correlations

Number of Average Standard Comments
samples ratio deviation
n X s

Ratio between MVT and UU strength 18 0.93 0.29
Ratio between MVT and TVT strength 16 1.46 0.69
Ratio between MVT and RVT strength 2. 0.71 0.13 (down to 220 ft)
Ratio between UCT and UU strength 6 0.71 0.10 (down to 220 ft)
Ratio between PPT and UCT strength 33 0.98 0.09
Ratio between PPT and TVT strength 3 1.18 0.07
Ratio between PPT and FCT strength 20 0.65 -
Ratio between PPT and CIU strength 13 0.66 0.14




20-

This allows a cross correlation to be developed between the eight different test

methods applied in the combined field and laboratory test program. Although including
some uncertainty it is felt that the table below could be a valuabel tool when compar-
ing the laboratory and the field tests as well when correlations between undrained

shear strength and skin friction are to be evaluated with recommendations for design

procedures in mind.

Table 2.5 Relationship Between Undrained Shear Strengths Measured by

Different Methods (ie.

u,rv

Su
2. = 0.53)

Ratio between test method in horizontal row
and test method in vertical column

UCT PPT RVT MVT TVT FCT uu CIU
UcCT 1.00 1.02 0.54 0.77 1.13 0.66 0.71 0.67
PPT 0.98 1.00 0.53 0.75 1.18 0.65 0.70 0.66
RVT 1.85 1.89 1.00 1.41 2.10 1.23 1.31 1.25
MVT 1.31 1.34 0.71 1.00 1.46 0.87 0.93 0.89
TVT 0.88 0.85 0.48 0.68 1.00 0.58 0.62 0.59
FCT 1.51 1.54 0.81 1.15 1.72 1.00 1.07 1.02
818) 1.41 1.44 0.76 1.08 1.61 0.93 1.00 0.95
CIU 1.48 1.52 0.80 1.12 1.69 0.98 1.05 1.00

For a comparison of the segment tests and the laboratory model pile tests the actual
un.drained shear strength at the test depths should be reevaluated. Using the correlation
factors in the table above the average values of shear strength measurement with the
different test methods have been scaled to UCT and CIU strengths for the three test
depths of 17.7m (58 ft), 45.1 m (148 ft) and 63.4 m (208 ft) using strength measure-

ments in the vicinity of the test depth. This gave the following results:
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Table 2.6 Shear Strength Comparison with Segment Tests

T

Test Stratum UCT-strength CIU-strength Ertec’s reference | Veritas model pile

depth No. range average range average shear strength | tests, range of S,
m - kPa kPa kPa - kPa kPa kPa(UCT)

17.7 I 13 1o 16 14 19 to 23 21 18

45.1 1 26 to 38 30 38 to 55 44 34 30 to 60

63.4 1 45 to 63 57 65 to 93 80 62 60 to 100 !

This indicates that the laboratory model pile tests have been performed at levels of

undrained shear strength comparable to the segment pile tests in Stratum II and III.

Effective Stress Conditions

The consolidation stresses selected for the model pile tests were as follows:

Cye ’ Oyc ’ KO
Stratum 11 300 210 0.7
Stratum I1I 500 350 0.7

These vertical consolidation stresses were applied in the large consolidometer where the
samples were prepared. However, due to considerable side friction the consolidation
stress dropped towards the bottom of the sample and the low coefficient of consolida-
tion led to consolidation times considerably longer than what was expected prior to

testing.

The lower 35 cm of the samples were always used for the pile tests and transferred to
the pile chamber where the above described consolidation stresses were applied. As the

sample obviously was not consolidated to the planned stress level in the

[ERCTAESS
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Oye ’ Grc, KO
Stratum 11 300 210 0.7
Stratum I1I 500 350 0.7

These vertical consolidation stresses were applied in the large consolidometer where the
samples were prepared. However, due to considerable side friction the consolidation
stress dropped towards the bottom of the sample and the low coefficient of consolida-
tion led to consolidation times considerably longer than what was expected prior to

testing.

The lower 35 cm of the samples were always used for the pile tests and transferred to
the pile chamber where the above described consolidation stresses were applied. As the
sample obviously was not consolidated to the planned stress level in the. consolidome-
ter, the application of the consolidation stresses in the pile chamber will lead to a pore

pressure increase.

The evaluation of all tests indicates that the first 4 tests (Test 4 to test 7) may have
had limited drainage possiblities in the pile chamber. The excess pore pressure caused
by the change in consolidation stresses may have equaled out over the sample but not
dissipated and has thus been present as an ambient pressure during pile installation

and testing.

In the rest of the tests the drainage system was changed and it is believed that the
outer boundary of the sample was completely drained during pile insertion and testing
as originally planned. The effective stress conditions in the samples may thus have

varied to some extent from test to test. This is further commented on in Section 3.
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2.6 LABORATORY MODEL PILE TEST PROGRAM

2.6.1 Objective of the Different Test Types

The test set-up' was designed to allow all the different phases of the life of a pile to
be followed, and the following observations were planned to be made at the different

stages of testing:

* Installation:
development of pore water pressure and normal stress, skin friction during inser-
tion

* Set-up:
changes in pore-water pressure and normal stress during consolidation

* Static loading:
load-displacement behaviour (t-z) curves, axial capacity as a reference for cyclic
load tests

* Cyclic load controlled tests:
cyclic creep effects, changes in t-z curves due to cyclic loading, generation of pore
pressure and changes in normal stress

* Cyclic displacement contolled tests:
degradation of skin friction and stiffness, generation of pore pressure and changes
in total stress.

* Static creep and relaxation tests:

Observation of creep and relaxation effects under static load/displacement

2.6.2 Summary of Test Program

Totally 13 tests were carried out. The three first tests were pretests to test and adjust
the equipment and the test procedures. The reporting will thus be limited to the 10 last
tests starting with Test 4 and ending with Test 13.
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As outlined previously the tests were performed on material from Stratum II and HIL
The excessively long consolidation time required made a reduction of the number of
test samples necessary as described in Veritas’ Technical Note No. FDIV/23-82-04:
" Subproject CNRD 13-2, Tension Pile Study, Revised Model Pile Test Program". All

tests on material from Stratum I were dropped from the test program.

Within each test a large number of different load combinations were applied to the
pile in order to bring forward as much information as possible. A typical test
comprised normally of a static load test to failure followed by a load controlled test
where parcels of gradually increasing cyclic load were superimposed on a static
(pretension) level. After failure in this one-way type of loading test, a displacement
controlled test was performed with parcels of gradually increasing axial pile displace-
ment. Creep and relaxation were studied in some tests. A summary of the test pro-

gram is presented in table 3.1.




3. MODEL PILE TEST RESULTS
3.1 GENERAL

A total of 13 clay samples were prepared in the oedometer and subsequently

transferred to the pile model chamber for pile model tests. These tests were numbered

consecutively as Test 1 through Test 13, where odd numbers refer to clay from Stratum

II and even numbers from Stratum III. As mentione_d earlier, the first three tests were
used for calibration and adjustment of the test procedures and no results are therefore
reported. Appendix A through J contain the detailed results from Test 4 through Test

13, giving five tests from each of the two lower strata.

Table 3.1 contains a summary of the results from the pile model tests and an overview
of the different types of tests performe&. The table gives the essential information
starting with the preparation of the clay sample in the consolidometer through installa-
tion of the pile and the testing phase. Prior to the loading of the pile, a time for set-

up was allowed. This time varied for each test, and was a result of several factors.

Initially it was the intention that testing was to start after the excess pore pressure at
the pile surface from installation, had dissipated. But due to poor drainage conditions,
very low permeability of the remoulded, reconsolidated clay, and extremely slow pore
pressure response of the pore pressure system on the pile wall, the time for full dissi-
pation was never reached. Start-up of tests were therefore determined by a seemingly
steady-state of the pore pressure and in some cases due to practicality in the labora-

tory test program.

3.2 EVALUATION OF CHANGE IN SKIN FRICTION WITH TIME IN THE
LABORATORY MODEL PILE TESTS

Remoulded samples were consolidated in the consolidometer with 300 kPa and 500 kPa
vertical stress for Stratum II and III respectively. Based on measurements of pore
pressure dissipation and axial compression as a function of time it can bee concluded

that the tests were consolidated to 90% or more (average degree of consolidation).
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However, the height of the samples introduce considerable skin friction along the wall
of the consolidometer, leading to a gradually decreasing vertical stress with depth
below the load piston. This effect could clearly be seen from the pocket penetrometer
determination of undrained shear strength on the sides of the samples before installa-

tion in the pile test chamber.

As the lower part of the samples from the consolidometer were always used for the
model pile tests, it is obvious that the samples were subjected to higher consolidation
stresses in the model pile test chamber than in the consolidometer. This must have
generated an additional pore pressure generation which gradually dissipated through
radial drainage towards the filter strips on the outer periphery of the samples in the

pile test chamber.

Based on the ¢, - values measured in oedometer tests we conclude that the ¢, - values
most probably lies in the range 0.1 to 0.2 m?/year for the remoulded reconsolidated

material in the relevant stress range.

The effective consolidation stress acting on the sample in the consolidometer tests can

be estimated from undrained shear strength relationships described in Chapter 2.5.

The excess pore pressure due to application of oy, and og. of 300 kPa and 210 kPa
for Stratum II and 500 kPa and 350 kPa for Stratum III respectively, can be estimated

to be approximately equal to the difference in the vertical stress.

The excess pore pressure caused by pile insertion, and later on additional pore pres-
sure caused by static and cyclic loading, has to be superimposed on the excess pore
pressure caused by the stress change from consolidometer to the Iﬁile chamber
described above. This mainly affects the soil close to the pile wall and decreases
rapidly with increasing distance. We consider the effects to be negligible close to the
periphery of the samples and have assumed that the conditions here correspond more

or less to the free field conditions far away from a full size pile.
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The dissipation of this excess pore water pressure can be estimated with radial consoli-

dation theory (Scott,1963).

t = r*/c,T

To achieve an average degree of consolidation of more than 90% the T factor is

estimated to be about 0.3 to 0.5, giving consolidation times of:

t ~ 3 to 5 days

Except for tests 4,6,7 and 8 more than 5 days were allowed for consolidation in the

pile chamber before the pile was installed.

_In Figure 3.1 is shown the measured shear strength in the clay samples (average "free-

field") taken after consolidation in the consolidometer and after completion of the pile
test. A quite consistent picture is here revealed of the undrained shear strengths in the
reported tests. The low shear strength for Test 12 is explained by the poor consolida-
tion for this sample as explained in Appendix L. Figure 3.2 also enlightens this picture
by showing the measured undrained shear strengths versus the water content at the end
of the tests. The water content for Stratum II (PI=26%) clay was around 30% and for
Stratum III clay (PI=55%) around 40% . Both strata showed kclear trends of increasing

shear strength with decreasing water content.
3.3 STATIC CAPACITY

After pile installation and the following set-up period, the testing phase always started
with a static test. In addition to the information of the static strength, these tests were
performed in order to have a reference for the cyclic tests and to_calibrate and check

the stability of the frictional measurement system.

The static test comprised of pulling the pile up with a constant speed of extraction.
The deformation rate was set to 1 mm per hour in the first tests and for the later tests
increased to 10 mm per hour. This increase showed no sign of increase in friction due

to rate effects.
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As the pile was displaced, the friction increased up to a peak point, which generally
was around 1 to 2% of the pile diameter (ie. 0.25 to 0.5 mm). After this yield (ulti-
mate) friction point, the mobilized friction reduced, as the pile continued to move up,

but quite quickly reached a stable residual value. At a total upward pile displacement

of about 3 mm the direction of the pile movement was reversed keeping the speed
constant. This caused reduction of the friction at about the same slope as the initial
loading phase, and then the directrion of the interface shear was reversed and again
reached a maximum in the compression side. As the pile still moved down the residual
compression was reached and the test was stopped as the pile reached the original
position. Usually this cycle was repeated once in order to check the repeatability. The

results of these tests can be seen in Figure 5 of all the Appendix A through J.

The maximum friction obtained for the different tests varied quite significantly, depend-
ing on the consolidation time and the strata tested, and thereby on the shear strength

of the clay.

For the total stress approaéh the ultimate friction is related to the undrained shear
strength by the a-factor, and in Figure 3.3 the resulting a-factors are plotted versus the
interpreted free-field shear strength at time of testing. Values ranging from 0.45 to 0.85
resulted for the computed a-factors and with a seemingly inconsistent scatter. The fac-
tors recommended by API for this type of clay is drawn up for comparison. As recom-
mended by the API, the model pile test results also indicates lower a-factors for higher

shear strengths.

As mentioned in the previous section the permeability of the remolded clay was
extremely low, implying very long times for excess pore pressures to dissipate. It would
therefore seem natural that tests with shorter set-up times would give lower friction
values, and a- factors, since the time for full diésipation of pore pressure and healing
of soil structure in the remolded zone generated by the pile installation had not yet
been finalized. The plot in Figure 3.4 indicate such effects, where the a-factors are
plotted versus the set-up time. For the model pile in the remolded clay (¢, of about
0.1 m%/year) the time for full dissipation is about 20 days, which from the plot in Fig-
ure 3.4 indicates an o- factor of about 0.8 at full set-up. This conclusion then implies
that most tests were performed before full set-ub (consolidation) had taken place. It
must here be kept in mind that in the above determination of a-factors a significant
degree of judgement is also inherent in the determination of the undrained shear

strength. A change in this will directly change the value of the a-factor.
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Another interesting aspect of the results is seen when plotting the ratio of the ultimate
and the residual friction (reduction factor) versus the undrained shear strength, as done

in Figure 3.5 . This ratio is consistently larger for Stratum II clay than Stratum III,

which might be a result of the difference in plasticity between the two layers. Also, the
ratio seemed to increase with increasing shear strength, as indicated by the straight line

fits.

In the effective stress approach, where the ultimate friction is related to the effective
vertical pressure, clw,, prior to pile installation by the B-factor, the estimation of the
G'V,,_ is very crucial for the outcome of the results. For the laboratory model pile tests
this estimation was made on the basis of results from the consolidation and triaxial
tests on the remoulded material and the mentioned relationships between the shear
strengths measured by pocket penetrometer and CU-tests. The results of computing the
B-values for the static tests are shown in Figure 3.6, where it can be seen that values
in the range from 0.1 to about 0.25 were found. Again, there do not seem to be any

consistent relationship in these results with regard to trends for the two strata.

Measurements of the total and pore pressures on the pile wall during the tests were
made for all the pile model tests. The response of the pore pressure for the first tests
(Test 4 through 9) was, however, very slow so no radical changes in the pressures. on

the pile wall were seen during failure nor for changes in the direction of shear etc.

From readings of the available pressures at failure the effective pressures were calcu-
lated, and the interface friction angles, 5, determined. The results are listed in Table
3.1, which show quite small values, in the range from about 9 to 17 degrees. For Test
13 the computed interface friction angle showed 35 degrees, and is most likely the

result of very long times for consolidation before the static test.
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3.4 CYCLIC STRESS CONTROLLED TESTS

A total of eight regular cyclic stress controlled tests with increasing levels of cyclic
stress superimposed on a static bias level were performed. In addition, random cyclic

stress controlled tests were performed for Test 12 and 13.

The regular cyclic stress (load) controlled test comprised of applying a static uplift load
on the model pile, expressed as a percentage of the static ultimate capacity. Superim-
posed on this static stress (load), parcels of 100 cycles of 10 seconds period and with
constant 'stress amplitude were applied. The mobilized interface friction was therefore
controlled to cycle about the static bias level. The cyclic stress amplitude was increased
in subsequent parcels until the pile suddenly failed. This failure was characterized as

an excessive deformation at the peak load during one cycle.

During the cyclic testing, measurements were made of the pile deformation and of the
total and pore pressures acting on the pile wall due to the application of the cyclic

skin friction.

In the random cyclic stress controlled test the cyclic amplitude varied randomly for
each cycle, with a Rayleigh distribution over 1250 cycles. The maximum amplitude for
one parcel of 1250 cycles was chosen, and then increased for subsequent parcels until
failure occured. The maximum cyclic amlitude was chosen not to exceed 50% of the
static ultimate capacity and in order to increase the actual stress on the pile for con-

secutive parcels the static bias level was increased.

Common for all (but one) cyclic stress controlled tests were that failure occured as a
sudden pullout without almost no warning, such as increase in the pore pressure on
the pile wall or large increase in permanent (mean) or cyclic pile deformation. When
the maximum stress on the pile interface incresed to about the level of the static capa-
city some hysteresis in the friction versus displacement relationship could be seen, and
minimal signs of permanent pile movement resulted. At failure, however, the pile sud-
denly was pulled up at point of maximum friction. This maxumum friction was gen-
erally larger than the previous static capacity, but after failure the mobilized friction
seemed to degrade. In some cases the loss in friction was comparable to the residual
friction in the static test, although this was hard to verify since the cyclic tests were
stopped after failure, and also that due to the fact that pile friction was controlled in

a cyclic varying fashion the actual residual level was hard to determine.
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As can be seen from Table 3.1 the static level was kept constant within each test, and
varied from 20% to 70% of the ultimate static capacity in Test 4 through 11. For the
tests with a static bias below 50% of static capacity the interface friction changed
direction (tension to compression) during the last parcels since the maximum cyclic
capacity generally was higher than the static. The fact that a change in direction of
shear on the interface did take place, might have influenced the cyclic capacity such
that failure occured earlier (after less number of cycles) than if the tests had been per-
formed such that the interface friction always had been in one direction (ie. tension).

There were, however, no unique indications that such an effect was present.

As can be seen from the curves of skin friction versus pile displacement for the stress
controlled tests in the Apendices, the behaviour is almost linearly elastic with only very
small signs of hysteresis, almost up to point of failure. An interface shear module can
be computed by taking the mobilized friction at failure and divide by the pile displace-
ment normalized by the pile diameter. Figure 3.7 shows the computed moduli versus
the undrained shear strength for the different tests. Values in the range from 4000 to
8000 kPa resulted, and with a tendency for clay from Stratum II to have a higher

module than Stratum III at the same undrained shear strength.

One test differed drastically from the other tests with regard to development of pile

displacement. In Test 6 the cyclic stress controlled tests were performed after the the

two-way cyclic deformation controlled "degradation" tests, and the pile started to move
upwards and permanent deformations resulted in the second parcel, with a maximum
stress of about 0.9 of the static capacity. The increase in permanent deformation did
not produce large uncontrollable uplift of the pile, but a small finite deformation for
each cycle. The deformation rate seemed quite constant, until the next parcel where the
stress level was increased. It séemed like the previous degradation tests had the

impact on the interface such that the creep level was reduced.

The cyclic load program performed here did not allow for an investigation into the
number of cycles to failure for certain stress levels. Each stress level (parcel) was kept
for 100 cycles and then increased until failure occured within a parcel. The pile dis-
placement was monitored during the cycling which gave information of the cyclic and
average (mean) pile movement due to the applied stress on the pile-soil interface. As
mentioned earlier, the failure of the pile generally happened suddenly with very few
signs of éhange in the parameters measured. For most of the tests, however, one could

see signs of increasing permanent displacement as the maximum stress during one cycle
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reached the previous static capacity. When calculating the ratio of the maximum cyclic
side friction to the ultimate static capacity for Test 5 through 10, at the time when
signs of permanent pile displacement occured, vales ranging from 0.92 to 1.07 results,
and for Test 4 and 11 values of 1.43 and 0.8 respectively. The tests performed indi-
cated that the actual maximum stress during cycling controlled the behaviour of the
pile and that the combination of the static and cyclic components did not have any

serious influence on the pile behaviour within the number of cycles tested.

The measurements of total and pore pressure on the pile wall during tests indicated
. that the cyclic stress controlled testing did not produce any pore pressure build-up
along the pile wall. The pore pressure measurement system used for Tests 4 through 9
was too slow in the response time in order to give reliable inforrhation, but the results
from the tests with the new model pile were similar to the previous in this respect and
indicated that the cyclic testing was not able to introduce enough shear stress into the
soil mass‘ in order to produce a pore pressure build-up. Theoretical modelling and cal-

culations also supports this theory.

At the time of failure the pore pressure was in many cases seen to decrease, when at
the same time the total pressure measurements showed increase. From an effective
stress point of view, this behaviour seems quite strange, since there is reason to beleave
fhat failure was caused by loss of mobilized friction due to a reduction in the effective
pressure. From the measurements at the pile wall the opposite phenomenon seems to

result as the effective pressure on the pile wall increased.

For more details on each test, reference should be made to the results in the Appen-
dices A through J. The mentioned behaviour was quite general, however, and the meas-
urements do not give a basis for traditional effective stress considerations with regard
to mobilized skin friction during cyclic loading. The measurements of total and pore

pressure on the field segment tests also gave similar conclusions.

In the random cyclic tests the findings and indications from the regular stress con-
trolled tests were again present. No permanent or cyclic creep were seen in the first
parcels where the maximum stress was below the ultimate static capacity. Even when
the maximum stress was set to about the static capacity and 10% higher, no signs of
permanent deformation or préssure build-up resulted. It must here be kept in mind
that only one cycle of the 1250 cycles in one parcel had the maximum stress due to
the Rayleigh distribution, which again implies that only a few cycles actually produced

stresses above the static capacity. Both random tests produced failure with the same
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stress combination, with the maximum stress of 1.2 times the ultimate static capacity.
Common for both tests were that the pile failed at a stress lower than what had previ-
ously been produced in earlier cycles. The deformation was pronounced, but not
larger than that the test could continue without interuption for several cycles. In this
phase it was observed that the pile failed (large permanent deformation) at stress levels
smaller than that of the initial failure. This level was again comparable to the residual

level of the static tests.

As for the regular stress controlled tests the failure during the random tests gave an
increase in the total pressure and a reduction in the pore pressure. )

3.5 CYCLIC DISPLACEMENT CONTROLLED TESTS

After the cyclic stress controlled tests the pile was brought back to the original posi-
tion and a time was allowed for reconsolidation. This time varied from a couple of

hours to several days for the different tests.

The two-way displacement controlled tests consisted of parcels of 100 cycles of 10
seconds period with a prescribed cyclic deformation amplityde applied to the pile. This
amplitude was kept constant throughout one parcel and increased for subsequent par-
cels. Generally the deformation amplitude for the first parcel was such that the mobil-
ized friction was below the ultimate cyclic capacity, and for subsequent parcels the
deformation amplitude was increased so that the ultimate capacity was reached and for

the last parcels a residual friction level during large plastic slip developed.

These deformation controlled cyclic tests were often referred to as degradation tests
since the pile was pulled (and pushed) beyond the elastic range and through a plastic
range for numerous cycles in both tension and compression, which resulted in a reduc-

tion in the maximum mobilized friction and also in the residual level.

As can be seen in Table 3.1 the cyclic amplitudes for the consecutive parcels were gen-
erally 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 and 2.0 mm. The ultimate friction was generally not
reached in the first parcel with only 0. mm as maximum displacement. The friction
versus displacement curves for these parcels were almost purely linearly elastic and

repetitive. For the consecutive parcels the pile was displaced beyond the socalled
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quake, or the pile displacement at ultimate friction. As the pile was pulléd beyond this
point the mobilized friction reduced towards a residual value, which was reached when
the pile was pulled (pushed) far enough. As it reached the maximum displacement the
direction of movement was reversed, causing a reduction in the mobilized friction simi-

lar to a static test.

The friction versus displacement curves for the cyclic displacemen‘t controlled tests were
similar to the results from the static tests. For the second cycle the ultimate friction
would be less than the virgin cycle to failure and the residual level also reduced with
number of cycles. Most of the degradation of maximum mobilizéd interface friction

occured in the first cycles in the parcel with ‘deformations beyond the yield point.

When the deformation amplitude was increased the mobilized friction in first cycle
would generally be higher than the peak friction in the last cycle in previous parcel.
This might be a result of the increased load rate, since the period was kept constant at
10 seconds, or also that inbetween parcels a time of about ten minutes were spent to
readjust the loading equipment. This time wold give a limited time for set-up effects to
develop and may thus partly explain this regain in capacity. The pfevious level was
generally reached after just a few cycles and a tendency to even continued degradation
was sometimes seen.

In Table 3.1 the minimum residual level and the highest maximum peak are listed for
all the displacement controlled tests, and the degradation is calculated as the difference
between these two. For most of the tests the degradation was from 20% to 30 %. For

one test, however, the maximum degradation was measured to 38% .

The pressure respons for the displacement controlled tests were more pronounced than
for the stress controlled tests, most likely due to the two-way movement of the pile
causing full reversal of the pile-soil interface friction. For the tests with the old model
pile the pore pressure response was quite slow, but after some parcels (about 200
cycles) with failure and plastic slip the pore pressure is seen to increase. During the

last parcels with large two-way displacements the pore pressure decreased again.

With the new model pile the pore pressure response was improved and indicated a
quite rapid increase in the pore pressure after the initial cycles through failure. This
increase in the pore pressure is accompanied by a slight increase in the total pressure
also, resulting in almost no change in effective pressure. The development of the aver-
age total pressure was generally unpredictable and was therefore seen to increase

slightly for some tests and decrease for others.

£ L
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The cyclic behaviour of the pressures on the pile wall seemed quite consistent in that
the total pressure generally increased as the pile was pulled up (tension) and decreased
as the pile movement was reversed to compression. The total pressure generally had
the maximum at maximum skin friction and minimum at peak skin friction in compres-
sion. (See for instance Figure A-14 in the Appendix C for Test 6). The magnitude of
the cyclic total pressure also seemed to increase with increased pile displacement

amplitude and was around one third of the peak skin friction of the same cycle.

The pore pressure, however, generally did not show any cyclic change for the old
model pile. For the new pile some cyclic variation was seen in Test 10 (W310SC),
although with seemingly no general trend. In Test 11 (W211SC) the pore pressure
changes were fairly consistent from cycle to cycle with a tendency to have twice the
frequency as the total pressure and skin friction. The peaks occured at times of peak
skin friction (tension and compression) and lowest values at times of pile movement

reversal.

The monitoring of the pressures on the pile wall might aid in the mechanistic explana-
tion of the mobilization of interface friction in a qualitative way, but through the many
tests performed within this program it has not been possible to relate pressure develop-
ment to reduction in mobilized skin friction due to cyclic pile motion. In fact the
skin friction sometimes reduce.d with increasing effective horizontal pressure measured
at the pile wall. It must here be kept in mind that the pressures are measured at the
pile wall, whereas the actual failure and critical zone might be located a small distance
from the pile wall, where the pressures might show a drastically different behaviour.
Attempts were made to check if a zone of clay material stuck to the pile wall after the
pile was extracted from the pile chamber. Unfortunately this was impossible since the
equipment was such that eventual material on the pile wall would be scraped off dur-
ing the pulling process. Such a formation of a socalled " soil-cake"” around the pile

was seen for most of the small scale field segment tests.
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3.6 CREEP AND RELAXATION TESTS

As can be seen in Table 3.1 several creep and relaxation tests were performed during
the test program. A creep test was performed as a stress controlled test where the side
friction on the pile was held constant (some percentage of ultimate capacity) while the
pile displacement was monitored with time. In the relaxation test the pile displacement
was controlled and the pile was pulled to a displacement and then held constant when
the side friction reached a prescribed level (a percentage of the ultimate capacity) and

the side friction was monitored with time.

For the creep tests almost no pile creep (after application of load) was seen before the
side friction applied to the pile reached about 90% of the ultimate capacity. The pile

displacement was in these cases monitored for about one hour. Increasing the side fric-
tion beyond this level resulted in quite fast developing pile displacements (abrupt pul-
lout).

The relaxation tests indicated similar behaviour in that the side friction was able to
more or less maintain at the initial level (pile was restrained from movement) when
this initial level was below about 75-80% of the ultimate static capacity. When the pile
was pulled to failure and then restrained for movement the side friction dropped quite
drastically within the first minutes but seemed to stabilize around 70% of the ultimate

level, even after 24 hours.




4. THEORETICAL WORK

4.1 GENERAL

In this section the results of the theoretical work performed at Veritas under the

CNRD 13-2 project is presented. The work has been directed mainly towards the fol-

lowing items:

*

Evaluation of pore pressure dissipation (set-up) in connection with pile installation

in clayey soils in the field and in the laboratory tests
Axial load-displacement relationships (t-z curves)
Effect of pile flexibility on strength degradation

Pore pressure generation around piles under cyclic loading and corresponding

strength degradation

Cyclic creep of piles under combined static and cyclic loading

In addition a few comments will be given to other factors influencing the deformation

behaviour and capacity of tension piles, and to a limited extent comparisons between

the 3" diameter segment tests and the laboratory model pile tests will be given. To

some extent the results have been extrapolated to large piles, with special reference to

the field test with the 30" diameter pile at West Delta Platform A.

SIS AR g
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4.2 PORE PRESSURE AND NORMAL STRESS GENERATION DURING INSTALLA-
TION

4.2.1 Theoretical Estimates of Excess Pore Pressure

The best reference known to the authors on this item is the work by Randolph, Carter
and Wroth (1979) based on cavity expansion theory and a modified Cam-clay model

For full displacement piles the following estimates of pore pressure and total normal

stress is given:

o

T = 5 to 6
Sy
L =~ 3 10 4
Su

For pipe piles (non-plugged) the values of pore pressure and total normal stress will be
lower dependent on the degree of cavity expansion caused by the pile wall thickness
and the shape of the cutting shoe. The thickness of the cutting shoe of the 3" diame-
ter segment pile indicates that at least a 20 to 30 % expansion relative to diameter of
the cutting shoe could be expected which gives the following lower bound values for

pore pressure and total stress generation due to pile installation:

cn

= 45 to 5
Su
H =~ 25 to 3
RY

4.2.2 Comparison with Measured Values

The results of the laboratory model pile tests and the results of the 3" diameter seg-
ment pile tests have been compared with the above estimates for pore pressure and

normal stress development due to pile installation. The results are summarized below.

N L N ]
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Table 4.1 Theoretical vs. Measured Pressures on Pile Wall

TEST NO. OPEN (0O) SHEAR THEORY MEASURED
CLOSED (F) STRENGTH (RANDOLPH et al) . (BEST EST.)
Sy u Op u On
kPa kPa kPa kPa kPa
TEST 4 - F 59 180-235 295-360 250 260
TEST 5 F 50 150-200 250-300 150 350
TEST 6 F 65 ‘ 195-260 325-390 250 270
TEST.7 F 30 90-120 150-180 150 300
TEST 8 F 65 195-260 325-390 200 ’ ~ 507
TEST 9 F 50 150-200 250-300 unrel.
TEST 10 F 80 240-320 400-480 190 reinst.
TEST 11 F 55 165-220 275-330 200 50
TEST 12 F 40 120-160 200-240 330 280
TEST 13 F 60 180-240 300-360 120 80
DEPTHI1/H! F 18 55-75 90-110 110 0
DEPTH1/H2 F 18 55-75 90-110 91 ?
DEPTHI/H3 F . 18 55-75 90-110 105 ?
DEPTH2/HI O 27 67-81 120-135 115 86
DEPTH2/H2 F 27 81-108 135-162 197 ?
DEPTH2/H3 (0] 27 67-81 120-135 67 ?
DEPTH3/H3 o] 34 85-102 153-170 165 163
DEPTH4/HI o] 45 112-135 202-225 290 295
DEPTH4/H2 0] 45 112-135 202-225 115 ?
DEPTH4/H3 o 45 112-135 202-225 320 ?

The values listed in this table for measured total pressure increase are based on esti-
mates of the horizontal pressures in the field prior to pile installation, which might be

quite unreliable for both the laboratory and field tests.
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This preliminary comparison indicates quite a scatter and discrepancy between the
measured and predicted values for pore pressure and total normal pressure due to pile
installation corresponding to the above described theory. The pore pressures, however,
for the laboratory tests corresponds fairly well. For the segment tests the measured
pore pressures are generally higher than the ones predicted. Only three values were

found for the total pressures after installation from the segment test report.

4.3 SET-UP (PORE PRESSURE DISSIPATION)

4.3.1 Theoretical Initial Distribution of Pore Pressure

The initial distribution of excess pore pressure with radial distance from the pile
surface has been assumed according to Randolph, Carter and Wroth (1979) as shown

in Figure 4.1. For the laboratory model pile tests it has been assumed that the pore

pressure approaches zero at the boundary of the sample, i.e. at a distance r/7,=8 . .

4.3.2 Consolidation Analysis Method

The analysis of set-up was performed with the finite element program OCEAN 2 (Rah-
man, 1976). The program allows linear and nonlinear consolidation analysis of axisym-
metric problems with a given initial pore pressure distribution. However, all analyses

were performed assuming constant coefficients of consolidation and isotropic permeabil-

ity.

Due to the height to radius ratio of the models involved it was found acceptable to
simplify the geometry to a radial single slice. The effect of top and bottom plate

drainage in the laboratory model pile tests was investigated with a full model, however,

the results indicated only minor differences over the instrumented section of the model

pile, and all further analyses were thus performed with single slice -models.
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4.3.3 Consolidation Properties

The site characterization study and the comparative investigation of the material pro-
perties of the remoulded, reconsolidated material used in the laboratory model pile
tests showed very significant differences in coefficients of consolidation. Based on
Ertec’s compression tests on samples from the three different strata the coefficient of
consolidation could be expected to lie in the follwing ranges for the approximate stress

conditions at the different test depths:

Stratum [ : 6 to 7 m%/year
Stratum II 3to S m?/year
Stratum III : 2 to 3 m?/year

However, the compression tests carried out by NGI, NTH and McClelland indicated
values considerably below Ertec’s values. In fact their ¢, values are approximately 1/3

to 1/5 of Ertec’s values. The reason for this consistent difference is not understood.

Summarizing the results of the three other laboratories we get the following:

Stratum 1 : 1.0 to 2.0 m%/year
Stratum II : 0.8 to 1.5 m?/year
Stratum III: 0.5 to 0.8 m*/year

The remoulded, reconsolidated material used in the laboratory model pile tests showed
considerably smaller values. For the stress ranges in question the following values were

found most representative based on compression tests:

Stratum II : 0.06 to 0.25 m?2/year
Stratum III: 0.06 to 0.13 m?/year
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4.3.4 Comparison between Predicted and Measured Behaviour

In Figures 4.2 and 4.3 the results of the OCEAN2 analyses are presented for the
laboratory model pile tests and the 3" pile segment tests respectively. For the labora-
tory tests pore pressure dissipation curves for three different c,-values are presented.
On the same plot the measured pore pressure dissipation for Test 12 and 13 are

included.

Figure 4.3 also includes pore pressure dissipation curves for three different c,-values
and in addition two ranges for the theoretical location of "free draining boundary".
Also on this plot the measured results from the segment tests are included. The
weighted average of the measured pore pressure for the three test holes at three test

depths were used for the measured resulits.

This comparison between the predicted and measured pore pressure dissipation clearly
shows that the remoulded material used for the laboratory tests has much lower coeffi-
cient of consolidation than in the field. It also indicates that full dissipation was never
reached for the laboratory tests,although the determination of initial pore pressure in

the clay prior to model pile installation is somewhat uncertain.

4.4 LOAD - DISPLACEMENT (T-Z) RELATIONSHIP

4.4.1 Theoretical Single Slice Model

A theoretical prediction of the model pile behaviour as well as the segment pile
behaviour under axial loading was performed and presented in Veritas Technical Note
No. FDIV/23-82-03. The model is based on the assumption that the material follows a
hyperbolic stress-strain relationship. The shear stress decreases from the value t(r,) at
the pile surface to a value of t©(r) at a radial distance r from the center of the pile

according to the following expression:
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ur) = r(ro)_r

where r, = pile radius

The hyperbolic model gives the following relationship between the shear stress, t, and

the shear strain, v :

T=— Y ”
— +
Gi Tuir

where G; = initial shear modulus
T, = shear strength

The following relationship can be shown to exist between the secant shear modulus

)

and the the degree of shear stress mobilization, (i.e. i

Tun

T
Tult

Gsec = Gl(l - )

The axial displacement 3v of a section of a single slice with thickness 37 subjected to

shear stress t will be:

v = ——5r
Gsec

By inserting the above expressions for ©(r) and G.(tau) into the latter expression and
integrating from r=r, to a certain distance R from the pile center, the following

expression is derived:

©(75) (7,)
Tuir ) h In(l_ Tult

W(re)t, R
= T [ ln(z —

) ]
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Based on G; - moduli extrapolated from the triaxial and simple shear test results from
the laboratory investigations, which tended to lie in the range 80 to 180 times the
undrained shear strength for the undisturbed material and in the range 180 to 225
times the undrained shear strength for the remoulded reconsolidated material, and by
assuming an outer boundary for the single slice model at 8 r, for the model pile and
20 r, for the segment pile the shear stress versus axial displacement curves shown in
Figures 4.4 and 4.5 could be derived for the two devices respectively. By further
assuming o - values in the range 0.5 to 0.6 at the pile - soil interface the shaded
ranges could be taken as a best estimate of normalized load-displacement behaviour
under static loading. Thus the best estimate of failure displacement is in the order of

.5 to 1.0 percent of the pile diameter for G, s, values in the range 100 to 200.

The t-z curves measured in the laboratory model pile tests and the field segment tests

fall reasoriably well into this range.

Under cyclic loading the t-z curves tend to be more linear. This is especially so for
displacement controlled tests where the skin friction degrades and the shear stress -
displacement relationship approaches a parallelogram, but also load controlled tests
with one way loading below failure show a close to linear behaviour with very little

tendencies to hysteresis.

For all practical purposes an ideal elasto-plastic shear stress - displacement relationship

seems to be a reasonable approximation.

4.5 EVALUATION OF PORE PRESSURE GENERATION UNDER CYCLIC
LOADING

4.5.1 General

Cyclic loading of soils will generally lead to a gradual volume reduction if drainage is
allowed to take place. Dependent on the permeability of the soil and the drainage
conditions as well as the frequency and intensity of the cyclic shear stress variations a
gradual pore pressure increase could be expected. This phenomenon can in the

extreme case lead to a total loss of strength as the effective stresses in the soil will
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decrease with increasing pore pressure. The extreme situation where the poré pressure
equals the effective stress is called liquefaction, a well known situation in connection
with earthquakes and loose sandy soils. It is also known as "failure in cyclic loading"
in connection with offshore gravity platforms and has been demonstrated through sen-

trifuge testing as well as medium scale model tests.

For piles it could be expected that a similar phenomenon could take place. However,
neither the laboratory model test nor the field segment tests carried out within this
project showed any significant increase in pore pressure during the various cyclic load

tests.

At the end of the pile test program a series of two-way triaxial tests were run on the
remoulded material used in the pile test program as well as a comparative series on

undisturbed material from stratum II and III.

The two-way triaxial tests on the remoulded material revealed that the pore pressure
generation was slower in the remoulded West-Delta clay than what has been found for
Drammen clay (an extensively investigated material in this connection) and the cyclic
strength is thus better for the WD-clay. The results of the cyclic tests are presented in
Appendix K.

4.5.2 Analysis Meodel

For piles the shear stress level decreases with increasing distance from the pile. In a
single slice model as shown in Figure 4.6 the shear stress decreases according to the

following expression.
o)y =1, —

where t(r) = shear stress at distance v from pile center
T, = shear stress at pile wall
r, = radius of pile

r = distance from pile center
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If the clay strength is constant in the soil mass the shear stress ratio can be expressed

as

However, driven and push in piles will normally experience set-up effects which tend
to increase the shear strength of the soil in the surrounding of the pile. Based on the
work of Randolph, Carter and Wroth (1979) the increase in undrained shear strength

could be as illustrated in Figure 4.7.

For the fully consolidated situation the undrained shear strength can be expressed

approximately as:

. ’,
Su(r) = Sy + Asuo -

where s,, = undrained shear strength prior to pile

installation

As,, = increase in shear strength at pile

surface after set-up

This leads to the following expression for stress level:

() _ T (i
$u(r) (Suo + Asyo 1ro/r) = 1

)

Based on the above expression for stress level and the test results from the two-way

cyclic triaxial tests on the WD-clay a pore pressure generation model can be esta-
blished.
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The computer program OCEAN2 (Rahman, 1976) which is an axial symmetric finite
element program for analysis of combined pore pressure generation and dissipation is
available at VERITAS. The program contains a pore pressure generation model

developed by Martin (1975) expressing the pore pressure generation as:

l
U, = cv,,’[% + —j?s_in—‘(zc" - 1)

where:
u, = generated pore pressure
o,, = initial mean normal effective stress for
trixial test or the initial vertical effective stress
. for simple shear conditions.
C = N/N,
N = Applied number of cycles

N; = number of cycles required to develop
U, = 6., (i.e. initial liquefaction in sand)

® = an empirical constant

The expression is shown graphically in a normalized form in Figure 4.8.

Comparing with the results of the two-way triaxial tests on WD clay (see Appendix K)
it is seen that the pressure generation curves are of similar shape, but only 50 to 60%
of the consolidation stress is generated as pore pressure before the samples undergo

excessive cyclic deformations.

The pore pressure generation curves from the triaxial tests were replotted into the
OCEAN?2 pore pressure generation model. A value of 8 = 1,0 was chosen as a best

fit curve and "the number of cycles to liquefaction", N; was adjusted to give a

reasonable correspondence between the test data and the model curve.

The results are shown in Figure 4.9, where selected points from the triaxial tests were
plotted vs the relative number of cycles and show an acceptable correspondence for all

tests for 6 values in the range 1.0 to 1.5.

AT -
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The evaluated "number of cycles for liquefaction" has been plotted vs the cyclic shear

stress level t /s, in Figure 4.10.

A curve fit has been made giving

logN; = 7.6(1 — )

L
1.05 s,
or

7.6(1 -
N[ = 10

T
T05s,

Combination of the above expression with the expression for stress level gives the fol-
lowing relationship between the cyclic stress level in the soil mass and the number of

cycles to generate 100% pore pressure.

To

rﬂ
7.6(1 —~ 0.95—r- )

r
o
(Suo + ASuo -T)

Ni(r) = 10

4.5.3 Finite Element Model

The laboratory model pile test has been evaluated with the derived pore pressure gen-
eration model. The test was modelled by a single slice consisting of 11 elements from
_the pile surface to an outer boundary set at 8 times the pile radius. The nodal points

were placed at relative distances r.7, as follows:

NP No. 1 2 3 4 5 6 7 - 8 9 10 | 11 12

r/r, 1.00 | 1.05 | 1.10 | 1.20 | 1.40 | 1.70 | 2.10 | 2.60 | 3.4 | 4.5 | 6.0 | 8.0

NP No. 13 14 15 16 17 18 19 20 21 | 22 | 23 | 24

The laboratory model pile test was simulated as draiﬁed at the outer boundary (i.e.
nodal points 12 and 24).
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4.5.4 Soil Consolidation Parameters

The soil parameters involved in the analysis in addition to the pore pressure generation

model are:

k, = the radial permeability
m, = the radial compressibility of the soil

v. = the unit weight of water

These parameters are combined to give the radial coefficient of consolidation c,,

¢, has been determined by Ertec, McClelland, NGI and NTH for undisturbed material
and by VERITAS for the remoulded and reconsolidated material as commented on pre-

viously.

For the undisturbed material c,-values in the range 0.5 to 3 m?/year have been
reported while the remoulded and reconsolidated material gave ¢, values in the range

0.06 to 0.25 m?/year.

4.5.5 Simulation of Cyclic Loading

Two-way cyclic loading was performed in the laboratory pile tests. The number of
cycles was restricted. The computer runs simulates a series of 100 cycles which is con-
sidered sufficient to see any significant effects of pore pressure generation.

The cyclic shear stress levels were varied within reasonable limits and the effect of
shear strength increase close to the pile due to set-up was evaluated by analysing two

cases:

a) uniform shear strength s,, with stress ratios

/5, = 0.4,0.6,0.7

Yo
b) Suo(r) = Suw + Asuo -

with As,, being 0.6 s,, and t/s,, = 0.8,1.0,1.2
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For these cases the following "number of cycles to liquefaction", N;, were evaluated

and introduced in the FEM analysis.

Table 4.2 Number of cycles to liquefaction, N,

Node no. 1 2 3 4 5 6 7 3 9 10 11 12
Y, /T 1.00 0.952 0.909 0.833 0.714 0.588 0.476 0.385 0.284 0.222 0.167 0.125 !
)T/ Syo

0.4 51522 70896 94364 > 100000

0.6 1853 2992 4594 9805 32133 > {00000

0.7 67 126 223 614 2992 15985 70896 > 100000
)T/ Syo

0.8 9772 12597 15943 24658 51619 > 100000

1.0 1223 1680 2255 3890 9795 28960 84480 > 100000

1.2 153 224 319 614 1859 6826 24667 77678 > 100000

The results of the analysis for the 1" diameter laboratory model pile are shown in Fig-
ure 4.11 as pore pressure ratio generated by 100 uniform cycles versus cyclic stress
level, and shows that the generation of pore pressure is mainly a function of the cyclic

shear stress level.

For the 1" diameter laboratory pile consolidation effects may have a certain influence
on the accumulation of pore pressure, which may also be so for the 3" diameter seg-
ment test. However, for large diameter piles like the 30" test pile at West Delta and
prototype piles with diameters in the range 60" to 120" the analysis indicates that the

consolidation effects during a single storm will be insignificant for piles in clay.

With maximum cyclic stress levels below +0.25 (i.e. 1./, < £0.25 at the pile sur-
face) the predicted pore pressure generation will be insignificant. This stress level
corresponds féirly well with the design criteria for tension piles and only a limited

number of cycles will approach or exceed this stress level.

4.5.6 Comparison With Measured Behaviour

The results from the laboratory model pile tests and the 3" diameter segment tests at
West Delta seem to confirm the theoretical predictions. Only minor pore pressure gen-
eration was observed during cyclic loading of these pile segments. The reason is
believed to be the relatively moderate a-factors resulting iﬁ low cyclic stress levels

being imposed on the soil elements adjacent to the pile.

otk ke
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4.6 DEGRADATION MODELS

4.6.1 General

Cyclic loading beyond failure leeds to degradation of the skin friction. Based on the
results of the laboratory model pile tests as well as the 3" diameter segment tests it
was concluded that for two-way cyclic loading degradation of the peak ultimate capa-
city was in the order of 25 to 40 %, and that most of the degradation takes place dur-

ing the first 10 to 20 cycles.

However, tests with one-way cyclic loading showed degradation after failure as well.
The shear stress level where excessive displacement initiated reduced gradually towards
the residual static skin friction and some tests approached the fully degraded skin fric-
tion as determined from displacement controlled testing. This could clearly be seen

from the random cyclic stress controlled tests with the laboratory model pile.

It has further been noted that one-way static and cyclic loading beyond failure leads to
a change in shear-stress - displacement behaviour compared with the two-way tests. In
the laboratory model pile tests- a peak friction was always observed under two-way
cyclic loading, even after severe degradation of the peak strength. Under one-way
cyclic loading beyond failure and in static tests starting from a tensile stress without
previous loading to failure in compression the peak was not observed. The explanation
for this behaviour could be that peak friction is connected to full shear stress reversal

and reorientation of the clay mineral plates at the failure surface.

4.6.2 The DRIVE 15 Degradation Medel

The degradation model included in DRIVE 15 (a program developed by Ertec) requires
full two-way reversals of the direction of slip to start degradation. A degradation factor

A is applied to the ultimate plastic skin friction in the following way:

fn+l = (1 - )") * (o — fmin) + fmin

where f| = f,, = ultimate (peak) skin friction
Srsi = degraded skin friction after n cycles of
of full slip reversals

S min = fully degraded skin friction
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-

Figure 4.12 shows how the model works for a case with 30 percent degradation and

various A values.

4.6.3 Proposal for Extended Degradation Model

The general experience from laboratory model tests and the 3" diameter segment tests

is that also one-way loading beyond failure will lead to degradation of skin friction.

It is believed that the DRIVE 15 degradation model could easily be modified to cover
this effect.

4.7 EFFECT OF PILE FLEXIBILITY ON DEGRADATION

4.7.1 Analysis with DRIVE 15

A few runs were carried out with the program DRIVE 15 with a two-way degradation
model as described in Section 4.6 in order to evaluate the effect of degradation on a

flexible pile.

The pile was modelled with 20 elements as a 67 m long pile, outer diameter 30" and
a wall thickness of 0.5". The skin friction was assumed close to the values recom-
mended by Ertec according to APIL. (Ertec’s Volume I report, Plate 31, using an a-

value of 1.0). Degradation values were chosen as follows:
fmin = 70% Of f[ ,}\’ = 30%

The loading program consisted of 10 cycles stepping from zero load to 1/3 of the ulti-
mate capacity, Q,;, then to 2/3 of Q,, which gives a total safety factor of 1.5, back to
1/3, to zero, to 1/3, to 2/3, to 1/3 and so on for 10 cycles. The results showed that

degradation of skin friction only took place in the upper 10 to 15 m of the pile under

" loading conditions as described.

ot hlmn
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The effect of the local degradation of skin friction in the upper part was small seen in
relation to the total capacity of the pile. Only 3 to 5% reduction took place during the

first cycle as shown in Figure 4.13.

4.7.2 Consequences of Other Degradation Models and Boundary Conditions

As the degradation problem was found to be very limited using the DRIVE 15 two-
way degradation model it was decided not to go further with investigations in that
direction. It is, however, obvious that a one way degradation model may have stronger

influence on the reduction of total capacity.

The pile length and the relative axial deformation required to achieve failure will cer-
tainly affect the degree of degradation and so will the load level for (or safety factor)
and the distribution of load amplitudes. Also the distribution of skin friction with
depth may have a significant influenc, and capacity dvegradation must be expected to

be more severe in case of a uniform shear strength with depth.

For normally consolidated deposits it is, however, not expected that degradation of
skin friction will introduce serious capacity reductions. Most of the pile capacity will
be located in the lower half of the pile where the degree of mobilization of skin fric-

tion is low.




4.8 PILE CREEP ANALYSIS

4.8.1 General

One of the major concerns in tension pile design is the possibility of cyclic and static
creep under combined static and cyclic loading. One of the objectives of the laboratory
model pile test programme was to investigate the response of a pile element subjcted

to various combinations of static and cyclic loads and possibly quantify creep effects.

As outlined in Section 3 static creep does not seem to represent a major, problem. The

static longterm pretension from a TLP is expected to cause average mobilization of
skin friction of less than 30%. This is based on the assumption that a total safety fac-

tor of 1.5 or more is applied to the maximum load and that the environmental com-
ponent of the axial load is of the same order of magnitude as the pretension force. At

static load levels of this magnitude no tendency of creep deformations were observed.

Small cyclic creep displacements were observed in all tests with one-way loading. For
most of the tests, however, cyclic creep displacements developed before failure were
small and a gradual accumulation of axial displacements started to develop first at

relatively high stress levels.

An elastic pile in a soil where the undrained shear strength increases considerably with
depth (as in the case of the West Delta area and all areas with normally consolidated
clay deposits) will mobilize high static and cyclic shear stresses at the pile-soil interface

down to a considerable depth.

The model pile tests indicates clearly that a stress redistribution will have to take place

as the top part of the pile starts to creep.

In order to study the effects of cyclic creep on a long elastic pile, an elasto-
viscoplastic t-z model was developed implemented in the compute;r program CRAPIL,
CReep Analysis of PILes. (See Appendix L).

Parametres involved in the soil model can be derived from laboratory model pile test

or segment pile tests in the field.
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4.8.2 T-Z Creep Model

The elastic, visco-plastic soil model shown in Figure 4.14 was considered relevant for
simulation of creep between a pile element and the soil for a pile subjected to tensile

cyclic loading.

The model consists of the standard spring element (spring constant K) and friction ele-
ment (capacity R;) in series required for simulation of ideal elasto-plastic behaviour.
Coupled in series with these elements is a creep element consisting of a friction ele-
ment (capacity R, < R;) and a dashpot (damping constant C) coupled in parallel.
When subjected to a time varying axial force P(t) the model will undergo a

displacement &(¢).
The model’s behaviour can be described as follows (see Figure 4.14):

When subjected to loads lower than R, the dashpot will not undergo any displace-
ments and the model will displace elastically due to the spring K. For loads exceeding
R,, an additional time dependent creep displacement will start to develop in the dash-
pot. When the load reaches the value R, the system will slide. These three load

stages can be described in the following way:

First load stage: P(t) < R,

_ P
5 = e , (4.8.2.1)
Second load stage: R, < P(t) < R,

At this load stage the spring and damper are acting in series, so:
6="‘"I‘<"" + 6damper

Here 34zmper can be found considering the damper C and the slider R, coupled in

parallel, so:

C Suamper + Ry = P(1)

) .
1 R2

6damper = E fP(t)dt - "'ET" (t2 - tl)

h
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then

13
1 R2
0 = —=2 + —E J;P(t)dt - (t, — Iy (4.8.2.2)

Practically this can be interpreted as the sum of an elastic and a creep displace-
ment. The latter is the time integral of the force exceeding R, divided by the

damping constant.

Third load stage: P(tr) = R,

The system will slide for loads greater than R, .

The proposed creep model is illustrated with the following example:

Wave forces represent the dominating environmental load on a TLP structure. In a
storm the occurrence of individual waves is random with small and large waves inter-
spersed. For practical reasons, however, the cyclic wave loads have been sorted in
blocks (or i)arcels) with constant amplitude and the blocks arranged in order of

increasing amplitude.

The wave parcels and the number of waves contained in the different parcels are
selected to fit closely to a Rayleigh distribution of amplitudes. This is an acceptable
method provided the response spectrum is narrow banded and there is a quasi-linear

relationship between the wave heights and the tether loads of a TLP.

A 67 m long, 30" diameter pipe pile with wall thickness 1/2" was analyzed with the
DRIVEIS computer program. The skin friction was selected according to Ertec’s recom-
mended distribution in their report on the site characerization. The pile was loaded
with a cyclic tensile load beginning with a pretension load of 33% of the pile’s capa-
city and then varying the load amplitude in a series of steps between +5% to +40%
of the pile’s capacity. The shear stress mobilization along the pile due to the different

loads is shown in Figure 4.15.

il
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Figure 4.16 shows the degree of mobilization of skin friction for these load variations
caused by axial load variations as shown in Figure 4.17. The stress situation at pile
station number 8 was selected for evaluation with the outlined creep model (see Figure

4.18).

The following parameters were selected for the creep model:

R; = 171 kN

R, = 70% of R,

Static load level = 52% of R,

K = R, 7/ (001 D,y) = 2244 kN/cm

C = 10.000 kNs/cm

The value of the damping constant C was estimated very roughly from laboratory test

results.

N = 1800 cycles
Storm duration = 6 hours

Wave period = 12 seconds

The pile load is represented by a static pretension force on which a sine variation of

the wave force is superimposed.

P(t) = Foe + F, sinot (4.8.2.4)

The first two wave parcels shown in Figure 4.15 do not exceed R, and will not intro-
duce creep. Figure 4.19 shows the total creep displacement after application of the

total set of wave parcels.

4.8.3 Creep Analysis of Elastic Piles

The creep displacements calculated for a single pile element will not develop for a pile
element being part of an elastic pile. As soon as creep is introduced in one pile ele-

ment a redistribution of forces to the other pile elements will start.
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This effect could be modelled in a time step analysis, stepping with fractions of the

wave period through a complete storm. Keeping in mind the relatively long storm

duration and thus the large number of cycles this approach would be extreemely time

consuming.

Instead the following approach has been made:

*

Sort the storm introduced load variations of the pile head load into wave parcels

as outlined previously.

Sort the storm introduced load variations of the pile head load into wave parcels

as outlined previously.

Calculate the distribution of shear stress down along the pile for the maximum
load, the minimum load and the pretension load starting with the first cycle in

the firts wave parcel.

Assume a sine variation of the cyclic shear stress between the maximum value
and the minimum value. If the maximum value exceeds the creep level
(corresponding to Rz) and/or the minimum value goes below the creep level on
the negative (compression) side, calculate the resulting time integral of the stress
exceeding the creep level and the corresponding creep displacement caused by one

cycle.

Assume the pile to be fixed. The creep displacement caused by one cycle will
now introduce a reduction in shear stress as the elastic spring will relax. In order
to speed up the analysis process more than one cycle will have to be considered
at a time. The number of cycles AN that can be accounted for in one step must
be connected to the amount of stress reduction that can be tolerated without

changing the overall force distribution significantly.

In CRAPIL the tolerance is related to the ultimate capacity (R;) by assuming a
percentage, P (say 10%), as acceptable.. The element showing the largest relative
stress reduction is found and the allowable number of cycles per step AN is cal-

culated as

AN P R,
= TAF
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* For this AN the shear stress reduction is calculated for all elements with creep
and a reduced spring stiffness is evaluated:

F — AF

K, = ==

and the pretension load is again applied to the pile head leading to a new stress
distribution with an increased pile displacement approximately simulating the

creep due to AN cycles.

* Upon this new redistributed stress situation the maximum, the minimum and the
pretension load are applied again with original spring stiffnesses. Again the
corresponding creep displacements due to one cycle is calculated and a new AN

determined.

* The procedure is continued in this way until the sum of AN’s equals the number
of cycles in the first wave parcel. Then the load level is increased corresponding
to the second parcel and the procedure is again continued until all cycles and all

the wave parcels have been treated.

4.8.4 Sample Calculations

A number of CRAPIL runs have been made in order to illustrate the effect of pile
creep and to some extent evaluate the possible effects of pile creep on distribution of

shear stress and pile head displacement.

It must be stated here that the two parameters (constants) C and R, controlling the
creep rate and the creep limit are difficult to determine and may be a too simplified
representation of the creep mechanism. Nevertheless, a comparison with the data from
the segment tests and the laboratory model pile tests have been made, showing that at

least an approximate representétion of the measured performance is possible.

The pile head loads were selected in order to simulate a 6 hour storm with a Rayleigh
distribution of the load amplitudes being assumed.The waves were sorted in 8 parcels

with increasing amplitude as can be seen from Table 4.3.

The extreme cyclic load amplitude (in parcel 8) was always set equal to the pretension
load. Thus the extreme load variation was set to minimum zero axial load to maximum
twice the pretension load level. The pretension axial load was varied in order to
simulate the effect of safety factor variations. Cases were run with safety factors of 1.2,
1.3, 1.5 and 2.0. (See Table 4.3).
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LOAD DATA:
FEEXEKEXLX
© LCAD NO. OF PRETENSION MAX, L0aD MIMN., LCAD JAVE
ZARD  TYZLES QR STaTIC IN WAVE N wav PERICC
NG. IN PARCEL FCRCE FARCEL PARCEL
1 1120 0.12C0E«Qt T, 14TOED1 O, FBOCECO 1&8.00
2 £00 0.1200E+01 T.1TRIEHOL 3.5BOOE«00 12.¢0
3 120 C.{200E+0t D.1900E+01 (G ,SDHO0E+00 L2.20
o S0 C.120CE«01 0.2000E+01 0.%000E+00 12.00
=3 20 C.i200E+01 0.2090E+01 0.32100E+0C i2.2¢
- 12 0.1200E+01 ).2140E+91 0.2400E+00 12.00
7 6 0.1200E+91 0,.2250E+01 0.1500E+00 12.00
3 2 0.1200E+0! 0.2370E«01 0.3200E-01 12.90
Load data for case with safety factor 2.0

LOAD DATA:
XEREKKEXEKK

LOAD NO. OF PRETENSION MAX. LDAD MIN. LOAD YAVE

CARD CYCLES OR STATIC IN vave IN UAVE PERIOD
NO. [N PARCEL FCRCE FARCEL PARCEL

1 1110 0.1600E+01 0.1940E+0t 0, 1360E40y 12,00

2 500 0.1500E+0% §.2290E+01 O.91UVE+VL 12.30

2 100 0.1600E+01 (0.2530E+01 0.6700E+00 128.00

“ S0 0.1600E«01 0.2660E+01 9.5400E4+00 12.0¢

= 20 0.1600E+01 0.2780E+01 C.4300E+0C i2.00

> {2 0.1600E+01 0.2880E+3t 0,3209E+00 1

5 2.16C0E+01 0.3010E+01 IQOCE+ DD
2 D.1600E+0: 2.2150E+01 3.4000E-01

W

Load data for case with safety factor 1.3

LOAD DATAY
EEEREREAS

LOAD NO. OF PRETENSION MAX. LOAD MIN. LCAD WAVE

TARD . CYCLES OR STATIC IN VAVE IN vave
N3. IN PARCEL FORCE PARCEL PARCEL
1 1110 0.18S0E+C1 0.285CE+0! 0.1440E+01
2 S00 0.1850E+01 0.2650E+01 0,1050E¢01
3 120 0.1850E+01 0.2920E+01 0.7700E+00
“ S0 0.1850E+01 0.3070E+0t 0.6200E+00
s 2C 0.18SC0E+01 0.3210E+01 0.4800E+C"

o 12 0.4850E+01 0.3330E+01 0.3700E+00
7 & 0.1BS0E+0Q1 0.3470E+01 0.2200E+00

2

2 0.1850E+01 0.3440E+01 0.5000E-01
Load data for case with safety factor 1.3

L.0AD DATA:
FHREEKOENKKNK

LUAD NO. OF PRETENSION MAX. LOAD MIN. LOAD VAVE

CARD CYCLES OR STATIC IN VAVE IN UAVE PERIONL

NO. I# PARCEL FORCE PARCEL PARCEL
1 0 0,2000E+01 0.0000E+00 0.GOQOE+00 0.00
2 1110 0.2000E+0! 0.2440E+01 0.1560E+01 12.90¢
3 500 0.2000E+D1 0.2870E+01 0.1130E+91 i12.00
A 100 0.2000E+01 0.3170E+01 0.3300E+00 12.00
< S0 0.2000E+01 0.3330E+01 0.5700E+00 12,00
2 20 C.2000E+01 0.34BOE+01 0.S200E+00 i2.00
7 12 0.2000E+01 0.3600E+0! 0.4000E+0D 12.00
3 6 0.2000E+01 0.3750E+«01 0.2400E+00 12.00
I 2 0,2000E+01 0.39S0E+0t 0.5000E-01 12.00

Load data for case with safety factor 1.2

Table 4.3: Rayleigh Distribution of Load Amplitudes
for Wave Parcels - Example Problem with CRAPIL
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The pile used in the analysis was the same 30" diameter pile of 67 m length and with
a wall thickness of 1/2". The skin friction was assumed as in previous calculation with
DRIVE 15. The ultimate capacity of the pile was for these assumptions calculated to
4.8 MN.

Figure 4.20 shows the results of cyclic creep on the redistribution of mobilized shear
stress due to pretension along the pile. Figure 4.20.a shows the shear stress distribution
prior to cyclic loading, while Figure 4.20.b shows the distribution of skin friction at the
end of the simulated 6 hour storm. A cleasr redistribution can be seen, leading " to
reduced shear stresses under pretension loéd in the upper part. The effect of the safety

factor variations can be seen as well.

Figure 4.21 shows the pile head displacements as a function of number of cycles and
safety factor. The cyclic creep tends to introduce a gradual vertical pile head creep

which is seen to be significantly affected by the safety factor level.

The described analyses were all run with a dashpot constant C=1.000 MNs/m, a creep
ratio, R,/R, of 0.7 and a quake of 1% of the pile diameter. As the selection of these
parameters, and especially the former two, is connected with considerable uncertainty
the case with a safety factor of 1.2 was selected for a few parametric variations. The
dashpot constant was reduced by a factor 10 in one run and the creep ratio was
varied. The results of these parameter changes are shown in Figure 4.22, showing
development of axial pile head creep in Figure 4.22.a and the variation of shear stress

distribution in Figure 4.22.b.

As mentioned above the selection of the parameters for the elastic, visco-plastic creep
model is connected with much uncertainty. Nevertheless, the parametric evaluation indi-
cates that creep displacements of the pile head will be small as long as the safety level
is 'adequate. Still a considerable redistribution of shear stresses in the top part can be

expected to result from storm loading.

The dashpot constant, C, is dependent on the pile element size, the - factor and cer-
tainly other parameters. The backcalculation of C is dependent on the choice of the
" creep ratio as well. Basically C can be evaluated from segment tests with load control.

It should be noted that C will depend also on the load period.
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CNRD 13-2 TENSION PILE STUDY LABORATORY MODEL PILE TESTS

Model Pile Test Equipment, Pressure Chamber Seme
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ModeT pile test equipment: Close view of total normal stress transducer

.
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Model pile
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SUMMARY

This report contains the results of the laboratory model pile tests designated TEST 4,
STRATUM III, in the project CNRD 13-2, TENSION PILE STUDY, for Conoco Nor-

way Inc.

The clay sample was consolidated for 17 days under 500 KPa applied pressure. A con-
siderable amount of excess pore pressure, 225 KPa, was still present. One day of con-
solidation of the clay in pile chamber was allowed before pile installation was started.
A substantial amount of pore pressure from consolidation was present. After three days

of set-up the pore pressure was still present. Testing was then started.

Static test gave peak friction 32,5 KPa with residual value of 28.5 KPa. Undrained
shear strength was interpreted to 60 KPa, which gives an alpha ( a ) value of 0.54 and
0.48 for peak and residual respectively. Estimating the effective vertical soil pressure to
250 KPa the resulting beta (B) factor becomes 0.13.

After seven more days 'of set-up cyclic tests were performed, starting with stress con-
trolled cyclic tests with static tension bias. The tension bias was 6.5 KPa, (20% of pre-
vious static capacity) and parcels of 100 cycles with specified cyclic stress amplitude
was then applied. In the ninth parcel with cyclic stress amplitude of 45 KPa the pile
failed after 14 cycles. |

Subsequently a displacement controlled test was performed. A maximum friction of 50
KPa was obtained, which reduced with number of cycles setling at 40 KPa after about
40 cycles. A static test two days later gave similar values for friction, with a peak of

48 KPa and residual value during large slip of 40 KPa.
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TEST 4, STRATUM III

CONSOLIDATION

The sample was prepared from cylinder numbers S-1, S-100, S-102, S-104, S-108, S-113,
S-117, S-127, S-135, all from Stratum III.

After remoulding, the clay was filled into the consolidometer and a vertical consolida-
tion pressure of 500 KPa applied on top. The sample was divided horizontally into

four layers with intermediate filters to provide better vertical drainage conditions.

As can be seen from Figure 2 the pore pressure at middle height had dropped to 45%
of the consolidation stress after 11 days. At this time the consolidation was stopped
and sample transferred to the pile chamber. Shear strength was measured by use of a
pocket penetrometer at the top and along the side of the sample. The shear strength,
s,, along the side is considered most reliable and has an average of about 50 KPa.
The higher values of about 105 KPa on top is considered as a top crust. A substantial
degree of underconsolidation is present in the sample shown by the ratio of s,.0,,
(Shear strength versus- applied vertical consolidation stress) of about 0.12. The excess

pore pressure thus has a significant influence on the strength of the soil.

Upon extrusion of the sample from the consolidometer a substantial degree of side
friction is experienced. This friction is measured as a force in the piston pushing the
sample, and converting this to side friction by dividing by the circumferential area of
the sample a value of 23 KPa is obtained. This relatively high value will tend to

reduce the consolidation stress in the lower parts of the consolidometer.

PILE INSTALLATION AND SET-UP

After extrusion from the consolidometer the sample was mounted in the pile chamber
and left to reconsolidate for one day under a vertical pressure of 500 KPa and a
radial preséﬁre of 350 KPa, (K = 0.7) . A back pressure of 200 KPa was applied to
the sample to help speed up the pore pressure response. The pile was inserted using a
hydraulic jack. The tip resistance measured by the lower axial pile tfansducer, showed

a gradual increase as did the side friction, which reached a maximum “value of
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approximately 8 to 10 KPa. Total normal pressure directly after installation was meas-
ured to 600 KPa.

Pore pressure response was unsatisfactory and only reflected the back pressure directly
after installation, as seen in Figure 4. After two days of consolidation with constant
confining and back pressures the pore pressure gradually increased to a maximum of
495 KPa reducing to 475 KPa after three additional days, the total pressure reading
being constant at 600 KPa.

The sample obviously has a considerable amount of excess pore water pressure after
installation of the pile. It was uncertain if this was due to the low permeability of the
clay, insufficient drainage conditions of the pile chamber or also due to a slow
response of the pore pressure measurement equipment at the pile surface. It was
decided that time for full dissipation of the excess pressure would be too long and

therefore to proceede with load testing of the model pile.

STATIC TEST I

A displacement controlled static test with deformation rate 1 mm per hour was con-
ducted, as shown in Figure 5. The pile was pulled 5 mm in tension and pushed down

to original position causing failure in compression, and the cycle repeated once. ’

As can be seen in Figure 5 the displacement to cause failure was about 0.5 mm
corresponding to 2% of the pile diameter. The shaft friction reached a maximum of

32.5 KPa with a residual value of 28.5 KPa.

Based on the pocket penetrometer test of the clay after consolidation, the undrained
shear strength can be estimated to be about 60 KPa. This gives an alpha (a) value

(f max”Sy) of 0.54 for total stress analysis.

For the effective stress approach where the side friction is estimated from the value of
effective vertical soil pressure (GIV,,) prior to pile installation (f =B-0;o) , the
corresponding beta factor (B) is dependent on the value of c;o. The pore pressure in
the sample at time of transfer to the pile chamber' was 221 KPa. After pile installation
the pore pressure at the pile wall was measured to 490 KPa including a back pressure

of 210 KPa, giving an actual pore pressure of 280 KPa.

‘¢
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The pore pressure in the sample should be somewhere inbetween these -two values.
~ With an applied total vertical pressure of 500 KPa the effective vertical pressure in the
sample then is estimated to be 0';.0 = 500 - 250 = 250 KPa, resulting in the beta fac-
tor of (B=f70;0) 0.13.

Based on the soil characterization from West Delta a relationship between undrained

shear streOngth and effective vertical stress was suggested to
sa = (023 + 0.05) - o,

with undrained shear strength measured by direct shear tests. With a 5, of 60 KPa
(although measured by UCT or pocket penetrometer) this corresponds to an effective

overburden pressure between 214 and 333 KPa.

From the total normal, o,, and pore pressure, u , readings at maximum side friction,

fmax, the interface friction angle, 8 , can be calculated
Smax = O, - tand

For foa= 32.5 KPa, 6, = 610 KPa and u = 475 KPa this gives an interface friction
angle 8 = 13.5 degrees.

CYCLIC TESTS

The sample, with the pile in original zero position, was now left to consolidate for a
period of seven days before cyclic loading of the pile started. Total pressure on the

- pile wall had increased to 665 KPa and the pore pressure showed 412 KPa.

Stress Controlled Tests (WD34LC)

A stress controlled test comprised of applying a prescribed static tensile (uplift) stress
on the pile and then parcels of 100 cycles with 10 seconds period and prescribed
cyclic stress amplitude. The stress amplitude was then increased in the following par-

cels until failure (excessive uplift) occured in tension.

For this test the static tensile stress level was 6.5 KPa, about 20% of the previous static

capacity. In the first parcel the cyclic level was 5 KPa and for the following parcels
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the cyclic level was incremented by 5 KPa as seen in Figure 6 which shows skin fric-
tion (envelope of max. and min.) versus number of cycles. In the following four figures
the resulting deformations and pressures due to the applied skin friction, are plotted

versus cycle numbers.

As can be seen from the skin friction versus deformation curves in Appendix A the
response is linearly elastic for the first 5 parcels.The maximum stress level in the Sth
parcel was about 31 KPa. In the next parcel a small hysteresis in the friction deforma-
tion curve is developed whereas no significant sign of pull-out is seen. Increasing the
cyclic friction further yields a larger hysteresis in the response and a distinct, although
small, uplift of the pile results. Finally in the last parcel with an applied cyclic fric-
tion of 45 KPa a distinct cyclic deformation of the pile is seen with an abrupt pull-out

after 14 cycles. The maximum friction reached was about 52 KPa.

Referring to the plot of deformation versus cycle numbers a downward movement of
the pile versus cycles is seen. The reason for this is unknown and quite unlikely since
the pile is subjected to a constant uplift. Since this is a stress controlled test an expla-
nation can be a drift in the two load sensors and thereby seemingly pressing the pile

down in order to maintain the prescribed voltage.

Displacement Controlled Tests (WD34SC)

The pile was brought back to original position and left for a set-up time of four hours
before displacement (stroke) controlled tests were performed. One parcel here consisted
of 100 cycles with 10 seconds period in two-way cyclic loading from the zero position

of the pile.

A total of seven consecutive parcels were performed with increasing displacement
‘am‘plitude, starting with 0.1 mm in the first parcel and with 0.2, 0.4, 0.65, 0.8 and 1.0
mm in the following parcels. The last parcel was a large displacement two-way cyclic
test with an amplitude of 2 mm.

The applied pile displacement .versus cycle numbers are shown in Figure 11 with the

resulting skin friction, total pressure, pore pressure and effective pressure versus cycle

number shown in Figures 12, 13, 14 and 15 respectively. More detailed plots of

selected cycles are shown in Appendix B.

®
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and in the subsequent cycle a pronounced peak of 48 KPa occured before settling at a
residual value of 40 KPa during large slip, which then indicates no regain in strength

after the stroke controlled tests 48 hours earlier.
STRENGTH TESTS

The pile was then pulled out of the pile chamber and the sample built out. Pocket
penetrometer tests were then performed on the side of the sample with results shown
in Figure 17. Three standard triaxial samples were then prepared from the centre of
the sample and unconfined compression tests (UCT) were performed. The results are

shown in Figure 19.

In Figure 18 are shown the water content and interpreted undrained shear strength of
the clay specimen versus the distance from the pile center after completion of the pile
test. An increase in shear strength is seen close to the pile wall, with a tendency of the

water content to be lowest close to the pile wall.
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As can be seen from the resulting skin friction in Figure 12 the pile had a residual
compression from the previous downward movement to zero position after failure in
the stress controlled test. During the first parcel (100 cycles) the mean stress was about

6 KPa.

In the second parcel with cyclic deformation of 0.2 mm it seems to yield a maximum
stress in compression at -45 KPa with a residual value of about -40 KPa whereas the
maximum tension was quite steady at about 30 KPa. The third parcel with cyclic
-deformation 0.4 mm yields failure in both tension and compression with a maximum in
first cycle of about 50 KPa. After about 40 cycles a steady residual friction of 40 KPa

was established, which yields 20% degradiation from ultimate cyclic capacity.

In the subsequent parcels the peak friction was somewhat lower since only about 10
minutes delay was allowed inbetween parcels, while the residual friction was steady at

40 KPa.

The pore pressure showed no cyclic variation during testing which is most likely due
to a slow response of the pore pressure measurement system. A steady rise in pore
pressure of 10 KPa from 420 KPa, is seen over the first six parcels whereas a small

drop, 5 KPa is registered in the large deformation parcel.

Total normal pressure showed a cyclic response proportional to the cyclic deformation
level, with the average pressure almost constant at about 620 KPa throughout the par-
cels. The resulting effective normal pressure, shown in Figure 15, thus shows a slow
drop with increasing cyclic deformation with an apparent increase during the last large

deformation parcel.

STATIC TEST II

The pile was then left for two days to reconsolidate which made the pore pressure go
back to the original value before cyclic testing, about 420 KPa. Total normal pressure

stayed constant at about 620 KPa.

A static test was now performed with deformation rate 10 mm per hour (increased
with a factor of 10 from first test). Two cycles were made, and as can be seen from

Figure 16 no peak value occured in the first tension failure. In compression, however,

]
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Appendix AA
Plotted Results from WD34LC
Figures AA-1 through AA-9 ’
Skin Friction vs Deflection, Selected Cycles
Figures AA-10 through AA-18

Skin Friction vs Eff. Normal Pressure, Selected Cycl.

_ Figures AA-19 through AA-36

Skin Friction, Pore and Total Pressure, Selected Cycles
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As can be seen from the resulting skin friction in Figure 12 the pile had a residual
compression from the previous downward movement to zero position after failure in
the stress controlled test. During the first parcel (100 cycles) the mean stress was about
6 KPa.

In the second parcel with cyclic deformation of 0.2 mm it seems to yield a maximum
stress in compression at -45 KPa with a residual value of about -40 KPa whereas the
maximum tension was quite steady at about 30 KPa. The third parcel with cyclic
deformation 0.4 mm vyields failure in both tension and compression with a maximum in
first cycle of about 50 KPa. After about 40 cycles a steady residual friction of 40 KPa

was established, which yields 20% degradiation from ultimate cyclic capacity.

In the subsequent parcels the peak friction was somewhat lower since only about 10
minutes delay was allowed inbetween parcels, while the residual friction was steady at
40 KPa.

The pore pressure showed no cyclic variation during testing which is most likely due
to a slow response of the pore pressure measurement system. A steady rise in pore
pressure of 10 KPa from 420 KPa, is seen over the first six parcels whereas a small

drop, 5 KPa is registered in the large deformation parcel.

Total normal pressure showed a cyclic response proportional to the cyclic deformation
level, with the average pressure almost constant at about 620 KPa throughout the par-
cels. The resulting effective normal pressure, shown in Figure 15, thus shows a slow
drop with increasing cyclic deformation with an apparent increase during the last large

deformation parcel.

STATIC TEST 11

The pile was then left for two days to reconsolidate which made the pore pressure go
back to the original value before cyclic testing, about 420 KPa. Total normal pressure

stayed constant at about 620 KPa.

A static test was now performed with deformation rate 10 mm per hour (increased
with a factor of 10 from first test). Two cycles were made, and as can be seen from

Figure 16 no peak value occured in the first tension failure. In compression, however,
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Appendix AB
Plotted Results from WD34SC
Figures AB-1 through AB-7
Skin Friction vs Deflection, Selected Cycles
Figures AB-8 through AB-14
Skin Friction vs Eff. Normal Pressure, Selected Cvcl.
Figures AB-15 through AB-26

Skin Friction, Pore and Total Pressure, Selected Cvcles
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APPENDIX B

DETAILED RESULTS FROM TEST 5, STRATUM II MODEL PILE TESTS
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SUMMARY

This report contains the results of the laboratory model pile tests designated TEST 5,
STRATUM 11, in the project CNRD [3-2, TENSION PILE STUDY, for Conoco Nor-

way Inc.

The clay sample was consolidated for 14 days under 300 kPa applied vertical pressure.
Pore pressure in the sample was about 10% of the applied pressure. After 6 days of
consolidation in the pile chamber the pile was installed. After 11 days of consolida-

tion (set-up) the excess pore pressure was still about 150 kPa. Testing was then started.

Static test gave peak friction of 33 kPa with residual value of 30 kPa. Undrained shear
strength was interpreted to 50 kPa, giving alpha value () of 0.66 and 0.6 for peak and
residual respectively. Estimating the effective vertical pressure to 210 kPa results in a

beta factor (B) of 0.16 and 0.14 for peak and residual respectively.

A relaxation test from peak friction resulted in a frittion loss from 32 kPa down to 16
kPa in 16 hours.

Cyclic tests were performed immediately following the relaxation test. Stress controlled
tests with static tension bias of 14.5 kPa (44% of previous max.friction) with parcels of
100 cycles with- specified cyclic stress amplitude increasing for consecutive parcels
resulted in failure (abrupt pull-out of pile) in eighth parcel. The cyclic stress level was

24 kPa giving a maximum friction of about 38 kPa.

Subsequently a displacement controlled test with two-way cyclic loading was performed.
Seven parcels of 100 cycles with increasing cyclic displacements were made. Maximum
friction obtained was 34 kPa which reduced to 30 kPa in subsequent parcels. The resi-

dual friction during large slip was 26 kPa.
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TEST 5, STRATUM 11

CONSOLIDATION

The sample was prepared from cylinder numbers S-50, S-55, S-57, S-59, S-20, S-73, S-
32, S-78, S-80 and S-82, all from Stratum II, from the site investigation performed by

McClelland Engineers in November 1981.

After remoulding the clay was filled into the consolidometer with a vertical pressure of
300 kPa applied on top. The sample was divided into four lavers in the consolidometer

with intermediate filters to provide better vertical drainage conditions.

As seen in Figure 2 the pore pressure at middle height had dropped to 10% of the
consolidation stress after 14 days of consolidation. At this time the sample was
transferred to the pile chamber. Pocket penetromet.er tests on the side of the sampie
and at the top of the sample when trimmed in the pile chamber were performed, with

results shown in Figure 3. The shear strength, s,, showed an average of about 50 kPa.

PILE INSTALLATION AND SET-UP

After extrusion from the consolidometer and pocket penetrometer tests the sample was
mounted in the pile chamber and left to reconsolidate for six days under a vertical
pressure of 300 kPa and radial pressure of 210 kPa, (K = 0.7). In addition a back

- pressure of 300 kPa was applied to help speed up the pore pressure response.

During insertion of the pile the side friction showed a maximum of about 19 kPa.
Total normal pressure showed 565 kPa and the pore pressure only showed 335 kPa
directly after installation as shown in Figure 4. After one day of set up the total pres-
sure was unchanged whereas the pore pressure had increased to a maximum of 465
kPa. Ten additional days of consolidation made the pore pressure drop down again to
445 kPa and the total pressure showed 625 kPa. At this time it was decided to start
with the loading program, even though the excess pore pressure was about 150 kPa

(above the back pressure).

at

a




LN

-B3-

STATIC TEST

A displacement controlled static test with deformation rate | mm per hour was now
conducted, as shown in Figure 5. The pile was pulled in tension through failure and
large slip and then pushed down to original position causing failure and large slip

(residual friction) in compression.

The displacement to cause failure, as shown in Figure 5, was about 0.3 mm
corresponding to 1.2% of the pile diameter. A maximum friction of 33 kPa was
achieved, with a residual value of 30 kPa. This results in an (o) value of 0.66 and 0.6

for peak and residual réspectively, with an interpreted shear strength of 50 kPa.

For the effective stress approach where the side friction, f, is estimated from the effec-
tive vertical soil pressure ,5,,, prior to pile installation (f =B - o;?o the corresponding

beta factor (B) is dependent on cs;.,,.

From the soil characterization of samples from the West Delta site a relationship
between undrained shear strength and effective vertical stress for Stratum II is sug-

gested to:
s, = 024 -,

With an undrained shear strength of 50 kPa the effective vertical pressure is estimated
to 210 kPa. This gives a beta factor (B) of 0.16 and 0.14 for maximum and residual

friction respectively.

The total pressure at failure (maximum friction) was about 610 kPa and the pore pres-
sure showed 445 kPa, resulting in a horizontal effective pressure of 165 kPa. The inter-

face friction angle (3) can then be estimated from
Smax = O, tan

giving 8 = 11.3 degrees.

RELAXATION TEST

After the pile was brought back to the original zero position in the static test the pile

was again loaded in tension up to the point of failure. At this time the deformation
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was held constant and the mobilized friction and pressures at the pile wall was moni-
tored for a period of 16 hours. The friction versus time is shown in Figure 5 in both
linear and log scale showing a quite fast drop during the first hour. After 16 hours the
side friction had dropped to about 16 kPa which is a reduction of 50% from the peak
friction. The pore pressure on the pile wall was constant throughout the test and the

total pressure only showed a slight decrease.

No relaxation tests were performed with the initial friction lower than the peak friction

for this sample.

CYCLIC TESTS

After the relaxation test the pile was brought back to original position. It was decided
to proceed with cyclic testing of the pile with no further time allowed for consolida-

tion.

Stress Controlled Tests (WD25LC)

A stress controlled test comprised of applying a prescribed static tensile (uplift) stress
on the pile, superimposed with parcels of 100 cycles with 10 seconds period and
prescribed cyclic stress amplitude. The stress amplitude was then increased in the fol-

lowing parcels until failure (excess-ive uplift) occured in tension

For this test the static tensile stress level was about 14.5 kPa, corresponding to 44% of
the previous maximum static capacity. In the first parcel the cyclic level was about 3
kPa and for the following parcels the cyclic level was incremented by 3 kPa as seen in
Figure 7, showing skin friction (envelope of max. and min.) versus number of cycles.
In the following four figures the resulting deformations and pressures due to the
applied skin friction are plotted versus cycle numbers. In Appendix A selected cycle
numbers are plotted as friction versus deflection, friction versus effective pressure and

friction, pore pressure and total pressure variation during one cycle.

As can be seen from the friction versus deformation curves in figures A-1 through A-9
in Appendix A, the response is linearly elastic for at least the five first parcels. In par-

cel six (cycle numbers 501 etc) a small hysteresis is being developed and the
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deformation is seen to slightly increase. Increasing the cyclic stress to 21 kPa {giving
maximum applied friction of about 35 kPa), the hysteresis is seen to increase and the
pile is very slowly pulled up for each cycle. This is shown in a blown up scale in Fig-
ure A-8, where it is seen that the pile does not experience an abrupt pull-out but is
capable of mobilizing the prescribed friction. In the last parcel, however, with a
prescribed cyclic stress of 24 kPa (max. friction of 38 kPa) the hysteresis is significant
for the two first cycles and the pile is pulled up for each cycle to mobilize the
prescribed friction. Finally in cycle 735 an abrupt pullout is seen.

From the pressure diagrams in Figures 9 and 10 it is seen that the pressures at the
pile wall stays fairly constant throughout the tests with only minor cyclic variations in
total normal pressure, increasing with cyclic stress level to a maximum variation of
about 4 kPa during the last parcel. The pore pressure shows a slight decrease during
the first four parcels of about 10 kPa resulting in a slight increase in effective pressure

stabilizing at about 140 kPa as seen in Figure 11,

Displacement Controlled Tests (WD25SC)

After failure in the stress controlled test the pile was brought back to original position
and left to reconsolidate for a period of one hour before displacement (stroke) con-

trolled tests were performed.

One parcel here consisted of one hundred cycles with 10 seconds period in two-way

cyclic loading from the zero position of the pile.

A total of seven consecutive parcels were performed with increasing displacement
amplitude, starting with 0.1 mm in the first parcel and with 0.2, 0.4, 0.6, 0.8, 1.0 and

2.0 mm in the following parcels.

The applied displacement versus cycles numbers are shown in Figure 12 with the
resulting skin friction, pore pressure, total pressure and effective rbressure versus cycle
numbers shown in Figures 13, 14, 15 and 16 respectively. More detailed plots of

selected cycles are shown in Appendix B.

As can be seen from the resulting skin friction in Figure 13 the two way cycling of 0.1

mm amplitude does not cause failure of the pile which is also seen in Figure B-1
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showing a linear response in the friction-displacement curves. Increasing the displace-
ment amplitude to 0.2 mm yields a maximum friction in the first cycles of about 32
kPa which during subsequent cycles reduces to about 30 kPa. This can also be seen in
Figure B-2 which also shows the pile does not reach plastic slip down to full residual

value in friction.

In the subsequent parcel with displacement amplitude of 0.4 mm a maximum friction
in the first cycle of 34 kPa is measured. In the following cycles the maximum friction

reduces to 30 kPa with a residual value during large slip of 26 kPa.

Increasing the displacement amplitude in. the following parcels leads to a further degra-
dation of the maximum peak friction, whereas the residual friction during large slip
seems to stabilize at about 25 kPa as seen in Figures B-4 through B-7. The genera]
form of the friction-deformation curve is seen to form the well known elastic-plastic

paralellogram shape.

In the Figures B-8 through B-11 are shown effective normal pressure versus friction on
the pile wall for selected cycles. From Figure B-9 showing cycle 202 which is in the
beginning of the yield period a max friction of 34 kPa and effective pressure of 120

kPa is measured. This gives an interface friction angle of about 14.2 degrees.

STRENGTH TESTS

After last parcel in stroke controlled cyclic tests the pile was pulled out of the pile
chamber and the sample built out. Pocket penetrometer tests were performed on the

side of the sample with results shown in Figure 17.

Three standard triaxial test samples were then prepared from the centre of the sample
and unconfined compression tests (UCT) were performed. The results are shown in

Figure 18.

In Figure 19 are shown the water content and interpreted undrained shear strength of
the clay specimén versus the distance from the pile center after completion of the pile

test.
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TABLE 1.

SAMPLE PROPERTIES

TEST 5, STRATUM 1

I

SAMPLE PREPARATION

CONSOLIDATICON

INITIAL | INITTAL
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WATER | HEIGHT DEFORMATION | STRAIN
CONTENT | ; \
W ) HO (cm) sd Tem) e (%3
‘ _ A 29.07 29. a
51.2 4.36 8.52 |8 29.18 29 |
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IN OEDOMETER Days 14
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INTERPRETED SHEAR STRENGTH
END OF CONSOLIDATION | KPa 50
END OF PILE TEST .| KPa 55

=




Test No. O Start date

CONSOLIDATION DIAGRAM ciyatum 11

o1z on|We aggCm|liey 852" o 300 x72
Time h | 46 94 115 | 132 | 170 235 | 259 283 307 331 ;332 |
Ah cm| 2.41 13.22 3.44 | 3.62 | 3.89 1.17 4.23) 4.27 4.3¢ 4.36 4.35
u kpal17.04]131.81115.3 102.0 | 78.6 2 501 143.0 |38.1 134.9 130.7 :30.2 |
| 1 & |
| i 1 | |
| | | i |
{ i ] i‘ 3
AXTAL STRAIN ~————— ] x
: i
| PORE PRESSURE ———— | |
S , ' = 1 10
| | | T
| { / i |
| ;
2 * A 20
| ‘t//
3 : // 30
/ ,o
=
4 /, ——ﬁOiz
/ ==
r"‘(/,j
[ =
b 4 ;
& 5 N\ /| : o:;
= 7/ ‘ PY =
bt Yt
- o
= 4t \\ c
i >
= ‘ <
= ° N o
- : =
w )
) ™
= \ s
= 7 70 =
\
8 \\\\\\\\ 50
5 6h 12h 1d 2d 4d d 16d §2d
' TIME
CNRD 13-2 TENSION PILE STUDY LABORATORY MODEL PILE TESTS
Bcate
Drawn by Date
DET NORSKXE VERITAS
Geotechnical Laboratory Approved Fig.No. 5

al

3




¥y

e

s bbb

Top

Scale:

1

4

TEST 5, STRATUM II

SHEAR STRENGTH (KPa) FROM POCKET
PENETROMETER TESTS AFTER CONSOLIDATION

LEVEL A-A

Scale:

1:2
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TEST 5, STRATUM II

SHEAR STRENGTH FROM POCKET PENETROMETER
AFTER PILE TEST ( KPa )

Scale 1:4

/ A B C

50 51 52 52 63

Scale: 1:2

CNRD 13-2 TENSION PILE STUDY LABORATORY MODEL PILE TESTS

Scale

TEST 5, STRATUM II, Pocket penetrometer tests after pile test
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DET NORSKE VERITAS
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TEST 5, STRATUM II

UNCONFINED COMPRESSION TEST ON MATERIAL AFTER PILE TEST
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Appendix BA
Plotted Results from WD25LC
Figures BA-1 through BA-9
Skin Friction vs Deflection, Selected Cycles
Figures BA-10 through BA-13
Skin Friction vs Eff. Normal Pressure. Selected Cyel.
Figures BA-14 through BA-29

Skin Friction, Pore and Total Pressure, Selected Cycles
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Appendix BB
Plotted Results from WD25SC
> Figures BB-1 through BB-7

i

Skin Friction vs Deflection, Selected Cycles
Figurés BB-8 through BB-11

Skin Friction vs Eff. Normal Pressure, Selected Cyél.
Figures BB-12 through B-25 '

Skin Friction, Pore and Total P.ressure, Selected Cycles
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SUMMARY

This report contains the results of the laboratory model pile tests designated TEST 6,°

STRATUM III, in the project CNRD 13-2, Tension Pile Study, for Conoco Norway

Inc.

The clay sample was consolidated for 21 days under 500 kPa applied vertical pressure.
Pore pressure in the sample was about 10% of the applied pressure at this time. After

three days of consolidation in the pile chamber the pile was installed.

After 11 days of consolidation (set-up) the excess pore pressure was still about 190

kPa. Testing was then started.

Static test gave peak friction of 39 kPa with residual value of 37 kPa. Undrained shear
strength was interpreted to 72 kPa, giving alpha value (o) of 0.54 and 0.51 for peak
and residual respectively. Estimating the effective vertical pressure to 230 kPa results in

a beta factor (B) of 0.14 for peak friction.

After three days of further set-up cyclic testing was started. Due to malfunctioning of
the loading system the displacement controlled tests were performed first, with two-way
cyclic loading. Six parcels of 100 cycles with increasing cyclic displacements were per-
formed. Maximum friction obtained was 42 kPa which reduced to 38 kPa in subse-

quent parcels. The residual friction during large slip was 33 kPa.

Giving 20 hrs for reconsolidation a cyclic stress controlled test was performed. Tension

bias was 21.5 kPa (55% of previous static peak friction) with parcels of 100 cycles with’

specified cyclic stress amplitude superimposed. Due to the previous degradation tests
excessive deformation of the pile was experienced during the second and third parcel.

The maximum cyclic stress level was 16.5 kPa giving a maximum friction of 38 kPa.




TEST 6, STRATUM III

CONSOLIDATION

The sample was prepared from the same material as used in Test 4. Water was added
during the remoulding process to a water content of about 51%. Horizontal filters

were placed. in the oedometer to provide better vertical drainage.

A vertical pressure of 500 kPa was applied on top. As seen in Figure 2 the pore pres-
sure at middle height had dropped down -to about 10% of the consolidation stress after
21 days. At this time the sample was transfe;'red to the pile chamber. Pocket
. penetrometer tests were performed on the side of the sample at the top of the sample
when trimmed in the pile chamber (Level A-A) as shown in Figure 3. The shear

strength , s, showed an average of about 65 kPa.

PILE INSTALLATION AND SET-UP

After pocket penetrometer tests the sample was mounted in the pile chamber and left
to reconsolidate for 3 days under a vertical pressure of 500 kPa and radial pressure of
350 kPa (K = 0.7). In addition a back pressure of 200 kPa was applied in an attempt

to help speed up the poré pressure response.

During insertion of the pile the side friction showed a maximum of about 25 kPa.
Total normal pressure showed 635 kPa and the pore pressure only showed 220 kPa
!directly after installation as shown in-Figure 4. After about one day of set-up the total
preséure was constant at 635 kPa whereas the pore pressure had reached a maximum
of 445 kPa. Ten additional days of consolidation made the pore pressure drop down to
390 kPa and total pressure went up to 640 kPa. At this time it was decided to start
with the loading program, even though the excess pore pressure was 190 kPa (above

back pressure).

STATIC TEST

. A displacement controlled static test with deformation rate 1 mm per hour was now

37
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conducted, as shown in Figure 5. The pile was pulled in tension through failure and
large slip and then pushed down to original position causing failure and large slip

(residual friction) in compression.

The displacement to cause failure, as shown in Figure 5, as about '0.25mm or 1% of
the pile diameter. A maximum friction of 39 kPa was achieved with a residual value of
37 kPa. The shear strength at end consolidation was measured to 65 kPa, but as shown
later the shear strength after pile test when sample was built out of pile chamber was
measured to about 77 kPa. Since the strength obviously increased during consolidation
in the pile chamber, the shear strength during testing is estimated to lie in between
these two values. The shear strength chosen for this test is s, =72kPa. This resuits in

an alpha (o) value of 0.54 and 0.51 for peak and residual respectively.
For the efféctive stress approach, estimating c;o from the relationship
S, = 0.26G,
which gives c;o = 230 kPa, the beta value (B) becomes 0.17 for maximum friction.

This using s, = 72 kPa.

Total pressure at failure was about 640 kPa and the pore pressure showed 395 kPa,
resulting in a- horizontal effective pressure of 245 kPa. The interface friction angle (8)

can then be estimated from
Sfmax = On - tand

giving 8 = 9.1 degrees.

CYCLIC TESTS

After the static test the pile was brought back to zero position and left to reconsoli-
date for three days. The plan was to start with cyclic stress controlled tests at this time

but malfunctioning of the loading system with resulting shock mévements of the pile

" made this impossible. These movements made the total pressure and pore pressure on

the pile wall drop with about 50 kPa and 30 kPa respectively. It was therefore decided

to run the displacement controlled test first.
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Displacement Controlled Tests (WD36SC)

A displacement controlled test comprised of applying parcels of 100 cycles with 10
seconds period in two-way cyclic loading from the zero position of the pile. A total of
six consecutive parcels were performed with increasing displacement amplitude, starting
with 0.2mm in the first parcel and with 0.4, 0.6, 0.8, 1.0 and 2.0mm in the following

parcels.

The applied displacement versus cycle numbers are shown in Figure 6 with the result-
ing skin friction, total pressure, pore pressure and effective pressure versus cycle
numbers arée shown in Figures 7, 8, 9 and 10 respectively. More detailed plots of

selécted cycles are shown in the Appendix A.

As seen from the resulting skin friction in Figure 7 and in Figure Al the two way
cycling of 0.2mm amplitude did not cause failure of the pile, although some hysteresis
is present in the friction versus displacement. Increasing the amplitude to 0.4mm yields
a maximum friction of 42 kPa in the first cycle, reducing to 38 kPa after five cycles
and stabilizing at 36 kPa as a maximum after about 20 cycles. The residual value dur-

ing large slip was quite steady at 33 kPa after 20 cycles as seen in Figure A-2.

In the following parcels the peak friction never reached the previous maximum but
was quite consistent at about 38 kPa with a residual value during large slip of about
33 kPa. This gives a degradation in strength from maximum peak (42 kPa) of about
21%.

As can be seen in Figures A-3, A-4, A-5 and A-6 the general form of the friction-

deformation curve has the form of a parallelogram.

From the pressure diagrams in Figures 8,9 and 10 the pore pressure is seen to show
no cyclic variation and only slightly increasing during the application of parcels. The
average total pressure decreases slihtly and has a cyclic variation of about 10 kPa in
first parcel increasing with increasing stroke amplitude to about 27 ‘kPa in the last par-
cel. As a result of this the effective pressure resembles the total pressure with the aver-

age pressure decreasing from 227 kPa in first parcel to about 210 in the last.

In Figures A-7 through A-9 are shown effective normal pressure versus friction on the

pile wall for selected cycles. From Figure A-7 showing cycle 100 which is the

e
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maximum yield friction of 42 kPa, effective pressure is measured to 223 kPa. This

gives an interface friction angle of about 10,7 degrees.

Stress Controlled Tests (WD36LC)

After the displacement controlled test the pile was left to reconsolidate for one day (20

hrs.) before stress controlled tests were performed.

A stress controlled test comprised of applying a prescribed static tensile (uplift) stress
on the pile, superimposed with parcels of 100 cycles with 10 seconds period and
prescribed cyclic stress amplitude. The stress amplitude was then increased in the fol-

lowing parcels until failure (excessive uplift) occured in tension.

For this test the static tensile stress level was 21.5 kPa, corresponding to 55% of the
previous maximum static capacity. In the first parcel the cyclic level was about 9.5 kPa
and for the following parcels the cyclic level was incremented to 14 kPa, 15.8 kPa and
16.5 kPa in the final parcel as shown in Figure 11, showing skin friction (envelope of
max. and min.) versus number of cycles. In the following four figures the resulting
deformations, and pressures due to the applied skin friction ére plotted versus cycle
numbers. In Appendix B selected cycle numbers are plotted as friction versus deflec-
tion, friction versus effective pressure and friction, pore pressuie and total pressure

variation during the cycle.

As seen in Figure 11 a total of four parcels were performed. Already in the first par-
cel an upward movement of the pile is experienced as depicted in Figure B-1. In the
second parcelw‘with cyclic stress level of 14 kPa (giving maximum stress of 35.5 kPa)
the pile is significantly moving upwards for each cycle even though the stress level is
below the previous static capacity. This fact is most likely due to the cyclic stroke con-
trolled test (degradation) performed the day before where the degraded maximum fric-
tion during slip was 33 kPa. Referring to Figure 12 it is seen that the deformation rate
is larger in the beginning at the parcel whereas is seems to stabilize more after about

50 cycles.

Increasing the cyclic stress still further to 15.8 kPa in third parcel it is seen that the
pile is forced up very drastically for each cycle (in the order of 0.04mm per cycle)

with ‘seemin‘gly no tendency to stabilize. Finally in the last parcel with applied cyclic
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stress of 16.5 kPa the pile is pulled up beyond the control point of the testing system.

The pressure diagrams in Figures 13, 14 and 15 show quite steady average total pres-
sure in the first parcel with a cyclic variation of about 3 kPa. In the second parcel the
cyclic variation increases to about 5 kPa with a reduction in the average pressure to
570 kPa. In the third parcel the average pressure declines quite distinctly down t