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ABSTRACT

LOAD CAPACITY TESTING OF RESIDENTIAL UNDERPINNINGN EXPANSIVE

CLAY SOILS

Publication No.
W. Tom Witherspoon

The University of Texas at Arlington 2006

Supervising Professor: Anand J. Puppala

For most families, owning a home is considered rttegor investment of their
lifetime. Because this asset is so important totinaed enrichment of their lives,
maintenance requirements that result from home dation problems should be
addressed prior to their acquisition. Unfortungtehany house foundations are neither
built to meet challenges of their expansive sodimment nor built to address moisture
changes from various seasonal fluctuations. As saltreof design and construction
deficiencies, foundation failures may occur on gutar basis. In fact, the Department of
Housing and Urban Development estimated foundatamnage caused by expansive clay

soil at $9 billion per year in 1981 (Jones 1981hjol would make it more destructive

Vi



than any other natural disasters including tornathosricanes and earthquakes. More
recent estimates by Witherspoon (2000), based tanatdlected from foundation repair

contractors, places this damage total at an apmabei $13 billion per year. This cost is
enormous and explains the severity of concerniémne owners situated in expansive
clay zones.

Since these foundations must be repaired when fhigya large industry has
grown to address the needs of homeowners everywhkh®ugh a foundation may rise
or fall, the dominant cause of problems is fourmlagettlement as the clay consolidates
under the load of the foundation or the clay swatld shrinks after wetting and drying.
To address these problems, a repair contractoudrety will install underpinning under
the perimeter of the foundation and lift the lowgsent(s) back to a more desirable
elevation position and thus prevent the distressginent from dropping in the future.
To address the interior, a foundation repair cattrawill either place underpinning
under interior grade beams or lift the slab withracess called mudjacking that first fills
voids and then lifts the slab with injection pragstrom the grout flow. By filling voids,
the load of the slab will not shift to foundatioontact areas where pliable clay soils may
deform over time and allow settlement of the irdeslab.

Underpinning techniques, using drilled shafts haaceived extensive testing and
research to develop standards for design and peaatthereas other methods such as
hydraulically pressed piles have not been resedr¢bedetermine proper design or
construction practices. Since underpinnings ardgrenantly used to lift the distressed
foundations, it is important to understand theirabXoad transfer mechanism. Uplift

issues are not focused in this research since dresdeep foundation types and can go
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beyond the active depth of a test site. This rebeas an attempt to conduct
comprehensive field studies on a variety of undenpig methods in order to understand
axial load capacity of each underpinning technigudifferent weather conditions. Tests
were conducted on each of the underpinning methnsdalled in expansive clays where
skin friction transfer along the foundation length the dominant load carrying

mechanism.

Underpinnings including drilled straight shaftsjlldd belled shafts, augercast
piles, helical piers, pressed steel and pressectetenpiles were constructed utilizing the
assistance of contractors who have been working wiese underpinning methods.
Standards of practice were followed to test theegpidning in a manner that would be
fair, uniform, accurate and representative of dcsige conditions. Final axial load
capacity was measured by performing tests on fdwordafollowing ASTM D1143.

Actual practices for the helical anchors, pressmttrete and pressed steel pilings
were reviewed to establish drive pressures availgimessed pilings) and torque drive
(helical piers) for a normal residential underpmproject. In the case of drilled shafts,
the normal active depth requirement for the lodal expansive clay was determined, and
the drilled straight shaft, drilled belled pier amagercast pile were extended beyond this
active depth to be consistent and representativedéal designs in this region. To allow
for set-up and understand load transfer mechaniisrdgferent climatic conditions, half
of the subjects were installed in the dry seasoAuwgjust and September and tested in
wet season of April, while another set was insthlleApril and tested in August.

Results of this research included a more accuregihod for predicting pressed

piling capacities, a skin friction value that wée tsame for drilled straight shafts and
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augercast piles, and how the time of soil testifgces the implementation of predictive
formulation for drilled shafts and augercast pileslso, future research directions are
presented to further enhance the predictions o#élasapacities of underpinnings in

expansive soil media.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

A home is usually the single most important investirthat a family will make in
their lifetime. It provides shelter and comfort aldo enhances the quality of life. Homes
are seldom built in environments or soil conditiadhat are perfect for construction. To
complicate matters, the type of construction is ynames selected solely because of
economics. As a result, of the economic drivingés; foundations built on challenging
soil conditions fail at an alarming rate becausggteand/or construction quality control
does not address soil movements from these envaotahfactors.

Many types of foundations have been developed dieta pier and beam made
of wood and concrete, concrete slab-on-grade, etm@nd masonry stem wall systems,
and others. Each foundation system has unique &alyes and deficiencies. The final
section of a foundation system should always satigfth soil and environmental
conditions. Construction practices for the founalatsystem should also address these
conditions in order to achieve a successful, stathleable and distress free foundation
system that will protect the homeowner’s investment

Soil conditions and characteristics have a majdlueémce on the foundation

design. Among soils, expansive clay soil presdmsgreatest challenge to engineers and



contractors. Problem clays will expand in wet ctiods and shrink in dry
conditions. A foundation system should be able fthstand these soil movements
without cracking. For example, a slab-on-grade fafion system that is not designed
rigidly enough to resist bending moments from ddfdial soil movements, will
differentially move various segments of the fourmlatas the bearing clay expands or
shrinks with water saturation and desaturationshibuld be noted that even in dry
conditions, the clays can shrink and this shrinkeaygses segments of the foundation to
either settle or uplift due to warping of the urigiexg clays.

If the foundation system is a pier and beam andotées are not terminated into
strata deep enough to resist movement or belleglsist this movement, the piers may be
pulled down by downward drag from expansive cldgtiree to the shafts or uplifted by
the swelling clays pushing the piers upward assalreof uplift induced skin friction
along the sides of the pier surface. Other foundatystems are often affected in a
similar manner and can result in foundation distres even failure when they are not
properly designed or constructed.

The Department of Housing and Urban Developmenimestd the damage
caused by expansive clay soil at $9 billion peryral981 (Jones 1981). Other experts
reported similar costs (Chen 1987; Wray 1995) andbee recent study reported by this
author estimates the cost to be in excess of $il®rbi(Witherspoon 2000). The
paramount magnitude of this financial loss makes @¢kpansive clay induced damage
greater than any other natural disasters includiveg combined damages caused by:

tornados, hurricanes, and earthquakes (Holtz 1981).



Remedial repairs to a foundation that has beerdlifby swelling clays will
normally require addressing the upheaval probleohiansome cases lower portions of
the foundation structure will need to be elevawdelieve distress and provide a more
even walking surface. In the case where a portfdheofoundation has settled because of
bearing clay subsidence, the normal method of repainderpinning to provide a base to
lift the perimeter and prevent future settlementSDept. HUD 1997). To address these
soil related problems, various underpinning techegjhave been developed. The most
commonly used remedial underpinning techniquesudel drilled piers (straight and
belled), augercast piles, helical anchors, preseadrete piles, and pressed steel piles.

Drilled shafts have been studied for a long timed aested in various
environments and soil conditions (O’Neill and Red€92 & 1999). Much of this
literature work on drilled shafts has been sportsoly the Federal Highway
Administration (FHWA), States’ Departments of Trpodation (DOTs) and the
International Association of Foundation Drilling @SC). This research has resulted in
various research reports, design guides and sthmactices (O’Neill and Reese 1992
and 1999).

Because of side wall caving, casing or slurry uhgllwas utilized to achieve the
required axial load capacity for drilled piers (84a2005). Augercast piles were
originally developed to provide an economical mdthaf casting a drilled shaft in
subsurface conditions where the water table is higlgranular soil conditions. A
considerable number of published articles on awugtngiles are available, but estimating
their capacity has been more of a site specifitnigshan predictive calculations that are

common with drilled shafts (ADSC 2005). Since tlhgercast is mostly used in granular



conditions, there is not a plethora of researchilava in expansive clay soil that
demonstrates how the piles transfers loads to fatumm subsoils.

Helical anchors have been used to support verioeal capacity for a long time
but their usage in remedial underpinning applicetitnas grown over the past thirty
years. While there are numerous research paperstidgpaxial load capacity of helical
anchors, the papers that address axial load cgpace#xpansive clay soils are sparse.
Also there are no studies where there is a congpaasalysis on how these foundations
perform with respect to those that are formed hiyeeidrilling operations (drilled shafts
and augercast piles) or pressing operations (ptessecrete and pressed steel piles).

The pressed steel and pressed concrete pile usagenedial underpinning has
seen a dramatic growth over the past twenty yaatdleey are in this author’s experience
the most popular expansive soil foundation repgstesn currently in practice. No
published research, however, is available to deterntheir axial capacity in an
expansive soil media and compare their performamite respect to other types of
foundation installation systems used in expandiag soil sites.

This dissertation research has attempted to adsieggsus underpinning systems
installed in the expansive soil, evaluate theirdldeansfer mechanisms and then rank
them according to their performance in field coldis. Due to the extensive amount of
testing and research publications on drilled shatfts reasonable to assume that their
foundation performance will provide a good base liar use as a control, with proven
results. Hence, the drilled shaft method was useddmparison with the results of other
foundation systems using different constructioncpdures. Other analyses attempted in

this research were: to deduce the load transfeham®em of other foundation repair



systems installed with different processes and/&duate their effectiveness when used in
an expansive soil environment.

As noted earlier, the majority of research inforimaton other underpinning
systems in expansive soils is either not availablaot being conducted by independent
agencies, or in some cases, is still being condudtence, this present research is a
unique and first attempt to independently verifg thad transfer mechanisms of different
underpinning systems and compare their performamcelation to other foundation
systems that are more commonly used in geotechpreatice. Also, the focus of this
research was on axial load transfer mechanismsnahan uplift considerations since
these underpinning elements is often used to li& tistressed foundations and is
normally deeper than active depths at a testidgace, the research was focused on axial
load transfer mechanisms of the underpinning elésnarexpansive clays.

It should be noted here that this comparison arglgsnot an attempt to either
support or not support different underpinning syselnstead, it is an attempt to better
understand the loads transferred by various foumdaystems and the performance of
the systems currently utilized in remedial undempig in areas of expansive soil.

Because of the growing residential foundation nepwrket and their reliance on
underpinning systems for mitigation of movementytems, this research provided an in-
depth study on actual comparisons among six commoderpinning types. This
information can be used by the foundation and sirat engineers, along with prudent
engineering judgment, in the selection of the napgtropriate underpinning technique for

their foundation projects in an expansive soil emwvnent. Another positive outcome



expected is that foundation contractors can enhahe& foundation underpinning

systems by addressing the load transfer mechamegosted in this research.

1.2

1.3

Research Objectives

The main objectives of this research are to:

Determine the axial load capacity of six types ofderpinning methods in
expansive clay.

Establish axial load capacity variations when they installed and tested across
seasonal changes (wet to dry and dry to wet).

Compare load capacities among the present six piméng techniques.

Evaluate the currently available load predictiondels for reliable estimation of
load capacity of each underpinning element andrate if any modifications
are necessary.

Determine limitations of each underpinning methoad atheir installation
practices.

Develop empirical and semi-empirical models thatvmte a reliable prediction of
axial capacities for the helical anchors, pressedl| iles, and pressed concrete
piles in expansive soil environment.

Scope of Present Research

The scope of this dissertation research is codfinghe following areas:

To study axial load capacities for commonly usedidential remedial

underpinning methods in expansive clay soils. Ilettan methods were



performed as per the acceptable and common peadbtiowed by contractors.
To study axial load capacities for commonly usedidential remedial
underpinning methods in expansive clay soils. Iftan methods were
performed as per the acceptable and common pradttiewed by contractors.
Installation seasonal conditions were varied frairy ‘to wet’ and ‘wet to dry’
seasonal moisture conditions.

The site chosen for this research is located irthsénving, Texas where soil
borings showed that no bedrock was present fopanoaimate depth of 63 feet.
Typically, the research results are only applicdblethis type of soil condition
and may not be valid for other soil conditions.

The geographical location of this site is a send-alimate, which means that in a
normal season moisture conditions range from exhgnvet to long periods of
drought. This has an effect on the present tesiitseand should be considered
when evaluating or extending the present reseandinfjs to other sites.
Recommendations for axial load capacity are codfine the present site
environmental and subsurface conditions, which rbay different for other
locations.

The number of underpinning foundation subjectsetesh this research may not
be comprehensive enough to establish empirical d@snfor future prediction of
axial capacities. These equations should be comsldas preliminary and could
be evaluated for future modifications. Therefotatistical formulas to determine

variances and true means from the sample mean enagrialistic.



For the pressed piles, a driving pressure was legdted to emulate actual
installation pressures. This procedure meant thatpiles would reach varying
depths and with the cross season time from insitatlao testing variances in
final axial load would be probable.

In spite of the above limitations, one should ntite challenges faced in the
execution of this dissertation research providachigue opportunity to accomplish the
proposed research objectives in better understgradiaxial load transfer mechanisms.
1.4  Dissertation Organization

This report consists of 8 chapters. These chaptersintroduction (Chapter 1),
Literature Review (Chapter 2), Methodology (Chap8r Axial Capacity Testing
(Chapter 4), Empirical Capacity Predictions (Chap)e Comparisons between Predicted
to Actual Capacity (Chapter 6), Overall Axial CappacComparison (Chapter 7),
Summary and Conclusions (Chapter 8).

Chapter 2 provides a summary of literature reviewttee underpinning methods
being tested in this research project. Informatiothe literature presented was acquired
from this author’s personal library, data compdatifrom previous research, internet
searches and contributions from various practiti®neducators and contractors across
the world.

Chapter 3 is a presentation of methodology thattweto this research. It
includes: soil borings and laboratory testing, comenetration or CPT detailing,
installation of reaction piers and beams, installatof test subjects, preparation and

calibration of the test equipment and test docuatent.



Chapter 4 provides a summary of test results foh edement grouped into the
appropriate underpinning method.

Chapter 5 provides predictive calculations of eaeterpinning element grouped
into the appropriate underpinning method. In additio the common predictive models,
other methods and modifications are presented.

Chapter 6 is a comparison between predictions nfadesach underpinning
element and actual load test results. The coefficé determination provides a measure
of various assumptions and predictive methods.

Chapter 7 provides an overall comparison of all uhderpinning systems. This
comparison includes not only axial load comparidmrn,also a comparison of deflection
verses load for each underpinning element.

Chapter 8 presents summary and conclusions basaul tine present research
results. References containing sources of theatitee reviews are included in the last
section with an additional listing of the varioustributors for their in kind and financial

support of this research.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The available literature related to remedial unohempg techniques has been
identified and collected. This literature includesrious journals, theses, dissertations,
conference articles, books, reports, standardspaoprietary design manuals that were
made available to this engineer. This data is sumzethin this chapter in the following

sections:

a) Drilled Shafts- Straight

b) Drilled Shafts- Belled

C) Augercast Piles

d) Helical Anchors

e) Pressed Steel Piles

f) Pressed Concrete Piles

10



The first section presents the different underpigntechniques that are the
subject of this research. A brief history and techihaspects of these methods is
presented to provide a background for testing,uatedn and design of each method.

The second section describes load testing methddzed to test the

underpinning subjects.

2.2 Underpinning Techniques
2.2.1 Drilled Shafts- Straight

The drilled shaft underpinning method has beenairtee earliest methods used
for underpinning operations and has been thoroughly comprehensively tested and
reported in the literature (O’Neill and Reese 1992 1999). Prior to the modern drilled
shaft, wells were hand dug in the ground and thikad fwith everything from concrete,
mortar, and brick, to treated and untreated woodook that was compacted. This
method of hand excavated caissons was very poputae early 1900’s in Chicago and
the Great Lakes area where it was necessary tsféraioads to the hard clay or hardpan
to support massive structures of that era. In n@rthese cities there was a hard pan or
bedrock so close to the surface that engineers feered to excavate to a depth suitable
for the required loads (Winterkorn and Fang 197Sjnce the caisson provided
confirmation of termination into specific stratadawerification of axial capacity, they
gained popularity with engineers who were desigroddings necessary for the needs

of large cities all over the world.
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With the continued development of technically athed equipment, the first
machine excavation auger was constructed arounl #8Q was capable of drilling 12
in. diameter shafts up to depths between 20 ft0tdtdelow the surface. During this
period there is also a record of horse-driven yotaachines that were used to drill holes
for the installation of shaft foundation systemsSan Antonio, Texas (Greer 1969).
Some of these foundation systems installed aro@20 Were 25 ft deep (Greer 1969).

The early 1930’s brought further development afedt shaft equipment by Hugh
B. Williams of Dallas, Texas who developed and shddht truck mounted drilling
machines that were ideal for residential foundatdsilling (Anon 1976). With the
development of drilling machines, the drilling cautors developed bits and reamers to
drill rock and the capacity for drilling very largdiameter holes to great depths.
Meanwhile, contractors in Europe were using drilfts with primary load capacity
from side friction and not just end bearing as wagular in the U.S. (FHWA 1988)

Further developments included usage of casing ritb through weak and
collapsible soils and prevent caving problems tpatvented drilled shaft usage.
Development of polymer slurries and use of oildiatineral slurry technology provided
further protection against bore hole instabilitydaspened up even greater usage of the
drilled shatft.

The advent of computers and development of amalythethods and load testing
programs further added to the growth and acceptahtiee drilled shafts. Extensive and
accepted research by Whitaker and Cooke in 1966Raede in 1978 improved empirical
determination of load capacity of drilled shaftglgmmovided construction quality control

methods that made the drilled shaft even more tikrsand accepted (Whitaker and
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Cooke 1966; Reese 1978). Prof. Michael W. O’'Ndilthee University of Houston, who
spent his life studying behavior and constructibdrdled shafts in various environments
and soil conditions, has been recognized as ottgeqgfioneers for the advances in drilled
shaft and deep foundation research.

As a result of the extensive research, the modeitled shaft has become a
sophisticated foundation technique whereby a \artio situ columnar element can
transmit loads to more suitable soil strata capablsupporting the intended structure,
resisting lateral loads and stabilizing soil anckron problem conditions.

Several design and construction practices fotedrishaft foundation have been
documented in the FHWA Drilled Shaft Manual, whighs first produced in 1988. This
manual was most recently revised and edited by @'lded Reese in 1999 (FHWA
1999). Predictions of axial capacity of drilled ftkaare developed based upon soil
characteristics, which can be directly measuredtdnyducting laboratory studies or by
performing in situ field tests. Hence, the besdpmtons of these methods depend upon
accurate characterization of soil parameters.

Since characterization of soil characteristicthiss most crucial ingredient in the
prediction of load capacities of foundations, aterapt is made in this research to
conduct soil borings, sampling and laboratory testalong with in situ CPT logging.
This soil investigation allowed the researcher nalgze load capacity of underpinning
elements via laboratory determined soil propewies those determined from in situ tests
using semi and empirical correlations.

Drilled shafts were originally designed for endabieg with no allowance for skin

friction (Terzaghi 1943). Load tests by severakegshers, however, showed that drilled
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shafts carry a considerable amount of axial loadgkim friction and as a result, new
formulae were developed to include a skin frictioamponent in the axial load
expression (O’Neill and Reese 1999). The followirsg an accepted formula for
calculation of axial capacity of a drilled shafathwas introduced in the 1988 FHWA

Design Manual (FHWA 1988):

Qr=Q&+Q (2.1)
where

Qr = ultimate capacity of the drilled shaft (Ibs)

Qs = end bearing capacity (Ibs)

Qs = side resistance or skin friction capacity (Ibs)

The calculations depicted above must then be extitacallow for an allowable or
working load for the shafts as follows:

Qa=Qr/Fs (2.2)
where

Qa = allowable working load (Ibs)

Fs = factor of safety

Subsequent to that design manual great strides made in further development
of predictive calculations of drilled shafts asgaeted in the 1999 FHWA manual. The
modern equations are similar but are identifietbiews:

Rrn = Rsn + Ran (2.3)
where:

Rrn = total nominal ultimate capacity of the shafs{lb
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Rsn = nominal ultimate side resistance of the shag)(l

Rsn = nominal ultimate base resistance of the shia$) (I

For cohesive soils (not rock) that this researchasg conducted, wherg s
greater than 1 tsf and the length is greater thmeettimes the diameter, the base

resistance (R&) in terms of gaxcan be expressed as:

Omax=9" S (2.4)

In cohesive soils (not rock), side resistancerms of f,4x of each soil layer must
be calculated for each strata/layer that the drlleafts penetrates.
fraxi= = S (2.5)
where:
fmaxi = Side resistance for compressive loading in layesi.)
= a dimensionless correlation coefficient dedi as follows:
= 0 between the surface and 5’ deep (1.5 n)edepth of seasonal

moisture change, which ever is deeper

0 for a distance of the bell diameter uprfrine bottom of the shatft.

0.55 elsewhere fof 5p 1.5 and varying between 0.55 and 0.45
for s/p between 1.5 and 2.5 as graphically depictedipyré B-9

( FHWA 1999) p is the atmospheric pressure, whech4.64 psi
(101 kPa).

S = undrained shear strength for the layer bealgulated. (psi)

As explained above, each layer must be considacdddually and the total side

resistance is the sum of resistance offered by kegein.
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2.2.2 Dirilled Shafts- Belled

The drilled shafts are belled or underreamed ebtittom to provide added axial
capacity and prevent the pier from lifting as autesf expansive soil forces against the
shaft. The normal reason for belling is that itnere economical to bell at a point below
the active zone than to drill a straight shaft deepugh or socked into a rock formation
to provide not only sufficient bearing capacity lalgo prevent uplift as a result of clay
frictional forces along the area of the shaft. Whiglled piers the total weight of soil
above the bell will not be affected by moisture rajes. Therefore, there is the added
factor of safety against uplift. In expansive ckjls, however, there is a need for greater
reinforcement to resist tensile forces on the @dren 1975).

In most cases the straight drilled shaft to a detezd depth will provide a greater
axial load capacity and hence be more stable. Wherdepth requirements are great,
belling at stable and sufficiently dense stratthes more economical solution. Although
confirmation of bearing strata and depth are wsddsy, the need for quality control is
even more important to make sure the pier meetsrezgents of design. Shallow water
conditions, caving sides, bells collapsing and mlgeissues may also be a consideration
in residential usage.

Calculations for the drilled and belled shaft do@e in the same manner with two
exceptions. The area for calculating bearing rasc#, q = diameter of the bell x
undrained shear strength x 9 Nn lieu of just the shaft diameter. Side resis&an
calculations are calculated at the top/roof oflib# upward and not up the total length of
the shaft. Tests of belled piers suggest that vexé compression loads are applied that

there is a suction created at the top of the bell increases axial capacity of the belled
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shafts by an approximate 5% (Tand et al. 2005)s Tactor was not included in this
research.
2.2.3 Augercast Pile

The augercast pile developed in the 1940’s aswtrekpressure grouting open
holes and holes backfilled with coarse aggregate=ate 1988). The first patent for
augercast piles was issued in 1956 with a procepamping grout down a hollow-stem
continuous flight auger as the auger is graduatlyaeted. Since the expiration of this
patent in 1973, the augercast pile has increaseddge around the World (Neely 1989).
There are two primary underpinning techniques useHurope, the helical/screw pile
and the augercast pile or continuous flight aug&iA), (O’Neill 1994).

The equipment requirement for augercast pilesnslai to drilled shafts, except
that the drilling tool is a continuous auger stemthwhe appropriate bits at the bottom.
When the auger reaches the targeted depth, grpumged down the hollow auger stem
to push soil up as the bit is extracted out ofdheund (Cernica 1995). The contractor
will calculate grout volume and make sure the gsiays ahead of the extraction so that
no voids will be created as a result soil cavingvimat is normally a wet environment
prone to collapse.

Calculations to estimate axial load capacity ineltige side friction capacity, and
this allowance for augercast piles is higher thengame for drilled shafts. To verify the
axial loads estimated by the calculations, siteifigeaxial load tests are performed prior
to starting the project. Recent field testing, hegreindicates that the allowance for skin
friction with augercast piles may not always be adageous for augercast piles when

compared to the drilled shafts (Kitchen et al. 79%% one recent foundation project for
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the Bryant-Denny Stadium in Tuscaloosa, Alabama, ithtial bid was over budget,
which led to value engineering testing of drilleérp. The load tests on shafts showed
that skin friction mobilized on the drilled shaftsas sufficient for a direct comparison
with the original augercast pile design. As a restdst savings were realized with the
use of the drilled shaft and the project was coteplevithin the budget (Kitchens et al.
2005). Therefore, the engineer must evaluate thswtace to determine which system is
most favorable for a specific site condition.

It should be noted that in Europe, the skin frictadlowances for both augercast
and drilled shafts are the same (De Cock 1997).céleaxial load estimation and
comparison between drilled shafts and augercasts pghould provide valuable
information that can result in savings of projegb@nses for future projects.

While the normal environment for augercast piles baen noncohesive soils,
there is a growing trend to use this method in soteesoils where drilled shafts have
long been used. One of the problems encounterasimg augercast piles in cohesive soll
is that soils block the auger and prevents furgeretration because of this resistance to
removal of spoil (Neely 1990). This research adsidsthis issue because of the use of
relatively shallow depth of foundation and compasatesting to evaluate skin friction
and end bearing components, which should add vigluddta for the design engineers
dealing with deep foundations.

Most augercast piles are reinforced with a singhe through the center. For
purposes of a fair comparison with the drilled shile same reinforcement as that of the
drilled shaft was inserted into the grouted shaftnediately after completion of the

augercast pile process.
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2.2.4 Helical Anchors

Screw Anchors have been used for over 200 yedhsrecords dating back to the
19" century as a support for English Lighthouses (Br@i®04). First use in the U.S.
appears to be in 1838 but they were not used fep fleundations because of the inability
to brace them below the surface (Jacoby and D&44)1 They also have a long history
of support for power lines and as tie-back anchibr&sas not until 1980, however, that
interest increased for use of the helical screwhangiles as a vertical compressive
system for foundations (Bradka 1997). The most dami manufacturer and developer
of these anchors was the AB Chance Company. Helinahors or Screw Anchors as
they are sometimes called have been used in teeot@munications industry as a
foundation anchor for cell towers in very diffic@hvironments. Over the past 20 years,
however, this usage has been utilized for vertioallding support in both new
construction and remedial repair. In Europe thsran increase usage for helical anchors
for vertical structure support because of its eamyof installation and ability to match
difficult subsurface conditions (O’Neill 1994).

Anchors are easy to install in low headroom coodgj they produce no
vibrations and because the soil displaces in the ex@ated by the auger flights, there is
no spoil to haul-off (Smith 2004). In soft soil$iet helical anchors will penetrate to
greater depths, which many times will lead to bungkbf the slender steel shafts during
loading. Therefore, their usage has normally bestricted to foundations for temporary
and mobile structures (Vyazmensky 2005).

Engineers who use helical anchors for new constmuetill use soil geotechnical

information to not only specify the required deptlt also to estimate the ultimate
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capacity. With the soil data and specifying a tergequirement, it is believed that
engineers can determine empirical axial capaciyd& 2004 ; Carville, et al 1994). In
normal conditions, the higher the installation tergthe higher the axial capacity. One
such design factor is (Seider 2004 ; Carville,| 6i994):

Q=KxT (2.6)
where:

Q = ultimate capacity of the screw pile

K= empirical torque factor (lbs/ft-Ib), (This factdepends upon soil conditions

and the helical anchor shaft diameter and configuna

T = average installation of torque (ft-Ibs)

Studies by Hubbel Power Systems (A. B. Chance Cagjshowed a good
correlation between torque to SPT and uplift cagaam helical anchors in several
studies (Hoyt and Clemence 1989). While the usb®feider formula provides strong
analysis for pull-out strength, the study was apiesd on vertical or axial compressive
loading.

The AB Chance Company provides its installers wi#lign programs and charts
where the installation torque and blow count aeaslreff a chart (Figure 2.1) to determine
the expected axial load capacity. There are diffesharts for sand and clay with an

estimated maximum capacity for residential fourmtagibeing 40,000 Ib. (Chance 1993).
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Figure 2.1 - Helical Anchor Design Chart for Clay
(Chance 1993)

Single and double helix are used in remedial fotindasupport for residential
buildings. Several charts have been developedatiegpredicated on torque installation
pressure, pipe shaft diameter and helix diametprdeide an estimate of working load
capacity (Schmidt 2004).

Although the method described above is used acépéed in industry, it has not
been proven to be accurate in traditional geoteahnierms especially when the
installation torque is the insitu prediction faci®Weech 2002). Torque does, however,
have a correlative relationship with soil parametnd could be used for on-site quality

control documentation. However, without site speabils documentation, errors could
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cause inaccurate predictions. There are two methiogls are recognized because of
extensive testing in a variety of soil conditiofibese are the ‘Cylindrical Shear Method’
and the ‘Individual Plate Bearing Method’ (Figur@ (Weech 2002).
The Cylindrical Shear Method states that the foilal capacity is:
Qtotal = Qeyt + Qend + Qshat (2.7)
where:
Qcy = the frictional resistance that is mobilized @dahe cylindrical failure
surface. (Ib)
=Ay" S (2.8)
Qend = the bearing surface below the bottom place ase lof pile shaft (Ib)
= A+ Agp) No™ Sy (2.9)
Qshaft = the frictional resistance along the pile shif} (
= Anat’ S (2.10)
where:
Ay = the area of the cylindrical shear surface, wisde outer area of
successive helices. fin
S, = undrained shear strength of soil (psi).
Anx = net bearing area of the helix plate’)iwith tapered helix such as being
used for this test, the largest helix is used kmalacompression calculation.
Aiip = the cross sectional area of the pile shaf).(in
Asnait = surface area of the pile shaft3jin

= the shaft adhesion factor
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The Cylindrical Shear method as described abové&sweell when the spacing to
diameter ratio (§is 1.5 or less (Mooney et al. 1985). This spa@raduces a cylinder or
wedge of resistance that acts more like a pierfpildriction since it engages a soil
column instead of individual sections of resistargtidies that have been done indicate
when the spacing ratio is greater than 1.5, thal @spacity decreased in correlation with
an increase in spacing ratio above 1.5 (Narasinthal.€1993). To respond to those
inaccuracies, Mooney (Mooney et al. 1985) respomvddid correction factors to address
the spacing engagement problem as follows:

Q=S(DL)Cy+As" Cu” Nc+ d" Het” ~ Cu (2.11)
where:

D = diameter of helix (in)

Lc = is the distance between top and bottom helieaép, (in)

Cu = undrained shear strength of soail, (psi)

Ay = area of helix, (ih)

Nc = dimensionless bearing capacity factors (fas Hize helix N=9)

d = diameter of the shatft, (in)

Her = effective length of pile, & = H - D, (in)

= Adhesion factor (see figure based upon undchghear strength)

Sf = Spacing Ratio Factor

As would be expected, the depth of embedmentdeiérmine the importance of
shaft adhesion. If the H/D ratio is greater thanh&n shaft friction is considered in the
equation (Nasr 2004). If the spacing between thi egreater than 3 to 1, the helix to

helix shaft friction is not considered in the edgoiat
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The helical spacing ¢Bfor this research is 3 ft. Therefore, the Cylindl Shear
Method will not be a good predictor for this testlave will have to engage an empirical
method that will address the shaft/helix configiorathat is appropriate.

The Individual Plate Bearing Method was devisedHhelix plates spaced greater
than two (2) times the diameter of the helical. sSTmethod assumes that individual
failure occurs below each helix. In undrained ctods such as this test, total pile
capacity is measured as follows:

Quit = Qend + Qshatt (2.12)

= (Anx” No” Si)+ Asnatt = S (2.13)
where:

Anx = net bearing area of the helix plate (less csestion area of pile shaft),

(in%). With tapered piles such as those being usethistest, each diameter
is calculated for capacity.

N = is the standard bearing capacity factor thabisnally assumed to be 9 for

undrained analysis. It is also many times labetebd.a.

S, = is the undrained shear strength of the soi).(psi

Ashait = surface area of shaft f)n

= shaft adhesion factor

It was found that using the individual bearing hoet with known shear strengths
that under prediction were normally between 0% d2% with a maximum variance of
22% (Narasimha et al. 1993).

As shown empirically above, increasing the numidenedix should increase the

ultimate vertical compressive capacity (Narasim@@1). It is believed that the soil
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column created between the helix will increase drd#ion and bearing capacity will
subsequently be increased. The amount of increalieolwiously vary with soil
conditions such as shear strength and adhesion.

Another factor in anchor capacity is the pitch leé telix angle (), which is the
inverse tangent of the ratio between pitch (p)hef $crew anchor’s blade to that of the
blade diameter (D) (Bradka 1997). When the pitclingeased the installation torque
requirement will be increased but the depth of patien will increase, which may
increase the vertical capacity. In addition to Ipitthere are manufacturers who produce
sloped conical ends that because of a reductiorequired installation torque will
normally provide increased vertical capacity (Ghetiyal. 1991). The helix configuration

used for this research is the medium pitch withrareetrical configuration tip.
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Figure 2.2 — Helical Bearing Calculation Methods (leyt and Clemence 1989)
(a) Assumed Cylindrical Shear Surface for Tapered Helix(b) Individual
Bearing Method
As with other piling systems, an increase in mwistcontent will produce a

decrease in bearing capacity. Since this testimng assemi-arid climate with wide swings

in moisture content, some decrease in axial capadien going from wet to dry state is
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expected but with the depth to diameter ratio bemdpigh and terminated well below the
zone of seasonal moisture change, this effecttiexmected (Bradka 1997).

Spacing ratio has an important bearing on vertieplacity. When the spacing is
less than 1.5 diameters apart, this factor = dpftears, however, that this factor is more
critical in determining uplift capacity than ax@mpression capacity.

Pore pressure increases during installation athtéiex point, as a result of the
upward pressure of the helix plates against theamve, and this increased pressure
leads to shortcomings in the prediction of axi@daapacity. Therefore, engineers rely
upon pile load tests to refine final piling desiffRandolph 2003). Studies by Weech
(2002) indicate that as the helix passes a soihtp@ “pulse” in pore pressure is
registered. When there are multiple helixes, eatix lsauses a pulse in pore pressure but
not as great as the initial helix (Weech and Ho20€2). It was Weech’s observation,
however, that this increase in pore pressure deesezery quickly over a period of days.
It is believed that with this pore pressure deaehat helical pile vertical capacity will
increase and shear strength of the soil arounduadér the helical pile may be higher
than prior to disturbance.

If, however, efficiency in torque installation hast been good, there may be a
decrease in perceived axial capacity because ofidius created under the helix as a
result of auguring in lieu of pulling into the graadi Since the time from installation to
testing for this research varies between 4 and @tinso pore pressures should decrease to
a pre-installation magnitude. Therefore, we shoomtd consider this as a factor in

estimating axial capacity.
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Shear strength is decreased during the instailatiage because of the increase in
pore pressure and disturbance of the soil. Whike strength will increase over time, it
will only reach a remolded strength and not a pstudoance strength (Weech 2002).
Although there is additional disturbance with eacded helix, there is not an added
decrease in immediate shear strength.

Weech (2002) indicated that the peakp&rameter underneath the lead helix be
used to calculate capacity since soil shear stnebgtween the upper helix(s) has been
compromised by installation disturbance that alteesvoid ratio and structure of the soil.
While tip resistance increases are moderate owes, tresistance at the upper helix will
increase after dissipation of pore pressure (Weetz; Weech and Howie 2002).

Weech showed that measurement of the bottom lwajpacity could be done

using CPT test information as presented by equ&tibs:

Qoottom hx= Anx~ (Gr — vo) (2.14)
where:
A = area of helix (if)
Or = corrected tip resistance (psi)
vo = effective overburden pressure (psi)

This equation works because there is a negligabh@unt of disturbance below
the lead helix. With the CPTs used in this reseaticis parameter can be utilized to
check against the Individual Plate Method thatizgs laboratory testing of soil samples
(Weech 2002).

The amount of disturbance below the lead helixasstdered to be miniscule,

which equates to an index of soil destructuring.6f (Weech 2002). Weech indicates the
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second helix ID value, however, would range betw8dn and 0.75, which must be
considered when estimating an axial capacity. Ewvof an obvious inefficiency in
installation rotations to penetration, the conagpdisturbance is real for this project and
must be considered to properly reduce capacityhefsecond helix and shaft friction
along the depth of installation. The amount ofutisance is likely site specific and must
be measured by experience and understanding ahstalation process. There is not
only inefficiency in the auger pulling into theatinm but also a placement issue with the
second helix. In other words, the second helixasaxactly placed where with efficient
rotation of the first helix into the bearing soillwencourage the second helix to follow
the same auger path. In fact, the second helixdis®ations behind the first helix (30 in.
/3.18 in. auger height). Therefore, the secondkhaill hit the same depth at a point 1.31
inches above the path of the first helix. Therefare have a section of disturbance that is
multiplied by the higher cut of the second helixdasur area of disturbance will be
multiplied significantly with only the outer 1 iplate being a virgin cut (the second helix
is 12 in. diameter while the lead helix is 10 irardeter).

Weech shows a correlation between soil sensitaviiy the amount of disturbance
caused by the helix tearing through the solil. Seisitivity is defined as:

S =S (undisturbed) / S(remolded) (2.15)

Soil sensitivity, as mathematically depicted ahaweans that only a part of its
predisturbed strength will be regained through @amly over time because of a
breakdown of the original soil structure and a loSsnterparticle attractive forces and
bonds (Das 1997). Sensitivity has also been cdeetlavith the Liquidity Index, as

expressed by equation 2.16 (Holtz and Kovacs 1981):
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LI = (W, - PL)/PI (2.16)
where:
LI = Liquidity Index of soil sample
Wwn = natural water content of the same soil sample
PL = Plastic Limit
Pl = Plasticity Index
Using this ratio,
LI < 1 the soil will be brittle when fracturedésfred
0 < LI < 1 the soil will behave in a plastianner when sheared
LI > 1 the soil will behave as a liquid when stezh
Because this site is in an alluvial plane, we woegbect the soil to exhibit a
medium to high sensitivity. This means that becaafssoil disturbance caused by the
leading and trailing helix, undisturbed shear sitenwill not be restored over time.

Therefore, capacity of the second helix must beced to reflect these factors.

In addition to the obvious disturbance factor miegited above, there is some
inefficiency between installation and axial loadirf®nce the helix(s) are installed by
twisting, they are actually pulling themselves itite ground, which puts the pipe stem in
tension. Therefore, in the case of some manufastymeduct there is some amount of
play/looseness in the connection. Because of tbmnection flexibility, there is a
compression along the steel stem until force rem¢he helical. As an example this
engineer installed a number of helical piles intNdCarolina in the past and found that

each one required that they be “seated” into plesteg a jacking force against the house

30



weight that produced a plunge or downward deflechietween 1 in. and 3 in. When this
seating was completed the anchors could properppa@t the house and provide
necessary axial capacity to make elevations adprsisrand restore vertical stability. The
stem in this situation was square steel with squarmmections (sometimes call knuckles)
and the play was obvious when making the connectiith the amount of axial

connective compression deflection being large. dduce this factor in the outcome of
this research, a product was chosen that makesnan screw connection with the stem
coming together in a flat plane at each connectibfile this may not completely

eliminate all axial compression of the stem conioast it may prove to reduce them to

an insignificant level.

Buckling of the steel stem of the helical systdmags is a concern with long
slenderness ratios (Jr however, this is only a problem in the very ssitl (Davisson
1963). While the pressed steel and concrete pikggtain a tighter fit and thus have a
smaller area of disturbance, the helical anchargige a disturbance area greater than 12
inches, which could produce enough soil strengtluegon in the lateral soil support to
present a problem. As long as the Standard Peiogtr@ount (N) is greater than 4, the
soil strength reduction should not be a problem &tiff clay soil (Hoyt et al. 1995).

Several conferences and emails from installers sactbe U.S. and Canada
showed that there is a variance of installatiorsguees used to advance helical anchors
for foundation piling. These torques ranged betw&e00 ft-Ib to 3,500 ft-Ib in many of
the southern states for residential installatiorbf@00 ft-Ib for residential and lightly

loaded structures in both the U.S. and Canadap#igroses of this test, however, 5,000
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ft-Ib of torque will be used for installation torglas a fair approximation of the upper
limit of installation pressure.

Research completed on a range of geographic iattals indicates that axial
capacity in cohesive soils is many times less tHa same torque installation in
noncohesive soils (Zhang et al. 1999). Since vewy riesearch papers were found on the
helical pile applications in cohesive soils, thegant research is expected to add to the

database for clay soil installation and will prazidirther directions for future testing.

2.2.5 Pressed Steel Piles

In deep foundation system, driven piles have besea dor several years (Punma
1994). The art of driving piles was well establdhe Roman times as recorded by
Vitruvious in 59 A.D (Punma 1994). Records of pilederpinning have been confirmed
in settlements that were constructed over 4000syago (Punma 1994). Development of
piling science enabled the Romans to expand thgimway and port system to meet the
challenges of a vast empire for their transpontatieeds between cities.

The normal method for installing piles is to dyneally drive concrete or steel to
a measured capacity that can be determined bydke equation or dynamic testing such
as the Gates method or other suitable electrogicafinitored systems that have been
proven over a long history of installation (Gobleaé 1986). Dynamically driven piles
provide support for many of the large and difficeftvironments in the World and their
performance is well documented (Waters 2004 and 200

The first reference to pressed piles appears tm @ U.S. Patent Specification

dated February 20, 1917 (U.S. Patent No. 1,217,%#8) a modification by the same
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patentee on June 12, 1917. These patents spegifsding of sections of steel pipe into
the ground to a specified pressure and holdingphegsure until the pipe stops settling.
Subsequent to these patents another patent byathe patentee, Lazarus White; on
October 20, 1931 (U.S. Patent No. 1,827,921) sigecithe spacing that must be
maintained to prevent group settlement. White frtimdicated that each pile must be
individually driven to provide adequate capacityr fbolding the building to be
underpinned. A similar patent was filed in Englasdearly as February 2, 1973 (London
No. 1,418,164), which shows the same basic conckpressing steel piles into the
ground using the weight and resistance of the strec The usage of this process in
residential underpinning has led to a considerabimber of patents that either modify
equipment, piping and concrete grade beam attadisroeshow a process alteration.

Pile jacking as it is also known in the literatungs utilized as a remedial piling
technique as far back as in 1916 by the firm ofr8pg White and Prentis, Inc. (Carson
1965), This firm, according to Carson (still an déoyee), developed this method for
installing piling under a new structure, installidgeper piling on an existing building
with piling and replacing damaged piling under aist&ng structure. This method was
originally used for buildings but the process deggicappears to be similar to that utilized
today by the residential remedial underpinning @wtors. (Carson 1965).

The first regulatory reference to the pressed gilppears to be the Department
of the Army’s Pile Construction Manual (Departmearitthe Army, TM5-258, March
1956, now revised in Department of The Army, FM &1 April 1985). This manual
states “Under special conditions, it may be necgdsajack a pile into the ground. This

situation generally arises when it is necessastrengthen the foundation of an existing
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structure or when regular driving would be damadiogn existing structure. In such
cases, the pile is generally jacked in sectionsgua hydraulic jack reacting against a
heavy weight.” A second reference is found in akobtled Piling Engineering which
references jacking piles where headroom is limibedvibrations are not permissible
(Flemming, et. al 1991).

Mention of segmental pile jacking in most booksrefto the extreme expense of
jacking in tight quarters and also the limited ecohbn final depth (Prentis and White
1956); Henry 1986). Most published references mt#idhat the pile should be jacked
down until the force reaches 150% design load ard they should recycle the loading
and unloading to make sure the pile will not moveew the final load is placed on the
pile (Fletcher and Smoots 1974). Other referencdate that a jacking load of 50% to
67% should be held for 10 hours to make sure tleevgll not settle under the working
load (Dunham 1950).

While the normal pipe configuration used in remediark is either with a guild
shoe or with a point to reduce friction, some atglsuggest using open end pipes so that
the inner soil can be cleaned out at periodic depahincrease penetration and thus be
able to achieve a specified depth (Xanthakos, etl@34). This reference calls
hydraulically driven piles as jacked piles andaters to dynamically driven piles as

driven piles (Figure 2.3).
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STEEL PILING AND LIFTING BRACKET ASSEMELY

STEEL REINFORCED OR CABLE TENSION SLAE.
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Figure 2.3 - Typical Pressed Steel Piling Attachmero House
(Courtesy of Ram Jack Foundation Repair)
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It is this author’'s experience that the use of ggdssteel piling has grown over
the past twenty (20) years to become one of thet freguently used methods of
remedial underpinning for residential foundatioiie contractor will either bolt a
bracket on the grade beam to provide leverage dshipg or set a hydraulic jack under
the grade beam to force the pile into the groundgughe weight of the house, soil
adhesion along the concrete slab and/or beamstaese from the structure and probably
the resistance of concrete bending moments oralaftéction. Regardless of the ultimate
driving resistance, the pipe is forced into theugie at each location individually until
the structure is lifted. Driving is then stoppedpevent damage to the grade beam,
structure or veneer. Once all pilings are installd structure is lifted to its desired
elevation by lifting at each pile and then secwedhe installed piling (FRA 2005).

This engineer’'s inspection of actual driving andnfeoences with remedial
contractors who employ this method, shows driviogcdés on a one story house range
from 30,000 Ibs to 35,000 lbs, while driving onveotstory house may reach as high as
50,000 Ibs (Gregory 2005). To establish realigtstallation pressures that could be not
only duplicated but also consistent with actudldfieonditions, a driving force of 50,000
Ibs was established for each of the hydraulicaliyesh piles (Gregory 2005).

While initial capacity is provided by the drive psaire, this engineer’s own
experience with adjustments in foundation elevatiodicates that there is some
relaxation in axial capacity over time as evidenbgdn additional penetration when the
pile is reset in preparation for subsequent liftdighe foundation. This observation may
be explained in clay soil by a process called Ttiogy, “whereby a cohesive soil

stiffens while at rest and softens upon remoldirfg@Vitherspoon 2003). This soall
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relaxation may be caused by negative excess poter \peessure caused by the pile
jacking that is relieved with time, causing thel g0i soften. This process may occur
quickly or in the case of clay over a period oftB060 days (Das 1984; Coduto 1994).
Another cause of soil relaxation is point seat wilsince whereby the pile driving

fractures impervious strata to allow water to peatetaround the pile and softening the
clay surface (ASCE 1984). Because the lead poititnermally have a shear ring to

reduce side friction, water may conduit along tlle po soften the surface and lessen
axial load capacity.

The use of sectional piles is required to instaltler an eve or grade beam.
Because there is a delay between driving the pusvple and setting the added pile a
phenomena called “soil freeze” occurs that may pitenely stop the pile prior to
reaching a more desirable depth in suitable s(&ELE 1984). For this reason, once the
driving operation begins it must continue until thegeted installation pressure has been
achieved (ASCE 1984). It has been documented Bt Freeze” may occur sometimes
within 30 minutes. Therefore, breaks should be ridketween drive stages only. These
factors in addition to a zone of seasonal moisthange that may reach in excess of 12 ft
are some of the primary reasons for installing tesling these foundation systems in
different seasonal conditions.

Since a house may lift off the piles during a weason, there will be a loss of
load on the piles during this period. To test tffeat on axial capacity when the load is
removed, pressure will be maintained on half ofdhiejects while half will have pressure
removed one month after installation. This tespngcedure will add even more data for

load capacity maintenance.

37



The occurrence of lessened axial capacity over tordradicts long established
phenomena such as pile set-up where axial capacitially increases as much as 50%
over time (Komurka 2004; Waters 2004). Therefoteisipossible that hydraulically
driven piles may not fit recognized empirical forlandeveloped with dynamically driven
pile elements just because the method of driving atay soils does not induce rebound
action in the clay sheeting.

With an established driving pressure of 50,000 #isnges in soil composition
that provide differences in soil shear and sidetibn, should cause the piles to reach
varying depths. In fact, rocks, boulders, parti@gmented sandy zones, thin rock layers
or tree roots may provide enough resistance to anamly stop a pile prior to reaching a
depth below the active zone. A review of actuakjaind interviews with pressed piling
contractors indicates that even on a small housestis always a difference in pile
termination depth (Gregory 2005). With this varienan depth, applications of
dynamically driven pile formulas may not be appbieain determining side friction and
end bearing capacities.

While steel piles may vary somewhat in diametes,rtbrmal width for residential
underpinning is an approximate 3 in. The contractmsen for this testing uses 2-7/8 in.
diameter steel pipe in 5 ft long sections with deveand female end that will fit together
to form a somewhat rigid continuous pipe withot¢masile connection (Figure 2.3). Most
contractors will use a lead pipe that has a drishge/enlarged ring at the bottom to
produce less driving resistance and thereby reaehtey driving depths. Because these
piles are subject to some amount of bending, jtoissible that they may vary from true

vertical as documented (Brown 1999; Brown 2000).

38



Metallurgical analysis using ASTM A 370-94 revehht the pipe used for this
test has 0.221 in. wall thickness with ultimateesgth of 97,000 psi, yield strength of
80,500 psi and 19% elongation. Compressive forcesherefore well within allowable
stress levels for steel pipe. This large lengtidimmeter ratio, however, does pose a
concern but in dense clay soil this research eergihas not known of projects where
bending failure was a problem. For unfilled pipéepi AASHTO has established the
maximum design stress at 0.2%y, which in the case of pressed steel pipe eqR&R50
psi with an area of 1.84 inwould allow 44,683 Ibs of support (FHWA 1996). use
loads at the perimeter are calculated at an apmatei 1,000 Ibs per ft. If the piles are set
at a spacing of 6 ft from center to center, them working load would be 6,000 Ibs.,
which will yield a safe factor of safety.

Driving stresses for this type of pile are alsol®etAASHTO at 0.9 x fy, which
would equate to 87,300 psi (FHWA 1996). This wouldow a driving stress of
160,858.98 Ibs, which in this test is well withimetimposed 50,640 Ibs applied by the
installation equipment. Therefore, bending actioeginot appear crucial with this piling
requiring 50,640 Ibs of drive pressure that it beagpsulated with stiff clay soil for lateral
strength. It should be noted here that the contastiected for this test states that driving
pressures have been as high as 60,000 Ibs withidenee of pipe failure. Installation on
slopes, however, might induce lateral stressesvithtslope failure could cause bending
moments around the axis of these slender piles.

Driving depths at the corners will normally be ldsscause there is less driving
load available. A corner has an approximate ¥z efdahailable structure and soil mass

when compared with a long wall section that prosidesistance at each side. Contractors
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also confirm that interior pile installations undgmade beams will provide much more
driving load. This is because much more of the hoarsd soil mass are available for
driving resistance. With stiffer structures ard &ory houses, drive pressures in excess
of 60,000 Ibs have been recorded (Gregory 2005)
2.2.6 Pressed Concrete Piles

Pressed concrete piles appear to have first beshfos remedial repair in Texas
in the early 1980’s and were championed by a Texagneer named Gene Wilcox.
These piles are composed of cylindrical concretdi@es 6 in. diameter and are 12 in.
long. The sections may have an approximate 5/&limneter hole through the center
longitudinally. The contractor will excavate a halader the grade beam that is an
approximate 24 in. square and an approximate 2@diow the grade beam (figure 2.4).
The contractor will place a concrete pile vertigalhder the beam, set a hydraulic jack
beneath the grade beam and press the concretéaylimo the soil and then repeat the

process until the driving pressure lifts the ho{@eody 1991 et al and Dawson 2004).
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(Courtesy of Advanced Foundation Repair)
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Variations in this process include; setting andugrm reinforcing steel in the
hole in sections as the piles are driven, for &tand vertical resistance, or setting a
cable in the hole and pouring epoxy around the ¢ap piece to provide vertical
resistance to separation (Gregory 2005). One odotralso installs a type of spiral
cylinder to attempt to screw into the ground. Theme also contractors who will jet water
down the hole or around the sides to reach a grempth (Gregory 2005). Other
contractors will install a smaller section at thettom or pointed lead cone to break
through lenses and reach a greater depth. Theaobmtrchosen for this research uses a 4
in. diameter driving shoe that they believe brehksugh thin lenses and provides greater
termination depth. Most contractors will installtrapezoidal cap at the top that will
provide a solid driving base for the jack and allmem for setting two 6 in. diameter by
12 in. long cylinders to support the house (Figiild. When the house has been raised to
its desired height, the contractor will set metaihs to maintain this elevation on the
installed pile.

As with the pressed steel piles, depth will vagngicantly at a single house.
Because the concrete piles are twice the diamdteéheo steel piles, there is greater
amount of skin friction and end resistance offeteg the pressed concrete piles.
Therefore, the driving depth variance will normddy much greater than the steel pilings
with exactly the same driving pressure. Anotherilainty with the steel piles is that at
the corners of a structure the available drivingspure will be much less. This reduced
pressure is found because the house mass andataktis %2 that of a location along a
long wall. Therefore, driving depths will normalbe much less at a corner than along a

wall length.
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Because the piles are hydraulically pressed intogttound, it is unknown if the
standard dynamically driven concrete pile formwdes applicable to these elements. The
variance in driving depth may also create probleren trying to empirically determine
final axial capacity.

Because this method is a sectional precast pileedrihydraulically using
resistance from the house, the same phenomenaewatod as explained above with the
pressed steel piles such as: Thixotropy, soil eglar, soil freeze, etc. are applicable to
this method. With the shorter sections there ie algreater chance of vertical alignment
problems. Therefore, the installation technicianstmioe aware of pile drift and make
corrections as necessary to keep the pile vertwéh the larger diameter of pile (6 in.
for the pressed concrete in lieu of 3 in. for tkeekpiling), there is a greater chance of
obstruction influence. These obstructions may ideltree roots, boulders, hard lenses,
soft weathered rock etc. When these problems amifebd, the installer may choose to
move to the side or install steel sectional piling.

As the segmental pressed pile method has develogieahiges have been
implemented to overcome problems in installationd agurability. One of these
modifications is that all precast pile sections ao& 5,000 psi concrete. It was learned
early on that the compressive strength of the @iacrould be ruptured during a heavy
drive and when that happened there was littlecbatd be done to mitigate damage with
that individual pile. Another problem was qualitgntrol of the precast cylinders that
resulted in swings in cast concrete strength. Stheeamount of Portland cement in
concrete is a relatively small expense in view aégible problems with cylinder failure,

the manufacturers have started using a 5,000 pgirete mix. As extensively as these
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piles have been utilized over the past 20 yeanspiild appear stresses are well within
allowable design stresses in the concrete pile.

AASHTO establishes maximum design stress of coagrages at 0.33 f'c, which
in the case of pressed concrete pile equals 1,66@ 33" 5,000 psi). 1,650 psi with an
area of 28.2743 sq.in. would allow 46,652 |bs gimart (FHWA, 1996). House loads at
the perimeter are calculated at an approximate01l8€ per ft. If the piles are set at a
spacing of 6 ft o.c., then the working load woull®000 Ibs so in theory there is a safe
factor of safety. With irrigation patterns, altegidrip lines, evapotranspiration influences
by trees and other variations, however, loadingomdividual pile may change with the
expansion and contraction of soils under the fotiadalLifting at one end, for instance,
might rotate the structural position enough to tiyaacrease the support requirement for
an individual pile far in excess of the assumed®® J@s. Therefore, factors of safety must
be large enough to accommodate seasonal foundsdtittimg.

Driving stresses for this type of pile are also BgtAASHTO at 0.9 fy, which
would equate to 4,500 psi (FHWA 1996). For the sabpf this testing, this would allow
a driving stress of 127,234.35 Ibs, which in thesttprovides a safe factor of safety.
Therefore, the segmental precast pile will be wethin tolerance. As a side note, in
calculating 3,000 psi concrete, the allowable dstress would be 84,822.9 Ibs (3,000 psi
© 28.27), which provides a factor of safety of ohlg8. With poor quality control at the
manufacture’s plant, it is obvious why cylindersulb sometimes rupture prior to the
change to 5,000 psi concrete. We must rememberathapproximate 5/8 in. diameter
hole sits in the center. If reinforcing steel ioowgped in place, the strength reduction

caused by the hole area would lessen.

44



2.2.7 Common Design Features for Pressed Steel aessed Concrete
Static analysis dictates the ultimate capacity,da pile in homogeneous soil is
the sum of the shaft resistance Rs and toe resesfan
Q=R+R or (2.17)
Q=Ff" As+q” A (2.18)
As indicated on the soils borings and CPT, the dayt homogeneous but has a
variance in soil parameters. Therefore, the uletatpacity will actually be:
Qu= (fs” AJ+q A (2.19)
For cohesive soils, a standard method of calcatitimate capacity is the total
stress analysis, which is calculated from the unddashear strength(or ¢,) of the soill
and an empirical adhesion facton {vhich is normally calculated from Figures 2.5 and
2.6 (FHWA 1996)
fs=ca= "« (2.20)
Another method used in clay soils is the Effec®Bteess Method, which is
expressed by the following equation:
Foz (2.21)
= Bjerrum-Burland beta coefficient =kan
= Average effective overburden pressure alongileeshaft
Ks = Earth pressure coefficient

= Friction angle between pile and soil

The toe resistance is determined from the formula:
Qt=N"
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N; = Toe bearing capacity coefficient
+ = Effective overburden pressure at the pile toe

Ranges for and N are a function of soil type andangle. (FHWA 1996).
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Other important tools for calculating pile capaastiare the SPILE and DRIVEN
Computer Programs. The SPILE Computer Program, twhvas developed by the
FHWA, uses the Nordlund (sand) and(cohesive) methods for determining Ultimate

Static Pile Capacity and is referenced as FHWA-2/84. Required parameters are soil

friction angled, adhesion, pile dimensions and type
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The DRIVEN computer program follows Nordlund andhethod and is available
on the FHWA web site. This program is based upensthil profile with inputs of; soil
unit weight and soil strength parameters. The g¢lideneter, length and type can be varied
until desired ultimate and allowable loads can steveated.

In this present thesis research, two Cone Permtrafiests (CPT) related
soundings were conducted in the field, which prediddirect in-situ test data of
continuous layers. Semi empirical methods based @I data are available to directly
calculate axial capacity of foundations. This meths referred as the Schmertmann
method (Schmertmann 1978). Using this method thenale shaft resistance in

cohesionless soil can be calculated as follows:

Rs =K[1/2 (§* As)otosot(fs” As)sbtod) (2.22)
where:

K = Ratio of unit pile shaft resistance to unit esleeve friction
as a function of the pull penetration depth, D \{(tA 1996.

fs = Average unit sleeve friction over the depth imé indicated by the
subscript (psi).

As = Pile-soil surface area over fs depth intervafl)(i

b = Pile width or diameter (in).

D = Embedded pile length (in).

0 to 8b = Range of depths for segment fronuigdosurfaced to a depth of 8b.

8b to D= Range of depths for segment fromghdequal to 8b to the pile toe.
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The method above is based upon cone sleeve fridata. If cone sleeve friction
is not available, Rs can be determined from the¢gnresistance as follows:

Rs=C G As (2.23)

C: is as a function of pile type and configuratioH{®#A 1996).

gc = Average cone tip resistance along the pile kefgsi).

As = Pile-soil surface area fin

With cohesive soil, the ultimate shaft resistarscelitained from the sleeve
friction values using the following:

Rs= = fs" As (2.24)

= the ratio of pile shaft resistance to cone\sdekiction, patterned after the
Tomlinson’s method (FHWA 1996). It is unknown, however, if dymically driven pile
parameters are applicable to jacked piles sinceregistance during driving may
determine depth. If the depth obtained is dees, thay shift a greater portion of total
shaft resistance to skin friction. If, however, tgsistance is greater, the side resistance
will be small with a much greater reliance on eedring.

It is this engineer’s experience in the field andommuniqué with pressed piling
contractors that driving depths may vary greatlyamingle house. This is a result of high
tip resistance caused by high shear strength oflghyesoil, an obstruction such as a rock
or tree root, or thin stiff soil layer(s) that catrbe broken through. Since this research
location was chosen at a safe distance away freastiroot blocks are not anticipated.
The soil from the field site is in an area freenfrdill that might contain rock or other

debris. Therefore, there should only be shear gtinenesistance that will determine
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driving depth. This area is, however, in an allufilaarea where some inconsistency of
stratum may be anticipated. With this inconsistetheye will obviously be differences in
driving depth. With the deeper piles, tip resiseamall be a smaller part of total axial
compression capacity and the primary factor willgk@n friction. With shallow piles;
however, the distribution of stresses may not beeasin (Bowles 1988).

Shear strength should only be attributed to thrasicbcomponents: frictional
resistance to sliding between the solid soil pkesiccohesion or adhesion between the
soils particles and interlocking and bridging o€ tholid soil particles in resistance to
deformation during driving of a pile (Cernica 1993)he shear strength of a soil
correlates with the effective stress. In the figs stress condition is axisymmetric
(transversely isotropic) in that the principle steequals the minor stress, which is
similar to the condition that exists beneath tpeofia piling (Conduto 1994).

As evident from the description above, water contgh affect shear strength in
a soil (Sowers and Sowers 1961). One reason ightédionds that hold the clay particles
together are weakened as more water particlesbam@lzed (Marshall and Holmes 1988).
In the case of pilings, the point resistance andpression index decreases in a clay soil
with the increase in moisture content (McCarthy20n clay soil there is an undrained
condition and at this site the soil borings indécdhe soil is undrained. Figure 2.7
graphically displays how when moisture content éases that soil strengths increase and
this relationship is also independent of the typwading and degree of drainage during
the loading phase (Lambe & Whitman 1979). Althoukis figure depicts unsaturated

clay soil, the same relationship exists for drainedditions.
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Figure 2.7 - Stress-volume relationship for normail consolidated Weald clay
(Lambe and Whitman, 1979)

During the driving stage, the soil is densified rgavater pressures increase,
moisture content decreases and the effective owdebus decreased, which all lead to an
increase in shear strength and a decrease in rggiiori. Therefore, the tip resistance is
increased and in the case of shallow pilings, Bidgon remains a smaller component of
the ultimate shaft capacity. Over time, howeverreppressure decreases and water
content is restored, which reduces end bearingeasing the effect of overburden and
increases skin friction (Tomlinson 1980).

When going from a dry season of installation toeitar season of testing, water
content increases to further reduce end bearindeep foundations. If, however, the

pilings are driven below the zone of seasonal mmsthange, this reduction will be less
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because there is not a seasonal increase in sature at those depths. With pilings
driven below the active zone, skin friction mayrewse and the end bearing is only
reduced by pore pressure restoration, which is athynra much lesser factor in tip

resistance. Evaluation of the soil/pile interfacasmbe with the fact that the clay has
been remolded during the driving process. Therefibre properties of the clay will be

altered temporarily during the installation proc@dsCarthy 2002).

It has also been shown that shear strength in unragat clay soil is a function of
matric suction and soil water characteristic cu(sieying path). If the soil dries, the
wetted area of contact decreases and soil suctmeases (Marshall and Holmes 1988).
With this increase in soil suction there is an @age in shear strength (Vanapalli and
Fredlund 1999; Fredlund and Rahardjo 1993). Iise &nown that matric suction holds
the soil together which results in apparent cohreskdom the soil water characteristic
curve and measurement of soil matric suction, aamable prediction of shear strength
can be obtained (Vanapalli, et al 1999; Rahardp Eredlund 1999; Nishimura T. et al.
1999).

Pressed piles are sometimes jetted to help thergdeh a desired depth. With
jetting, it has been reported that a loss of 50%8%80 of axial capacity may result
because of this process. None of these pressed pége jetted prior to driving;
therefore, there should be no reduction in streffrgiim initial driving load as a result of
jetting.

When piles are dynamically driven in clay soil,hias been observed that an
enlarged hole will form around the pile as a restilateral vibration of the pile with the

hammer blows (Tomlinson 1980). This soil actiors@netimes called quake, which is
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the amount of pile deformation required to activiie unrecoverable deformation of soill
(Smith 1960). This concept is sometimes depictethbyConcentric Cylinder Model and
conforms to the following parameters: soil defonoratis believed to deflect downward
in the form of cylinders around the pile shaft, #teearing condition operates in this
circular pattern and decreases in a radial disténoce the pile shaft as depicted in figure
2.8 (Liang and Husein 1993). Because these pikediydraulically pressed into the sail,
little or no vibration is provided. Therefore, anlarged hole would normally not be
expected.

It is this engineer’s experience, however, thad #mlargement is visible with the
pressed concrete piles. Therefore, something els# be causing the enlargement such
as remolding of the clay because of a downdraglaf that stretches the clay layers
down with the driving effort. Because this is natyanamic driving process, the clay layer
deformation is not as recoverable with the pregskag installation and may be much
more permanent. It is reported that this enlargéntsappears over time as clay
moisture is restored. Since this recovery can telybserved at the surface, we do not
know exactly how much recovery has actually ocaurbelow the surface and the
amount of contact recovery in the form of adhesaong the pile shaft. It is also
unknown if clay material from the surface adhecethe shaft and is pulled downward to

alter deeper shaft resistance over time.
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Figure 2.8 - Concept of Concentric Cylinder Model
(Liang and Husein, 1993)

This deforming of the clay stratum has also be@onted to include cracks in the
clay along the surface of the pile that radiatemMantl such that adhesion is uncertain in
the upper 20 pile diameters. Therefore, it is rev@mded that skin friction be neglected
in the upper 4 ft to 6 ft (Tomlinson 1971).

The zone of seasonal moisture change may reachtd21# ft in the Dallas/Ft.
Worth Metroplex. Since it is common for the conerg@ressed piles to not reach that
depth, there is a chance of negative skin fricdsra result of “downdrag” caused by the
shrinkage settlement of clay surrounding the filds distribution of stress will normally
increase with depth to a point where no changearsture occurs. With the pile tip being

within the active zone, there will not be adequedsistance to counteract negative
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friction and a settlement may occur. It is alsogiae for the negative resistance to
overload tip resistance and this would create doavdwnovement (Fleming et al. 1985;
Tschebotarioff 1973).

2.3 Deep Foundation Load Testing Methods

Because of the variance in underpinning typestaadard load test, ASTM D
1143-81 (Reapproved 1994) was chosen as the médhdiegld testing. This method is
referred to as the “Standard Test Method for PUesler Static Axial Compressive
Load.” As described in the introduction, “This sfand has been prepared to cover
routine methods of testing to determine if a piés tadequate bearing capacity”. This
method is a static load test where in the Quick #ssdefined in ASTM D1143, the
determined load will be applied for 2 minutes whaatching the deflection gauge to
determine failure.

Although cyclic loading has been used, it does apyear to contribute to the
interpretation of static load bearing capacity awken makes it harder to interpret
(England and Fleming 1994). Another factor in tlke&stion of a two (2) minute static
test is that some studies have shown an incresk@fiinfluence of the time-dependent
movements if left loaded for over 15 minutes and thay impair the test results (Butler
and Hoy 1977).

Other sources of testing criteria were revieweddnfirm parameters for failure
load. Ultimate failure is a peak load above whicé toundation does not take more load
and will plunge downward if the load is increasadHer. In other cases, the peak may
not appear in the load-deforming plots; insteadplateau type loading curve is

established. In such cases, the deformation @rteshould be used to establish ultimate
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failure load of a foundation. For augercast pilislure load is recorded at 3 in. of
downward movement (Neely 1990) whereas ultimatdddar helical piers will produce
a plunging failure (Smith 2004). According to FHWH-96-033, “the failure load of a
pile tested under axial compressive load is that lavhich produces a settlement at
failure of the pile head equal to”™:

S = + (4.0 +0.008b) (2.24)
where: $= Settlement at failure in mm (in).

b = Pile diameter or width in mm (in).

= Elastic deformation of total pile length in mim)(

If we discount pile deformation, allowable settlemhtor the steel and concrete
piles would be computed as:
Steel piles  =4.0 mm + 0.008(73.03) = 4.584 anr.178 inches
Concrete piles= 4.0 mm + 0.008(152.4) = 5.219 mi©.204 inches

Therefore, it will be important to record incremardeflection to load for the
entire deformation so that all failure modes weél éasily measured.

Elastic deformation in a pile is computed as fobow

= Q.L/(AE) (2.25)

Where: = Elastic compression of pile material (in), (mm)

Qo= Design axial load in pile (Ib), (kN)

L = Length of Pile (in), (mm)

A = Pile cross sectional areaZin(nr)

E = Modulus of elasticity of pile material, (pgikPa)
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For the steel piles used in this research, weag#lume a modulus of elasticity of
207,000 MPa (30,022,813 psi), Length of 13,000 i (), Design load of 11.24 kN
(50 kips), Pipe cross sectional area of 0.0041& s({.0451 sq.ft.).

Therefore:

_ (L124)(13000)
(0.004188)(207,000000)

= 1.685 mm = 0.066 inch
For the concrete piles of this experiment, we adsume a modulus of elasticity
of 27,800 MPa, length of 8231.7 mm (27 ft), dedmpd of 11.24 kN (50 kips), concrete
cross sectional area of 0.0182 sg.m. (0.1965 sq_.ft.
Therefore:

_ (1124)(82317)
(0.01824(27,800000)

= 0.18 mm = 0.007 inch
Criteria established for settlements at failurelbwere followed in the present
research.

While the purpose of this testing is to determifienate axial capacity, there is a
theory that evaluates the rebound curve (curveefiection vs. load when the load is
released), which will provide a proportion of tipasing to skin friction resistances. This
method of analysis by England (England 2000) eistads that the shaft friction quickly
reaches its ultimate level while base resistanceeases until failure. It is also proposed
that when the load is decreased to no load thatskie friction reverses itself to

counteract base resistance rebound (Davies 1983laoh 2000). Elastic Shortening
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must obviously be accounted for so that actual/swie interaction is known (Fleming
1993). This theory has relevance but should onlydssl as a supplementary data tool in
conjunction with proven empirical methods basedruffee large and diverse data pool
available for a particular test. It is also impaittahat the foundations are set in a
homogeneous soil condition that certainly doesexdgt at this site. Another difficulty in
application to this research is the usage of th@M3 143 Quick Load Test that can
enhance the skin friction approximation becaust®fapid static loading (England 1992
and 1993).

It has been mentioned that knowing the distributddrforces along the shafts
would be beneficial to the total understandingief pnd pile functional performance and
also that there are residual loads along the shaiftcould alter an understanding of these
forces (Fellenius 2002). This testing, howeverydntused with the ultimate resistance
of piers and piles in vertical compression. Respitssented in this research show load
versus deflection plots depicting the failure lodmiseach underpinning element (ASCE
1985).

24 Summary

This chapter provides a comprehensive literatuveeve on the six most common
remedial underpinning methods used in practicehBathe six foundation types (drilled
straight shafts, drilled and belled piers, augdrpdss, helical anchors, pressed steel and
pressed concrete piles) are presented with backdrovformation applicable to testing
for determining the axial compression capacity. ikde literature, including: papers,
books, website reviews and conversations with fagld academia experts were reviewed

to gather this information.
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CHAPTER 3

RESEARCH METHODOLW®G

3.1 Introduction

The experimental program of this research inclutiesting of six 6 piling
methods that are commonly used in remedial undeimpgn These methods include:
drilled straight shafts, drilled and belled sha#tagercast piles, helical anchors, pressed
steel piles and pressed concrete piles. The iofethis research is to determine values of
axial capacity for each element. With the drillebdaftss and drilled belled shafts,
established accepted empirical formulas (FHWA 198fl)be used to predict final axial
capacity. It should be mentioned that the pressasessments will attempt to evaluate
these established formulae for the better predictid axial capacities of shafts in
expansive soil media under varying seasonal enwigon.

Published formulae for augercast piles and hekcahors will be used for their
capacity prediction. Both the pressed steel amitrebe piles are hydraulically driven at
an established driving capacity. An attempt will beade to assess whether these
capacities will remain the same or vary with resgecdifferent seasonal changes. In
other words, variations in the axial capacity witlspect to load tests at different seasons

will be evaluated. Seasonal variations will simelatdifference in soil conditions when
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going from dry to wet to simulate summer to sprampditions and from wet to
dry to simulate spring to summer conditions. Dyrmaon mixed formulae for predicting
axial capacity are used to compare with actualresstlts.

Another important variable addressed in this rede#s to study the effects of
expansive clayey soils on axial capacities of pipiles and screw anchors. While drilled
shafts have had extensive testing in clay soibs atigercast and helical anchors have not
been tested in sufficient numbers in these soitltmms. In the case of the hydraulically
driven piles, no test results in clayey soils agorted or documented in the geotechnical
literature to verify their capacities with respe¢cttime. Therefore, the present testing
program has been offered for the first time to us@ad how the capacities of various
underpinnings can be estimated in expansive swif@mment and also provided further
understanding of the approaches that could ledqetter estimation of axial capacities of
these foundations.

Economics of the research project are importantesih is quite expensive to
construct or install deep foundation type underipigs and then test them. Therefore, the
number of test elements for each underpinning type selected such that these tests
would provide adequate information on the presemds of their capacities with respect
to seasonal changes and provide confirmation actien of the present industrial
practice of established formulae in this soil

A total of eight (8) helical anchors, six (6) dedl shafts, six (6) drilled and belled
shafts, six (6) augercast piles, twelve (12) préssteel piles and twelve (12) pressed
concrete piles were constructed or installed aeddHoundations were tested to address

the main objectives of this research project. Timoaglarger number of foundations
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would have been preferred for testing, the presantber offered sufficient information

to offer explanations or corroborate the variationtheir axial capacities.

3.2 Site Selection

In order to compare axial capacities, it was negs® find a site where no bed
rock was present. The site should also have seifffidree area to support various types
and numbers of underpinning elements. Bed rockerooit will ensure that all
pier/pile/anchor capacities derive the majoritytledir loads from both skin friction and
end bearing in expansive clay soil. Such a sitela@sed in South Irving, Texas and this
site was available to the researcher for perforntimg present testing for the whole
duration of the research, which is well over thimgnths. Also the soil conditions at the
site are proven to be ideal for this research asdhls at this site are expansive in nature.
It should be mentioned that this site located irtmdexas is well known for expansive
clay soil deposits with Plasticity Indices rangiingm 30 to 60, and the only rock being
shale that can be found at depths reaching 70rft the surface.

The environment of Irving, Texas can be charaaterias a semi-arid climate
where conditions may vary from long droughts in suenmer to wet conditions in the
spring. For this reason, the first set of underpignelements were installed in late
August and early September of 2004. These founuateere tested in April of 2005,
when conditions are normally close to the wet mkabthe year.

This research was planned 24 months in advancectofalaimplementation.
Therefore, there was no way of knowing that the rmemof 2004 as a wet summer with

considerable rainfalls. Temperatures, howevel, rsiil in the upper 90to 106 F on the
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days when reaction piers were installed. With thype of temperatures, ground
conditions were close to dry conditions of the yaad thus satisfied the criterion for dry
seasonal conditions.

The following figures depict the width of variat®in the field moisture contents
from year to year and also depict the severe natftidroughts over the past fifty (50)
years. The Palmer Drought Severity Index (PDSI)ictvhs also called as a monthly
index indicates the magnitude of a wet or dry sp&dl noted in the Figures 3.1, 3.2 and
3.3, the variation in rainfall could be extremegyare with positive numbers indicating
wet spells and negative numbers depicting dry periéin short, this is a meteorological
drought index that is used to assess the sevdraydoy or wet spell. This index does not
take into consideration both lake and reservoielewr stream and river flow. It does,
however, include temperature and the local avalatwter content of the soil. All the
basic terms of water balance can be calculated ftbm input data including:
evapotranspiration, soil recharge, runoff and nuoestoss from the surface layer. There
is no allowance for human impacts such as irrigatibherefore, watering around a
structure during dry spells may mitigate some armowh drought severity.
(http://www.ncdc.noaa.gov/oa/climate/onlineprodildybt/xmgrg3.html)

The Modified Palmer Drought Severity Index is a mfiodtion that was made by
the National Weather Service Climate Analysis Cefdetheir own purposes but is only
different from the standard PDSI in transition ye@ideddinghause and Sabol 1991).
Figure 3.1 is a 10 year plot of PMDI for the Noftxas area whereas Figures 3.2 and

3.3 provide graphs of PMDI for 15 and 50 year omoces, respectively.
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Monthly Palmer Modified Drought Severity Index
North Central Texas
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Figure 3.1- Palmer Severity Chart for the Last 10 éars.

(http//www.ncdc.noaa.gov/oa/climate/onlineprod/droght/xmgrg3.html)
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Monthly Palmer Modified Drought Severity Index
North Central Texas
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Figure 3.2 — Palmer Severity Chart for Past 15 yea
(http//www.ncdc.noaa.gov/oa/climate/onlineprod/droght/xmgrg3.html)
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Monthly Palmer Modified Drought Severity Index
North Central Texas
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Figure 3.3 — Palmer Severity Chart for Past 55 year
(http//www.ncdc.noaa.gov/oa/climate/onlineprod/droght/xmgrg3.html)

Another measurement of wide changes in moisturdimga can be explained
using ‘Thornthwaite Moisture Index (TMI)’, which &a&een documented since 1948.
The TMI balances rainfall, potential evapotrandporaand soil water holding capacity.
Negative values indicate dry climates, whereas dalietates are shown with positive
numbers. As depicted on Figure 3.4, the DalladArrth Metroplex is located in an area
with a 0 TMI, which depicts a balance between dhbw@nd very wet periods. Areas with
ratings between -20 and + 20 are the susceptibd@tong problems with expansive clay

soil because of the wide swings in moisture costeot the soils (O’Neill and
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Poormoayed 1980). This method does consider watanbe, where there is a storage of
moisture during the wet periods and an evapotraaspn of moisture during the dry

periods (Buol 1997).

Figure 3.4 — Thornthwaite Moisture Index (Thanthwaite, 1948)

Figure 3.5 shows the location of this site withpess to the city of Irving, Texas.
As noted on the map, this location is at the sautth of the city and in an area near the
Trinity River, which is the largest river in norffexas.

Also important to the success of this researchastaining an environment that
is both secure and fair to the different contrexmarticipating in this testing. An attempt
was made to protect the contractor’'s privacy byueng the following. No two

underpinning contractors worked at the same time& @sts on underpinnings were
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conducted with the same privacy rule. Since thetation is in locked gate surroundings,

all underpinning elements at this test locationenmst subjected to any vandalism.
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Figure 3.5 — Site Location
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Figure 3.6 - A View of Test Site From the North

3.3  Subsurface Investigations
3.3.1 Site Layout and Boring Locations

The project site shown in (Figure 3.7) depictsldyout of the site and locations
of borings as they relate to the test elements. r€hetion pier locations were surveyed
by the researcher with a transit to place the r@aqgdiers in a true north position. This
layout provided a staggering of the piers so tkatiig could be maximized with each
pier being used as a reaction point for four (&ct®n beam directions and the potential
for an additional line of reaction piers on theteasvest sides for two more directions of
beam placement. Care was taken to establish tmdquations with two straight lines

from north to south that were staggered ata&@jles to supportive piers.
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Soil borings, which are also noted in Figure 3.@revperformed and Shelby tube
samples were retrieved around the site. These samare subjected to physical tests to
provide a stratagraphic delineation of the undedysoil strata (Figure 3.7). The intent of
the first boring was to explain the subsurface ammts and confirm that this site was
suitable for this research testing.

The first boring was placed off to the side of thst site to make sure that there
would be no contamination of subsurface conditiceassed by the bored hole in a direct
location with a pier or pile. Since a minimum of @epth to rock was required, the first
boring was only conducted up to 50ft depth, but @asm were continuously retrieved
along the total depth. This test procedure providee necessary confirmation of
subsurface conditions including the homogeneitglay and absence of water table and
other conditions that might reduce the consistarfapis testing (see field boring log #1,
Figures 3.7 and 3.8).

Prediction of axial load capacity would only be gibte if accurate subsurface
geologic conditions are known, which in turn cordduce the uncertainty involved in the

non-homogeneity nature of the soil and rock (ASOB4).
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Figure 3.8 - Boring Operations Using Augering: Log#l

A total of four (4) borings were performed to makee a good cross-section of
soil strata was available that would provide saillgmeters for testing (Figure 3.7). Since
one of the goals of this testing was to show changeaxial capacity across wide
variations of moisture content, it was also impotrteo identify the zones of moisture
changes or active depths and then compare it veipthd of the piers, piles and anchors.
The second log was taken at the east side of thjeqdy 5 ft away from the beam line,
and is depicted by the attached boring log #2 (@9 and 3.10).

The third and fourth borings were located on bbathriorth and south sides of this

site to identify possible stratagraphic dippingnfraorth to south, which was observed in
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this area (see boring logs #3 and #4, Figures 3.14}. It was also important to evaluate
the east to west strata to better apply soil faciorthe empirical calculations of the test
subjects.

Another factor in determining the number of soilribgs is that one of the
strength characteristics used in determining pnel pile capacity is cohesion, which is
the result of attractive forces between soil plsicBecause of these forces, a soil may
exhibit shear strength under no confining presswgedition. Therefore, where is
negligible, clay soil's cohesion approaches as ilearmeasured shear strength in the
field conditions (in situ soil) (McNab 2003). If kesion in clay soils is the result of
capillary action, it may then disappear or reducéhe soil dries. The reason that a boring
was attempted at the time of each installation ahdime of testing is to correlate
cohesion with axial capacity such that if the glmier system is above the zone of
seasonal moisture changes, then these cohesiommbkaa might explain changes in
axial capacity.

Boring #1 was attempted to identify the suitabilitiythis site for testing. Boring
#2 was performed at the time of first half instidia. Boring #3 was attempted at the
time of testing of the first half of underpinninglbgects, which was also the time for
installing the second half of subjects. Boring #dsvdone at time of testing the second
half of subjects. Therefore, changes in moistunbgsion, shear strength and the angle of
internal friction were identified and properly deteéned to help explain changes in
bearing capacity from time of installation.

Unlike the drilled piers that are normally drillénl a specified depth or strata, the

pressed pilings are pushed to a specific instatigbressure or at the point the house lifts.
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They must then be stopped to prevent damage tattheture or the pressure exceeds
driver capacity. It is this engineer’s experiencel @ also reported by remedial repair
contractors that driving depths may vary signifitgneven on the same side of a house
or building. Therefore, the number of borings ois #ite may help suggest why they vary
on this project and where the lenses of clay stuetastiff enough to stop progress of the
piles during installation.
3.3.2 Soil Boring Field Records

The soil borings were conducted with the assistarfideugro South Inc., a local
geotechnical engineering company, while testinthefsoil samples was attempted at the
UTA geotechnical laboratory in Arlington, Texas.sflit spoon sampler was used for
retrieving the samples in the upper 5 ft depthesitinis material was harder to retrieve in
full. For the depths below 5 ft, a Shelby tube wasd with the sample extended after
retrieval by a hydraulic ram provided on the drig). All samples were placed in a clear
plastic sample container, sealed to prevent losmafkture, marked for location and
depth and axial direction then placed in protecheges for transport to the UTA Labs

for further geotechnical tests (Figure 3.9).
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Figure 3.9- Recording of Shelby Tube Samples

For the initial boring (boring #1), the objectiveasvto test the hypothesis that a
rock layer was non existent in the top 50 ft. Hentes boring required continuous
sampling of the soil strata but testing of soil pen was confined to those that showed
changes in soil appearance and texture. It wasi@gortant to establish the water table
location. This area is exposed to droughts in #te summer and wet conditions in the
spring. The summer period at the start of undefpgmmstallation was unseasonably wet
due to several rainfalls occurring during that tirSBence the first boring information was
primarily to establish uniformity of soil and togwe that rock was below 50 ft, pocket
penetrometer (P) readings were measured at eath ldepno standard penetration tests

(SPT) were attempted at this phase. It should b&tioreed that the P readings were only
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used to assess the homogeneity nature of the saiifpdee results were not used in any
of the subsequent analysis.

The second boring was performed in August on tls side of the project and
was extended to a depth of 63 ft, which was to mtp® ft into the eagleford shale
formation, an soft Cretaceous-aged argillaceouk ribat is common for this area
(O'Neill et al. 1992 and O’Neill et al. 1993). Fpurposes of evaluating pier capacities,
this shale is considered an Intermediate Geo MatéiM) as discussed by O’Neill
(FHWA 1999). For this boring, samples were takeb &t depth intervals and standard
penetration tests were performed at the same defgtval. Here again, the top 5 ft of
soil was collected with a split spoon sampler vgithl below that point retrieved with a
Shelby tube sampler.

Samples from borings #3 and #4 were retrieved éenstime manner as boring #2
and these boring information is provided in FiguBe%0, 3.11, 3.12, 3.13, 3.14, 3.15,
3.16, and 3.17. Pocket penetrometer tests wereumeghsen the samples to compliment
SPT readings. The pocket penetrometer is not amraectest, and provides qualitative
information. Hence, it is not used along with otlsmil properties. The Standard
Penetration Test (SPT) is more widely used in sigthod in the Unites States and is
considered as a reliable method for interpreting) moperties. Procedures for this test
are detailed in ASTM D1586 method. Since the foictof walls induces resistance to the
test equipment during penetration, the measuredings are often subjected to some
error. Hence, the driller opens the hole with a ticmous auger prior to each
measurement in order to obtain an accurate measutevh actual soil conditions. Even

with an experienced soil driller, the effect of dwarden pressure will produce
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inaccuracies in the SPT measurement. Thereforeg si@msity soils near the surface will
yield smaller N values than those with the samesitfersoils at a deeper depth. To
correct for this inaccuracy, charts have been dpesl to correct for the effect of
overburden pressure. Formula 3.1 provides thessacg overburden correction factor,
Cn. From this charts the corrected N value becomes:
N'=Cn" (N) (3.1)
Where:N'= corrected SPT N value
Cn= correction factor for overburden pressure
N= uncorrected or field SPT value.
As depicted on the field logs, stratum descrigiaere made for each change in

soil.
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Figure 3.10 - Boring #1, Upper Soil Strata Informaion
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Figure 3.11 — Boring #1, Lower Soil Strata Informaton
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Figure 3.12- Boring #2, Upper Soil Strata Informaton

79



Figure 3.13- Boring #2, Lower Soil Strata Informaton
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Figure 3.14- Boring #3, Upper Soil Strata Informaton
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Figure 3.15- Boring #3, Lower Soil Strata Informaton
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Figure 3.16- Boring #4, Upper Soil Strata Informaton
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Figure 3.17- Boring #4, Lower Soil Strata Informaton
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3.3.3 Laboratory Testing

All soil samples were transported and kept in a%0@umidity control room at
the UTA soils laboratory for subsequent testinge T¥oil testing was performed in
accordance with the American Society of Testing Muaterials (ASTM) procedures.
Physical and engineering soil tests performed m ldboratory included: hydrometer
analysis (ASTM D 422), atterberg limits (ASTM D 4&land Unconsolidated Undrained
triaxial tests (Figure 3.18).

Wet sieve and hydrometer analyses were performesiterclay to characterize
grain size of fine soils from the bore holes. Mtran 92% of the site soil is finer than
No. 200 sieve. Atterberg limits consisting of liquimit and plastic limits were often
measured to determine the plasticity index or HuezaThese tests provide general
information about the plasticity nature of subscefaconditions by identifying
characteristics of the clay that are sometimesfhielp determining soil strengths and
shrink/swell parameters. Correlations with othepamtant soil properties were often
reported in the literature. The plasticity indeX)(Rvhich is the difference between liquid
limit and plastic limit, has long been used as andard parameter for characterizing
expansiveness of clay soil. The Pl values of varignil layers ranged between 25 and 40

for this site as evidenced by Table 3.1.
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Table 3.1 - Atterberg Limits of Soil Samples fronBorings #1 and #2

Depth LL PL Pl
0'-5' 40 15 35
5-10' 52 21 31
10'-15' 49 21 28
15'-20' 39 12 27
20'-30 49 19 30
30'-40' 45 20 25
40'-50' 46 19 26
50'-60' 58 18 40

Free vertical swell tests were performed on sededtsamples in Oedometer test
setups and these swell strains ranged between 28%o Triaxial tests were normally
used to determine the undrained internal frictioglea ( or ) and cohesion intercept
(Cu), which in turn can provide shear strength of sdilvarious depths. These total
strength or undrained soil properties (cohesion faiction angle) are used in bearing
capacity expressions to predict axial capacitiepief, pile and helical anchors. Among
triaxial test methods, the unconsolidated/ undiifi¢l) test is a rapid test method that
can provide reasonable measure of cohesion inteacepundrained friction angle in clay
soils at their field moisture states, which areseldo unsaturated conditions. These UU
tests were made by testing soil specimens at dogfipressures of 20 psi, 40 psi and 60
psi, where three samples were available and at s3Capd 60 psi when only two
specimens could be prepared from the Shelby tulmples. Results of these tests were

provided in Tables 3.2, 3.3, 3.4 and 3.5 for eamtiny log.
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Figure 3.18 - UTA Triaxial EQuipment

Table 3.2 - Results of UU Triaxial Tests on Sampldsom Boring #1

Depth Cu (psi) (deg)
0-5' 22 11
5'-10' 14 9
10'-15' 35 8
15'-20' 22 3
20'-25' 25 8
25'-30' 28 1
30'-35' 39 1
35'-40' 20 7
40'-45' 19 4
45'-50' 20 13
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Table 3.3 - Results of UU Triaxial Test on Samplgsom Boring #2

Depth Cu (psi) (deg)
0-5' 24 7
5'-10' 21 9
10'-15' 36 9
15'-20' 16 1
20'-25' 26 3
25'-30' 23 5
30'-35' 34 3
35'-40' 31 5
40'-45' 17 4
45'-50' 15 3
50'-55' 16 10

Table 3.4 - Results of UU Triaxial Test on Samplesom Boring #3

Depth Cu (psi) (deg) mc (%)
0-5' 7 7 20.67
5'-10' 14 13 23.88
10'-15' 32 11 23.13
15'-20' 16 5 24.11
20'-25' 26 4 22.24
25'-30' 34 5 23.12
30'-35' 31 4 22.21
35'-40' 21 5 22.98
40'-45' 19 2 23.98
45'-50' 16 7 28.78
50'-55' 14 8 32.99
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Table 3.5 - Results of UU Triaxial Test on Samplegsom Boring #4

Depth Cu (psi) (deg) Mc (%)
0-5' 24 8 10.30
5'-10' 25 7 22.51
10'-15' 32 10 23.53
15'-20' 16 1 23.90
20'-25' 27 3 21.85
25'-30' 34 3 22.45
30'-35' 31 5 22.64
35'-40' 21 8 23.82
40'-45' 19 11 25.11

As noted in Tables 3.2 to 3.5, cohesion and obVyosisear strength of the soil
varied significantly throughout the soil mass ats tproved to be a factor when
installing hydraulically driven piles. With the nl@r of soil borings on this site in
conjunction and along with the Cone Penetrationt Ppesfile (CPT data presented in
Figure 3.20 and 3.21), a good picture of resistdmages in the soil helped with pile axial
capacity resistances.

Since triaxial testing would take months to cortgl@r conducting tests on fully
saturated cohesive soils, in situ tests utilizinggpcone penetration tests (CPTUS) were
conducted to directly determine undrained sheangth or § parameters for depths
below 10 ft in all seasons related to summer tgstionditions. For the upper 10 ft in
spring conditions, undrained triaxial test resoltsunsaturated clay samples were used to
establish undrained shear strength values.

The CPT tests were conducted only once (in sumdwemg the project due to
costs associated with this testing. Hence, UUuvalstes on unsaturated clays were used

to establish undrained shear strengths valuepforgsconditions.
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Because shear strength varies with moisture comehe soil, this factor was
measured to determine the zone of seasonal motarege, which is commonly called
the active zone. Figure3.19 shows the variance a@tith for the wet season and the dry

season.
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Figure 3.19 - Moisture Content verses Depth

3.3.4 Cone Penetration Testing With Pore Pressure dasurements (CPTU)

Records indicate the use of probing rods througftiveeak soils to locate firmer
stratum has been practiced since 1917 (Lunne et%l7). It was, however, in the
Netherlands that modern CPT was first recognizel®B. CPT systems are now divided
into three main types: mechanical cone penetromé@®®PT), electric cone penetrometers

(CPT) and piezocone penetrometers (CPTU) (Luniak é997).
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The initial mechanical probes consisted of a M7%19 mm) steel gas pipe, inner
0.59 in. (15 mm) steel rod with a 60% point on &mel. The inner rod was pushed down
5.91 in. (150 mm) and measurements of resistance measured on a manometer. The
outer sleeve was then advanced until it reacheoira prhere point resistance would not
include the side resistance. Measurements wera takery 0.66 ft (0.2 meters) so there
was a continuous profile of soil. Later improvensemcluded adding an “adhesion
jacket” so that side resistance could be measunédeatimations of soil classification
could also be made. Although mechanical penetramete still used widely because of
their low cost, they are operator dependent angestite in evaluating their data (Lunne
et al. 1997).

Electric cone penetrometers appear to have bewalgped in Berlin during
World War Il (Broms and Flodin 1988). Signals frahe tip were transmitted to the
ground surface through a cable that provided ateuaad easily recorded results that
eliminated false skin friction readings and continsl sampling over the entire soll
stratum. Acoustic transmission of signals is alseduto improve handling of the
segmental rods but there is still a continuous nnemsent of soil parameters (Jefferies
and Funegard 1983).

The advent of the piezocone accelerated accuratynareased information from
the solil including; penetration pore water presssleeve pressure and a correction of
cone resistance for pore water pressure causedhebypdnetration. Since the ratio of
sleeve resistance to cone resistance is higheday tban in cohesionless soils, the
classification of soil can be predicted. In mostess however, it is far more accurate to

add soil boring information for a more precise pegdn (Liu and Evett 1992). With the
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increased capacity of computers, other sensors walsce included that provided even
better modeling of both clay and sand stratum.

Static cone resistance]gs used to determine shear strength based upectieé
overburden stress {pand knowledge of the water table. This informatédso provides
an estimate of the over consolidation ration (OGM&)ich is very useful in evaluating a
site (Schmertmann 1974; Nelson and Miller 1992).

The cone penetration test (CPT) was used foriteetime in the U.S. in 1965
(Briaud et al. 1991). Within ten years after thseuthe mechanical test was being
replaced with an electronic cone. Developmentshe dlectronic cone progressed with
the measurement of pore pressure, which providetidurefinements to soil property
interpretation (Briaud et al. 1991).

Two cone penetration tests were conducted witratisgstance of Greg In Situ, a
commercial entity that provided their services atcost to this research project. These
soundings were conducted at the inner sectioneitiderpinning elements with one at
the north end and one at the south end (Figure &@he Penetration Testing was
conducted by pushing a specially designed eleatnmd with a conical tip attached into
the ground. This device was capable of measurmgsteeve friction and pore pressure
(Figure 3.13). From these measurements, interpyatatare made continuously for:
temperature, pore pressure, shear strength, soMveight, effective overburden stress at
mid layer depth (y).

Standard Penetration test or SPT N values were asected for overburden
pressure, equivalent clean sand and SPT N valuediaimed shear strength ,JS

coefficient of permeability (k), pore pressure paeter (Bq), end bearing {Q friction
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ratio (Fr), equivalent clean sand correction far(Kc), soil index for estimating grain
characteristics (Ic), apparent fines content (%J)(Hriction angle (), relative density
(Dy), overconsolidatation ratio (OCR), cyclic resistamation for M=7.5 (CRR), youngs
modulus (E), coefficient of lateral earth pressatreest (k).

Charts labeled as Figure 3.20 and 3.21 depict measnts of conditions on this
site at the two CPTU test borings. Detailed analydiinterpreted parameters of these
probes are depicted in Tables 3.6 and 3.7, whicvige depth (ft) measurements of
de(tsf), g (tsf), fs (tsf), Rf (%), u (psi), SBT (zone).

One of the greatest advantages of the CPTU isrélsalts can be obtained at the
test spot with no waiting for laboratory testingittltan take several days or a week (see
photos). This method of soil sampling has beconwirate and sometimes eliminates
laboratory technician errors. The depth of peneinatan be increased by installing
helical anchors and tying down the rig to providecim more drive pressure than just the
rig weight. Since the rig is mounted on tracksye¢hes the added advantage of all terrain
drive, which allows not only slope access but asuess to the very soft ground
conditions. There is also a capacity for workinfjlErges and off drilling ships in depths
over 40 m.

Although cone penetration tests are best suiteddtier materials, testing of fills
or hard soils are possible by predrilling a holetfee cone. In situations such as course
fills, it may also be necessary to add casing &pkée hole open and prevent damage to
the equipment (Lunne et al. 2002). The operatortrals® choose a cone penetrometer
that will provide the most accurate data but wiltthe environment. Typically, the more

sensitive the tool the more susceptible to penetratlamage in very hard stratum.
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Technological advances, however, have providedenighpacity cones that will perform
near the top of sensitivity input (Zuidberg 1988).

The greatest drawback in cohesive soils, howewethat in stiff clays friction
forces will many times limit the depth of penetoati This project was a prime example
as evident by only being able to penetrate to 4it fihe north end and 54.7 ft at the south
end of the project. The volume of measurementsigeavby this test, however, were
invaluable to understanding pressed pile terminatiepth differences. Also, because the
cone implementation is so similar to the instadlatof pressed piles, application of the
soil values should be extremely accurate (Abu-HRdrsad Titi 2004).

With the drilled shatfts, it is assumed there isn@ease in pore pressure at time
of construction and studies have proved this assompo be correct. With the driven
piles, however, these same studies show axial dgpacreases over time, for at least a
year because of the decrease in excess pore me$herefore, CPTU measurements are
considered to be long-term factors that are relewaar time and not just at the instant
measured. With the testing of this research pra@gttnding over 6 months, much of this
correction should be mitigated (Poulos 1989).

Precision of soil measurements has been accelergitbdthe advent of the
computers, but a better understanding of the iaterbf all soil parameters is even more
important. This involves correction factors thabyde a more accurate measurement of
critical geotechnical engineering parameters necgsdor better predictions of
performance under different usage demands. Thewuolh are examples of some

correction factors used to add accuracy to presgsgoment.
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3.3.4.1 Corrections of CPTU Readings: Background

Cone resistance must be corrected for pore wassspre to obtain an accurate
measurement:

0 =G + L (1-3) (3.2)
where: g= corrected cone resistance

0. = measured cone resistance

U, = pore pressure acting being the cone

a = cone area ratio (most range from 0.55 to 0.90)

Sleeve friction must also be corrected for poresguee but this includes not only
pressure behind the cone but also behind the sleeve

fi = fs— [(L) (Ast) — () (As)]/ As (3.3)
where

f; = corrected sleeve friction

fs = measured sleeve friction

U, = pore pressure behind cone

Uz = pore pressure behind sleeve

Agp =Cross sectional area at bottom of sleeve

At =Cross sectional area at top of sleeve

As = friction sleeve surface area

Measurement of pore pressure is obviously very maod and must be as
accurate as possible. The filter element is usgaredict pore pressure but the location
for this element varies somewhat (Lunne et al. 19@dnsensus of opinion, is that the

most accurate and precise location is just beliiadtone.
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Axial loading was found to influence pore pressugadings but engineers found
that they could modify the filter paper and caltbrahe cone to mitigate these
malfunctions. As a result, most cones are desigoeVoid these problems (Bruzzi and
Battaglio 1987).

Temperature at both the ground surface and withéndone can greatly affect
measurements. Therefore, it is important to cori@cthanges caused by such things as
axial loading and friction of the stratum. Sand, iftstance, will many times increase the
cone temperature as much as @8°C). Therefore, if there is a sand layer above # cla
layer it is advised to stop after the sand layetetothe cone cool to an insitu/normal
temperature. While temperature would appear hasnles 42 (5°C) change in
temperature may result in a 1.45 psi (10 kPa) chamg (Post and Nebbling 1995).

Inclination of the probe can alter true depth. Bfere, many of the probes will
include a slope indicator (servo accelerometeth@tip to correct for true depth.

Insitu stresses in a soil mass may be affectedtbyspecific parameters that are
obvious to the knowledgeable engineer. If, foranse, a large excavation has begun,
there may be a reduction in horizontal pressurachvimay alter results. Conversely, a
large amount of fill may have been deposited nesugh to the probe to increase
horizontal pressure. There are no recognized msttwdorrect for these altering factors
so the engineer will many times have to use expeei¢o take into account any effect on
total bore hole measurements.

The cone penetration provide characterization of ldyers, which in turn can be
used to identify differing soils since the probdlwense a change in stratigraphy before

reaching the boundary for this change. It may bksslow to recognize when it is leaving
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a stratum so there will be delayed reaction. Iflgyer of soil is soft, accuracy will be far
greater than if the material is stiff clay becaudethe delay in registering resistance
changes. For this reason, thin sand layers inyasglation may not provide accurate cone
resistance factors. Charts have been developedatltht factor to derive the corrected
cone resistance factor as a function of layer thesks (Vreugdenhil et al. 1994).

After recording continuous measurements of theowuariparameters, it may be
necessary to make corrections for a “best fit” kvigen at the bottom of the probe. This
will lessen the chance of wide scatter that maygesgmuch more variance in the soil
profile than actually exists (Lunne et al. 2002).

Since the test requires calculation of the invauea of the probe, it is necessary
to check the diameter prior to starting a testrisuee wear has not lessened the area
enough to alter the measurements. Dimensions aledance for cones have been
established around the world where the Internati®aat Procedure for Cone Penetration
Test (IRTP) is the most recognized standard oftm@a¢Lunne 1997).

It is important for the operator to observe platisein from the penetration tests to
ensure that these are usable in scale and forne&inifibon and clarity are very import to
provide precision for each parameter. It is alsmnemended that a check of readouts be
made that will require derivations of measurememtgese readouts include: corrected
cone resistance, corrected sleeve friction andrittgon ratio of £/q.. Another correction
is performed when normalized excess pore waterspres(U) is determined using
measured pore pressure.

U= (u-—w)/(u— W) (3.4)

where:
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Wy = pore water pressure at time t

U, = pore water pressure at time =0

Uo = in situ equilibrium or hydrostatic pore wateegsure

Even as advancements in modern tools and comphters been made, the
operator is still crucial to obtain meaningful tektta. They are capable of looking at
outputs and knowing when information is relevand iparticular environment.
3.3.4.2 Interpretation/Derivation of Soil Parametes from Piezocone (CPTU)

Several important factors can be accurately inegegr from CPT tests based upon
measured factors such as; pore pressure, conganesistemperature, moisture content,
etc. Since this research is focused on underpingliEmments in clays, only measurements
in clay are discussed here.

For a prediction of soil density it is necessaryfitst derive the pore pressure
parameter ratio, 8

Bg= (L= W)/(Gt = vo) (3.5)
where:

W, = pore pressure between cone and friction sleeve

U, = equilibrium pore pressure

vo = total overburden stress

g = cone resistance corrected for unequal end diectse

A second factor is net cone resistange q

Oh=G— vo (Ton/sf) or (MPa) (3.6)
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A chart has been developed (Larsson and Mulabd&l)l¢hat roughly plots
densities (#/cf) or (kN/f) against the pore pressure ratio and net constaese in
combination with the type of clay material.

An approximation of the overconsolidation ratio (®Ccan be derived using
CPTU by several means. These include use of theuns@ undrained shear strengtl),(s
shape of the CPTU profiled and directly using CRIth.

Computation of OCR can be found using shear sthefsgtthat can be measured
or estimated in conjunction with estimates or labory tests of plasticity index pjl
effective vertical stress {,,) and coefficient of earth pressure at rest)(&nd the
computed ratio of g '\, (Schmertmann 1974, 1975) As stated above, thendetation
of OCR by these means is an approximation and dhioeilconfirmed with laboratory
testing when possible. Because these estimateggyesensitive to other estimates such
as the coefficient of permeability and hydrauliadoctivity, overburden pressure, pore
pressure, etc., the practitioner should confirmmietying on this factor.

There is no precise way to determine the in situzbatal stress () or the
coefficient of lateral earth pressure at resf) @®om CPT in fine grained soils. There are
methods of estimating this factor, however. Thas¢hods may include using OCR: K =
0.1(qg — w)/ ’'w (Kulhawy and Mayne 1990), using pore pressureerhfice:
Normalized Effective Overburden Pressure (PPAV) i ¢ w) ' to then
approximating K off a chart (Sully and Campanella 1991) and meafateral pressure
on the friction sleeve but with less than reliaf@sults (Lunne et al. 1997).

Undrained shear strength is extremely importargrémlictions of axial capacities

of piers and piles as evidenced by the empiricahtdas for these predictions. With CPT
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there are several ways to predict this in situdiaatith the probe penetration. Each must,
however, take into consideration the strain ratkafact that no clay soll is isotropic but
IS in an anisotropic state where strength is doeel (Holtz and Kovacs 1981).

With each of the many methods of prediction of tflaistor, there is a common
relationship between tip resistance and sheargitren

O = (N)(su) + o (3.7)
where:

0. = tip resistance (psi)

N, = theoretical cone factor

o = the in situ total pressure (psi)

S = undrained shear strength (psi)

CPT provides two recognized methods of measuriremngth characteristics such
as undrained shear strength and effective frictemmgle. The two methods of
interpretation of cone penetration testing are roal methods and empirical
correlations.

With theoretical solutions, the cone penetrat®a complex matrix of forces that
must be correlated with equally difficult estimat#ssoil behavior, failure factors and
boundary relationships to the probe. Because tli@stors must be correlated with
laboratory testing to prove their accuracy, theyrast a preferred method of prediction.

Empirical correlations for undrained shear strar(gf) using CPT and CPTU rely
upon an estimation of: total cone resistance, #ifeacone resistance or excess pore

pressure.
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With total cone resistancecdhe following formula is used for CPT:

S= (&~ vo)/Nk (3.8)
where:

S = undrained shear strength (psi)

0c = measured cone resistance (psi)

vo = IN Situ total pressure (psi)

Nk = empirical cone factor

With CPTU this formula has been improved to incluct&rections for pore
pressure to measure cone resistange Ky was also improved to included OCR and
plasticity index (}) to a new factor N. Values of N; are shown to vary with OCR and
the plasticity index (Aas et al. 1986). This foraid (Lunne 1997):

Nie = (G- w)/su  0rs=(q- vo)/N (3.9)
where:

Nk = cone factor, which for this test was set at 15

¢ = corrected cone resistance & 1-a)y

a = area of cone =M.

W = pore pressure behind cone

vo = IN situ total vertical stress

The shear strength values calculated using thimuta must be used cautiously
because they may not be accurate in over consetidaay soils. Improvements in the
cone factor are being developed so the future mayige a greater accuracy factor.

With effective cone resistance, Campanella (198@8pests the formula becomes:

Su = /Nke = (G — W)/Nie (3.10)
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where:

S, = undrained shear strength (psi)

0 = effective cone resistance (psi)

Nke = cone factor

¢ = corrected cone resistance (psi)

U, = pore pressure behind cone (psi)

Problems with this system are similar to thoséotdl cone resistance in that the
factors are very sensitive to miscalculations akpgaressure that is not always accurately
estimated by CPTU.

It appears the most accurate way to calculater stteength is by using excess
pore pressure (), (Lunne 1997). Where:

= U/N (Uu=w—-w) (3.11)
where:

S, = undrained shear strength (psi)

U = excess pore water pressure (psi)

N , = cone factor determined by user

W, = pore pressure behind cone (psi)

Uo = In Situ pore pressure (psi)

While piezocones (CPTU) should be used for greatmuracy, site specific
factors are still important. This means that défar factors should be utilized for
different stratum on the site. It is recommendeat thtal cone resistance be used when
little is known about a new site withy\selected at the upper limit for a greater facfor o

safety. In very soft clays with no history for d@bénation of ¢ s, should be estimated

102



from the excess pore water pressure)(using N, with a value selected from the upper
limit. As with other interpretations, laboratorysteg of soil borings will add to the test
accuracy.

Clay sensitivity (9§ is the ratio of undisturbed undrained shear gtterto
remolded undrained shear strength. CPT sleeveiofticff) is an approximation of
remoulded undrained shear strength. In sensitagschowever, it is difficult to measure
sleeve friction, which makes the correlation notaasurate. A formula for estimating
sensitivity as proposed by Schmertmann (1978) is:

S = NS/R (3.12)
where:

S = sensitivity

Ns = is a constant

R = friction ratio of sleeve = {f};)(100%) or (¥q;)(100%)

Use of the effective stress method is very imptria the calculation of axial
capacities of driven piles. CPT interpretationstloé factors important to measuring
effective stress have been proposed as followsH&u®97):

G- vo=Nm( 'vot Q) (3.13)
where:

Bq= u/(d v)

Nm = (Ng-1)/(1+ N, Bg)

= angle of plastification as charted to detewertian ’

a = attraction
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Ny = bearing capacity factor
=taf (45 + ')~ & "2)en’
U = excess pore pressure measured immediatelgcbebne
N = bearing capacity factor
=6tan’(1-tan )

Because of the difficulties in exactly determinthg distribution of stresses and
pore pressures around a cone, any such estimdt@mod can only be made with a
correlation to site specific laboratory soil bosrgnd laboratory testing to help reduce
the many assumptions required from CPT.

Several attempts have been made to accuratelyuneetiee constrained modulus
(M) using CPT data but none to date have accuratelyicted this factor (Lunne
1997)(REF). Undrained Young’s modulus,(EEan be estimated using the undrained
shear strength and a constant (n) that is depengemt OCR, clay sensitivity and the
choice of shear stress level and when possiblpl#sticity index (}).

The shear modulus (G) has been estimated fromdswisity and shear wave
velocity (Mayne and Rix 1993).

G= V2 (3.14)
where:

G = small strain shear modulus

= mass density of the soil &

Vs = shear wave velocity
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Charts have been developed to estimate theserdackmr heavily over-
consolidated clays, the value can vary by up to%3Q®utcher and Powell 1995).
Therefore, caution is advised.

Important to many foundation problems is the deteation of the coefficient of
consolidation (c) and the hydraulic conductivity permeability (k). These factors are
measured from the dissipation or decay of porespresin time after the stop in
penetration. This is expressed by:

o =k (M/ ) (3.15)

Because of problems estimating the initial porespure distribution, soil
disturbance due to penetration, and difficulty reating the horizontal to vertical
pressure dissipation as a result of soil anisotrdhg accuracy of determining the
coefficient of consolidation is rough at best.

Equally difficult to interpret is the coefficiemdf permeability (k). While soil
permeability can be estimated from the soil typgeted in CPT classification charts,
reliance on these interpretations are not alwagarate.
3.3.4.3Applications to Axial Capacity

The most frequently used in situ test as refergitigefoundation engineers is the
Standard Penetration Test (SPT). Correlations letw8PT have been made for:
unconfined compressive strengthg)(@verburden pressure, relative density, and riater
angle of friction (Das 1990). Because of the popil@f CPT, research has been done to

correlate CPT and SPT parameters.
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Studies to correlate SPT {)l to CPT's g have established the ratio as
(Robertson 1986):

(9c/Pa)/Neo (3.16)
where:

0. = measured cone resistance (for clays y9@si)

pPa. = atmospheric pressure (14.65 psi)

Ngo = SPT energy ratio

From this correlation, the soil behavior index tyReis established as:

lc = ((3.47-log @ + (log F + 1.22%)%° (3.17)
where:

Q: = the normalized cone penetration resistance addriensionless

F = the normalized friction ratio and is in percent.

The values ofclprovide a factor to compare with different sopég that are
divided into Zones from 1 to 12.

With these factors, the following equation prowddiee CPT-SPT ratios (Lunne
1997 modified from Jefferies and Davis 1993):

(a/Pa)/Neo = 8,5 (1 - ¥4.6) (3.18)

Jefferies and Davis (1993) indicate that the mashetbove likely produce a closer
estimate of SPT N values because they are moebleliepeatable.

Axial capacity of piles is a combination of skirction (Q) plus end bearing (£

values:

Qult = Qs + Qo (319)
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or:

Qut=F As+q Ap (3.20)
where:

fp = unit side friction

As = outer pile shaft area

Op = unit end bearing

A, = pile end area

Of the accepted methods, the effective strasethod has been the most accurate
for predicting axial capacity in clay soils (Burthii973). From this analysis, humerous
CPT tests have been carried out that closely tvétk the effective stress method and
appear to show that there is no better method lotilgding axial capacity of piling than
that provided by CPT. This is due in part becausie continuous profiling of the soil
that provides much more information to calculate tapacity factors. Although there
have been multitudes of studies and several setsnpfrical formulas, two stand out as
the best; Bustamante and Gianeselli (1982) anduiterRand Beringen (1979).

With the Bustamante and Gianeselli method boté &idtion and end bearing are
calculated from the CPT factor of meagqthat is the pile unit end bearing. he end
bearing is then calculated as:

O =k Oca (3.21)
where:

Oca= €quivalent average cone resistance

k. = end bearing coefficient

For pile skin friction, the value ot divided by the friction coefficient cpc:
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f=0/ Lcrc

Since only gis used to calculate both side friction and eraring, this method
may have an advantage because interpretimgGPT data is sometimes difficult (Lunne
1997).

With the de Ruiter and Beringen method, unit eedring ¢ is calculated by
measuring the average over a distance of (0.7D to 4D) and 8D. The skictibn f, is
the product of x s,, which is a measure of.g/Vhere is a constant that varies between
0.5 for O.C. clay to 1.0 for N.C. clay. Bustamarded Gianeselli are the most

conservative methods but both methods should beumed against local experience.

3.3.4.4 The CPT Logs for the Two Probes at this t8i
Figures 3.20 and 3.21 present CPT measurememg alih soil classification
information. Corrected strength factors were ugsedetermine shear strength parameters

for each solil layer and these results are includddble 3.6 and Table 3.7.
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Table 3.6 - Summary of Results from CPT #1

Depth di f Ry N N1 Su

- _
@ | s) | es) | ) [YP) | oy | 60y | (deg) | sy | O°R
0'-5' 416 6 5 3 9 18 0 29 10

5'-10' 486 23 4 8 18 34 0 30 10

10'-14' 347 8 3 10 12 14 0 42 9.8
15 308 8 3 35 9 10 0 17 5

16'-28' 347 8 3 10 12 14 0 29 9.8

28'-39' 356 8 3 35 9 10 0 38 5

39'-43' 297 6 3 34 8 9 0 22 5

*Note: N values are estimated from CPT readingsg,and f are tip and friction
resistances, respectivelyg; - Friction ratio

Table 3.7 - Summary of Results from CPT #2

Depth t fs . N N1 Su

® | os) | ms) | RO Ues) | 6o | oy | @eg) | s | OCR

0'-5' 347 6 1 3 6 13 0 29 10
5'-10' 500 20 15 20 12 15 0 28 10
10'-14' 347 7 2.5 22 12 21 0 43 10

15' 305 5 2 35 8 12 0 18 6
16'-28' 347 7 25 22 12 21 0 30 10
28'-39' 305 5 2 35 8 12 0 37 6
39'-49' 305 5 2 90 8 8 0 20 4
49'-54' 694 3 0.5 20 12 10 0 16 3.5

*Note: N values are estimated from CPT

Table 3.8 presents undrained shear strengfrafameters interpreted from in situ
cone penetration tests for the summer periods anehble laboratory test data for upper
10 ft in the spring condition. The SPT data of egpth section was used for determining

the undrained shear properties of the shale layer.
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Table 3.8 — Undrained Soil Strength Parameters fronCPT

Spring 2005 Summer 2005
Depth of Section S  (psi) S (psi)

0'-5' 10** 29
5'-10' 18** 28
10-13' 42 42

15' 17 17
16'-28' 29 29
28'-39' 37 37
39'-49' 20 20
49'-55' 16 16
55'-60' 12 12
60'-75' 192* 192*

*Estimated from N value (Bowles, 1977)

**Provided by UU Triaxial Tests

Figure 3.22- CPT Rig Performing Test on Site
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3.4 Installation of Reaction Piers and Tie-down Bag

To allow over thirty (30) days between installatiminreaction piers and tie-down
of the bars, reaction piers were drilled and pouredune of 2004. Reinforcing steel
consisted of 5- #11's with #3 — 6 in. pitch stirsujpom bottom to top. To ensure the steel
stayed in proper position, plastic shoes were platethe bottom of the vertical #11's
and side rolling spacers were set on the stirrgpdateral alignment. Because of the
extreme weight of the final cage, cage racks weqeiired to suspend the vertical steel
and the stirrups were rolled around the supporinshso that each could be tied with tie
wire with not only attachment between stirrups &adical steel but also diagonal ties to

keep the steel properly set (Figure 3.23).

Figure 3.23- Reinforcement Cages Being Tied for Reton Piers
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Figure 3.24- Installation of Reaction Piers

Figure 3.25 — Reaction Piers and Reinforcing Steel
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To provide tie-down for the load test beams, foun.1Dywidag bars were set at
90° positions around the reaction piers with a 10nflbedment into the concrete just
inside the steel pier cage. Because the northuthdmeams were run across the tie-down
bars, two of the Dywidag bars were sectioned witti@w in coupling at the top of the
concrete so that these two bars could be removeehwesting the north to south

direction.

Figure 3.26 — Plan View of Reaction Piers and Tieadvn Bars

Due to early planning, the site provided amplemidor vehicles and machinery

to operate around the test site. Arrangements fowing the site, spreading excess soil,
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and transporting it to low spots away from thie gtovided an excellent test site that
contributed to smooth execution of the plannedstest underpinnings. The major
disadvantage in clay soils is that the drive fantioften prevents penetration to depths
required to fully evaluate the stratagraphic lenaed the CPT probe is only able to
penetrate into soft shale, which may not provideugh data to fully explore

underpinning penetration depths for many foundation

3.5 Transport and Setting of Reaction Beams

After concrete in the reaction piers had reached&@g8strength, the beams were
transported to the site. Beams required for thegm@ piling were set and strapped into
place to provide resistance for installation ofsta@lements. While the pressed concrete
piles are designed to be driven directly undergiesgle beam, the preferred choice of the
pressed steel contractor of this research is tbabbtacket at the edge of the grade beam
and then using resistance provided by the houpagb the piles to the desired resistance.
To emulate this condition a bracket was welded&lteam and installation sleeves were
used to resist bending moments caused by the pughré 3.38). Since the steel piles
were set in one beam line in groups of three, @nlyelded brackets were required and

the beam was moved as required for the next set.
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Figure 3.27- Reaction Beams for Underpinning Testia

The larger beams were designated for the drilledftsrand augercast piles but
were not set until time of testing. Because of cbeplexity of the reaction pier layout
and beam configuration for efficiency of desigrgamsiderable amount of crane standby
time was necessary, but this helped reduce thealbvaast of this experiment with the
better utilization of the expensive reaction piers.

3.6 Installation of Test Subjects

Assurances for the privacy of the companies thatalled their underpinning
products required scheduling of times and days tfair installation. Privacy in
conjunction with equipment problems necessitateat the first half of underpinning
subjects was installed over three weeks. Climaimadions did not change, however, as

the same precipitation frequency and duration veasistent over this installation period.
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3.6.1 Drilled Straight Shafts

The first underpinning products installed werelddlstraight and belled shafts.
As depicted in the methodology section, these piene 12 in. diameter and 15 ft deep,
which represents standard specifications for meshedial underpinning and new
construction of residential houses in this areae ®tandard drilling rig for this
construction is the Texhoma 600 series. This rigusk mounted and very maneuverable
on not only the highways but also on a construcsive. Two rigs were utilized for this
project. The auger used for drilling the straighafss was measured and found to be

exactly 12 in diameter.

Figure 3.28 — Drilled Straight Shafts
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The three pier holes required for this first hdltlee research were quickly drilled
and checked for depth, vertical alignment and dieess. Drilling was monitored to
make sure the drilling was continuous and unifoomifling would not occur that might
increase side friction and produce unreasonabl@atie capacities. As expected from the
soil borings, no water was visible in the holesinRecement consisting of 4- #5 vertical
members was set with #3 — 6 in. square stirrupssgtacing of 12 in. o.c. to form a cage
that was set into the holes and concrete was powuithdthe top screened off for a level
surface. Reinforcing steel was made of grade 60 thi¢ vertical steel providing 1% of
the area of the pier as required for drilled shaftexpansive clay soils (FHWA 1999).
Fiberglass side spacers were used to positiont¢le¢ \shile the crane supported the cage

until concrete placement was complete to a poipt@pmately half way (Figure 3.30).

Figure 3.29- Drilled Shaft Installation
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Concrete was specified at a 4,000 psi compressieagth, which is a common
design to reduce potential material compressionnvthe test load is applied. Concrete
slump was specified at 8 in. with no aggregatedatiyan % in. for good material flow so
that all reinforcing steel would be engaged with ftaws in the pier structure. This
concrete mix would be classified as a Texas Departof Transportation or TxDOT

Class C with coarse aggregate grade 5.

Figure 3.30- Pouring of Concrete Piers

3.6.2 Dirilled and Belled Shafts

Three belled piers were drilled to the same diametel depth as the straight
shafts but the bottom was under-reamed or belléd am attachment that widens the
bottom to create more bearing capacity and alswigeoresistance to uplift forces that

are experienced in expansive clay soils. The leliool was measured at full extension
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and showed to reach exactly 30 in. from tip to ¥ihen the belling tool was installed on
the Kelly, the length of vertical travel of the Kektem was measured so that the driller
would know when a complete extension had been weetlieEach bell required a
minimum of 4 trips to ensure full extension andean hole. A regular drill bit was also
run into the hole after completion of the bell takea sure no pier spoil was left on the

bottom of the hole as a result of spilling outlué belling tool barrel.

Figure 3.31 — Belled Drilled Shafts
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Figure 3.32- Installation of Belled Piers

The same steel, concrete and placement procedheresutilized to provide good
quality control and there was no ground water Vésib the hole at the time of placement.
The rig used for this operation regularly drillssnand remedial holes because of it's

maneuverability around the site and versatilityhviite smaller residential holes.
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3.6.3 Augercast piles

Figure 3.33 — Augercast Piles

Three augercast piles required stabbing a stedrdugme into the ground over
the selected pile locations, hooking up the ing@ciines to the grout pump and starting
the power units to power the continuous auger dnea&d. Prior to starting the auger, the
grout pump was calibrated to make sure that theatpreknew exactly how much grout
by volume was pumped on each stroke. This requusedig a 55 gallon barrel and
counting strokes of the pump until the barrel wal tb determine volume required to
provide a quality hole. With this knowledge the @ter knows when the grout has
reached a level 4 ft above the bottom of hole ab @lagured soil can be pushed up ahead
of the bit extraction and bore hole integrity canrbaintained with no voids created in

the shaft as a result of caving soil or misplaaagka excavations.

123



The soil conditions at this site show stiff claydhich did not cave with the drilled
shafts. Therefore, the potential for caving wasyuew. Quality control measures were
taken to ensure a competent shaft was installew. diocess was repeated at each pile
location and the same reinforcing steel cage asrtieeused in drilled shafts was lowered

into the grouted area.

Figure 3.34- Installation of Augercast Piles
Since the soil at this site is a stiff expansivaycsoil with no caving potential,
lateral movement of the soil in the borehole wataumsidered to be a problem. When

augercast piles are installed in sand, there iaydva potential problem with mining the
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soil up the auger by pulling is from outside thedbmle, especially if the driller rotates
the auger at a rapid penetration rate. The reswdtloss in skin friction that may lower
axial capacity below requirements for the pile {@no2005). To eliminate any chance of
soil mining, the augercast contractor rotated tingea slowly (15 rpm) such that only the
soil displacement volume of the auger and stem reasoved from the hole and no
rotating idling at the bottom was allowed priomg@ut injection through the annulus.
The mix design was supplied by the augercast cotiotrand the local redi-mix

concrete supplier provided a full design specifaratfor review by both contractor and
researcher. The mix design specifications were ainmim 10.39 sacks of Portland
cement, compressive strength of 4 ksi, water/cemagiat of 0.427, maximum slump of 8
in. and no entrained air.

Table 3.9 - Augercast Mix Design

. . Abs
Material S. P. Lbs/cy Ratio vol/Yard
Cement Type 1 3.15 762 0.78 3.876
Flyash Class F 2.33 215 0.22 1.478
Fine Agg Trinity 2.64 952 0.395 5.779
Ennis
Course Agg | ity 2.64 1460 0.605 8.863
Ennis
Water 1 3 0.427 6.678
Admix #1 Grout Aid Ibs. 3 0 0.003
Admix #2 Fl Oz 0 0 0
Admix #3 Ibs. 0 0 0
Entrained o
Air Yo 0 0 0
. % 1.2 0 0.324
Totals: 3885.2 27.0 ft*
Unit
Wi, 143.9 pcf
wi/C
14 0.427 50.0 gallyd
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3.6.4 Helical Anchors

Eight helical anchors were installed at locatioepidted on the project map by
excavating a small hole to start the bit and thpplying torque pressure and adding
extensions until a specified 5,000 ft-Ibs torques w@ached on each of the helical anchor
installations. Two types of helical anchors, singédix (12 in.) or double helix (10 in.
and 12 in.) are used in this research. For repiifjateasons, two of each type were
installed but with the same maximum installatiomgtee.

Anchors were installed with a driver that providezhdout of torque to gauge
pressures. The torque varies with gear ratio anldawic displacement but the method of
calculation is the same for every drive head. Hiell on the driver unit shows: 2,500 psi
= 4,278 ft-Ib and 3,000 psi = 5,097 ft-Ib. TherefoB,000 psi of pressure was chosen

since we did not have to try and stop at a difficimarked point on the gauge pressure.

Figure 3.35- Installation of Helical Anchors
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As seen from the driving depth chart, helical amshof different depths for the
same drive torque were installed at the site. Sthee site is in an alluvial plain with
differing soil stratum over the depth of the sulisce, differences in penetration depth
are acceptable. However, these depths were sm@lhereptable as per the practicing
engineers’ experience in this area. These depthsarsistent with those reported across
the U.S. and Canada (Sharp, 2004). Zhang (1999)teethat axial compression capacity

of helical anchors increases with the depth. Thpeat was addressed in this research.
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Figure 3.36 — Single Helix Anchor
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Figure 3.37 — Double Helix Anchor

The first two (2) helical anchors were installedhwa single helix shaft (Figure
3.36), but the second 2 anchors were installed datlble helix (10 in. helix and 12 in.
helix set 3 ft apart as shown in Figure 3.37). Toeble helix is commonly used for

vertical capacity when soil conditions are poornfr@a strength point of view. As
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expected, the double helix did not penetrate topeleeones due to increased shear
strength created by the second helix.

Table 3.10 - Helical Installation Record

Installation Pier Type Drive Drive Pre_ssure Drive Torque (ft-
Date # Depth (psi) Ibs)
Sep.2004 27 Single 34 3,000 5,097
Sep.2004 28 Single 45' 3,000 5,097
Sep.2004 31 Double 30’ 3,000 5,097
Sep.2004 32 Double 28.5' 3,000 5,097
Apr. 2005 25 Single 34 3,000 5,097
Apr. 2005 26 Single 26' 3,000 5,097
Apr. 2005 29 Double 27 3,000 5,097
Apr. 2005 30 Double 32 3,000 5,097

In installing the helical anchors, one interestpigenomenon was noted. The
efficiency of rotation into the ground was not astent. This was observed by counting
rotations into the ground to determine whether d¢aah coincided with vertical descent.
To determine this factor, the vertical distancetlod helix for a complete turn was
measured to be 3-3/16 in. long (Figures 3.36 aBd)3.Therefore, if the rotation was
completely efficient, then it would take 18.82 taias to travel the 5 ft length of solid
extension (60 in./3.1875).

As noted in the following table, this efficiencyned with depth. It should be
noted that the top 11.67 ft (5 ft extension + @163f stem with helix and one extension
cord) was not counted in this calculation sincedghs some inefficiency when an anchor

was moved into the ground.
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Table 3.11 - Installation Inefficiency of Single Hex

Rotation of
Helix
Pier . 11.67'- 16.67'- 21.67'- 26.67'- 31.67'- 36.67'-
g | Depths | 01167 | oo | D167 | 2667 | 3167 | 3667 | 4167
. No
27 Single Count 41 19.5 19.5 21.5 - -
28 Single No 39 36.5 23 23 24.5 22
Count
. No
25 Single Count 26 24 23 22 - -
. No
26 Single Count 22 21 21 - - -

As noted above, the helix were driven lower tlBdn67 ft and 36.67 ft but for
purposes of measuring accuracy, only completelénfiths were recorded. The rotation
observations in Table 3.11 are only for the sirfgdéix. The following table shows the

double helix measurements for the four piles, gt inefficiency measure was very

consistent.

Table 3.12 - Installation Inefficiency of Double Héx
Rotation of Helix

Pier . ] 11.67- 16.67'- 21.67"- 26.67'- 31.67- 36.67"-

g | Depth | 0-1L67" 1 “1owr | 2167 | 2667 | 3167 | 3667 | Ale7

31 | Double | NO 53 32 29 ] ] ]
Count

32 | Double | NO 47 29 31 ] ] ]
Count

29 | Double | NO 51 27 28 ] ] ]
Count

30 | Double | NO 57 36 29 ] ] ]
Count

It is obvious that the installation inefficienay this soil for the double helix is
worse than that of the single helix. Therefore,disturbance factor for the double flight
helix is much greater than the same of the singlex,,when only a single auger screws

into the ground. This would confirm that in stifag soils, inefficiency of the installation
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creates an auguring effect that leaves some amolumnbid/disturbance behind the
leading edge of the helix and greater disturbare¢keosoil under the second helix.

Since it is difficult to visualize the exact happ®ys behind the auger rotations of
the helix, it is obvious that some of this actisrsimilar to that of an auger bit drilling a
pier hole as there is slippage below the helix,civldreates a void/disturbance behind the
auger as it rotates. Bobbitt et al. (1997) noteat tihe efficiency of rotation during
installation is important to cause the least amairdisturbance to the soil. Adams and
Radhakrishna (1971) and later Zhang (1999), shatheddisturbance of clay reduced
undrained shear strength considerably. It is alsdeat as the helix penetrates deeper
into what appears to be denser soil, it increasigdency. Therefore, it is important that
the soil behind the helix provides enough resistatocovercome friction resistance to
penetrate into the soil.

If the capacity of helical anchors does not meédterg empirical predictions, the
possible creation of a trailing void and slippinfgtlee auger will cause the primary load
bearing element of the helix to be the point aratliileg edge of the flight. It is this
engineer’s experience in using helical piles faonedial repairs that each helix must be
individually “seated” (pressure applied from houssistance to push the piling down
until the house lifts) using the weight of the heus gain enough strength to provide
support and lift the structure.

3.6.5 Pressed Steel Piles

With the reaction beams in place, the steel prepded could be hydraulically

driven into position. This installation required ldieg of the steel bracket that normally

is bolted to the concrete foundation beam. Ingtaltedrive pressure had been established
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at 50 kips. The contractor first set the lead pipth shear ring at the bottom, started
pushing piles, and added 5 ft sections as the mipgressed downward. As depicted on
the project installation map, there was some vadan termination depth. The final axial
load of 50 kips was targeted for all foundations.tlée time of installation, the initial
capacity was established at 50,640 Ibs. The dnigsspire was established at 3,000 psi on
the gauge, which was easier to read but this ciedlout at 50,640 Ibs in lieu of 50,000

Ibs.

Figure 3.38- Installation of Pressed Steel Piles
Monitoring of gauge pressure during installationeaed there were variations in

soil resistance during the penetration. Most obk¢heesistive layers/objects were weak
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enough and the pile diameter was small enoughtlieainstallation was not prematurely
stopped but it was evident that shear strength catesion was not linear and could
inhibit the depth of larger piles such as the prdsoncrete piles.

In order to test if the removal of structure loadlfany effect on later capacity (6
months after installation), three (3) of the iditsx (6) pilings were left with no load
from the test beam and three (3) were kept witlesaastance to movement and were
secured in place. This split test will determinghiére is an impact with thixotropy or if
these pilings will have set-up capacity to increas@al capacity even greater than

installation pressure.

Figure 3.39 — Pressed Steel Pile
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Table 3.13 - Pressed Steel Driving Records

:;;c:llatlon Pile # Gauge(;srszssure Drlv(erZ())rce Final Depth
Sep. 2004 13 3,000 50,640 44
Sep. 2004 14 3,000 50,640 70'
Sep. 2004 15 3,000 50,640 75'
Sep. 2004 22r 3,000 50,640 35'
Sep. 2004 23r 3,000 50,640 25'
Sep. 2004 24r 3,000 50,640 26
Apr. 2005 16 3,000 50,640 57
Apr. 2005 17 3,000 50,640 64'
Apr. 2005 18 3,000 50,640 51'
Apr. 2005 19r 3,000 50,640 58'
Apr. 2005 20r 3,000 50,640 66'
Apr. 2005 21r 3,000 50,640 57

3.6.6 Pressed Concrete Piles

To promote a typical comparison, the concrete pagsles were hydraulically
driven into position on the same beam line as tieel oressed piles and in close
proximity. As evidenced with the steel pressedsiteere were zones of stiffer resistance
at each of the driven concrete piles. Because immeter is larger, however, some of
these zones of resistance were stiff enough to wmaix the drive ram and stop
advancement at some shallow depths. As an exathpléeepth for PC-1 and PC-2 varied
15 ft even though the distance between the pilmgs only 4 ft and subsurface borings
and CPT indicated homogeneous clay soil. As notethe installation chart below, the
drive pressure was held constant at 50 kips. Toexethe variances in depth could only
be explained by soil strength characteristics deotesistive obstructions. Here again,
the initial axial load capacity was 50,000 pounds.

The procedure for pushing the concrete piles waeta 6 in. 12 in. precast pile

section and push downward with a hydraulic jackl uinivas fully installed and then add
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another cylinder and repeat the process. In lieusifear ring at the bottom, there was a 4
in. diameter round and 8 in. long precast sectiotton section to help break up thin

zones and help penetrate better.

Figure 3.40 — Pressed Concrete Pile
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Figure 3.41- Installation of Pressed Concrete Piles

It is also important to note that the driving seuree was: pile #1 followed by
piles 2, 3, 6, 5, and 4. Therefore, there was nsifleation of soil with the initial pile
driving. According to ASTM 1143, piles must be képtee (3) diameters apart to prevent
group influence. These piles were actually eightd{@meters apart. Therefore, there was

no influence from adjoining piles.
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Table 3.14 - Pressed Concrete Driving Records

Installation . Gauge Pressure Drive Force .

Date Pile # g(tons) (Ibs) Final Depth
Sept.2004 1 25 tons 50,000 7.67
Sept.2004 2 25 tons 50,000 10.17
Sept.2004 3 25 tons 50,000 27.42'
Sept.2004 i 25 tons 50,000 15.67
Sept.2004 8r 25 tons 50,000 10.67
Sept.2004 or 25 tons 50,000 25.67'

Apr. 2005 4 25 tons 50,000 24.67'

Apr. 2005 5 22 tons 44,000 Broke/Abandoned
Apr. 2005 6 25.5 tons 51,000 19.67

Apr. 2005 10r 25.5 tons 51,000 24.67'

Apr. 2005 11 23 tons 46,000 Broke/Abandoned
Apr. 2005 12r 25 tons 50,000 28.67'

Figure 3.42- Installation of all foundation elemens complete in September 2004
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3.7 Load Testing Set-Up

Because of the differences in underpinning typestaadard load test, ASTM D
1143-81 (Reapproved 1994) was chosen as the méththis field testing. This method
is referred to as theStandard Test Method for Piles Under Static Axial @mpressive
Load”. As described in the introduction, “This standass tbeen prepared to cover
routine methods of testing to determine if a pés hdequate bearing capacity”.

Reaction piers/anchor piles are installed at batassof the underpinnings. Steel
rods extended from out of the reaction pier tadtevn a reaction beam such that a testing
ram was installed between test subject and readieam to provide resistance to
determine axial capacity. The test ram has beehratdd for this test. Since the test ram
may indicate loads 10% to 20% greater than acted transfer to the pier/pile, care
must be taken to make sure there is even and gdgiisitibuted pressure imposed on the
pile head (Figure 3.43).

To compensate for deflection of the steel reachieams, steel angles/beams are
placed on each side of the test member with a ctedle gage to show actual deflection
from its original position (ASTM D 1143, 4.1.1- 412. A 1 in. thick steel plate is set at
the top of drilled piers and auger cast piles &irtiute stresses. Potential for moments
created around the helical anchor shaft and sis gequires that a pipe be welded to
the test plate to resist bending moments that naghipromise the actual test results for
true vertical pressure (ASTM D 1143, 3.1.1- 3.3t the steel pipe and helical anchor
there is a 3 in. inner diameter pipe welded toia. thick and 6 in. long round diameter
steel plate, while the concrete piles are largaighdo only require the 1 in. thick by 12

in. diameter round plate to transfer load fromtdst ram to the piling subject.
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Figure 3.43 - Test Reaction Beams and Test Ram (ASMTD-1143)

Procedures for determination of axial capacity neglia load was applied from
the test ram and this load was increased in inanésnaf 10 to 15% of the initial drive
pressure and deflection was recorded until a maxindownward deflection had been
measured that showed the pile failed by an ingbibt hold pressure. Deflection was
plotted against test pressure to show actual faidithe shaft or pile (ASTM D1143-81)
Pile load test interpretation in this manner isiifeed as the plunge method (US Army
1991). Each determined load was held for two (2)utgs and the deflection gauges were
monitored during this time to ensure that deflectiid not change. This method is
termed as the Quick Test as delineated in ASTM Blivhich produces an accurate

testing of axial capacity in a reasonable timeqzeri
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Figure 3.44 — Researcher Setting Coupled Tie-downaBwith Loader in
Background

Figure 3.45 — Researcher Moving Beam into Place fdrest
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The following field test chart (Figure 3.46) wasvdm®ped by the researcher and
was used for this testing to measure deflectionapulied load and determine ultimate
capacity of each pier, pile or helical anchor. Abaate chart was used for each

foundation element and then transferred to the s@inpi.

AXIAL LOAD CAPACITY TESTING LOG

Figure 3.46 — Field Measurement Log
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3.8 Reaction Piers and Beams

A common practice is to install reaction beamsaanh side of the element to be
tested. For this research, the maximum axial cosswa test members are 12 in.
diameter drilled and belled piers, 30 in. diameleiled concrete piers with 72 in. bells
installed with 4,000 psi concrete and 1 in. diametgwidag bars installed to an
embedment depth of 10 ft to resist pull out forfagure 3.25). Reinforcing steel bars of
size #11 were used as longitudinal reinforcemehé #3 hoops were also used at a 6 in.
pitch to compensate for moments around the shaiftay vibration forces induced
during testing or installation.

As noted in Figure 3.26, 4-1 in. diameter dywidagsbwere imbedded into the
piers to allow strapping of the reaction beam®eations directly over the test subjects.
For efficiency, two of the four Dywidag bars at keaeaction pier were provided with
couplings at the top such that the reinforcemerg bauld be removed or moved to allow
for beams set at 60 degree angles to the nortbutt snain beam line (Figure 3.25). The
dywidag bars were designated as GR 150 THREADBARSae rated for a maximum
capacity of 1,020 kips (500 tons) with a 2 : 1 safactor the resulting testing capacity of
510 kips (250 tons) as determined by ASTM A 722widkag). This factor of safety
exceeds empirical capacities based upon soilsnrgton in the area and this research
engineer’'s own experience with previous axial loagacity testing at the 2000 education
workshop in Ft. Collins, Colorado.

The reaction beams were donated to this reseatiasevidenced in the photos,
these “I” beams varied in length, height and flamgéth. To evaluate suitability for this

testing, a structural program called RISA- 2D wasdito calculate anticipated deflection
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with an estimated maximum weight of 80 kips. Evee smallest beam passed the
deflection criteria and would be used for the pedsgiles and helical anchors. Another
factor was that the larger beams had previously hesed in a similar load test by Dr.
Michael O’Neill with good success on even largest ubjects (30 in. x 30 in. x 60 in.
bell) and capacities in excess of 200 kips.

The reaction beams were secured to the reactios wi¢gh the Dywidag bars and
specially fabricated strap channel. Dywidag nutsewmesed in conjunction with large
washers to provide the necessary resistance fobéhens to provide a secure locking.
Blocking was also necessary to provide resistaadatéral slippage and rotation of the
reaction beams.

3.9 Test Ram and Pump

The test equipment for this research was a 10@&pacity ram and pump for
testing foundations in the April 2005 test and &-Bih capacity ram and pump for
testing foundations in the August 2005 testing.sTtast ram is double acting, which
means the pressure can be reversed to push thedewyldownward. The overall
dimensions of the 100 ton cylinder were 12 in. ceganx 1 ft - 2 in. tall with a plunger
that is 8 in. diameter (Figure 3.47). The 200 tglinder was 12 in. diameter x 1 ft - 8 in.
tall that included a plunger that is 8 in. diametése of this tester was donated for this
testing by Con-Tech Systems who had no subjectesting or economical benefit from
this research. The Gauges and ram for the Aprilinggswere calibrated by Rone
Engineering of Dallas, Texas on April 19, 2005 aslenced by the calibration sheet for
the one gauge used for this testing, see Figur8. ke April 2005 test ram was

calibrated by RST Instruments of Coquitlam, BritSbhlumbia, Canada, see Figure 3.49
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and Figure 3.50. Note* only one gauge was useddaosistency. Because the test ram is
14 in. high and 20 in., when in place, all testjsats were kept a minimum of 24 in.

below the reaction beam.

Figure 3.47- Test Equipment

As evidenced by the chart, there is an almost tipé# of gauge pressure to force
and the dial is graduated in 100 psi incrementdsoup peak force of 10,000 psi. This
results in a maximum output of 207,500 Ibs of foimethe 100 ton jack and 422,300 Ibs
of force for the 200 ton jack. With estimated maximaxial capacity of the belled piers
being an approximate 180,000 Ibs, an excess peedeutest capacity is well within
expectations.

Because the pump is mechanical, gradual increategressure are easily

maintained, which increases the sensitivity of phessure increases and accuracy of the
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measurements. With the fabricated 1 in. thick ptatdop of the piers/pilings, the ram is

protected and an even application of pressuresidyaaade.

Figure 3.48 — Test Ram Calibration for 100 Ton Jacland Gauge
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Figure 3.49 - Calibration of 200 Ton Test Ram and &uges
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Figure 3.50 - Calibration Chart for 200 Ton Jack

3.10 Summary

This research project was designed to test thd egmapression capacity of six
commonly used underpinning techniques used for dexhdhome repairs. Four soil
borings were conducted at differing times of theesrch schedule to provide a good
profiling of soil conditions. Two CPT tests wers@lperformed at each end of the project
for further profiling and modeling of soil conditie. ASTM D-1143 was followed to test
each of the underpinning foundations. The tesslimere set at 8Gangles to provide the
maximum number of test elements. Reaction piere \westalled around the site with tie-
down bars to secure the reaction beams for compresssting of each pier, pile and

helical anchor. All six (6) foundation types werstalled with spacing between the

148



reaction piers at a minimum 3 diameters apart sb $bil modification as a result of
foundation installation would not affect neighbaritest values. Test equipment was

calibrated and deflection gauges set to measutectieh with respect to load.
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CHAPTER 4

AXIAL CAPACITY TESTING OF FOUNDATIONS

4.1 Introduction

In this chapter, test results from axial compresdaad tests performed on the
present underpinning foundations were presentech Eaindation element was installed
at different seasonal periods (wet and dry seasamd)tested in the opposite seasonal
period. Hence, results explain the variation insseal installation and their impact on
final load test results.
4.2  Axial Load Test Results
4.2.1 Straight Drilled Shafts

Testing of the three straight drilled shafts ifleth in August of 2004 was
conducted on April 26, 2005. Set-up and test promedvas in accordance with ASTM
D1143 method (also known as the Quick Test). Laagliressure was applied from the
test ram in gradual amounts, while deflection otheside of the test plate was monitored
from dial gauges placed upon the drilled shaft. Haading pressure was held for a time
period of 2.5 minutes or until the deflection resgi remained the same. In both cases,
the longer time period was close to 2.5 minutesfeeincreasing the loading to the next
increment. Loading pressure increments were madensistent increments to properly
determine the ultimate load. The pressure andnsgfauge measurement were then

recorded at each time.
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Figure 4.1 - Field Testing of the Straight Shafts

The following Tables 4.1, 4.2, 4.3 and Figure 4r@spnts recorded results from

testing of the three drilled straight shafts withildre axial capacity along with

displacement gauge readings.

Table 4.1 - Test Results For ‘Dry to Wet’ StraightDrilled Shafts: Pier #43

Installation  |Pier Depth Initial Final Initial Final Ultimate
Date # Pressure(psi) |Pressure(psi) Deflection(in) Deflecti  on(in) | Capacity(lb)
Aug.2004 43 15' 1,000 1,000 0 0
2,000 2,000 0.011 0.011
3,000 3,000 0.027 0.027
4,000 4,000 0.038 0.038
5,000 5,000 0.073 0.073
5,100 5,050 0.35 0.359
5,100 5,050 0.473 0.497 104,160
3,000 3,000 0.488 0.488
1,500 1,500 0.423 0.423
0 0 0.373 0.374
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Table 4.2 - Test Results For ‘Dry to Wet’ StraightDrilled Shafts: Pier #44

Installation | Pier  |Depth Initial Final Initial Final Ultimate
Date # Pressure(psi) |Pressure(psi) Deflection(in) Deflecti  on(in) | Capacity(lb)
Aug.2004 44 15' 1,000 1,000 0 0

2,000 2,000 0 0

3,000 3,000 0.012 0.012

4,000 4,000 0.028 0.028

5,000 4,900 0.101 0.101

5,000 4,900 0.149 0.149

5,000 4,900 0.221 0.231

5,000 4,900 0.247 0.253 100,990

3,000 3,000 0.253 0.253

1,500 1,500 0.233 0.232

0 0 0.205 0.205

Table 4.3 - Test Results For ‘Dry to Wet’ StraightDrilled Shafts: Pier #42

Installation | Pier |Depth Initial Final Initial Fina | Ultimate
Date # Pressure(psi) |Pressure(psi) Deflection(in) Deflecti  on(in) | Capacity(lb)
Aug.2004 42 15' 1,000 1,000 0 0

2,000 2,000 0 0

3,000 3,000 0.028 0.028

4,000 4,000 0.046 0.046

5,000 5,000 0.059 0.061

6,000 6,000 0.07 0.07

6,200 6,100 0.085 0.085

6,200 6,100 0.125 0.028

6,200 6,100 0.2 0.211 126,410

4,000 4,000 0.211 0.211

2,000 2,000 0.203 0.203

0 0 0.154 0.154
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Figure 4.2 - Load vs. Deflection Plots for Shaftsnistalled in August and Tested in April

Another set of three straight drilled shafts warstalled in April of 2005 and
were tested on August 17 and 18, 2005.

The following Tables 4.4, 4.5, 4.6 and Figure v recorded from testing of the
three drilled straight shafts with failure pressunglicated and corresponding axial

capacity below gauge reading:
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Table 4.4 - Test Results For ‘Wet to Dry’ StraightDrilled Shafts: Pier #39

Installation |Pier Depth Initial Final Initial Final Ultimate
Date # (ft) Pressure(psi) |Pressure(psi) Deflection(in) Deflecti  on(in) | Capacity(lbs)
Apr. 2005 39 15 500 500 0.02 0.02
1,000 1,000 0.035 0.035
1,500 1,500 0.05 0.05
2,000 2,000 0.06 0.063
2,500 2,500 0.08 0.09
2,600 2,600 0.1 0.112
2,700 2,600 0.14 0.16
2,700 2,600 0.18 0.21
2,700 2,600 0.23 0.27
2,700 2,600 0.342 0.381 106,600
2,000 2,000 0.381 0.381
1,500 1,500 0.371 0.371
1,000 1,000 0.365 0.365
500 500 0.345 0.345
0 0 0.32 0.32

Table 4.5 - Test Results For ‘Wet to Dry’ StraightDrilled Shafts: Pier #40

Installation  [Pier Depth Initial Final Initial Final Ultimate
Date # (f) Pr?;:il;re Pr?;:il;re DEﬂ(?r?)tlon DEﬂ(?r?)tlon Capacity (Ibs)
Apr. 2005 40 15 500 500 0.021 0.021
1,000 1,000 0.06 0.06
1,500 1,500 0.077 0.077
2,000 2,000 0.09 0.09
2,500 2,500 0.1 0.105
3,000 3,000 0.121 0.123
3,100 3,000 0.16 0.162
3,100 3,000 0.192 0.195
3,100 3,000 0.227 0.232 123,000
2,000 2,000 0.21 0.21
1,000 1,000 0.166 0.166
0 0 0.145 0.145
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Table 4.6 - Test Results For ‘Wet to Dry’ StraightDrilled Shafts: Pier #41

Installation |Pier |Depth Initial Final Initial Final Ultimate
Date # (f) Pr?[issi';re Preigzir)e Deflection(in) Deflection(in) Capacity(bs)
Apr. 2005 41 15 500 500 0.10 0.1
1,000 1,000 0.2 0.22
1,500 1,500 0.3 0.32
2,000 2,000 0.055 0.058
2,500 2,500 0.1 0.112
2,600 2,500 0.332 0.338
2,600 2,500 0.4 0.411
2,600 2,500 0.523 0.555 102,500
2,000 2,000 0.554 0.544
1,500 1,500 0.506 0.505
1,000 1,000 0.473 0.473
500 500 0.44 0.439
0 0 0.402 0.402
140,000
120,000 ~
£ 100,000 - Z A
3
E 80,000 - —e— Pier #39
2 —o— Pier #40
g_ 60,000 - —— Pier #41
IS
3
T 40,000 -~
2
20,000 +
O -
0 0.1 0.2 0.3 0.4 0.5 0.6

Deflection (in.)

Figure 4.3 - Load vs. Deflection Plots for Shaftsnistalled in April and Tested in August
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4.2.2 Dirilled Belled/Under-reamed Shafts

Tests were conducted on three drilled belled shafttalled in August of 2004 on
April 26, 2005. Set-up and test procedure was toatance with ASTM D1143 (Quick
Test). Pressure was applied to the foundation ftwrtest ram in incremental magnitudes
and the deflection on each side of the foundati@s wnonitored. Pressure or load
increment was kept the same for 2.5 minutes ot th@ideflection readings remained the
same, which ever was longer. Then the next loadement was applied and the

deflection readings from the gauge measurement tiererecorded.

Figure 4.4 — Load Testing of Belled Shafts
Tables 4.7, 4.8, 4.9 and Figure 4.5 present |laddrthation results of the three
drilled belled shafts with failure pressure indingtthe ultimate axial capacity of the

shafts.
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Table 4.7 - Test Results for ‘Dry to Wet’' Belled Dilled Shafts: Pier #36

Installation |Pier Depth Initial Final Initial Final Ultimate
Date # Press_ure Press'u re Deflgction Deflgction Capacity
(psi) (psi) (in.) (in.) (Ibs)
Aug.2004 36 15 1,000 1,000 0 0
3,000 3,000 0 0
5,000 5,000 0.16 0.16
6,000 6,000 0.33 0.33
7,000 7,000 0.57 0.57
8,000 8,000 0.112 0.119
8,200 8,200 0.14 0.14
8,400 8,400 0.158 0.158
8,600 8,600 0.181 0.187
8,800 8,700 0.21 0.213
8,800 8,700 0.315 0.325
8,800 8,700 0.41 0.423
8,800 8,700 0.447 0.456 180,790
8,000 8,000 0.447 0.447
6,000 6,000 0.432 0.432
4,000 4,000 0.421 0.421
2,000 2,000 0.402 0.402
1,000 1,000 0.39 0.389
0 0 0.304 0.304

Table 4.8 - Test Results for ‘Dry to Wet’' Belled Dilled Shafts: Pier #37

Installation |Pier |Depth Initial Final Initial Final Ultimate
Date # Press'u re Press_ure Deflgction Defle;ction Capacity
(psi) (psi) (in) (in) (Ibs)
Aug. 2004 37 15 1,000 1,000 0 0
3,000 3,000 0 0
4,000 4,000 0 0
5,000 5,000 0 0
6,000 6,000 0 0
7,000 7,000 0.012 0.012
7,500 7,500 0.057 0.059
8,000 8,000 0.087 0.093
8,200 8,200 0.112 0.119
8,400 8,300 0.222 0.231
8,400 8,300 0.312 0.319
8,400 8,300 0.383 0.397 172,540
8,000 8,000 0.397 0.397
6,000 6,000 0.397 0.397
4,000 4,000 0.388 0.388
2,000 2,000 0.378 0.378
1,000 1,000 0.369 0.369
0 0 0.303 0.303
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Table 4.9 - Test Results for ‘Dry to Wet’' Belled Dilled Shafts: Pier #38

Installation [Pier Depth Initial Final Initial Final Ultimate
Pressure Pressure Deflection Deflection .
Date # (bsi) (psi) (in) (in) Capacity(Ibs)
Aug. 2004 | 38 15 1,000 1,000 0 0
3,000 3,000 0 0
5,000 5,000 0.011 0.011
6,000 6,000 0.017 0.017
7,000 7,000 0.043 0.043
7,500 7,500 0.077 0.077
8,000 8,000 0.101 0.103
8,200 8,100 0.137 0.149
8,200 8,100 0.21 0.21
8,200 8,100 0.333 0.349 168,380
8,000 8,000 0.349 0.349
6,000 6,000 0.349 0.349
4,000 4,000 0.332 0.332
2,000 2,000 0.311 0.311
1,000 1,000 0.278 0.278
0 0 0.223 0.223
200,000
180,000
2 160,000
2 140,000
=
S 120,000
|
£ 100,000
7]
$ 80,000
a
£ 60,000 —e— Pier #36
L_(: 40,000 —o— Pier #37
2 20,000 —— Pier #38
0 4 1 1 1 1 |

0 0.1 0.2 0.3 0.4 0.5

Deflection (in)

Figure 4.5 Load vs. Deflection Plots for Shafts Irtalled in August and Tested in April
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Tests were conducted on three drilled belled shasislled in April of 2005 on
August 17 and 18, 2005. Set-up and test procedasanvaccordance with ASTM D1143
(Quick Test). Pressure was applied to the foundafiiom the test ram in incremental
magnitudes and the deflection on each side ofdbhadation was monitored. Pressure or
load increment was kept the same for 2.5 minutesurail the deflection readings
remained the same, which ever was longer. Thendkeload increment was applied and
the deflection readings from gauge measurement kgemgded.

Tables 4.10, 4.11, 4.12 and Figure 4.6 preserd-d@ormation results of the
three drilled belled shafts with failure pressumdicating the ultimate axial capacity of
the shafts.

Table 4.10 - Test Results for ‘Wet to Dry’ Belled Eilled Shafts: Pier #33

Installation |Pier Depth Initial Final Initial Final Ultimate
Date ” Pr?s:iL)lre Pr?s:iL)lre Defl(eir(]:)tlon Defl(eir(]:)tlon Capacity(bs)
Apr. 2005 33 15 500 500 0.032 0.032
1,000 1,000 0.06 0.06
1,500 1,500 0.091 0.091
2,000 2,000 0.1 0.1
2,500 2,500 0.106 0.114
3,000 3,000 0.116 0.125
3,500 3,500 0.128 0.128
4,000 4,000 0.179 0.181
4,200 4,000 0.321 0.351
4,200 4,000 0.422 0.448
4,200 4,000 0.616 0.689 165,500
3,000 3,000 0.616 0.616
2,000 2,000 0.606 0.606
1,000 1,000 0.553 0.533
500 500 0.573 0.573
0 0 0.523 0.523
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Table 4.11 - Test Results for ‘Wet to Dry’ Belled Eilled Shafts: Pier #34

Installation | Pier Depth Initial Final Initial Final Ultimate
Date # Press_u re Press'ure Deﬂe"ction Defleuction Capacity
(psi) (psi) @) (@) (Ibs)
Apr. 2005 34 15 500 500 0.012 0.012
1,000 1,000 0.037 0.037
1,500 1,500 0.05 0.05
2,000 2,000 0.088 0.088
2,500 2,500 0.096 0.096
3,000 3,000 0.111 0.113
3,500 3,500 0.141 0.145
4,000 4,000 0.191 0.201
4,100 4,000 0.221 0.232
4,100 4,000 0.276 0.281
4,100 4,000 0.286 0.298 165,500
3,000 3,000 0.256 0.256
2,000 2,000 0.22 0.22
1,000 1,000 0.2 0.2
0 0 0.155 0.155

Table 4.12 - Test Results for ‘Wet to Dry’ Belled Eilled Shafts: Pier #35

Installation |Pier Depth Initial Final Initial Final Ultimate
Date # Press_ure Press'ure Deflection Deflection Capacity
(psi) (psi) @) @) (Ibs)
Apr. 2005 35 15 500 500 0.001 0.001
1,000 1,000 0.001 0.001
2,000 2,000 0.004 0.004
3,000 3,000 0.011 0.011
3,500 3,500 0.022 0.022
4,000 3,800 0.1 0.111
4,000 3,800 0.251 0.257
4,000 3,800 0.291 0.302 157,060
3,000 3,000 0.302 0.302
2,000 2,000 0.264 0.264
1,000 1,000 0.254 0.254
0 0 0.209 0.209
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Figure 4.6 Load vs. Deflection Plots for Shafts Iralled in April and Tested in August

4.2.3 Augercast Piles

Testing on three augercast piles installed in &aper of 2004 was conducted on

April 26, 2005. The same test procedures desciitdige earlier sections were followed

for these tests.
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Figure 4.7 — Field Testing of Augercast Piles

Table 4.13, 4.14, 4.15 and Figure 4.8 present lmb and deformation data,

including the ultimate capacity of the foundationbs.
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Table 4.13 — Test Results for ‘Dry to Wet’ AugercasPiles: Pile #47

Installation | Pile Depth Initial Final Initial Final Ultimate
Date # Press_ure Press_ure Deﬂ_ection Deflgction Capacity

(psi) (psi) (in.) (in.) (Ibs)
Aug. 2004 | 47 15 1,000 1,000 0.005 0.005

2,000 2,000 0.005 0.005

3,000 3,000 0.033 0.035

3,500 3,500 0.051 0.054

3,700 3,700 0.059 0.06

4,000 4,000 0.077 0.081

4,500 4,500 0.101 0.106

5,000 5,000 0.115 0.131

5,500 5,500 0.161 0.163

5,700 5,700 0.23 0.238

5,900 5,850 0.267 0.4

5,950 5,850 0.467 0.477

5,950 5,850 0.553 0.571 121,120

5,000 5,000 0.571 0.571

3,000 3,000 0.559 0.559

1,500 1,500 0.546 0.546

500 500 0.532 0.532

0 0 0.497 0.497

Table 4.14 — Test Results for ‘Dry to Wet’ AugercasPiles: Pile #49

Installation | Pile |Depth Initial Final Initial Final Ultimate
Date # Press_ure Press_ure Deﬂ_ection Deﬂ_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Aug. 2004 49 15 1,000 1,000 0.006 0.006

2,000 2,000 0.006 0.006

3,000 3,000 0.009 0.009

4,000 4,000 0.009 0.009

4,500 4,500 0.045 0.047

5,000 5,000 0.11 0.113

5,200 5,100 0.171 0.179

5,200 5,100 0.321 0.326

5,200 5,100 0.476 0.523 105,220

3,000 3,000 0.523 0.523

1,500 1,500 0.511 0.511

500 500 0.502 0.502

0 0 0.46 0.46
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Table 4.15 — Test Results for ‘Dry to Wet’ AugercasPiles: Pile #50

Installation | Pile |Depth Initial Final Initial Final Ultimate
Date # Pressure Pressure Deflection Deflection Capacity
(psi) (psi) (in.) (in.) (Ibs)
Aug. 2004 50 15 1,000 1,000 0.007 0.007
2,000 2,000 0.043 0.045
3,000 3,000 0.057 0.061
4,000 4,000 0.075 0.078
4,500 4,500 0.101 0.105
5,000 4,900 0.291 0.322
5,000 4,900 0.478 0.512
5,000 4,900 0.731 0.811 100,990
3,000 3,000 0.811 0.811
1,500 1,500 0.799 0.799
500 500 0.778 0.778
0 0 0.711 0.711
140,000 +
120,000 +
m
Qo
= 100,000 - A
e]
I}
2
o 80,000 -
=
@
© 60,000
Q.
IS
S8 40,000 ¢ —e—Pile #47
8 —o— Pile #49
< 20,000 —a—Pile #50
O

0 0.2 0.4 0.6 0.8 1

Deflection (in)

Figure 4.8 - Load vs. Deflection Plots for Augercadiles Installed in August and
Tested in April
Test on three other augercast piles installed pril &f 2005 were performed on

August 17 and 18, 2005. Figure 4.16, 4.17, 4.18 Balole 4.6 present both load and

deformation.
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Table 4.16 — Test Results for Wet to Dry’ AugercadPiles: Pile #45

Installation |Pile |Depth Initial Final Initial Final Ultimate
Date # Pr((eps;t)] re Pr((eps;t)] re Deﬂ(ienc.t)lon Deﬂ(ienc.t)lon Cag)&(;lty
Apr. 2005 45 15 500 0.061 0.061 0.061
1,000 1,000 0.122 0.122
1,500 1,500 0.18 0.18
2,000 2,000 0.218 0.218
2,500 2,500 0.218 0.218
2,600 2,600 0.28 0.28
2,700 2,600 0.3 0.304
2,700 2,700 0.313 0.315
2,800 2,700 0.323 0.323
2,800 2,700 0.364 0.364
2,800 2,700 0.4 0.488 110,030
2,500 2,500 0.476 0.476
2,000 2,000 0.456 0.456
1,500 1,500 0.436 0.436
1,000 1,000 0.422 0.422
500 500 0.402 0.402
0 0 0.398 0.398
Table 4.17 — Test Results for Wet to Dry’ Augercaskiles: Pile #46
Installation  |Pile Depth Initial Final Initial Final Ultimate
Date # Press_ure Press_ure Deflgction Deﬂection Capacity
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 46 15 500 500 0.032 0.032
1,000 1,000 0.045 0.045
1,500 1,500 0.06 0.06
2,000 2,000 0.071 0.071
2,500 2,500 0.081 0.106
2,800 2,600 0.115 0.118
2,700 2,600 0.17 0.181
2,700 2,600 0.521 0.532 106,760
2,000 2,000 0.532 0.532
1,500 1,500 0.521 0.521
1,000 1,000 0.5 0.5
500 500 0.48 0.48
0 0 0.401 0.401
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Table 4.18 — Test Results for Wet to Dry’ AugercadPiles: Pile #48

Installation |Pile |Depth Initial Final Initial Fina | Ultimate
Date # Pressure Pressure Deflection Deflection Capacity
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 48 15 500 500 0.032 0.032
1,000 1,000 0.051 0.051
1,500 1,500 0.071 0.071
2,000 2,000 0.087 0.088
2,500 2,500 0.102 0.105
2,800 2,600 0.211 0.218
2,700 2,600 0.331 0.34
2,700 2,600 0.521 0.535 106,760
2,000 2,000 0.521 0.521
1,500 1,500 0.511 0.511
1,000 1,000 0.5 0.5
500 500 0.479 0.479
0 0 0.401 0.401
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m i
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Figure 4.9 - Load vs. Deflection Plots for Augercasiles Installed in April and

Tested in August
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4.2.4 Helical Anchors

Testing of the four helical anchors installed gp&@mber of 2004 was conducted
on April 21, 2005. It should be noted here thatrib&ation ‘H-1’ indicates a single flight
12 in. helical anchor and notation ‘H-2’ indicateglouble helical anchor with helix of 10
in. and 12 in. The same test procedures describdteiearlier sections were followed for

these tests.

Figure 4.10 - Field Testing of Helical Anchors

Tables 4.19, 4.20, 4.21, 4.22 and Figures 4.114ahd present both load and
deformation data, including the ultimate capacityhe foundation in Ibs. All results are
presented separately for the single and doubledielnchor. These tests were referred to

as ‘dry to wet’ helical anchors.
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Table 4.19 — Test Results for ‘Dry to Wet' Helicahnchors: Helix #27

Single Helix H-1
Installation  [Helix  [Depth Initial Final Initial Fina | Ultimate
Date # Press_ure Press_ure Defl_ection Defl_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 27 34 200 200 0.03 0.03

500 500 0.07 0.07

1,000 1,000 0.171 0.171

1,500 1,400 0.231 0.238

1,500 1,400 0.255 0.255

1,500 1,500 0.456 0.461

1,600 1,500 0.679 0.682

1,600 1,500 0.89 0.966

1,600 1,500 1.112 1.123 29,550

1,000 1,000 1.108 1.108

600 600 1.108 1.108

300 300 1.006 1.006

0 0 0.908 0.908

Table 4.20 — Test Results for ‘Dry to Wet’ HelicalAnchors: Helix #28

Single Helix  H-1
Installation  [Helix Depth Initial Final Initial Final Ultimate

Date # Pressure (psi) |Pressure (psi) Deﬂ(?nc.t)lon Deﬂ(?nc.t)lon Caéﬁfsc)'ty

Sept.2004 28 45 200 200 0.013 0.013

500 500 0.029 0.03

1,000 1,000 0.05 0.057

1,200 1,100 0.132 0.132

1,200 1,150 0.18 0.182

1,200 1,200 0.19 0.19

1,300 1,200 0.31 0.32

1,300 1,200 0.45 0.453

1,300 1,200 0.6 0.797
1,300 1,200 0.973 1.009 23,640

1,000 1,000 0.967 0.967

600 600 0.955 0.955

300 300 0.932 0.932

0 0 0.901 0.901
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Figure 4.11 - Load vs. Deflection Plots for SinglElight Helical Piles Installed in
August and Tested in April

Axial Compressive Load (Ib)
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Table 4.21 — Test Results for ‘Dry to Wet’ HelicalAnchors: Helix #31

Double Helix  H-2
Installation | Pile  [Depth Initial Final Initial Fina | Ultimate
Date # Press'ure Press'ure Defl_ection Defl_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 31 30 200 200 0.025 0.025

500 500 0.054 0.054

1,000 1,000 0.07 0.073

1,200 1,200 0.121 0.121

1,400 1,400 0.187 0.187

1,500 1,400 0.23 0.23

1,500 1,400 0.52 0.591

1,500 1,400 0.88 0.878 27,580

1,000 1,000 0.878 0.878

600 600 0.809 0.809

300 300 0.773 0.773

0 0 0.669 0.669

169




Table 4.22 — Test Results for ‘Dry to Wet’ Helicahnchors: Helix #32

Figure 4.12 - Load vs. Deflection Plots for Doubl€light Helical Piles Installed in

Deflection (in)

August and Tested in April

170

Installation | Pile Depth Initial Final Initial Final Ultimate
Date # Pressure Pressure Deflection Deflection Capacity
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 | 32 28.5 200 200 0.027 0.028
300 300 0.027 0.031
500 500 0.035 0.039
700 700 0.053 0.054
1,000 1,000 0.121 0.123
1,200 1,200 0.178 0.182
1,300 1,300 0.25 0.252
1,400 1,400 0.38 0.387
1,500 1,400 0.43 0.438
1,500 1,400 0.563 0.567
1,500 1,400 0.783 0.789 27,580
1,000 1,000 0.775 0.775
600 600 0.713 0.713
300 300 0.689 0.689
0 0 0.676 0.676
30,000 1
[ 00—
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2 [
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The second set of tests on the rest of four Hesdinahors installed in April of
2005 was attempted on August 16 and 17, 2005. @ dest procedures described in
the earlier sections were followed for these te$tbles 4.23, 4.24, 4.25, 4.26 and
Figures 4.13 and 4.14 present both load and detmmalata, including the ultimate
capacity of the foundation in Ibs. These foundaiovere referred to as ‘wet to dry’

helical anchors.

Table 4.23 — Test Results for ‘Wet to Dry’ HelicalAnchors: Helix #25

Single Helix  H-1

Installation | Pile  |Depth Initial Final Initial Fina | Ultimate
Date # Pressure Pressure Defl_ection Defl_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 25 34 100 100 0.112 0.112

200 200 0.12 0.121

300 300 0.173 0.173

400 400 0.233 0.225

500 500 0.255 0.256

600 550 0.45 0.455

600 600 0.47 0.472

650 600 0.49 0.495

650 600 0.53 0.577 24,720

500 500 0.577 0.577

300 300 0.534 0.534

100 100 0.456 0.457
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Table 4.24 — Test Results for ‘Wet to Dry’ HelicalAnchors: Helix #26

Single Helix H-1
Installation | Pile  [Depth Initial Final Initial Fina | Ultimate
Date # Pressure Pressure Deflection Deflection Capacity
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 26 26 100 100 0.121 0.121
200 200 0.178 0.178
300 300 0.188 0.19
400 400 0.211 0.211
500 500 0.231 0.245
600 600 0.318 0.338
700 620 0.377 0.401
700 620 0.512 0.581
700 620 0.791 0.899 25,544
500 500 0.881 0.881
300 300 0.812 0.812
100 100 0.701 0.701
0 0 0.625 0.625
30,000
25,000 + .
= i
'8 20,000 -+
S [
- L
° [
= r
@ 15,000 ¢
(&) L
S i
§ 10,000 +
= r —o— Pile #25
Z 5000+ —o—Pile #26
0 s B
0 0.2 0.4 0.6 0.8 1

Deflection (in)

Figure 4.13 - Load vs. Deflection Plots for SinglElight Helical Piles Installed in
April and Tested in August
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Table 4.25 — Test Results for ‘Wet to Dry’ HelicaAnchors: Helix # 29

Double Helix  H-2
Installation | Pile  [Depth Initial Final Initial Fina | Ultimate
Date # Press_ure Press_ure Deflgction Deﬂ_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 29 27 100 100 0.101 0.101

200 200 0.15 0.152

300 300 0.156 0.156

400 400 0.185 0.187

500 500 0.205 0.209

600 600 0.265 0.271

700 650 0.362 0.367

700 650 0.385 0.389

700 650 0.43 0.436

700 650 0.53 0.537

700 650 0.72 0.821 26,780

500 500 0.816 0.816

300 300 0.806 0.806

100 100 0.791 0.791

0 0 0.746 0.746

Table 4.26 — Test Results for ‘Wet to Dry’ HelicaAnchors: Helix # 30

Double Helix H-2
Installation | Pile  [Depth Initial Final Initial Fina | Ultimate
Date # Press'u re Press_ure Deﬂgction Defl_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 30 32 100 100 0.06 0.06

200 200 0.1 0.1

300 300 0.133 0.133

400 400 0.175 0.175

500 480 0.2 0.2

500 500 0.23 0.23

600 500 0.25 0.25

600 600 0.28 0.287

700 680 0.3 0.304

700 680 0.402 0.412

700 680 0.65 0.651 28,016

500 500 0.622 0.622

300 300 0.56 0.56

100 100 0.501 0.501

0 0 0.453 0.453
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Figure 4.14 - Load vs. Deflection Plots for Doubl€&light Helical Piles Installed in
April and Tested in August

4.2.5 Pressed Steel Pilings

In the case of pressed steel pilings, tests wamducted on all six piles as per the
same procedures. The pressed steel piles werdledsita September of 2004 and tested
on April 21, 2005. The same test procedures desgrip the earlier sections were

followed for testing the pressed steel piles.
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Tables 4.27, 4.28, 4.29, 4.30, 4.31, 4.32 and Eigut6 present both load and

Figure 4.15 - Field Testing of the Pressed Steell€3

deformation data, including the ultimate capacityhe pressed steel piles in Ibs.

Table 4.27 — Test Results for ‘Dry to Wet’' Presse8teel Piles: Pile #22

Installation | Pile | Depth Initial Final Initial Final Ultimate
Date " Press.ure Press_ure Deflgction Deflgction Capacity
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 22r 35 200 200 0.01 0.01
500 500 0.08 0.08
1,000 1,000 0.115 0.115
1,500 1,500 0.208 0.208
1,800 1,800 0.28 0.28
2,000 2,000 0.305 0.305
2,200 2,200 0.358 0.358
2,400 2,400 0.425 0.425
2,600 2,400 0.5 0.5
2,500 2,400 0.611 0.75
2,500 2,400 0.821 0.833 48,320
2,000 2,000 0.833 0.833
1,000 1,000 0.816 0.816
500 500 0.798 0.798
0 0 0.735 0.735
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Table 4.28 — Test Results for ‘Dry to Wet’' Presse8teel Piles: Pile #23

Installation | Pile | Depth Initial Final Initial Final Ultimate
Date " Press_ure Press_ure Deflgction Defl_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 | 23r 25 200 200 0.04 0.04

500 500 0.67 0.67

1,000 1,000 0.081 0.081

1,500 1,500 0.105 0.105

1,800 1,650 0.2 0.24

1,800 1,650 0.275 0.533

1,800 1,650 0.778 0.943 33,000

1,000 1,000 0.943 0.943

500 500 0.923 0.923

0 0 0.876 0.876

Table 4.29 — Test Results for ‘Dry to Wet’ Presse8teel Piles: Pile #24

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection Capacity
Date # . . ) .
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 24r 26 200 200 0.009 0.009
500 500 0.043 0.043
1,000 1,000 0.08 0.085
1,500 1,500 0.092 0.093
2,000 2,000 0.143 0.143
2,200 2,200 0.17 0.175
2,400 2,400 0.2 0.209
2,500 2,500 0.231 0.243
2,600 2,600 0.24 0.24
2,800 2,600 0.275 0.377
2,800 2,600 402 0.656
2,700 2,600 0.767 0.833 52,480
2,000 2,000 0.833 0.833
1,000 1,000 0.812 0.812
500 500 0.734 0.734
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Table 4.30 — Test Results for ‘Dry to Wet’' Presse8teel Piles: Pile #13

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection | Capacity
Date # . . ) )
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 13 44 200 200 0.2 0.2
500 500 0.35 0.37
1,000 1,000 0.074 0.077
1,500 1,500 0.123 0.127
1,700 1,700 0.146 0.167
2,000 2,000 0.201 0.223
2,200 2,100 0.303 0.354
2,200 2,100 0.454 0.582
2,200 2,100 0.687 0.723 42,000
2,000 2,000 0.723 0.723
1,000 1,000 0.713 0.713
500 500 0.689 0.689
0 0 0.623 0.623

Table 4.31 — Test Results for ‘Dry to Wet' Presse8teel Piles: Pile #14

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection | Capacity

Date # : . . )
(psi) (psi) (in.) (in.) (Ibs)

Sept.2004 14 70 200 200 0.04 0.04

500 500 0.115 0.115

1,000 1,000 0.15 0.15

1,500 1,500 0.25 0.25

1,800 1,800 0.337 0.337

2,000 2,000 0.4 0.4

2,100 2,050 0.71 0.792
2,100 2,050 0.82 0.931 41,000

2,000 2,000 0.931 0.931

1,000 1,000 0.921 9,921

500 500 0.903 0.903

0 0 0.834 0.834
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Table 4.32 — Test Results for ‘Dry to Wet’ Presse8teel Piles: Pile #15

Figure 4.16 - Load vs. Deflection Plots for Pressésiteel Piles Installed in September

0.2 0.4

0.6

Deflection (in)

0.8 1

and Tested in April
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Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection | Capacity
Date # . . . )
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 15 75 200 200 0.023 0.023
500 500 0.03 0.3
1,000 1,000 0.06 0.06
1,500 1,500 0.104 0.104
1,800 1,800 0.167 0.167
2,000 2,000 0.191 0.191
2,100 2,100 0.23 0.23
2,200 2,200 0.26 0.26
2,300 2,300 0.285 0.285
2,400 2,400 0.291 0.291
2,500 2,400 0.305 0.415
2,500 2,400 0.603 0.805 48,320
2,000 2,000 0.805 0.805
1,000 1,000 0.789 0.789
500 500 0.776 0.776
0 0 0.712 0.712
60,000
50,000 +
2 [
'8 40,000 |
S [
e i
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E‘ [ —o— Pile #23r
8 20,000 7 —— Pile #24r
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As evidenced by the pile layout arrangement, thvexe 26 ft difference in driving
depth between piles that were only 5 ft apart. Wililis spacing distance is far greater
than the prescribed requirement of 3 diameters5(0dt), an even more obvious
observation is the fact that driving sequence sldomeecorrelation between a previously
driven pile and a pile 5 ft away. As an examplég pil3 was driven to a depth of 44 ft
while pile #14, 5 ft to the side, was installedeaftard but was driven 70 ft. Therefore,
there was no perceptible occurrence of soil deradifin for a subsequently driven pile.
In view of the shallow depths reached by some ekehpiles, it would appear that
seasonal dryness and subsequent increased shemgtistiof some subsurface layers
created tip resistance that prevented deeper peioetr A review of the Cone Penetration
tests showed that there was far greater drivingtegsce at the north end of the project
than the south end. Therefore, here again tipteegie appears to be the determining
factor is establishing driving depth. It is inteneg to note, however, that all pressed steel
piles terminated in clay with much lower N valudmn those mediums with sand
dispersion. Therefore, with steel piles skin foatis an important factor.

Testing of the six pressed steel pilings installedpril of 2005 was conducted
on August 16, 2005. The same test procedures idedcin the earlier section were
followed for testing these pressed steel pileslésa$.33, 4.34, 4.35, 4.36, 4.37, 4.38 and
Figure 4.17 present both load and deformation agatdyding the ultimate capacity of the

pressed steel piles in Ibs.
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Table 4.33 — Test Results for ‘Wet to Dry’ Presse8teel Piles: Pile # 16

Installation | Pile | Depth Initial Final Initial Final Ultimate
Date " Press_ure Press_ure Defl_ection Defl_ection Capacity
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 16 57 100 100 0.001 0.001
200 200 0.04 0.04
300 300 0.08 0.08
400 400 0.117 0.117
500 500 0.15 0.15
600 600 0.162 0.162
700 700 0.232 0.232
800 800 0.296 0.296
900 900 0.333 0.333
1,000 1,000 0.386 0.386
1,100 1,000 0.42 0.42
1,100 1,000 0.44 0.44
1,100 1,000 0.47 0.47
1,100 1,000 0.501 0.511
1,100 1,000 0.53 0.536
1,100 1,000 0.7 0.804 41,200
700 700 0.8 0.8
400 400 0.58 0.58
200 200 0.48 0.48
0 0 0.465 0.465
Table 4.34 — Test Results for ‘Wet to Dry’ Presse8teel Piles: Pile # 17
Installation P;Ite Depth Initial Final Initial Final Ultimate
Pressure Pressure Deflection Deflection Capacity
pate ® (psi) (ps) (in (in (ibs)
Apr. 2005 17 64 100 100 0.101 0.101
200 200 0.142 0.142
300 300 0.156 0.156
400 400 0.176 0.176
500 500 0.23 0.23
600 600 0.27 0.27
700 700 0.326 0.326
800 800 0.432 0.432
900 820 0.721 0.816
900 820 1.112 1.207
900 820 1.321 1.407 33,784
700 700 1.222 1.222
400 400 1.112 1.112
200 200 1.011 1.011
0 0 0.989 0.989
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Table 4.35 — Test Results for ‘Wet to Dry’ Presse8teel Piles: Pile # 18

Installation P:;e Depth Initial Final Initial Final Ultimate
Date () Pressyre Pressyre Deflgction Deflgction Capacity
(psi) (psi) (in) (in) (Ibs)

Apr. 2005 18 51 100 100 0 0

200 100 0.101 0.101

300 300 0.131 0.132

400 400 0.172 0.172

500 500 0.18 0.181

600 600 0.27 0.27

700 700 0.318 0.328

800 800 0.391 0.391

900 900 0.468 0.472

1,000 900 0.539 0.544

1,000 900 0.565 0.572
1,000 900 0.61 0.617 37,080

700 700 0.6 0.6

400 400 0.501 0.501

200 200 0.41 0.41

0 0 0.376 0.376

Table 4.36 — Test Results for ‘Wet to Dry’ Presse8teel Piles: Pile # 19

Installation P;;e Depth Initial Final Initial Final Ultimate
Date () Pressyre Pressyre Deflgction Deflgction Capacity

(psi) (psi) (in) (in) (Ibs)
Apr. 2005 19 58 100 100 0 0

200 200 0.064 0.064

300 300 0.11 0.113

400 400 0.141 0.143

500 500 0.18 0.186

600 600 0.22 0.225

700 700 0.268 0.272

800 800 0.322 0.326

900 900 0.39 0.393

1,000 940 0.476 0.485

1,000 940 0.482 0.494

1,000 960 0.52 0.526

1,000 960 0.7 0.713

1,000 960 0.901 0.912 39,552

700 700 0.906 0.906

400 400 0.831 0.831

200 200 0.802 0.802
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Table 4.37 — Test Results for ‘Wet to Dry’ Presse8teel Piles: Pile # 20

Pile

Installation 4 Depth Initial Final Initial Final Ultimate
Date () Pressyre Pressyre Deflgction Deflgction Capacity

(psi) (psi) (in) (in) (Ibs)
Apr. 2005 20 66 100 100 0 0

200 200 0.02 0.02

300 300 0.07 0.072

400 400 0.113 0.118

500 500 0.142 0.147

600 600 0.204 0.31

700 700 0.285 0.29

800 800 0.362 0.371

900 900 0.44 0.451

1,000 910 0.7 0.73

1,000 910 0.9 0.923

1,000 910 1.141 1.157 37,492

700 700 1.041 1.141

400 400 1.024 1.024

0 0 0.911 0.911

Table 4.38 — Test Results for ‘Wet to Dry’ Presse8teel Piles: Pile # 21

Installation P;Je Depth Initial Final Initial Final Ultimate
Date () Press_ure Press_ure Deflgction Deflgction Capacity

(psi) (psi) (in) (in) (Ibs)
Apr. 2005 | 21 57 100 100 0.002 0.002

200 200 0.004 0.004

300 300 0.101 0.101

400 400 0.148 0.148

500 500 0.171 0.176

600 600 0.218 0.228

700 700 0.246 0.254

800 700 0.3 0.303

800 780 0.321 0.333

900 840 0.392 0.392

1,000 920 0.55 0.57

1,000 970 0.611 0.621

1,000 970 0.7 0.726

1,000 970 0.77 0.792 39,964

700 700 0.786 0.786

400 400 0.776 0.776

100 100 0.716 0.716

0 0 0.698 0.698
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Figure 4.17 Load vs. Deflection Plots for Pressede®l Piles Installed in April and
Tested in August

4.2.6 Pressed Concrete Pilings

In the case of pressed concrete pilings, tests e@rducted on all six piles as per
the same procedures. The pressed concrete pilesingtalled in September of 2004 and
were tested on April 20, 2005. The same test praesddescribed in the earlier sections

were followed for testing the pressed concretespile
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Table 4.39, 4.40, 4.41, 4.42, 4.43, 4.44 and Figui® present both load and

Figure 4.18 - Field Testing of the Presd Concrete Piles

deformation data, including the ultimate capacityhe pressed concrete piles in Ibs.

Table 4.39 — ‘Dry to Wet’ Testing of Pressed Concte Piles: Pile # 1

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection Capacity
Date # : . ) .
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 1 7.67 200 200 0.006 0.006
500 500 0.02 0.02
750 750 0.05 0.054
1,000 1,000 0.086 0.086
1,200 1,200 0.1 0.106
1,400 1,400 0.135 0.135
1,500 1,400 0.175 0.18
1,500 1,400 0.185 0.2
1,500 1,400 0.321 0.356 29,000
1,000 1,000 0.356 0.356
500 500 0.337 0.337
0 0 0.309 0.309
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Table 4.40 — ‘Dry to Wet’ Testing of Pressed Concte Piles: Pile # 2

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection | Capacity
Date # . . ) )
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 2 10.17 200 200 0.006 0.006
500 500 0.006 0.006
1,000 1,000 0.006 0.006
1,500 1,500 0.008 0.008
1,750 1,750 0.018 0.018
1,800 1,800 0.022 0.022
2,000 1,850 0.04 0.1
2,000 1,850 0.202 0.211 37,000
1,000 1,000 0.202 0.202
500 500 0.189 0.189
0 0 0.167 0.167

Table 4.41 — ‘Dry to Wet’ Testing of Pressed Concte Piles: Pile # 3

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection Capacity
Date # . . ) .
(psi) (psi) (in.) (in.) (Ibs)

Sept.2004 3 27.42 200 200 0.005 0.005
500 500 0.005 0.005
1,000 1,000 0.02 0.02
1,425 1,425 0.04 0.04
2,000 2,000 0.04 0.04
2,250 2,250 0.04 0.04
2,500 2,500 0.04 0.04
2,700 2,700 0.04 0.04
3,000 3,000 0.045 0.045
3,100 3,100 0.048 0.048
3,200 3,200 0.05 0.05
3,300 3,300 0.053 0.053
3,400 3,400 0.066 0.07
3,500 3,400 0.115 0.15

3,500 3,400 0.231 0.254 68,566
3,000 3,000 0.254 0.254
2,000 2,000 0.233 0.233
1,000 1,000 0.211 0.211
0 0 0.167 0.167
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Table 4.42 — ‘Dry to Wet’ Testing of Pressed Concte Piles: Pile # 7

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection | Capacity
Date # . . ) )
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 v 15.67 200 200 0.006 0.006
500 500 0.009 0.009
1,000 1,000 0.009 0.009
1,500 1,500 0.022 0.022
1,750 1,750 0.024 0.024
2,000 2,000 0.028 0.028
2,200 2,200 0.038 0.038
2,400 2,400 0.056 0.056
2,500 2,500 0.093 0.093
2,600 2,500 0.127 0.18
2,600 2,500 0.253 0.267 50,400
2,000 2,000 0.265 0.265
1,000 1,000 0.248 0.248
500 500 0.234 0.234
0 0 0.187 0.187

Table 4.43 — ‘Dry to Wet’ Testing of Pressed Concte Piles: Pile # 8

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection | Capacity

Date # : . : )
(psi) (psi) (in.) (in.) (Ibs)

Sept.2004 8r 10.67 200 200 0.004 0.004

500 500 0.004 0.004

1,000 1,000 0.024 0.024

1,200 1,200 0.031 0.031

1,400 1,400 0.04 0.043

1,500 1,500 0.047 0.047

1,700 1,700 0.06 0.06

1,800 1,800 0.06 0.06

1,900 1,900 0.068 0.068

2,000 1,950 0.15 0.25
2,000 1,950 0.333 0.41 39,000

1,000 1,000 0.407 0.407

500 500 0.387 0.387

0 0 0.334 0.334

186




Table 4.43 — ‘Dry to Wet’ Testing of Pressed Concte Piles: Pile # 9

Installation |Pile Depth Initial Final Initial Final Ultimate
Date # Press_ure Press_ure Deflgction Defl_ection Capacity
(psi) (psi) (in.) (in.) (Ibs)
Sept.2004 o9 | 25.67 200 200 0.006 0.006
500 500 0.006 0.006
1,000 1,000 0.01 0.01
1,500 1,500 0.024 0.024
2,000 2,000 0.04 0.04
2,500 2,500 0.055 0.055
3,000 3,000 0.09 0.09
3,200 3,200 0.1 0.1
3,300 3,300 0.11 0.118
3,400 3,400 0.121 0.281
3,500 3,400 0.287 0.652
3,500 3,400 0.781 0.899 68,000
3,000 3,000 0.899 0.899
2,000 2,000 0.875 0.875
1,000 1,000 0.834 0.834
0 0 0.756 0.756
80,000
70,000 + ° °
2 60,000 |
2 50,000
5 90, r
g & :
‘@ 40,000 —o—Pile #1
s —o—Pile #2
% 30,000 4 —n—Pile #3
c—L; 20,000 «x —x—Pile #7
E —%—Pile #8
10,000 | —o—Pile #9
0+ N B B R A—
0 0.2 0.4 0.6 0.8 1

Deflection (in)

Figure 4.19 - Load vs. Deflection Plots for Pressgdoncrete Piles Installed in
September and Tested in April
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As evidenced by the pile layout arrangement, texe a considerable difference
in driving depth, which was as high as 20 ft thodlgh piles were only separated by a
distance of 5 ft. While this spacing distance rgéa than the prescribed requirement of 3
diameters (1.5 ft), an even more obvious obsematothe fact that driving sequence
showed no correlation between a previously driviimand a pile that is driven 5 ft from
the previously driven pile. For an example, pile which is 5 ft from pile #3 was driven
to a depth of 10.17 ft while pile #3, 5 ft to thdes was installed afterward but was driven
27.42 ft. In a completely reverse order, pile #%wdven to a depth of 25.67 ft whereas
as near pile 8 was driven only to 10.67 ft. Thigicates there was no perceptible
occurrence of soil densification from a previoudhren pile to a newly driven near the
previous pile. In view of the shallow depths reatly some of these piles, it would
appear that seasonal dryness and subsequent edi&gssar strength of subsurface layers
might have created stiffer soil resistance thav@méed deeper penetration. The following
Tables 4.45, 4.46, 4.47, 4.48, 4.49, 4.50 and Eiguz0 present test results conducted on

the ‘wet to dry’ pressed concrete piles.
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Table 4.45 — ‘Wet to Dry’ Testing of Pressed Concte Piles: Pile #4

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection Capacity
Date # . . ) )
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 4 24.67 100 100 0.01 0.01
200 200 0.016 0.016
300 300 0.018 0.018
400 400 0.024 0.024
500 500 0.028 0.03
600 600 0.034 0.036
700 700 0.042 0.044
800 800 0.052 0.054
900 900 0.061 0.064
1,000 1,000 0.069 0.071
1,100 1,100 0.076 0.079
1,200 1,200 0.087 0.09
1,300 1,300 0.094 0.098
1,400 1,400 0.109 0.12
1,500 1,400 0.22 0.231
1,500 1,400 0.401 0.431
1,500 1,400 0.602 0.636 57,940
1,000 1,000 0.597 0.597
500 500 0.577 0.577
0 0 0.506 0.506

Table 4.46 — ‘Wet to Dry’ Testing of Pressed Concte Piles: Pile #5

Installation | Pile | Depth Initial Final Initial Final Ultimate
Date # Pressure Pressure | Deflection | Deflection | Capacity
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 5 22

Note* Broke Below the surface at driving depth of 2ft and could not be recovered

so pile was abandoned
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Table 4.47 — ‘Wet to Dry’ Testing of Pressed Concte Piles: Pile #6

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection Capacity

Date # . . ) )
(psi) (psi) (in.) (in.) (Ibs)

Apr. 2005 6 19.67 100 100 0.012 0.012

200 200 0.028 0.028

300 300 0.04 0.042

400 400 0.052 0.055

500 500 0.056 0.058

600 600 0.06 0.062

700 700 0.064 0.068

800 800 0.068 0.072

900 900 0.075 0.078

1,000 1,000 0.082 0.083

1,100 1,100 0.084 0.086

1,200 1,200 0.088 0.092

1,300 1,300 0.095 0.099

1,400 1,400 0.102 0.108

1,500 1,500 0.11 0.115

1,600 1,400 0.122 0.122

1,600 1,500 0.222 0.242

1,600 1,500 0.254 0.257
1,600 1,500 0.454 0.454 61,800

1,000 1,000 0.45 0.45

500 500 0.426 0.426

0 0 0.356 0.356

190




Table 4.48 — ‘Wet to Dry’ Testing of Pressed Concte Piles: Pile #10

Installation | Pile | Depth Initial Final Initial Final Ultimate
Pressure Pressure | Deflection | Deflection | Capacity
Date # . . : )
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 10 24.67 100 100 0.02 0.02
200 200 0.038 0.04
300 300 0.04 0.041
400 400 0.062 0.065
500 500 0.066 0.068
600 600 0.075 0.077
700 700 0.085 0.088
800 800 0.098 0.102
900 900 0.11 0.114
1,000 1,000 0.126 0.127
1,100 1,100 0.134 0.138
1,200 1,200 0.147 0.154
1,300 1,300 0.158 0.162
1,400 1,400 0.17 0.177
1,500 1,500 0.19 0.193
1,600 1,600 0.205 0.222
1,700 1,600 0.241 0.285
1,700 1,600 0.305 0.408
1,700 1,600 0.47 0.718 65,920
1,200 1,200 0.708
800 800 0.686 0.686
400 400 0.636 0.636
0 0 0.567 0.567

Table 4.49 — ‘Wet to Dry’ Testing of Pressed Concte Piles: Pile #11

Installation | Pile | Depth Initial Final Initial Final Ultimate
Date # Pressure Pressure | Deflection | Deflection | Capacity
(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 11 26

Note* Broke Below the surface at driving depth of &ft and could not be recovered

so pile was abandoned
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Table 4.50 — ‘Wet to Dry’ Testing of Pressed Concte Piles: Pile #12

Installation | Pile | Depth Initial Final Initial Final Ultimate
Date " Press_ure Press_ure Deflgction Defk_ection Capacity

(psi) (psi) (in.) (in.) (Ibs)
Apr. 2005 12 28.67 100 100 0.015 0.018

200 200 0.052 0.055

300 300 0.075 0.075

400 400 0.088 0.09

500 500 0.112 0.114

600 600 0.12 0.123

700 700 0.128 0.132

800 800 0.134 0.136

900 900 0.154 0.155

1,000 1,000 0.155 0.163

1,200 1,200 0.176 0.196

1,300 1,300 0.198 0.205

1,400 1,400 0.207 0.21

1,500 0 1.145 1.145 61,800**

Note** Piling broke at the top. Therefore, no rebound readings could be taken.

70,000 -

60,000 +

50,000 +

40,000 +

Axial Compressive Load (Ib)

—o—Pile #4
—o0— Pile #6
——Pile #10
—— Pile #12

0.5

Deflection (in)

Figure 4.20 Load vs. Deflection Plots for Pressedddcrete Piles Installed in April
and Tested in August
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It should be noted here that at the time of inst@lh, all pressed pilings had a
50,000 Ib axial capacity. The letter “r" after thgoe of piling signifies the piling was
restricted from upheaval from time of installatitmtime of testing. No determination
was made as to the reason for destruction of @ilohgring the driving process. In each
case, however, the piling was probably broken betlogv surface such that alignment
problems or poor concrete capacity could not bebated as a cause or causes of the
foundation failure. Shallow excavation to an apprate depth of 3 ft below the surface
did not reveal any rupture point, but the pilingftwas starting to drift away from the
vertical axis. Therefore, the point of problem Wiksly to be below the 3 ft level.

In the next chapter, available empirical and sempieical models were used to
estimate the pile or pier capacities and theselteeavre compared with measured axial
loads of this chapter.

4.3 Summary

Axial capacity testing of each underpinning elem&mbwed both strengths and
weaknesses and their responses to seasonal mogdtanges. There was negligible
difference in measured ultimate capacity of stradyfiled shafts and augercast piles of
the same lengths. The belled shaft showed the $tigir@al capacity followed by the
drilled straight shaft and augercast pile. Deflattat the point of an ultimate capacity
was slightly higher for the augercast pile than the straight drilled shaft. In a
comparison of all foundation systems, the deflectid the underpinning at the point of
ultimate capacity was highest for the pressed spdeigs followed by the helical

anchors.
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There was a minor or very little difference in oiate axial compression
capacities of the single and double helix systeRressed pilings showed consistent
ultimate capacity when they were installed in thet weriod and they penetrated to
deeper depths with the same installation prestiatevias used in the dry period. These
results for pressed concrete pilings are only vigrda system where a grouted steel rod

was installed in the pile for lateral rigidity.
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CHAPTER 5

AXIAL CAPACITY PREDICTIONS

5.1 Introduction

In this chapter, an attempt is made to analyzeouariempirical and semi-
empirical models to predict the axial load capasitf the present underpinnings. These
predicted capacities are compared with measurechai axial loads to evaluate the
prediction capabilities of these existing modelsil $roperties from laboratory and in
situ tests are used in the load prediction modeffects of seasonal installation on both
predicted and measured loads of underpinningsdahessed.
5.2 Interpretations of Ultimate Axial Loads
5.2.1 Dirilled Straight Shafts

Cone penetration tests provided a cross sectioestablishment of soil properties
for this site.  Four soil borings supplied suppletaey information that was
complimentary to CPT data and allowed accurate coatipns of wet season soil
properties. These results were used to predietl @apacity of foundations. Formulas
2.3, 2.4 and 2.5, which were presented in chaptar&2summarized as follows:

Rrn = Rsn + Ren

Ren. =9 s~ Ap

Rsn = fmai DL
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It should be mentioned here that terms such as tBryet’ condition refers to
underpinnings installed in dry season and testeddanseason. ‘Wet to Dry’ condition
refers to underpinnings installed in ‘Wet’ seasod gested in ‘Dry’ season. Projections
for the drilled straight shafts based upon the iapple soils and their undrained shear
strength information are presented in the followialgies:

Table 5.1 — Straight Shafts, ‘Dry to Wet’ Condition

Section Depth Circumference
(in) Su (psi) (in) coeff. R sy, Ibs
60 (0-59 10 37.7 0.55 12441
60 (5-10") 28 37.7 0.55 34834.8
36 (10-13 9 42 37.7 0.55 31351.32
24 (13-159 17 37.7 0.55 8459.88
87087
Base
Resistance,
|bS, Ren N*. Rgn
17 113.09 9 17302.77
Predicted
Total Capacity,
Ibs, R 1y 104389.77
Table 5.2 — Straight Shafts, ‘Wet to Dry’ Condition
Side
Section Depth Circumference Resistance,
(in) Su (psi) (in) coeff. Ibs R sy
48 (049 0 37.7 0.55 0
12 (459 29 37.7 0.55 7215.78
60 (5-109 28 37.7 0.55 34834.8
36 (10-13 9 42 37.7 0.55 31351.32
24 (13-159 17 37.7 0.55 8459.88
81861.78
Base
Resistance,
|bS, Ren N*. Rgn
17 113.09 9 17302.77
Predicted
Total Capacity,
Ibs, R 1y 99164.55
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The observations made at the time of testing andsarement along the shafts
revealed that the soil had shrunk away from thét $ba point of 4 ft below the ground.
Therefore, the top 48 in. or 4 ft was only elimetatfrom the calculations. This is
consistent with the approach used to estimate ¢oaals for drilled shaft, which do not
account for the upper 5 ft of side friction. Rema¢@nd construction piers are typically
residential foundations and are placed under anoappate 18 in. of soil. Piers in such
conditions may not experience soil shrinking awayrf the perimeter to such depths.

In clay soil, the O’Neill and Reese method follldd shafts discounts the top 5 ft
of the shaft because of possible lack of contaet&/éen pier and soil, immobilization of
side friction to full magnitudes, and probable aetdepths and considered this upper
layer as a non-contributing zone. Soil surroundingse shafts shrank away from the
shaft. This shrinkage was visually observed siheepiers were extended slightly above
the ground surface and due to a severe droughtglthie time of summer testing. A thin
steel wire (1/16 in. diameter) was pushed adjatetiie pier to a depth between 3 ft. and
4 ft. below the surface (Figures 5.1, 5.2 and SBgrefore, the upper 4 ft. of the soil was

eliminated from skin friction consideration.
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Figure 5.1 — Pushing Steel Rod Adjacent to Drille®haft

Figure 5.2 - Steel Rod Pushed Next to Shaft
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Figure 5.3- Length of Steel Rod Length Used to Pudkext to Shaft

It should be noted here that the soil samples aeltefrom the dry period showed
higher undrained shear strengths than the samd daphples collected from the wet
spring periods. Increased shear strength was, hewexecounted for in the segment
below 4 ft. Predictions by the drilled shaft mods®wed a close match with measured
load results (Tables 5.3 and 5.4) and small diffees between both values are attributed
to the use of non-contributing zones for practrealsons. Also, test results from different
seasonal installation indicated slightly differeatues with ‘wet to dry’ condition, which
can be regarded as low ultimate loads.

The question for future calculations is how toradd the non-contributing upper
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zone due to skin friction reduction in expansileeycsoils such as the ones encountered
in this research. If soil sampling and laboratagting were performed during the wet
season, then it would appear that the 5 ft nonritmring zone reduction would result in
lower axial compression capacities. If, howeveil ssting was performed during the
dry season when the zone of seasonal moisture eharggites an increase in shear
strength, then the 5 ft reduction would be warrdnte

Another factor to consider is that in a normaltisgtthe pier is not exposed
beyond the surface. In such cases, soil drying maye away soil from piers to a
maximum depth of 2 ft. Such depths should be pitgmestablished from future research
studies. Otherwise, reduction of skin friction bétupper 5 ft can be construed as overly
conservative approach when estimating ultimate @aps of drilled shafts.

Table 5.3 —Comparison of Predicted to Tested Capadgiof Straight Drilled Shatfts,
‘Dry to Wet’ Condition

Pier # Depth(ft) Predicted Capacity, Ibs Measure?b;:apacny,
42 15 104,390 126,410
43 15 104,390 104,160
44 15 104,390 100,990

Table 5.4 —Comparison of Predicted to Tested Capagiof Straight Drilled Shatfts,

‘Wet to Dry’ Condition

Pier # Depth(ft) Predicted Capacity, Ibs Measure?b;:apacny,
39 15 99,165 106,600
40 15 99,165 123,000
41 15 99,165 102,500
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5.2.2 Dirilled and Belled Shafts

Based upon the solil properties, axial capacityrided belled piers can be

calculated as follows:

Rin' = Ren + Ren (5.1)
Ren =9 X gX Ap (52)
Rsn = fmaxiX XD xL with the side of the bell not considg(®&.3)

Predictions of ultimate loads for the drilled siyfai shafts based on the present

soil information are presented in the followingles5.5 and 5.6 for different seasonal

soil conditions:

Table 5.5 — Belled Shafts, ‘Dry to Wet’ Condition

Side
Section Depth Circumference Resistance,
(in) Su (psi) (in) coeff. Ibs R sy
60 (0-5) 10 37.7 0.55 12441
60 (5-109 18 37.7 0.55 22393.8
30 (10-12.59 42 37.7 0.55 26126.10
30 (12.5-15 9 0 37.7 0.55 0
60960.90
Base
Resistance,
|bS, R BN N*C RBN
17 706.86 9 108149.58
Predicted
Total Capacity,
Ibs, R 1y 169110.48
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Table 5.6 — Belled shafts, ‘Wet to Dry’ Condition

Side
Section Depth Circumference Resistance,
(in) Su (psi) (in) coeff. Ibs R sy
48 (0-49 0 37.7 0.55 0
12 (4-59 29 37.7 0.55 7215.78
60 (5-109 28 37.7 0.55 34834.8
30 (10-12.59 42 37.7 0.55 26126.1
30 (12.5-159 0 37.7 0.55 0
68176.68
Base
Resistance,
|bS, Ren N*c RBN
17 706.86 9 108149.58
Predicted
Total Capacity,
Ibs, R 1y 176326.26

Note* observations made at time of testing and oreasent along beside shafts revealed
that the soil had shrunk away from the shaft toomtp4’ below the ground. Therefore,
the top 48” was eliminated from the calculations.

Both predicted and measured loads are presentiabiles 5.7 and 5.8 for
different seasonal periods. For drilled and bedledfts the normal design allowance is to
eliminate friction from the top 5 ft. of shaft atite bottom zone of one diameter of shaft
and the periphery of the bell. Test results inéicatat a better match was made for
ultimate axial compressive capacity of piers tegtaget seasons when the shatft friction
at the periphery of the bell was only excluded.sTimplies that there is shaft contact
with upper layers during the wet seasonal periddsen testing in the dry season, there

is the added deduction of the upper 4 to 5 ft, Whesulted in a good match between

predicted and measured axial loads.
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Table 5.7 —Comparison of Predicted to Tested Capagiof Belled Drilled Shafts,

‘Dry to Wet’ Condition

Pier # Depth(ft) Predicted Capacity, Ibs Cg/lpeaisitl;/r,elgs
36 15 169,110 180,790
37 15 169,110 172,540
38 15 169,110 168,380

Table 5.8 —Comparison of Predicted to Tested Capagiof Belled Drilled Shafts,

‘Wet to Dry’ Condition

Pier # Depth(ft) Predicted Capacity, Ibs Cg/lpeaisitl;/r,elgs
33 15 176,326 165,500
34 15 176,326 165,500
35 15 176,326 157,060

5.2.3 Augercast Piles

Steps described in the German standard for axdaity of augercast piles are
the same as those of the drilled shaft (O’'Neill499his means that the axial capacity
predictions of the augercast piles will be simtiarstraight drilled shafts of section 5.2.
This method is accepted by several practitionege@ally in clay soils (O’Neill 1994).

Table 5.9 — Comparison of Predicted to Tested Capiyg of Augercast Piles,

‘Dry to Wet’ Condition

Pier # Depth(ft) Predicted Capacity, Ibs Measure?bg:apacny,
47 15 104,390 121,120
49 15 104,390 105,220
50 15 104,390 100,990
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Table 5.10 —Comparison of Predicted to Tested Capiéy of Augercast Piles,
‘Wet to Dry’ Condition

Pier # Depth(ft) Predicted Capacity, Ibs Measure?bg:apacny,
45 15 99,165 110,030
46 15 99,165 106,760
48 15 99,165 106,760

5.2.4 Helical Anchors

Helical anchor manufacturer’'s specifications anbeottesting provide several
formulas for estimation of axial capacity of helieachors/pier (Seeder 2004; Carville
1994; Hoyt and Clemence 1989). One of the usedoappes as presented in chapter 2
(equation 2.6) uses the following equations:

Q=K T (5.4)
where:

K is the average installation torque, which iswestn 3 and 10 for pipe shatfts.
Determining the value of K is subjective and tlsighie primary obstacle in producing an
accurate estimate of axial capacity of helical anghConservative recommendations
suggest using a K factor of 10 #/ft-# for 3.5 irardeter or less cylindrical pipe shafts. T
is the average installation pressure over thetlase feet (4,800 ft-Ibs.), which would
predict the following axial capacity:

Q = (10 Ib/ft-Ib) (4,800 ft-Ib) = 48,000 Ibs

The AB Chance design manual provides a chart &tmation of ultimate
capacity and details of this chart is presente@hapter 2, (Figure 2.1). For a blow count
of 18 (soil boring SPT measurement for the deptleretihe helix was terminated), the

axial capacity would be 18,000 Ibs. There is anotkeommendation that when soils
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information is not available then the ultimate aapashould be estimated at 10 times the
torque pressure, which would be the 48,000 Ibsesepted above.

Based on the above calculations as specified hysingl there is a wide variation
in the prediction estimations for axial pile cap@s. Therefore, use of more accepted
formula is preferred. Equation 2.13 from chapt& @resented as follows:

Individual Bearing Method

Qut = (A X NcX &) + AshatX X S

This method was followed in the present researtdulaions, which are
presented in the following.

Helical Piles Installed in August, 2004 and Testeh April, 2005.

For the double helix installed to a depth of 30(H-2, #31) the following
projection of axial capacity would apply based upswml borings and subsequent
laboratory testing.

Qur = {[(10in.)(10 in.)()/4]-[7.06 irf ]} x [( 9)(29 #/ir* ] + {[(12 in.)(12 in.)( )/4]-

[7.06 irf | x (9)(29 #/irf ) + [(27ft)(12 in./ft)(3 in.)()](0.30)(29 #/irf )

= 71.49 iR (9)(29#/irf) + 106.03 iA(9)(29 #/irf ) + (27ft)(113.09 iA/ft)(0.30)(29#/irf )
=18,656.28 + 27,675.81 + 26,564.84
=72,896.93 Ibs

Since this value is much large than the actualréssilts, it is important to explain
reasons for this difference.

It should be noted that observations are made glumnistallation, which revealed
that the penetration to rotation was not effici€fables 3.11 and 3.12). Therefore, it is

important to note that the concept of soil destrinty be used to allow for a reduction in
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axial capacity prediction formulae. With lack offfszsient penetration efficiency, the
upper helix was not completely seated on the clagiom but seated on a combination
of initial slicing and cross slicing with the secdbhelix, thus receiving response from a
large disturbed soil/shaft contact area.

There is also an obvious lack of soil contact aréth the lower helix if the
installation action becomes a process of augunmgrent pulling into the soil. In addition
to the reductions in the capacity of the secondhshaft friction would also be reduced
by a similar factor. There is also some initial mment in clays with even small loads,
which suggest that this destructuring factor wordduce both shaft and vertical helix
compression sufficiently to create downward movemkns also important to note that
soil moisture was increased from the time of ihgt&n to the time of testing for the
initial four piles and this resulted in the redoatiof shear strength.

This reduction factor is subjective but can be gifiad with additional testing
and observations of installation efficiency. Futuesearch in this field should address
this aspect. An assumption is made by the auth@sksyming an 80% disturbance effect
in the present ultimate capacity predictions. Tdbservation of using deduction for soil
disturbance behind the helix is based upon fiestudoances noted during the operations
of this underpinning foundation system. Hence, fhil®wing revised ultimate capacity

formulation was used in this case:

Qui = 18,656.28 + (27,675.8)(0.20) + (26,564.8)(0.20)
= 18,656.28 + 5,535.16 + 5,312.97

=29,504.41 lbs
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The predicted loads are in agreement with acteal test results. This agreement
implies that a more realistic empirical formula wa@sveloped, which can be used to
better predict axial load capacities in expanslag soils.

28.5 ft deep double helix (H-2, #32) with maximuhear of 29 #/if
Qui = 18,656.28 + 27,676.82(0.20) + 25,089.02(0.20)

= 18,656.28 + 5,535.16 + 5,017.80

= 29,209.24 Ibs
34 ft deep single Helix (H-1, #27) with maximum ahef 27 #/ifi
Quit = 25,765.29 + 28,396.90 (0.20)

= 31,444.67 Ibs

45 ft deep single Helix (H-1, #28) with maximum ahef 22 #/i
Quit = 20,995.45 + 31,348.55 (0.20)

= 27,265.16 Ibs

Table 5.11 — ‘Dry to Wet’ Testing of Helical Anchos/Predicted vs. Actual

Pile # Type Depth (ft) Predicted Measured
(dbl/single) Capacity(lbs) Capacity(lbs)

27 single 34 31,645 29,550
28 single 45' 27,265 23,640
31 double 30 29,504 27,580
32 double 28.5' 29,209 27,580

An obvious observation from the present compassisnthat the double helix
configuration appears to provide a more consis&ial capacity with the driving depth.
As with depositional stratum in an alluvial plathere is some inconsistency associated
with soil strength parameters at this site. ThisuMoappear to explain certain

inconsistency in shear strength of soil, which wiobe the primary reason for such a
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wide difference in the single helix axial capadtiédlso the use of disturbance factor to
account for soil disturbance resulted in an aceupatdiction of axial capacity.
Helical Piles Installed in April, 2005 and Testedn August, 2005.

Ultimate loads are predicted using the ‘IndividB&aring Plate Method’ and the
disturbance factor for the trailing helix and shdfhese comparisons are made between
ultimate loads and predicted loads and these eeatdtpresented in Table 5.12.

Table 5.12 — ‘Wet to Dry’ Testing of Helical Anchos/Predicted vs. Actual

Pile # Type Depth (ft) Predicted Measured
(double/single) Capacity (Ibs) Capacity (Ibs)

25 single 34 31,645 24,720

26 single 26 23,182 25,544

29 double 27 28,914 26,780

30 double 32 29,898 28,016

It is obvious that the disturbance factor approkeetus to an accurate prediction
of capacity. With single helix piles the primaryoptem in the analysis is the
approximate determination of shear strength ofsthieat strains corresponding to those
around the helical anchors.

5.2.5 Pressed Steel Piles

Based on soils properties, ultimate load capamigglictions for pressed steel piles
would be calculated as follows using equation Zt@ih chapter 2:

Q=R+R (5.5)

=t As+q At
= fs" As+q At
Based on the method, the sleeve friction can be calculatedgustjuation 2.20 from

chapter 2:

208



from Figure 2.6

Ca from Figure 2.5

Table 5.13 - Soil Properties for Pressed Steel Rsle'Wet Condition’

Cross Section of Boring Logs using alpha from Fig. 9.18

Soil

Layer Shear Shear Adhesion Adhesion | Adhesion | Adhesion
Depth Su (psi) |Su (kPa) Ca (psi) Ca (kPa) Ca (psi) Ca (kPa)

0-5' 10 69 0.95 9.5 65.55 8.99 62
5'-10' 18 124 0.95 17.1 111.6 10.44 72
10'-13' 42 290 0.3 12.6 87 7.25 50
13-15' 17 117 0.75 12.75 87.75 10.59 73
20'-30' 32 221 0.3 9.6 66.3 7.25 50
30'-40' 40 276 0.3 12 82.8 7.25 50
40'-50' 19 131 0.6 11.4 78.6 10.15 70
50'-60' 22 152 0.4 8.8 60.8 9.28 60

Table 5.14 - Soil Properties for Pressed Steel Psle'Dry Condition’
Cross Section of Boring Logs Using alpha from Fig. 9.18

Soil

Layer Shear Shear Adhesion Adhesion | Adhesion | Adhesion
Depth Su (psi) |Su (kPa) Ca (psi) Ca (kPa) Ca (psi) Ca (kPa)

0'-5' 29 200 0.95 10.29 71.03 7.54 52
5'-10' 28 193 0.3 14.9 102.83 7.25 50
10-13' 42 290 0.45 9.76 67.29 7.25 50
13-15' 17 117 0.45 9.49 65.44 10.59 73
20'-30' 32 221 0.3 9.61 66.29 7.25 50
30'-40' 40 276 0.3 14.25 98.32 7.25 50
40'-50' 19 131 0.3 8.92 61.55 10.15 70
50'-60' 22 152 0.99 10.73 74.02 9.28 64

Adhesion (@ from Figure 9.18 of the FHWA manual was used &more
conservative approach but the variance betweenC, was negligible as shown above.
From this adhesion factor, axial capacity of prdspides was estimated. Total Stress
Method ( method) was adopted in this analysis. Detailshi inethod can be found in

the literature (FHWA 1996).
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Table 5.15 - Prediction of 70 ft. Pressed Pile Capiy Based Upon Soil Properties

Resistan?:led,elbs, R o Steel Piles Dry to Wet
Pile # Depth (in) Ca (psi) fs- section As (sq in) fsAs
14 60 (0-5) 8.99 539.4 9.03 4870.782
60 (5-109) 10.44 626.4 9.03 5656.392
60 (10-15") 8.4 504 9.03 4551.12
60 (15-20') 8.4 504 9.03 4551.12
120(20-30°) 7.25 870 9.03 7856.1
120(30-40) 7.25 870 9.03 7856.1
120(40-50) 10.15 1218 9.03 10998.54
120(50-60°) 9.28 1113.6 9.03 10055.81
120(60-70") 9.28 1113.6 9.03 10055.81
70 ft 66451.77
Base Resistance, Ibs, R gy
Pile # Cu attip As (sq in) Nc Rt
14 21.75 6.49 9 1270.4175
Predicted
Total
Capacity, Ibs, 67722.19
RTN

Based on this theoretical model, the ultimate lestimated is 63 kips. For this
same pile, the measured ultimate load was 41 kipwing significant differences
between predicted and measured results. The falptables list both predicted and
measured installed capacities. Measured or acyalaities are based on the load tests
performed in the field at different time periodgtwiifferent in situ soil conditions. It
should be noted here that the installation waspgdpvhen the load to push the piling
material reached 50 kips. Hence, this load atithe bf installation was taken as the

ultimate load of this pile foundation.
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Table 5.16 — Empirical Predictions of Axial Capaciy of Pressed Steel Piles Using
Soil Properties for ‘Dry to Wet’ Condition.

Pile # Depth(ft) Predicte((jlgiapacity Cgﬂ;;gr;e(zﬁo) Installatio(rrb()lapacity
13 44 35,302 42,000 50,640
14 70 67,722 41,000 50,640
15 75 69,608 48,320 50,640
22 35 33,954 48,320 50,640
23 25 25,435 33,000 50,640
24 26 26,220 52,480 50,640

Table 5.17 — Empirical Predictions of Axial Capaciy of Pressed Steel Piles Using
Soil Properties for ‘Wet to Dry’ Conditions.

Pile # Depth(ft) Predlcte((jlgiapacny Cgﬂ;;gr;e(zﬁo) Installatlo(rrb()lapacny
16 57 48,993 41,200 50,640
17 64 56,032 33,784 50,640
18 51 42,960 37,080 50,640
19 58 49,999 39,552 50,640
20 66 58,043 37,492 50,640
21 57 48,993 39,964 50,640

Calculations were also completed for each pilingng adhesion values
determined by the product of S, but the results showed very little improvement.

It is clear from the above results presented ia thble that driven pile
interpretation methods developed for the expanslags for the pressed piles tend to
predict capacities that are not in agreement widasured load capacities or installed
load capacities. This requires further revisiorihaf interpreted capacities using different
approaches, including the use of CPT profiles ftbensame area.

A comparison of the CPT for the two probes shawsudden spike in tip

resistance between 6 ft and 10 ft and also in thmity of 30 ft. This spike would
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confirm that the tip resistance may have been thesraling factor in determining not
only axial capacity, but also the depth of pen&irator pressed piles. As noted above,
the installation capacity was 50 kips. When goingrf a dry season to a wet season,
however, there was a loss in capacity for all ng of the pilings, which is a significant
consideration for these pilings. The loss in cdyaai one piling was inconsistent with
the factors of safety on the other four pilingsjehhyielded consistent but low capacities.
Since the present pressed pilings went beyond dhe nf seasonal moisture change or
active depth of this site, there appears to be ilgfigence of an increase in moisture
content on the measured capacities of pressed piles

Another important observation is that the deptlpenhetration for pressed steel
piles is more uniform when installed in wet seasonditions than in dry seasons. The
average length of piles installed in wet conditiaeshigher than the same in dry
conditions. Though this pile length difference xpected, it raises an important question
with respect to the approach used to install thekes in dry seasons. What would be
consistent pile lengths needed to carry the inténoleds in other seasonal environments?

It has been suggested by several researchers angdan code practices that a
direct approach using cone penetration test resshisuld be used for estimating
capacities of driven piles (Briaud 1988). A simikgpproach was followed using CPT
soundings from this site and this approach provi@éadonably good predictions.

Tables 5.18 and 5.19 present CPT results and eatypalculation to predict the

pile capacities.
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Table 5.18 — Cone Penetration Tests Results for [@ict Tip Resistance and Side

Friction
CPT-1 CPT-2

Depth (ft) gt (psi) fs (psi) gt (psi) fs (psi)
0'-5' 416 6 347 6
5'-10' 486 22 500 23
10'-30' 347 9 347 7
30'-41' 356 8 305 6
41'-49' 305 5
49'-54' 694 3

Table 5.19 - Prediction of 70 ft Pressed Steel Pil@gapacity Based Upon CPT,

‘Dry to Wet Condition”
Side Resistance, lbs, R sy Steel Piles
Pile # Depth (in) fs (psi) fs's(g‘szgo” As (sq in) fsASD
14 60 (0-5) 6 360 9.03 3250.8
60 (5-10") 22 1320 9.03 11919.6
60(10-15") 8 480 9.03 4334.4
60(15-20") 8 480 9.03 4334.4
120(20-30") 7 840 9.03 7585.2
120(30-40’) 5 600 9.03 5418
120(40-50°) 5 600 9.03 5418
120(50-60") 5 600 9.03 5418
120(60-70°) 3 360 9.03 3250.8
70 ft 50929.2
Base Resistance, Ibs, R gy
Pile # gt at tip As (sq in) Rt
14 300 6.49 1947
Predicted Total
Capacity, Ibs, 52876.2
RTN

Tables 5.20 and 5.21 present these results fer gles. Results interpreted from

CPT values are similar to those using boreholedas# property data.
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Table 5.20 — Empirical Predictions of Axial Capaciy of Pressed Steel Piles Using
CPT for ‘Dry to W et’ Condition.

Predicted Predicted Actual Installation
Pile # Depth(ft) Capacity Capacity Capacity  Capacit vy
Using CPT Data grs(;r;)gerﬁgg Ibs Ibs

13 44 40,989 35,302 42,000 50,640
14 70 52,876 67,722 41,000 50,640
15 75 54,501 69,608 48,320 50,640
22 35 34,133 33,954 48,320 50,640
23 25 29,884 25,435 33,000 50,640
24 26 30,642 26,220 52,480 50,640

Table 5.21 — Empirical Predictions of Axial Capaciy of Pressed Steel Piles Using
CPT for ‘Wet to Dry’ Condition

Predicted Predicted Actual Installation
Pile # Depth(ft) Capacity in Ibs Capacity in Ibs Capacity Capacity
Using CPT Data Using S.O” Ibs
Properties Ibs
16 57 38,789 48,993 41,200 50,640
17 64 41,128 56,032 33,784 50,640
18 51 36,189 42,960 37,080 50,640
19 58 39,223 49,999 39,552 50,640
20 66 41,652 58,043 37,492 50,640
21 57 38,789 48,993 39,964 50,640

Overall, axial capacity predictions vary considéyadwven with the CPT method
and they are different from the measured axial loagghcities. This difference indicates
that the present methods similar to those useddfimen piles tend to predict higher
capacities than the measured loads and hence sgclofuthe driven pile estimation
method for pressed piles should be thoroughly emachi This discrepancy is attributed
to the differences in installation procedures betwdriven piles and pressed piles. One is
similar to dynamic driving mechanism and the otli®rmore close to quasi-static

penetration mechanism. One would expect the CPichak similar to the pressed piles,
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will probably yield better results if calibrateding different material constants than those

developed for driven piles.

5.2.6 Pressed Concrete Piles
Using the same format and empirical formulas aséated in the above section,
the prediction of axial capacity of pressed coreples can be estimated as follows:
Based upon soil properties, capacity predictionsld/be calculated as follows:
Q=R+ R
=t As+q A
= fo" As+q At
Using the method as recommended by driven pile literatuFdNA 1996):
fs=g= "« from Figure 2.5
G from Figure 2.6
The material coefficients used between soil andgwe pile material, which is
concrete in this case, will be different than faes piles but the application and method
of estimation will be the same.
Tables 5.22 and 5.23 present cohesion and adhiesiarsubsoil layers in
different units, psi and kPa. Table 5.24 presenypi@al prediction of axial load for the

pressed concrete pile.

215



Table 5.22 Soil Properties for Pressed Concrete B8 ‘Wet Condition’

Cross Section of Boring Logs using alpha using Fig. 9.18

Soil

Layer Shear Shear Adhesion Adhesion Adhesion Adhe  sion
Depth Su (psi) |Su (kPa) Ca (psi) Ca (kPa) Ca (psi) Ca (kPa)

0'-5' 10 69 0.95 9.5 65.55 10.15 70
5'-10' 18 124 0.3 17.1 111.6 12.04 83
10'-13' 42 290 0.45 12.6 87 8.4 60
13-15' 17 117 0.45 12.75 87.75 12.47 86
20'-30' 32 221 0.3 0.6 66.3 8.4 60
30'-40' 40 276 0.3 12 82.8 8.4 60
40'-50' 19 131 0.3 11.4 78.6 11.6 80
50'-60' 22 152 0.99 8.8 60.8 9.86 68

Table 5.23 Soil Properties for Pressed Concrete B8 ‘Dry Condition’
Cross Section of Boring Logs using alpha from Fig. 9.18

Saoll

Layer Shear Shear Adhesion Adhesion | Adhesion | Adhesion
Depth Su (psi) [Su (kPa) Ca (psi) Ca (kPa) Ca (psi) Ca (kPa)

0-5' 29 200 0.95 10.29 71.03 8.4 60
5-10' 28 193 0.3 14.9 102.83 8.4 60
10-13' 42 290 0.45 9.76 67.29 8.4 60
13-15' 17 117 0.45 9.49 65.44 12.47 86
20'-30' 32 221 0.3 9.61 66.29 8.4 60
30'-40' 40 276 0.3 14.25 98.32 8.4 60
40'-50' 19 131 0.3 8.92 61.55 11.6 80
50'-60' 22 152 0.99 10.73 74.02 9.86 68
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Table 5.24 - Prediction of Pressed Concrete Pile @acity Based Upon Soil
Properties for ‘Dry to Wet’ Condition

Side Resistance, Ibs, R gy
Pile # Depth (in) Ca (psi) se]::igon As (sq in) fsAs
9 60 (0-5) 10.15 609 18.85 11479.65
60 (5-10) 12.04 722.4 18.85 13617.24
60 (10-15") 8.4 504 18.85 9500.4
60 (15-20") 12.47 748.2 18.85 14103.57
68(20-25.7) 8.7 591.6 18.85 11151.66
25.67 ft 59852.52
Base Resistance, Ibs, R gy
Pile # Su at tip As (sq in) Nc Rt
9 32 28.27 9 8141.76
Predicted
Total Capacity, 67994.28
Ibs, R 1

Tables 5.25 and 5.26 present capacities from difteseasonal conditions. The
predicted capacity of concrete pressed pile #%isecto 60 kips where as the actual pile
load test resulted in an axial capacity of 68 kipise majority of the pressed piles have
yielded higher ultimate loads than those intergtetadditionally, from dry to wet

testing, three out of six pressed concrete pilgsee&nced higher loads than installed

loads and the other three yielded lower loads thstialled loads
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Table 5.25 — Empirical Predictions of Axial Capacy of Pressed Concrete Piles
Using Soil Properties, ‘Dry to Wet’ Condition

Pile # Depth(ft) Predlcte((ljbg:)apacny C;\:I)giﬁsrggs) Installatuzlrt]) SC):apacny
1 7.67 31,426 29,000 50,000
2 10.17 34,319 37,000 50,000
3 27.42 71,474 68,566 50,000
7 15.67 41,398 50,400 50,000
8 10.67 39,596 39,000 50,000
9 25.67 67,994 68,000 50,000

Table 5.26 — Empirical Predictions of Axial Capacy of Pressed Concrete Piles
Using Soil Properties, ‘Wet to Dry’ Condition

Pile # Depth(ft) Predlcte((ljbg:)apacny C;\:I)giﬁsrggs) Installatuzlrt]) SC):apacny
4 24.67 60,316 57,940 50,000
6 19.67 48,000 61,800 50,000
10 24.67 60,316 65,920 50,000
12 28.67 67,860 61,800 50,000

The piles pushed below the zone of seasonal meistitange have shown higher
capacities due to increase in shear strength oestom during dry seasons. The three
piles above the depths of seasonal moisture chérgenally considered 12 ft in this
area), lost a significant amount of capacity (22942%) when tested in wet conditions.
Since dry seasonal times normally produce an iserea shear strength in the active
zone the result is that pile depths will be smalidren installed during this season.
However, in the wet season, due to loss of sheangth from moisture increase their
axial capacities are reduced.

When tested in dry conditions, all piles yieldedjHar loads than those used
during installation. Such variation and lack of s@tent prediction of ultimate loads

indicate the need for further research and betémation procedures for calculating

218



predicted capacities of these piles. Use of dripg® methods tends to provide results
that are not in sync with measured loads. Simdahe previous section, axial capacities
are predicted using CPT data and methodology ($ah27, 5.28 and 5.29). Please note
in this approach, side friction measured from CPaswlirectly used as side friction for

pressed piles. Such approach is considered actesialce both CPT and pressed piles

do experience similar penetration mechanismsguasi-static penetrations.

Table 5.27 — Prediction of 25.67 ft Pressed ConceePile Capacity Based Upon CPT,
‘Dry to Wet’ Condition

Side Resistance, lbs, R sy
Pile # Depth (in) fs (psi) fs's(gggo” As (sq in) fsASD
9 60 (0-5) 6 360 18.85 6786
60 (5-10) 22 1320 18.85 24882
60 (10-15') 8 480 18.85 9048
60 (15-20") 8 480 18.85 9048
68(20-25.7") 7 476 18.85 8972.6
5 0 18.85 0
5 0 0
5 0 0
3 0 0
25.67 ft 58736.6
Base Resistance, Ibs, R gy
Pile # gt at tip As (sq in) Rt
9 347 2827 |  9809.7
Predicted Total
Capacity, Ibs, 68546.3
R
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Table 5.28 — Empirical Predictions of Axial Capacy of Pressed Concrete Piles
Using CPT for ‘Dry to Wet’ Condition

Predicted Predicted Actual Installation
Pile # Depth(ft) Capacity in Ibs Capacity in Ibs Capacity Capacity
. Using Bore Hole
Using CPT Data 9 Data in lbs In Ibs
1 7.67 34,191 31,426 29,000 50,000
2 10.17 46,105 34,319 37,000 50,000
3 27.42 71,845 71,474 68,566 50,000
7 15.67 51,732 41,398 50,400 50,000
8 10.67 44,795 39,596 39,000 50,000
9 25.67 68,546 67,994 68,000 50,000

Table 5.29 — Empirical Predictions of Axial Capaciy of Pressed Concrete Piles
Using CPT for ‘Wet to Dry’ Condition.

Predicted Predicted Actual  Installation
Pile # Depth(ft) Capacity in Ibs Capacity in Ibs Capacity Capacity
Using CPT Data Using ggzg Hole In Ibs In lbs
4 24.67 66,963 60,316 57,940 50,000
6 19.67 58,970 48,000 61,800 50,000
10 24.67 66,963 60,316 65,920 50,000
12 28.67 70,450 67,860 61,800 50,000
5*
11*

*Pilings broke during installation

As evidenced by the above table, the pressed denprings can be predicted
somewhat closer to measured capacities when CRTfgalion results are used. This
approach performs better than those based on wedraoil strength data but it still

requires further calibration and verification. Theasons for better agreement are
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attributed to the similar quasi-static penetratimechanisms used to push the cone
penetrometer and pressed concrete pile.

The important finding from this investigation isaththe use of installation
capacity is not necessarily resulted in as an alioad for all seasons. Rather this
method resulted in different depths when instalfedry seasons and produces uniform
depths in wet seasons. Due to such high variationnstallation depth and their
dependency on seasonal installation proceduresethiss lack of calibrated engineering
models to predict the axial capacities of the mdsgiles, engineers should use their
judgment in the selection and use of this methadthér research in this method will

help in answering some of these limitations.

5.3 Summary

Prediction of drilled shafts and augercast pilesewaade with good accuracy using
undrained cohesive properties of soil layers. $fitemproperties of upper strata have a
major bearing on predicted axial compression capalie to differences in strength of
upper layers (0’ to 10°). Helical anchors were aately predicted using the individual
bearing plate method but with the double helix ¢hetas a need to adjust the trailing
helix with a disturbance factor. This approach wmdlihelix area contribution to ultimate
axial capacity. Prediction of pressed steel pilidges not appear to be accurate when
using soil strength properties. The method thavigesl better predictions of pressed
pilings’ capacities is the method that has used GE& friction data for pilings friction

resistance.
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CHAPTER 6

COMPARISONS BETWEEN PREDICTED AND MEASURED CAPACITY

6.1 Introduction

This chapter compares predicted values for themifft underpinning elements to
test results for this research. There is also apewison between all foundations with
respect to axial compression results and defle@idmme of ultimate capacity.

It should be mentioned that the observations ndiee are based on a few
underpinning foundations tested in this researdiough more numbers of data from
testing underpinnings would have been ideal antisstally important, the present
numbers tested are practically sufficient to dederoeial observations on the axial load
transfer performance of these foundations.

6.2  Comparison of Predicted to Measured Axial Capaty
6.2.1 Straight Drilled Shafts

Predictions of axial compressive capacity for ttraight drilled shafts were made
using the soil information compiled from soil protyedata interpreted from CPT results.
As shown in Tables 6.1 and 6.2 as well as Figuresd6.4, the predictions are close to
the measured axial loads except for one pier, whideeded prediction capacity from
both ‘dry to wet’ and ‘wet to dry’ testing conditie. As noted in the soil borings and also
with the CPT, there are lenses in this soil thaehaigher shear strength and this results

in higher resistance for piers that are installedugh these hard discontinuous layers.
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Table 6.1 - Predicted vs. Tested Capacity for Strght Shafts, ‘Dry to Wet’

Condition
Pier # Depth(ft) Predicted Capacity (Ib) Actual ((Illgpamty
42 15 104,390 126,410
43 15 104,390 104,160
44 15 104,390 100,990
150000 -
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= R? = 0.9585
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< 50000 - . .

2 o Drilled Straight Shafts

= ——1:1 Line

o

D- 0 T T 1

0 50000 100000 150000

Actual Field Axial Test Capacity (Ibs)

Figure 6.1 - Comparisons of Predicted to Measuredial Capacities of Straight
Shafts, ‘Dry to Wet’ Condition
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Straight Shafts
N
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Axial Capacity (Ibs)

O Predicted Capacity
O Actual Capacity

Figure 6.2 - Comparisons of Predicted to Measuredial Capacities of Straight

Shafts, ‘Dry to Wet’ Condition

Table 6.2 - Predicted vs. Tested Capacity for Strght Shafts ‘Wet to Dry’ Condition

. Predicted Capacit Actual Capacit
Pier # Depth(ft) (Ibs) pacity (Ibs;) y
39 15 99,165 106,600
40 15 99,165 123,000
41 15 99,165 102,500
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Figure 6.3 - Comparisons of Predicted to Measuredial Capacities of Straight
Shafts, ‘Wet to Dry’ Condition
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Figure 6.4 - Comparisons of Predicted to Measured>ial Capacities of Straight
Shafts, ‘Wet to Dry’ Condition
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Figures 6.1 and 6.3 would have been ideal whemtimber of tests are higher
than 10. The Rcomparisons in such cases would provide explamsiim the prediction
capacities of the models used. Here, in this rebednis type of comparison figure is still
used, just to show the existence of a trend orreelation between predicted capacities
and actual measured capacities. Based on thegefdivn in Figures 6.1 and 6.3, it can
be mentioned that the existing theoretical modgrealict axial loads of straight shafts is
providing very good predictions for straight pi¢ested in both seasonal conditions of

this research.

6.2.2 Dirilled Belled/Under-reamed Shafts
Predictions of Axial Compressive Capacity for tm#led belled shafts were made
using soil property data interpreted from CPT ressulables 6.3 and 6.4 as well as

Figures 6.5 to 6.8 present predicted and measagacdies of the present belled shafts.

Table 6.3 - Predicted vs. Tested Capacity for Drild Belled Shatfts,
‘Dry to Wet’ Condition

Pier # Depth(ft) Predicted Capacity (Ibs) Actual(ﬁ:)g;) acity
36 15 169,110 180,790
37 15 169,110 172,540
38 15 169,110 168,380
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Figure 6.5 - Comparisons of Predicted to Measured>ial Capacities of Drilled
Belled Shafts, ‘Dry to Wet’ Condition
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Figure 6.6 - Comparisons of Predicted to Measured>ial Capacities of Drilled
Belled Shafts, ‘Dry to Wet’ Condition
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Table 6.4 - Predicted vs. Tested Capacity for Dridd Belled Shafts, ‘Wet to Dry’

Condition
Pier # Depth(ft) Predicted Capacity (Ibs) Actual(ﬁ:):;\;) acity
33 15 176,326 165,500
34 15 176,326 165,500
35 15 176,326 157,060
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Figure 6.7 - Comparison of Predicted to Measured Azl Capacity Drilled Belled
Shafts, ‘Wet to Dry’ Condition
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Figure 6.8 - Comparisons of Predicted to Measuredal Capacity Drilled Belled
Shafts, ‘Wet to Dry’

As shown by the comparisons in Figure 6.5 and &.3trong correlation exists
between measured and predicted capacities of bpiérd, implying that the procedure
provided by O’Neill and Reese resulted in accupaigglictions of measured axial loads of
the belled piers. Overall, prediction analyses @hhtypes of drilled shafts (straight and
belled) installed at different seasonal conditishewed that the prediction models can be

confidently used to design these shafts in exparsi conditions.

6.2.3 Augercast Piles
Predictions of Axial Compressive Capacity for thegercast piles were made
using soil information from CPT data in the samenn& as those used for straight shafts

and these results were used in Tables 6.5 ands6u&th as Figures 6.9 to 6.12. Two of
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these piles tested were close to the same predaaed, with one pile showing a slightly
high ultimate capacity.

Table 6.5 - Predicted vs. Tested Capacity for Augeast Piles, ‘Dry to Wet’

Condition
. Predicted Capacity Actual Capacity
Pier # Depth(ft) (Ibs) (Ibs)
47 15 104,390 121,120
49 15 104,390 105,220
50 15 104,390 100,990
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Figure 6.9 - Comparison of Predicted to Measured Arl Capacity of Augercast
Piles, ‘Dry to Wet’ Condition
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Figure 6.10 - Comparison of Predicted to Measured ial Capacity of Augercast

Piles, ‘Dry to Wet’ Condition

Table 6.6 Predicted vs. Tested Capacity for Augersa Piles, ‘Wet to Dry’ Condition

Pier # Depth(ft) Predicte((ljbg:)apacity Actu al(lcl:gz)pacity
45 15 99,165 110,030
46 15 99,165 106,760
48 15 99,165 106,760
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Figure 6.11 - Comparison of Predicted to Measured Yial Capacity of Augercast
Piles, ‘Wet to Dry’ Condition
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Figure 6.12 - Comparison of Predicted to Measured ial Capacity of Augercast
Piles, ‘Wet to Dry’ Condition
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Overall, the prediction of axial capacity was aeterusing the same formulae for

augercast piles as those used for the drilledgsttaihafts. Therefore, it can be reasonable

that in clay soil, with open hole shafts, capasisfiould be the same for both augercast

piles and straight drilled shafts.

6.2.4 Helical Anchors

Predictions of Axial Compressive Capacity for thelidal anchors were made

using soil boring information from four borings eite in accordance with the Individual

Bearing Plate Method and the added factoring astubance factor for the double flight

helix piles. As shown below in Tables 6.7 and G&all as in Figures 6.13 to 6.16, this

method of predicting capacities was close to meakoapacities on this site.

Table 6.7 - Predicted vs. Tested Capacity for Helad Anchors, ‘Dry to Wet’

Condition
Pile # Type Depth (ft) Predicted Actual
(dbl/single) Capacity (Ibs) Capacity (Ibs)
27 single 34 31,645 29,550
28 single 45' 27,265 23,640
31 double 30 29,504 27,580
32 double 28.5' 29,209 27,580
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Figure 6.13 Comparison of Predicted to Measured Azl Capacity of Helical
Anchors, ‘Dry to Wet’ Condition
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Figure 6.14 - Comparison of Predicted to Measured Yal Capacity of Helical
Anchors, ‘Dry to Wet’ Condition
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Table 6.8 - Predicted vs. Tested Capacity for Helad Anchors, ‘Wet to Dry’

Condition
Pile # Type Depth (ft) Predicted Actual

(dbl/single) Capacity (Ibs) Capacity (Ibs)
25 single 34 31,645 24,720
26 single 26 23,182 25,544
29 double 27 28,914 26,780
30 double 32 29,898 28,016

30000 ¢ R? = 0.9358

g .

2 20000 |

© L

Q.

]

@)

S

é L

- 10000 -+

8 - ¢ Helical Anchors

3 —1:1 Line

a

0 1 e
0 10000 20000 30000

Actual Field Axial Test Capacity (Ib)

Figure 6.15 - Comparison of Predicted to Measured Yal Capacity of Helical
Anchors, ‘Wet to Dry’ Condition
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Figure 6.16 - Comparison of Predicted to Measured ¥al Capacity of Helical
Anchors, ‘Wet to Dry’ Condition

As shown by the comparison plots of Figures 6.1@ @5, predictions of the
helical anchors were good using soil informatioongl with the added factor on the
double helix of a disturbance factor. Due to extensoil sampling being taken at five
feet intervals, there is always the possibilityttleamses with high or low shear strength
may exist. This can influence the performance eftiklical anchor and this is probably
reflected in the single helix that gains most af strength from end resistance. The
following figures show this discrepancy by breakiogit the single and double

performance comparison with predicted capacities.

236



| O Predicted Capacity
O Actual Capacity

Single Helix

1
|

0 10,000 20,000 30,000 40,000
Axial Capacity (Ib)

Figure 6.17 - Comparison of Predicted to Measured ¥ial Capacity of Single Helical
Anchors, ‘Dry to Wet’ Condition
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Figure 6.18 - Comparison of Predicted to Measured ¥al Capacity of Double
Helical Anchors, ‘Dry to Wet’ Condition
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Figure 6.19 - Comparison of Predicted to Measured ial Capacity of Single Helical
Anchors, ‘Wet to Dry’ Condition
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Figure 6.20 - Comparison of Predicted to Measured ¥al Capacity of Double
Helical Anchors, ‘Wet to Dry’ Condition
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Figures 6.17-6.20 show that the predictions aredgoo both helical types with
slightly lower values being predicted for singldikgiles. In the case of double helix
pile, predictions are improved via the use of teéividual plate method with a
disturbance factor that accounted for the trailietix and shaft by closely simulating the
penetration mechanism around the double helix pil¢he case of single helix, however,
there appears to be difficulty in predicting theahstrength around the flat plate of the
helix. As a result, predictions are slightly on Iside. Nevertheless, both prediction

methodologies provided reasonably good interpatatf axial load capacities.

6.2.5 Pressed Steel Piles

Predictions of axial compressive capacity for thesped steel piles were made
using soil properties measured from soil strataad_oapacities are then determined by
following the total stress § method. The following observations are based loa t
comparisons between predicted and actual field tesi$ on the foundations. Predictions
shown here are based on soil properties deternfiioedborehole sample test data.

Table 6.9 - Predicted vs. Tested Capacity for Presd Steel Piles Using Soil
Properties, ‘Dry to Wet’ Condition

Pile # Depth(ft) Predicte((ljbcsj)apacity Actual(l(ég)acity Installati(zlr;) S(iapacity
13 44 35,302 42,000 50,640
14 70 67,722 41,000 50,640
15 75 69,608 48,320 50,640
22 35 33,954 48,320 50,640
23 25 25,435 33,000 50,640
24 26 26,220 52,480 50,640
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Table 6.10 - Predicted vs. Tested Capacity for Preed Steel Piles Using Soils
Properties, ‘Wet to Dry’ Condition

. Predicted Capacity Actual Capacity Installation Capacity
Pile # Depth(ft) (Ibs) (Ibs) (Ibs)
16 57 48,993 41,200 50,640
17 64 56,032 33,784 50,640
18 51 42,960 37,080 50,640
19 58 49,999 39,552 50,640
20 66 58,043 37,492 50,640
21 57 48,993 39,964 50,640
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Figure 6.23 - Comparison of Predicted to Measured &pacity of Pressed Steel
Pilings Using Soil Properties, ‘Wet to Dry’ Condition
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An important finding from these figures is that theediction of axial capacity

using soil properties did not result in accuratedptions. The following tables and
results show similar comparisons with predictiopamties from CPT side friction test
data. These predictions are close to measured wagigesting the significance using
shear strengths of residual state to be used fl& fsiction calculations. It should be
noted that this variation is attributed to pen@&ramechanisms that result in soil being in
residual state with the pressing mechanism.

Table 6.11 Predicted vs. Measured Capacities for Bssed Steel Piles Using CPT,
‘Dry to Wet’ Condition

Pile # Depth Predjcted Ac_tual Insta[lation
(ft) Capacity (Ibs) Capacity (Ibs) Capacity (Ibs)
13 44 40,989 42,000 50,640
14 70 52,876 41,000 50,640
15 75 54,501 48,320 50,640
22 35 34,133 48,320 50,640
23 25 29,884 33,000 50,640
24 26 30,642 52,480 50,640
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Table 6.12 - Predicted vs. Measured Capacity for lessed Steel Piles Using CPT,
‘Wet to Dry’ Condition

: Predicted Actual Installation
Pile # Depth(ft) Capacity (Ibs) Capacity (Ibs) Capacity (Ibs)
16 57 48,000 41,200 50,640
17 64 50,926 33,784 50,640
18 51 44,749 37,080 50,640
19 58 48,542 39,552 50,640
20 66 51,576 37,492 50,640
21 57 48,000 39,964 50,640
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As evident from these figures (Figures 6.25 to p&t8l tables, prediction of axial

capacity using continuous CPT friction data hasvioled better predictions. Certain

problems in these interpretations do exist andetre® attributed to the presence of

strong lenses in the soil with higher shear sttenghich may result in establishing of a

piling of short length. As a result, when moistusturns to this area from rainfall

infiltration, shear strength decreases and asudtseshe piling with short length will be

able to support only reduced axial capacity.

The final outcome of this analysis is that a camims soil profiling is needed for

better estimation of axial capacities of presseglspiles. The CPT is consistent and

simulates the penetration mechanism around prestsetl piles, which are pressed into

the ground using segmental cylinders of steel gi@econtinuous pressing operation.
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6.2.6 Pressed Concrete Piles

Predictions of Axial Compressive Capacity for thegsed concrete piles were
attempted using both soil properties and CPT gidédn information (Tables 6.13 and
6.14 as well as Figures 6.29 to 6.32). The follgvaxplains a comparison of these
predictions along with the measured capacities.

Table 6.13 - Predicted vs. Measured Capacities fétressed Concrete Piles Using Soll
Properties, ‘Dry to Wet’ Condition

Pile # Depth Predicted Capacity Actual Capacity Installation Capacity
(ft) (Ibs) (Ibs) (Ibs)
1 7.67 31,426 29,000 50,000
2 10.17 34,319 37,000 50,000
3 27.42 71,474 68,566 50,000
7 15.67 41,398 50,400 50,000
8 10.67 39,596 39,000 50,000
9 25.67 67,994 68,000 50,000
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Figure 6.29 — Comparisons of Predicted to Measureflxial Capacity Using Soil
Properties, ‘Dry to Wet’ Condition
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Properties, ‘Dry to Wet’ Condition

Table 6.14 Predicted vs. Tested Capacity for Press&teel Piles Using Soil
Properties, ‘Wet to Dry’ Condition

Pile # Depth(ft) Predicte((ljbg:)apacity Actual(ﬁ:)g;)acity Installatitzlrt\) SC):apacity
4 24.67 60,316 57,940 50,000
6 19.67 48,000 61,800 50,000
10 24.67 60,316 65,920 50,000
12 28.67 67,860 61,800 50,000
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Now predictions were made using CPT data for tesged concrete pilings for

this test.

Table 6.15 - Predicted vs. Tested Capacity for Preed Concrete Piles Using CPT,
‘Dry to Wet’ Condition

. Predicted Capacity | Actual Capacity | Installation Capacity
Pile # Depth(ft) (Ib) (Ib) (Ib)
1 7.67 34,191 29,000 50,000
2 10.17 46,105 37,000 50,000
3 27.42 71,845 68,566 50,000
7 15.67 51,732 50,400 50,000
8 10.67 44,795 39,000 50,000
9 25.67 68,546 68,000 50,000
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Figure 6.33 - Comparison of Predicted Capacity to Masured Axial Capacity Using
CPT, ‘Dry to Wet’ Condition
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Figure 6.34 - Comparison of Predicted Capacity to Masured Axial Capacity Using
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Table 6.16 - Predicted vs. Tested Capacity for Presd Concrete Piles Using CPT,
‘Wet to Dry Condition

Pile #

Depth(ft)

Predicted Capacity

Actual Capacity

Installation Capacity

(Ibs) (Ibs) (Ibs)
4 24.67 66,963 57,940 50,000
6 19.67 58,970 61,800 50,000
10 24.67 66,963 65,920 50,000
12 28.67 70,450 61,800 50,000
5*

11*

* Pilings Broke During Installation
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This interpretation based on soil properties wasdgfor pressed piles and the
same with CPT data provided better predictionshefdapacities for the same piles. As
shown above, the CPT based approach is the beaditjmreof axial capacity, probably
because the test is similar to the installationthef pressed concrete piles, which are
similar to quasi-static in operation. Hence the Gipproach based interpretation method
accounted for variations in shear strength of soittuding properties of thin lenses in
subsoil strata. As a result, the predictions heeeckbose to measured results. Hence, for
pressed concrete piles, both interpretation methoglsecommended.

Reasons for soil property based interpretatiorpfessed concrete piles are close
to measured results (unlike in pressed steel pi¢edue to incorporation of higher side
friction terms for converting them to adhesion toc@unt for higher roughness of
concrete materials.

6.3 Summary

As detailed in this chapter, predictions of drillgldlafts (straight and belled) and
augercast piles are good indicating current pradictnodels providing reasonable
predictions. Predictions of helical anchor capasitiare also acceptable using the
individual bearing plate method. With multiple kxels, there is a disturbance factor that
must be employed to better predict the ultimat@lasdmpressive capacities. Prediction
of axial capacity of the pressed steel piles isauniurate using soil properties but using
CPT, the predictions are improved. Pressed congikteredictions can be made using
soil properties; however these axial capacity teztis are more accurate when the CPT

friction data is used.
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CHAER 7

OVERALL AXIAL CAPACITY COMPARISON

7.1 Introduction

In this chapter, several comparisons were made griteunderpinnings used in
this research. The main intent of these comparisoms explain the seasonal variations
on the axial load capacities of the foundationsvel as to explain the effects of the type
of foundation on the final load capacities.
7.2 Effects of Seasonal Variations

As mentioned earlier, this study was a first tirtterapt to address the ultimate
load capacities of underpinning foundations insthlh dry (summer) and wet (spring)
seasons. It should be noted here that the testsapaducted in the alternate seasons, i.e.
installed in wet or spring season and tested irodisummer season.
7.2.1 ‘Dry Season to Wet Season’

Table 7.1 and Figure 7.1 present axial load cajeaaitf the underpinning

elements installed in summer season and testqaimgsor wet season.
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Table 7.1 - Comparison of Axial Capacities of Diffeent Underpinning Methods,

‘Dry to Wet Season’
Straight Belled Augercast | Helical Pressed Pressed
Shafts Shafts Piles Piles Steel Piles Concrete Piles
104,160 180,790 121,120 29,550 48,320 29,000
100,990 172,540 105,220 23,640 33,000 37,000
126,410 168,380 100,990 27,580 52,480 68,566
27,580 42,000 50,400
41,000 39,000
48,320 68,566
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Figure 7.1 - Comparison of all Underpinning Methods ‘Dry to Wet’ Condition
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It should be noted that the lengths and diameteeach of the foundations are
different and hence exact comparisons based omrr fredictions should not be
addressed. Results in Figure 7.1 indicate thadthied shafts (straight and belled) and
augercast piles yielded higher capacities amongpthsent underpinning methods. All
these foundations were installed in August 2004tasted in April 2005.

Belled shafts yielded highest capacities with premh@ant loads contributed from
the bell portion. Among the helical and pressedspipressed concrete capacities are not
uniform whereas pressed steel piles provided sinldad capacities. Helical piles
provided lower capacities and their lengths argvbeh those of the pressed concrete and
pressed steel foundations.

7.2.2 Wet Season to Dry Season
Table 7.2 and Figure 7.2 present axial load cajgaaif the underpinning elements

installed in spring season and tested in summenyoseason.

Table 7.2 - Comparison of Axial Capacities of Diffeent Underpinning Methods,
‘Wet to Dry’ Condition

Straight Belled Augercast Helical Pressed Pressed
Shafts Shafts Piles Piles Steel Piles Concrete Piles

106,600 165,500 110,030 24,720 41,200 57,940
123,000 165,500 106,760 25,544 33,784 61,800
102,500 157,060 106,760 26,780 37,080 65,920
28,016 39,552 61,800

37,492

39,964
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Figure 7.2 - Comparisons of All Underpinning Method (Wet to Dry Condition)

Again, both drilled shafts (straight and belledyl @ugercast piles yielded higher
capacities among the underpinning methods instaflepril 2005 and tested in August
2005. All foundations showed a much more consistap@acity when they were tested
during this seasonal environmental condition. Alg® lengths of each of the
underpinnings of this seasonal group are high¢éhe@same when compared to the earlier
seasonal group, since the foundations were indtall@ wetter season when the soils are

soft in nature and allowed a deeper penetratianting clay soil.

256



There was negligible difference between ultimat@lazompression capacity in
straight drilled shafts and augercast piles. Thimddion is expected since both
foundation installation methods have some simi&sit Therefore, the skin friction
allowance for the straight drilled shafts shouldif@uded similar to the augercast piles

in clay saoil.

7.3 Overall Comparisons

The following table 7.3 compares all foundationsas various seasons.

Table 7.3 - Comparison of All Underpinning Systemg#cross All Seasons

Straight Belled Augercast Helical Pressed Pressed
Shafts Shafts Piles Piles Steel Piles Concrete Piles

104,160 180,790 121,120 29,550 48,320 29,000
100,990 172,540 105,220 23,640 33,000 37,000
126,410 168,380 100,990 27,580 52,480 68,566
106,600 165,500 110,030 27,580 42,000 50,400
123,000 165,500 106,760 24,720 41,000 39,000
102,500 157,060 106,760 25,544 48,320 68,566
26,780 41,200 57,940
28,016 33,784 61,800
37,080 65,920
39,552 61,800

37,492

39,964
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Figure 7.3 - Comparisons of Different UnderpinningMethods Across All Seasons

Regardless of the season, the drilled shafts agdreast pilings show consistent
capacities and higher ultimate axial loads thanrdst of the underpinning techniques
tested in this research. With the pressed conpikitgs, the depth of penetration is a key
element in recording a high axial compression cidypatn the case of pressed steel
pilings, there is considerable variation amonglémgths of pressed pile systems.

Helical piles did not show any dependency on thpe tgf seasonal installation.

Since these foundations derive their capacitiesfresidual shear strength parameters
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below the helix(s) and not along the pipe stems@eal moisture changes do not appear

to have a measurable effect on their ultimate dapac

7.4  Load Versus Deflection at Failure

It was recognized during the test that the differerethods showed different
deflection patterns leading up to the ultimateufa@lload. To further understand these
deformations, average load at failure was plotgairest deflection at the initial ultimate

capacity.

Table 7.4 - Load vs. Deflection for Different Undepinning Methods- ‘Dry to Wet’

Season

Average Load at Underpinning
Failure Average Deflection at Failure Type
110,520 0.182 straight shafts
173,903 0.198 belled shafts
109,110 0.3 augercast piles
27,088 0.306 helical piles
44,187 0.39 pressed steel
48,755 0.155 pressed concrete
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Figure 7.4 - Load vs. Deflection for Different Undepinning Groups
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Table 7.5 - Load vs. Deflection for Different Undepinning Methods- ‘Wet to Dry’
Season

Average Load at Underpinning
Failure Average Deflection at Failure Type
110,700 0.116 straight shafts
162,687 0.164 belled shafts
107,850 0.217 augercast piles
26,265 0.386 helical piles
38,179 0.591 pressed steel
61,865 0.199 pressed concrete
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Table 7.6 - Overall Comparison of all Methods and Bth Seasons

Average Load at
Failure Average Deflection at Failure
110,610 0.149 straight shafts
168,295 0.181 belled shafts
108,480 0.258 augercast piles
26,677 0.346 helical piles
41,183 0.491 pressed steel
55,310 0.177 pressed concrete
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and Both Seasons
The deflection point at ultimate capacity was dliglkreater for the augercast pile
than for the straight or belled shaft. This mayalteibutable to installation procedures
where spoil from the hole is removed by grout purgmnd not by visual cleaning of the
hole with an auger bit as is the case with thdeadrichafts. It should also be noted that
this difference may only be measurable because tha@es are relatively short where end

bearing has a higher contribution to ultimate cégac
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As shown in the tables and on the figures abowepthssed steel and helical piles
showed the greatest amount of deflection in reackmeir ultimate load. These results
mirror this engineer’'s own personal experience smg helical piles for remedial work
on foundations of houses. The pressure that wasreefjto “seat” the helical piles prior
to applying a load to lift a house appears to belar to these test results. The amount of
deflection recorded for this test, however, was Imless than this engineer has witnessed
in previous observations. This difference in ddftat was probably the result of a
connection method used by a different supplier eherlooser connection separated
slightly as the helix pulled the bar into the grduand created tension in the stem, which
was then compressed downward when a load was dpplie

It should be noted that the design engineer mustider the amount of deflection
recorded to get to ultimate capacity in this underimg system when deciding to use
helical piles for new construction since there asapportunity to “seat” the pile prior to
receiving the building load.

It is also obvious that the pressed steel pileonds a considerable amount of
deflection prior to reaching its ultimate strengtfhich is probably the result of a small
diameter piling and much less material skin fricttban concrete elements. The pressed
concrete pilings showed similar deflection behauiorthe drilled piers. Therefore, it
appears that material skin friction is a key elemerside friction of a piling in clay soil.
7.5 Summary

This chapter presented an overall comparison betviee foundation systems
across seasonal moisture changes. The drilledystrsinafts and augercast piles provided

similar capacities with the belled piers showing thghest capacity of any underpinning
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system. Helical anchors showed the lowest capaduitly their capacities were very
consistent. Pressed steel pilings showed the ladgdkection prior to reaching ultimate
capacity and their capacities varied a consideraivleunt.

The pressed concrete pilings showed a large vamigtrimarily because some of
the pilings installed in the dry period could net prushed beyond the active zone. When
the pressed concrete pilings were installed belbe &ctive zone, however, they
performed similarly to drilled shafts, but with partionally less ultimate capacity in

comparison with their size.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Introduction

Foundation distress and subsequent failure willtinoe to be a problem for
homeowners, especially when they are built in espa&n clay soils. As a result,
underpinning to mitigate deflection problems foalsbn-grade foundations in contact
with these expansive soils will continue to be rdrakemeasures adapted in the field.
Because of the wide spread use of piers, piling laglical piers, this research was
undertaken to address the axial load transfer nmesimg in these foundations. This
research will be helpful to provide insights to practitioner, engineers and homeowners
while deciding the proper method of underpinningsfbundation repairs. It should also
be mentioned that the research results and coonakisian be further corroborated by
conducting additional studies on different expaeswil sites.

The major conclusions and summary information frtm present study are
summarized in the following section.
8.2  Summary and Conclusions

The following conclusions and summary informatiomswobtained from this
research conducted on six different underpinnirgiesys installed in an expansive soll

Zone.
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8.2.1 Summary

1. Predictions of axial compression capacity of théedt shafts, belled piers and
augercast piles were close to measured capachiesce, the pier or pile
capacity procedures using the FHWA-IF-99-025 desmanual (FHWA
1999) are considered reliable methods for estimatiof axial capacities of
these foundations in expansive soil media.

2. Use of a 60 layout plan for field testing of large numberspiérs and piles
was proven to be effective and efficient in thédfil®ad testing operation.

8.2.2 Conclusions

1. There was a negligible difference between uli@maxial compression
capacity in the straight drilled shafts and augergales. The skin friction
allowance for the drilled shafts should be the saw®dhe one allowed for
augercast piles in clay soil. Also, the deflectreadings at ultimate capacity
were slightly greater for the augercast pile tharntlie straight or belled shatft.
This difference may be attributed to constructiolocpdures in that the
augercast pile normally does not produce a cledioinosurface whereas in a
drilled shaft, the bottom surface can be inspebtifdre placing concrete by
either looking in the hole or running a camerahi@ tase of open holes and by
probing when pouring under slurry.

2. There was a negligible difference in ultimatéabeompression capacities of
the majority of drilled underpinnings between ‘doywet’ and ‘wet to dry’

seasonal conditions. While shear strength in upgpgers did increase while
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going from ‘wet to dry’ season, drying induced seltrinkage from the
pier/pile (near surface) might have mitigated tha@eases in axial capacity.

. Time of soil sampling has a major bearing on predicaxial compression
capacity. If insitu or soil sampling tests is matieing the dry season, shear
strength parameters might have been increasedofmericlayey layers due to
desiccation related drying. Conversely, the wesseatrength parameters are
low and may provide lower, but conservative degigrameters.

. This research also indicates that the non-contrigudepth of soil considered
for shafts appeared to be important when foundatsts were performed in
dry season. The non-contributing lengths from thire measurements show
that they vary from 3 ft to 4 ft, slightly less théhe recommended 5 ft value.
If soil sampling and testing is attempted in thet weason, this research
indicates that the total shaft depth should beunhetl in the predictions of
axial capacity since soil around the upper laygia contact with shafts.
Installation of helical piles shows that the inlsttdbn process of the helix in
clayey medium may not pull into the ground effidlgrio prevent augering of
the helix and thus producing a trailing sectionladse soil. Therefore the
helical anchors will many times require seatingngsipressure from a
structure in order to obtain the maximum capacityhe helical piles. With
the presence of this void, larger deflection inidalpiles installed in new
construction jobs must be anticipated in clay saitgl the design engineer

must allow for this deflection accordingly.
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6.

In this research, when the installation torque a@sstant and same for helical
piles, there was minor or very little differenceuhtimate axial compression
capacity between single and double helix piles. dbeble helix piling did,
however, produce a more consistent ultimate capacit

There was no obvious or major difference in th@anate axial capacities of
the helical piles installed in ‘dry to wet’ and ‘i® dry’ conditions.

The Individual Bearing Plate method proved reastnafpproach in
estimating capacity of the single helix. With theuble helix, however, it is
necessary to apply a disturbance factor to be declun the axial capacity
formulation to simulate disturbed state of soil dition. This disturbance
factor was found to be an approximate 80% for tieisearch. Therefore,

contributing axial capacity support of the trailihglix was only 20% of the

leading helix capacity as measured by area of laglikshear strength of soil.

Pressed steel pilings show the greatest amoutéftéction prior to reaching
their ultimate capacity. Both pressed concretesiadl piling systems yielded
consistent at their ultimate capacity when theyeniestalled during the wet
period. Deeper penetration depths for these prgstesiwere obtained, which
indicate that the final capacity of these pilesadgpon length of the pile, and

installation as well as testing seasonal conditions

10.Pressed concrete pilings appear to perform in antichl fashion as those of

drilled concrete piers but with an obvious reduttio axial load capacity due

to smaller size of the pressed concrete pile dimess
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11.When pressed concrete pilings were installed shaliothan the zone of
seasonal moisture change (between 10 ft and & this test), they tend to
loose most of the installation capacity, i.e. upt®86 of the installation load.
When these same pilings are installed below 1% fthis soil and in these
climatic conditions, they have gained 37% overaltgtion capacity.

12.Three of the final six pressed concrete pilings ewbroken either during
installation or during testing. It is not knownthis failure was due to the
movements of reaction beam or due to bending mareenised by lateral soll
shrinkage around the piling during the dry period.

13.The pressed concrete pilings used in this reseasre installed with a #4
reinforcing steel bar passed through the centénepiles with the hole filled
with Portland cement grout. Both reinforcement gnoluting enhance lateral
load resistance as well as flexural capacity o fbundation system. Hence,
the present pressed concrete pile results are Validhis type of pressed
concrete pile system. The performance of pressedrete pilings without any
reinforcement or bonding may have problems simply tb lesser tensile and
flexural resistances.

14.Predicting axial compression capacity of pressedl giilings does not appear
to be accurate when using soil properties from ratooy tests on samples
collected from the field. When the continuous CPafipng with side friction
measurements was used to estimate the capadi@sappear to match with
the measured ultimate loads. This correlation [geeislly strong when the

pilings were installed sufficiently below the a@izone. This indicates that
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soil is around pressed piles are in residual seegangth state, which is well
captured by the side friction of CPT. Also, the hmadsms of penetration for
pilings and CPT are similar and hence there ig@ngtcorrelation between
side friction estimation in both methods.

15.Overall comparisons of the six underpinning methsdsw that the belled
shaft has the highest axial load capacity follovbgdthe straight shaft and
augercast piles. Though cost comparisons are miaded here, it can be
gualitatively mentioned that the costs of drilléthits and augercast piles for
underpinning can be significantly high in expensé&en compared to the rest
of the underpinning methods. However, the finabsibn of the underpinning
foundation system should not be based on the cbshstallation and
construction of them. Such practice may lead tth&urproblems to residential

structures in the future.

8.3  Recommendations for Future Studies

The following areas of research are suggestedutard studies.

1. Testing of pressed steel and concrete should benpted using standard
installation pressures that would emulate a oneystwmuse. These
standard pressures appear to be at installatiah loetween 25,000 lbs
and 35,000 Ibs.

2. Testing of pressed steel and pressed concretggilmexpansive clay soil

to measure uplift movement and/or pressures.
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Testing of non-joined pressed concrete pilings ¢ébeamine axial load
capacity and influence of active soil uplift moverheagainst the
segmental piling string.

Testing of pressed steel and concrete pilings mdgaoil to determine
axial compressive capacity over time and wateetdbhwn-down.

Further testing of pressed steel and pressed dengiings with
projections using CPT site data.

Comparative testing of augercast piles and drsfedight shafts should be
done in sandy soils using both casing and slurstailtation for the drilled
shafts to compare axial compressive capacity witasé installation
techniques.

Testing of straight drilled shafts should be atteadpin expansive clay
soils using casings to overcome caving conditiomsatidress if the
increase in shaft diameter mitigates perceived fkition loss along the
casing perimeter.

Additional testing of drilled shafts across seaswi$h installation and
time of soil testing (in situ or bore hole) to detee/confirm if time of

soil testing has an effect on total shaft lengthstderation.
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APPENDIX A

TYPICAL UU TRIAXIAL MOHR CIRCLES
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Figure Al - UU Triaxial Tests Determination of and g, with Two Soil Samples.
Boring #2, 45ft to 50ft
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Figure A2 - UU Triaxial Tests Determination of and g, with Three Soil Samples.
Boring #3, O to 5ft
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APPENDIX B

PHOTOS FROM THE FIELD OPERATIONS
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Figure B1 - Installing Augercast Piles

Figure B2 - Setting Steel For Augercast Piles
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Figure B3 - Installing Pressed Steel Piles

Figure B4 - Measuring Pressure During Pressed Pilestallation
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Figure B5 - Researcher Checking Layout

Figure B6 - Researcher Reports Load and Deflection
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Figure B7- Researcher with Achilles Injury During August Installation
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CONTRIBUTIONS IN KIND AND MONEY

This project would not have been possible withtgt combined contributions of
the following individuals who donated services, em@, equipment, time and
money. The magnitude of their contribution was syJyeimbling event and told me
how much they wanted to be apart of this groundikirg research. To have the
support of the engineering community across theddnGtates told me this research
was important. Support from the foundation underpig industry to the magnitude
reflected below, however, told me that this testiagl been needed for a long time
and would potentially change the industry. At tleewleast, this research will create
a climate for additional testing that will lead neany more worthwhile discoveries
that will not only help an industry but bring greavalue to the residential foundation
repair market and ultimately increase value tolibmeowner and help protect and

remediate their greatest value.

1. ADSC, Industry Advancement Fund- Seed rjone

2. ADSC, South Central Chapter- cash sponsorship

3. Advanced Foundation Repair, Dallas, Texas- 12 presencrete piles
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Allied Drilling company, Ft. Worth, Texas- drillinghafts and belling piers
for testing

ATS Drilling, Ft. Worth, Texas- Reinforcing steelrfreaction piers
Cameron Machine Shop- Miscellaneous Welding anddating

Con-Tech Systems, LTD- Donation of 100 ton test fanuse to test in April,
2005 and August 2005

Custom Crete Concrete- Concrete for reaction piers

Dywidag Corporation- 48 reaction bars, machininpafs, engineering and
couplings

Fox Foundation Repair, Dallas, Texas- pier/pil¢ péstes

Fugro Geotechnical Engineers, Dallas, Texas- 4&wihgs

Greg In Situ, Houston, Texas — 2 CPT logs and g¢edranalysis

lllini Drilled Foundation, Danville, lllinois- augeast piles

Lindamood Excavating, Irving, Texas- Hydralift imoving of beams
McKinney Drilling Co., Ft. Worth, Texas- Drillingeaction piers

Ram Jack Foundation Repair, Dallas, Texas- 12 pdesteel piles, 4 helical
anchors and miscellaneous welding and fabricating

N.L. Schutte, Dallas, Texas- Reaction Beams

29 days crane service

S & W Foundation Contractors, Richardson, Texageecast and drilled pier
labor and trucking

Texas Shafts, Ft. Worth, Texas- Tying of steel erathe service to set

reinforcing steel for reaction piers
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20.

21.

22.

Mike Trotter General Contractor and the Trotter @amies, Doraville,
Georgia.

Farrell, Ed — donation of ranch land for test férrionths and not requiring
clean-up of site.

Clayton and Johnnie Stephens- time, labor and aoetidn
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