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ABSTRACT

The use of hollow core bars in micropiles has dyaatreased over the past ten years.
Hollow core construction, also known as “self @dl, is becoming a popular option

because it allows a faster installation processes ground improvement at the same
time. Despite the growing demand for hollow bar nopiles, little work has been

devoted to evaluating the nominal bond strengtlhwéen the micropile grout and the
surrounding soil, especially in clayey soils. Muwrer, the performance of such
micropiles under different kinds of loading is Istdrgely unknown and needs to be

investigated.

In this study, a research methodology encompadsiogprimary elements is adopted.
The first element is a series of full scale fielddses on hollow bar micropiles installed in
cohesive soils, while the second is numerical itigasons on hollow bar micropiles. To
accomplish the study, four hollow core micropilesrevinstalled using an air flushing
technique employing large drilling carbide bits. dmy-two load tests were conducted on
the four hollow bar micropiles. The hollow bar nopies were loaded in four
consecutive phases, which included; five axial ntonig, five axial cyclic load tests on
single micropiles, four axial monotonic tests orrgpaf hollow bar micropiles, two
monotonic and six cyclic lateral tests on singlenopiles. The results of each set of tests
were utilized to validate a numerical model. Par@imestudies were conducted on the
calibrated model to provide design guide linestfollow bar micropiles under different

loads.



An equation is proposed to estimate the axial dapaxd hollow bar micropiles in
cohesive soils depending on the installation met#mbapted. In addition, an equation for
the stiffness degradation under axial cyclic logdsproposed. It reveals that the group
efficiency factor for hollow bar micropiles shoue taken equal to 1, despite the spacing
to diameter ratio employed. Moreover, a family oferaction factor diagrams is
established to estimate the settlement of hollownhiaropiles group. Finally, the study
demonstrated that hollow bar micropiles can cargdenate lateral loads with proper

reinforcement configurations and pile head fixiondition.

Keywords

Micropiles, hollow bar micropiles, monotonic anctly field test, cohesive soils, finite

element analysis, micropile group, lateral behawond strength.
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CHAPTER 1
INTRODUCTION

1.1 Overview

A micropile is a small-diameter (typically less th&00 mm) specially drilled and
grouted pile. Micropiles are constructed by drdlia borehole, placing a steel reinforcing
element into the borehole and grouting the borehDhey are typically reinforced by
solid central bar that occupies about one-thirthefhole volume. The grout is placed by
gravity, under pressure methods or by a combinatibioth (post grouting). Thus,

micropiles can be considered as small drilled-shaft

Micropiles are advantageous because they can bal@usin most soil types and rocks.
In addition, they can be installed in karstic linogee, glacial till with boulders, urban fills
and soils with high water level causing minimumtaisance to adjacent structures, soil,
and the environment. Due to the small size ofaifetion equipment, micropiles can be
installed in very limited head room with accesdtieBve environments. These
advantages combined make the micropiles, in sotnatgins, not only the optimum deep

foundation solution, but the only feasible one.

Structurally, most of the applied load on convemticcast-in-place piles is resisted by the
reinforced concrete; enhanced structural capasiachieved by increased cross-sectional
and surface area. However, micropiles rely on logbacity steel elements to resist most
or the entire applied load with the surroundingugreerving mainly to transfer, through

friction and/or adhesion, the applied loads from steel to the surrounding soils.



The special drilling and grouting methods used ioropile installation allow for high

grout/ground bond values along the grout-groundrfate. The grout transfers the load
through friction from the reinforcement to the gnduin the micropile bond zone in a
manner similar to that of ground anchors. The ggyatind bond strength achieved is
influenced primarily by the ground type and grogtmethod used. Due to the small pile
diameter, any end-bearing contribution in micropiegenerally neglected (FHWA NHI,

2005). Micropiles can therefore resist significarial loads, as well as moderate lateral
loads, either as individual elements or servingoag component in a composite

reinforced soil/pile mass, depending on the desacept selected.

1.2 Historical Background

Historically, micropiles have been introduced asramovative foundation system mainly
to be used for retrofits and underpinning of suiues that had sustained damage during
World War II. The first generation of micropiles rgeconceived in Italy by Dr. Fernando
Lizzi in the 1950’s in response to the requireméort the underpinning of historic
buildings where access for conventional piling pguent was not possible. This
generation of micropiles was called thmlb radice’ or “root pile”. Thepalo radiceis a
small-diameter, drilled, cast-in-place, lightlynmirced, grouted pile that can carry load

less than 100 kN.

The second generation of micropiles was developetie 1970’s, which were installed
by using either an open or cased hole drilling meéthrhis generation was known with
various names including: mini piles, pin piles, dieepiles and in North America by

“GEWI-Pile”. These micropiles were typically a pseire grouted pile of small diameter



with a central mono all thread bar, which is encédsd in a cement grout body. This
generation of micropiles is capable of carryingdl@aexcess of 1500 kN, if embedded in
soils, and 3000 kN if embedded in rocks. In 1968, Federal Highway Administration
(FHWA) and the International Society of Micropild$M) internationally standardized

the name of the new piles to “micropiles”.

A new generation of micropiles was devised by Elsstiebeck in 1983; and named The
Titan Injection Bore (IBO) micropile. A continuoyshll threaded hollow steel bar is
used as the drill steel, allowing drilling and giiag to proceed simultaneously without
the need for a casing. A sacrificial bit that camtaopenings that allow for pressure
grouting of the surrounding soil is threaded o ¢nd of the hollow bar, and is left in
place following drilling. The drilling fluid (airwater, or grout) is introduced through the
hollow bar and allows the spoils to flush from therehole. This also improves the
density and support capability of the surroundiag. $igure 1.1 depicts the hollow bar

micropile system components.

The system had historically been known as “seltidg anchoring” because the hollow
fully-threaded bar serves as both the drill stamgl the grouted anchor, thus installation
is performed in a single operation (William FormeGnd Anchor system 2010). In
addition to IBO and self-drilled anchoring, sevemames were used to describe the new
micropile such as injection bars and hollow core ro&ropiles. In this study, a generic

name is employed to identify this kind of micropit®llow bar micropiles.

The use of hollow bars for micropile constructicasigreatly increased over the past 10

years. Hollow bar construction became a techniqaéeped by many contractors in the



piling industry because it allows drilling, insttiion and grouting of the pile
simultaneously. It eliminates the need to remowedtill string after completion and the
casing for collapsible ground conditions. As aulgsit increases production rates
typically by 2 to 3 times, which decreases the aNarost of the project. The dynamic
installation employed in hollow bar micropiles puogs a rough borehole with an
increased geotechnical connection to the soil and enhances the geotechnical grout/

ground bond developed along the micropile shatft.

All thread

Hollow bar

Scarifie Flushing

drilling bit

Figure 1. 1. Hollow bar micropiles system componeast(after micropiles brochures-
Con-Tec system Ltd. 2011)



1.3 Research Objectives

This research is focused on investigating the hebawf hollow bar micropiles in

cohesive soils. The main objectives of this thasts

1. To investigate the monotonic and cyclic axial perfance of hollow bar

micropiles through full-scale field load tests.

2. To develop finite element models to simulate thégumance of micropiles under
different loading conditions. The numerical modate calibrated with the field
tests results, then employed in order to estabisiuelines for hollow bar

micropiles considering their installation technique

3. To assess the degradation of hollow bar microfiléness due to axial cyclic

loading through field test results and the calixldinite element model.

4. To evaluate the group action of pairs of hollow baicropiles under axial
loading, and to recommend an efficiency group fadtwat can be used to

calculate the hollow bar micropile group capacity.

5. To develop a set of interaction factor graphs taat be employed to estimate the

settlement of a group of hollow bar micropiles.

6. To examine the behavior of hollow bar micropilesi@nmonotonic and cyclic
lateral loading, and propose guidelines for theitedal response analysis

employing appropriate numerical model.



1.4 Research Methodology

The goals of this research will be fulfilled thradugvo primary elements: performing a
series of physical field load tests on hollow congcropiles; and developing two-
dimensional, 2D, and three-dimensional, 3D, fimlement models. The field load tests
involve the construction of full-scale hollow carecropiles and load testing them under
different loading conditions. The load testing pwog encompasses four different and
consecutive phases. The first phase includes awr@hotonic load tests on single
micropiles. The second phase involves a seriesiaf ayclic tests on single micropiles.
The third phase employs axial monotonic tests ars pé hollow bar micropile, while the

last phase encompasses lateral monotonic and dyaticests on single micropiles.

The results from the field tests will be used tdibcate and verify non-linear finite
element models for the soil-micropiles system prioge and geometry. Upon calibrating
the numerical models, they will be employed to gasut a parametric study. In the
parametric study, the performance of the micropdé- system will be evaluated
considering different conditions that have not bewmstigated within the scope of the
physical load testing program. The results obtaifieth the field tests and the finite
element analyses will be analyzed in order to distaldesign guidelines for the hollow

bar micropiles under different loadings and confagions.



1.5 Organization of the Dissertation

This thesis is comprised of eight chapters. Thst futhapter (Chapter 1) provides an
historical background to the micropiles under inigagion and introduces the research

objectives and methodology of this work.

Chapter _two presents a review of the-state-of-practice, indgdthe classification
system and design consideration for different typésmicropile, followed by brief
description of previous studies that were condutdadvestigate the design methods and

analysis considerations of micropiles.

Chapter three describes the soil investigation program for #st site. The soil field and
laboratory tests conducted to determine the redusml profile and properties are also
presented in this chapter. In addition, the matepraperties of the grout used for

micropiles construction are provided.

Chapter four presents the different hollow bar system partderras, and installation

techniques, with an emphasis on the installatiohrigjue and accessories employed.

Chapter five: documents the axial monotonic and cyclic loadiests procedures and
results of the first and second phases of loadntggirogram. In addition, a detailed
description of the 2D finite element model estdid utilizing the ABAQUS finite
element analysis software to simulate the fieldsteBurthermore, a summary of the
parametric study is provided including some guitkdi that can be used to calculate the
capacity of hollow bar micropile under axial loaglirFinally, a method is proposed to

evaluate the degradation of the axial pile stiffnesder cyclic loading.



Chapter six: presents the details of the axial monotonic logdiatup, procedures and
results conducted on pairs of micropiles. A fulsdgption of the 3D geometric finite
element model developed to simulate the field testalso provided. In addition, the
results of the numerical investigation of micropieup capacity are summarized and a
group efficiency factor is proposed to account gooup effects. Moreover, a set of
interaction factors graphs is elaborated to esérnttad settlement of hollow bar micropile

when used in groups.

Chapter seven:reports on the lateral monotonic and cyclic logdiests procedures and

results conducted on the hollow bar micropiles. Thmponents of the load test setup
designed to apply lateral load to a pair of miclkegpsimultaneously are explained. The
numerical analysis adopted to simulate the monotlateral tests utilizing the-y curves
approach employing the LPile software is also presk A parametric study on the
monotonic behavior of hollow bar micropiles undatetal loading is given. In addition,

some recommendations for lateral performance ofapites are provided.

Chapter _eight: includes the summary and conclusions together retiommendations

for future research.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Micropiles are gaining popularity as an efficieeeg@ foundation system. Over the last 30
years, a considerable number of field and laboydtmad tests were performed by either
contractors or researchers on different types afopiles in attempts to provide a more
rigorous way to estimate the capacity of micropildet surprisingly, the current design
practice for micropiles is based either on the meshdeveloped for large diameter
drilled shafts and ground anchors (e.g. codes agetifscations available in North
America), or simplistic interpretation of micropilead tests. Design methods developed
for large diameter piles may not be suitable focropiles due to the unique load transfer
mechanism in micropiles, which relays on the higbugground bond between the pile

and the surrounding soil arising from the instadlatmethod adopted.

The following sections in this chapter provide aebrdescription of the worldwide
micropile classification system and the design weration for micropiles. This will be
followed by a review of the published research edsing the previous and current
practices in micropiles industry. The purpose afisa review is to evaluate the adequacy
of previous work and to establish the scope ofdingent research. Special attention is

particularly focused on hollow bar micropiles.
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2.2 Micropiles Classification

Micropiles have been adopted worldwide for a variet applications. Most recent
applications involve using micropiles for underpmm of existing foundations that
support structures subjected to additional axiatl/@n lateral loads. In addition,
micropiles have been used in seismic retrofittipgl@ations, especially in west North
America. Nowadays, micropiles are increasingly usefoundation for new construction
in urban areas, abutments and piers foundationsg wirbines, and transmission and
communication towers. In parallel, micropiles ased worldwide for slope stabilization
and heave prevention applications. The varietyppliaations necessitates using different
types of micropiles, some of them may be similashiape and reinforcement, but differ

significantly in terms of performance.

Not until 1997, the FHWA published a 4-volume rdpsummarizing the state-of-the-
practice for micropiles including a comprehensivieropiles classification system. This
system is based on two criteria: (1) Philosophpetiaviour (design); and (2) Method of
grouting (construction). As defined by the FHWA @¥9 2000, and 2005), the

philosophy of behaviour indicates the method emgidioyn designing the micropile,

whilst the method of grouting defines the groutigmd bond strength, and thus, the
micropile capacity. The classification system igtroed by the FHWA consists of a two-
part designation: a number, which denotes the pilerdoehaviour (design), and a letter,

which designates the method of grouting (constoagti
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2.2.1 Design classification of micropiles

In accordance with the FHWA NHI (2005), micropilese classified based on the

philosophy of behaviour into two different casedsgp

Case 1 micropiles: These are directly loaded mit@spStructurally, the load is resisted
by the steel reinforcement and geotechnically k& dhout/ground bond strength of the

individual piles. Case 1 micropiles can be usesigles or in groups.

Case 2 micropiles: is used in a reticulated arrarege: such that they serve as reinforcing

elements to the soil to create a composite reipfbsoil mass system.

These two design concepts are illustrated in Fig.2Micropiles used for structural
support are usually loaded directly and, therefarategorized as Case 1 design

philosophy.

2.2.2 Construction classification of micropiles

Micropiles are an installation dependent piles; riethod used during construction and
grouting of the micropiles will affect its performee dramatically upon loading. Hence,
the second part of the micropile classificationeleped by the FHWA consists of a letter
(A through D) based primarily on the method of gimog utilized during construction.
This is because the grout-to-ground bond capadiyey according to the grouting
method employed. There are four principal methddgrouting employed in micropile
construction as depicted in Fig. 2&xcording to the classification set forth ByHWA NHI

(2005), each grouting type can be further defireed a



12

VERTICALooy gp  WATERA=D o
SHAFT

MICROPILES SHAFT

SUPPOAT VE

T ERTICAL LOAD
ARDLATERAL LOADS (IF NEEDED)

(b) RETICLLATED STRUCTLU

Figure 2. 1. Micropile classification system basedn philosophy of behaviour (after
FHWA 2000) (a) Case 1 (b) Case 2
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» Type A (gravity grouted micropiles): The grout isged in the pile under gravity

only.

* Type B (low pressure grouted micropiles): Groutorgssures are typically in the
range of 0.5 to 1 MPa, with neat cement grout teganto the drill hole under

pressure as the temporary steel casing is withdrawn

» Type C (high pressure grouted micropiles): The weatent grout is first placed
in the hole under gravity head as for Type A, efobe hardening of the primary
grout, similar grout is injected once with a pregld sleeved grout pipe at a

pressure of at least 1 MPa.

 Type D (post-grouted micropiles): This involvesveoistep process similar to
Type C. The neat cement grout is first placed ugdavity in the hole as for Type
A or C. When this primary grout h&ardened, similar grout is injected via a pre-
placed sleeved port grout pipe. The use of a paiciggde allows that specific
horizons can be treated several times if necessapyessures between 2 and 8

MPa.

Additional sub classification numbers (e.g., Al,,Ahd A3) sometimes are used to
indicate the type of drill casing and reinforcemesed. These sub-classifications also
represent the type of reinforcement required byigthege.g. reinforcing bar, casing,
none). Hence, according to the FHWA, the final coret classification system of
micropile is based on design application (i.e.,€Casor Case 2), micropile type (i.e.,

Type A, B, C, or D) and reinforcement used (i.e2,lor 3).
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Figure 2. 2. Micropile classification system basedn method of grouting (after
FHWA 2000)
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2.2.3 Classification of hollow-bar micropiles

In this type of micropile, the solid central monarpusually used as reinforcement, is
replaced by a hollow core one. By threading ont lilar a sacrificial bit that contains
openings, the hollow steel bar is employed as thiénd rod during installation, then as a
conduit for delivering the flushing fluid (air, weat or grout) under pressure through the
lost bit holes allowing the spoils to flush frometboreholeUpon reaching the desired
depth, the grout is pressurized through the holbawto fill the annulus between the bar
and the hole. Typically, a pressure between 0.52aMPa is used during flushing, and
between 2 to 6 MPa during grouting. Figure 2.3siitates a final produced hollow bar

micropile in the ground.

Hollow bar micropiles represent a unique groutipget due to the dynamic process of
simultaneously installing and grouting the pile disieiring construction. However, most
of the data published in the literature categoritezl hollow bar micropiles as Type B,
only because it is pressure grouted. The diffexelnetween Type B micropiles and
hollow bar micropiles, however, lies in the defimit of the FHWA for Type B

micropiles as: “pressure grouted micropile as #raporary steel casing is withdrawn”.
A hollow bar micropile does not need a temporagelstasing to be installed and is
grouted much higher pressure (not less than 2 M&apared to Type B micropiles. The
aforementioned differences between hollow bar angheT B micropiles call for

categorizing the hollow bar micropile as a new tgpenicropiles construction, the author
proposes Type E. However, as will be elaborateat,lhis classification is still missing a
comprehensive set of data characterizing theiropeidnce in different types of ground

and under different types of load.



16

Spherical collar nut

Bearing Plate

HDPE tube for free lengtf
or additional corrosion
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Drill Bit

Flushing holes or jets

approx.
1 -2 x drill bit @ D

p
Figure 2. 3. Final hollow core micropile (after CoRrTec system Ltd. 2011)

2.3 Design Consideration of Micropiles

Conventional drilled shafts are characterized bgdacross-sectional area resulting in
huge structural capacity and stiffness. Thus, &&gh of those piles is governed by the
geotechnical capacity contributions from its shaitd base resistances. Unlike
conventional drilled shafts, micropiles have a $roaldss-sectional area, and hence low

base resistance. On the other hand, micropilesbgxtigh grout/ground bond strength
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that will typically result in high geotechnical bacapacity through shaft resistance.
However, micropiles must be designed to supportathiécipated loading conditions at
tolerable stress levels with resulting movementsdevithin allowable limits. Hence,

micropiles should be designed for both structunal geotechnical load capacities.

2.3.1 Structural design of micropiles

No doubt, the structural capacity will govern tbad capacity of micropiles founded in
rock. Micropiles structural design can be perforneehsidering either the load and
resistance factor design (LRFD) or the service Idasign (SLD) approaches. In either
approach, the factors utilized are governed byldbal building codes. For example, in
accordance with the FHWA NHI (2005), the allowaldtructural capacity of the

micropiles is calculated from:

R-allowable= 0.4 f:lAg + 0.47 t/As (2-1)

Under compression, and:

Rallowable= 0.55 § As (2.2)

Under tension loads

Where: R.aiowable IS the allowable compression capacity of the nude P-aiowabie IS the
allowable uplift capacity of the micropile, is the compressive strength of the grout
(typically after 28-days),,fis the yield stress of steel,gAs the area of the grout in

micropile section, and As the steel area in the micropile section (baasirmm).
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The load factor of the steel and the grout in thereanentioned equations are also
suggested by the AASHTO (2002) if the SLD methoditiized in design. However,
NYSDOT standard specifications (2008) recommendgusi factor of 0.5 for steel and

0.33 for grout in calculating the allowable compiea capacity.

Strain compatibility under compression loads shoblkl considered for the steel
components and grout by limiting allowable compressstresses to the minimum
allowable for any individual component (i.e., steating, steel reinforcement, or grout).
Therefore, the maximum yield stress of steel taged in Eq. 2.1 is the minimum of: (1)
yield stress of steel reinforcing elements, and @aximum stress based on
considerations of grout failure. Since, the maximusable strain at the extreme concrete
compression fiber is equal to 0.003; thereforghd grout is limited to a compression
strain of 0.003, the steel components must alsiinbted to this value. The stress in the
steel at this strain level is equal to the Youngisdulus of steel, &e multiplied by
strain (i.e., 0.003). For a typical Young's modultor steel of 200,000 MPa, the
allowable steel yield stress is then 200,000 MP@.603 = 600 MPa. Therefore, the
maximum stress based on considerations of groutdais 600 MPa. This value must be
compared by the yield stress suggested by the raetuwér of the micropile steel

elements in use.

Other considerations must be evaluated to comphhetestructural design, including: the
effect of coupled sections on compression capagitynicropiles; the possibility of

buckling of the cased length of micropile, if preseln addition, allowance for corrosion
is an essential aspect in the design of micropskescturally, but only in aggressive

grounds. The corrosion protection for reinforcirtge$ can be provided by numerous
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methods such as grout protection, epoxy coatinggalvanized coating. Corrosion
protection for outer steel casing subject to corsgike loads in aggressive environments
is considered by including a sacrificial steel kiniess in the design. However, casing
should not be used to carry tension loads in agyesground environments (FHWA

NHI 2005)

For micropiles subjected to significant lateraldaa overturning moment, it is important
to account for the combined axial compression atlimg of the upper portion in their
design. Richards and Rothbauer (2004) proposednabiced stress check that can
account for the contribution of the grout inside #asing to the compression capacity.
This method assumes that buckling potential isigidg¢. The Richards and Rothbauer

combined stress check is given by:

Pe , Mma _49 (2.3)

Pc - allowable Mallowable

Where: R-allowableis determined from Eg. 2.1, B the maximum axial compression load,
Mmax IS the maximum bending moment in the micropiled @alowable = 0.55 f x

2|casinJOD.

2.3.2 Geotechnical design capacity of micropiles

For micropiles with cased segments, the geotechruapacity of the micropile is
evaluated based on the uncased length only. TinggHas referred to as the bond zone or

bond length. The ultimate geotechnical capacity,i®calculated from:

Pc = 0pbond @ Dy Lb (2.4)
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Where:apongis the grout to ground ultimate bond strengthjsthe diameter of the drill

hole; and L is the bond length. The allowable geotechnical ciéypaPs. alowable IS

obtained by dividing the ultimate geotechnical aayaby a prescribed factor of safety,
FOS. If the objective for the geotechnical designa evaluate the length of this bond
zone required to resist the applied tension andocession loads with a prescribed factor

of safety, FOS, Eq. 2.4 takes the following form:

_ Pc— allowable FOS

2.5
Obond 7T Db (2.5)

b

Table 2.1 provides the grout to ground ultimate dostrength suggested by the FHWA
NHI (2005). The table includes ranges for the fo@thods of grouting (Types A, B, C,
and D) installed in different ground conditions.w#ver, these values vary with ground
conditions and installation techniques and higlmrdovalues may be used but only upon
proper evaluation, documentation and load test.dddae to its small diameter, any
contribution of the micropiles end bearing resistano the geotechnical capacity is

neglected unless the micropiles is installed imslowck (FHWA NHI 2005).
2.3.3 Design consideration of hollow bar micropiles

The structural design of hollow bar micropiles ie different than other types of
micropiles. From a geotechnical prospective, FHWHIN2005) considers the hollow
core micropiles as Type B pressure grouted micespil The general practice for
estimating their geotechnical capacity is to usadbstrength values that are given in

Table 2.1 for type B micropiles, depending on tkpegience of the design engineer. In
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addition, the value of the diameter,,Dn Eq. 2.4 is taken as the drilling bit diameter
multiplied by an enlargement factor. MacLean (20%8pwed that this enlargement
factor was between 1.2 and 1.4 for hollow bar npdes embedded in cohesive soils and

between 1.3 and 1.5 for hollow bar micropiles endleelin cohesionless soils.

As an alternative of the bond strength provided tbg FHWA, MacLean (2010)
recommended using the minimum or the average bwadgth values given by the Post-
Tension Institution, PTI (2004) for permanent puged grout anchored in either soil or
rock. As will be shown in the following sectiongtformer bond strength values are more
accepted worldwide than the latter values for hellmar micropiles. The bond strength
values should be confirmed by at least one vetiboaest, and proof tests on 5% of the
produced hollow bar micropiles. However, until ndiwere is no comprehensive set of

data specified for hollow bar micropiles bond sgytén

2.4 Review of Previous Studies

A relatively wide range of field and laboratory estigations had been performed
attempting to evaluate the actual performance o€raopiles. These experimental
investigations had been concerned with the loated@n behaviour of micropiles both
singly and in groups, loaded statically and/or aly, in the axial and lateral direction.
Additionally, numerical investigations were carriedt to cover a variety of micropile
types and soil conditions. A review of the avaitabterature on micropiles is presented
herein. The presentation will be divided into twaimsections. The first section will

cover selected documented published data on diffegges of micropiles, while the



22

second section will focus on all the availablediébad tests of hollow bar micropiles

subjected to different loading conditions

Table 2. 1. Typicalayong (Grout-to-Ground Bond) Values for Micropile Design (after

FHWA NHI 2005)

Soil/Rock Grout-to-ground bond ultimate strengths,
Ohonds kPa
Type A TypeB TypeC TypeD
Silt and clay (soft to medium plasticity) 35-70 35-95 50-120 50-145
Silt and clay (stiff, dense to very dense) 50-120 70-190 95-190 95-190
Sand (some silt) (fine, loose-medium dense) 70-145 70-190 95-190 95- 240
Sand (some silt, gravel) (fine-coarse, med.-very 95-215 120-360 145-360 145-385
dense)
Gravel (some sand) (medium-very dense)
95-265 120-360 145-360 145-385
Glacial Till (silt, sand, gravel) (medium-very dens,
95-190 95-310 120-310 120-335
cemented)
Soft Shales (fresh-moderate fracturing, little to 205-550
weathering) N/A N/A N/A
Slates and Hard Shales (fresh moderate fracturing, 515-1,380 N/A N/A N/A
little to no weathering)
Limestone (fresh-moderate fracturing, little to no 1,035-2,070 N/A N/A N/A
weathering)
Sandstone (fresh-moderate fracturing, little to no 520-1,725 N/A N/A N/A
weathering)
Granite and Basalt (fresh moderate fracturing, 1,380-4,200 N/A N/A N/A

little to no weathering)
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2.4.1 Investigations of different types of micropiles

This section recounts selected case studies aiesmigropile field load tests. These tests
have been conducted on a variety of micropile typededded in a gamut of soll
conditions, and loaded both monotonically and cgtly either in the axial or lateral
directions. In parallel with the field tests casesme of the numerical investigations
conducted considering different types of micropilaee reviewed. The available

analytical and theoretical solutions for micropitge summarized here as well.

2.4.1.1Axial field load testing

Bruce et al. (1993) performed laboratory and figlsts on different micropile types and
configurations. The laboratory testing program emgassed three phases considering
three different configurations: single groutedefill steel casing, simulating the upper
section of cased micropile; grouted filled steddiog with connecting section employing
threaded ends; and internally reinforced grout moiuto simulate the lower bonded
length. The field tests were conducted on Type Arogiles embedded in rock and Type
B embedded in soils. Each set of field tests wasdaoted on two different
configurations; with and without internal reinfongent steel cages, but both were
reinforced by outer casing. The data gained froesehtests was used to develop the
Elastic Ratio concept, which is proving to be ukefianalyzing and predicting micropile

performance and the phenomenon of progressive dalpwith increasing load.

Gronek et al. (1993) reported a case history ofropites used for retrofitting the

foundation of a major grain-export facility, thré@ year old silos, in Vancouver. The
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project involved 840 x 176 mm diameter micropil€lsree load tests were conducted to a
maximum load of 200% of the working load (300 tofMhe pile deflection measured at
working load was 9.5 mm. The silos experienced athquake after construction was

completed, and the maximum settlement observedesaghan 9.5 mm.

Russo (2004) presented two full-scale load testgstnumented micropiles constructed
as single post grouted Type C following differembgedures. He used an innovative
technique to install embedded vibrating wire strgauges. The load test results
demonstrated that the installation procedures tsdnaficant influence on the micropiles

performance.

Han and Ye (2006 a and b) investigated the behadfignicropiles in soft clay. Four
Type A, gravity grouted, micropiles were installed Shanghai clay, China. The
micropiles were instrumented by vibrating wire strgauges to evaluate their load
transfer mechanism. Two sets of tests were conduictiheir field study: monotonic load
tests on single micropiles including two compressaod two tension tests (Han and Ye,
2006a); and one pile group test on the four midespio mimic the behavior of a
foundation underpinned by micropiles (Han and Ya)6b). The results of the single pile
load tests revealed that the mobilized ultimat@ $kiction for micropiles was between
0.9 and 1.2 of the undrained shear strength paesnoétsurrounding soil. They also
found that the load transfer at the pile toe dusigle pile load tests was between 8.7
and 12.5 % from the applied load. From the fourropde group, the authors confirmed
that micropiles represent an excellent solutioartderpinning foundations through strain
gauges reading. The micropile carried about 80%efadditional load applied during

the pile group test, and the rest were carriechbyaft (supported on the ground).
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Thomson at al. (2007) presented the results of agrapression, axial tension and lateral
load tests on pre-production micropiles prior te usicropiles in upgrading the existing
pier foundations of the Nipigon River Bridge in @no, Canada. The micropiles cross-
sections were reinforced with outer steel casirgg (@&m outside diameter, 13 mm wall
thickness), additional inner steel casing, andealdhread bar that was extended to the
full length of the micropile. Among the six pre-guation micropiles, three micropiles
were gravity grouted and three were pressure-positegd. Thomson and his co-workers
noted that the ultimate bond resistance under cesspn at the grout-ground interface
was between 140 kPa and 250 kPa. They concludéth&haltimate bond resistances for
pressure grouted micropiles provided in FHWA (20@Ppear to be reasonable. They
observed that uplift failure of the micropile didtroccur. However, the uplift tests were
terminated based on structural strength of theraksteel bar. The calculated average
mobilized grout-ground bond stresses under uptitids along the micropiles were
between 150 kPa and 190 kPa. As they noted, thieuitisgrout volumes were
significantly higher than the theoretical borehalelumes. These additional grout
volumes indicated that the diameters of the uncasiedopile portions were generally

greater than the diameters assumed in design.

2.4.1.2Cyclic field load tests

Cavey et al. (2000) documented the results of esef cyclic load-reversal tests on
pressure grouted Type B micropiles embedded ineldosmedium sand and silt. The
results showed that the reversed cyclic loadinguged significant reduction in the

micropile capacity. Their observations indicatedttmicropiles installed in cohesionless
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soils have a critical level of repeated loadingt tisawell below the ultimate micropile

capacity under static conditions.

Gomez et al. (2003) performed an instrumented teatlon a micropile founded in rock

subjected to cyclic load increments. The analys$ishe test results provided a useful
insight into the mechanism of load transfer. Fréva bond strength values calculated
based on the test results, they concluded thatigalydebonding of the grout-ground

interface did not occur. However, post-peak reaductf bond strength was observed,
which induced a progressive increase in the eldstigth and elastic ratio of the

micropile under increasing loads. They confirmeat determination of the elastic length
of the micropile is useful for assessing microp#sponse. Gomez and his co-workers
highlighted the limitation of the elastic length papach in cases where significant
residual elastic compression exists upon unloadumg to locked-in bond stresses along

the micropile. This may provide un-conservativiénestion of bond strength.

Yacyshyn (2007) reviewed two full scale verificatitbad tests employing quasi-static
alternating compression and tensile loads, withdyoamic component. The tested
micropiles were 14.3 m embedded in sandy soils diagneter of 133 mm. The
micropiles were primary grouted under 517 kPa pmesdollowed by one stage of post-
grouting to 5,170 kPa (i.e. Type C). The cyclicttetarting from a 250 kN tension
alignment load to 600 KN compression load by insirgga compression loading 75 kN
each successive cycle. The author stated thatetmament movement of the micropiles
under cyclic loading recorded at maximum compressenged from 2.6 to 4.5 mm.

while, the permanent movements of the micropiledeuntension load ranged from 4.5 to
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8.2 mm. He noted that cyclic performance of midexi especially number of load

cycles, in different soils should be documentebelp designers for future projects.

2.4.1.3Lateral experimental load tests

Richards and Rothbauer, (2004) compared the resultteral load tests, performed as
part of eight different projects, with the respopsedictions using LPILE (Ensoft, Reese
et al. 2000), NAVFAC (1986), and characteristicdoaethod (Duncan et al. 1994). The
observed deflections of the lateral load tests wgereerally less than the predicted values.
They attributed this to the typical conservatisnagsigned soil parameters or neglecting
elastic “passive surcharge” due to the top of tike Ipeing below ground surface. The
observed responses had shown that the laterapledormance was very sensitive to the

soil type and shear strength in the upper 2 tod the pile.

Long et al. (2004) presented the results of 10dhlead tests conducted on micropiles
15.2 m long installed in clay overlying sand. The&nopiles were reinforced with a

central high-strength threaded bar along the er¢ingth. The bending stiffness and
capacity in the upper 9 m of the micropile wereréased by including a 244 mm-OD
casing with a 13.8 mm thick wall. They compared ribgults of the tests with behaviour
predicted using the conventional p-y curves apgroamploying the program LPILE.

The calculated and measured displacements wereaod gverall agreement within +10

percent.

Juran et al. (2007) conducted a series of censifugsts on micropile groups and
network systems to investigate the system resptmsarthquake loading as well as the

superstructure-soil-micropile interaction. The sesere performed on models of vertical
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and batter micropiles embedded in loose to mediynsdnd under different levels of
shaking. One of the study findings was the positiveup effect increasing with the
number of piles and the batter angle. Additionaliyyas found that pile inclinations of
10° and 30° resulted in substantial improvementshan superstructure response with
acceleration reduction up to 40 percent of thaaioled in the case of vertical piles. Juran
et al. (2007) performed numerical analyses usimgnams LPILE and GROUP (Ensoft,
Reese et al. 2002) in a pseudostatic analysis apprm simulate the centrifugal model
tests. The comparisons between the numerical apdriexental results confirmed the
ability of the numerical models to predict the sg@sbehaviour of micropile groups and

network systems.

2.4.1.4Case histories on micropiles

Traylor et al. (2002) explored using micropiles karst ground to provide structural
support as a foundation system. They reported ttase histories of Type A micropiles
on karstic bedrock. The working load ranged betw@@d to 1000 kN in compression.
They calculated the average ultimate bond valuds/pé A piles in massive hard rock to
be in excess of 17.5 MPa. They argued that for@nsdin rock, bond lengths greater than
about 3m rarely produce much increase in capaexgept for the case highly variable

elevation of the founding rock.

Cadden et al. (2004) summarized 14 case studiestegpin the literature involving
different types of micropiles, mostly constructedrock. They evaluated the allowable
capacity of a typical 178 mm OD, 12.5 mm wall mite installed into a 203 mm dfrill

hole using different codes guidelines. They foumat the allowable structural capacities
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ranged from about 800 to 2100 kN. However, the lemsting of this pile confirmed that
it sustained more than 4000 kN without displayimy aign of failure. These findings
demonstrated that most codes underestimate theitapé micropiles and underscored
the need for more complete database on achieved stoesses, or on measured bond
strength in micropiles installed in different gegiltal environments in order to improve

the codes recommendations for their design.

Jeon (2004) examined the load-displacement behawviolwenty one axial compression
tests from ten different sites. Eight tests wendgsmed on Type B, C and D micropiles
constructed in cohesive soils and the rest wastearied in sand. The capacity of the
micropiles established from the field tests werepared with the design values using
alpha and beta methods for drilled shafts. Theltesihowed that micropiles can have
much higher unit skin friction compared to largéardeter drilled shafts, especially at
shallower depths with D/B 100. He reported that the unit skin resistancenicfopiles

was 1.5 to 2.5 the values for drilled shafts. Heikatted this increase to the different

grouting methods employed during installation o€ropiles.

Holman and Tuozzolo (2006) analyzed three instruatemicropile load tests from two
case histories. A total of 34 vibrating wire spatlelable and embedment strain gauges
were employed in the three load tests. Two of tipikes were tested to plunging failure
and one to impending failure. They found that tile pecant modulus degraded with
increased strain level, primarily as a functiontled nonlinear behaviour of the cement
grout, however, linearized degradation relationshigere synthesized for the load test
data sets and found to be reasonable when comfmatid field data. Moreover, the load

distribution in the bond zone of the tested pilessvgenerally non-uniform, indicating



30

that the mobilized unit bond stress was not constidre authors noted that the plunging
failure demonstrated that significant tip resiseamas mobilized in a nonlinear fashion,
even at loads less than that causing plungingr&ailhe former finding conflicted with
the assumed behaviour in state of practice in rilrodesign. However, it could
potentially be used to produce more efficient mksigns for suitable situations (i.e.
where the soils at the micropile tip are equallyrmre competent than those of the bond

zone).

2.4.1.5Analytical and theoretical analyses

Misra et al. (2004) proposed analytical relatiopshito describe pullout load-
displacement behavior accounting for micropile—saoieraction. They considered a
partially bonded micropile, consisting of a top detled zone and a bottom bond zone
such that it transmitted its load to the surrougdoil. Furthermore, they assumed that
the micropile—soil interface behaved as elastiégotly plastic and homogeneous
material such that the effects of soil layering gndut inhomogeneity were averaged.
The model was shown to replicate the field measiwad-displacement curves from
different case studies. The analyzed case studées @amployed to develop preliminary
data for the dependence of micropile—soil interfabear strength and shear modulus

upon grout or post-grout pressure utilized.

Cadden and Gomez (2002) considered the effect ckling on the capacity of
micropiles and produced a graphical chart baseith®@fuler buckling equation. It can be
used as a tool for checking whether buckling ofiveerg micropile section should be

explored further for a given site. However, thisogedure neglected the grout
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contribution in the buckling evaluation. The auth@lso noted that the evaluation of
lateral and buckling capacities of micropiles skiouhclude a consideration of the
location of threaded connections relative to theastand moment distribution in the pile.

However, the graph was reproduced by the FHWA NiAD).

2.4.1.6Numerical analysis

Ousta and Shahrour (2001) investigated the seibghi@aviour of micropiles used for the
reinforcement of saturated soils numerically. Thealgsis was carried out using
approximation for the fluid-soil coupling and a bgaelasto-plastic constitutive relation
for the description of the soil behaviour implenghtin a three-dimensional finite
element program. The authors showed that the presehmicropiles slightly affected
the earthquake-induced pore-pressure. As they nateeh micropiles were used in loose
to medium sand, the seismic loading induced areas® in the pore-pressure, which lead
to a large degradation in soil stiffness and rasist, and consequently caused a large
increase in the bending moment. However, the greffigct resulted in a significant

reduction in the bending moment.

Sadek and Shahrour (2004) utilized a three-dimeasidinite element modeling to

analyze the influence of micropiles inclination their response to seismic loading. The
study considered two cases: micropiles embeddeal hmmogeneous soil layer with a
constant stiffness; and a soil layer with a deghkell-increasing stiffness. Their results
showed that the micropile inclination improved #sismic performance compared to

vertical piles. The inclination allowed a better bil@zation of the axial stiffness of
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micropiles and consequently leads to a decreadmtin shearing forces and bending

moment induced by seismic loading.

Sadek and Shahrour (2006) investigated numeri¢ayinfluence of the head and tip
connection on the seismic performance of verticed anclined micropiles installed in
linear elastic soil. They indicated that a pinmetnection between the micropiles and
the cap reduced the axial force and bending momentcropiles, especially for inclined
micropiles. For example, a group of four micropilegh a pinned connection inclined
20° to the vertical axis, the maximum bending mondetreased by about 80%. They
also found that embedment of the micropiles tiistiff layer resulted in a dramatic
increase in the seismic-induced internal forcegarticular at the interface between the
two layers. Additionally, the maximum axial foraeluced for a group of four micropiles
inclined 20° to the vertical axis in layered sosvabout 27 times of that obtained in
micropiles with a free tip. However, they recommethdhat additional research is still
needed to evaluate the seismic behavior of miaeepiionsidering the nonlinearity for

both the soil and micropiles.

2.4.2 Previous work on hollow bar micropiles

Despite the growing demand on hollow core bar npites, little work has been devoted
to evaluating its performance under different typédoadings, especially in cohesive
soils. In particular, there is a scarce data abkalaegarding the grout-ground nominal

bond strengthgyong from field load test under compression and/ositam

Bishop et al. (2006) compiled observations on lwolb@ar micropiles over eleven years in

five different projects involving both Class | a@dass Il Titan hollow bar micropiles
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founded in highly varying soils of Salt Lake Cityome projects included load tests on
pre-bid and production micropiles in order to weribad transfer assumptions. They
postulated that the load capacity of a single hollbar micropile was substantially
greater than its crushing strength, when loadetbmpression. In addition, a hollow bar
micropile was capable of creating competent skitiém bond which can carry moderate
to moderately high loads where the stiffness of sb#hollow bar system can exhibit
relatively low deflections under design load. Mareq the capacity of a pile group with
piles placed at 0.5m was at least equal to the afutime individual micropiles, and may
be greater, depending largely upon the amountibfrsprovement that is affected by the

grouting process.

Gomez et al. (2007) analyzed the results of 26Wwdbar micropiles installed to retrofit
two bridges in New Jersey, including 180 in subredrgand and 80 installed in stiff silty
clay. All production micropiles were proof-testep to 150 percent of the design load. In
addition, four verification tests were performed sacrificial micropiles to at least two
and a half times the design load or to failureadidition to their benefits in significantly
reducing the cost and construction time, they destrated that the ultimate bond strengths of
hollow core bar micropiles installed in both graaruhnd fine soils were significantly greater

than that typically expected in pressure-grouteg€lB) micropiles in granular soils.

Telford et al. (2009) reported the results of veafion compression and tension
micropile loading tests conducted on a Titan 73B6 micropile in variable sand and
gravel deposits. The micropile was 9.8 m in leragtd was drilled utilizing 115mm cross
drilling bit. The results verification testing camhed that the micropile was capable of

supporting high compression (1350 kN) and tensigels (980 kN) with small pile head
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movements (15mm). The calculated grout to soil bsnengths from their test program
matched well with the FHWA (2000) preliminary bosiength values when considering
an enlarged pile diameter to 1.5 times the drilloigdiameter. However, the ultimate
capacity of the micropiles was not achieved dutimg pile load tests. Based upon the
small pile head movements, they concluded thaultmate grout to soil bond strength

was expected to be considerably higher.

Bruce and Gurpersaud (2009) replaced 223x324mmedeandriven steel tube piles by
357 hollow bar micropiles to overcome an aquifedemartesian head at shallow depth,
in Toronto. The micropiles could be installed tewations deeper than the 4 m assigned
to driven piles because their grout flush instadlaprocess practically eliminated the risk
of creating a pathway for artesian piping. The &k Titan 52/26 system was
constructed employing 115mm cross cut bit. Fivéed#nt load tests were performed:
two loaded to failure and three proof tests. Thegymtade of applied test loading was
200% of compression design load. The load testgeprohat the micropiles performed

well, both in terms of stiffness and capacity,liege soil conditions.

Bennett and Hothem (2010) conducted a series af tests on hollow bar micropiles
constructed in soft coastal plain soils to supp@avily loaded equipment pads at an
aircraft manufacturing facility. Four pairs of séicial test piles were constructed to
lengths 7 m, 8.5 m, 10 m and 11.5 m. Each pairiofopiles was installed utilizing one
150mm clay bit and one 115mm cross bit for comparign terms of installation
efficiency and load carrying capacity. Each tegt pias tested to ultimate geotechnical
failure. The results showed that the 7 m micropégsined applied axial loads of

approximately 480 kN and 460 kN for the 150mm chaly and 115mm cross bits,
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respectively, at the target settlement value of 6mihe increased axial stiffness due to
hollow bar micropiles construction provided subsitdireductions in settlement even in
very soft soils. Additionally, finite element mduohgy was utilized to quantify the amount
of improvement achieved by the micropiles. The mted settlements from the finite

element analysis was in reasonable agreement lngtbliserved experimental results.

As presented in this section, the majority of theestigations conducted on hollow bar
micropiles focused on the load carrying capacitgarnmonotonic loading. The back
calculated bond value obtained from most of thiel fiests exceed that suggested by the
FHWA (2005) by a factor between 1.2 and 1.5. alsmlow bar micropile is used in
foundation upgrade application, very limited resbawvas dedicated to the group action
of hollow bar micropiles. In addition, the reseam the performance of hollow bar
micropiles response to other loading modes suchaxaal cyclic loading, lateral
monotonic and cyclic loadings is largely absent.nt¢g there is a need for a
comprehensive investigation into the performancehofiow bar micropiles under

different type of loadings and configurations, espky in cohesive soils.
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CHAPTER 3
SOIL INVESTIGATION AND GROUT EVALUATION

This chapter documents the site investigation @ogadopted in this research and the
properties of the grout material used. It is impottto properly characterize the soil
deposits and correctly evaluate soil strengthfngt#fs, and engineering properties. These
properties will be used in interpreting the loask i@ata and in simulating the behavior of
the hollow bar micropiles through finite elementsis. Hence, the soil investigation
program incorporated both field exploration anclabory tests. The grout material used
during installing the hollow bar was laboratorytées and its strength and stiffness

parameters were reported.

3.1 Soil Investigation

3.1.1 Site location and description

The piles were installed and tested at Western étsity Environmental Site, located at
22312 Wonderland RD. N adjacent to Middlesex Courdy # 56. The site is located
approximately 8 km north of the City of London, @b, on a ten hectare parcel of land.
Figure 3.1 shows the location of the site. The gdosurface is flat and is roughly 200

meters above sea level.

3.1.2 Site investigation program
A site exploration program was carried out at & site prior to micropile installation

and field testing. The field exploration prograntempassed two mechanical boreholes
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(denoted BH-1 and BH-2). During each borehole, éhmnsecutive stages were
followed: solid stem auguring, standard penetratest (SPT) with split spoon sampler,
and finally Shelby tube sampling, if possible. Roegly, a mechanical borehole (denoted
BH) was conducted as a part of previous pile tesliss (Livenh 2006). The borehole
was located about 80 m north east of the currestédesite. The locations of the three
available boreholes with respect to the tested opitgs are given in Fig. 3.2. The site
exploration was followed by laboratory testing osturbed and undisturbed samples
extracted from the site. The laboratory testingdumted included determination of

natural moisture content, Atterberg limits, graredistribution, as well as triaxial tests.

Thamesfa

Paplat Hill Ol @
.@ Lolko Hyde Park
: Lobo Siding London i
fithray Kilworth
Komeka : -
@ ’ White Oak \osaley
Mt Brydges, Detaware e s T

Sharan

Glamworth
Tempo

Figure 3. 1. Location of test site (Google Map)

3.1.3 Standard penetration test equipment and procedure

The two boreholes BH-1 and BH-2 were conducteddtoer 2009 as part of the current
study, within the area where the micropiles werstalhed and load tested (Site 1). The

two boreholes at Site 1 are located 16.6 metend.affae two mechanical boreholes were
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carried out and operated using mounted Morocka Rgure 3.3 depicts the used rig and

its components.

Each mechanical borehole involved three stagesfiidtestage was using the solid stem
auger, shown in Fig. 3.3, in cutting the soil addancing the borehole until the desired
depth. Upon reaching the desired depth, a samplér split spoon was inserted and
standard penetration test was performed, Fig. 3Blaring the standard penetration test,
a 50.8 mm external diameter thick- walled sampletwas driven into the ground at the
bottom of the borehole by means of a 635 N autommbtanmer falling freely through

760 mm stroke. The tube was first driven an initia0 mm to allow for the presence of
distributed material at the bottom of the borehdlee number of the blows (N) required
driving the sampler a further 300 mm was recordéd, 3.4b. The sampler with the
disturbed sample was extracted and the samples ealected from the sampler, Fig
3.4c. The standard penetration test was condudtedeaval equal to 0.75m. A Shelby

tube was then used to extract undisturbed samplean) possible.

Site1
Installed micropiles
BH-2

Ravine
16.6n

BH-1

BH

Figure 3. 2. Plan view for the layout of Site 1 an&ite 2




Automated hammer .
Morocka Rig

Solid stem auger

Figure 3. 3. The Mounted (Morocka ) rig and the satl stem used

Sampler

installation

(a) (b) (c)

Figure 3. 4. Steps during field exploration
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3.2 Subsurface Conditions

3.2.1 Soil stratigraphy

Figures 3.5, 3.6, and 3.7 illustrate the borehotysland the Standard Penetration Test
(SPT) number, W, versus depth for the three available boreholés, BH-1, BH-2,
respectively. In addition, the soil stratigraphtempreted from the three boreholes and the
location of test micropiles are given in Fig. 3Ihe borehole logs show that the soill
deposit is composed of layers of silty clay to elagilt, overlying layer of compact to

dense sand with occasionally seems of silt.

The first layer at BH-1 is 1 m thick, weathered vono clayey silt with seams of
compacted silty sand and gravel (a soil sampleh@sva in Fig. 3.9). This layer is
underlain by a 4.7 to 5.7 m thick layer of stiffdery stiff silty clay to clayey silt soil.
Significant seams of gravel with different sizesldraces of small cobbles have been
observed at various depths within the layer. Taiet is underlain by compact to dense
sand with traces of silt, 2.5 to 3.5 m thick. A dayf compact gray silt of variable
thickness appeared at location of BH-1 and graguadnished with distance in all
directions. The groundwater table was found at pthdearying from 3.7 m to 4.0 m
below the ground surface at the time of drilling thoreholes. The GWT was found at
depth 2.6 m at Site 2 because it is close to aneavt should be mentioned that during
installation of the reaction piles, the groundwdtdle was observed at a depth of 1 m

from the ground surface.
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Figure 3. 6. The borehole log and the SPT lq) values versus depth for BH-1
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Figure 3. 7. The borehole log and the SPT 4) values versus depth for BH-2
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Figure 3. 9. Piece of the soil at the top 1 m frorthe test site
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3.2.2 Soil classification and properties

Disturbed samples were extracted using the sphibis@at various depths during the soil
exploration from both boreholes, BH-1 and BH-2. Jdhesamples were subjected to
several laboratory tests to determine the engingeproperties of soils at different
depths. The laboratory tests include determinatdnnatural moisture contentiy,
Atterberg limits, specific gravity, &and dry unit weighyqy. Some other properties,
such as; void ratio, e, and saturated unit weight,were calculated using standard phase

relations.

Table 3.1 shows the index properties of the silay ¢o clayey silty layer. As inferred
from Table 3.1, the moisture content of this laigebetween 10 to 15%. It is observed
that the moisture content is generally close to glasticity limit, Wp.. The layer has
plasticity index, 4, between 16 and 20%, which indicates low to medalasticity. The
liquidity index, L, of the layer is less than one, which indicated the soil is non-plastic
and non-liquefiable. Employing the measured ptagtindices and liquid limits, the
positions of the samples relative to the A-Linetlid Casagrande’s Plasticity chart are
illustrated in Fig. 3.10. All samples are fallinlgowve the A-Line, which indicates that this

layer comprised mainly of silty clay to clay magdri

The specific gravity, & dry unit weight,yq, and moisture content were determined for
samples collected from BH-2. The measured proedidifferent depths were used to
calculate other engineering properties, such ast radio, e, and saturated unit weight,

Ysat
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The engineering properties of the samples extrdoted BH-2 are summarized in Table
3.2. It is observed from Table 3.2 that the voitordecreases with depth to reach a low
value of 0.37 at the bottom of the silty clay layEnis can explain the small difference in

moisture content above and below the ground wab#e within the same layer.

Sieve and hydrometer analyses for disturbed saneplieacted from BH-1 at depths 1.6
and 4m were performed and the results are presdfmdes 3.11 and 3.12. The
hydrometer analysis indicated that the percenfayf content increases with depth while
the silt content decreases, and generally, ther lagst described as clayey silt to silty

clay deposit.

Figure 3.13 shows that the soil at depth 5.8m @std5% sand and 8% gravel and the
rest is fine grains, while the soil at depth 7 mmtains 85% sand, 2% gravel and 13 %
fine grains (Fig. 3.14). It can be concluded frdma sieve analysis that the cohesionless

soil underlying the silty clay layer is sandy swith traces to some silt.

Table 3. 1. Index properties of the top cohesiveyar

Borehole Moisture Plastic Liquid Plasticity Liquidity
(depth in m) content, W limit, Wp  limit, W | index, lp index, I,
% % % %
BH-1 (1.8) 10.3 12.9 32.1 19.2 -0.135
BH-1 (4.0) 13.8 16.6 36 19.4 -0.144
BH-2 (3.5) 12.1 14.3 29.8 15.5 -0.135




47

Table 3. 2. Soil properties for samples extractedadm BH-2

Depth | Specific ~ Dry unit Voids  Bulk unit Saturated Moisture
gravity, weight, yqy ratio weight unit weight  content, w
m
Gs kN/m? Ybulk; 3
e KN/ Ysar, KN/m %
0.7to 1.3| 2.695 15.0-16.0 0.74 16.6 19.5 9.0
1.5t02.1| 2.706 16.0-17.0 0.59 18.8 20.33 10.7
2.2t02.8| 2.706 17.0-18.0 0.52 19.8 20.82 11.5
45t04.9| 2.732 19.0-20.0 0.37 22.5 22.5 13.0
I, (W, - 20)
0 05 1 15 2
*
— 1]
E £
~ -
£ =4
a

*

Figure 3. 10. Index properties with respect to Plarity chart
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Figure 3. 11. Hydrometer Grain size distribution ofsample from BH-1 at depth

100

1.5m

oo L™

80 \

70 \

60

Y

50

40

Percent finer (%)

30

20

10

0.1

0.01

0.001 0.0001

Grain size (mm)

Figure 3. 12. Hydrometer Grain size distribution ofsample from BH-1 at depth 4m



49

Percent finer(%)

exrain siven, gy a.a1 10

Figure 3. 13. Grain Size distribution of sample fron BH-2 at depth 5.8m

100 =

90 A

80 -

70 4

60

50 -

40 -

30 -

20 -

10 A

O T T
10 1 0.1 0.01

Grain size, D (mm)
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3.2.3 Soil shear strength parameters

The soil profile at the test site can be dividet itwo main layers; one with cohesive

nature, which starts from the ground surface doovdepth of 5.7m, and layer of sand

with traces of silt, from depth 5.7 until the enflitbe borehole depth. Because the
micropiles were loaded in a rapid fashion, and ttuéhe cohesive nature of the upper
soil, the shear strength of that layer will be esented by its undrained shear strength
parameter, s However, the shear strength of the sand soil Wyidg it will be evaluated

utilizing angle of internal frictiong’, of the sand

Several attempts were made to extract undistusbeaples from the boreholes using a
Shelby tube at depths up to 5.7m. All attemptsethidue to the fissured over-

consolidated nature of the silty clay soil in BHThe seams of gravel contributed to this
failure due to its low recovery ratio. In BH-2, sales were successfully extracted from
depths between 3 to 5.0m. The samples extracted tis¢ Shelby tubes were tested in a

triaxial cell under Unconsolidated Undrained coiadit(UU).

For s to be representative of the micropile loading testditions, it was important to use
a loading rate during the UU triaxial tests simiiarthat utilized during the field test on
the micropiles. Thus, all triaxial tests were cortdd at a strain rate equal to
0.051mm/min. The procedure of ASTM (D 2850-95 Rpraped 1999) was followed on
three samples tested using a 10 Ton Wykeham Farremmpression machine. Figures
3.15 to 3.17 elaborate the deviatoric stress, igugeaxial strain for the three triaxial tests

conducted. The results of the performed UU tegsammarized in Table 3.3.
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Figure 3. 17. Triaxial test result for sample at dpth 4.3 m, BH-2

Table 3. 3. Summary of (UU) triaxial tests on samplk from BH2

Depth Undrained shear Undrained tangent Undrained secant Water
strength, s, modulus, E; modulus, Ejs content,
m
(m) We. %
MPa MPa
3.0 30 10 9.5
3.70 58 24 10.7
4.30 70 23 12.2
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The value of gwas further evaluated from the SPT field valugydNSeveral correlations
between the SPT N value and thg were developed by many researches. The
correlations available in the literature eitheratelg to the SPT W4 value, or to the
corrected value of ). Two correlations were adopted here for the edtonaf s, and

will be utilized to provide the profile of,srersus depth to cover the gap in the results
obtained from the UU triaxial tests. The first aaghe formula proposed by Terzaghi et

al. (1996), which is given by:

5, =6.25 Nso) (31)

The corrected value, ), is related to SPT field values (N) through theuadtpn

(Sivrikaya and Tgrol, 2006):

N@eo) = (G Ce Cr Cs) Nrield (3.2)

Where: Neiq is the field SPT value; £is the borehole diameter correction factor =1.05
(for borehole diameter of 150mm)g @ the energy correction factor, (ER/60) =0.92 for
automatic hammer; is the rod length correction factor = 0.85 for tedgth 4 to 6m,

and 0.7 for depth less than 4.0m; angi€the sampler type correction factor, standard

sampler without liner =1.2.

No correction for the effective overburden presssireeeded, as fine grained soils during
penetration are undrained as recommended by Syai&ad Tgrol, (2006). Introducing

these values into Eq. 3.2 then substituting intoE4 yields:

Su = & Niew (3.3)
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Where: @ =5 (for depth less than 4m) and, = 6.13 (for depeater than 4m).

The second correlation considered here is thatgsexgh by Kulhawy and Mayne (1990).

This formula is base on correlating thg.Nvalue to the g such that:

Su = 6 Nield (3.4)

Figure 3.18 illustrates the, profile determined from Egs. 3.3 and 3.4 as wslltlze
results of the three samples tested in the triaoall The two methods give similar value
for depths bigger than 4m. At shallow depths, tifece of the correction factor employed
in Eq. 3.1 is obvious, as Eq. 3.3 always gives losy@alues. Hence, the values obtained
from Eq. 3.4 will be excluded from further discussiand implementation. It should be
mentioned that the, ©f the soil deeper than 5.7m was not calculatedhea soils at that
depth is mainly sand and its shear strength paeanweitl be evaluated by angle of

internal friction.

Based on the values of thgiBustrated in Fig. 3.18, the silty clay layer cha divided
into four sub layers, each of which has its averageTable 3.4 provides the best

estimated gcomputed for each suggested sub layer.

The soil below 5.7m is mainly sand with occasiongthces of silt. The shear strength of
such soil is represented by its angle of intermadtién, ¢. Many theories and
correlations have been developed to relate the ISR values with bothp” and the
relative density of the sand,.DPeck et al. (1974) and Terzaghi et al. (1996 gin
empirical correlation in graphic format between toerected SPT N value, (Mo, and

the effective friction angle for both, fine and cemgrained sands.
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Table 3. 4. Undrained shear strength values for theohesive deposit

Depth Type s (average over Consistency
the depth) kPa
m
BH-1 BH-2
Otol Silty clay to clayey silt - 105 Stiff
lto2 Silty clay to clayey silt 180 120 Stiff to veryifét
2t03 Clay silt to silty clay 120 63 Stiff to very stiff
3t05.7 Silty clay to clayey silt 155 180 very stiff

! Based on classification of Terzaghi et al. (1996), * The layer at that depth in this location is brosilt with sand and gravel

** Average values include triaxial test values, *#verage values depend on triaxial values only

Wolf (1989) represented the same correlation, i.e:

¢ = 27.1+ 0.3 (W0 - 0.0054 (N)sc? (3.5)

Where: (N)go is the SPT N value corrected for the energy-eqgaignfactors and the

overburden pressure. Thejis related to the (Np through:
(N1)so = (N)eo Cn (3.6)
Where: Gyis overburden correction factor, calculated as:MCI06)

1920

oV

Cn = 0.77logo (3.7)
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Where:o, is the effective overburden pressure at the lef/Bkieq -value in kPa

The length factor, gfor depth greater than 5.7 m should be 0.95 (CBB62 Anderson
et al. (2003) approximated the graph given by Tghz@t al. (1996) into a logarithmic

equation to estimaig:

¢’ = 53.88127.60348° 0147 (N1} (3.8)

The values ofp estimated from the two aforementioned methodspaesented and
compared in Tables 3.5 and 3.6, for the two boejoBH-1 and BH-2, respectively.
The two methods provided almost the same values.ré&bults show that the angle of
internal friction increases with depth for the séager until depth of 7.9m., but decreases
between depth of 7.9m and 9 m. This may be ate&tbta the existence of a layer of grey

compact silt at 7.9m, especially at BH-1.

The consistency of the sand soil is defined beglative density, P Mayne et al. (2002)
correlated RPdirectly with the (No): from the analyses of more than 100 different @oint

of NC and OC sand, to be:

0 =100fND%)05 (3.9)

The outcome of Eg. 3.9 is presented in Tables 3@ &8 for BH-1 and BH-2
respectively. The computed Df the sand layer is between 76% and 86 % whiglias
dense to very dense sand, while that of the comyrast silt layer is between 56% and

61%. The silt layer can be considered as soil migdium to dense consistency.
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Table 3. 5. Computed angle of friction from SPT vales for BH-1

Depth, m | Nfelw  (N)eo (N1)so ¢ ° (Wolf 1990) ¢ °(Anderson et al. 2003)
7.1 32 35 35 37 37
7.9 21 23 22 33 34
8.6 18 20 19 32 33

Table 3. 6. Computed angle of friction from SPT vales for BH-2

Depth, m | Nfiew  (N)so  (N1)eo ¢ ° (Wolf 1990) ¢ °(Anderson et al. 2003)

6.3 30 33 34 36 37

7.1 36 40 39 38 38

7.9 42 46 45 39 40

8.6 22 24 23 34 34

Table 3. 7. Relative density and friction angle foBH-1

Depth, m (No)so Dy Consistency
7.1 35 76 Dense
7.9 23 61 Medium to dense
8.6 20 56 Medium
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Table 3. 8. Relative density and friction angle foBH-2

Depth, m (N)eo D, Consistency
6.3 33 75 Dense
7.1 40 80 Dense
7.9 46 86 Very Dense
8.6 24 61 Medium to dense

The relative density of sand was further evaluatsidg the graph given by Holtz and

Gibbs (1979). They relate the SPT N value to thative density considering the

effective overburden pressukg, According to Holtz and Gibbs (1979), Fig. 3.19whk

that Dy is around 90% while that of the grey compact siliound 70 %. Hence, the sand

layer is considered very dense and the compadagét is dense.

Effective overburden pressure, o, kPa
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Figure 3. 19. Relative density-hq relation based on Holtz and Gibbs (1979)
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3.2.4 Soil stress history

To better understand the soil characteristicstessthistory profile of the soil is required.
The stress history of soils is best representedhieyoverconsolidation ratio (OCR)
defined as the ratio between the preconsolidati@ssures,, and the in-situ-effective
vertical stressg,. The OCR can be evaluated from oedometer tesisucted on
undisturbed samples at different normal stress, amdputing thes, from the e-logy

chart.

In the absence of the oedometer tests, a firstr @stemate of the OCR of clayey soil can
be obtained from the ratio between the in-situ ngjftle ratio, § o., and the
corresponding ratio for a normally consolidatedestés/ ovo)nc. Mayne and Kemper
(1988) correlated the in-sitw/ 5,0 t0 ( 9/ ove)ne ON the bases of the concepts of critical
state soil mechanics and given that the OCR caobwuted from:

(S/ow) )(1//\)

OCR =(
(s/ow)ne

(3.10)

Typical values of (g ovg)ne IS between 0.2 and 0.3 (Mayne and Kemper 1988han
0.8 for low sensitivity clay. Another correlatiovas suggested by Kulhawy and Mayne

(1990) based on the modified Cam Clay model resmltsthe in-situ g oy, :

OCR = 2({&/9)yam (3.11a)
0.5M

Where:
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M= 6sing

=g (3.11b)

Employing the value of (&.o)ne given by Mayne and Kemper (1988), OCR from Eq.
3.10 was calculated. In addition, the angle ofrimdé friction ¢ of the clay soil was
estimated from the chart given by Terzaghi et 8896) for fine soils. Figure 3.20
depicts the OCR versus depth computed from the af@oementioned methods. It is
observed from the figure that the two methods arfavorable agreement. The soil crust
(the top 2 m) has OCR in the range of 35. Thisdatdis that the top soil was exposed to
huge desiccation and weathering factors, whichlteun heavy overconsolidation. At
depth of 1.75m, the OCR decreases to about 25¢whitiepth more than 2 m the OCR is

between 12 and 7.

Even though, the OCR computed from Eqs. 3.10 arida3is only a first order
approximation, it provides a general descriptiorhef soil stress history. Meanwhile, the
values of OCR shown in Fig. 3.20 can be used tmast the coefficient of lateral earth
pressure at restokwhich is employed to determine the horizontaésgs,. Mayne and

Kulhawy (1982) correlated,ko OCR via the soil angle of internal frictiap, such that:
ko = (1- sinp) OCR®™ < ko (3.12)

Where: k is the passive coefficient of lateral earth pressid the soil, or, the limiting in-

situ coefficient of earth pressure, evaluated from:

_1+sing'
P 1-sing’

(3.13)
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The lateral stress for sand can also be calculadedy Eqg. 3.12. However, the OCR for
cohesionless soil is controversial. Hence, thefmoeft of lateral earth pressure at rest
for the sandy soil will be computed employing EdLZand substituting for OCR by 1.

The k, values represent the average of values obtained BH-1 and BH-2 are given in

Table 3.9.

Table 3.9. Average values of k

Depth, m Type ko
Oto1l Silty clay to clayey silt 3.1
lto2 Silty clay to clayey silt 3.0
2t03 Clay silt to silty clay 1.32

3t05.7 Silty clay to clayey silt 1.6

57t07.9 Sand 0.8

7.9t09.0 Silt 0.5
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3.2.5 Soil stiffness parameter

The stiffness of cohesive soils under undrainedditmms is usually represented by its
undrained tangential modulus,;Eand undrained Poisson’s ratig, On the other hand,
the stiffness of cohesionless soils is represehteds drained tangential modulusg;,E
and Poisson’s ratioyq. However, the stress-strain behavior of soil ighhi nonlinear
with very limited initial linear elastic behaviorbserved at small strains. This non-
linearity is represented by a degradation in tmgéatial modulus with either strain or
stress levels. Considering stiffness degradatio@, secant modulus,sErepresents the

deformation behavior of soil at specific stressafa) level.

The triaxial test results presented in Figs. 3d.8.1.6 demonstrate stiffness degradation
as stress level increased. At initial stress lethed, ratio between tangential undrained
modulus and the undrained shear strength of theEsgis,, is in the range of 350 to 400.
As the stress level increases to 50% of deviasdriess, the ratio JES, decreases to the

range of 115 to 130.

For cohesive soils, Bowles (1997) presented rarfgesthe ratio E/ S, based on

laboratory and in-situ tests, with a best estinodte

E =500 § (3.14)

Bowles (1997) stated that values qf &btained from the triaxial tests were lower by
about a factor of 2 than what it should be. Furtiee, he did not explicitly state whether

Eq. 3.14 provides the tangential or secant stifnedues. However, when comparing the
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E./ su values computed from the three triaxial tests \Kth 3.14, it can be inferred that

Eqg. 3.14 is most likely evaluates the tangentiatiuhos.

For cohesionless soils, several empirical cormteti are available to estimate the
Young’s modulus as a function of SPT values. Fangxe, Bowles (1997) correlates E

to Nso and OCR, in the form of:

E= 500 (Nyo+15) (OCR)*® (kPa) (3.15)
Also, Kulhawy and Mayne (1990) propose:

E = 1500No (kPa) (3.16)

Figure 3.21 depicts the Young’'s modulus calculatexn Eq. 3.14 (for the upper
cohesive soil) and Egs. 3.15 and 3.16 (for the tosemdy soils). Figure 3.21 shows that

Eq. 3.15 gives higher modulus than Eq. 3.16.
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3.3 Grout Testing and Evaluation

The hollow bar micropile consists of a central balisteel bar encapsulated in a grout
body. The steel bar is connected to the supersteicio transfer the load to the
surrounding soil through the grout body. Hence,graut plays a very important role in
the load transfer mechanism that governs the behavithe micropile. In hollow core
micropile construction, the grout may also be uagd flushing fluid. The performance

of hollow core micropiles is highly influenced byetperformance of its grout.

The grout used during installation of micropiles tis study is Masterflow® grout
supplied by BASF. Masterflow® 1341 is a cement-daseduct with specially graded
spherical aggregate that produces a pumpable m@aliblg high-strength grout. It has
extended working time, especially in vertical dptacements or configurations with a
steep vertical rise without settlement shrinkagastdrflow® 1341 meets all compressive
strength and vertical height change requirements mbdified flow and complies with
the PTI (2004) specification for grouting of pasihsioned structures with vertical rises of

1.8 — 30 m or slightly more.

To evaluate the grout behavior during micropiledidasts, compression and splitting
tensile strength tests were conducted prior tontieropile field testing. The tests were
conducted on cylindrical samples (150x75 mm) asagand 28 days. All samples were

tested using an AVERY 7112 CCG Model compressistirtg machine.

Twenty four 150 x 75 mm cylinders were preparechgidhe Masterflow® 1341grout
product data sheet. Twelve samples were preparetha lab prior to micropile

installation, while the other samples were preparesite from the grout used during
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installation of the micropiles. All samples had aratement (w/c) ratio of 0.32. The
samples were cured in the moisture room. Six sasnfpbm each group were tested to
obtain their splitting tensile strength (3 samplested after 7 days and 3 tested after 28
days). The other six samples were capped anddtestder compression (3 samples
tested after 7 days and 3 tested after 28 dayahleT3.10 summarizes the average results
of the compressive and tensile testing strengtidwecied on all the samples after 7 and

28 days.

Table 3. 10. Summary of grout strength

Compressive Strength, § MPa Tensile Strength ,f MPa

7 days 18.6 3.0

28 days 30.0 4.2
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CHAPTER 4

HOLLOW CORE MICROPILE MATERIAL AND
INSTALLATION

This chapter provides the description of the conepts of the hollow bar micropile
system. It also discusses the preparation and guoedor the micropiles installation, as

well as the instrumentation used for collectingtést data.

4.1 Hollow Core Steel Bar and Accessories

The hollow core bar micropile consists of three nmaarts: threaded hollow core bar, a
sacrificial bit, and coupler to connect the hollbar segments to reach the desired depth
in ground. There are three hollow core bar typesilavle on the market: the
CTS/TITAN IBO manufactured by Ischback, the DYXdrill hollow bars manufactured
by Dywidag-System International, and Geo-Drillegettion Anchor manufactured by
Williams. In this study, the tested hollow bar nojgiles employed Geo-drilled injection
anchors manufactured and supplied by Williams Fdardware & Rock bolt Ltd. Figure

4.1 illustrates the hollow core bar parts.

The hollow core bars are available in various di@mse The bar name is defined by its
outer diameter or by its outer and inner diamefEable 4.1 gives the available Williams
Geo-Drill bars and the properties of each bar. itk Geo-Drill injection bar offers an
excellent choice for micropiles in difficult grourmbnditions. The continuously threaded
bar profile lends itself perfectly for restrictedddroom applications because the bar can
be cut and coupled at any length. The FHWA had amat hollow bar anchors for

permanent use in micropile applications.
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The hollow bar is manufactured from high strengtipact resistant heavy wall steel
tubing conforming to ASTM A519. The bar is contimgty threaded over its entire
length with a heavy duty left hand thread/defororatpattern. The steel tubing provides
maximum flow with minimum resistance during highegsure flushing and grouting
operations. The threaded form of the Geo-Drill amc{similar for all diameters) is a
unique Williams feature that provides a lower tlrgaitch angle to provide easier

coupling disengagement without locking up.

Hex nut

Hollow core bar Coupler

Sacrificial bit

/

Figure 4. 1. Hollow core bar micropile parts (afterGround Anchor System 2011).

“-|..-|lrr-\.. T T



Table 4. 1. B7X Geo-drill bars (Ground Anchor Systen 2011)
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Part Bar Minimum net Minimum Minimum Nominal Average
number diameter area through ultimate yield weight inner
the strength strength diameter
mm Kg/m
threads
kN kN mm
mm?
B7X1-32 32 359 260 210 3.1 20.0
B7X1-32X 32X 501 363 294 4.0 15.9
B7X1-38 38 688 498 404 5.6 21.1
B7X1-51 51 1158 837 677 9.3 30.1
B7X1-76 76 2503 1811 1466 20.5 48.0
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This thread form is better than the conventiongkrthreads commonly used in drilling
operations. In addition, this unique thread prosidenore surface area and
thread/deformations per unit length; thus mightlibked to superior bond capabilities.
Moreover, the lower thread angle allows the insthiinchor to be torque-tensioned for
fast tie back installations. Installation adaptEnsthe Geo-Drill Injection Anchors are

available for all drill rigs. (Williams Form- GrodnAnchor System, 2011).

The Geo-drilled bars are supplied in 3m length.i@afby, the hollow core micropile is
longer than 3 m, therefore, Geo-Dirill injection Baccouplings (as shown in Fig 4.2) are
usually used to connect the 3m segments to reactiedired depth. The couplings have a
unique tapered center stop, which seals the hobaw connection to prevent grout

leakage during simultaneous grouting and drillipgrations.

The internal stop design also assures a full p@stiiread connection in both injection
bar ends while providing a matching end bearingvbeh bars that reduce percussion
energy loss to the drill bit. The couplings are maed from ASTM A29 grade C1045
high strength steel to provide 100% ultimate tensil compression strength capacity of
the installed anchorage. The coupling OD is taperetoth ends to allow drill cuttings
and grout displacement during drilling while the Has internal chamfers to assist

alignment and connection of the bars as givengn &2.
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Figure 4. 2. B7X2-76 coupler

An important part of the hollow bar system is tlaerdicial bit, also called “lost bit”. It
offers the hollow core micropile system two unigovantages: the hollow bar micropile
can be installed in virtually any type of soil uginhe appropriate drilling bit; the
micropiles can be simultaneously installed and gr@duwithout the need to stop the
grouting process and withdraw the drilling steeheTsecond advantage increases the

production rate of the micropiles and, thus, dessdhe overall cost of the project.

Table 4.2 presents some of the available drillitg in the market nowadays. As given in
Table 4.2, each bit type is applicable to speatd type. However, not all drilling bit

types can fit any bar size.



Table 4. 2. Types of lost bits and the applicableg/pe of soil for each one (Ground Anchor System 2011
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HC Drill Bit

Hardened cross cut drill bit, suitable for the mi&joof applications including narrow bands of saftk.

Soil Types: Fills, Shales, and Gravels

HB Drill Bit

Hardened hemispherical button profile drill bittabie for gravels and medium strength rock.

Rock Types: Soft to Medium Rock

CC Drill Bit

Tungsten carbide cross-cut drill bit. Excellenticledor majority of granular soils with mixed haiamations.

Soil Types: Fills, Gravels, and seamy rock formagio

CB Dirill Bit

Tungsten carbide hemispherical button drill bitfmoderately strong to strong rock, boulders andleib

Rock Types: Mudstone, Limestone, and Granite

i
U
i |
E
i g

SC Drill Bit

Two stage cross cut drill bit, suitable for looseund and fills.

Soil Types: Sand, Clay and Medium Dense Gravels
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Table 4.3 summarizes the available bit diameterth Ws corresponding applicable
hollow bar diameter. Practically, the ratio of #h@ling bit to the bar diameter is in the
range of 1:1 to 2.5:1. Due to the high demand singularger drilling bits, Williams

Form Hardware developed three new large bits asgbdhis research program. Figure
4.3 depicts the three new developed drilling ity of them are 176mm in diameter and

the third is 225mm in diameter. They were manuiiact to fit B7X1-76 hollow bar.

During installation, the hollow bar can be centiadthe drill hole on 3m centers by
attaching a steel centralizer in front of the coupl The centralizer is available in plain

or hot dip galvanized steel. Figure 4.4 shows thtedip galvanized centralizer.

Table 4. 3. Types and the available drill bit diamters

Nominal Available drill bit diameters

bar
) mm

diameter
mm HC cC HB CB SC
32 51,65,76,100 51,65, 76, 100 51 51 127
38 51,65,76,100 51,65,76,100 76 76 150
51 N/A 76,90, 100 100 100 150
76 N/A 150,176 N/A N/A 175
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Figure 4. 3. Three new large bits; (a) Tungsten caide cross bit (d= 176mm); (b)
Double cross bit (d = 176 mm), and (c) Carbide butin cross drill bit (d= 225 mm)

Figure 4. 4. Hot dip galvanized centralizer (aftetGround Anchor System 2011)

The hollow bar micropile is connected to the pidg aisually by bearing plates to satisfy
the fixity conditions suggested by the designeriree®y. Depending on the application,
the bearing plate holes can be round, for stanearoedment applications, or slotted for
angled injection bars installed through steel watarin contact with a rock slope. These

plates should be designed properly to transfersthectural load to the micropile. Any
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failure in the connection between the bearing plated the pile cap will cause failure in

the whole cap-micropile-soil system.

4.2 Hollow Bar Micropile Installation

The hollow bar system is particularly suitable $mils that do not allow for open-hole
drilling (i.e. granular soils that are collapsibienature). In such cases, drilling with a
grout fluid serves the purpose of flushing spoitarf the borehole and prevents looser
surrounding material from collapsing due to thehkigrelative density of the grout. The
hollow bar injection system is suitable for progcequiring fast production that would
otherwise need to involve a casing system in otdlenaintain borehole stability. It can
also be used successfully in self supported seitsploying any flushing fluid. In all
cases, the behavior and performance of hollow baropiles are influenced by the
installation technique and procedure employed. fJpeal steps of installing hollow bar

micropile is demonstrated in Fig. 4.5.

In this study, four hollow core micropiles weretaiked and load tested. The installation
of the hollow core micropiles is performed in onepscontaining flushing the soil debris
during installing the hollow core bar, and groutiihg micropiles. The installed hollow
bar micropiles consisted of 6m Geo-drilled injestianchor, B7X1-76. The Geo-drilled
injection bar used had an outer diameter of 76mmd,an inner diameter of 48mm. The
all-thread bar employed had a specified yield strelsapproximately 580 MPa and a

cross-sectional area of 2503 Mmbetween the threads of the bar (Table 4.1).
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(1) The hollow bar set into position for installation

(2) Installation begins with rotary percussive drilliagd grout, water or air is used for flushing.

g

(8) Once the first 3m section is installed, drillings$ long enough to add the second section.

(4) Raise the hollow bar high enough to get visiblelexice of flush return from the mouth of the
borehole and begin drilling again in a normal fashi

(1) Add sections in the manner noted in step four umitdlropile reaches final depth. Completely
flush all drilling grout and debris with competegnbut

Figure 4. 5. Installation process of hollow core noropile (after Ground Anchor
System 2011)
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The hollow core bar was supplied in 3m lengths.(Ei§) and coupled together with 251
mm long B7X2-76 geo-drilled anchor coupler, Fig,4t@ reach the desired length.
Generally, the system is installed with rotary pesive drilling as this method offers
good directional stability and high rates of praitut and continuous grouting.
Suppliers and contractors recommend mixing thetgroa colloidal (shear type) mixer,
so once pumped, the fine grout particles are faitlie to disperse into the small voids of

the surrounding soil.

This well mixed grout exits the side ports of thal dit under pressure to flush and
remove the softer parts of the soil while penettnto the firmer material for increased
bond capacity. It is recommended to partially widwing each fully drilled section up
the drill mast prior to attaching new sectionss tvay the drilling can begin in a plunging
type action to even further improve grout peneatratiUtilizing proper drilling and

grouting techniques is important as the system evgaherally fail between the soil/grout

interface, rather than the grout/bar interface.

Drilling should be slow enough to ensure rotatibmotigh the soil as opposed to
excessive percussion and feed pressure with linngigation. Such practice will provide

the formation of a true borehole with consistemmugrcover. Grouting pressure should be
sufficient to maintain circulation at all times tvia small amount of grout return visible

at the mouth of the borehole. Normal drilling rasatis in the range of 40 and 100 RPM.
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Figure 4. 6. B7X1-76 Geo-drilled hollow core bars

4.2.1 Preparing the drilling rig

The hollow core bar micropiles were installed usiig excavator mounted TE 550
Hydraulic Drifter, as show in Fig. 4.7. The heddtlte rig must be prepared prior to
installing the hollow bar micropiles utilizing tregpropriate parts to allow flushing and
grouting simultaneously. Figure 4.8 summarizesdhtire parts and connections at the
top of the drifter for the installation process.eTHdrifter containing the hammer is
connected to a grout swivel system to allow forudtemeous installation and grouting.
The grout-swivel consists of a grout body and grshdnk. The grout shank fits within
the grout body and contains grout inlet ports. @neé of the shank attaches to the striker

bar while the other end attaches to the hollowaoahor.



Hydraulic drifter

Excavator

| Hammer
Drifter ram

Figure 4. 7. TE 550 hydraulic drifter mounted on anexcavator

81



82

Striker  Grout

qf’ ‘Swivel‘; Junction Bar  ¢uoiing
= T T il R Adaptor
S\ EmESimm. . GeoBar  Coupling  GeoBar  Bit
- 1 AT [ —— —2
f L ==X 7 ' | S ) SR 5
Hammer / 4-"'" w:”::: \ AT
—_— .‘ . b i Y. ' "
—— i N LA WL
i 1O-wF=- LK \me=m.-
JI e — o ' Hij \ L_ Coupling  Geo-Bar Bit
TN e an
\om - — =" RT =R Style Thread
= Eamimn y
== TT =T Style Thread

Grout Body (typ.) B7X = Geo-Drill Bar Style Thread

Figure 4. 8. All possible connections between theadter hammer and the hollow
bar (after Ground Anchor System 2011)

The grout body contains an inlet pipe to allow grimuenter into the shank and down the
hollow bar. The body remains stationary while tharg spins with the rotary action of
the drill. To hold the body into position and pratvepinning with the rotary action of the
drill, it is necessary to attach a locator franmrfrthe body to the drifter. Caution should
be applied that only water or grout flush be useth the grout-swivel system. In all

cases, grease should be applied to the grout-seyg&tm prior to use.

A junction bar is used between the grout swivel dredadaptor to transition between the
grout shank and the hollow bar. Coming out thedvat of the junction bar would either
be a Geo-Drill coupling or coupling adapter. Alseingaugement during drilling to add
sections or move to another anchor location woeldibne from below the junction bar
and not at the grout shank, thus prolonging the &f the grout swivel. Finally, a
coupling adapter, which is usually located jusbhethe drill hammer, is used to connect
the striker bar to the hollow bar. The coupling@dais a machined and case hardened

adapter. Sizes are available in any striker bagatthitype to connect to any Geo-Drill Bar
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size. Generally a coupling adapter would be usqadoe of a grout-swivel during an air

flush installation.

During drilling, the air-flush technique was useduindercut the soils and flush the drill
cutting to the ground. Hence, the grout swivel waed without a grout body and
connected directly to the coupling adapter throupe junction bar. The final

arrangement at the top of the drifter is show o Bi9.

Striker bar

Adaptor

Figure 4. 9. Finial connections at the top of therifter

4.2.2 Installation and grouting

Air flushing was employed in order to examine itslity to advance the hollow core bar

down hole with the same efficiency as grout flughémd without any losses in the grout
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material. The cohesive nature of the deposit helpsuccessful use of this technique

because a hole in silty clay soils can stand, st [Bor a short period, without support.

The installation started by threading the sacafidit onto the hollow bar from the
bottom. Upon clapping the first segment of the ¢wlbar to the adaptor at the top of the
drifter, water was pressurized before the stadigfing into the ground. This step was
crucial to ensure that no leaking in the systemnothe connections at the top of the
drifter was present. Figure 4.10 depicts the rugroh the water out of the bit holes,

before hitting the ground.

During installation of the first micropile, the dale cross drilling bit (Fig. 4.3 b), was
employed. The drilling was successful for the fiBsh segment. After connecting the
second segment, a hard knocking was heard. Thevhblar was withdrawn and the bit
was found broken, Fig. 4.11. It seems that theae some large cobble that was too hard

for this bit type.

The suppliers recommended replacing the doublesdbsvith carbide cross bit (Fig 4.3
a). The new drilling bit was designed to overcomelarge cobbles found in the ground.
This drilling was completed successfully using tieav bit design. The aforementioned
field case highlighted the benefits of the lost, leibd the importance to employ the

appropriate type.

During air flushing, the hydraulic drifter connegt® the hollow bar was connected to an
XAS 375 JD6 portable air compressor, shown in Ei@2, through the swivel at the top

of the drilling rig.



Water delivered out off

the holes

Figure 4. 11. The broken double cross bit.
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The air was delivered at pressure around 0.9 MPadimnce the hollow core bar
downward and flush the debris out from the tophaf hole. After reaching the desired
depth, the swivel at the top of the drifter wasnded and connected to the colloidal

mixer grout plant, presented in Fig. 4.13, to sgaouting the micropiles.

The micropile installation was completed withoute tmeed to withdraw either a
temporary casing or a drilling string. Only charggthe swivel at the top of the machine
is required. The bar was grouted continuouslyltate annulus between the hollow core
bar and the surrounding soil. The filled grout p&ed water cement ratio of about 0.32
supplied by the grout plant under pressure of appraiely 2 MPa. When the grout
flowed at the mouth of the hole, the pump pressugithe grout was turned off and the

hollow bar was unplugged from the drifter.

Following the previous procedure, four micropilesra installed in the same day. The
installed hollow bar micropiles were characteribgdoond length equal to 5.75m. They
were spaced 776mm apart, or at spacing to diameteraround 4.4. The micropiles are
labeled MP1, MP2, MP3, and MP4, as illustrated igp B.14. The installed micropiles

were left for curing after installation and befdiedd testing for more than 5 weeks.



BATTIERIELp

Figure 4. 12. Type XAS 375 JD6 portable air compresr

Figure 4. 13. Colloidal mixer grout plant
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Figure 4. 14. A group of four micropiles

4.3 Embedded Strain Gauges Instrumentation

During installation, each micropile was instrumenhtsy five embedded vibrating wire
strain gauges of type EM-5. The strain gauges spaté.5 m along the pile shaft. The
properties of the used strain gauge are given bieTé4.4. The embedded strain gauge is
composed of two end pieces joined by a tube thaepts a length of steel wire. The wire
is sealed in the tube by a set of o-rings on eachpgece. Both end pieces have a flat
circular flange to allow transfer of concrete defation to the wire. An electromagnet is
fitted at the center of the gauge. Strain develpinthe concrete modifies the tension in
the wire, therefore changing its resonant frequeadych is read by the electromagnet.

Figure 4.15 depicts the components of the EM-5 eltbeé strain gauges.

The hollow core steel consists of all-thread bamfroutside and smooth steel surface

from inside. The best way to embed the strain gaugenside the hollow bar after
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grouting the micropiles. During the planning phas¢he experimental program, there
was a concern that placing the strain gauges inbglé@ollow core of the bar may render
its ineffective if the grout inside the hollow caeparated from the smooth internal wall
of the steel bar as the applied loads increaseagluhie load test. Accordingly, the strain
gauges were inserted within the grout annulus detsie hollow core bar after grouting
was completed. To facilitate inserting the straguges in the grout, the strain gauges

were attached to 12mm steel bar.

Two readings were recorded for each strain gauf@dstarting the load test. The first
reading was to record the strain in each gauge fimserting it in grout. This step was
important to assess the effect of installation o $train gauges and to zero the gauge
before the load test started. After installing thieropiles and before starting the load
test, the strain gauges were checked using a readirot. Unfortunately, the lower
gauges were damaged during pushing them into thet gnd only the top two strain
gauges survived. The two gauges that survived Veeated at the top of the micropile

and at depth of 1.5m below the micropile butt.



Table 4. 4. Strain gauge properties
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Model EM-5
Range 3000pe
Resolution 1pe
Operating temperature -20 to +80
Thermostat 3kQ
Electrical cable IRC-41A

Cable to read signals

Electromagnet

Flat circular Flange

I
Aam D222mm HH
| !

168 mm

. o
L o

Figure 4. 15. EM-5 strain gauge parts and dimensian
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CHAPTER 5

AXIAL MONOTONIC AND CYCLIC PERFORMANCE OF
HOLLOW BAR MICROPILE

5.1 Introduction

Twenty two full scale field load tests were coneéuaicbn the four hollow bar micropiles
constructed as discussed in Chapter 4. The mie®opWwere load tested in four
consecutive phases. The first phase involved fivenatonic axial tests (three
compression tests and two uplift tests). In theosdghase, five axial cyclic load tests
(four compression tests and one uplift test) wemedacted. The third and fourth phases
involved loading pairs of micropiles: four axiaklb tests; and six lateral load tests (two
monotonic and six cyclic). The results obtainedrfrime load testing program were used
to establish, verify and calibrate finite elemerddals for the single and group pile load
tests. Upon verification, the models are capablsirofilating the behavior of hollow bar
micropiles under different load conditions and stablish design guidelines for hollow

bar micropiles under different loading conditions.

This chapter documents the monotonic and cyclid l@sting results and the analyses
conducted on hollow bar micropiles. The load tesicedures followed during the
monotonic and cyclic field load test are describHte results obtained from the first and
second phases are presented and discussed. lmmaddtlte details of the numerical
models established are presented and the calibrpticess is described. A comparison

between the field tests and the numerical modellteess given and discussed as well.
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Finally, a parametric study is carried out in ortteimvestigate and develop a closed form

solution for axial loading conditions.

5.2 Axial Monotonic Load Tests

Five monotonic axial load tests were conductedherfour hollow core micropiles. The

tests included: three compression load tests aadiphft axial load tests.

5.2.1 Testing equipment

A reaction frame system was used to execute thee lpdd tests. The reaction frame
involved two steel reaction beams, main and seagn@amchored to four helical piles

that are used as reaction piers. The main beamlga® in length and consisted of two
channels C380X50 attached back to back with a sgaufi86 mm. The two beams were
connected with 300X400X25.4 mm plates at 500 mrarwals and were reinforced by

vertical stiffeners made of steel plate 25.4mmMkhat the same spacing. Two special
plates have been welded at the middle of the beam,at the top and the other at the
bottom, to facilitate supporting the hydraulic jadikring uplift tests. Figure 5.1 depicts a

workshop drawing for the main loading beam.

The secondary beam was 4.0 m long and consistédoothannels C380X50 attached
back to back at a spacing of 51mm. The two channelg held together by means of
two channels C310X31 face to face, one at the nojpoae at the bottom. The webs of the
upper and lower channels contain holes to allowneoting the beam to the loading

frame. Figure 5.2 illustrates the frame setup entdst location.
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Figure 5. 1. Cross-section and dimensions of maindding beam (dimension are in

mm)
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Secondary Beam
[ —

Figure 5. 2. Reaction frame used during monotonicral cyclic loading

The helical piles, used as reaction piers, werearsqshaft Chance SS175 helical
foundation system. The pile shaft consisted of leaé section and several extensions.
The lead section consisted of a 45 mm round cosgeiare welded to three helical
bearing plates, or helices. The helical plates v@Bemm thick with plate diameters of
200 mm, 250 mm, and 300 mm. The helical plate diarmencrease with distance from
the pilot point. Extension segments of 1.5 m arld . length were added to the lead
section during installation to reach the desiredring soil stratum at 9.0 m below the

ground surface (approximately 1.5 times the testedopiles length).

Figure 5.3 shows the locations of the reactionchébpiles with respect to the location of
the test micropiles. The anchor piles were locaitte®.0m far from the center of the test

micropile (i.e. at a distance greater than 10 tithedested micropiles diameter).
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Figure 5. 3. Location of tested and position of rezion piles

5.2.2 Pile head instrumentation

The load was exerted through a hollow cylinder hytlc jack connected to a hydraulic
pump. The jack was located on top of the head eadting against the reaction frame.
The jack has 100 ton advance capacity and 68 toactecapacity and a maximum stroke
of 150 mm. The load was recorded through an iaterfoad cell 1240-AF-200K-B of

890 kN capacity. The load cell was situated ondbp square steel loading plate, with
300 mm sides and 38 mm thickness. The plate Hagad bar socket welded to its top to
attach the interface load cell. The loading platedaded to the head of the hollow core

bar from its bottom by mean of circular threadeliaco
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The pile head axial displacement was measuredughrdour HLP 190/FS1/100/4K

linear displacement transducers (LDTs), mountedhagnetic base. The LDTs magnetic
bases were mounted on two reference steel extensigiported independently from the
loading system. The LDTs have 100 mm stroke witla@suracy of 0.01 mm. The LDTs
were distributed in a square arrangement overteéed bading plate attached to the pile

head.

During the axial compressive load tests, other ilapghlates were provided above the
hydraulic jack cylinder to close any gap betweea thain reaction beam and the
hydraulic jack. The loading instruments arrangememtiring compression tests are
shown in Fig.5.4. The same configuration of LDTd &vad cell was employed for either
compression or uplift test. However, during monatoumplift load tests, the hydraulic

jack was mounted above the loading beam to exdbatad against the reaction frame.
The jack was connected to the load cell via 89 mmeaded bar. The configuration of the

pile head instruments during uplift load testingirgen in Fig. 5.5.

The load cell and the LDTs were connected to a datpiisition system to record and
store the load and movement at the pile head ddhnie¢pad test. Once the hydraulic jack
advanced in each loading increment against theéiosageam, the load was transferred to
the pile and measured by the load cell. At the sime, the four LDTs measured the
axial displacement of the pile head. The displaceragerage is considered in the data

analysis in an attempt to overcome any inaccuracigdse measurement of any one LDT.
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5.2.3 Monotonic load test procedure

The monotonic testing phase started by conductmg tompression load tests on
micropiles MP1 and MP3 in sequence. This was falidwy two uplift tests conducted
on MP2 and MP4. A finial compression test was catelll on MP2. The quick
maintained load test procedure was followed duthey monotonic load testing phase.
The ASTM D-1143 (2007) standard specifies that rdyiihe test, the load should be
applied in increments of 5% the anticipated faillwad with constant time interval

increments. The time interval increment should &®vben 4 and 15 minutes.

Hydraulic

—=

Vi
3

===

P

Figure 5. 4. Micropile head instrumentation duringcompression tests
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Hydraulic jack

89mm bar
connecting
the jack with
the load ce

Load cell

Figure 5. 5. Micropile head instrumentation duringtension tests

Smaller increments, longer time intervals, or bcdin be used. In this study, loads were
applied in increments of 5 % of the anticipatedufa load and maintained for at least 5
minutes. Generally, the micropiles were tested dmpgression in accordance with the
ASTM D-1143 (2007) quick maintained load test pchae. The uplift load tests were
accomplished in accordance to ASTM D-3689 (2007ickgumaintained load test

procedure.

Due to the relatively close spacing between thespigpacing to diameter ratio, S/d =4.4),
and because of the cohesive nature of the soilgitsp@ long testing schedule was
adopted. The testing schedule incorporated a vgageriod of at least 10 days between

any two consequent tests to allow the soil surrmmthe piles some time to rest and
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regain strength. During the test, the piles weeséal monotonically, where each load
increment was applied and maintained for at leastiriutes until the maximum load of
the test was achieved. When the pre-specified maxirfoad was reached, a 10 min
creep test was conducted in accordance with thdetines of the Post-Tensioning

Institute (2004) to examine the geotechnical failof the micropiles.

5.2.4 Monotonic test results and analysis

One of the main objectives of this study is to exanthe performance of the hollow-core
bar micropiles geotechnically rather than strudturdor this pile type, the bond at the
bar / grout interface is not an issue for all tdréars used nowadays in micropiles. It is
always the grout / ground interface that is thetiimg factor. Utilizing data from Tables

(3.11) and (4.1), and employing equations 2.1 aBdtBe ultimate structural capacity of

the hollow core micropile used here should be:

In compression:

PC = 085 gAg + fyAs: 2006 kN,

And, in tension (uplift):

P =f,As= 1450 kN

From a geotechnical prospective, FHWA NHI (2005)nsiders the hollow core
micropiles as Type B micropiles, pressure grouteBHWA NHI (2005) specifies
preliminary values for the nominal bond strengthTigpe B micropiles embedded in stiff

silty clay soils between 70 and 190 kPa (Table.Z2bwever, these values vary with
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ground conditions and installation techniques, érghond values may be used but only

upon proper documentation and load test data.

Given the values of sevaluated from the soil investigation, the highleshd value

suggested by the FHWA NHI (2005) will be considered. 190 kPa. Therefore, the
theoretical ultimate geotechnical capacity of therapiles with 176 mm diameter would
be 600 kN for either compression or uplift loadidgcordingly, the pile load test was

initially carried to a maximum load at the pile Hemround 600 kN.

Figures 5.6 and 5.7 show the load-displacementesufer three compression and two
uplift tests, respectively. MP2 was loaded monatalty in tension first then in

compression. Figure 5.6 indicates that the resgoméeMPl and MP3 are almost
identical, while MP2 shows a more flexible resporspecially at the beginning of
loading. This may be attributed to the fact that pile was loaded in tension prior to the
compression load test. Hence, its compression h@haxas affected by a permanent
upward displacement, which resulted in a relativatger displacement at the beginning
of the compression load test. As the compressiagihg continued, the stiffness

increased and became similar to that of MP1 and.MP3

Figure 5.7 reveals that the two tension piles betladifferently. Micropile MP2
displayed a stiffer response compared to MP4. Nabess, the two piles, as well as the
piles tested under compression were loaded to amiax load between 575 and 600 kN
with no signs of failure in any of them. This demtrates that they.nq Suggested by the

FHWA NHI (2005) for Type B micropile underestimatdee hollow core micropiles
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geotechnical capacity. This is further confirmedtlhg small values of creep recorded at

the pile head presented at Table 5.1.

There was a concern during the initial planninghaf testing program whether slippage
would occur between the grout inside the bar amdstinooth surface of the bar inner
wall, and thus it was ruled against inserting ttrails gauges inside the bar. Pushing the
strain gauges into the outer grout, however, daohagest strain gauges and only two
strain gauges at each pile survived the instahatiinfortunately, the data obtained from
these strain gauges were inconsistent as the vehaagyed from compression to tension
during the monotonic axial compression tests. Tight be caused by a tilt in the axis of
the strain gauge with the vertical during instadlat However, it was observed after the
load testing was completed that no slippage to@celbetween the grout inside the
hollow core and the enclosing bar. It is thereftmeommended for further field load
testing on this type of micropiles to insert theast gauges inside the hollow core bar
after grouting, with no concern of slippage ocawgrunless structural failure of the pile

is reached.

Bruce et al. (1993) proposed the concept of “elasdtio” for evaluating micropiles
performance. They showed that the measuremenedldistic deflections can be used to
evaluate the length of the pile that is being sedsi.e. engauged in transferring the load
through the grout-ground bonding. This length isfulsin evaluating the magnitude and
distribution of the load being transferred to tlieumd the elastic ratio, ER, is defined as
the ratio between the elastic deformation of tHe felastic rebound) and the applied

load, that is:
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Figure 5. 6. Load-displacement curves for three mastonic compression tests
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Figure 5. 7. Load-displacement curves for two mononic tension tests
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Table 5. 1. Micropiles creep at maximum applied loa&

Test Applied Load Creep from 1 to 10 min
KN mm
MP1 Compression 600 0.54
MP2 Tension 580 0.17
MP3 Compression 580 0.53
MP4 Tension 575 0.54
MP2 Compression 610 0.18
d
ER :A—eP (5.1)

Where: ER is the elastic ratié; is the elastic rebound of the micropile measured o
estimated during unloading cycl&P is the magnitude of the unloading calculatechas t

maximum applied load minus the final load afteroaaling. Another important parameter
that is used to assess the performance of thedtesieropiles is the apparent elastic

length, L, given by:

L = A 5.2)
AP

Where: L =is the elastic length of the pilE;EA = the combined elastic axial stiffness of
the micropile section in compression or the elaati@l stiffness of the steel bar in

tension.
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It should be noted thateland ER are intrinsically related; one of them banused to
evaluate the other. The valuedffor a pile is estimated as the total movement siiine
residual movement after unloading cycle. Practygcalpon unloading, the pile will still
have some level of elastic deformation caused bigdd-in bond stresses as examined by
Gomez et al. (2003). This causes the elastic rabtae underestimated as well as the
load transfer portion of the bond zone, i.e. thpaagnt elastic length. This behavior is

shown clearly during the analysis of the cyclicddest phase presented later on.

For fully bonded micropile, i.e., no casing zoneg walue of kL can be related to the
portion of the micropile subjected to substantimlabload. Hence, it can be used to
estimate the ultimate average bond strength aelioigg the micropile where debonding
is most probably to occur. Also, it can be useddsess whether an end bearing condition
is developed or not. Bruce et al. (1993) explaittezl development of the end bearing
condition as a probability of micropile failure, igh they attributed to the small diameter
of micropiles. Table 5.2 illustrates the resultsaiiied from the monotonic test phase on
the micropiles by computing the total, residual adstic movement as well as the
corresponding elastic length calculated using E2. 5 is noted from Table 5.2 that the
developed L is less than the total length for all micropilekwever, for all the cases,
except MP2 in uplift, the dis about 0.75 of the micropiles bonded lengthighér. This
also emphasizes that no geotechnical failure hasrged for any of the tested micropiles
but the micropiles start to approach the failurempdNonetheless, the micropiles ultimate

load is higher than the maximum load applied dutiregmonotonic load test.
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Table 5. 2. Summary of the monotonic test phase nats

P disp-:_::zlmem .Residual | Elastic E:::
Type of Test N displacement displacement

8. . mm 6., mm 8e, mm Lo m

MP1 Compression 600 5.4 2.70 2.7 4.5
MP2 Tension 580 3.95 1.18 2.77 2.4
MP3 Compression 580 5.70 3.02 2.68 4.7
MP4 Tension 575 8.00 3.46 4.54 4.0
MP2 Compression 610 5.31 2.31 3.0 5.0

Due to the over-consolidated nature of the stiffysclay layer, a strain-softening
behavior may take place along grout/ground interfaicthe apparent elastic length rather
than full debonding of this portion of the micrailThis phenomenon could be examined
through cyclic load testing. The results of thelicytoad tests will help in assessing
whether a full debonding or softening (post-peakaweor) of the micropiles would take
place in this type of soils. This may be an impatriasue for design of micropiles subject

to machinery loading, and/or micropiles installegeismic areas.
5.3 Axial Cyclic Load Tests

The second phase of the field load tests involixesdyclic load tests. Four compression

and one tension cyclic load tests were conductetheriour hollow bar micropiles. The
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micropiles were tested cyclically in the followirggquence: cyclic tension on MP4,

cyclic compression on MP1, MP3, MP4, and MP2.

5.3.1 Test equipment and instrumentation

It is anticipated that the load levels applied dgrihe cyclic load tests will be the same or
less than that applied in the first phase. Herlee same loading frame illustrated in Fig.
5.2 was used to execute the cyclic load duringciludic load tests phase. No additional

instrumentations were employed at the pile heathduhis phase testing.

5.3.2 Cyclic load test procedure

In each cyclic load test, the micropile was sulgdcto 15 cycles of loading and un-
loading at a rate of one cycle per minute. Theilogdate was governed by the reliability
of the hydraulic jack used. In each loading cythe, examined micropile was tested to a
peak load equal to 133% of the anticipated desigd [DL) and unloaded to a minimum
load equal to 67% of the anticipated DL. The DL sidared herein is about one half of
the maximum load applied during the monotonic ltexd, i.e., 280 kN to 310 kN. Table
5.3 shows the amplitude of the cyclic load apphsdwell as the DL calculated for each

micropile.

Each cyclic load test started by loading the miteomonotonically to the DL following
the quick maintained load test procedure; each loatement was maintained for 5
minutes. Upon reaching the DL, the micropile wasdked to the maximum load and then

unloaded to the minimum load (as given in Tablg &t3 relatively rapid loading rate.
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Table 5. 3. Design, amplitude and maximum appliecbhd for cyclic load tests

Type of Design Amplitude of Maximum Minimum
cyclic test load the cyclicload applied \load/ applied load/

cycle, cycle,
KN kN

kN kN
MP1 Compression 310 100 415 215
MP2 Compression 305 95 400 210
MP3 Compression 280 95 375 185
MP4 Compression 300 100 400 200
MP4 Tension 300 100 400 200

" MP4 was tested monotonically in tension only, and half of the applied load was consider as tisigde

load in both; compression and tension

This test procedure was chosen to approximate i@ aesponse of a micropile
subjected to earthquake conditions that would teaa cyclic load equal to one third of
the pile design capacity, i.e., around 100kN abawe below the DL for the test piles.
The load test procedure employed has deviated fremASTM D-1143 (2007) cyclic

load test procedure.
5.3.3 Cyclic load test results and analysis

The hollow bar micropile cyclic loading and dis@atent versus time are plotted in Figs.

5.8 through 5.11 for the four cyclic compressiostgeand in Fig. 5.12 for the single uplift
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cyclic test. The response of piles to cyclic loadis quite complex (EI Naggar and Wei,

2000), therefore, the results of the cyclic testsamalyzed considering several aspects.

The response of each pile was examined considérenghagnitude of the pile head load-
movement at each cycle, as illustrated in Figs 5ot &ll the compression and 5.14 for
the tension cyclic load tests. Generally, all téstacropiles, whether in compression or
tension, showed an increase in the pile head movewith the increase in the number of
load cycles. However, the initial and final disgatents of the micropiles at the

beginning and at the end of the cyclic portionh#f test are not similar.

It seems that the performance of tested micropitas affected by the sequence and
amplitude of monotonic tests conducted on the pplésr to the cyclic tests. MP1 and
MP3 were tested under compression only; monotdgitiaén cyclically. However, MP1
was tested to higher load amplitudes in both t&8El displayed higher initial and final
displacements than MP3 during the cyclic portiontlsd test. On the other hand, the
effect of sequence of loading can be clearly seethé response of MP4, which was
tested monotonically then cyclically under tensi@md eventually cyclically under
compression. MP4 exhibited more displacement ungelic compression that is nearly

twice that which occurred during cyclic tension.
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Figure 5. 10. Load and displacement versus time tffie cyclic compression tests on
MP3
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Figure 5. 14. Load -displacement curves for the tesion cyclic test on MP4

Micropile MP2 showed a stiffer response to cychading than the other micropiles
because it was subjected initially to monotonicsien, then monotonic compression
followed by cyclic compression. It can be concludeain the difference between the
initial and final displacements (at the beginnimgl @nd of cyclic loading) presented in
Figs. 5.13 and 5.14 that the clayey soils alongpiesoil interface has experienced
some plastic deformation over what they experierd@dng the monotonic load test.
This permanent deformation may occur due to theaking of interparticle bonds

between the clay particles accompanied by locdigreaent of those particles whenever

the skin friction is mobilized at the monotonic dbi@sts phases.

To further examine the effect of cyclic loading thre micropile head movement, the

accumulated displacement of the pile head is glagainst the number of cycles in Fig.
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5.15. At cycle zero, the displacement correspordshe initial displacement of the

micropiles when the maximum cyclic load was readhedfirst time.

Figure 5.15 demonstrates that there was a sn@#ase in the pile head movement due
to the cyclic loading, but this increase was natoatpanied by progressive degradation
of the pile performance as the number of load cyahereased. Table 5.4 presents the
percentage increase at the pile head displacerhéme @nd of the cyclic loading relative
to the observed displacement at the end of the tooio loading phase (and the
beginning of cyclic loading). The stiffness of thecropiles at each load cycle can be
approximated by the slope of the load-movementedring each load cycle, i.e.:

K _ Pmax -Pmin

- 8max- 8min

(5.3)

Where: K is the pile head stiffness;&Rand Ry, are the maximum and minimum applied

loads during each load cyck;ax andonmin are the corresponding pile head displacement.

The pile head stiffness was calculated using E8j.abd the results are plotted in Figs.
5.16 through 5.20. It is noted from these figurkat tthe micropile stiffness didn’t

experience any cumulative change in any given timealuring the load cycles, i.e., it

increased slightly in some cycles and decreasedhiers. It is interesting to note that all
tested micropiles demonstrated approximately theesaitial stiffness values (see Table
5.5), except for MP2, which exhibited a stiffer pease than all other piles. Not
surprisingly, as MP2 exhibited stiffer response amchonotonic compression (Fig. 5.6)

and monotonic tension (Fig. 5.7).
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Figure 5. 15. Accumulation of displacement for 15yxles of loading and unloading

The overall observation is that the stiffness cleangs marginal with no cumulative
degradation; rather a small increase was obsemeddme of the tested micropiles. It
can be concluded from these observations that tbepiles did not exhibit any form of
full debonding at the pile-soil interface. In adlt, the cyclic loading phase
demonstrated that the over-consolidated clay wasseasitive to small changes in
magnitude and amplitudes of the cyclic load bus iaffected by the sequence of load
applied. It should be noted, however, that thessefations are only relevant to the
range of applied magnitudes of cyclic loading. Bedaviour of hollow core micropiles

could be different if higher cyclic loads are apgli
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Table 5. 4. Percentage increase in pile head dispament at the end of cyclic loading

Type of test Percentage increse in displacement frocycle 1
to cycle 15, %

MP1 Compression 18
MP2 Compression 6
MP3 Compression 20
MP4 Compression 13
Tension 16.5

Table 5. 5. Initial and final stiffness of all themicropiles after the cyclic load test

Type of Cyclic Test Initial Stiffness Finial Stiffness
MN/m MN/m
MP1 Compression 219.5 225.7
MP2 Compression 350.3 348.3
MP3 Compression 186 245
MP4 Compression 234 219

Tension 241 240
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Figure 5. 16. Pile head stiffness versus number ofcles for compression cyclic tests
on MP1
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Figure 5. 17. Pile head stiffness versus number ofcles for compression cyclic tests
on MP2
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Figure 5. 18. Pile head stiffness versus number ofycles for compression cyclic tests
on MP3
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Figure 5. 19. Pile head stiffness versus number ofcles for compression cyclic tests
on MP4
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Figure 5. 20. Pile head stiffness versus number ofcles for tension cyclic tests on
MP4

5.4 Numerical Analysis

The field test results provided useful informatiom the performance characteristics of
the hollow bar micropiles. In addition, the soil/@stigation program provided the soll
strength and stiffness properties required to atarae the behavior of different soil
layers. This information can be invested in caliimg a numerical model that can
provide further insights into the load transfer metsm and performance characteristics
of hollow bar micropiles. Once the numerical mod&h has been calibrated with the

field data, it can be used to perform further asadyto identify failure criteria, establish
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the load transfer mechanism and develop a desigeedure for the hollow core

micropiles.

The finite element method (FEM) represents a pawedol for numerical analysis.
Nowadays, numerical analysis using FEM is well ate@ in the field of geotechnical
engineering due to the possibility of modeling o employing a range of constitutive
models from simple to complex with the input of fevaterial parameters. In this study,
FEM analysis is carried out utilizing the ABAQUSftsware package (Hibbitt et al,
2008). The program is capable of modeling the @od the micropile geometrically and
materially in a near to real fashion. The programpats include stresses and strains as
well as deformations at different locations. Instisection, numerical simulations for
hollow bar micropiles under monotonic and cyclidad®oads are presented, and the

obtained results are discussed.

5.5 Axial Loading Numerical Models

Two sets of models were created to simulate theopeance of hollow bar micropiles
under axial loading: a monotonic axial loading mpdead a cyclic axial loading model.
Upon calibrating each model, a parametric studycamducted and some design

guidelines are introduced.
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5.5.1 Monotonic axial loading models

5.5.1.1Geometric modeling

The case of a single pile can be described as iadagal structure with a relative
uniform radial cross-section and an axisymmetradinog scheme around the center axis.
In this case, the stress and deformation are asktortee identical in any radial direction.
Accordingly, a two-dimension (2D) axisymmetric mbdmn be used to model the

behavior of the hollow bar micropile under axisding.

The axisymmetric model is generated by revolvinglane cross-section about the
symmetry axis, and is readily described in cylindripolar coordinates r, z, aAdFigure

5.21 shows a typical reference cross-sectidh=a0. The radial and axial coordinates of a
point on this cross-section are denoted by r amdspectively. Thus, the model has two
coordinates: 1 (or r) is radial; and coordinat®R4) is vertical. At = 0, the r-direction

corresponds to the global x-direction and the edalion corresponds to the global y-
direction (Hibbitt et al, 2008). Hence, each nodethe model has two degrees of

freedom; degree of freedom 1 which jsand degree of freedom 2 which js u

The axisymmetric elements are used to analyzerthtdgm by discretizing the reference
cross-section & = 0. In Fig. 5.21, an element of an axisymmetadyphas the nodes i, j,

k, and | are actually nodal circles. Accordinglye tvolume of material associated with
the element is that of a body of revolution. Aseault, the value of a prescribed nodal
load or reaction force is the total value on thngrintegrated around the circumference.

Four nodes continuum axisymmetric elements, CAXdrenused to model both the soil
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and micropile. The element CAX4 allows for only ielddand axial loading. It has
isotropic or orthotropic material properties, witheing a principal direction. Figure 5.22

presents the geometry of a CAX4 element and thetigo®f its integration points.

Randolph and Wroth (1978) recommended the verticalndary of a model to be
extended a distance not less than 25 times thaljgiteeter, measured from the center of
the pile. They also suggest the lower horizontalnaoary to be at least one and half the
pile length underneath the pile tip. However, Helwg2007) used the axisymmetric
model in ABAQUS to simulate the behavior of pilesdar monotonic loading. He
performed a mesh sensitivity analysis, which inidathat suggested the same distance
for the horizontal boundary as Randolph and Wr&8v8), but there is no need to extend
the model dimensions more than 0.7 the pile lefmtisingle pile analysis in the vertical
direction. Hence, the vertical boundary of the fa&del was located at a distance 25d
from the axis of symmetry. In order to examine #ffect of the location of the lower
horizontal boundary on the results, two cases vet@mined: the lower horizontal
boundary placed at either 0.7 L or at 1.0 L (L rmopile length). The outline geometry

and boundary conditions of the model are showrign3:23.

The model has four surfaces, with the following haary conditions: vertical surfaces
adjacent and parallel to axis of symmetry are fixedthe radial direction, u= O;
horizontal surface at the bottom of the model x&di in two directions, &# u = 0; and
the ground surface is free in all directions. Salvareshes with different refinement are
created and examined. The coarser mesh has 5308rekeand the finer mesh has 45000
elements, both are shown in Fig. 5.24. The agjict of all elements used in the model

is between 1:1 in the vicinity of the micropile,dah:5 at the far field.
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Figure 5. 21. Axisymmetric geometry model
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Figure 5. 22. CAX4 bilinear element with four integation points
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Figure 5. 23. The geometry of the axisymmetric modand the boundary conditions
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(a) Coarse mesh (b) Fine mesh

Figure 5. 24. Meshing techniques on two models

5.5.1.2Material modeling

The micropile—soil system involves three differaniaterials: steel, grout and soll
medium. The steel hollow bar was modeled considetdinear elastic behavior
represented by the Young’'s modulus, E = 2E+5 MRd, Roisson’s ratioy = 0.3. The

grout is modeled using a nonlinear elastic-plastadel along with the grout strength
parameters presented previously in Table 3.11.r€&idu25 depicts the constitutive
relation used to model the grout. The material rhaeployed for the soil medium
incorporates two segments: an elastic segmentsepied by E and; and a plastic

segment represented by the Mohr-Coulomb plasticitgracterized by a smooth flow
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Figure 5. 25. Tri-linear stress-strain relation usd to model the grout material

potential that has a hyperbolic shape in the memali stress plane and a piecewise

elliptic shape in the deviatoric stress plane.(ditttet al, 2008).

The Mohr-Coulomb model is defined by

1=C +o tang’ (5.4)

Where:c is normal stress and is negative in compressibe.Shear and normal stresses

can then be computed as:

T=SC0Sp’ (5.5)

6 '=om+ S sing’ (5.6)

Substituting fort and 6, multiplying both sides by cs$, and reducing, the Mohr-

Coulomb model can be written as:

S+omsSine”—ccosp’ =0 (5.7)
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Where: s is maximum shear stress =c%2 € 63"), is whereo; is the maximum principal
stress and;s is the minimum principal stressy, = % 01" + 03'), is the average of the
maximum and minimum principal stressess the friction angle of the material; and c is

the cohesion of the material.

Due to the rapid rate of loading followed during freld load tests, the soil is expected to
display undrained behavior. For silty clayey soitke undrained shear strength
parameter, s is used to represent the cohesion, c, in the Mimlulomb model described

previously.

For the sandy soil that exists at depth 5.75mMbér-coulomb parameters used are the
friction anglee” and the dilation anglg. However, zero cohesion stress is not permitted
in the model. Accordingly, a small value of coheswill be given to the sandy layer to
overcome any numerical error. The soil investigatpmogram discussed in Chapter 3
provided the geotechnical parameters of the tdst svils. Hence, the stiffness and
strength parameters adopted in soil deposits muglalie given by the average values of

those parameters as summarized in Table 5.6.

5.5.1.3Micropile-soil interface model

The grout body and the hollow bar were assumed todmded and no interaction surface
was assigned. On the other hand, an interactiorehveals assigned between the soil and
grout body, which is discussed below. Generalhy, and grout surfaces transmit shear
as well as normal forces across their interfacé® fformal and friction forces between

the two contact surfaces are expressed by: norrebbuior model to define the
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developed interaction stresses in the normal dmeodf the surfaces; and tangential

behavior model to describe shear stress transmiétdhe interface.

Table 5. 6. Geotechnical parameters assigned to tMohr-Coulomb model

Depth Cohesion, ¢ Friction Dilation Young’s v
angle,o’ angle,y modulus, E
kPa
MPa

Oto1l 105 0 0 50 0.45

lto2 150 0 0 75 0.45

2t03 90 0 0 45 0.45
31t05.75 175 0 0 90 0.45
5.75t0 10 1 34-35 4-5 100-200 0.32

The micropile transfers the applied load to theaurding soil through two load transfer
mechanisms: shaft friction resistance and end hgamesistance. To model the shaft
friction resistance, both the normal and tangentmldels were employed, while to
simulate the end bearing resistance, only the nomoael was sufficient. The normal
behavior between the micropile and the soil aldre ghaft and at the base is modeled
using penalty “hard” normal behavior model. Thertiiacontact relationship minimizes
the penetration of the slave surface (soil) in® rtiaster surface (grout) at the constraint
locations and does not allow tensile stress tranafeoss the interface. The contact

pressure- overclosure relationship in this model is giverFig. 5.26.
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When the linear penalty method is used, the perstifiness is assigned 10 times
representative underlying element stiffness. This e scaled or reassigned if needed.
This approach can sometimes contribute to someedegf stress inaccuracy with
displacement-controlled loading and a coarse mkskhe current analysis, both were

avoided (i.e. load-controlled and fine mesh wenesatered).

Contact
A

Any pressure possible when in contact \
N

No pressure when no contact

pressure

4
Clearance

Figure 5. 26. Default pressure- overclosure relationship

The tangential behaviour along the micropile — sbidft is modeled using a penalty
friction model, which is based on the Coulomb fdot model. In this model, two

contacting surfaces can carry shear stresses up dertain magnitude across their
interface before they start sliding relative to @am@ther. This state is known as sticking
state. When the shear stress exceeds a certaghalaesliding of the surfaces initiates at
a fraction of the contact pressure, p, betweersthtaces. The Coulomb friction model
defines this limit as the maximum shear stregs, and the fraction, is known as the
coefficient of friction. The contact pressure, p,the normal stress calculated from the
normal behaviour model. Figure 5.27 shows the imlabetween the maximum shear

stress, contact pressure, p, and coefficient cidmn, ..
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Figure 5. 27. Slip regions for the friction model wh a limit on the critical shear

stress.

Upon applying the initial in-situ conditions andnstdering the normal and tangential

models along the soil — pile shaft interface, theas stress at the beginning of analysis is:

Tin =K1 (5.8)
and:
p=koy (5.9)
u = tand (5.10)

Where:d is the friction angle between the soil and midegurfaces ®. Substitutingp

andp in Eq. 5.8, the shear resistance can be infesed a

Tin = (Ko oy) tane (5.11)
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Upon applying the loads at the pile head, the sk&ass along the shaft is modified

depending on the contact pressure developed, to be:

Tin — (Ap) tan(P < Tmax (512)

Where:Ap is the change in the contact pressure due toghked load. The maximum
shear stress developed at the micropile — soitfaxte for micropile embedded in sand is

computed from:

Tmax =Ks Oy tane (5.13a)

and for micropile embedded in clay is compute using

Tmax = 0 Sy (5.13b)

Depending on the outcome of Eq. 5.12, two statey aw&ur; if i, < Tmax the two
surfaces are sticking, while f, > tmax Slipping takes place, and no more shear tresses
will be transferred to this part of the soil. Eqoas 5.8 to 5.12 are considered a
comprehensive interaction model for simulating tleaft resistance of micropiles
embedded in sand. However, when applying the s@jmatiens to micropiles embedded
in clay, a discrepancy will occur. The source a$ ttiscrepancy is that during undrained
analysis, the shear resistance of clay is soledéytduts adhesion property and not friction
property. In addition, the shear resistance of alayndrained analysis is independent of

the in-situ horizontal stresses.

Since the micropiles were embedded in silty clagodés, the Coulomb friction model

needs to be modified to account for the adhesitdrerahan the friction at the interface
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between the micropile and the clay. Recalling Eignat5.8 to 5.11 and by imposing an
equivalent pressure upon applying the load in ordeeplace the in-situ horizontal stress

by a constant stress along the interface equakipEq. 5.12 will take the form of:
Tin=Ap) 1.0 < as (5.14)

If the developed contact stress is less thap the interface will be sticking, while if the

contact pressure increases thas), slippage will occur.

To complete the tangential model, the stiffnesdhef interface is assigned through a
tolerance elastic slip ratio as shown in Fig. 51 relationship between the shear stress
and the total slip is set analogous to the elgdtistic material behaviour without
hardening. In Fig 5.28, the stiffness of the interface, corresponds tangs modulus,
and 1.t corresponds to yield stress. Accordingly, stickingtion corresponds to the
elastic regime, and slipping friction correspondstlie plastic regime. Defining this
stiffness requires the selection of an allowablested slip,y;. The software manual
recommends a value fof that provides a balance between efficiency andiracy,

which is defined by:
vi =Ft /i (5.15)

Where:F; is the slip tolerance; its default value is 0.0P5is the characteristic contact

surface length
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Figure 5. 28. Elastic slip versus shear traction tationship for sticking and slipping

friction.

Defining an interface surface in ABAQUS requiresdfying a contact formulation
involving: a contact discretization; a tracking egach; and assignment of “master” and

“slave” roles to the contact surfaces.

The master—slave contact formulation requires duedithe slave and master surfaces.
Generally, it is recommended that the master seriaselected as the surface of stiffer
body or the surface with coarser mesh. Accordinidg, micropile surface was defined as
the master surface and the soil was defined asslinee surface in all interaction

formulations; either between the shaft surfacdsetween the end bearing surfaces.

Two methods of disctrization are available in ABA®Unode-to-surface contact and
surface-to-surface contact. With node-to-surfaserétization, the contact conditions are
established such that each “slave” node on one dide contact interface effectively

interacts with a point of projection on the “ma&tsurface on the opposite side of the
contact interface. Thus, each contact conditiomlves a single slave node and a group

of nearby master nodes from which values are iotated to the projection point. On
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the other hand, surface-to-surface discretizatmrsiclers the shape of both the slave and
master surfaces in the region of contact conssaifthe surface-to-surface formulation
enforces contact conditions in an average senseregens nearby slave nodes rather
than only at individual slave nodes. The averagegions are approximately centered on
slave nodes, so each contact constraint will préciamtly consider one slave node but
will also consider adjacent slave nodes. The mitgepoil interface was modeled using
surface-to-surface discretization to account fer éerage sense of penetration over the

soil slave nodes.

In ABAQUS, there are two tracking approaches twaant for the relative motion of two
interacting surfaces in contact simulations: firglieling tracking and small-sliding
tracking. Finite-sliding contact allows for arbityarelative separation, sliding, and
rotation of the contacting surfaces. In additidie tonnectivity of the currently active
contact constraints changes upon relative tandemiidion of the contacting surfaces.
Small-sliding contact assumes relatively littl@lsig of one surface along the other and is
based on linearized approximations of the mastéasel per constraint. The micropile —

soil interface was modeled using a finite-slidirecking approach.

5.5.1.4Solver analysis procedure

All FE simulations performed in this study employte@ ABAQUS/Standard solver, in
which the analysis are performed in steps and taetdh's method was used. Because
large-displacement is expected during the analggemetrically nonlinear formulation

is considered.
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The model boundary conditions were assigned inritial step. In order to establish the
appropriate geostatic conditions, the initial stegs followed by a geostatic step. Gravity
loads or body forces were applied during this dteequilibrate the in-situ conditions
given as initial stresses conditions. The equililtriwas checked in an iterative procedure

to achieve a stress state that equilibrated thecpbeed boundary conditions and loads.

Any number of static analysis steps can follow gkestatic step; the starting condition
for each static general step is the ending comditiom the last static general step. A
total time period is assigned to the analysis d agethe time of each step “step time”.
Figure 5.29 illustrates the relation of the analystal time and the step time. Each step is
divided into multiple increments. The “time” incremts are fractions of the total step
time. Two choices are available for controlling thcrementation scheme: automatic or
user-specified. The default automatic incrementasoheme is used, in which initial,

minimum, and maximum increments were specified.

—— Step1 ———=m*+—— Step2 ————— Step 3———=

Total —-
100s 2002

time |0s 0=

Step |os 100s| 0s 100s| 0s 100s
fime

Figure 5. 29. Step and total time for a simulation

Two static analysis steps were used to calibratebihaviour of the monotonic field
tests. In the first step, “the contact step”, tbatact between the micropile and the soil

shaft and end bearing surfaces are established.stéyp simulated the change in the in-
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situ stress due to the installation of the micregillt was followed by a static step where
the load is applied at the head of the hollow coieropiles. Load control amplitude was

used, similar to the load scheme used during #ie foad test.

5.5.2 Calibration of the monotonic field test results

The four hollow core micropiles were installed Hyshing the hole using air under
pressure. Upon reaching the desired depth, the grasi delivered under pressure at the
pile toe and filled the annulus between the hollaw and the sides of the hole. The hole
was filled from the bottom to the top. Due to thistallation process, it is anticipated
that the grout column will have a bulb shape, withariable cross section along its shatt.
This cross-section variability must be considerethe numerical simulation to achieve a

realistic representation of the pile behavior.

There is no clear information in the literature atbthe enlargement due the installation
of hollow bar micropiles. Accordingly, a variableoss-section was employed to
geometrically model the micropile shaft. The praabgeometry of the shaft comprises
two different cross-sections: a lower segment flaatan enlarged diameteg, dnd starts
from the pile toe up to a certain depth, and aneugegment up to the pile butt with
diameter equal to the pile nominal (bit) diamet&éhe proposed geometry of the
micropile is given in Fig. 5.30. The bottom segmetanoted as the enlarged segment,

has a length of &. Hence, the length of the upper segment is lg.— L

To establish the values ot @nd Lg, a trial-and-error methodology (depicted in Figure
5.31) was adopted to arrive at a representativenge@ model of the hollow core

micropile. The methodology is characterized by ragrthe analysis based on the best
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Figure 5. 30. The proposed micropile geometry

estimate soil properties evaluated from the soilestigation program presented in
Chapter 3, and summarized in Table 5.6. Seventdenhave been tried to calibrate the
monotonic field tests. The analysis stops uponhiegca calibration on both compression
and tension field test results with the same geooeiodel. The acceptance criteria for a

calibration job are:
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- The adhesion facton, between the clayey soil along the micropile shafi the

micropile grout for compression and tension is tess or equal to 1.

- The adhesion factor between the clayey soil aldregmicropile shaft and the
micropile in tension must be less than or equaltdocorresponding value in

compression for the same load amplitude.

- If two jobs could have calibration, the one witle fowest enlargement volume is

considered.

The results are believed to be representative efattual pile geometry, and hence,
its behavior. This is particularly important becauke calibrated geometric model
will also be used to analyze the cyclic field Idadts as well as the simulation of the

micropile group that will be discussed in the fellog chapter.

Figures 5.32 to 5.34 illustrate the measured atzlleded load displacement curves for
compression field load tests on MP1, MP2, and MP® geometry of the calibrated FE
model has an enlarged bottom segment with dianter.75 @ This enlargement

extends to 0.25 L measured from the pile toe. Tesion factor of the clayey soil along

the micropile shaft for compression and/or tensanges between 0.9 and 1.
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However, because the micropiles were not loadédiliare, there is a level of uncertainty
regarding the nonlinear portion of the FE modelltss To resolve the aforementioned
uncertainty, the experimental load test results extended to higher load amplitudes
utilizing a hyperbolic function. This methodologyasv introduced by Kulhawy and
Mayne (1990) and Jeon (2004) to estimate the behatidrilled shafts and micropiles at

loads higher than the maximum applied load durivegfield test.

The hyperbolic function between the pile load dmelltead displacement is given by:

P =A/ (a + bA) (5.24)
Load (kN)
0 200 400 600 800 1000
0 -\
-5 =

= = Fjeldtest MP1
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Figure 5. 32. Calibration of MP1 in compression
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Figure 5. 33. Calibration of MP3 in compression
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Figure 5. 34. Calibration of MP2 in compression
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Where: P is the load at the pile headis the head displacement, a&b is curve fitting

parameters.

The fitting parameters are obtained by plotting tlkation between (R) and A. For
micropile MP1, the parameters are found to be: #3and b= -0.012. The field test
results of MP1 are plotted in Fig. 5.35 togethethwthe extended hyperbolic function
curve utilizing the obtained fitting parameters. eThyperbolic function shows an
excellent agreement with the field test resultsaly, the extended field results
employing the hyperbolic function and the FE madsiults are plotted together in Fig.
5.36 for MP1 in compression. Similar favorable agnent is observed for the extended

field test results within the non-linear portiontbé curve.

Similarly, the calculated responses are in agreémath the uplift field test results
displayed in Figs. 5.37 and 5.38 for MP2 and MR4pectively. It should be noted that
MP2 was loaded in tension first, then in comprassiad MP4 was loaded in tension

only, i.e., the uplift loading was the first loaditest for both piles.

The numerical models predicted brittle failure tbe micropiles under tension. This
brittle failure occurs as the shear stress reatieshear strength at the grout-ground
interface, and the stiffness of this region apphesczero. This phenomenon is known
numerically as “snap through” where the model satidéas no or negative stiffness,
followed by partially gaining some of its stiffnessth continuing loading. ABAQUS

user manual recommends using implicit dynamic salweovercome this phenomenon.
However, another job was tried using the impligiha@mic solver, and the same behavior

was obtained.
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Figure 5. 35. Field test results and hyperbolic fuction of MP1 in compression
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A mesh sensitivity analysis was carried out congidethe verified model. Six models
were created during the calibration phase incotpayathe enlarged geometry of the
micropile model. The aim of such analysis was tptwe the effect of location of the
bottom horizontal boundary and the total numbeelefents on the performance of the

model.

Table 5.7 summarizes the two parameters assign@agdine mesh sensitivity analysis.
The analysis was carried out for micropiles undemgression utilizing an adhesion
factor within the range of the calibrated models,d is taken equal to 0.9 and 1.0. The
number of elements was varied, while maintainiregabpect ratio of elements at the soil-
micropile interface around 1. Figure 5.39 illustsathe effect of the horizontal boundary
on the capacity of the micropile for Mesh_1. Iblsvious that increasing the distance to
the bottom boundary from 0.75 L to L has no effattthe micropile capacity. The same
observation was recognized for different numberetgfments (i.e. meshes). This is

consistent with the findings of Helwany (2007).

The effect of number of elements is depicted insFi§.40 and 5.41, for the two
horizontal boundaries assigned previously. All nessproduced the same pile response
during the initial loading level. However, as tlading progressed and the pile response
displayed non-linear behavior, the calculated raesps started to diverge. As anticipated,
the coarse mesh, Mesh_2, gives stiffer responsettigaother two meshes. For all levels
of horizontal boundary and interaction models ocdem®d, the differences between

Mesh_1 and Mesh_3 results were marginal.



Table 5. 7. Summary of the mesh sensitivity analysparameter used

145

Designated Model Depth ~ Number of soil Number of pile Total

mesh name (m) elements elements number of
elements

Mesh 1 12 12 18824 794 19618

Mesh_2 12 12 4967 289 5256

Mesh_3 12 12 41452 1517 42969

Mesh_1 10 10 17464 794 18258

Mesh_2 10 10 4673 289 4962

Mesh_3 10 10 37357 1517 38874
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Figure 5. 39. Effect of horizontal boundary in Mesh1
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At the maximum applied load, the difference in pilead response for Mesh_1 and
Mesh_3 is 5%, with Mesh_1 resulting in a slighttyadler response. This ratio decreases
to less than 2% at 0.9 the maximum applied lo&d,lead =720 kN. On the other hand,
the difference in response between Mesh_2 and Me&h20% at load = 800 kN and
about 12 % at load =720 kN. Considering the resalitained from the mesh sensitivity
analysis, it was decided to consider Mesh_1 (19&&ents) with 10m length in the

parametric study, which is same as that used icdhbration of the field load tests.
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Figure 5. 40. Effect of number of elements on the isropile capacity, 10m modelo
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5.5.3 Failure Criteria

The micropile load—displacement curve can be usessess its performance under axial
loading and to evaluate its ultimate capacity. PpHe failure load may be defined as the
load when the pile plunges or settlement occurgdhapnder sustained load (Prakash
and Sharma, 1990). If plunging does not occur pthympnother definition for the pile

ultimate load is needed, which preferably shouldleracterized by a mathematical rule.

The objective of a failure criterion is to considtg estimate the amount of loading
and/or settlement associated with the failure diordi In other words, a failure criterion

is used to characterize the pile ultimate load c#paaccording to a specific
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mathematical condition. Hence, the term “interpaeflure load” is more appropriate to

indicate that the failure load will be interpre@etording to a specific criterion.

If the pile is loaded to a true failure point, tlead-displacement curve would display
three different regions: an initial linear regioitiwa large slope, a strongly non-linear
(transient) region, and finally, a nearly lineagion with a small slope. Most of the
failure criteria place the interpreted failure loaihin the nonlinear region of the load-
displacement curve. Therefore, once a suitabl@fadtsafety is applied, the design load
of the pile will lie within the initial linear regn of the curve. This will yield predictable

load-displacement behavior and avoid any abrupiesstnt.

The factor of safety is usually determined basedseweral factors that include the
uncertainty related to the spatial variability dietsoil properties, the effects of pile
installation technique, the load transfer mecharfanthe pile, the nature of loading and
the pile configuration. The load transfer mechanismmicropiles is different than those
for traditional piles due to the method of instatia employed for micropiles. Hence, the

failure criterion and safety factor should be elsshled accordingly.

There are numerous interpreted failure criteria #ina used for different pile types and in
different building codes. Table 5.8 lists somelad thost commonly used failure criteria
for classifying the failure load for micropiles. @hmethods given in Table 5.8 can be
divided into two main categories: failure criterdth settlement limitation, and failure

criteria with graphical construction. The first tweethods given in Table 5.8 are failure

criteria with settlement limitation related to thiée diameter.
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Those methods are difficult to apply to a microgiecause of the variability in axial
stiffness over the length of the micropile (dualifferent diameter). On the other hand,
the last two methods are based on graphical cartgtnuon the load-displacement curve.
Therefore, they depend on the actual performandtieeomicropile under the applied load
without involving any pile and/or soil property. @ttwo methods will be applied to the
calibrated models. The most applicable method Wl chosen for further analysis

conducted on micropiles, i.e. the parametric study.

Table 5. 8. Most common failure criteria for microgles

Failure criteria Failure load definition Remarks

Davisson’s offset ~ Load corresponding to total settlement at
limit criterion, the pile head = PL/AE + d/120 + 4 (mm)
1972

Reese and O’'Neil, Load corresponding to total displacemenFHWA (1988)
1988 =5%d criterion

Butler and Hoy, Load at intersection of tangent sloping at NYSDOT (2008)
1977 0.14mm/kN and tangent to initial straight

portion of total settlement curve

Fuller and Hoy, Minimum load for a rate of total settlemenEHWA (2005)
1970 of 0.14mm/kN

Figures 5.42, 5.43, and 5.44 show the failure atapplied to the load-displacement
curves for MP1, MP2, and MP3. The interpretedufailload of each micropile according

to the aforementioned two failure criteria is giverTable 5.9.
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The failure load obtained from Fuller and Hoy (1Pp#0ethod is equal to 1.15 that
obtained from Butler and Hoy (1977) intersection tiod for all micropiles.
Interestingly, the failure load according to Butkerd Hoy (1977) is matching with the

5% D criterion, if D is considered as the drillibg diameter of the hollow bar micropile.

Using a factor of safety equal to 2, the desigrdladtained from Butler and Hoy
(2977)’s failure load will lie within the initialihear region of the load —displacement
curve. However, applying the same factor of satetyhe failure load computed using
Fuller and Hoy (1970) method will locate the dedigad at the brink of the initial linear
region. It seems that Butler and Hoy (1977) failargerion is more applicable to the
hollow bar micropiles. Further discussion on thestmsuitable method to evaluate the

failure load will be given in the next section.

Table 5. 9. Failure loads for Micropiles in compresion

Butler and Hoy 1977 (intersection) Fuller and Hoy, 1970
(NYSDOT 2008) FHWA (2005)
MP1 665 765
MP2 695 790

MP3 645 745
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Figure 5. 44. Failure load MP3 Compression

5.5.4 Load transfer mechanism

A micropile transfers all or most of its load t@tboil via skin friction resistance along its
shaft. Due to its small diameter, it is believedttthe micropile has reached failure when
the pile starts to behave in an end bearing fashitie micropile behaves in an end
bearing fashion when the entire load applied topite head is transferred to the soil
through the pile toe. However, most of the dataliphbd about the load transfer
mechanism of micropiles shows that the micropilesdmot show true failure upon
mobilizing full resistance along its shaft. Thesesome end bearing resistance that is
contributing to the micropile resistance upon réagHailure. In hollow bar micropiles,

the same load transfer mechanism is expected asothaicropiles. For any failure
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criterion, most of the pile load will be transfetréhrough the pile shaft, with a small

portion of the load transfer to the soil at thespde.

Hence, there is a need to understand the loadférangechanism of the hollow bar
micropile along the shaft and the amount of loahgfer at the pile toe, if any, for a
specific failure criterion. The load transfer megisan of the hollow bar micropiles is
evaluated employing the calibrated FE models. ameunt of load transfer to the soil at

any elevation at different load amplitudes is clltad from:

Pj = (62 Ai (5.25)

Where: R is the load transfer at elevation i due to loaglied j; (c,); is the axial stress

at elevation i due to load amplitude j; i8 the cross section of the pile at elevation i

The load transfer mechanisms for the three comjoredssts are given in Figs. 5.45,
5.46, and 5.47, for MP1, MP2, and MP3. The load walsulated at elevations that
coincide with the beginning and ending of each stfbse layer specified previously in

Table 5.6.
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Figure 5. 47. Load transfer for MP3 in compression.

For MP1, Figure 5.45 shows the following: at lo&i0 &N, 88 % of the applied load is
transferred to the soil via the micropile shaftd amly 12% is transferred through the pile
toe. As the applied load increased from 600 to BEQ most of the additional load
increment (55kN) is transmitted to the soil throygle toe. It seems that most of the
shaft resistance is mobilized at 660 kN. When th@ied load increases from 660 to 680
kN, the ratio of the load transfer to the pile tioereases to 24 %, and the amount of load

transferred at the pile toe is about 20kN.

This indicates that between 660kN and 680kN, arditiahal loading to the micropile

will be transferred to soil in a pure end bearingchranism, after the whole shaft
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resistance has been mobilized. Butler and Hoy (L97&thod gives a failure load of
approximately 665 kN whilst the Fuller and Hoy (09 gives a failure load of 765 kN.
Figure 5.45 shows that at a load of 765 kN, 1/3hef load applied at the pile head is

transfer to the soil through the toe.

For load transfer mechanism of MP2 given in Fig65.up to a load equal 660 kN, the
amount of load transfer to the soil at the pileigipbout 17%. Then, the load is increased
to 680 kN, and consequently, the ratio increase®l8. When the load applied at the
pile head increases from 680 to 700 kN, the amoftiltad transferred through at the pile
tip is 19kN. Hence, it seems that between load88f BN and 700 kN the micropile starts
to behave as an end bearing pile. Micropile MP2a&aslure load of 695 kN according

to the intersection method pre-scribed previouBlys value is between 680 and 700 kN.

The load transfer of micropile MP3 illustrated ilg.47 shows that the shaft resistance
of the micropile has been totally mobilized at adaequal to 600 kN. However, when
increasing the load from 600 to 640 kN, the amainbad transfer at the pile tip is less
than 40 kN, which implies further resistance of ghle shaft. After 640 kN, the amount
of load applied at the pile head is almost equah&éoamount of load transfer at the pile

tip. Interesting, the failure load according to Butand Hoy (1977) for MP3 is 640 kN.

It can be concluded from the load transfer curllastrated in Figs. 5.45 to 5.47 that the
failure load obtained utilizing Butler and Hoy faié criterion is best describe the
behavior of the hollow bar micropiles. In additiche failure load obtained from the

aforementioned failure criterion shows that thisdois not only restricted to shaft
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resistance of the micropile. Also, it is limitedjtiihere is a contribution of the micropile

end bearing resistance at the micropile tip.

The shear stress developed at the soil/micropitsface can be estimated from the load
transfer curves. Figure 5.48 depicts the developedrage shear stress along the
micropile length at approximately the failure loatitained previously. The adhesion
stress developed shows that the value of the amthésctor,a, is between 0.9 and 1.0.
Due to the limited field tests conducted, a vamiatiof a with s, is difficult to be
developed. However, Fig. 5.48 suggests toas€k9 as a lower bound and= 1.0 as an
upper bound for soils characterized hybgtween 90 and 175 kPa, in calculating the

hollow bar micropile shaft resistance.
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Figure 5. 48. Shear stress along the micropile atifure loads
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The same procedure is followed in analyzing thenkd&lel calibrating the uplift field

test. However, in contrary to the compression llegdihe failure in the uplift direction is
abrupt. Thus, the uplift capacity of the hollow lmaicropile can be determined readily
from the load-displacement curve. Figures 5.37 &®BB show that MP2 started to

“plunge” upwards when reaching a load of 600 kNilevMP4 plunged at 590 kN.

The calibration analysis reveals that there isedre correlate the failure load obtained
for each micropile to the shear strength of thé swirounding the pile as well as the
geometry of the micropile. Thus, a parametric stiglgarried in order to propose an

equation that can estimate the capacity of theotnotlar micropile in clayey soils.

5.5.5 Parametric study

The calibrated FE model was used to perform a patréonstudy. In this study, the
proposed geometry of the hollow bar micropile walsjacted to soil conditions different
than that used to calibrate the field test. Howetrer study was limited to the hollow bar
micropiles embedded in clayey soils. It is antitgohathat if this type of micropiles is

embedded in sandy soil, its performance and behaxilbe different.

The performance of hollow bar micropile is instadla-dependent, thus the enlargement
in its geometry in ground would change accordinthtinstallation technique employed.
As shown in the previous section, the enlargemetité hollow bar micropile geometry
affected the shaft resistance of the micropile quatily. Hence, the enlargement in the
hollow bar micropile geometry was investigatedhirs tparametric study. The hollow bar
micropile geometry was considered in terms of d#fifé enlargement values for diameter,

dg, and length, E
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The parameters used in the study are:

- Micropiles are embedded in clayey soil withvarying from 90 kPa to 175 kPa.

- The soil adhesion factor is considered to vary betw0.9 and 1.0.

- The slenderness ratio of the hollow bar micropitesL/d, is 30 and 50.

- The enlargement in micropile diameteg, daries from 25% to 100 % of the

drilling bit diameter.

- The length of enlarged section varies from 0.1.83®f the micropile length.

Meanwhile, the following parameters are kept camstaroughout the study:

Unit weight of soil

The lateral earth pressure of soll

Poisson’s ratio; for clayey soil assigned at 0.45

The grout and steel material properties.

For each job within the parametric study analytsige load values are computed. These
load values are: the failure load according to &udind Hoy method, the amount of
load transfer to the soil through skin frictiong,§g and the amount of load transfer
through end bearing, dring An example of how the three values are evaluaged

illustrated in Figs.5.49 and 5.50.
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Figure 5.49 shows the load — displacement curva job characterized by the following:
the micropile is embedded in clayey soil with=s150kPa,0 =1.0 and L/d =30. The
enlarged micropile diameter is 75% of the bit ditanand the length of enlarged section

is 1.5 m from the micropile tip. The load values ealculated in three steps:

Step 1: failure load is evaluated as shown in 549, which shows thatg® 614 kN.

Step 2: at failure load, the amount of load trangbethe soil at the pile tip, ¥uing IS
computed. Figure 5.50 depicts the distributionhef bbad along the micropile length at

load=614 kN.

Step 3: the shaft resistancenfis = Q- - Quearing

This procedure is followed in all cases. For comeece, the results of the parametric

study are presented in tabular format.
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Figure 5. 50. Load distribution obtained at @ = 614 kN, §= 150kPa,a =1.0, L/d
=30
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Table 5. 10. Compression capacity of hollow bar miopile, L =5.75m, L /d =30, ¢

=1.25d

Sy Le=1.5m,a=0.9 Le =2.0 m,a =1.0
kPa Qshaft Qbearing Qr Qshaft Qbearing Qr

kN KN KN KN kN kN
90 274 18.5 293 308 18 326
100 304 20 324 342.3 19.7 362
120 364.4 22.6 387 410.7 23.3 434
140 424.8 25.5 450.3 478.8 26.5 505.3
150 455 27 482 513.3 28.2 541.5
160 485 31 516 547.5 29.5 577
175 531 34 565 599.3 32 631.3

Table 5. 11. Compression capacity of hollow bar miopile, L =5.75m, L /d =30, ¢

=1.5d

Su Le=1.5m,a=1.0 Le =2.0 m,a =1.0
kPa Qshaft Qbearing Qr Qshaft Qbearing Qr

kN kN kN kN kN kN
90 321.22 24.78 346 332.46 24.54 357
100 356.8 26.2 383 369.3 26.5 395.8
120 428.3 30.7 459 443.04 32.46 475.5
140 499.2 34.8 534 517.7 36.3 554
150 535.2 37.8 573 554.2 39.8 594
160 571.8 38.7 610.5 591 42 633
175 624.5 45.5 670 646 45 691
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Table 5. 12. Compression capacity of hollow bar miopile, L =5.75m, L /d =30, ¢
=1.75d
Su Le=1.5m,a=0.9 Le =1.5m,a =1.0
kPa Qshaft Qbearing Qr Qbearing Qr
kN kN kN kN kN
90 306.3 30.2 336.5 339.85 30 369.85
100 340 325 372.5 377.5 33.5 411
120 408.5 38 446.5 452.75 40.75 493.5
140 475.98 44.52 520.5 528.2 46.4 574.6
150 510 49 559 50 614
160 544 54.5 598.5 603.2 51.8 655
175 595.3 60.7 656 659.7 57.8 717.5

Table 5. 13. Compression capacity of hollow bar miopile, L =5.75m, L /d =30, &

=1.75d

Le=1.0m,a=1.0

kPa

90

100

120

140

150

160

175

Qshaft
kN

328
363
437
510
546.6
583

637.4

Qbearing
kN

30
32
37
41
45.4
47.8

51

Qr
kN

358
395
474
551
592
630.8

688.4
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Table 5. 14. Compression capacity of hollow bar miopile, L =5.75m, L /d =30, ¢

=2d

Su Le=1.0 ma=1.0 Le =1.5m,a=0.9
kPa Qshaft Qbearing Qr Qshaft Qbearing Qr

kN KN KN KN kN kN
90 345.77 38.03 383.8 326.5 41 367.5
100 384 41 425 362.8 42.5 405.3
120 459.7 48.3 508 435.2 50.8 486
140 535.45 54.55 590 507.7 57.5 565.2
150 574.03 58.77 632.8 543.1 65.2 608.3
160 611.2 64.8 676 579.3 67.7 647
175 667.9 72.8 740.7 632.4 78.6 711

Table 5. 15. Compression capacity of hollow bar miopile, L = 8.8m, L /d =50, & =

1.25d

S Le=15m,ea=1.0 Le=2.2m,0=0.9
kPa Qshat Qbearing Qr Qshaft Qbearing Qr

kN kN kN kN kN kN
90 454.3 21.3 475.6 416.3 22 438.3
100 504.7 22.8 527.5 463 24 487
120 606 27 633 556.4 28 584.4
140 707 30 737 649 30 679
150 757.3 31 788.3 695.9 31 726.9
160 808 32.5 840.5 742 35 777
175 883.8 36.5 920.3 811.3 36 847.3
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Table 5. 16. Compression capacity of hollow bar roiopile, L = 8.8m, L /d =50, ¢ =

1.5d

Su Le=1.5m,a=1.0 le=2.2m,a=1.0
kPa Qshaft Qbearing Qr Qshaft Qbearing Qr

kN KN KN KN kN kN
90 473.54 28.46 502 491 28 519
100 526.15 30.25 556.4 545.1 29.9 575
120 631.5 34 665.5 654.6 34.9 689.5
140 736.8 38 774.8 763.6 38.7 802.3
150 789.2 39.8 829 818.1 40.5 858.6
160 842 42.5 884.5 872.6 43.1 915.7
175 920.8 45.2 966 954.4 45.6 1000

Table 5. 17. Compression capacity of hollow bar miopile, L = 8.8m, L /d =50, & =

1.75d

S Le=2.2m,a=0.9 Le=1.5m,a=1.0
kPa Qshat Qbearing Qr Qshaft Qbearing Qr

kN kN kN kN kN kN
90 468.6 33.4 502 520 34.5 554.5
100 520.5 36.5 557 577.7 36.8 614.5
120 624.7 40.3 665 693.25 41.75 735
140 728.9 47.3 776.2 808.7 47.4 856.1
150 780.9 51.2 832.1 866.5 50.5 917
160 833.4 55.6 889 924.3 54.5 978.8
175 911.9 62.1 974 1011 60 1071
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Table 5. 18. Compression capacity of hollow bar miopile, L = 8.8m, L /d =50, ¢ =

1.75d

kPa

90

100

120

140

150

160

175

Le=15m,a=1.0

Qshaft
kN

Qbearing
kN

494.33 36.47

549.1

658.5

768.4

823.3

878.2

960.3

39.4

44.2

51

54.1

57.2

61

Qr
KN

530.8
588.5
702.7
819.4
877.4
935.4

1021.3

Table 5. 19. Compression capacity of hollow bar miopile, L = 8.8m, L /d =50, & =

2d

Sy Le=15m,ea=1.0 Le=2.2m,0.=1.0
kPa Qshat Qbearing Qr Qshaft Qbearing Qr

kN kN kN kN kN kN
90 517.2 47.8 565 543.5 48.5 592
100 574 51 625 603.5 52 655.5
120 686 59 745 724 59 783
140 799 71 870 845 68 913
150 855 73 928 905.2 72.8 978
160 911 77 088 964.6 80.4 1045
175 996 84 1080 1055.3 86.7 1142
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Table 5. 20. Uplift capacity of hollow bar micropike, L =5.75m, L /d =30, d = 1.25d

Su

kPa

90

100

120

140

150

160

175

Le=1.5m,a=0.9

Le=2.0m,a=1.0

Qshaft Qbearing QF

kN KN KN
269.32 6.68 276
299.1 7.4 306.5
357.2 10 367.2
417.77 10.63 428.4
448 11 459
477.5 12 489.5
522 13 535

Qshaft
kN

304.72
338
405.1
473.2
506.1
539.7

590.6

Qbearing
kN

6.68
7.6
9.6
10
114
11.7

12.4

Qr
kN

311.4
345.6
414.7

483.2
517.5
551.4

603

Table 5. 21. Uplift capacity of hollow bar micropike, L =5.75m, L /d =30, d = 1.5d

Su

kPa

90

100

120

140

150

160

175

Le=1.5m,a=01.0

le=2.0m,ea=1.0

Qshaft Qbearing QF

kN KN KN
313.7 15 328.7
347.8 16.2 364
417.35 19.65 437
486.3 22.7 509
520.5 24 544.5
554.4 27 581.4
605.5 30 635.5

Qshaft
kN

325.6
362.2
434.4
507
543
579.8

633.4

Qbearing
kN

14.7
154
17.6
20
21.5
22.8

24.6

Qr
kN

340.3
377.6
452
527
564.5
602.6

658
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Table 5. 22. Uplift capacity of hollow bar micropike, L =5.75m, L /d =30, d = 1.75d

Sy Le=1.5m,0a=0.9 Le=1.5m,0=1.0
kPa Qshatt Qbearing Qbearing Qr

kN kN kN kN
90 296 24 27 354
100 327.7 27.8 355.5 29 392
120 392.6 32 424.6 435.7 34 469.7
140 457.6 38.4 496 508.15 36.85 545
150 489.1 43.5 532.6 543.7 42.3 586
160 521.9 441 566 579.5 43.5 623
175 570 45 47 681

Table 5. 23. Uplift capacity of hollow bar micropike, L =5.75m, L /d =30, d = 1.75d

Su

kPa

90

100

120

140

150

160

175

Le=1.0m,a=1.0

Qshaft
kN

313.1
347
416
485

519.33

554.5

606

Qbearing
kN

17.7
23
27
30

31.67
34

37

Qr
KN

330.8
370
443
515

551

588.5

643




169

Table 5. 24. Uplift capacity of hollow bar micropik, L =5.75m, L /d =30, d = 2d

Su

kPa

90

100

120

140

150

160

175

Le=1.0m,a=1.0

Le=1.5m,a=0.9

Qshaft
kN

327
363
436
508
544.8
581

635

Qbearing
KN

36
34
40
45
48.2
52

58

Qr
KN

363
397
476
553
593
633

693

Qshaft
kN

312
346
416
484
517
551.5

602

Qbearing
kN

32
36
41
49
56
58

68

Qr
kN

344
382
457
533
573
609.5

670

Table 5. 25. Uplift capacity of hollow bar micropik, L = 8.8m, L /d =50, d = 1.25d

Su

kPa

90

100

120

140

150

160

175

Le=1.5m,e=1.0

Le=2.2m,a=0.9

Qshaft
kN

449.2
499
598.5
698.3
748.5
798.1

873

Qbearing
kN

6.8
7.5
9
10.5
11
11.9

13

Qr
KN

456
506.5
607.5
708.8
759.5

810

886

Qshaft
kN

411.6
456.6
547.8
638.5
684.4
729.5

797.8

Qbearing
kN

7.4
8.4
10.2
115
12.6
135

14.2

Qr
kN

419
465
558
650
697
743

812
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Table 5. 26. Uplift capacity of hollow bar micropik, L = 8.8m, L /d =50, d = 1.5d

Su

kPa

90

100

120

140

150

160

175

Le=1.5m,a=1.0

Le=2.2m,a=1.0

Qshaft Qbearing QF

kN KN KN
465 15 480
516.3 16.7 533
619 19 638
722 22 744
773 23 796
824.2 24.8 849
900 27 927

Qshaft
kN

482

535

641
748.5
802.8
855.8

933.2

Qbearing
kN

14.5
16.5
19
21.5
22.2
23.2

25.8

Qr
kN

496.5
551.5
660

770
825
879

959

Table 5. 27. Uplift capacity of hollow bar micropike, L = 8.8m, L /d =50, d = 1.75d

Su

kPa

90

100

120

140

150

160

175

Le=2.2m,a=0.9

Le=2.2m,a=1.0

Qshaft Qbearing QF

kN KN KN
453.5 24.5 478
503.7 27.3 531
602 31 633
702.4 37.6 740
752.4 40 792.4
802 43 845
875.2 a7 922.2

Qshaft
kN

481
534.9
642

749
800.2
853

933

Qbearing
kN

25
27.1
31
34.5
36.5
41

44

Qr
kN

506

562
673
783.5
836.7
894

977
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Table 5. 28. Uplift capacity of hollow bar micropike, L = 8.8m, L /d =50, d = 1.75d

Su

kPa

90

100

120

140

150

160

175

Le=1.5ma=1.0

Qshaft Qbearing

kN kN
481 25
534.9 27.1
642 31
749 34.5
800.2 36.5
853 41
933 44

Qr
KN

506

673

783.5

836.7

894

977

Table 5. 29. Uplift capacity of hollow bar micropik, L = 8.8m, L /d =50, d = 2d

Su

kPa

90

100

120

140

150

160

175

Le=1.5m,a=1.0

Le =2.2m,a =0.9

Qshaft
kN

501.5
555
666
776

831.5

887.1

968

Qbearing
kN

28.5
36
39
42
45

48.5

53

Qr
KN

530
591
705
818

876.5
935.6

1021

Qshaft
kN

527.4
586.8
704.5
822.4
880
937

1025.5

Qbearing
kN

34.6
36.2
41
45.6
49
54

56

Qr
kN

562
623
745.5
868
929
991

1081.5
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The parametric study showed a strong correlatiamvden the increase in micropile
volume and its shaft capacity. Thus, the percentagease in the pile volume,y, is
plotted versus the normalized shaft resistanggsQs, in Figs. 5.51 and 5.52 for L/d

=30 and 50, respectively. The percentage increepie volume, V. is calculated from:

Vinc - (Vgrout- Vhole) (526)
Vhole

Where: \froutis grout volume required for pile constructions,ly= nd? L/4.

The normalized shaft resistance is equal to th& ssistance obtained from the enlarged
geometry, Qar divided by the shaft resistances, @mploying the drilling bit diameter.

Qs is computed from:
L
Q=nd [ asdz (5.27)
0

Figure 5.53 shows that the increases in the comipeeshaft resistance can be related to

the increase in pile volume by:
Qbaft= (1 + 0.35 W) Qs (5.28)

For hollow bar micropile under monotonic uplift tt&g the same relation between the
increase in pile volume and the shaft capacitetognized, as illustrating in Figs. 5.54
and 5.55. Considering all data points in Fig. 5.8®& increase in the shaft resistance

under monotonic uplift load is related to increaspile volume can be given by:

Qshat= (1 + 0.275Wc) Qs (5.29)
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The difference between Egs. 5.28 and 5.29 mighdttsbuted to the effect of Poisson’s

ratio of the micropile material.

In all load cases, a percentage of the applied isddhnsferred to the soil through end
bearing resistance. This amount depends on thegexdladiameter during installation;
however, it is difficult to estimate the amountinfrease in diameter. It is proposed to

evaluate the end bearing resistance for hollowrbaropiles under compression from:

Qbearingz 9 sy Anhole (5.30)

And under tension (due to the enlargement in tlsefmom:

Qbearing™ 9 S 2.5Ainc (5.31)

Where:

Anole = Vgroulll— , and

Ainc = VindL
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Figure 5. 51. Percentage increase in pile volume msrmalized shaft resistance

under compression, L/d=30
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Figure 5. 52. Percentage increase in pile volume msrmalized shaft resistance

under compression, L/d=50
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Figure 5. 53. Percentage increase in pile volume msrmalized shaft resistance
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Figure 5. 54. Percentage increase in pile volume msrmalized shaft resistance

under tension, L/d=30
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Figure 5. 55. Percentage increase in pile volume msrmalized shaft resistance

under tension, L/d=50
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Figure 5. 56. Percentage increase in pile volume msrmalized shaft resistance

under tension
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5.5.6 Axial capacity of hollow bar micropiles embeddectiayey soils

under monotonic loading

Based on the obtained results from the parametuidys it is possible to propose an
equation to calculate the axial capacity of holleav micropiles. This equation calculates
the geotechnical capacity of hollow bar micropilesibedded in clayey soils. The
geotechnical capacity of hollow bar micropiles;, Pecommended by FHWA (NHI,

2005) is given by:

PG =0Bond T Db Lb (532)

The general practice is to usgnq for Type B micropiles, and multiply the bit diaraet

by an enlargement factor between 1.2 and 1.3 fdowadbar micropiles embedded in
clayey soils to evaluateDIn all cases, j.is the bonded length of the micropile. This
must be confirmed by two to three verification seahd 5% of the installed micropiles

must undergo proof tests.

The calibration jobs and the parametric study priesehere show that there are three
modifications that can be applied to the previoggagion to estimate the geotechnical

capacity of such micropiles more appropriately. Shmodifications are:

1- Theapong factor in Eq. 5.32 is given by two parameters,. The calibration model
shows thati ranges between 0.9 and 1.0, i.e., utitize0.9 as lower bound and= 1.0 as

upper bound for estimating the capacity.

2- The Oy is replaced by gl fi; where g is the drilling bit diameter and, is an

enlargement factorf; = (1+0.35\,) for micropiles under compression and =
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(1+0.275\,¢) for micropiles under tension. In all cases;:Ms the increase in pile

volume due to installation.

3- An end bearing resistance componenfafdy must be added. The amount of end
bearing resistance can be estimated from Eq. 5Sn8@rucompression and 5.31 under

tension.

One verification test may be required in the figldsalidate the calculated capacity. The
proposed equation could be beneficial in monitorihg production of micropiles by
tracking the amount of grout used during instadlatiCavitations and necking will be

easily detected and suspect micropiles should bested to proof tests.

5.5.7 Cyclic axial model

5.5.7.1Geometric modeling

The same two-dimension (2D) axisymmetric model u$ed monotonic loading

calibration was used for cyclic loading modelingd azalibration (See Fig. 5.24). The
model is extended vertically to 0.75 of the hollber micropile length, measured from
the pile tip. The same enlarged micropile geometrgployed in calibration the

monotonic phase was used for the cyclic load @st.c

5.5.7.2Material modeling

The same material properties of the steel and rihet gonsidered for the monotonic load
test were employed for the analysis of the cyabadl tests. Due to the cyclic loading

applied, it is anticipated that the soil surrougdihe micropile would degrade as the
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number of load cycles increases. Hence, a degoedatiaterial model is required to

properly simulate the cyclic behavior of the pile.

To account for the anticipated soil stiffness ddgti®mn, a degradation index model is
adopted. The model was developed by Idriss et H)7§) to simulate the cyclic
degradation of undrained clay under variable-amgét strain controlled loading. The
model was then extended to account for the behadiming transit loading. The

degradation index developed by Idriss et al. (195 8jven by:
8n = Gs/Gsy = N (5.33)

Where:8y is the amount of degradation at thBeycle; G, is the secant shear modulus at
cycle 1; Gy is the secant shear modulus at cycle N; t is #gratiation parameter. The
degradation parameter, t, has been found experaiiyend depend on the cyclic strain,

plasticity index (PI) and the overconsolidationadfllotey and EI Naggar, 2008).

In the FE model, the soil behavior is simulatechggshe Mohr-Coulomb plasticity along
with the soil elastic properties (Young’s modulue &oisson’s ratio). However, neither
the elastic model nor Mohr-Coulomb model in ABAQERws the degradation of the
soil properties during loading in the same job. Melile, ABAQUS allows applying
variability of material properties during the stigpe at the same job only through field
variable option. The field variable option, such tesnperature-dependent material

properties, can be applied at the loading step ontiirough the whole analysis.

In such case, the material properties of the requyeometry are given in a temperature-

dependent data model. At the same step time, the ggeometry is subjected to a
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temperature field that coincides with the tempemtiependent data model. Both the
temperature-dependent data and the temperatudestieluld vary through the step time

utilizing the same amplitude.

To calibrate the field cyclic tests, the aforememéd procedure is utilized in modeling
the cyclic degradation of the soil. As mentionedvwusly (Section 5.3), the cyclic load
tests involved initial monotonic loading up to tdesign load followed by varying the
applied load with amplitude of 0.33 of the desigad. In all load tests, 15 cycles of

loading and unloading were applied.

Accordingly, the material model of the soil was r@graded during the monotonic
loading stage then subjected to a temperature flatthg the cyclic phase. This field
applied temperature that increased with the nurabeycles achieved. Correspondingly,

the soil shear modulus was modeled to degradethighncrease in temperature.

The degradation of the shear modulus was calculatéding Eq. 5.33 at each load
cycle. The pattern of cyclic loading was used tplaghe temperature field to induce the
corresponding degradation of the soil. Figure Slibigtrates a diagrammatic chart how
the degradation of the material model and the teatpes field are related to the applied

number of cyclic loading.
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Load
T =0.0 Cycle#1 Cycle#2 Cycle#N
1.33 DE—
G=G T=T, T =T, =Ty
DL —|—
0.67 DL+ G | G= ' G=
P ‘ | | R Step time
- | »
Monotonic phase Cycli& phase |
T the temperature field, varies from 0 to 15
G the shear modulus of the soil, varies accortbrigg. 5.33

Figure 5. 57. Applying the temperature field and tle degradation in soil shear

modulus during calibration of cyclic field test

5.5.8 Calibration of the cyclic field test

Even though the amplitudes of the cyclic loadingeveearly equal, Fig. 5.13 shows that
the behavior of the four hollow bar micropiles a@t the same under cyclic loading.
Thus, the finite element model for each cyclic Idast was calibrated separately. This
was accomplished through a trial and error proaedurorder to match the stiffness in
each cycle. It starts by matching the secant shremtulus, G, of the soil at the first

cycle of the cyclic loading phase. Once the ®as evaluated, trail values of the
degradation parameter, t, were applied utilizing®83 to calculate the shear modulus in
progressive cycles. The target t value was achiewezh the accumulating displacement
at the maximum applied cyclic load of the fielddo@st matched that of the FE model

employing the pre-described t value.
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Figures 5.58 to 5.61 illustrate the load-displaceinmirves of the cyclic field test and
that of the FE model for MP1, MP2, MP3, and MP4pextively. The results from the
FE models agreed well with the field load test lssat the maximum cyclic loading.
Meanwhile, all the models diverge somewhat from fieé test displacement at the

minimum cyclic load (i.e. the unloading phase).

Gomez et al. (2003) commented that the displacem&nticropiles during unloading
stages in cyclic field tests should be evaluatet waution. During unloading stage, the
micropile usually suffers from the locked-in stesgphenomenon. This phenomenon
arises from rapidly unloading — reloading the mupil® during the cyclic field tests.
Loading and unloading the micropiles in this rafaghion do not allow sufficient time
for the pile to relax before re-loading it agairccardingly, during the unloading stage,

the micropile shows more flexible behavior tharaeittual one.

On the other hand, the locked-in phenomenon isrdlisehe FE model. Upon unloading,
the micropile in the FE analysis, all stressesrakersed, and the slope of the load-
displacement during load — unload cycle is govewrdg by the shear modulus assigned
to each cycle. Hence, it is preferred to caldrdite cyclic field tests employing the
accumulating displacement at the maximum cyclid loather than the degradation in

slope of the load-displacement curve during cyldading.
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Figure 5. 58. Load-displacement calibration of cyat test on MP1
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Figure 5. 59. Load-displacement calibration of cyat test on MP2
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Figure 5. 61. Load-displacement calibration of cyat test on MP4
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The value of the degradation parameter, t, obtafrea the calibrated FE model was
found to be between 0.018 and 0.023. This valuecatés with the recommendation of
Pyke and Beikae (1993) for heavily over-consolidati&ay with plasticity index lower

than or equal to 20%. The calibrated model showasttie stiffness of the micropile at the

N™ cycle can be estimated from:
Kn = Kz (3n)° (5.34)

Where: K is the stiffness of the hollow bar micropile a¢ tN" cycle; K = Pra/Smaxis

the stiffness of the hollow bar micropile at th&cycle; Ruaxis maximum applied load
during cyclic loading;dy is the degradation index. Figures 5.62 to 5.65iallefhe
stiffness degradation with number of cycles evaddtom for field tests and FE models
for MP1, MP2, MP3, and MP4, respectively. The cited and measured responses are

in good agreement.
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Figure 5. 62. Variation of stiffness due to cyclitbading for MP1
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CHAPTER 6

HOLLOW BAR MICROPILES GROUP BEHAVIOR

6.1 Introduction

The third phase of the field load testing progranoived pile group load tests. A total of
four full scale group field load tests were conédcbn pairs of hollow bar micropiles.
This chapter documents the testing procedure fatband discusses the results obtained
from the four field pile group tests performed.dddition, a 3D numerical model was
established to analyze the field load tests and eedibrated using the experimental
results. The calibrated model was then employegetéorm a parametric study with the
objective to provide data required for developingsign guidelines for hollow bar

micropile groups in clayey soils.
6.2 Field Pile Group Load Tests

Four monotonic axial load group tests were condlote pairs of hollow bar micropiles.
The tests were conducted in the following sequeR¢&l (MP1 and MP4), PG2 (MP2

and MP3), PG3 (MP1 and MP2), and PG4 (MP3 and MP4).
6.2.1 Testing equipment

The same reaction frame system described in Chapsze Figs. 5.1 and 5.2) was used
to execute the pile group load tests. To perforen dloup load test, the test pair was

connected together with two identical thick stelaltgs. The two plates served as a pile
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cap during the load test. In all tests, the stdelgap was elevated above ground (i.e. not

in contact with soil).

As shown in Figure 6.1, the plates were 1278mm |@@®mm wide and 51 mm thick
(i.e. total thickness of pile raft is 102 mm). Dhgithe load tests, the two plates were
connected together by bearing. Combined, the tvabteplwere designed to carry an
ultimate load of 1390kN. Hence, the maximum applieermitted) load was 1100 kN,

ensuring a factor of safety of 1.25.

The plates were designed to transmit the appliad to the micropile heads by bearing.
Hence, a special connection was designed to transmiapplied load safely to the
micropiles’ heads. The connection incorporated wagg bearing plate 300x300x38 mm.
A 76mm socket bar was welded to the bearing plat@ the top, and a BX7-76 hex nut
was welded to it from the bottom. The hex nut wla®aded onto the hollow bar to
increase the bearing area at the pile head frordr2&6, the hollow bar cross section, to
90000 mm, the bearing plate area. The aim of the socketasrto constrain the steel
pile cap from moving laterally during loading. Acdmgly, the socket bar was designed
to pass through the 78mm holes at the sides dhtbk steel plates. Figure 6.2 shows the

connection of the pile head before assemblingtitok steel plates.
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Figure 6. 2. Details of the hollow bar micropile’shead connection
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A shop drawing of the pile group assembly is giuefkig. 6.3. After assembling the pile
cap, the loading instruments were centered at tldgllen of the steel cap. To avoid
eccentric loading, the two cross beams used toutxdbe load were positioned to be
centered over the loading instruments. The two lseamre positioned sequentially; the
two reaction piles supporting the lower beam wastalled such that the lower beam was
coincide with the loading instruments center, hssitated in Fig. 6.4. The second beam
was then leveled and positioned such that its cdigte above the center of the lower
beam, as shown in Fig. 6.5. Figure 6.6 illustrates final setup of the group loading

setup.

6.2.2 Pile head load and instrumentation

The load was exerted through a hollow cylinder hwtlc jack connected to a hydraulic
pump. The jack was located at the center of thel st against the reaction frame. The
hydraulic jack used in this phase had 2000 ton mckaapacity employed by 350 mm

stroke.

The pile cap was instrumented by a new load ceth Warger capacity and six linear
displacement transducers. The load was recorded) @sistrain gauge load cell SGA-
1000-4-LC of 4500 kN capacity. The load cell hadeowiameter of 197mm and inner
diameter of 102mm. The load cell outer diametes alanost equal to the hydraulic jack
stroke diameter. Thus, the load cell was situatetop of the hydraulic jack, and under
the reaction frame. During testing, other loaduteges were provided above the load cell

to close any gap between the main reaction beanthandad cell.
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Levelling the upper bea

Figure 6. 6. Final pile group setup
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The axial displacement of the pile cap was meastimeigh six HLP 190/FS1/100/4K
linear displacement transducers (LDTs), mountedchagnetic bases. The LDTs magnetic
bases were mounted on two reference steel extensigiported independently from the
loading system. The LDTs had 100 mm stroke witlaeecuracy of 0.01 mm. The LDTs
were distributed in a rectangular arrangement thersteel cap plates; two near each
micropile head, and two at the middle of the pép.cThe loading instruments and LDTs

arrangements are given in Fig.6.7.

The load cell and the LDTs were connected to a datpiisition system to record and
store the load and movement at the pile head dtinmdpad test. Once the hydraulic jack
advanced in each loading increment against theéiosaoeam, the load was transferred to
the pile and measured by the load cell. At the stame, the six LDTs measured the axial
displacement of the pile head. The displacementageewas considered in the data

analysis in an attempt to reduce inaccuracies.

6.2.3 Pile group load test procedure

The pile groups were subjected to monotonic loadegis. The load was applied in
increments until the maximum load was reachedpWadd by unloading in increments
until zero load. The quick maintained load testcedure was employed during the
monotonic group load tests. In this procedure, déaatl increment was maintained for at
least 5 min. In this study, loads were appliednorements of 5 % of the anticipated
failure load and maintained for at least 5 minu@enerally, the micropiles were tested
in compression in accordance with the ASTM D11430{ quick maintained load test

procedure.
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4500 kN load cell
Steel plates

Figure 6. 7. Arrangements of the instruments at theéop of the steel pile raft

The schedule for the four pile group tests involeedducting four pile group tests within
two weeks. Thus, the waiting period between any twosecutive tests was between
three and four days. The pile group testing seqgiemas as follows: PG1 (MP1 and
MP4), PG2 (MP2 and MP3), PG3 (MP1 and MP2) and RKARB3 and MP4). It is

anticipated that the short duration between sulesgdoad tests would affect the results
of the pile group tests PG3 and PG4. When the peeised maximum load was reached,
a 10 min creep test was conducted in accordande thi# guidelines of the Post-
Tensioning Institute (2004) to examine the geotexcifailure of the pile group. The pile

group capacity is calculated from the following atjon:
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Q,=n Psn (6.1)

Where: Qis the group capacity;ds the geotechnical capacity of the single pilés the

number of piles within the group; ands the group efficiency factor.

The group efficiency factor is affected by severatameters, including the spacing to
diameter ratio, S/d, the contact condition betwdenpile cap and the soil, and the type
of soil. As illustrated in Fig. 6.3, there is nontact between the pile cap and the ground
surface. The spacing between any two tested pdesidered in the group was about

778mm (Figure 6.8), which corresponded to spa@rdjameter ratio of 4.5.

Figure 6. 8. Center to center spacing of the testadicropiles
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Given the values of,sobtained from the soil investigation, the soikc@nsidered to be
silty clay to clayey silt with stiff consistency.i¥&n the spacing between the piles and
stiff clayey soil, the group factoyis expected to approach 1.0. This is consistetit tlie
suggestion of the FHWA NHI (2005) for micropiles leedded in clayey soils. Thus, the
group capacity calculated from Eq. 6.1 is aboutOkRD This value exceeds the
permitted resistance value for the pile cap, i.200kN. To avoid any differential
settlement between the two thick steel platesfild pile group tests were limited to

1100kN.

6.2.4 Pile group test results and analysis

It was planned to load all four groups to a maximiead of 1100kN. Because of an
error in calibrating the initial load read by thata logger, the first three groups were
loaded to a maximum load of only 1000kN. This em@s then noted and fixed, and

consequently PG4 was load tested to a maximumdbadO0 kN.

Figures 6.9 to 6.12 show the load-displacement esufor the four compression pile
group tests performed in the field. For the purpafseomparison, the load-displacement
curves for load tests on the single hollow bar opdes employed in the group are
plotted as well. All pile group curves show a lovimtial stiffness than that of the single
micropiles. This is because some stiffness deg@dat the pile-soil interfaces attributed

to the monotonic and cyclic load tests on the simgfle during the previous test phases.

To compare the behavior of the pile group during ltted tests, all curves representing
pile group tests are plotted together in Fig. 6113.to an applied load of 1000 kN, the

behavior of all pile groups seem to be identicapext for PG3, which displayed a more
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flexible behavior than other groups. That might Ibecause pile group PG3 was
conducted after pile group PG2 with micropile MR#&nenon between both groups. It
seems that micropiles MP2 was affected by the peemtadisplacement from previous

loading applied during PG2 test and did not haygcgent time to relax.

Load (kN)
0 200 400 600 800 1000 1200

—i—PG1-Mp1 &VP4

Head displacement (mm)
&
o

100 ——NMP1-Single

-12.0

Figure 6. 9. Load-displacement curves for PG1 and M1
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Figure 6. 10. Load-displacement curves for PG2, MPand MP3
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Figure 6. 11. Load-displacement curves for PG3, MPand MP2
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Figure 6. 13. Load-displacement curves for all pilgroup tests
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Figure 6.13 shows that none of the groups readsegeotechnical capacity, with PG4
seems to start curving at a steeper slope upohireat100kN. This is further confirmed
by the creep test results shown in Table 6.1.Tleegbup stiffness, K is calculated at

the group design load, i.e. 600 kN and at the marinapplied load 1000 kN from:

- (6.2)

Where: P is the applied load, adglis the corresponding group displacement. The group
stiffness values calculated using Eq. 6.2 for edlugs are presented in Table 6.2. It can
be inferred from Table 6.2 that the behavior ofddgyroups is similar at both the design
load and the maximum applied load. However, atsgn load, PG3 is diverging from
the other three groups due to the aforementionad test sequence. The average pile
group stiffness at the design load is around 168kh/and at the maximum applied load

is about 140kN/mm.

Table 6. 1. Micropiles group creep test at maximunapplied load

Applied Load Creep from 1 to 10 min
KN mm
PG1 1000 0.2
PG2 1000 0.7
PG3 1000 0.5
PG4 1100 1.3




Table 6. 2. Pile group stiffness
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Pile group Stiffness at the design load  Stiffness at the max. applied load
K 1000 kN/mm
Keoo, kN/mm
PG1 182 161.3
PG2 193.6 140.8
PG3 127.7 120
PG4 170 138.9

6.3 Numerical Analysis

The field test results provided the required infation of the performance characteristics

of the hollow bar micropiles in groups. This infation is used in creating and

calibrating a FE numerical model. Upon calibratihg numerical model, it was used to

reveal further useful information on the behavibhollow bar micropiles group action.

The additional information gleaned from the numaricmodeling exercise included the

group efficiency factor and interaction factorsvibetn the micropiles at the design load

(performance requirement) and at the failure lozabécity requirement). The finite

element analysis was performed using the softwackgge ABAQUS, which allowed

simulating the behavior of the micropile-soil foatidn system under different loading

conditions and geometrical configurations.
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6.3.1 Geometric modeling

Unlike the case of single micropile, the groupdesére modeled using three dimensional
(3D) FE models. In order to reduce the computatitine, symmetry was exploited by
considering only a half or a quarter of the reqliigeometry. Figure 6.14 shows the
geometry of a pair of micropiles during a field do&est, which has two axes of
symmetry. Accordingly, only a quarter of the sapdsit and one half of one hollow bar

micropile will be modeled to calibrate the fieldteesults.

The soil and the pile are modeled utilizing C3D8Bneents. The C3D8R element is a
continuum stress/displacement element with firgeor (linear) interpolation. The
element has a hexahedra (brick) shape with eiglesolt is characterized by reduced
integration, which saves considerable computatitrad, and has hourglass control. The
element is recommended by ABAQUS standard librarypfoblems involving contact or
large distortions. The element has three activeedsgof freedom: 1u u;, and 4. The
degrees of freedom 1, 2, and 3 coincide with tmeetlglobal Cartesian directions X, Y
and Z, respectively. Figure 6.15 depicts the stddpbe element and the corresponding

nodes.

The dimensions of the model were selected to ftitld recommendation of Helwany
(2007) to model pile groups utilizing the ABAQUSitsaare. The model was extended in
the horizontal direction to a distanee25 the micropile bit diameter in both X and Y
directions. A limited mesh sensitivity analysis wasarried out to identify the
computational optimum configuration of the modetl ahe location of the horizontal

bottom boundary with respect to the micropile tde.o models configurations were
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considered: a square plan and a quarter circle plaploying two different horizontal

boundaries. The two models are illustrated in Fégk6 and 6.17.

The boundary conditions assigned to each modeldexas follow:

- The vertical faces perpendicular to the X- axisfexed in X direction w=0

- The vertical faces perpendicular to the Y- axisfexed in Y direction y=0

- The horizontal face at the bottom of any modelxsd in all three directionsxa

uy =W =0

- The ground surface is free in all directions.
For each model, two horizontal bottom boundary tiocs were assigned at a distance
0.75L and 1.0L (L is micropile length) measurecdirthe micropile toe. The geometry of
the model was discretized into a number of elemengntaining an aspect ratio of the
elements between 1:1 at the vicinity of the holloav micropile, and 1:5 at the far field.
Table 6.3 gives the number of elements assignedéh model and boundary case.
In both models, the hollow bar micropile was modeléilizing the shape shown in Fig.
6.18. As shown previously in Chapter 5 during traibcation of the single pile
monotonic load phase, the hollow bar micropile tadable cross section along its shatft.
Hence, the same geometry was used for the analf/siee micropile group test. In all

models, the hollow bar micropile was simulated gs3628 elements.

Four analysis jobs were performed, two for eachehdbhe jobs are denoted: Q0.75L, Q
1L, CO0.75L, and C1L. The first letter in the jobtation indicates the model shape;
square or circular while the number indicates tbsitmn of the bottom boundary. The

load displacement curves obtained from all analgsegiven in Fig. 6.19.
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Figure 6. 14. Axes of symmetry in micropile group ssembly

2" akis of‘ ‘ ‘

symmetry

Figure 6. 15. C3D8R element geometry

Table 6. 3. Number of elements for each model

Model

Quarter shape model Circular shape model

Boundary at 0.75 L 84896 70506

Boundary at 1.0 L 116875 91808
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Figure 6. 16. The 3D quarter shape model of the 3oi
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Figure 6. 17. The 3D circular shape of the soil
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Figure 6. 18. The geometric model of the micropilen the group analysis
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Figure 6. 19. Effect of model shape and vertical mdary on model behavior
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The four analyses produced almost identical bemaypado the maximum applied load. It

can be deduced from Fig.6.19 that:

- Moving the vertical boundary of the model a disafferther than a circle with

radius = 25d+ S/2 has no effect on the performaftiee model.

- The location of the lower horizontal boundary of tmodel has no effect on the
model performance if it is located at a distanagda than 0.75 the micropile

length.

Accordingly, the circular shape model with the lowerizontal boundary located at 0.75

the micropile length was employed in calibrating file group numerical models.

6.3.2 Material modeling

Three different materials are involved in the hwellbar micropile — soil system, steel,
grout and soil. The material models adopted ingie group calibration followed that
described in section 5.5.1.2: steel was modeledgusaiear elastic behavior; grout was
modeled using nonlinear elastic-plastic model (Bi@7) and soil was modeled utilizing
the Mohr-Coulomb plasticity model accompanied bgsBt properties to model the
linear —elastic behavior of the soil. The soil de@pwas divided into sub layers following
the parameters given in Table 5.6. The grout baodlythe hollow bar were assumed to be
bonded due to the mechanical bond arisen fromn$iallation technique of this kind of
micropiles. The micropile — soil interface was siated employing the penalty

interaction model in ABAQUS standard.
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6.4 Calibration of Pile Group Field Tests

The same geometric model used to represent the eggorof the single hollow bar
micropiles calibration was employed here. The gaoyef the calibrated FE model has
an enlarged pile diameter equal to 1x5drhis enlarged section extends to 0.25L

measured from the pile toe.

Figures 6.20 (a) through (d) illustrate the loadisplacement curves for the field tests
and numerical calibrations for micropile groups P8G2, PG3, and PG4. The figures
show that the calculated response curves usinghmodel are in excellent agreement
with the field load test results. In all calibratianalysis performed, the same geometric
and material models are used, but the interactiodaeinparameters are tuned to reach the
calibration of each individual pile group. This éips the small difference in the initial
slope of the load — displacement curves for théediht load tests. The parameter was
refined to achieve a match of the pile — soil ifstee surface stiffnesg, The parameter

was discussed previously in Section 5.5.1.3.

The interface stiffness was adjusted to represenséquence of the field test followed in
site. This is explained in the following. Pile gpPG1 was calibrated using interaction
stiffness equal ta, « is the default value as described previously itise 5.5.1.3. To
calibrate PG2, the stiffness of the interface sthdad less thar, which was achieved by
assigning interface stiffness equal to &.75imilarly, pile group PG3 was calibrated
using interface stiffness equal to ©.and PG4 was calibrated utilizing stiffness edqoal

0.6x.
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The interface stiffness of PG3 was less than th&®G2 and PG4 due to the sequence of
loading and short durations between tests. Thesadh factor between the clayey soll
surrounding the micropile and the grout body emgtbgonsidered in all models was 0.9.
This value confirms the finding of the range obgairfrom calibration of the monotonic

field tests phase.
6.4.1 Micropile group capacity

There is no established method to obtain the failaad for a group of piles from field
load tests. Usually, the failure load is obtaineshf field load tests on single piles. The
capacity of pile group is calculated subsequenglynoiltiplying the obtained failure load
by the number of piles in the group and assigningappropriate efficiency factor

depending on the piles spacing to diameter ratio.

Whitaker (1957) suggested a group efficiency faafpbased on the spacing between the
piles for groups embedded in clay, whose valueegaaiccording to the spacing as shown
in Table 6.4. Meanwhile, Terzaghi and Peck (19Gigjgested an efficiency factor equal
to 1 for friction piles in clay. The group capaciy piles installed in clay can also be

estimated by the block failure method. In this roetthe group capacity is given by:
Qu=snNcb 2+4gsbL (6.3)

Where:b is the width of the block containing piles and;dois the embedded length of
the pile; §s is the average undrained shear strength alonghat of the pile; g is the

average undrained shear strength at the pilerigp\a bearing capacity factor.
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The capacity of the pile group is taken as theeles$ the two values (given by Egs. 6.1
and 6.3). A factor of safety is then applied to w=d the design capacity of the pile
group. In addition, the group design capacity stiobé limited in consideration of
ensuring a maximum settlement of the pile grouphiwitthe acceptable tolerance
specified by the local building codes. The sameutations are followed when using
micropiles in groups. FHWA NHI (2005) suggests dficiency factor equal to 1 for

micropiles group embedded in clay for the followrages:
- The micropile cap is in firm contact with the gralun

- The micropile cap is not in firm contact with theognd and the ground is stiff

(i.e., undrained shear strength of the soil istgrethan 95 kPa)

For micropile groups embedded in relatively softyc{i.e., soil undrained shear strength
is less than 95 kPa) and the pile cap is not im iontact with the ground, FHWA NHI
(2005) suggests using efficiency factors similathimse given in Table 6.4. Nevertheless,
the block capacity of the micropile group shoulddoenputed in all cases and the lesser
value should be considered in design. No suggestdrgroup efficiency factor values
for hollow bar micropiles are available in the dgtire. However, the guide values from

the FHWA NHI (2005) can be used.

Table 6. 4. Group efficiency factor based on pilepgacing
Pile spacing 3d 4d 5d 6d 7d 8d

n 0.7 0.75 0.85 0.9 0.95 1.0
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The group capacity of the hollow bar micropile cocigd in this study is computed only
utilizing the group efficiency approach. There @ Islock failure mechanism applicable
for a pair of micropiles. Following the recommendatof the FHWA NHI (2005), the
pair of hollow bar micropiles tested in the fieltbsld have group efficiency equal to 1.0.
The calibrated models for monotonic load tests ingle micropiles showed that at=
0.9, the failure load of this micropile was abodb&N. Therefore, utilizing Eq. 6.1, the
capacity of the pair employing a group efficienegtbr equal to 1 is 1290kN. Figures
6.21(a) through 6.21(d) show the load — displacéroarves of the four calibrated pile

group tests with the group capacity at efficieragtér equal to 1.0 marked.

The figures show that the settlement correspontbngapacity of 1290kN varies from
9mm to 12 mm. It is observed that the group capaditizing efficiency factor equal to
1.0 lies within the transition portion of the loadgroup displacement curves, for all
micropile groups. In other words, the hollow barcrapile group can experience group
efficiency factor higher than one to reach a tri&ife point. This might be because the

enlargement of the hollow bar micropile base tltauored during installation.

Because the performance of hollow bar micropilesnsallation dependent, it has a
unique feature; it is a friction pile but it has anlarged base. However, assigning an
efficiency factor bigger than one for hollow barcnapiles groups in clay will not be
acceptable because it cannot be justified in alugd conditions and with different
installation techniques. Meanwhile, the group cépaweill be evaluated again utilizing

the block failure method, and the lesser value mélconsidered as the group capacity.



Group displacement{imm)

Load {kH} Leaditty 1200 kN
] 500 1000 1200 k_—,q]ﬁﬂcl 200 1] puti} L] L] 00 1000 1200 1400 R0D A0
1] T ] T
| :
| 1
5 Il 5 :
8.0mm ; 9.3 mm '
‘ ————————————————————————————————————————
-0 =
: i
g-ﬁ ; 15
g -0 )
: :
. =25 &)
=30 a0 e g}
(a) (b)
Load [} : Leoand (kM) 1200 kN
K o 199 1290 kN Cid O W0 40 G0 S0 1000 1200 1400 160 1
. ] B R |
! i
1 -5 :
——————— _.__*. 4 “.]_{]mm _\'
7 3 i § \
E " \
a
\ ) \
-0
(c) (d)
Figure 6. 21. Capacity of pile group at group effiency equal to 1.0:

(a) PG1; (b) PG2; (c) PG3; (d) PG4

214

40



215

In summary, Fig. 6.21 shows that using a grougiefficy factor equal to 1.0 for hollow
bar micropile groups embedded in clay is neitherestimating nor underestimating the

group capacity even for closely spaced hollow baropiles.

6.5 Parametric Study

After calibrating the models using the group fikddd tests, the 3D FE models were used
to perform a parametric study. The proposed gegmnadtithe hollow bar micropile is
considered within different soil conditions. Howevthe study is limited to the hollow
bar micropile groups embedded in clayey soils. paemetric study is conducted on

hollow bar micropile groups incorporating two sets:

- Group capacity parametric study: this study aimsapture the group efficiency
factor of hollow bar micropile embedded in homogenaelay soils using various

spacing to diameter ratio.

- Group performance parametric study: the goal of #tudy is to develop an
appropriate interaction factor approach betweetohdbar micropiles in cohesive

soils.
6.5.1 Parametric study for group capacity

It is required to evaluate the capacity of hollowar bmicropiles group embedded in
homogenous clay soils with regard to the groupciefficy factor. The study was
performed on pairs of hollow bar micropiles loadectil a true failure point was

achieved. At that point, the group efficiency tacits back-calculated and compared to
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the capacity of the group utilizing efficiency facequal tol. The parameters considered

in this part of the study are:

- Micropiles are embedded in clayey soil withtkat varies from 90 kPa to 175

kPa.

- The adhesion factor between the soil and the mileragpbetween 0.9 and 1.0.

- Slenderness ratio, L/d =30 and 50.

- The spacing to the drilled-hole diameter ratio,&{dvaries from 2.5 to 5.

As mentioned previously in Chapter 5, the hole ditan dlo, is calculated from:

4Vho|e
L (6.4)

Ohote =

Meanwhile, the following parameters are kept camstaroughout the study:

- Unit weight of saill

- Lateral earth pressure of the clayey soil surrougdhe micropile

- Poisson’s ratio for clayey soil at 0.45.

- Grout and steel material modeling properties.

Since two micropiles are loaded together, therefibre same geometric model employed
during calibration of the field test is used instlsiet of parametric study. However, for

each analysis job the spacing between the micsopitas varied within the range
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considered. Figures 6.22 and 6.23 illustrate tred |- group displacement plots of
hollow bar micropiles embedded in clay with L/d € and § = 90 and 175 kPa,
respectively. In each figure, three load — dispiaeet curves are plotted for &d= 2.5,

4, and 5. In addition, the group capacity consitga group efficiency factor equal to 1
is defined by a vertical line. The figures showtthar all S/d,.e and g values considered,
the pile group capacity at failure exhibits a grediiciency factor greater than or equal 1.
Also, the results show an increase in the groupieffcy factor by increasing the spacing
to diameter ratio; however, this increase is maigiAs shown in Figs. 6.24 and 6.25, the
same group behavior is observed for hollow bar opite characterized by L/d =50.

However, for micropiles with L/d =50, the groupieigncy factor exceeds 1.0.

Extra jobs are performed for hollow bar micropiteleedded in softer soil. The undrained
shear strength of the soil considered is equalOt&Pa. Figure 6.26 depicts the load —
group displacement curves for two values of,&{d2.5 and 5. The same behavior
observed for group action in stiff clay is obsenfed groups in softer clay. Again, this

could be due to the unique geometry of the holl@w oicropiles. The adhesion factor
was assumed equal to 1 in all jobs shown in Fig® € 6.26. Other jobs were carried

for adhesion factor equal 0.9, and the same coiocisisvere obtained.

Hence, it is recommended to calculate the microgileup capacity utilizing a group
efficiency factor equal to 1 for hollow bar micrtgs embedded in cohesive soils. The
group capacity should also be calculated employiregblock failure mechanism. The

group capacity is then taken as the lesser valtieeafwo.
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Figure 6. 22. Load — group displacement for,s 90 kPa and L/d = 30
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Figure 6. 23. Load — group displacement for,s 175 kPa and L/d = 30
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Figure 6. 26. Load — group displacement for,s 50 kPa and L/d =30

6.5.2 Parametric study for group performance

When piles are installed at close spacing, theoresp of an individual pile within the
pile group is influenced by the response of neigimgopiles as the piles interact through
the surrounding soil. To account for this interatithe soil should be considered as a
continuum, where the displacement of one pile wilhtribute to the displacement of
other piles. The effect of interaction between gilean be expressed in terms of
interaction factor, which is defined as the addidilbsettlement caused by adjacent pile

normalized by the pile settlement under its owrdloa

The interaction factors are derived from the defmroms of two equally loaded piles and
describe the fractional increase in deformatioa pfle due to deformation of an equally

loaded neighbouring pile. The flexibility is therstablished by the superposition of
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interaction between individual pairs of piles iretgroup. By increasing the spacing
between the piles, the interaction diminishes dedstiffness of the group is determined
by summing the stiffness coefficients of the indiwal single piles. The accuracy of the

approach appears adequate, at least for small addrately large groups.

Pioneering research in this field had been condusyePoulos who published his results
in a number of papers (e.g. Poulos 1968, 1971, ,19949), and included all results in
Poulos and Davis (1980). More rigorous approachased on computer programs
considering direct analysis of pile groups undatistioads have been carried out by El
Sharnouby and Novak, (1985) and Lee (1993a), (1093tese studies indicate that the
main results of pile interaction are an increasesettlement of the group, the

redistribution of pile stresses and, with rigid sagedistribution of pile loads.

If a rigid cap is assumed, which implies the sanspldcement for all piles heads but
different individual stiffness, the vertical stifas of the group, ( can be evaluated

approximately as:

N N
Kg = Z Ksp/ Z Olri (6.4)
i=1 i=1

Where: K is single pile stiffnessp,; is the interaction factor between the refererileg p

r, and thé™ pile in the group, such that; = oy +oy1 +ou2 ... +an, Whereg,; =1.0

The reference pile should not be at the peripheratothe center of the group. The
assumption in this evaluation is that the referepite rarely represents the average

stiffness of the piles in the group.
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For a rigid pile cap, a more rigorous formula can derived by imposing identical
displacements on all pile heads and using the aoten factors to describe group

stiffness. This procedure gives the vertical séffs (El Sharnouby and Novak, 1990):
ng Ksp Z z &ij (6.5)
i j

In which,g;; are the elements of the matrix], [calculated from:
[e] = [o]™ (6.6)

The interaction matrixof lists the interaction factors between every tvleg oj, in the
group. The matrix has dimensions N x N, and N éribmber of piles in the group. The
matrix is symmetric with all the diagonal elemenjsequal to unity. Meanwhile, the

interaction factor approach is used to estimatesétéement of the group from:

= SpX Z O (6.7)

Where: G is the estimated settlement of the groug;isSthe settlement of the single pile

under its average load within the group

However, the interaction factors available in therature for axially load piles are not
applicable for hollow bar micropiles because olitsgque geometry. Accordingly, the FE
model calibrated previously is used herein to pie\a set of interaction factor curves for

hollow bar micropiles in clayey soil.

To compute the interaction factor between two npies, the geometric quarter model
shown in Fig. 6.17 is extended to one half of eircle. the model is mirrored

horizontally along the vertical axis. This was ddmeaccommodate inserting another
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micropile, so that one micropile would be loaded ahe displacement of the two
adjacent hollow bar micropiles would be recordedall cases, only one half of the two
hollow bar micropiles is modeled. Figure 6.27 ithases the new geometric model

employed in evaluating the pile-soil-pile interactifor hollow bar micropiles.
In this study, the interaction factors are evalddte the following parameters:

- Slenderness ratio L/d is chosen to be 30, 50, &ndhis range covers the typical

values used in practice for micropiles.

- Three values of the stiffness rako(defined as the ratio between the micropile
modulus and the surrounding soil modulus#EE) are considered; 275, 500, and
1000. The modulus of the micropile is taken appr@tely equal to that of the
grout, which varies from 21000 MPa to 26000MPa, etheing on the grout
strength. The Young’s modulus of the grout is cdesed to be constant and equal
to 24000 MPa. Thus, JEs = 275 representing stiff soil andy/Es = 1000

represents soft soil.

- Spacing between the micropiles to hole diametekyS/ratio, is covered between

2.51t0 15.

The interaction factors are evaluated at the ddsigth, DL. The design load, DL, here is
defined as the failure load according to Butler &ay (1970) divided by 2, i.e. DL =
Q2. Figures 6.28, 6.29, and 6.30 give the inteoactactors between two hollow bar

micropiles at DL characterized by slenderness rafib= 30,50, and 75, respectively.
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Applied Load

Figure 6. 27. Geometric model adopted for interactin calculations
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The interaction factor graphs show that the intBvadetween two micropiles decreases
as the stiffness ratid, decreases for all values of L/d. Coinciding wiitle findings of
Poulos and Davis (1980) for conventional piles, ititeraction factor between adjacent
micropiles decreases more dramatically betweengSkekqual 2.5 to 5 than between
Sldie €qual 5 tol5. The effect of the slenderness matithe interaction between hollow
bar micropiles is illustrated in Fig.6.31, fop/Es =1000 and in Fig. 6.32 for s =275.
For soft soils, BEs =1000, the effect of L/d is negligible up to /g 5. As the spacing
between pile increases, the effect of slenderrass becomes more pronounced. On the
contrary, the effect of the slenderness ratio @nititeraction factor for stiff soils, pfEs

=275, is more pronounced for closely spaced piles.
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Figure 6. 28. Interaction factors at the design loéfor L/d=30
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Figure 6. 30. Interaction factors at the design loéfor L/d=75
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Employing the given interaction charts, the setdatmof a hollow bar micropile group

can be estimated using Eqg. 6.7. On the other haednteraction factor approach tends
to overestimate the group settlement. This is beedbe interaction approach does not
account for the stiffening effect of the intermedigiles when computing the interaction

between any two individual piles within the group.

Accordingly, the effect of the intermediate holltwar micropile is examined herein. This
is accomplished by inserting another micropileh@a geometric model shown in Fig.6.27.
Hence, one micropile is loaded and the displacesnemtthe other micropiles are
calculated. The new geometric model containing tree hollow bar micropiles is

depicted in Fig. 6.33. The locations of the intedrate micropile and the far micropile

are highlighted in the figure.

The interaction factors are computed for threeed#fit models employing spacing to
hole diameter ratio equal to 3.75, 5, and 7.5 betwany two micropiles. This locates the
far hollow bar micropile at a spacing ratio of 718, and 15 times the hole diameter from
the loaded one. Each model is examined for thraeesaf stiffness ratid{, and for L/d

= 30 and 50.

For each case, the interaction factor is calculatetie far micropile and compared with
the interaction factor obtained previously withdl intermediate micropile. The effect
of intermediate micropile on the interaction fad®plotted in Figs. 6.34, 6.35, and 6.36
for micropiles characterized by L/d =30 and \gic= 7.5, 10, and 15, respectively. For
the same S/d. values, the effect of the intermediate micropitegiven in Figs. 6.37 to

6.39 for L/d = 50.
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Applied load

Figure 6. 33. Geometric model for three adjacentdilow bar micropiles

For all values of Side, L/d, and stiffness ratio examined here, the mgstiate hollow
bar micropile decreases the interaction factor betwthe loaded and far micropiles.
However, the percentage of decreasing in the ictierafactor due to the intermediate
micropile is varying from almost 0% at {d= 7.5 to about 5% at Sfgk = 15, for both

values of L/d and all values of/Es considered the analysis.
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It can be concluded from the results discussed altlbat the effect of considering an
intermediate micropile on the interaction factotvieEen hollow bar micropiles is limited.
This may be attributed to the small diameter of ti@low bar micropiles, thus
minimizing the stiffening effect of the soil betwethe micropiles. Therefore, Eq. 6.7 can
be used to estimate the settlement of a group béwdoar micropiles employing the

interaction factors given in Figs. 6.28 to 6.30.
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Figure 6. 35. Effect of intermediate hollow bar micopile on the interaction factor,
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Figure 6. 37. Effect of intermediate hollow bar micopile on the interaction factor,
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CHAPTER 7

LATERAL MONOTONIC AND CYCLIC PERFORMANCE OF
HOLLOW BAR MICROPILES

7.1 Introduction

The four hollow bar micropiles were loaded latgrafi the last phase of the field test
program. Two monotonic and six cyclic lateral Idadts were performed. This chapter
documents the loading setup and procedures asawdlhe experimental results of the

lateral monotonic and cyclic load tests.

The results of the monotonic load tests were engaldy calibrate a numerical model
established using the program L-Pile (Isenhower \Afaohg, 2011). A parametric study
was then carried out to establish design guideliftesthe hollow bar micropiles

embedded in cohesive soils. Finally, the resultaiobd from the lateral cyclic tests are
presented and discussed. An equation is proposestitoate the degradation of the pile

head stiffness under lateral cyclic loading.

7.2 Monotonic Lateral Load tests
Two monotonic lateral load tests were conducteanaropiles MP1 and MP2. The two
micropiles were loaded simultaneously, i.e. eactropile was loaded and at the same

time was employed as reaction pier for the othgetémicropile.
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7.2.1 Lateral load testing equipment and pile heattumentations

No reaction frame system was used to execute theropiie load tests. The two
micropiles being tested were connected togetherh stiat they were loaded
simultaneously. This setup is known as two-in-ast, tloading two piles at one test setup
(Richards and Rothbauer, 2004). The idea is toflienem the close spacing between
the test micropiles to load one and use the othemopile as a reaction pier. In this setup,

the two micropiles were loaded with the same laaglaude but in opposite directions.

A special setup was designed to accomplish theitwame test, which is illustrated in
Fig. 7.1. The test setup consists of three maisl glates. As seen in Fig. 7.1, from left to
right, the plates are; the load cell plate, thedi@glate and the hydraulic jack plate. The
load cell plate is welded to a B7X3-76 hex nut frone side and to a socket bar, 32 mm
in diameter and 51 mm in length, from the otheesidrhe middle plate contains two
holes spaced at 177.8mm. It is welded from the lmEtdside to a socket bar similar to
that welded to the load cell plate. The hydrauwdickj plate is welded to another B7X3-76
hex nut from outside whilst it is welded to 400mendth threaded bar from the hydraulic
jack side. The bar is 70mm in diameter. A work stogwing for the three plates is given

in Fig. 7.2.

To assemble the test setup, the load cell platefatiydraulic jack plate were threaded
onto one of the tested micropiles. An interfacedl@®ll 1240-AF-12K-B of 50 kN

capacity was threaded to the socket bar of the tedldplate from one side and to the
middle plate from the other side. A special steal was screwed into the steel rod

attached to the hydraulic jack plate.
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Load cell

Figure 7. 1. Lateral load test setup

The steel rod was then inserted through the hoteehydraulic jack until the top of the
stroke was in contact with the special hex nut. fia@raulic jack has 100 ton advance
capacity and 68 ton retract capacity employed Wy rh# stroke. The hydraulic jack was
advanced until it reached the middle plate, and th@ted to the middle plates at the two

holes shown in Figure 7.2.

Upon completion of the load test setup, the platese leveled to insure horizontal
applied load. The point of load application was w260 mm above the ground surface
as shown in Fig. 7.3. The lateral movement of easted micropile was recorded by
three HLP 190/FS1/100/4K linear displacement tranecs (LDTs), mounted on

magnetic base.
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300x300x 25 mm plate 300x300x 25 mm plate
B7X3-76 \ 400mm leng‘[h, 0 B7X3-76
Hexnut ! S1mm length, 32mm diameter thread bar Hesx mit
diameter thread bar

(a) Load cell plate (b) Hydraulic jack plate

300x300x 25 mm plate

51mm length, 32mm

diameter thread bar [ )

177.8mm

1
O

(c)Middle plate

Figure 7. 2. Work shop drawing for the three main pates

The LDTs magnetic bases were mounted on referetee extensions supported
independently from the loading system. The LDTseh&a®0 mm stroke with an accuracy

of 0.01 mm.

The LDTs were distributed in a triangle arrangemewer the steel plates that were
welded to the hex nuts and attached to the mi@dpmlad. One LDT was placed above
the point of applied load at elevation equal 370above the ground surface. The other

two were positioned under the point of the appleat at elevation 140mm above the
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ground surface. Figure 7.4 depicts the positionthefLDTs with respect to the point of

the applied load.

The aforementioned distribution of the LDTs was s#10 to measure the micropile
displacement at the point of applied load by intéapon between the top and bottom
LDTs readings. Meanwhile, the rotation of the mpl® head can be estimated from the
difference in readings between the top and bott@id. The load cell and the LDTs
were connected to a data acquisition system tadesnd store the load and movement at

the pile head during the load test.

7.2.2 Lateral monotonic load test procedure andltses

The lateral monotonic load tests conducted in fisdgresented free (pinned) head
conditions, i.e. the micropile was free to rotaiequick maintained load test procedure
was adopted during the lateral monotonic load fEsé load was applied in increments
and kept for a short period of time before applygngew load increment. In this study,
the load was applied in 3 kN load increments arah éacrement was held between 2.5
and 3 minutes. The lateral monotonic load testinaet until the stroke of the hydraulic
jack reached its maximum extracting value, i.e. bd®. when the maximum stroke

length was reached, the corresponding load wasfbeiiminutes.

Generally, the micropiles were tested laterallyagtordance with the ASTM D3966
(2007) standard loading load test procedure. Howdkhie ASTM D 3966 specifies that
during the test, the load should be applied inan@nts of 25% of the design load with
variable time interval increments, but smaller @ments, longer time intervals, or both

can be used.
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Figure 7.5 depicts the load — displacement cureesttfe two hollow bar micropiles
loaded monotonically in the lateral direction. dncbe noted from the figure that the two
micropiles had almost the same response, with piler®1P2 displaying a slightly stiffer
response. The increase in the micropile head ootatith the applied load is plotted in
Fig. 7.6. The two tested micropiles show a steadyeiase in the rotation angle with the

applied load.

7.2.3 Failure mechanism and ultimate capacity faropiles under lateral

loads

Pile failure under lateral loading may occur dudaiture of either the solil or the pile. If
the failure is due to yielding of the soil alongetiembedded pile length, the failure
mechanism is called rigid-pile (or short pile) ta#. In this case, the ultimate lateral
resistance of the pile is given by the horizontald required to cause failure of the soil
mass along the pile shaft. On the other hand,eff#iilure is due to yielding of the pile
itself at the point of maximum moment, the ultimitteral resistance of the pile is given
by the horizontal load required to produce a maxmmoment equal to the yield

moment of the pile section (flexible—pile failurelong pile failure).

Hence, the prediction of the ultimate lateral cé#yaof a single pile requires the
assessment of the pile shaft rigidity. Unfortungteio standard definition for shaft
rigidity exists, but several criteria can be usedjudge the rigidity of the pile shaft.
Bierschwale et al ( 1981) defined the rigid (sheit¢ as the pile that is characterized by
slenderness ratio less than 6 and the flexiblegjlquile as pile with slenderness ratio

larger than 20.
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Poulos and Davis (1980) deduced a criterion baseth® elastic theory analysis in the

form of flexibility factor, K. which is defined as:

K= (Ecl/EsL?) (7.1)

Where: Eis the elastic modulus of concretgid the concrete moment of inertig,i& the
soil elastic modulus along the pile shaft, and this pile length. If the flexibility factor is
less than 19, flexible pile behaviour is expected, whilst ifistlarger than 0.01, the pile
will be definitely rigid. Employing any criteria, isropiles are considered flexible piles
due to their small diameter, with slenderness rakhiat is usually over 25. This

categorizes the hollow bar micropile behaviour urdesral load as flexible or long pile.

The failure mechanisms that define the pile ultenktteral capacity usually occur at
large displacement or rotation levels. On the othand, the allowable pile head
displacement must be limited to the tolerable d¢ft® for the structure it supports.

Hence, the lateral capacity of most pile foundatiaos interpolated from load tests
utilizing specific displacement criterion. This ledor the term “ultimate lateral capacity”

to be replaced by the term “interpreted failuredlog&Several interpolations criteria had
been proposed over the years to interpolate tteré¢aioad of lateral load tests on deep

foundation.

Table 7.1 lists the three most widely used intagti@n criteria in pilling engineering

(Chen and Lee 2010). The interpreted failure la@tdréa given in Table 7.1 were applied
to the lateral load test results shown previousl¥ig. 7.5. The interpreted failure loads
from different criteria are summarized in Table 7R the two tested micropiles, MP1

and MP2. As discussed in Chapter 5, relating aiyréload to displacement limitation
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that is correlated to the pile diameter, such akeR}984) method, is difficult to be
applied to micropiles due to the enlargement in thameter during installation.
However, if casing is installed at the upper portas the micropile, the diameter of the

casing at that portion can be used as the diaro&tbe micropile and the failure criterion

can be applied.

Table7. 1. Lateral interpretation criteria for pile s

Method Type Definition of the
interpreted failure load

McNulty (1956) Displacement limitation Load at 6.25 mm head
displacement

Walker and Cox (1966) Displacement limitation Load at 13.0 mm head
displacement

Pyke (1984) Displacement limitation Load at 5% the shatft
diameter

Table7. 2. Interpreted failure load for MP1 and MP2

Method MP1 MP2

Load at 6.25 mm head 12 9.5
displacement (kN)

Load at 13.0 mm head 19 18
displacement (kN)

Load at 5% the shaft 15 14
diameter (bit diameter)
(kN)
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7.2.4 Numerical simulation of monotonic lateralddasts

The soil response to lateral load is nonlinear, oalnfrom the beginning of lateral
loading. As a result, the relationships among laadment, and deflection for laterally
loaded piles are nonlinear, even in the workinglloange. It is therefore important to
base design laterally loaded piles and drilledtshafi methods of analysis that can model
the nonlinear behaviour of the soil — foundatiosteyn. The widely use@-y curves
approach is an effective nonlinear analysis methad designing deep foundations
subjected to lateral loads (Duncan et al. 1994)usThthe p-y curves approach
incorporated in the LPile software was utilizedthirs study to numerically simulate the

lateral load tests conducted on the hollow bar opites.

The p-y curves approach is based on solution of a difteakequation describing the
behaviour of a beam — column with nonlinear supp®dhie pile is treated as a beam-
column and the soil is replaced with nonlinear Vianitype springs. Hence, the reaction
of the soil against the pile is related to the @tfbn of the pile by means of nonlinear
load — transfer curves, i.p:y curves. Figure 7.7 illustrates the model adoptedofles

subjected to lateral loading using v curves approach.

The p-y method was first devised by McClelland and Focl&5@). The method was
developed as a design tool for piles supportinghaffe oil production platforms that
were to be subjected to exceptionally large hotaloforces from waves and wind
(Isenhower and Wang 2011). The use of the methedban extended to the design of
onshore foundations. The method is being cited dlyody Jamiolkowski (1977),

Baguelin, et al. (1978), and Poulos and Davis (1980
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The definition of the quantities andy is necessary. The sketch in Fig. 7.8(a) shows a
uniform distribution of radial stresses, normattie wall of a cylindrical pile. If the pile

is deflected a distance (exaggerated in the sketch for clarity), the disttion of unit
stresses becomes non — uniform and will be sintdathat shown in Fig. 7.8 (b). The
stresses decrease on the backside of the pilenarehse on the front side. Integration of
the unit stresses results in the quanpityvhich acts opposite in direction o The
dimensions ofp are load per unit length of the pile. These dabng of p andy are
convenient in the solution of the differential ejoa and are consistent with those used

in the solution of the ordinary beam equation.

The common criticism of thp-y method is that the soil is not treated as a coatmubut
as a series of discrete springs (the Winkler modelpwever, the methods of predicting
p-y curves that were derived from correlations withuhessof full-scale experiments have
been used to make computations for the responggled where only the pile-head
movements were recorded. These comparisons shasnaale to excellent agreement

between computed and experimental results (Isenhamee\Wang 2011).

The method can be used to analyze conditions wtherproperties of the soil or the pile
vary in any fashion with depth. However, the foratidn of the differential equation in
finite difference form and a solution by iteratiorandates a computer program. LPile is
an example of such computer program. LPile is usekely for analyzing the deep

foundation under lateral loads employing g method.
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Figure 7. 7. Model for pile under lateral loading wth p-y curves
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Figure 7. 8. Distribution of normal stress against pile (after Isenhower and Wang
2011) (a) Before lateral loading, (b) After lateraldeflection
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In LPile, the pile and soil are defined separaté@lye pile is defined geometrically by its
structural dimensions, shaft diameter and lengtie Taterial properties required to
define the pile depend on the pile cross-sectiar. é&xample, normally — reinforced
concrete piles require the definition of the stéeling’s modulus and yield strength as
well as the number and distribution of the steelsbaithin the pile cross section.
Meanwhile, the concrete is defined by its compressirength only. These features are
used by LPile to determine how the effective begditiffness will vary as the concrete
cracks in tension and how the reinforcing stedldgieln all cases, LPile gives the option
of modeling the pile with different geometry and teral properties along its shaft

utilizing different cross sections.

Defining the soil in LPile depends on the soil typeLPile, the user chooses the required
type of soil and the corresponding lateral loadrandfer curvespty) are generated
automatically under default conditions. The prograieo allows user-specifieg-y
curves. Another good feature in modeling the soiLPile is; the soil can be modeled
utilizing a number of layers, each has its own gateelp-y curves depending on its type.

However, the number of layers is limited to 40 Rile.

LPile version 6 offers 13 readily defined (buil}-itypes of soils that can be specified
during lateral loading. Each soil type is defingdts effective unit weight, shear strength
parameters and other parameters that depend asoihand/or rock type selected. For
example, if sandy soils are selected, the additipasameter required is the slope of the
soil resistance versus lateral deflection curve.il®Vfor clay, it is the axial strain

corresponding to a shear stress equal to 2 ofhtbar strength of the material. In the
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next section, the clay model will be presented,ttes hollow bar micropiles were

embedded in stiff clay.

7.2.5 Calibration of the monotonic lateral fieldtte

A numerical simulation for the lateral field testdarried employing LPile software. The
hollow bar micropile has a unique cross-section,ictvhincludes a hollow bar
encapsulated in a grout body. Modeling of such sgEtion is not available in LPile.
However, LPile offers modeling round concrete shéth permanent casing and core.
Since, the hollow bar micropiles were installed hwito casing, the round section
suggested by LPile was employed and the wall tleskrof the permanent casing was set
equal to zero. The hollow bar micropiles crossisactutilizing the bit diameter

employed in the numerical analysis is illustratedFig. 7.9.

The material properties of the grout and the pipleyed in the analysis are summarized
in Table 7.3. To ensure that the adopted crosesecorrectly represented the bending
stiffness of the micropile, the combined bendinfiress of the adopted section is plotted
against the developed resistance bending momenheofsection in Fig. 7.10. The

theoretical un-cracked bending stiffness of theelsémd grout, as well as the bending
stiffness of the steel only are also plotted in. id.0. An excellent agreement between
the adopted cross-section and the theoretical hgmstiffness of the hollow bar cross
section is noted from Fig. 7.10 This confirmed sh@ability of using the round concrete

shaft with permanent casing and core in LPile fodeling hollow bar micropiles.
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Core= Hollow bar 76/48 mm

Casing, t =0.0

Figure 7. 9. Round concrete shaft with permanent cang and core utilizing hollow

bar micropile cross section
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Figure 7. 10. Bending stiffness versus bending momiefor the adopted cross section
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Table7. 3. Grout and steel properties adopted in marial modeling

Young’s modulus Compressive Yield Stress, §,
(kPa) strength (kPa) (kPa)
Grout 4730(8)°° 3E+4 -
Steel 2E+8 - 5.8E+5

The hollow bar micropiles were installed in stdfhiard silty clay to clayey silt deposit as
described in Chapter 3. Therefore, the soil is rextiéen LPile utilizing the stiff clay

model without free water. The model was developgdRbese and Welch (1975) based
on full scale field load tests performed on 915mmiiedi shafts. A steel pipe, 254mm in
diameter, instrumented with strain gauges was teddyefore placing the concrete. The
average undrained shear strength of the clay inugper 6 m was approximately 105
kPa. Thep-y curves obtained for these load tests were relgtivehsistent in shape. The
model is capable of modeling the behaviour of Etgrloaded piles under static and

cyclic loads.

The model is defined in LPile utilizing the follomg parameters: the effective unit
weight of the clayy ay, Undrained shear strength parameter for the slagnd the axial

strain corresponding to a shear stress equal tehalfieof the shear strength of the
material,eso. The model has default values fgs depending on the soil consistency and
the undrained shear strength parameter of the(Glalyle 7.4). The characteristic shape

of load — transfep-y curve for stiff clay model is given in Fig.7.11.
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Table7. 4. Values ots for stiff clay model in LPile (after Isenhower andWang

2011)
Consistency of clay Undrained shear strength (kPa) €50
Soft <50 0.01
Medium 50 to 100 0.007
Stiff 100 to 200 0.005
P | /_p = P

Figure 7. 11. Characteristic shape op-y curve for static loading in stiff clay without
free water (after Isenhower and Wang 2011)

The analysis starts by computing the ultimate taste of the soil at a deptifrom the

ground surfaceyy, as the lesser from (Isenhower and Wang 2011):

Pu = [3+ ¢ avfSy) X+ (X/2d) ] s d (7.2a)

pu=9sd (7.2b)

Then, the deflection correspondingetgis calculated as:
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Ys0 = 2.5¢500 (7.3)

Followed by, the points describing tpey curve at the pre-specified deptlis computed

from the relationship below:
p = 0.5py (ylys0)**° (7.4)
Finally, beyondy = 16ys0, p is equal tqo, for all values ofy.

The properties of the soil employed in LPile nuro@rsimulation is similar to that given

previously in Table 5.6. The analysis was carried eepeated several times employing
different values of grout diameter amgh to reach the most representative calibration
model. Figure 7.12 illustrates the lateral fielgtseresults and the numerical results
obtained using LPile. The figure shows good agregrbetween the calculated response
using the calibrated model and the lateral loatire=silts. However, the LPile response is
slightly stiffer than the field results. This mighé¢ attributed to a limited increase in the
pile diameter as discussed below, which was nepessathe numerical stability of the

solution.

The calibrated model involved a slight increasehi@ upper segment of the micropile
diameter equal to 4mm plus the drilling bit diamgetee. 180 mm. Nevertheless, the
significant enlargement of the micropile diametsskt place near the pile toe showed no
effect on the lateral capacity of the hollow bacrapile. In addition, the match between
the calculated and measured responses was achaaexd employingeso = 0.0021 for

the upper layer. The influence of value & for the lower layers on the calculated

response was found to be marginal.
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Figure 7. 12. Numerical calibration of lateral fied test with LPile

Figures 7.13, 7.14, and 7.15 display the deflectmoment, and shear force profiles
obtained from the LPile analysis using the calidamodel. The family op-y curves

generated by LPile to represent the load transéahanism at the top layer is depicted in
Fig 7.16. Figure 7.13 shows that, as expectedntloeopiles behave as flexible piles
under lateral load. Moreover, LPile assigned theneat capacity of the micropile cross-
section to be equal 14.69 kN.m. Figure 7.14 eldberthhat this moment corresponding to
an applied load larger than 28 kN. Hence, at thienate applied load, i.e. 34 kN, a
plastic hinge has probably developed at the lonatib maximum bending moment at
depth approximately equal to 0.65m below the grosumdiace. This is further confirmed
by the bending stiffness of the employed crossi@ecEl, versus bending moment plot

given in Fig. 7.17.
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Figure 7. 13. Deflection of the micropile versus geh, LPile analysis
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Figure 7. 14. Bending moment along the micropile stft, LPile analysis
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Figure 7. 15. Distribution of shear force developedlong the micropile shaft, LPile

analysis
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Figure 7. 17. Bending stiffness versus bending momteof the micropile cross-section

The LPile analysis also revealed that the behawbtime hollow bar micropiles was very
sensitive to the properties of soil at depth witlive times the micropile diameter.
Nevertheless, the behaviour of the micropiles $s lgensitive to soil properties at depth
from five to ten times the micropile diameter. Belalepth equal to 10 times the
micropile diameter, the surrounding soil has ne@dfion the performance of the tested

micropiles.

7.2.6 Parametric study
The calibrated model was used to perform a para&r&irdy on the behavior of hollow

bar micropiles under lateral loading. The objedivéthe parametric study are:

- To evaluate the effect of cased length of thedwolbar micropiles on its lateral

response considering different fixity conditions.
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- To examine the effect of degree of fixity on thefpemance of the pile.

The geometry of the micropile considered in theapeetric study consists of two

segments: the upper cased segment, and the lowsseosh segment. Figure 7.18
demonstrates the geometry and the dimensions didhew bar micropile employed in

the current parametric study. The hollow bar empibiy the parametric analysis is 76/48
hollow bars, such bar can be used with a drillitg bf 150 to 200 mm diameter (Table
4.3). However, practically, those bars used witts lmf diameter equal 176 mm and
higher. In this parametric study, the uncased segnmeorporates an increase in the
diameter equal to double the casing thicknessll lanalyses, the thickness of the casing

wall was taken constant and equal to 12 mm.

The material properties of the steel and grout asedkept constant through all the study.
The material properties employed are similar td tiieen in Table 7.3, except for the
yielding strength of the casing, which is used 2@ BIPa. The micropile is considered to
be embedded in homogenous clay. The undrained streagth of the soil utilized was
varied from 100 kPa to 175 kPa. The value of tieeatkial strain corresponding to a shear
stress equal to one-half of the shear strengthefictay was chosen in accordance with

the default values suggested by LPile, for stidfyainodel (Table 7.4).

The effect of the cased lengths, lon the lateral ultimate resistance and the maximu
bending moment for a free head micropile is illagtd in Figs. 7.19 and 7.20,
respectively. In Fig. 7.19p,)c is defined as the ultimate resistance of micropilth
cased length, 4. while (py)uc is the ultimate resistance results for similar ased

micropile.
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Figure 7. 18. The geometry of the hollow bar microies used in the parametric

study

The (pu)unc Was calculated for hollow bar micropile diametgual to the casing diameter,
dc, but without employing the bending stiffness oé tsteel case. Similarly, () and

(My)unc are the maximum bending moment for the cased acdsed micropile in Fig.
7.20. The figures show that for a free head holb@aw micropile installed in stiff clays,

the length of the casing has to be larger thantfives its diameter to have any impact on
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the pile lateral resistance. A significant inceedn the pile lateral resistance was

achieved when the casing length was about 10 tithesameter.

For fixed head micropiles, Figs.7.21 and 7.22 iflate the effect of the cased length on
the ultimate resistance and its maximum bending em@mThe figures demonstrate that
fixed head micropiles show noticeable increase oth Hateral capacity and bending
moment by increasing the casing length up to Tggiits diameter. However, increasing
the casing length more than 7.5 times its diametasld have a marginal effect on its
lateral resistance. This is because the hollow rhi@ropile cross-section experiences
yielding at that length. The same observationsewmted for clays characterized hy s

between 100 and 175 kPa.
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Figure 7. 19. The effect of casing length on ultima resistance of free head pile
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Figure 7. 21. The effect of casing length on ultima resistance of fixed head pile
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Figure 7. 22. The effect of casing length on maxinmu moment of fixed head pile

The effect of the head fixity on the lateral remigte of the micropile was also examined.
Selected cases are presented in Figs. 7.23 to FoB@ach case, the pile head deflection
and bending moment are plotted versus the appdead.llt is clearly noted from the
figures that decreasing the degree of micropiledhfeaty from 100% (fully fixed) to
50% (partially fixed) fixation will increase theaund line deflection dramatically. This
means that if the pile connectivity to the pile ceges not provide full fixity (i.e. moment

transfer mechanism), the lateral capacity of the igireduced by 50% or more.

On the other hand, the maximum bending momentehticropile section for 50% fixity
condition displays a unique behaviour. The maxinmoment changes from positive
moment at a point below the ground level, to negathoment at the micropile head as

the applied load increases.
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Figure 7. 23. Load-deflection for three degree ofity, L /d; =5, d.=200mm, g =100
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. Load-deflection for three degree ofxity, L J/d. =7.5, d=200mm, g
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Figure 7. 27. Load-deflection for three degree ofXity, L /d. =5, d=225mm, § =175
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It can be concluded from the previous analysis tttrtconnectivity of the micropile head
into the pile cap should be evaluated carefullyfulF fixity is assumed, then sufficient
moment transfer capacity should be provided betwenpile and the pile cap. For
micropiles connected to their cap by simply extagdhe hollow core bar 150 mm into
the pile cap, the fixed head condition cannot Istiffed. Hence, it is recommended to
assume that the pile head will have only 50% fixibydition, and evaluate the micropile
performance under lateral accordingly. The types @otimum design of the connection

between the hollow bar micropile and the footingeyond of the scope of this study.

7.3 Lateral Cyclic Load Tests

Six cyclic lateral load tests were conducted on fthe hollow bar micropiles. Figure
7.31 depicts the sequence and the positions gi¢Hermed cyclic load tests. The lateral
cyclic load tests were conducted on each two miEgimultaneously as shown in Fig.
7.31. Hence, the same test setup used duringllateraotonic tests (Fig. 7.1) was used in
the lateral cyclic load test phase, which involted-way cyclic loading. Therefore, the
hydraulic jack used was attached to the 70mm diantetr (see Fig. 7.2) by mean of a

special collar.

Connecting the jack stroke to the 70mm bar allothedhydraulic jack to apply the load
during its advancing and retracting, which faciéth the two-way cyclic test to be
conducted on the two piles simultaneously. The opibes were instrumented by means
of three LDTs distributed in a triangle arrangemsimilar to that shown in Fig. 7.4. The

same interface load cell was used to record theeaplpad.
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7.3.1 Lateral cyclic load test procedure

In the two-way cyclic loading procedure adoptedeherthe load was applied in a
direction and reversed all the way in the otheedion with the same amplitude. The
load was applied in increments, each increment lequapproximately 3kN. At each

increment, the two tested micropiles were subjetddive cycles of two-way loading.

The load was applied at a rate of one cycle pentyveeconds for load amplitudes 3 to 6
kN, and at rate of one cycle per forty five secandhe highest load amplitude, 21 kN.
The cyclic load tests were terminated when thekstaf the hydraulic jack reached its
maximum value (150 mm). This procedure is differdrdn the guidelines of ASTM
D3966 (2007), which constitute one-way cyclic loadiThe ASTM does not offer any
guideline for two-way cyclic load tests, and no Isuguidelines were found in the

literature for deep foundations.
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Figure 7. 31. The sequence and position of the fielateral cyclic tests
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7.3.2 Cyclic load test results and analysis

Figures 7.32 to 7.37 illustrate the load — deftactcurves for the six conducted cyclic
lateral load tests. Each figure displays two blagke curves (BBC), along with the load
— deflection curve obtained from the load testse Tho BBC are named BBC'Lycle
and BBC %' cycle. The BBC  cycle is plotted by connecting the deflection oé t
micropile heads at the®Icycle of loading at every load magnitude appliétile, the
BBC 5" cycles is the back bone curve connecting the clidie at the & cycle of loading
at each load amplitude applied. It is noted frora flyures that the maximum load
amplitude applied during the cyclic tests on MP8 &P4 was 21kN, same as the cyclic
load tests on MP2 and MP3. However, the maximurd aplied during the last cyclic
load test (MP1 and MP4) was only 15kN. This wasegogd by the maximum stroke of

the hydraulic jack.
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Figure 7. 32. Load-deflection curve for MP3 duringcyclic test on MP3 and MP4
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All tests started in the negative direction of lmagd Figures 7.32 to 7.37 show that the
BBC curves at the®land %' cycle have decreasing slope as the magnitudescdgplied
load increases. In addition, the pile head deftecincreased as the number of load

cycles increased at the same load magnitude.

To compare the performance of the tested micrgpiltesr load — deflection curves are
plotted in Figs. 7.38 and 7.41 for thé dnd the ¥ cycles of loading at amplitudes equal
to 3, 9, 15, and 18 kN. Each loading cycle stavtbdn the load magnitude was reached

in the negative direction and ended when the saagnitude was reached again.

The figures show that the tested micropiles disgdagtifferent behaviour. In particular,
the micropiles that were tested twice didn’t show same behaviour during consecutive

cyclic load tests. For example, micropile MP4 wagslically tested twice; firstly with
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MP3 then with MP1. The behaviour of MP4 duringfitst cyclic load test was more
flexible than its performance during the followitest. That was observed for all load
magnitudes presented in Figs. 7.38 and 7.41. Orcomérary, micropile MP3 shows
stiffer response during its first cyclic load testden loaded simultaneously with MP4,
than its second cyclic test, when tested simultasigovith MP2. The flexible behaviour
of MP3 and the stiffer response of MP4 during tlseicond cyclic test may be attributed

to the spatial variability the soil properties vitithe site.

On the other hand, all tested micropiles exhibaadncrease in the pile head deflection
from the £ cycle to the B cycle at the same load magnitude. It is also miesethat the
negative deflections of all tested micropiles weigher than their corresponding values
at the positive side at the same applied load. Thght be because of gap formation
between the micropiles and the soil at the oppabrection of loading during the two —
ways cyclic tests. The gap effect was more obvituthe £ cyclic test (cyclic tests on

MP3 and MP4) rather than the following two tests.

To examine the degradation effect of the cycliadlng on the micropile head stiffness,
the normalized stiffness of the micropile headalkalated at each cycle of loading for all
load magnitudes applied. The normalized stiffnesgiefined as the stiffness of the
micropile head at the Rcycle divided by the stiffness of the pile headhat first cycle,

both at the same load magnitude.
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Figure 7. 41. Load — deflection for all the testechicropiles at 18kN; (a) £' cycle of
loading, (b) 5" cycle of loading
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The stiffness of the micropiles at each load cigl@pproximated by the slope of the load

— deflection curve during each load cycle, (asgiveFigs 7.38 to 7.41) i.e.:

KL - Pmax - Pmin (75)
Y max=Y min

Where: K is the pile head stiffness in the lateral dirattipnx and pnin are the
maximum and minimum applied loads during each loyde (2 x the load amplitude)
Vmex @nd ymin are the corresponding pile head deflections. ddleulated normalized
micropiles stiffness values and the best fittingveurepresenting the measured data are
presented in Figs. 7.42a to 7.42g. These figuresodstrate clearly that the stiffness of
the piles decreases (degrades) as the numberdtiates increases. The degradation of
the pile head stiffness can be related to the nurobeycles utilizing a degradation

parameter t, i.e.
(Kn/Kp) = Nt (7.6)

Where: K and Ky are the stiffness values in cycles 1 and N, raspdg. The best fitting
curve yields a degradation parameter t that vafriesy 0.145 to 0.055 as the load
amplitude varies from 3 kN to 21 kN. It should bentioned that for load amplitudes
equal tol18 and 21 kN, the back-figured parametpenés only on 4 sets of data because

the last cyclic loads tests (on MP1 and MP4) teatsd at load 15kN.

The variation of the degradation parameter t etatlifom the cyclic load tests with the
stress levelp/py, of the cyclic amplitude applied is depicted ig.FFi43, wherg, used in
the figure is the pile ultimate resistance evalddtem the monotonic test evaluated as

34 kN.
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Figure 7. 42. Normalized head stiffness versus numabof cycles at all load

magnitudes tested

Figure 7.43 reveals that the degradation of the Ip#lad stiffness reaches a constant trend
after specific number of cycles at the same loaglitune or at different cyclic load
amplitudes. This phenomenon is similar to the stiak@a condition suggested by
Matlock (1970). He stated that after a large nundferycles of loading and degradation
of resistance, the soil-pile system tends to dtbibnd he used the term shakedown

condition to define this stabilization.

The observed cyclic performance of the micropileggests that the stiffness degradation
with number of cycles can be generally represensedg Eq. 7.6 and suitably selected
degradation parameter t. It should be noted thegetlobservations are only relevant to
the limited number of cyclic load tests conducted rhicropiles in stiff clay. However,

the observations made here can be extended tosadckorm solution to estimate the
degradation of the pile head stiffness during arsii event, if the degradation parameter

t can be related to the type of soil and hollowrbaropile geometry.
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CHAPTER 8

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

This chapter summarizes the research conductechig thesis on the hollow bar
micropiles foundation system. In addition, the dasions arisen from the research are

provided. Finally, recommendations for future reskare offered.

8.1 Summary
The behaviour of hollow bar micropiles was investggl through both a field study and

numerical investigation, under different typesadding and configurations.

The experimental phase of this research involvedrees of full scale field load tests on
hollow bar micropiles. As part of this experimerpabhse, a soil investigation programme
was conducted. The soil investigation programmeriparated two mechanical boreholes
along with standard penetration tests. Disturbeti landisturbed samples were collected
from the site where the micropiles were installad bbad tested. Several laboratory tests
were conducted to evaluate the general properfidsecsoil deposit as well as the shear
strength and stiffness parameters. Based on tlhitged the soil investigation program,
the site soils are classified as stiff to veryfifty clay to clayey silt, characterized by
undrained shear strength that varies from 90 kP&7& kPa. This cohesive layer was
underlain by sandy layer with traces of silt thatltan angle of internal friction between

34° and 38°.

To achieve the research goals, four hollow bar opites were installed using air

flushing technique employing large drilling crosslade bits. The hollow bars used for



282

installation and construction of micropiles wereo&gilled injection bars with an outer
diameter of 76 mm and an inner diameter of 48 mhe all-thread bars employed had
specified yield stress of approximately 580 MPa aratoss-sectional area of 2503 fnm
between the threads of the bar. The large driliadbide bits utilized had a diameter of

176 mm.

Twenty two different load tests were conductedtmnfour hollow bar micropiles in four
consecutive phases. The first phase included thwemotonic compression and two
monotonic tension tests conducted on single mitepiThe second phase encompassed
five axial cyclic load tests on single micropilésur compression and one tension. The
third phase involved four axial monotonic testspairs of hollow bar micropiles. In the
last phase, eight lateral load tests were perform@&d monotonic load tests and six

cyclic load tests, which were conducted simultaisgoan pairs of single micropiles.

The results from each set of tests were utilizedaidate a numerical model for that
particular loading condition and pile configuratidror axially loaded micropiles, 2D
finite element axisymmetric model was developed \aadlated. The model was created
utilizing ABAQUS software environment. The modelsraeated employing constitutive
models to simulate the micropile-soil system. Mee¥o the non-linearity of the
geometric deformation pattern of the micropile &mel soil was considered. A 3D finite
element model was established to simulate the @elahviour of micropiles in a group.
The lateral behaviour of hollow bar micropiles wasulated utilizingp-y method of

analysis employed in the LPile software.
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Upon calibration and validation of the numericaldals, parametric studies were carried
employing the calibrated models to further undedthe performance characteristics of
single and groups of hollow bar micropiles, anddévelop design guidelines for their

application in foundations under different loadoanditions.

8.2 Results and Conclusions

The behavior of hollow bar micropiles was investgghfor different loading conditions

including axial and lateral, monotonic and cycbadls. The group behavior of hollow bar
micropiles was examined as well. This section pressthe main observations and results
of the research as well as the conclusions draam this study. The presentation of the
findings and conclusions is divided into three gamach part addresses the most

significant findings for specific loading condition

8.2.1 Axial capacity of hollow bar micropile

The experimental results on the axial performamzkits interpretation revealed that the
axial capacity of hollow bar micropiles would bedenestimated when considering it as
Type B, pressure grouted, micropiles, in accordawgb the FHWA classification.
Hence, a closed from solution was proposed to coenine axial capacity of hollow bar
micropiles embedded in cohesive soils. The closam Solution was developed based on
the installation method employed for the constarctof the micropiles. The solution

involves the following step-by-step procedure:

- Evaluate the undrained shear strength of the spdjong the micropile length.
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- Inspecting the installation log, calculate the patage increase in the hole
volume, V. = (volume of grout used — nominal hole volume,dob®n bit

diameter)/ nominal hole volume, based on bit di@met

- Determine the enlargement factdy, which depends on the loading condition.
For micropiles under compressidin= (1+0.35\,c); while for micropiles tension:

f1= (1+0.275V}c)
- Calculate geotechnical capacity; £(0.9to 1) g ndL f; + 9 Sip Anole
- Use a factor of safety of 2 to calculate the dekigual.

For micropiles subjected to cyclic axial loading, @quation was proposed in order to
account for the stiffness degradation. The eqoaticorporates a degradation parameter,
t, to relate the stiffness of the micropile at e cycle to the stiffness of the micropiles

at the first cycle of loading.
8.2.2 Lateral performance of hollow bar micropiles

The experimental investigation on the lateral beéhav of hollow bar micropiles
provided useful insights on their performance ctiaréstics and the appropriate tools for
their design. The observed load-displacement culeenonstrated that the strong
nonlinear behaviour of the pile, reminiscent okiltde pile behaviour. Thus, the lateral
pile capacity is best evaluated using a latergbldeement criterion. Additionally, the
results underscored the importance of accountinghis nonlinearity when designing
micropile foundations subjected to lateral loadsgtiermore, the load tests demonstrated

that the lateral response of the hollow bar midespis very sensitive to the properties of
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soil along a depth equal to 10 times the pile dieamdt was also inferred from the results
that the anticipated enlargement in the diametethef micropile near the toe has no

influence on the micropile capacity.

To account for the strong nonlinear behaviour, ghecurves method was used in the
analysis of the test results. The ability of theshnique to accurately represent the
response of micropiles to lateral loads was dematest. However, the pile information
introduced to program LPile, which is widely used industry for lateral response
analysis of piles, needs to be adjusted to prosanmylate the performance of micropiles.

An example for the necessary adjustment was dieduss

The parametric study carried out on the hollow bdcropiles suggested that the
connectivity of the micropile head into the pilgpcghould be evaluated carefully. If full
fixity is assumed, then sufficient moment transfapacity should be provided between
the pile and the pile cap. For micropiles connedtetheir cap by simply extending the
hollow core bar 150mm into the pile cap, the fixteshd condition cannot be justified.
Hence, it is recommended to assume that the piéal vall have only 50% fixity
condition, and evaluate the micropile performanndeu lateral loading accordingly. It
was also found that if a free head micropile id&0assumed, the micropile should be
reinforced by outer steel case that should exteraldistance at least ten times the outer
casing diameter. On the other hand, if fixed heawdtion is to be assumed, the steel
casing length can be only seven times the casiameter. In summary, hollow bar
micropiles can carry moderate lateral loads witbppr reinforcement configuration and

pile head fixity condition.
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The degradation of the pile head stiffness evatliitam the cyclic field tests exhibited a
“shake down” phenomena. The pile stiffness ingialegraded as the number of load
cycles increased but reached a constant value aftgrecific number of cycles at the
same load amplitude or at different cyclic load atages. The observed cyclic

performance of the micropiles suggests that tlietis degradation with the number of
load cycles can be generally represented using Bgand suitably selected degradation
parameter t. However, the observations made herebeaextended to a closed form
solution to estimate the degradation of the piladhstiffness during a seismic event, if
the degradation parameter t can be related toyfhes af soil and hollow bar micropile

geometry.

8.2.3 Hollow bar micropile group behaviour

The behaviour of hollow bar micropile groups wasaleated from field load as well as a
parametric study conducted using 3D calibrateddirlement models of the hollow bar
micropiles. The results of this investigation swsjgd that the group capacity can be
calculated utilizing a group efficiency factor eitaone for hollow bar micropile groups
embedded in cohesive soils. The results obtaired the study were used to formulate a
method to evaluate the settlement of a hollow biaropile groups using the interaction
approach. A family of interaction factor diagrarasieveloped to evaluate the interaction
between two micropiles considering the spacing betwthe piles, the soil and pile
properties, and the slenderness ratio of the mierofi was found that the effect of
considering an intermediate micropile on the irdBom factor between hollow bar

micropiles was limited. Therefore, Eq. 6.7 can Beduto estimate the settlement of a
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group of hollow bar micropiles employing the intetran factors given in Figs. 6.28 to

6.30.

8.3 Recommendations for future work

This section provides a list of recommendations fidure research work to further
enhance our understanding of the performance dbwadbar micropiles and improve
their efficiency in foundation applications. Thesenmendation are organized under two

heading; (a) further field tests, (b) numericallgsia

(a) Further field tests

It is recommended to carry out another series Ibistiale field load tests on hollow bar
micropiles embedded in both cohesive and cohessrdeils. The following should be

considered during the field tests:

- Using embedded strain gauges during the field test®easure the actual load
transfer mechanism during loading of the hollow bacropiles. The embedded

strain gauges should install inside the hollow adrthe steel bar.

- Employing larger drilling bits, 225mm, during in&dion to increase the ratio

between the hollow bar diameter and the bit dianteté:3.

- Utilizing reinforced fibers polymer to reinforceettgrout which will enhance the
lateral performance and increase the capacity etthllow bar micropile under
lateral loads. Fibers polymer will control the ddag widths developed in the

grout. Hence, increase its bending stiffness.
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- Performing axial and lateral cyclic load tests wdifferent loading amplitudes to

verify the degradation parameter approach.

- The tested hollow bar micropiles must be installechploying different
installation techniques; such as: different pressutifferent applied torque

(speed) during installation, and utilizing diffetélushing fluids

- Dynamic field test on hollow bar micropiles would beneficial issue for design
of micropiles subject to machinery loading, andfocropiles installed in seismic

areas.

(b) Numerical analysis

A calibrated model is now available to simulate behaviour of hollow bar micropiles
under different loading conditions in cohesive soilt is anticipated that the performance
of such micropiles will be different when installedcohesionless or rock. It is therefore
important to develop numerical model for the analysf hollow bar micropiles
embedded in sandy soils and in rock. The numenuadlel should be calibrated with
field load tests results, and use the verified rhddeerform an extensive parametric
study in order to establish comprehensive desigdetjnes for hollow bar micropiles
system in all soil types and rock. It is also reamended to model a construction phase to

simulate the effect of installing the hollow barcnaipile on the surrounding soil.
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