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ABSTRACT

Performance of Micropiles

Juliana Cristina Frassetto

Micropiles are known to be small in diameter (maximum 300 mm), replacement piles,
drilled, composed of placed or injected grout under pressure. These piles may be installed
in a uniform or in an increased cross-section. They are designed to withstand axial and
lateral loads, and work as components in a composite soil/pile mass or as small-diameter
substitutes for conventional piles. Micropiles are extensively used as a vital underpinning
technique, as a replacement to the old foundation to support the existing load in part or in
full. They are also used as a temporary foundation for retaining walls and structures.

Literature review showed that the load-transfer mechanism of micropiles is
commonly assumed to be similar to those governing the performance of ground anchors
and/or large diameter bored piles. The design methods of these piles are currently based
on empirical formulae, which are not developed to incorporate the effect of the pile
installation technique. Accordingly, the need for a pile load test is essential.

This study presents a critical review of the existing design methods and examines
the parameters governing the design of these piles. Furthermore, a design procedure is
proposed to take into account the geometry of the micropiles, fhe interaction with the soil
and to incorporate the parameters, which seemed to be ignored in the previous methods.
The proposed designed procedure was validated against field tests, where good

agreement could be found.
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Numerical models were developed using the finite element technique to provide
solutions for the case stated. The first model was to simulate the installation techniques of
the micropiles and to perform a parametric study. The second numerical model was to
simulate the cavity expansion caused by grouting pressure and to develop the
relationships of pressure versus expansion of the pile diameter, length of expansion and
soil properties.

The models were validated against field data and theory with good agreement.
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CHAPTER 1

INTRODUCTION

1.1. PREFACE

Micropiles (also called pinpiles, minipiles, root piles, ﬁeedle piles and ‘pali radice’) can
be defined generically as small-diameter (maximum 300mm) drilled and grouted piles.
They can withstand axial and lateral loads, and can work as a component in a composite
soil/pile mass or as a small-diameter substitute for a conventional pile.

The technology of micropiling was first proposed by Dr. F. Lizzi in the early
1950°s (FHWA, 1997) and introduced into North America more than two decades later.
Although they have been used throughout the world for various purposes, and it is a
technique that is growing rapidly, micropiles still lack reliable design guidelines.

The purpose of this study is to improve the current state of practice for design of
micropiles whose philosophy of behavior can be defined as directly loaded piles for axial
conditions.

Special focus is given in their work as underpinning elements, where they have
being used widely because they can be drilled through virtually every ground condition
(natural and artificial) and through existing structures, with minimal vibration,
disturbance and noise; at any angle below horizontal. The equipment can be adapted to
operate in locations with low headroom and severely restricted access,.in close proximity -
to existing piles, without interrupting facility operations, and without threatening the
stability of the structure. They are also environmentally responsive, due to small diameter

drilling and easily controllable flush effluent.



There has been little demand and very few applications for micropiles in North
America. There are many research challenges to be met that can promote micropiles

growth, such as more user-friendly design procedures as proposed in this work.

1.2. RESEARCH OBJECTIVES

The objectives of this work are:

1. To conduct a literature research on the subject of micropiles for underpinning.

2. To critically review the design methods available for micropiles for underpinning.
3. To examine the parameters governing the design of micropiles.

4. To propose a design procedure.

5. To recommend future research on the subject.



CHAPTER 2

LITERATURE REVIEW

2.1. GENERAL

The design for micropiles today is mostly based 6n the experience and research
performed on large-diameter drilled shaft piles and ground anchors, as are the codes and
specifications available in North America. Load tests confirmed that the result is
conservative design and extraneous costs (FHWA, 1997).

Underpinning by piles is widely used but approaches to the design of piles
specific for this kind of work are also poorly developed. It is important to consider in the
design the load sharing between the piles and the old foundation (raft or strip).

The design of conventional piles is normally governed by the external (or ground
related) carrying capacity, while micropiles design can be controlled by the internal
design, or selection of pile components (FHWA, 1997). Therefore micropiles can have
small cross- sections due to the high grout/ground bond capacities that are usually
mobilized as a consequence of micropile installation methods, and the high capacity steel
elements occupying up to 50% of the whole volume. The ratio of circumference to the
cross-sectional area is extremely high; thus, the perimetric area governs the load transfer
mechanism (unit shaft resistance), as opposed to end bearing.

The design methods available are empirical, commonly requiring site-specific
loading tests, and there is a lack of convenient and reliable design specifications for

micropiles subjected to axial load.



2.2. REVIEW OF PREVIOUS WORK

2.2.1. DEFINITIONS AND CLASSIFICATIONS

FHWA (1997) provided a comprehensive state-of-practice review to assist the Federal
Highway Administration in USA in establishing reliaﬁle design guidelines, construct.on
specifications, and quality control procedures, based on a critical assessment of data
published worldwide on micropiles.

Their intention was to be a cooperative partner to the French project “FOREVER”
(‘fondations renforcées verticalement’), whose objective is to promote the use of
micropiles in all fields: deep foundations of new buildings and structures, stabilization of
slopes and embankments, consolidation of existing foundations, retaining Walls,
reduction of embankment settlement, and shallow foundations.

According to the Fleming et al. (1985) classification of bearing pile types,
micropiles can be defined as a small-diameter subset of cast-in-place replacement piles.
In the report they were defined as: a small diameter (less than 300 mm), replacement,
drilled piles composed of placed or injected grout, and having some form of steel
reinforcement to resist a high proportion of the design load.

A new and rigorous classification was adopted by FHWA (1997) based on two
criteria: philosophy of behavior and method of grouting.

Based on philosophy of behavior micropiles can be classified as:

1. Case 1: directly loaded piles (individual or group of piles), whether for axial or lateral

loading conditions (Figure 2.1).



Vertical Lateral

_____.___>

Micropiles l Drilled Shaft Drilled Shaft

Micropiles

| -
| . || Poor
l I soil
. l o
3 ‘ Al
| - " -
| ! DR RARIR| ‘Bearing
i i , Extentof fI I |{ | stratum
il |- |1 soilpile f{ { I M|
I - | interaction § || }i M
! | Iy |l
J| i Ll |
sustain axial loads To sustain lateral loads
Micropiles

o~ Stable soil

., . \
— N Extent of soil/
pile interaction

As slope stability or earth

retention (to resist lateral load)

Figure 2.1. Classification based on interaction with soil - Case 1 (FHWA, 1997).



2. Case 2: ‘root piles’, with support and stabilization by locking onto a three-
dimensional network of reticulated piles forming a soil/pile composite structure

(Figure 2.2).

According with FHWA (1997) based on the method of grouting micropiles can be

classified as (Figure 2.3):

a) Type A: grout is placed in the pile under gravity head only.

b) Type B: neat cement grout is injected into the drilled hole as the temporary steel drill
casing is withdrawn. Pressures are typically in the range of 0.3 to 1 MPa.

¢) Type C: neat cement grout is placed in the hole, as done for type A. After 15 to 25
minutes, before hardening of this primary grout, similar grout is injected once via a
preplaced sleeved grout pipe at a pressure of at least 1MPa. This type of pile is
common practice only in France.

d) Type D: neat cement grout is placed in the hole, as done for Type A. Some hours
later, when this primary grout has hardened, similar grout is injected via a preplaced
sleeved grout pipe. In this case, however, a packer is used inside the sleeved pipe so,

that specific horizons can be treated several times if necessary, at pressures of 2 to 8

Mpa.

This proposed classification is very efficient and easily employed, it can be readily
found in works of different authors such as Jeon and Kulhawy (2001). The results wzre

based on a comprehensive research on national and international publications.
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2.2.2. MICROPILES FOR UNDERPINNING

According to Bullivant and Bradbury (1996) the problem of settlement has been with us
since the earliest times. During these times, little science was involved in the design of
foundations. The knowledge that existed about soils and structures had been collected
from local experience and the skills handed down by aﬁisans.

The application of a scientific approach to foundation work began in the
seventeenth century and almost exclusively, the work involved techniques that can be
grouped under the heading ‘traditional underpinning’.

There are basically four general categories of underpinning: remedial, conversion,
protective and mining.

The demand for underpinning has increased steadily as renewals and
refurbishment work have gained popularity and, as more buildings have been constructed
on substandard land because the best sites have already been developed or, have become
prohibitively expensive.

Experience in mainstream piling has inevitably led to the use of piles in
underpinning systems and pilling techniques can be classified as: angle piling, pin piling
(floor slab piling), needle piling (pile and beam), jack-down piles and pretest piles.

Although pile solutions are appropriate in many cases, their use is rare in
comparison with traditional systems, the reasons are: perceived cost advantages,
contractual ability and ground conditions. Piled systems will grow rapidly as the benefits
become more widely understood and the techniques become cheaper in line with the

increased volume of work.



Bullivant and Bradbury (1996) made a good review of the different conditions
that can necessitate underpinning and how to evaluate them, the techniques available for
underpinning, and a sequence of operations to minimize disturbance to the structure and
the occupiers of the building. Some recommendations are made for mini piling such as
for buckling where the length should be restricted ‘to about 70 times their internal
diameter, but no design methods are presented.

Lizzi wrote for Thorburn and Hutchison (1985) about his invention ‘pali radice’.
The most significant feature of the ‘pali radice’ used in underpinning is the quick
response to any movement, however slight, of the structure. This essential feature is due
to the technology of its construction in which a ‘pali radice’ is essentially a friction pile.

“Pali radice’ underpinning can be considered practically inactive at the moment of
its construction. If the building has a subsequent, albeit minimal, settlement the pilling
responds immediately, absorbing part of the load and reducing at the same time the stress
on the soil. If, despite this, the building continues to settle, the piles continue to take the
load, until finally; the entire building load is supported by them. In even the most extreme
case the settlements would be limited to a maximum of a few millimeters.

Lizzi (Thorburn and Hutchison, 1985) stated that any action on a building subject
to settlement has to take into account the essential fact that the construction already
exists, and during the repair work there is, therefore, the risk to worsening, rather than
improving its critical condition. Several conditions must be satisfied:

a) The reinforcement must be reliable and based on confirmed load bearing elements.
b) The strengthening work has to proceed as quickly as possible, giving a progressive

relief to the structure.

10



c) The reinforcement once installed must give an immediate response to any, even the

most minimal, further movement on the building.

Lizzi (1982) suggested that micropiles were an ideal underpinning tool for the
following reasons:
I. Their execution did not introduce, even temporarily, any undue weakness or
overstress in the structure as well as the soil.
II. They responded immediately to additional structural movement.
III. They enabled the assessment of a new factor of safety (n), which will be

n= nfound + npile y

He also suggests that the modern tendency to increase more and more the
diameter of foundation piles, in order for them to support greater loads in the range of
thousands of tons, is perhaps a mistake. Such piles, spaced widely, are generally very
long, because they have to rely essentially on the deep strata, neglecting (at least in terms
of safety) the possible contribution of the upper layers of soil. A denser pattern of
smaller-diameter piles, however, of not exaggerated length, is probably more suitable for
involving the collaboration of the soil, and therefore returning to its essential role as
principal support of any human-made construction.

Lizzi (1982) introduces in this publication a good review of all the essential
aspects of his technique together with many important case histories. There is also a
suggestion of a simple empirical formula for the ultimate load of ‘pali radice’ as:

Q,=meD eLekK, o]

11



Where:

Qs = ultimate axial loading capacity (in kN).

D = nominal diameter of the pile (in m).

L = length of pile (in m).

Kiy = coefficient that represents the average Bond between the pile and the soil

for the whole length (in kPa).
Iy = non-dimensional coefficient of form, which depends on the nominal

diameter of the pile.

He reported about micropiling with steel pipes and preloading of micropiles, a
technique that he rejects for the following reasons:

a) The pre-loading introduces stresses, into both the soil and the building, which
constitute a striking disturbance to the existing stability, the consequences of which
can be very severe.

b) The factor of safety is only n = ny., and relies on the bearing capacity of the piles,
without the essential contribution of the existing subsoil.

¢) The building is transferred on to the piling, losing its contact with the soil.

d) The connection between the piles and the structure has to be postponed until the time

when the piling is complete, a long period of distress for the building would occur.

These concerns are no long applicable according to FHWA (1997), because recent

tests and case histories are proving that preloading is in fact a very efficient technique.

12



FHWA (1997) stated that one of the basic applications of micropiles is structural

support, probably 95% of total world applications (Figure 2.4). They were actually

originally devised for underpinning in the restoration of weakened, historic buildings, and

were primarily installed as Case I pile groups.

In the report the authors listed their use for underpinning to:

a) Prevent or arrest structural settlements (also through preloading).

b) Repair or replace deteriorating or inadequate foundations.

¢) Upgrade the load-bearing capacity of an existing foundation to permit, for example,

IL

the extension or rising of a structure.

Some factors influencing the choice of micropiles are listed as (FHWA, 1997).
Physical constraints: the manipulation and compactness of conventional, small-scale
drilling, and grouting equipment can permit piles to be installed in confined,
awkward, or otherwise physically constraining work spaces. In places such as with
low overhead clearance, or in close proximity to existing walls, columns, footings, or
other structures, and with buried services or other facilities, allowing fully functional
facilities with minimal disruptions to normal operations.

Environmental constraints: the drilling and grouting techniques are selected to impart
minimal disturbance on the soil, structure, and surrounding environment. Thus
micropiles have been selected when installation is required near structures sensitive to
vibration-induced damage, in areas with soils susceptible to vibration-induced
settlement or to slopes of marginal stability, in populated areas where vibrations,

noise, dust, or disposal of cuttings or flushing are problematic.

13



IIL. Difficult ground conditions: the range of available drilling techniques allows
installation through any type of fill, soil, rock, obstruction, or through existing
structures. Depth and orientation also are virtually unrestricted.

IV. Load/movement criteria: micropiles can sustain relatively high loads with only small
movement or complex loading conditions. In extremely sensitive structures,
preloading of Case I piles can be adopted to fully eliminate pile compression.

V. Connection to structure: micropiles can be incorporated and fixed directly into an
existing foundation.

VI. Cost: it is important to evaluate micropiles’ cost-effectiveness for every different kind
of situation. The costs can escalate due to very conservative designing, one more

reason for the review of design guidelines available.

14
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2.2.3. GEOTECHNICAL DESIGN
FHWA (1997) acknowledged that the load-transfer mechanism and the ultimate unit shaft
resistance of micropiles depend upon several parameters, including installation technique;
drilling and grouting pressure; loading type; initial state of stresses; engineering
properties of the soil; and specifically its relative density (or over-consolidation ratio),
permeability, and shear strength characteristics.

Load transfer from the micropile to the surrounding ground requires some relative
movement (Ghaly and Hanna, 2003). The movement due to compressive loading is
controlled by the elastic modulus of the composite-reinforced micropile and the load-

transfer mechanism (Figure 2.5).

Soft / Weak Soil

Fully Bonded Partially Bonded

Figure 2.5. Typical load-transfer from micropile to soil (FHWA, 1997).
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For the pile capacity evaluation, it is very important to define correctly the
extension of the bonded zone because the “partially bonded” design concept generally
results in an over conservative design and leads to overestimating head movement under
applied loadings.

The prime objective of establishing grout/gfound interface parameters is to
provide the design engineer with rational methods for:

a) Estimating the capacity of the individual micropile and the micropile system under
both axial and lateral loading.

b) Short-term movement control.

¢) Evaluation of time-dependent (creep) effects on the long-term performance of the

individual micropile and the micropile system.

Modeling the load-displacement behavior of micrbpiles in soils involves knowledge
of the mechanical characteristics and constitutive equations of the soil and the micropile,
a realistic estimation of the initial state of stresses in the ground after micropile
installation, the effect of micropile installation on the properties of the surrounding soil,

and a rational approach to select representative grout/ground interface parameters.

In the general case, when micropiles are subjected to compressive axial loading, the load
carrying capacity Q will be transferred to the soil by both the shaft resistance Qs and the

end-bearing Qp (Hanna and Nguyen, 2003).

Q=QS+QP

17



Many studies on load test demonstrated that micropiles transfer the load mostly
through the shaft (Koreck, 1978; Massad et al., 1981; Sabini and Sapio, 1981; Rocha et
al., 1985; Brandl, 1988; Carvalho et. al, 1991).

Niyama et al. (1981) suggested that small displacements are enough for the
mobilization of the maximum resistance through unit shaft resistance for micropiles, in
opposition to the tip that is mobilized totally only after major displacements.

Koreck (1978) stated that due to their small diameter, micropiles have very small
or no resistance mobilized at the tip, which causes an abrupt failure when the maximum
resistance is reached, even after small displacements. For micropiles with diameter
inferior to 30 cm the load transfer is mostly through the shaft. According to Bustamante
and Doix (1985) the tip resistance, in general, doesn’t exceed 15% to 20% of the shaft
resistance.

Sabini and Sapio (1981) analyzed the results of two instrumented load tests on
micropiles installed in volcanic ground with two support conditions: floating and fixed in
the tip. They acknowledged that both of them presented the same behavior in relation to
the curve load versus displacement and distribution of load along the shaft and tip; the
shaft resistance surpassed by far the tip resistance; and under the maximum test load (700
kN) the tip resistance was not, yet mobilized.

According to Das (1999) the pile tip must attain a displacement of 10 te 25% of
the pile diameter for full mobilization of the point resistance; and according to Niyama et
al. (1981) small displacements are enough for the mobilization of the maximum unit shaft
resistance while the unit point resistance is only mobilized totally after bigger

displacements.
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FHWA (1997) declared that due to the slenderness of the micropiles, any end-
bearing effect is negligible and the total applied load is considered to be transferred to the
soil only through the shaft resistance Qs, generated through the unit shaft resistance

and/or adhesion mobilized at the grout/ground interface, and estimated as:

Os '—‘”'D'Zfsi‘dli
i1

Where:

fsi = ultimate unit shaft resistance for the soil layer i (in kPa).
D = effective diameter of the micropile (in m).

m = number of soil layers.

dl; = depth of considered layer (in m).

In accordance with the micropile type and soil type the following methods are
available for the geotechnical evaluation of the ultimate axial loading capacity of
micropiles.

For micropiles type A in cohesionless soils the unit shaft resistance along drilled shafts is
commonly evaluated using the f method (FHWA, 1997):
fi=pec,

Where ¢’y,is the vertical effective stress at depth z and the general expression for B is:

p=Ketand
Where:
B = proportionality coefficient.
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K = coefficient of earth pressure at the wall of the drilled shaft at side shear
failure.
) = angle of soil/pile friction.

Several relationships of B vs. depth have been proposed (FHWA, 1997; and Jeon
and Kulhawy, 2001), however there is no unique relation because the results are strongly
affected by various factors.

Referﬁng to a fine silty sand initially normally consolidated with an effective
angle of shearing strength of ¢ = 30°, Hassan and O’Neill (1994) assumed that K= K,
(coefficient of earth pressure at rest) and 8 = ¢, and proposed the following relationship:
p =K, etang
Where the profile K, is computed using the method proposed by Mayne and Kulhawy

(1982), in which for simple loading/unloading:

K, =(1-sing)e OCR*™*

Where OCR refers to the over-consolidation ratio.

Touma and Reese (1974) suggested that for drilled shafts of a diameter of 0.6 m
or greater in fine to medium sand, a K value of about 0.7 would correspond to O’Neill
and Hassan’s recommendations and to a conservative envelope of the B values reported
by various authors. The design of micropiles (with a smaller diameter) requires an

appropriate database for a proper determination of the adequate K (or B) value.

20



For micropiles type A in cohesive soils and soft rocks, the unit shaft resistance for large-
diameter drilled shafts can be evaluated from a total stress analysis using the o concept
introduced by Tomlinson (1957). In general practice in the United States, the ultimate
unit shaft resistance f; is evaluated from a single soil parameter, the undrained shear
strength s, as:
fi=ass,
Where o is a lumped constant of proportionality that depends on several factors. There
are many empirical correlations between o and s, proposed by various authors with great
disparity and they have been established for large-diameter drilled shafts.

The effect of micropile constfuction techniques and the scale effect, due to small
diameters, have not yet been sufficiently investigated. However, as indicated by Bruce

(1994), micropiles are often designed satisfactorily with o values between 0.6 and 0.8.

For micropiles type B in cohesionless soils the shaft resistance is commonly estimated

using:

Qs =”'D'Zfsi°dli
i=1

Where:

£ = ultimate unit shaft resistance for the soil layer i.
D = effective diameter of the micropile.

m = number of soils layers.

dl; = depth of considered layer.

21



With the following expression for the ultimate unit shaft resistance:

f,=p, *tand
Where:
Pg = grout pressure.

¢’

effective angle of shearing resistance of the soil, usually obtained from

empirical correlations of SPT vs. ¢.

The p method used for Type A micropiles has been generalized to account for
pressure grouting in Type B micropiles. The generalized B expression is given by:

pf=K,eK,etang'

Where:
K1 = earth pressure coefficient.
K = coefficient representing the increase in effective diameter of the pile shaft

due to grouting pressure.

Littlejohn (1970) has suggested values for K; that range between 1.4 and 1.7 for
compact dune sand (¢’= 35°) and compact sandy gravel (¢’= 40°), with K, varying
between 1.2 and 1.5 for very dense sand, 1.5 and 2 for medium sand, and 3 and 4 for
coarse sand and gravels.

Littlejohn (1980) suggests a combined K’ factor as K; x K;. FHWA (1997)
recommends combined K’ values ranging from 4 to 7 for Type B micropiles installed in
fine to medium sands to fine to coarse sands and gravels, of the normal range of densities,

using low-pressure Type B techniques with grouting pressures around 0.2 to 0.35 Mpa.
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For micropiles type B in cohesive soils and weak rocks the design rules used for Type A

apply.

For micropiles types C and D high-pressure grouted micropiles are installed under
effective grout pressures exceeding 1 Mpa using regrouting or selective grouting
techniques. The high-pressure grouting may result conceptually in a grout root (or
fissure) system that mechanically interlocks with the surrounding ground, increasing
substantially the axial loading capacity of the micropile.

The effect of pressure injection on the grout/ground is difficult to evaluate, and

some empirical relationships were developed by Ostermayer and Sheele (1978).

In cohesionless soils the shaft resistance Qs of micropiles with a grouted diameter of 0.10
to 0.16 m is obtained by the curves published by Ostermayer and Sheele (1978).
In the French specification (CCTG, 1993), the ultimate unit shaft resistance is

determined by the following equation:

fS = mln( g ,C]smxj

B
Where:
fs = unit shaft resistance.
de = CPT resistance at the depth considered.
Bes Gsmax™ coefficients given in Table 2.1 as a function of the soil and pile type.
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The pullout capacity and shaft side resistance of the high-pressure post-grouted
anchors or micropiles is estimated using the relevant Q; curve given in Table 2.3 for
different types of soil.

To estimate the unit shaft resistance, at a depth z below the ground surface, for
axially loaded vertical drilled piles from pressuremetér test results, the CCTG specifies
that, the modified limit pressure p;* must be calculated as follows:

p1*=p1 __u—Ko .O-'vz

Where:

p1 = limit pressure given by pressuremeter test.

u = pore-water pressure.

Clyy = effective vertical stress at the depth considered.
Ko = coefficient of earth pressure at rest.

Table 2.1.Choice of B and qsmax coefficients (CCTG, 1993).

Pile Type Silts — Clays Sands - Gravel
A B C B C
Bored B - - 750 |- - 200 200
Qsmax (KP2) | 15 40 |80' [40 |80 |- 120
Bored with | @ - 100 | 100”7 |- 100° | 250 300
casing Qsmax (KPa) | 15 40 [607 [40 [807 |40 120
(withdrawn)

Note: 'Reaming and grooving before pouring concrete.
*Drilling in the dry, without rotating the casing.
The notation A, B, C indicates different types of soil according to Table 2.2.
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The f, value can then be obtained for a given modified limit pressure p*
considering the relevant Q; curve as illustrated in Figure 2.6.
These design guidelines have been incorporated in the FHWA (1984)

recommendations for the use of pressuremeter test results in pile design practices.

Table 2.2. Soil classification after CCTG (1993).

Soil Type Pressuremeter | CPT resistance
p: (MPa) qc (MPa)

A — Soft Clays and Silts <0.7 <03
Clays,

B — Stiff Clays and Silts 1.2-2.0 3.0-6.0
Silts

C — Very Stiff Clay >2.5 >6.0

A — Loose <0.5 <5
Sand,

B - Dense 1.0-2.0 8.0-15.0
Gravel

C — Very Dense >2.5 >20.0

A - Soft 1.5-4.0 -
Marls

B - Compact >4.5 -

25
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Figure 2.6. Limit unit shaft resistance, g5 = f; (after CCTG, 1993).

In cohesive soils the unit shaft resistance f; may be determined as follows:

fs = min [ f5p) or fy) ]

Where:

ey = ultimate unit shaft resistance in kKN/m® due to primary grouting pressure
extrapolated from the curves published by Ostermayer (1975).

fey = ultimate unit shaft resistance in kN/m* due to secondary grouting pressure

extrapolated from Ostermayer’s (1975) curves.
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For Types C and D piles installed in clays, there is no readily available or
recognized method of design that enables the axial loading capacity of micropiles to be

theoretically determined taking into account the post-grouting effect.

Table 2.4 attempts to summarize the available recommendations outlined by
different authors for the preliminary estimate of the axial loading capacity of different

types of micropiles in cohesionless and cohesive soils and rocks.
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Jeon and Kulhawy (2001) examined twenty-one full-scale field tests on micropiles and
synthesized the results in a convenient design procedure that incorporates both estimated
axial displacements and soil properties (for cohesive and cohesionless soils).

The database was used to estimate the load-displacement behaviour by modeling

with the following hyperbolic curve:

P A

at+m, oA
Where:
P = applied load.
A = butt displacement.
a&m.= curve fitting parameters.

The undrained shaft resistance in cohesive soils was evaluated by the alpha

method:

D

Q. =meD ece jsu(z)dz

]

Where:

o = lumped constant of proportionality.
D, = shaft diameter.

Su = undrained shear strength.

zZ = depth.

The axial compression capacity is given by the L, method (Hirany and Kulhawy,

1988,1989), and the value of o is back calculated from the load test results as follows:
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_ Qs(LZ)

_ﬂ'ODs oL s,

Where:

Qsy = interpreted shaft resistance using L, method.
D, = shaft diameter.

L, = shaft depth.

Su = mean undrained shear strength over depth D.

For cohesionless soils the drained shaft resistance was given by the  method:

0, =7eD, s (f_] . :]ng (D)o K, (2)s tan[¢;f5 }d

Where:
K . . .
A = factor that represents the change in the in-situ stress by construction
0

method.

o .

— = interface roughness factor.

¢

vy = vertical effective stress.
¢’ = effective angle of shear strength.

The coefficient of earth pressure at rest was calculated as:

K, =(1-sing')e OCR™*
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The value of K/K, has not been calibrated for micropiles (Jeon and Kulhawy,
2001), so a value of 1.0, which is based on good quality construction for drilled shafts,
was used for first-order estimation.

The field average proportionality coefficient (Bm) was computed as:

,3 _ Qs(LZ)
m '
weD oL oo
Where:
'vm = mean vertical effective stress.

And the predicted beta (B,) was computed as:
ﬁszo. £ e tan ¢.6
K, ¢'

The results showed that micropiles can have a significant increase in capacity

over larger-diameter drilled shafts at shallower depths with Ly/Dg < 100. At greater depths
where Ly/D; is approximately greater than 100, micropiles and drilled shafts appear to
have similar capacity.

The predicted unit shaft resistance by drilled shaft calculations was compared to
the calculated field average, but there was no test of the model with a different database,

finite element or model tests.

According to FHWA (1997), the grouting operation has substantial control over
subsequent micropile capacity. Its effects may extend beyond the confines of the drill

hole by permeation, densification, or fissuring, or a combination of all these processes.
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The load-transfer mechanism for types B and D is commonly assumed similar to
those governing the performance of ground anchors (Ghaly and Hanna, 1994). Better
geotechnical evaluation requires appropriate determination of the grout/ground interface
parameters and the initial state of stress in the ground after micropile installation.

The grain size and porosity govern the grout f)enetrability. In sands, gravel and
weathered rocks, with permeabilities of 10 to 10" m/s, grout will permeate through the
pores or natural fractures of the ground. In fine-grained cohesionless soils (silt and fine
sands), with permeability less than 10° m/s, the grout cannot penetrate the small pores,
but rather compacts locally, under pressure, in the surrounding ground. Increasing the
grout pressure will induce a greater radius of grout permeation into the ground and/or a
more effective ground densification, that combined with the beneficial effect that such
grouting pressure might have on the interface conditions, can result in a significant
improvement of the grout/ground interface properties. Consequently, under high-pressure
grouting, high radial stresses are locked into the soil surrounding the micropile,
increasing its axial capacity. (FHWA, 1997)

Frank (1971), Bruce and Yeung (1984), Salioni (1985) and, Moreno and Marco
(1989) pointed out that as a consequence of the construction method, mostly due to the
pressure injection, there is an increase on the cross-section of micropiles. Salioni (1985)
considers that the final diameter of the micropile is between 20% and 25% greater than
the diameter of the perforation tube. For Bustamante & Doix (1985), this value changes

according to the type of soil, and can be between 10% and 40%.
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FHWA (1997) acknowledged that on micropiles type B additional grouting is injected
(after the primary grout) with pressures usually between 0.3 Mpa and 1 Mpa through the
casing, to enhance subsequent grout/soil bond characteristics. The operation may be
limited to the load transfer length or be extended to the full length of the pile.

When pressure grouting in granular soils, a certain amount of permeation and
replacement of loosened soil takes place. In addition a phenomenon known as “pressure
filtration” occurs, wherein the applied grout pressure forces some of the integral mixing
water out of the cement suspension and into the surrounding soil. This process leaves
behind a grout of lower water content than what was injected; it’s thus quicker setting
and has a higher strength. It also causes the formation of a cake-like cement paste along
the grout/soil interface that improves bond. In cohesive soils, some lateral displacement,
compaction, or localized improvement of the soil can occur around the bond zone,
although the effect is generally less well marked than for cohesionless soils.

Pressure grouting also appears to cause a recompaction or redensification of the
soil around the borehole and increases the effective diameter of the pile in the bond zone.
These mechanisms effectively enhance grout/soil contact, leading to higher unit shaft
resistance values and improved load/movement performance.

Bustamante & Doix (1985) presented a table with correction factors (o) for the
final diameter of the micropiles according to the type of soil (Table 2.5).The effective
micropile diameter is estimated using a correction factor o that allows for radial
expansion due to pressure grouting:

D=a,eD,

Where:
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D = effective pile diameter.

diameter correction factor.

O

D, = diameter of the drilled hole.

Table 2.5. Correction coefficient o for micropiles type B (Bustamante & Doix, 1985).

Type of soil O
Gravel 1.3-14
Sandy gravel 1.2-14
Gravely sand 1.2-1.3
Coarse sand 1.1-1.2
Medium sand 1.1-1.2
Fine sand 1.1-1.2
Silty sand 1.1-1.2
Silt 1.1-1.2

Clay 1.2
Marl 1.1-1.2

FHWA (1997) indicated that in case of type D micropiles during installation is applied a
post-grouting technique where additional grout can be injected, with pressures between 2
Mpa and 8 Mpa, via special grout tubes some time after the placing of the primary grout.
It is reasoned that excess water from these mixes is expelled by pressure filtration
during passage into the soil, and so the actual placed grout has a lower water content, and

therefore higher strength. Three or four phases of injection are not uncommon,
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contributing additional grout volumes up to 50 percent of the primary volume. A double
packer is used to grout through the tubes from the bottom sleeve upwards.

The high-pressure grouting may result conceptually in a grout root (or fissure)
system that mechanically interlocks with the surrounding ground, increasing substantially
the axial loading capacity of the micropile. In additioﬁ, pressure grouting may increise
the nominal cross-section, particularly in the weaker soil layers or near ground level,
where natural in situ horizontal stresses are small. The effect of pressure injection on the
grout/ground interaction is difficult to evaluate.

The effective micropile diameter is estimated using a correction factor o, (from

Bustamante & Doix , 1985) that allows for radial expansion due to pressure grouting

(Table 2.6) as:

D=ca, D,

Where:

D = effective pile diameter.

Ol¢ = diameter correction factor.
D, = diameter of the drilled hole.
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Table 2.6. Correction coefficient a, for micropiles type D (Bustamante & Doix, 1985).

Soil Type Olc

Gravel 1.8
Sandy gravel 1.6-1.8
Gravely sand 1.5-1.6
Coarse sand 1.4-1.5
Medium sand 1.4-1.5
Fine sand 1.4-1.5
Silty sand 1.4-1.5
Silt 1.4-1.6
Clay 1.8-2.0

Marl 1.8

2.2.4. INTERNAL STRUCTURAL DESIGN

FHWA (1997) declared that the ultimate axial capacity of a micropile is dictated by the
minimum combination of reinforcement and grout shaft diameter. The internal or
structural capacity depends mainly on the area of the composite reinforced micropile and
strength of the reinforcement provided. The structural analysis is usually based upon
available design specifications for steel or for composite construction. An alternative and
simplistic approach, which is commonly adopted, is to limit the working stresses. Many
codes limit the working structural stresses that can be carried by a micropile. The design
in compression is usually given by the equation:

Oy =g .04, +sef, o4,

Where:
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Qw = design ultimate axial load.

. = characteristic unconfined compressive strength of the grout (after 28
days).

A = area of pile grout.

£y = characteristic yield stress of reinforcing sfeel.

A, = area of steel reinforcement.

gands= partial factors for the materials that ensure that the mobilized stress levels

in the steel and grout are limited to acceptable values (values specified by the design

code).

Consistent with Dringenberg and Craizer (1990) research on load tests, there are three
different causes for the failure of a pile (Figure 2.7):

» Failure of the ground — Curve 1.

* Buckling of the pile — Curve 2.

» Internal failure of the pile — Curve 3.

In general the buckling of the pile depends of the geometric characteristics and
material of the pile, the ground characteristics where the pile stands (mostly the shear
resistance) and the load eccentricity. Also, according to Poulos and Davis (1980), the
comnection conditions on the pile boundaries will be very important in the process of
buckling.

Dringenberg and Craizer (1990) acknowledged that micropiles have high

slenderness ratios and are submitted to very high loads (due to the high capacity), this can
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cause buckling when the pile is poorly confined in the ground. It is therefore important to

investigate this behavior.

Load Q Qﬂ Qw

Displacement

<

Figure 2.7. Characteristics curves of pile failure (after Dringerberg and Craizer, 1990).

Dringenberg and Craizer (1990) proposed that for micropiles, if not confined,
they would buckle when the “Euler Load” is reached on the elastic behavior or failure
with the ultimate load. The buckling load will increase, when the pile is confined,
because of the lateral support that the ground offers. On this work the authors mentioned
two ways of estimating the buckling critical load.

The first method defined the critical buckling load of a column completely
compressed with an elastic support C, as “Forsell Load™:

Qp = ZW
Where:

C = relation load-displacement transversally.
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Young’s modulus of the pile.

I = moment of inertia of the pile.

For clays or weak soils, without elastic reaction, it offered a relation between C
and the undrained cohesion ¢, as C = 20%*c,. |

The second method suggested, for piles with finite length, that the buckling load
of a pile fixed at both ends is the sum of the “Euler Load” and the “Forsell Load™

+9./c, o E , ®1, (for plastic clays).

_40772 oE, o],

a lﬂ2
And Q, = dor” l.ﬂzEp Wl + Zm (for soils with elastic-plastic reactions).
Where:
E, = Young’s modulus of the pile.
I = moment of inertia of the pile.
Cu = undrained cohesion.
lg = distance between the connections of the pile.
G = coefficient of lateral elastic-plastic support.
The length g is determined according to:
lﬂ=h+L1*+L2', beingL,.*=4E”.I”
1.4eE,
Where:
h = thickness of the low resistance layer.
L = thickness of the layer over the low resistance layer.
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L,

I

thickness of the layer under the low resistance layer.

E, deformability modulus of the layers over and under the low resistance

layer.
For soft or very soft clays the relationship between ¢, and the number of blows N
(from SPT tests) is close to linear. For sands or sandy clays the coefficient C is shown in

Table 2.7 (where Dy = nominal diameter of the pile).

Table 2.7. Coefficient of lateral elastic-plastic support C (Dringenberg and Craizer,1990).

N C (kN/m’)
15 2,000%Dy
30 6,500*Dy
45 18,000%¥Dy

In accordance with Dringenberg and Craizer (1990) after the buckling by the
“Euler-Forsell Load” the gain of load is very small and therefore the limit is really this
load.

Mathematical models can be called upon to investigate the stability of micropiles
with respect to buckling where the soil Young’s modulus E is less than 0.5Mpa.
Regarding the former, early work by Bjerrum (1957) is supported by the detailed
analyses of Mascardi (1970, 1982) and Gouvenot (1975). These authors conclude that

only in soils of the very poorest mechanical properties, such as loose silts, peat, and
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unconsolidated clay, is there even a possibility of failure through insufficient lateral
restraint.

Stability analysis with respect to buckling can be conducted by adopting the
Winkler model for the soil, defined by a horizontal subgrade reaction modulus. This

analysis yields the following expression for the critical buckling load:

2
2 fe
Qﬂ =n, .Fce +?._}’:C;—
Where:
nleE, eI, o ,
€S for micropiles with a free end.
7Z.2 . Ep . Ip . . .
o = 2 , for micropiles with a fixed end.

Fee = critical Euler buckling force.

E, = Young’s modulus of the pile.

I, = moment of inertia of the pile.

E; = modulus of horizontal subgrade reaction.

L = pile length.

o = transfer length.

ne = the integer number defining the solution for the elastic deformation of the

micropile under the applied load P, which has to be selected to yield to the minimum

value of Qg.
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Mandel’s (1936) solutions are given by the relationships between the variables (¢

= P/f) and (n = L/ly) for different boundary conditions, as in Table 2.8.

Table 2.8. Solution of Mandel (1936).

Number Boundary Approximate formula for Approximate formula
of curve | conditions at the small values of n for high values of n
ends
: zero lateral = 4”2 -+ 4e 22 $=2+ {ar cos(cos 277)}2
[ ]
displacement at d d d
both ends
2 fixed at both ends 72 3en? 2 2
IR PRI
o n n
2
3 free ¢=l.77 ¢_1__4__ sinn«/g
3 31 e
4 pile fixed at one

end and free at

the other end

e

2
cos 277«/3_ }
2

According to Nilson and Winter (1979), a member of great slenderness will

collapse under a smaller compression load than a robust member of the same cross-

sectional dimensions.
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Collapse will be caused by buckling, i.e., by lateral bending of the member, with
consequent overstressing of steel and concrete by the bending stresses, which superpose
on the axial compression stresses.

In the case of exposed micropiles, where there is no support from the soil, Euler’s
formula for the behavior of straight, concentrically. loaded slender columns can be

applied as follows:

7leE o]
p="_""c "»
T (kel)

Where:

P.. = critical load.

E. = Young’s modulus (for columns made of elastic material).

k = coefficient that depends on the kind of connection between the column

and the structure.

L = moment of ertia.

]

length of column.

2.2.5. UNDERPINNING DESIGN

Makarchian and Poulos (1996) developed a design method based on the concepts of pile-
raft interaction. They acknowledged that the methods of designing piled-raft foundations
can be classified in two broad categories: the conservative, which ignores the presence of
the strip or raft, and assumes that the piles carry the total applied load; and the realistic, in
which account is taken of the load sharing between the piles and the raft or strip.

This second approach can be classified as:

44



a) Approximate hand-calculation methods based on the theoretical solution for analysis
of a raft and for a pile group in an elastic continuum.

b) Idealization of piles by springs for modified analysis of a plate or a strip on an elastic
soil mass.

¢) Idealization of the raft and the piles by boundary element analysis, and consideration
of the interaction between them based on solutions from the theory of elasticity.

d) Finite element analysis, representing the raft and pile group by a stiffer block (pile-
reinforced material) within the soil mass.

e) Finite element analysis, by modeling the raft as a series of plate elements and piles,

either as discrete piles or as a series of equivalent concentric rings.

The basic problem is shown in Figure 2.8. The anticipated future settlement, S, of a
foundation is excessive, and it is desired to underpin the foundation so that its final
settlement will be reduced to a tolerable value, Strp. This approach requires the designer
to estimate the stiffness of the existing and the underpinned foundation, the interaction
factors among the various foundation elements, and the load distribution among these
elements.

The final settlement after underpinning can be estimated by the following
equation;

Ster =384 +7((STF "Sti)

Where:
Strp = total final settlement of foundation underpinned by piles.
S = total settlement of existing foundation at time t; of underpinning.
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Str total final settlement of existing foundation if no underpinning is carried

out.

X = ratio of stiffness of existing foundation to underpinned foundation.

K. = existing raft foundation stiffness, that is, foundation stiffness before
underpinning.

Kee = piled-raft stiffness, that is, foundation stiffness after underpinning.

For the total proportion of load in piles after underpinning the following equation

is suggested:

3 A(S’fS”T;S")-RO,

Where:

Pp = pile load taken by the underpinning piles (at the end of consolidation).

A = proportion of load carried by underpinning piles in the underpinned

foundation, can be obtained by Randolph’s equation (Randolph, 1983).

Pt = total applied load on foundation.
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Figure 2.8. Definition of underpinning problem (Makarchian and Poulos, 1996).

For the calculation of stiffness of foundation elements, generally, foundation
displacement or pile deformation may be related to the applied load on the foundation by
the following equation:

P, =K, S, orin the matrix form {P, }=[K,|e{S,}

‘Where:

i

Pr footing or pile load.
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Kr footing or pile stiffness.

Sk

il

foundation displacement.

The footing or pile stiffness can be obtained in different ways according to several
authors, among them by computer programs and pile loéd tests.

Makarchian and Poulos (1994 a & b) have carried out finite element analyses on
underpinning of strip foundations, both rigid and flexible (under plane-strain conditions),
by piles at either the center or the edge of the foundation (for cohesive soils). Some of
these examples have béen analyzed by the simplified method described above, and it was
found that the method could be used for calculation of settlement reduction by piles and
the proportion of load transferred to the piles with reasonable accuracy. Realistic
agreement was also found with the results of model footing underpinning tests.

This study was made for piles and not for micropiles, and considerations have to
be made for their use in the second case, mostly due to the fact that there is still not a
good knowledge conceming groups of micropiles. The method is based on a lengthy
research with finite element modeling and controlled model underpinning tests; there are
no examples with field load tests. The process is simple and can be hand calculated as
affirmed. It was developed for cohesive soils only and there is no mention for

cohesionless soils.
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CHAPTER 3

NUMERICAL MODELING

3.1. GENERAL

- The shaft resistance is the major contributor for the micropiles resistance in carrying the
applied load. Micropiles have by definition very small diameters and the tip resistance is
almost negligible. Because they are classified as bored piles the design methods of this

~category has been applied, although they were developed for greater shaft diameters.

There are different methods of execution of micropiles. In North America the most
common, are types B and D where pressure is applied during grouting or on post
grouting. How the grouting mechanism affects the micropile capacity is still relatively
unknown and incorporated in the design, the methodologies available are empirical and
based on anchor figures.

This study investigates the applicability and efficiency of the empirical formulations
for large diameters bored piles and anchors, evaluates the parameters affecting the shaft
resistance and presents a new design procedure.

The research focuses on micropiles that fall under the following specifications (for
definitions of pile types, see Section 2.2.1):

a) Pile/soil interaction:

Type 1, or individual directly loaded piles for axial loading conditions.

b) Grouting technique:

Type A, grout is placed in the pile under gravity head only.
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Type B, when the neat cement grout is injected into the drilled hole as the
temporary steel drill casing is withdrawn, and pressures are typically in the range of
0.3 to 1Mpa.

Type D, when neat cement grout is placed in the hole under gravity head, some
hours later, when this primary grout has hardened, similar grout is injected via a pre-
placed sleeved grout pipe. In this case, a packer is used inside the sleeved pipe so,
that specific horizons can be treated several times if necessary, at pressures usually of

2 to 8MPa.

3.2. FINITE ELEMENT MODELS

Micropiles can have different cross-section resultants of different construction methods,
and to numerically study them with accuracy it is necessary to account for all the
possibilities in the definition of the micropile geometry.

Section 3.2.1 presents in detail the finite element model proposed to étudy the
interaction pile/soil. This model will consider micropiles with uniform cross-sections or
with expanded bulbs, and will be validated with field tests and theory.

Section 3.2.2 presents another finite element model, which simulates a cavity
expansion caused by grouting pressure. This model will be used to study the relationships
between pressure, expansion of diameter, length of expansion, and soil properties; and to

validate Table 2.6, necessary for the design of micropiles type D.

50



3.2.1. MICROPILES SUBJECTED TO AXIAL LOAD

Numerical analysis using finite element techniques is well accepted in the field of
geotechnical engineering today as the behavior of the soil can be approximated by the use
of an appropriate stress-strain rule applied to discrete elements, and so provides an
analytical tool to specify a realistic simplified model.

Program PLAXIS version 8 developed by Delft University of Technology
(Brinkgreve, R. B. J., 2001) used in this investigation is a special purpose two-
dimensional finite element computer program used to perform deformation and stability
analyses for various types of geotechnical applications. |

The first step in the numerical analysis with this software is to generate a
geometry model and finite element mesh based on a representative vertical cross-section
of the situation.

The case of a single pile can be described as a circular structure, with a relative
uniform radial cross-section and loading scheme around the central axis, where the
deformations and stress state are assumed to be identical in any radial direction (Hanna
and Nguyen, 2002). In the 2-dimensional program there are two options of model: plane
strain and axisymmetric; in the single pile condition the axisymmetric model where the
axis coincides with the axis of the pile is the most adequate and it will have only two

degrees of freedom per node (Figure 3.1).
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Figure 3.1. Axisymmetrical model of a micropile.

The cross-section of the geometry model was designed in accordance with
Randolph and Wroth’s (1978) recommendations for the boundary: at least 50 times the
pile radius in the lateral direction, aﬁd 1.5 times the pile length below the tip in the
vertical direction. These boundary conditions are necessary to minimize the boundary
effect on the zone around the shaft, not affecting the deformations and providing
sufficient accuracy for the analyses.

There are two options presented for the definition of the cross-section, uniform
radius (Figure 3.2) and micropile with expanded bulb (Figure 3.3), where L is the pile
length, 1 is the length of the expanded diameter, R is the pile radius and r is the expanded

radius.
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Figure 3.2. Numerical model for pile with a uniform radius.
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Figure 3.3. Numerical model for pile with an expanded bulb.
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It is necessary to impose on the mesh (of an axisymmetric model) that the nodes
belonging to the periphery are fixed against displacement in the horizontal direction, but
free in the vertical direction; and the nodes on the bottom of the mesh are fixed in both
horizontal and vertical directions.

For the mesh, there are two options available, 6-node or 15-node triangular
elements to model soil layers. For the 6-node element the order of interpolation for
displacements is two and the numerical integration involves three Gauss points (for the
stress calculations). The 15-node triangle provides a fourth order interpolation for
displacements and the numerical integration involves twelve Gauss (or stress) points.

In this study the 15-node element was chosen because it is a very accurate
element that can produce high quality stress results for difficult problems, more adequate
for axisymmetric models and failure situations.

The generation of the mesh is based on a robust triangulation procedure, which
results in unstructured meshes. These meshes may look disorderly, but the numerical
performance of such meshes is usually better than for regular (structured) meshes.

There are five levels of global coarseness for the mesh generation: very coarse,
coarse, medium, fine, and very fine. It was chosen a medium global coarseness with
around 150 elements in order to have a balance between accuracy and calculation time.
The mesh was refined around the pile to be more accurate, where major variations of

deformations and stresses are expected (Figure 3.4).
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Figure 3.4. Typical finite element mesh.
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The interface between soil and pile is modeled with interface elements to allow a
relative slippage when the shear stress mobilized on the shaft exceeds the limiting values;
Figure 3.5 shows how these elements are connected to soil elements. When using 15-
node soil elements, the corresponding interface elements are defined by five pairs of
nodes. In the figure, the interface elements are shown to have a finite thickness, but in the
finite element formulation the coordinates of each node pair are identical, which means

that the element has a zero thickness.

Soil
element

Interface
element

Figure 3.5. Soil/interface elements.

Each interface has assigned to it a ‘virtual thickness’ which is an imaginary
dimension used to define the material properties of the interface. In the model was used a
virtual thickness of 0.1 in order to have very little elastic deformations on the interface
elements.

The roughness of the interaction pile-soil is modeled by choosing a suitable value
for the strength reduction factor in the interface, Riner. This factor relates the interface

strength (wall friction and adhesion) to the soil strength (friction angle and cohesion).
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The interface properties are calculated from the soil properties in the associated
data set and the strength reduction factor by applying the following rules:
Cinterface = Rinter * €

tanq)interface = Rinter * tan¢

Where:

c = cohesion of the soil.

i) = angle of shearing strength of the soil.

Cinterface = cohesion at the interface soil/pile.

Ointerface = angle of shearing strength at the interface soil/pile.

For rough interface between concrete and soil Riyer can be considered 1 and
between steel and soil 0.67.

The soil was modeled as Mohr-Coulomb (Brinkgreve, R. B. J., 2001), a model
that can be considered as a first order approximation of real soil behavior. This elastic
perfectly plastic model requires five basic input parameters: Young’s modulus (E),
Poisson’s ratio (v), cohesion (c), angle of shearing strength (¢), and dilatancy angle (y).
This model was chosen after its simplicity and facility to adapt when there is little soil
data available, the program supports more sophisticated models but they require different
soil parameters from more complex laboratory tests.

The pile was modeled as linear elastic non-porous, a model that represents
Hooke’s law of isotropic linear elasticity. The model involves two elastic stiffness
parameters, Young’s modulus and Poisson’s ratio, that were chosen as E = 7.6’ kN/mz, a

value high enough to assure that the pile will not fail before the soil and v = 0.1.
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For the simulation of load tests a point load (in the negative y-direction) was
applied on the top of the pile, exactly on the axis of symmetry. In axisymmetric models,
point loads are in fact line loads on a circle section of 1 radian.

After the definition of the model comes the generation of initial effective stress
where the pile is deactivated and there is only soil material. The procedure considers only
soil weight and calculates effective stresses in soil elements and interfaces. The initial
horizontal effective stress c’h,o‘is related to the initial vertical effective stress by the
coefficient of earth pressure at rest, Ko (6 n0 = Ko.67,0). The default Kq value is based on
Jaky’s formula (1-sing) for normally consolidated soils. When the Ko procedure is
adopted, vertical stresses are generated in equilibrium with the self-weight of the soil.

The next step is the calculation process, which is divided into calculation phases,
much like project phases. Each calculation phase is divided into a number of calculation
steps because the non-linear behavior of the soil requires loadings to be applied in small
proportions, called load steps.

There are many options available for calculations phases in the program; the most
appropriate for the case studied is the staged construction where the user can specify a
new state that is to be reached at the end of the calculation phase. It is possible to change
the geometry and load configurations (activate pile and activate loads).

The load-displacement curves were obtained with two staged construction phases.
On the first one the properties of the material on the pile cluster is changed from soil to
concrete to simulate the execution of the pile with minimum disturbance of the stresses in
the soil. On the second phase the value of the point load is input high enough to assure a

satisfactory load versus displacement curve.
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During each load step, the equilibrium errors in the solution are successively

reduced using a series of iterations. The iteration procedure is based on an accelerated

initial stress method. Each phase was executed with as many steps as the program found

necessary to keep small the number of iterations required for equilibrium.

In this study, the failure point was determined following the procedure proposed

by Davisson (1972). Referring to Figure 3.6:

1.

2.

Drawn the load-displacement curve.

Drawn a tangent line through the initial points of the load-displacement curve.

Drawn a line parallel to the tangent line, at an offset equal to 0.15 + D/120 (where D
is the pile diameter in inches).

The load corresponding to the intersection of the load-displacement curve and this

offset line is the slope tangent load (Lg).

Hirany and Kulhawy (1988, 1989) have proposed for micropiles that the failure

load should be taken at L,, estimated as 1.18 Ly. There is on average a consistent

relationship between L (the slope tangent value from Davisson, 1972) and L, for drilled

shafts (Hirany and Kulhawy, 1988), augured cast-in-place piles (Chen, 1998), and

pressure-injected footings (Chen, 1998).
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Figure 3.6. Load versus displacement curve. (Davisson, 1972).

3.2.1.1. MODEL VALIDATIONS
To validate the model, 5 full-scale test results (Jeon and Kulhawy, 2001) were used.

Tables 3.1 and 3.2 summarize the parameters and the results of these tests. Jeon and

Kulhawy (2001) have collected results for type B and D micropiles, where pressure is
applied during grouting; as a result the diameter expands. The effective diameter of the

piles (D = D,*a.) was determined in accordance with the recommendations by

Bustamante and Doix (1985) in Tables 2.5 and 2.6.
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For test number 1 and 2, the micropiles are constructed with the Gewi procedure,
where the pressure is not applied on the first 5 to 6 m. The first half of the piles were
modeled with diameter 0.15 m and the last half with 0.270 m (coefficient c. = 1.8).

For test number 3, the pressure was applied through the entire depth and therefore
the pile was modeled with effective diameter of 0.216 m (coefficient o, = 1.2).

For test number 4, the pressure was only applied on the last Sm, where in the
numerical model the diameter was 0.219 m (coefficient o, = 1.5).

For test number 5, the pressure was only applied on the last 3m, where in the
numerical model the diameter was 0.204 m (coefficient o = 1.2).

The material of the soils was modeled with Mohr-Coulomb behavior and the
properties according to the data given by Jeon and Kulhawy (2001) (Table 3.1). Since the
actual soil properties were limited the average values of effective angle of shearing
strength (¢”), coefficient of earth pressure at rest (Ks), cohesion (c) and soil unit weight
(y) were estimated by the authors.

The Young’s modulus of the soil (E) and Poisson’s ratio are necessary input on
the numerical model and were estimated according to Das (1999).

The slope tangent values (Ly) were obtained graphically at the load versus
displacement curves with the same methodology employed by Jeon & Kulhawy (2001)

for comparison. The maximum value of the load on these curves is presented on Table

3.1 as test load.
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Table 3.2. Validation of the numerical model.

Test Diameter| Shaft| Grout |Pile| Ly | Ly from | Error
(m) |Depth[PressureType| (kN) Numerical
(m) | (kPa) Model
(kN)
Jones& |1 0.15 9.0 1000- | D | 769 861 -12%
Tumer 1500
(1980) [T 015 | 12.0 | 1000- | D | 932 | 1145 | -23%
1500
Koreck 3 0.18 10.0 | 600- B | 476 509 7%
(1978) 1000
4 0.15 16.0 | 1500- | D | 979 1138 -16%
2000
Bruce 5 0.17 10.7 414 B | 463 361 22%
(1987, 1988)

The results in Table 3.2 show that for micropiles type B, test number 3, the value
of the slope tangent load (L) were very close (7%) to the value obtained by Jeon and
Kulhawy (2001), for test number 4 there was a bigger difference (22%) probably because
the soil parameters were underestimated by Jeon & Kuthawy (2001), and the effective
diameter and respective length were underestimated.

For type D micropiles, the results from the model were higher possibly because of
the overestimation of the soil parameters by Jeon & Kulhawy (2001). Overall a difference
between the results from the model test results and the values given in the literature is
expected due to the difficulties encountered in duplicating the field conditions in the
numerical model.

To identify the failure pattern on the numerical model it is necessary to plot the
stresses around the pile after the load tests were conducted and the program stopped‘ to

increase the load on the calculation phase because the failure was reached. In PLAXIS

64



there are different outputs of effective stresses; one of them is the relative shear stress
(), Which can be plotted as shadings over the geometry model. The relative shear
stress, Tr1, Option gives an indication of the proximity of the stress point to the Coulomb

failure envelope, and is defined as:

Where 7 is the maximum value of shear stress (i.e. the radius of the Mohr stress circle).
The parameter Tmax is the maximum value of shear stress for the case where the Mohr’s
circle is expanded to touch the Coulomb failure envelope keeping the intermediate
principal stress constant.

Figures 3.7, 3.8, 3.9 and 3.10 show the results of relative shear stresses on
intermediary steps of the calculation phase and the final failure state. The figures show
the vertical section of the axisymmetric model and the coloured areas representing the
values of relative shear stress, when the color is red, T, is equal to 1, and can be assumed
that failure was reached.

There are two ways for the pile to transfer the load to the ground: through the
shaft and through the tip; they are functions of the movement of the pile that generates
shear tensions.

In the cohesive soil the failure starts on the tip and expanded upward and laterally
around the shaft. In the cohesionless soil, on the other hand the failure started at the top
and then at the tip and around the shaft. The different performances can be explained by

the fact that on the cohesionless soils the shear strength increases with depth.
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It can be noted in case of cohesive soil that the bulb of the failure zone reached
the boundary of the finite element mesh. This is due to the fact that in this test the load
has exceeded the failure load.

In the entire loading test a large amount of movement was required to generate
failure, one of the reasons why micropiles are highly appreciated. In general the failure
results confirm the theoretical and experimental observations by FHWA (1997) presented

in Chapter 2, Sections 2.2.2 and 2.2.3.
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3.2.2. BULB EXPANSION SUBJECTED TO PRESSURE

A finite element model was developed in this section to analyze the expansion of the
micropile’s diameter due to the grout pressure and to compare the values of pressure, p,
and diameter correction factor, o (D = o*Dg), with the values available from
Bustamante and Doix (1985) in Table 2.6.

The problem of expansion of a cylindrical cavity in a finite soil mass has been
analyzed for a long time and one of the most accepted theories was developed by Vesic
(1972). In this work he presents the problem as an axially symmetrical cavity of initial
radius R; expanded by a uniform internal pressure p. When this pressure is increased, a
spherical zone around the cavity will pass into the state of plastic equilibrium. This
plastic zone will expand until the pressure reaches an ultimate value p,. At this moment
the cavity will have a radius, R,, and the plastic zone around the cavity will extend to a
radius R, Beyond that radius, the rest of the mass remains in a state of elastic equilibrium
(Figure 3.11).

The finite element software PLAXIS models the problem of the cylindrical cavity
with an axisymmetric mesh as in Figure 3.12. The axisymmetrical model consists of an
initial cavity with radius R;, that is expanded with pressure p to a final radius Ry. The
boundary conditions are: on the horizontal limits fixed to vertical displacements, on the
vertical right limit fixed for horizontal and vertical displacements and at a distance of at

least 128 times R;.
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Figure 3.11. Expansion of cavity (after Vesic, 1972).

Figure 3.12. Mesh for cavity expansion from numerical model.

The model was calculated for small and large displacements (due to theoretical

differences) and the normalized pressure versus normalized radial displacement curve
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plotted for comparison with theory. The computed relationships between cavity pressure

and radial displacement are given in Figure 3.13. It can be seen that the computed results

agree very well with the analytical solutions, therefore this same model adapted for the

micropile design will be employed to study the effects of grouting pressure in the

expansion of the pile diameter, as a result of compaction originated from the grouting

pressure on type D piles.

Normalized cavity pressure p/c

Small displacements

Large displacements

44 ¢ Finite element results

—— Theoretical results

T 1 1 1

0 1 2 3 4
Normalized radial displacement (R,-R;)/R;

Figure 3.13. Radial displacement versus cavity pressure.

Figure 3.14 presents a sketch of the geometry model employed for this analysis. It

is similar to the finite element model described in Section 3.2.1, and consists of an

axisymmetrical vertical cross-section that follows the boundary specifications of the
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model in Figure 3.12 that was validated with the theory of cavity expansion by Vesic
(1972).

The model has a cavity, on the axis of symmetry, of initial radius R = 0.10m and
length L = 15m that are the dimensions of the vertical cross-section of the pile. This
cavity will be expanded along the length 1 = 5m to a final diameter r, this is an attempt to
reproduce the results from micropiles on site that are usually expanded at the bottom 1/3
of their lengths. To simulate the expansion in the numerical model will be used a tool
called prescribed displacements that by definition are special conditions, always with
linear distribution, that can be imposed on the model to control the displacements of

certain points.
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Figure 3.14. Finite element model for grouting pressure study.
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For the mesh, 15-node triangle elements were chosen because they provide a
fourth order interpolation for displacements and the numerical integration involves
twelve Gauss (or stress) points. This proven to provide accurate elements and produce
high quality stress results for the problem state. The mesh was defined with medium
global coarseness and refined along the length of expansion to be more accurate, where
major variations of deformations and stresses are expected.

On the top and bottom of the expansion length there are horizontal lines of
interface elements to allow relative slippage between the soil particles without local
rupture. Each interface has assigned to it a ‘virtual thickness’ which is an imaginary
dimension used to define the material properties of the interface. A virtual thickness of
0.1 was used in the model in order to have small elastic deformations on the interface
elements.

The strength reduction factor in the interface, Rinwer, Wwas chosen as 1, so as to not
affect the properties of the soil in that region. This factor relates the interface strength
(wall friction and adhesion) to the soil strength (friction angle and cohesion). For the soil
properties it was chosen Mohr-Coulomb model, after its simplicity and facility to adapt
when there is few soil data available.

The next step is the calculation process, which for this analysis consists of only
one stage of the construction phase where the prescribed displacement value was defined
in accordance with the expansion desired. As a result, the numerical model presents the
force per unit radian (kN/rad) necessary to reach the displacement desired. In order to

obtain the cavity pressure it is necessary to divide the computed force per unit radian
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acting on the cavity surface by the thickness of the soil subjected to expansion (1) and the

cavity final radius (1).

3.3. PARAMETRIC ANALYSIS

In order to examine the sensitivity of the parameters governing the shaft resistance of
micropiles, the first numerical model for micropiles subjected to axial load was used to
generate results for a wide range of these parameters (pile length L, pile diameter D,
slenderness ratio 1/D, angle of shear strength of the soil ¢, cohesion ¢, coefficient of
earth pressure K, and strength reduction factor at the interface soil/pile Riner); and the
second numerical model for bulb expansion was used to generate results for grouting
pressure p.

Figure 3.15 presents typical load versus settlement curves deduced from the
present numerical investigations. It can be noted from this figure that at the ultimate point
Ly the pile settlement is small, but not enough to mobilize the tip resistance according to
Das (1999) and Niyama et al. (1981). Accordingly, in this analysis it was reasonable to
assume that the load carrying capacity Q is equal to the shaft resistance Qs and the end-
bearing Q, is negligible.

The average unit shaft resistance was obtained as:

__ 9
fsav 7[ ° D Py L
Where:
Q = failure load obtained from the curve load versus displacement with the

recommendations by Hirany and Kulhawy (1988, 1989) on Figure 3.6.

D = effective diameter.
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L = pile length.
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Figure 3.15. Typical load versus displacement curve from the numerical model.

For the case of cohesionless soil, load tests were carried out on the numerical
models for pile diameters, D = 0.18 m and 0.25 m, and shaft depths, L = 10.9 m and 18.0
m. The properties of the sand were: unit weight of 19.1 kN/m®, Young’s modulus of
35,000 kN/m?, Poisson ratio of 0.3 and angles of shearing strength of 30°, 35° and 41.5°

(Tables 3.3 and 3.4).
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When there is no value for the parameter Riyer, it Was considered that there was no

slippage between the pile and the soil.

Table 3.3. Load tests results - numerical model for cohesionless soils.

Test | L(m) |D(m)| L/D Y] K, Rinter | Q (KN) | i,y (kPa)
1 109 | 0.18 | 60.6 30.0 0.5 0.9 235 38.1
2 109 | 0.18 | 60.6 30.0 0.5 1.0 267 43.3
3 10.9 | 0.18 | 60.6 30.0 0.5 - 644 104.5
4 109 | 0.18 | 60.6 30.0 1.0 0.9 441 71.6
5 109 | 0.18 | 60.6 30.0 1.0 1.0 599 97.3
6 109 | 0.18 | 60.6 30.0 1.0 - 929 150.7
7 109 | 0.18 | 60.6 30.0 1.5 0.9 640 103.8
8 109 | 0.18 | 60.6 30.0 1.5 1.0 599 97.3
9 109 | 0.18 | 60.6 30.0 1.5 - 1160 188.2
10 109 | 0.18 | 60.6 35.0 0.5 0.9 512 83.1
11 109 | 0.18 | 60.6 35.0 0.5 1.0 322 52.3
12 109 | 0.18 | 60.6 35.0 0.5 - 738 119.7
13 109 | 0.18 | 60.6 35.0 1.0 0.9 530 86.0
14 109 | 0.18 | 60.6 35.0 1.0 1.0 605 98.2
15 10.9 | 0.18 | 60.6 35.0 1.0 - 1061 172.1
16 109 | 0.18 | 60.6 35.0 1.5 0.9 761 123.5
17 109 | 0.18 | 60.6 35.0 1.5 1.0 833 135.2
18 109 | 0.18 | 60.6 35.0 1.5 - 1306 211.9
19 109 | 0.18 | 60.6 41.5 0.5 0.9 347 56.3

20 109 | 0.18 | 60.6 41.5 0.5 1.0 402 65.3
21 109 | 0.18 | 60.6 41.5 0.5 - 848 137.7
22 109 | 0.18 | 60.6 41.5 1.0 0.9 654 106.1
23 10.9 0.18 60.6 41.5 1.0 1.0 750 121.8
24 10.9 -] 0.18 | 60.6 41.5 1.0 - 1195 193.9
25 109 | 0.18 | 60.6 41.5 1.5 0.9 925 150.1
26 109 | 0.18 | 60.6 41.5 1.5 1.0 1029 166.9
27 109 | 0.18 | 60.6 41.5 1.5 - 1497 2429
28 18.0 | 025 | 72.0 30.0 0.5 0.9 827 58.5
29 180 | 025 | 72.0 30.0 0.5 1.0 935 66.1
30 180 | 025 | 72.0 30.0 0.5 - 2283 161.5
31 180 | 025 | 72.0 30.0 1.0 0.9 1599 113.1
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Test | L(m) (D (m)| L/D 6 () K, | Rinter| Q(KN) |fsay (kPa)
32 180 | 025 | 72.0 30.0 1.0 1.0 1807 127.8
33 180 | 025 72.0 30.0 1.0 - 3277 231.8
34 180 | 025 | 720 30.0 1.5 0.9 2349 166.2
35 18.0 | 0.25 | 72.0 30.0 1.5 1.0 2595 183.6
36 180 | 025 | 72.0 30.0 1.5 - 4210 297.8
37 180 | 025 | 72.0 35.0 0.5 0.9 988 69.9
38 180 [ 025 720 35.0 0.5 1.0 1127 79.7
39 180 | 025 | 72.0 35.0 0.5 - 2629 186.0
40 180 | 025 | 720 35.0 1.0 0.9 1920 135.8
41 18.0 | 0.25 | 72.0 35.0 1.0 1.0 2192 155.1
42 18.0 | 0.25 | 72.0 35.0 1.0 - 3725 263.5
43 180 | 025 | 72.0 35.0 1.5 0.9 2803 198.2
44 18.0 | 025 | 72.0 35.0 1.5 1.0 3116 220.4
45 180 | 025 | 72.0 35.0 1.5 - 4670 3304
46 | 18.0 | 0.25 | 72.0 | 415 05 | 09 1224 86.6
47 180 | 025 | 72.0 41.5 0.5 1.0 1422 100.6
48 180 | 025 | 72.0 41.5 0.5 - 3011 213.0
49 180 [ 025 720 41.5 1.0 0.9 2387 168.9
50 18.0 | 025 | 72.0 41.5 1.0 1.0 2762 195.4
51 180 | 0.25 | 72.0 41.5 1.0 - 4289 303.4
52 180 | 025 | 72.0 41.5 1.5 0.9 3447 243.8
53 180 | 025 | 72.0 41.5 1.5 1.0 3848 272.2
54 18.0 0.25 72.0 41.5 1.5 - 5375 380.2

Table 3.4. Load tests results - numerical model for cohesionless soils.

Test| L(m) | D(m) | L/D $ () K, | Rinter | Q (KN) | fsav (kKPa)
23 10.9 0.18 60.6 42 1 1 745 120.8
55 10.9 0.20 54.5 42 1 1 843 123.0
56 10.9 0.23 47.4 42 1 1 974 123.6
50 18.0 0.25 72.0 42 1 1 2753 194.7
57 15.0 0.25 60.0 42 1 1 1930 163.9
58 10.0 0.25 40.0 42 1 1 899 114.5
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For the case of cohesive soils, load tests were carried out on the finite element
models for pile diameters, D = 0.18 m and 0.25 m, and shaft depths, L = 10.9 m and 18.0
m. The properties of the clay were: unit weight of 17 kN/m’, Young’s modulus of 30,000
kN/mz, Poisson ratio of 0.3 and cohesions of 20kPa, 36 kPa and 70 kPa (Tables 3.5 and

3.6). The first 18 tests were for undrained conditions and the last 18 for drained.

Table 3.5. Load tests results - numerical model for cohesive soils.

Test | L(m) | D(m) | L/D |c(kPa)] K, | Riner | Q(kN)| fuay (kPa)
1 109 | 0.18 | 606 | 20 1 0.8 130 21.1
2 109 | 0.18 | 606 | 20 1 0.9 144 23.4
3 109 | 0.18 | 60.6 | 20 1 1.0 158 25.7
4 109 | 0.18 | 606 | 36 1 08 | 231 37.5
5 109 | 0.18 | 606 | 36 1 09 | 258 419
6 109 | 018 | 60.6 | 36 1 1.0 | 284 46.1
7 109 | 0.18 | 606 | 70 1 0.8 | 445 722
8 109 | 0.18 | 606 | 70 1 09 | 497 80.6
9 109 | 0.18 | 606 | 70 1 10 | 549 89.0
10 180 | 025 | 720 | 20 1 08 | 296 21.0
11 180 | 025 | 720 | 20 1 09 | 329 233
12 180 | 025 | 720 | 20 1 10 | 362 25.6
13 180 | 025 | 720 | 36 1 0.8 529 37.4
14 180 | 025 | 720 | 36 1 09 | 590 417
15 180 | 025 | 720 | 36 1 1.0 | 650 46.0
16 180 | 025 | 720 | 70 1 08 | 1014 717
17 180 | 025 | 720 | 70 1 09 | 1130 80.0
18 180 | 025 | 720 | 70 1 10 | 1250 88.4
19 109 | 018 | 606 | 20 1 0.8 125 20.3
20 109 | 0.18 | 606 | 20 1 0.9 140 228
21 109 | 0.18 | 606 | 20 1 1.0 156 253
22 109 | 018 | 606 | 36 1 08 | 223 36.2
23 109 | 0.18 | 60.6 | 36 1 09 | 250 40.6
24 109 | 0.18 | 606 | 36 1 1.0 | 277 45.0
25 109 | 0.18 | 606 | 70 1 0.8 | 428 69.5
26 109 | 0.18 | 606 | 70 1 09 | 480 77.9
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Test | L(m) | D(m) | L/D |c(kPa)| K, Riner | Q (KN) | fsay (kPa)
27 10.9 0.18 60.6 70 1 1.0 532 86.3
28 18.0 0.25 72.0 20 1 0.8 283 20.0
29 18.0 0.25 72.0 20 1 0.9 319 22.5
30 18.0 0.25 72.0 20 1 1.0 354 25.0
31 18.0 0.25 72.0 36 1 0.8 504 35.6
32 18.0 0.25 72.0 36 1 0.9 569 40.2
33 18.0 0.25 72.0 36 1 1.0 629 44.5
34 18.0 0.25 72.0 70 1 0.8 968 68.4
35 18.0 0.25 72.0 70 1 0.9 1093 77.3
36 18.0 0.25 72.0 70 1 1.0 1214 85.9

Table 3.6. Load tests results - numerical model for cohesive soils.

Test (| L(m)| D@m) | L/D |c(kPa)| K, Rinter | Q (kN)| fioy (kPa)
23 10.9 0.18 60.6 36 1 1 283 46.0
55 10.9 0.20 54.5 36 1 1 317 46.4
56 10.9 0.23 47.4 36 1 1 373 47.3
50 18.0 0.25 72.0 36 1 1 649 45.9
57 15.0 0.25 60.0 36 1 1 551 46.8
58 10.0 0.25 40.0 36 1 1 384 48.8

3.3.1. PILE GEOMETRY
In micropiles, the ratio of the circumference to the cross-sectional area is extremely high,

so it derives its capacity solely from the perimetric area. The end bearing capacity is

almost negligible.

For cohesionless soils it is reasonable to expect that the length of the pile, and
consequently the slenderness ratio L/D, will have a much stronger influence on the pile

capacity than the diameter. This increase is due to the increase in the overburden pressure
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with the embedment in depth that generates the horizontal earth pressure that acts as a
normal force on the pile shatft.

From the analysis based on numerical data it is found that the unit shaft resistance
increases with length and slenderness ratio L/D. In the case of two piles with equal

slenderness ratio, the one with higher length presented a higher unit shaft resistance

(Figures 3.16, 3.18 and 3.20).
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For cohesive materials the diameter had a stronger influence over the capacity of
the pile than the length, with the unit shaft resistance decreasing with a decrease in
slenderness ratio L/D. This behavior can be explained by the phenomenon of arching in
cohesive soils, when the shear strength actually decreases with greater lengths (Figures

3.17,3.19 and 3.21).

3.3.2. ANGLE OF SHEAR STRENGTH OF THE SOIL
The angle of shear strength is expected to have a major effect on the unit shaft resistance
because the soil (modeled as Mohr-Coulomb material) is considered to have negligible

cohesion, and the shear strength will be derived from the effective vertical stress, ¢’,,

and tand.
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The unit shaft resistance is influenced by the amount of mobilization of the angle
of shear strength. It is reasonable to expect higher influence for longer piles because the
overburden pressure increases with depth and makes it more difficult for the soil particles
to move.

Figures 3.22 and 3.23 show how the increase in unit shaft resistance is more

accentuated with greater L/D.
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Figure 3.22. Unit shaft resistance versus angle of shear strength.
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3.3.3. COHESION

Cohesion is also expected to have a great influence on the unit shaft resistance because
the cohesive soil has an angle of shear strength ¢ = 0°, and so derives its shear strength

solely from the cohesion. The influence is independent of the slenderness ratio because

the cohesion was considered constant along the length of the pile (Figure 3.24).
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3.3.4. COEFFICIENT OF EARTH PRESSURE

For high quality construction drilled shafts, a good estimation is to consider K = K, (Jeon
and Kulhawy, 2001), which means that the soil coefficient of earth pressure at rest will
not be strongly affected by the construction technique. In the numerical model the value

of the coefficient K before and after the simulation of the construction of the pile was

almost the same, with changes at the top or tip of the pile.

Figures 3.25 and 3.26 are typical data obtained from the finite element model
where the coefficient of earth pressure was calculated along the pile as the horizontal
effective stress divided by the vertical effective stress.

Higher coefficients of earth pressure at rest means higher shaft capacity because

of the higher pressure exerted by the soil. The effect will be stronger for longer piles due

to the increase in the effective stress for cohesionless soils (Figure 3.27).
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3.3.5. STRENGTH REDUCTION FACTOR AT INTERFACE SOIL/PILE

The factor Riyer defines the properties of the soil around the pile. As an example, for Rinter
= 0.9, tandintertace = 0.9% tand, Cinterface =
interface & = 0.92¢. When there is no factor Ry there is no slippage between pile and
soil, and the load will be much higher than for Riner <1. Higher factors Rinter, mean more

resistance against the movement of the pile and higher unit shaft resistance, as can be

seen on Figures 3.28 and 3.29.
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3.3.6. GROUTING PRESSURE

One of the challenges in the design of micropiles is the definition of the effective
diameter (D = aD,). As previously presented in Tables 2.5 and 2.6, Bustamante and
Doix (1985) attempted to establish the coefficients o for anchors depending on the
injection method and the soil type. Those same a.’s are employed in the design of
micropiles because of its similarity to anchors and its injection methods that can be
compared to types B and D micropiles. It is well accepted that there is a strong
correlation between anchors and micropiles but there is a deficiency of studies, mainly

experimental modeling, on the effects of pressure on micropiles.

Sodré (1994) presented the results of 20 field load tests on type B micropiles in different
kinds of soils (sands and clay) where the effective diameter on the bond zone was
determined by supervision on site (Table 3.7). The bond zone is the length of the pile, in
total or in part, where the load transfer is expected because the upper layers are too weak,
or because part of the steel casing is left in place, and consequently is the only length

where expansion of the diameter with grouting pressure occurred.
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Table 3.7. Coefficients o for micropiles type B from Sodré (1994).

Nominal Effective |Pressure
Pile | diameter (m) | diameter (m) | (Mpa) Ol
1 0.22 0.25 0.4 1.14
2 0.27 0.30 0.4 1.11
3 0.27 0.30 0.4 1.11
4 0.22 0.25 0.4 1.14
5 0.10 0.12 0.2 1.20
6 0.22 0.25 0.4 1.14
7 0.22 0.25 0.4 1.14
8 0.22 0.25 0.4 1.14
9 0.22 0.25 0.4 1.14
10 0.22 0.25 0.4 1.14
11 0.17 0.20 0.4 1.18
12 0.22 0.25 0.4 1.14
13 0.22 0.25 0.4 1.14
14 0.22 0.25 0.4 1.14
15 0.22 0.25 04 1.14
16 0.17 0.20 0.4 1.18
17 0.22 0.25 0.2 1.14
18 0.22 0.25 0.2 1.14
19 0.22 0.25 0.2 1.14
20 0.22 0.25 0.2 1.14

On type B micropiles the pressures are low and a large increase in the effective
diameter at the bond zone by permeation and/or local compaction of the ground is not
expected. The o coefficients obtained by Sodré (1994) therefore are in accordance with
the proposed values on Table 2.5, and even if there are differences on the site conditions
between micropiles and anchors, resulting in different effective diameters, they will be of

little importance because of the dimension of the coefficient ot.
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For the method of grouting D neat cement grout is placed in the hole under gravity head
only. Hours later, when this primary grout has hardened, a similar grout is injected via a
pre-placed sleeved grout pipe. A packer is used inside the sleeved pipe so, that specific
horizons can be treated several times if necessary, at pressures of 2 to 8 MPa.

There are many empirical correlations betweeﬁ grout pressure and diameter for
anchors available in the literature but none seem to be offered specifically for micropiles
type D.

Tables 3.8 and 3.9 presents the data obtained with the numerical model designed to
study the bulb expansion subjected to pressure. The results appear to be in good
agreement with the values proposed in Table 2.6, for the range of pressures on type D

micropiles, for both cohesive and cohesionless soils.

Table 3.8. Values of pressure and o, on cohesionless soils.

Y E Pressure
Soil Type |(kN/mY)| v | (Mpa) ¢ () | K, (MPa) o
200 |031] 30 | 34 | 044 | 555592 [14-15

20.0 10.29| 35 36 | 041 5.94-6.43 |1.4-15
Dense Sand 200 (0.28| 40 38 | 0.38 6.30-6.93 | 1.4-1.5
200 (026 45 40 | 0.36 6.70-7.85 | 1.4-1.5
200 10.25| 55 42 | 0.33 8.18 1.4

18.5 (0.32] 20 32 | 047 4.38-4.60 |14-1.5
185 1031} 23 33 | 046 4.068-5.02 | 14-1.5
Medium Sand, 18.5 [0.31 25 34 | 044 | 4.84-5.25 |1.4-1.5
185 (030 25 35 | 0.43 490-548 |14-1.5
185 10.28} 30 37 | 0.40 5.30-5.64 | 1.4-1.5
17.5 10.34| 20 29 | 0.52 4.09-461 |14-1.5
17.5 10.33 20 30 0.50 4.56-4.74 1.4-1.5
Loose Sand 17.5 10.33| 20 31 0.48 4.23-4,71 1.4-15
17.5 1032 22 32 | 0.47 4.40-478 | 1.4-1.5
17.5 1031 25 33 | 0.46 5.02-527 |1.4-15
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Table 3.9. Values of pressure and a. on cohesive soils.

Y Pressure
Soil Type | (KN/m’)| v |E (MPa)|c (kPa)| K, (MPa) O

19 [0.495] 41 48 1 433-458 |1.8-2.0
19 [0495] 55 60 | 1 487-491 |1.8-2.0

Stiff Clay 19 ]0495] 170 73 1 529-533 [ 1.8-2.0
19 10.495] 85 85 1 592-597 |1.8-2.0
19 ]0.495] 97 9% | 1 6.11-6.16 | 1.8-2.0
17 |0495] 21 24 | 1 2.84-3.06 | 1.8-2.0

Medium Clay 17 0.495] 25 30 | 1 3.07-3.09 | 1.8-2.0
17 10495 31 36 | 1 3.41-3.24 | 1.8-2.0
17 10495 35 42 1 3.64-3.52 | 1.8-2.0
17 0495 41 48 1 3.97-3.83 | 1.8-2.0
15 10495] 13 12 1 2.23-2.32 | 1.8-2.0
15 10495] 15 15 1 2.40-2.45 | 1.8-2.0

Sof Clay 15 (0495 17 18 1 2.57-2.60 |1.8-2.0
15 10495] 19 21 1 2.54-2.67 |1.8-2.0
15 0495] 21 24 | 1 2.61-2.78 | 1.8-2.0

The pressure necessary to expand the cavity can be considered a function of the soil
properties, mainly cohesion (c) and angle of shear strength (¢), and the deepth of the
cavity, among others. Figures 3.30 and 3.31 present the variation of the pressure
necessary to expand a cavity to 1.5 times its radius on cohesionless soils and 2 times its
radius on cohesive soils, against the length of the cavity (1). As expected higher values of
pressure are obtained for smaller lengths (1) because the lower the cavity into the ground

the higher is the vertical and horizontal pressures acting on the soil mass, due to the

increase of the overburden pressure.
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Figure 3.30. Variation of pressure versus length of cavity for cohesionless soils.

3600 <
<
g 3400 N
= 3200 O
g 3000
2 2800 TN
2 AN
£ 2600 N
& 2400 <\
& 2200
o
2000 . ‘ :
0 5 10 15 20
Length of cavity, 1 (m)

Figure 3.31. Variation of pressure versus length of cavity for cohesive soils.

Figures 3.32 and 3.33 present the variation of cavity pressure with the soil

properties angle of shear strength (¢) and cohesion (c) for a cavity length of 5m to expand
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to 1.5 and 1.4 times its radius on cohesionless soil and; 2 and 1.8 times its radius on
cohesive soil. As expected the higher the shear strength, the higher the pressure because

of the difficulty in moving the particles and the increase of resistance of the soil.
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Figure 3.32. Variation of cavity pressure with angle of shear strength.
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Figure 3.33. Variation of cavity pressure versus cohesion.

3.4. DESIGN PROCEDURE
According with Das (1999), any pile may be designed with the following equations:

a) Ultimate load carrying capacity (Q)

0=0,+0,

Where:

Qs = shaft resistance.

Qp = end-bearing resistance.

b) End-bearing resistance — on clays (Qp)
Qp ..—.N: oc, oAp =9ocu oAp

Where:
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&
I

bearing capacity factor.

undrained cohesion.

(¢}
e
I

e
f

area of pile tip.

¢) Shaft resistance (Qs)

O, =”'D'Zfsi°dli
i=1

Where:

fsi = ultimate unit shaft resistance for the soil layer 1.
D = effective diameter of pile.

m = number of soil layers.

dl; = depth of considered layer.

d) Unit shaft resistance (f;) on sands

f,=pec' ,=Ketandeo',

Where:

B = proportionality coefficient.
Clyy = vertical effective stress.

K = coefficient of earth pressure.
) = angle of soil/pile friction.

e) Unit shaft resistance (f;) on clays

fs =a.su
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Where:

o = lumped constant of proportionality.

Su undrained shear strength.
In Section 3.3 an analysis was conducted to study the parameters affecting the
unit shaft resistance and in summary the following could be concluded:
I. Tt increases with length and diameter for cohesionless soils, and decreases with length
but increases with diameter for cohesive soils.
II. It increases linearly with the tangent of the angle of shear strength and with cohesion.

II. It increases with the coefficient of earth pressure at rest.

These observations confirm that the theory of Das (1999), which can be applied to
micropiles, in addition:

I. The coefficient of earth pressure after construction can be considered the same as the
coefficient of earth pressure at rest (K=Ko), as a result of the construction method.

II. The angle of soil/pile friction, due to construction method and roughness on the
interface soil/pile can be considered equal to the angle ovf shear strength of the soil (¢
=J).

III. The coefficients o were back calculated with the data in Tables 3.3 and 3.5, and the
results were higher than the ones proposed on the literature. For micropiles, Bruce
(1994) proposes values between 0.6 and 0.8, and the numerical model obtained values

between 1.02 and 1.04 for cohesions between 20 and 70 kPa.
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IV. The end-bearing resistance wasn’t mobilized until the end of the load test, therefore it

can be considered neglectful (Q = Qs).

Figures 3.34 and 3.35 show a very good agreement between the theoretical values of

unit skin friction, with the definitions above incorporated, and the numerical ones.
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Figure 3.34. Unit shaft resistance in cohesionless soils.
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Figure 3.35. Unit shaft resistance in cohesive soils.
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This formulation can be employed for type A micropiles but it will underestimate
the capacity of types B and D micropiles, because on this type of pile pressure is applied
while grouting to increase the effective diameter. To incorporate this effect in the design
procedure another database was obtained with the numerical model developed in Section
3.2.1 for micropiles with non uniform cross-section, and the results together with soil

properties are presented on Tables 3.10 and 3.11.

Table 3.10. Results from numerical model on cohesionless soils.

Test| L(m)| D(m) | d(m) | y(kN/m’) | v [EMpa)| ¢() | Ko |Q(KN)
1 | 15 | 015 | 0210 20.0 0.31 30 34 | 044 | 480
2 | 15 | 0.15 | 0.225 20.0 0.31 30 34 | 044 | 518
3 | 15 ] 0.15 | 0.240 20.0 0.31 30 34 | 044 | 551
4 | 15 | 015 | 0210 20.0 028 | 40 38 | 038 | 735
5 | 15 | 015 | 0.225 20.0 028 | 40 38 | 0.38 | 788
6 | 15 | 0.15 | 0.240 20.0 028 | 40 38 | 038 | 842
7 1715 | 015 | 0.210 20.0 0.25 55 42 | 033 | 967
8 | 15 | 0.15 | 0.225 20.0 0.25 55 42 | 033 | 1037
9 | 15 | 0.15 | 0.240 20.0 0.25 55 42 | 033 | 1102
10 | 15 | 0.15 | 0.210 18.5 032 | 20 32 | 047 | 238
1] 15 [ 015 | 0225 18.5 032 | 20 32 | 047 | 256
12 ] 15 | 0.15 | 0.240 18.5 032 | 20 32 | 047 | 273
13 ] 15 | 0.15 | 0.210 185 0.31 25 34 | 044 | 361
14 | 15 | 0.15 | 0225 18.5 031 25 34 | 044 | 387
15| 15 | 0.15 | 0.240 18.5 0.31 25 34 | 044 | 410
16 | 15 | 0.15 | 0.210 18.5 028 | 130 37 | 040 | 479
17 | 15 | 0.15 | 0.225 18.5 028 | 130 37 | 040 | 517
18 | 15 | 0.15 | 0.240 18.5 028 | 30 37 | 040 | 550
19 | 15 | 0.15 | 0210 17.5 034 | 20 29 | 052 | 119
20 | 15 | 0.15 | 0.225 17.5 034 | 20 29 | 052 | 127
21 | 15 | 0.15 | 0.240 17.5 034 | 20 29 | 052 | 136
22 | 15 | 0.15 | 0210 17.5 0.33 20 31 0.48 | 179
23 | 15 | 0.15 | 0.225 17.5 0.33 20 31 048 | 191
24 | 15 | 0.15 | 0.240 17.5 033 | 20 31 0.48 | 204
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Test| L(m)| D(m) | d(m) | y(kNm®) | v |[EMpa)| ¢() | Ko |Q(KN)
0.210 17.5 0.31 25 33 | 046 | 239
0.225 17.5 0.31 25 33 | 046 | 256

17.5 0.31 25 33 | 046 | 272

200 | 031 30 34 | 0.44 | 461
0.270 20.0 0.31 30 34 | 044 | 508
0.288 20.0 0.31 30 34 | 044 | 553
0.252 20.0 0.28 40 38 | 038 | 707
0.270 20.0 0.28 40 38 | 038 | 778
0.288 20.0 0.28 40 38 | 038 | 846
0.252 20.0 0.25 55 42 | 033 | 931
0.270 20.0 0.25 55 42| 033 | 1023
0.288 20.0 0.25 55 42 | 033 | 1117
0.252 185 0.32 20 32 | 047 | 229
0.270 185 0.32 20 32 | 047 | 250
0.288 18.5 0.32 20 32 | 047 | 273
0.252 185 0.31 25 34 | 044 | 343
0.270 18.5 0.31 25 34 | 044 | 378
0.288 18.5 0.31 25 34 | 044 | 412
0.252 18.5 0.28 30 37 | 040 | 460
0.270 18.5 0.28 30 37 | 040 | 504
0.288 18.5 0.28 30 37 | 040 | 549
0.252 17.5 0.34 20 29 | 052 | 113
0.270 17.5 0.34 20 20 | 052 | 124
0.288 17.5 0.34 20 29 | 052 | 136
0.252 17.5 0.33 20 31 0.48 | 171
0.270 17.5 0.33 20 31 048 | 186 |
0.288 17.5 0.33 20 31 0.48 | 204
0.252 17.5 0.31 25 33 | 046 | 227
0.270 17.5 0.31 25 33 | 046 | 250
0.288 17.5 0.31 25 33 | 046 | 271
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Table 3.11. Results from numerical model on cohesive soils.

Test| L(m)| D(m) | d(m) | y(kN/m’) | v |E(Mpa)|c(kPa)| K, |Q(kN)
t ] 15 | 015 | 0.270 19.0 0495 41 48 1 567
2 | 15 | 0.15 | 0.300 19.0 0495 41 48 1 612
3] 15 | 015 | 0330 19.0 0495 41 48 1 650
4 [ 15 | 0.15 | 0.270 19.0 0495 70 73 1 867
51 15 | 0.15 | 0.300 190 [0495] 70 73 1 930
6 | 15 | 0.15 | 0.330 19.0 10495 70 73 1 994
7 1 15 | 015 | 0270 19.0 |0.495| 97 96 1 1141
g | 15 | 0.15 | 0.300 190 0495 97 96 1 1224
9 | 15 | 0.15 | 0.330 19.0 0495 97 96 1 1300
10 [ 15 | 0.15 | 0.270 17.0 0495 21 24 1 281
11 ] 15 | 0.15 | 0.300 170 0495 21 24 1 302
12 ] 15 | 0.15 | 0.330 17.0  |0.495| 21 24 1 322
13| 15 | 0.15 | 0.270 170 0495 31 36 1 426
14 [ 15 | 0.15 | 0.300 170 |0495| 31 36 1 457
15 ] 15 | 0.15 | 0.330 170 [0.495| 31 36 1 484
16 | 15 | 0.15 | 0.270 17.0  [0.495| 41 48 1 565
17 | 15 | 0.15 | 0.300 170 |0.495] 4] 48 1 610
18| 15 | 0.15 | 0.330 170 [0.495] 41 48 1 649
19| 15 | 0.15 | 0.270 150 0495 13 12 1 140
20 [ 15 | 0.15 | 0.300 150 10495 13 12 1 150
21 | 15 | 0.15 | 0.330 150 [0495| 13 12 1 160
22 1 15 | 0.15 | 0.270 150 |0.495 17 18 1 211
23 [ 15 | 0.15 | 0.300 150 [0.495| 17 18 1 225
24 | 15 | 0.15 | 0.330 150 0495, 17 18 1 241
251 15 | 0.15 | 0.270 150 0495 21 24 1 282
26 | 15 | 0.15 | 0.300 150 0495 21 24 1 302
27 | 15 | 0.15 21 24 1 321
: e =

1 599
1 653 |
1 834
1 918
1 998
1 1099
1 1207
1 1318
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Test|L(m)| D(m) | d(m) | y(kN/m®) | v |EMpa)|c(kPa)| K, |Q(KkN)
37 | 10 | 0.18 | 0.324 170 [0495] 21 24 1 270
381 10 | 0.18 | 0.360 170 0.495] 21 24 1 295
39 | 10 | 0.18 | 0.396 170 |0495| 21 24 1 322
40 | 10 | 0.18 | 0.324 170 0495 31 36 1 405
41 | 10 | 0.18 | 0.360 17.0  0.495| 131 36 1 | 446
42| 10 | 0.18 | 0.396 170 |0.495| 31 36 1 486
431 10 | 0.18 | 0.324 170 10495 41 48 1 543
44 1 10 | 0.18 | 0.360 170  [0.495| 41 48 1 595
45 ] 10 | 0.18 | 0.396 170 0495 41 48 1 648
46 | 10 | 0.18 | 0.324 150 |0495] 13 12 1 133
47 1 10 | 0.18 | 0.360 150 [0495| 13 12 1 146
48 | 10 | 0.18 | 0.396 150 10495 13 12 1 160
49 1 10 | 0.18 | 0.324 150 0495 17 18 1 202
50 | 10 | 0.18 | 0.360 150 0495 17 18 1 219
51| 10 | 0.18 | 0.396 150 0495 17 18 1 241
521 10 | 0.18 | 0.324 150 0495 21 24 1 268
53| 10 | 0.18 | 0.360 150 10495 21 24 1 295
54 10 | 0.18 | 0.396 150 10495 21 24 1 320

The shaft resistance obtained with the model above is illustrated in Figures 3.36
and 3.37, together with the theoretical values for two cases: considering the pile to have a
nominal diameter D throughout its length, and considering the expansion on the last Sm
to diameter d.

Figure 3.37 show that for cohesive soils the theoretical formulation had again a
very good agreement with o coefficients between 1.02 and 1.04 for cohesions between 20
and 70 kPa. Because the diameter was considerably expanded on the bulb it was observed
that the end-bearing resistance has a stronger influence and it was considered on the

calculation of the shaft resistance.
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In Figure 3.36 new theoretical values were added because the theory wasn’t close
enough to the numerical ones; therefore a new coefficient K, was back calculated with
the database. This coefficient represents the increase in pile capacity due to the increase
in diameter, and is a function of the ratio I/L (expansion length/pile length). For VL =
0.33, K; is equal to 1.22; and for /L = 0.50, K; is equal to 1.35.

According to Das (1999), the unit shaft resistance in the field for piles embedded
in sand is considered to increase with depth approximately linearly to a depth called
critical depth and to remain constant thereafter. In the numerical model, because of the
diameter expansion, the load distribution along the pile is changed; explaining the

development of coefficient K, as a function of I/L.
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Figure 3.36. Shaft resistance from numerical model and theory, cohesionless soil.
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Figure 3.37. Shaft resistance from numerical model and theory, cohesive soil.

Based on the findings of the numerical model, a new design procedure can be
proposed as follow:
For micropiles embedded in sand:
a) Ultimate load carrying capacity
Q=0,
Where:

shaft resistance.

Qs
b) Shaft resistance
0, =ﬂ’zDi o fiodl,

i=1
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fii = ultimate unit shaft resistance for the soil layer i.
D; = effective diameter of micropile on layer i.

m = number of soil layers.

dl; = depth of considered layer.

The effective diameter can be determined with Table 2.5 for type B micropiles
and with Table 3.8 for type D, where with the pressure to be applied in the field can be
obtained the coefficient o, depending on the soil kind.

If the designer defines the effective diameter and the length of expansion, the
pressure to be applied in the field can be determined with Figures 3.30, and 3.32, based

on soil properties.

¢) Unit shaft resistance — Type B piles

fS =K0 .tan¢.o-'vz

Where:

Gy, = vertical effective stress.

K, = coefficient of earth pressure at rest.
) = angle of shear strength.

d) Unit shaft resistance — Type D piles
f,=K,eK,etangec'

Where:
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Gy, = vertical effective stress.

K, = coefficient of earth pressure at rest.
¢ = angle of shear strength.
K, = coefficient representing the increase in diameter.

For /L = 0.33, K is equal to 1.22; and for /L = 0.50, K; is equal to 1.35.

For micropiles embedded in clay:

a) Ultimate load carrying capacity

0=0,+0,

Where:

Qs = shaft resistance.

Qp = end-bearing resistance.

b) End-bearing resistance

0] , =9ece A ’

Where:

c = cohesion.

A, = area of pile tip.

c) Shaft resistance
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o, =ﬂ.iDi. aodl

i=1

Where:

£ = ultimate unit shaft resistance for the soil layer i.
D = effective diameter of micropile on layer i.

m = number of soil layers.

dj; = depth of considered layer.

The effective diameter can be determined with Table 2.5 for type B micropiles
and with Table 3.9 for type D, where with the pressure to be applied in the field can be
obtained the coefficient a., depending on the soil kind.

If the designer defines the effective diameter and the length of expansion, the
pressure to be applied in the field can be determined in Figures 3.31 and 3.33, based on

soil properties.

d) Unit shaft resistance

f s ae su
Where:
o = lumped constant of proportionality with values between 1.02 and 1.04 for

cohesions between 20 and 70 kPa.

Su = undrained shear strength.
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This design procedure was applied to some field test available in literature. The
soil data is presented in Table 3.12, where the average values of shear strength angle and
over consolidation ratio were estimated by Jeon and Kulhawy (2001). The lengths of the
expanded diameter and grout pressures were given by the respective authors and
estimated with the site conditions.

The calculation steps are presented in Table 3.13, where every parameter was
obtained with the procedure proposed. The field test failure loads were obtained from
load versus displacement curves according with the specifications previously proposed in
Section 3.2.

Figure 3.38 show graphically the results obtained theoretically and with the
curves load versus displacement from field tests. The outcome from the design procedure
is in very good agreement with field test values, considering that some soil parameters

were estimated and the difficulty in estimating the final geometry of the pile on site.
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Table 3.13. Calculation of parameters from the design procedure.

Test Gy a fs , O Qp Qs Q=Q,+ Q Error
Number | (N/m’) (kN/m’) (N) | () | QM) pietq | (%)
test
(kN)
1 56 - 42 1.2 - 372 372 472 21
2 69 - 124 1.1 - 1117 1117 961 16
3 96 - 84 1.2 - 505 505 502 1
4 101 - 88 1.2 - 1140 1140 1245 -8
5 82 - 72 1.1 - 723 723 658 10
6 - 1.06 126 1.2 27 642 669 932 -11
7 - 1.07 148 1.2 32 1002 1034 770 13
1400
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Figure 3.38. Results from design procedure and field tests.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1. CONCLUSIONS
Numerical models were developed to critically review the existing design methods and to
examine the parameters governing the design of micropiles, in clay and sand. A design
procedure is proposed to take into account the geometry of the micropiles, the interaction
with the soil and to incorporate the parameters, which seemed to be ignored in the
previous methods. The proposed design procedure was validated against field tests,
where good agreement could be found.

The first model was to simulate the installation techniques of the micropiles and to

perform parametric study. The second numerical model was to simulate the cavity

expansion caused by grouting pressure and to develop the relationships of pressure versus
expansion of the pile diametér, length of expansion and soil properties.

The finite element model proved to be a very powerful tool enabling the
following information:

1) Finite element technique together with boundary conditions and pile/soil constitutive
laws presented in this thesis proved to be vital numerical model for the problem
stated.

2) Pile installation was successfully simulated with finite element technique with almost
no disturbance on soil stresses.

3) The numerical model together with cavity expansion theory was successful to

simulate the bulb expansion of the pile due to grouting pressure.

116



4)

5)

6)

7)

8)

9

The failure pattern of the soil surrounding the pile produced by the numerical model
was similar to those deduced from experimental observations available on literature.
The unit shaft resistance around the micropile increases with length and diameter for
cohesionless soils and increases with diameter, but decreases with length for cohesive
soils. It increases linearly with the tangent of the angle of shear strength, cohesion
(independently of slenderness ratio) and coefficient of earth pressure at rest.

The unit shaft resistance on clays can be estimated with the same equations for piles
type A, B, and D, but in sands it will be underestimated for types B and D micropiles.
The coefficient of earth pressure remains almost unchanged after installation.

The degree of roughness on the soil/pile interface has a significant effect on the
micropile unit shaft resistance.

It is of interest to report that the shaft resistance was mobilized before the tip

resistance for all pile tested.

10) In case of clay and piles with expanded bulb due to the enlargement of the pile tip the

end-bearing resistance delays the shaft resistance.

11) The pressure necessary to expand the shaft on micropiles is a function of length of

cavity and soil shear strength.

12) Design procedures for all types of micropiles in sand and in clay are developed and

presented in this thesis.

13) In this proposed design procedure new parameters (o and K,) were introduced and

existing ones were modified.
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4.2. RECOMMENDATIONS FOR FURTHER RESEARCH
Based on the present study performed in this thesis the following can be proposed:

1) To conduct experimental investigation on prototype micropiles.

2) To study the group efficiency of micropiles.

3) To examine the performance of micropiles subjected to cyclic and seismic loads.

4) To study the performance of micropiles in layered soils.

5) To study the integrity of the structure elements of micropiles in different soil
conditions

6) To examine Micropiles/raft interactions.

7) To study micropiles subjected to inclined load.

8) To study the performance of micropiles fully/bonded to the ground.
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