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ABSTRACT

A NEW APPROACH TO ESTIMATE SETTLEMENTS
UNDER FOOTINGS
ON RAMMED AGGREGATE PIER GROUPS

Kuruoglu, Ozgiir
Ph.D., Department of Civil Engineering
Supervisor: Prof. Dr. Orhan Erol

July 2008, 145 pages

This study uses a 3D finite element program, calibrated with the results of a
full scale instrumented load test on a limited size footing, to estimate the
settlement improvement factor for footings resting on rammed aggregate pier
groups. A simplified 3D finite element model (Composite Soil Model) was
developed, which takes into account the increase of stiffness around the piers

during the ramming process.

Design charts for settlement improvement factors of square footings of
different sizes (B = 2.4m to 4.8m) resting on aggregate pier groups of different
area ratios (AR = 0.087 to 0.349), pier moduli (Ecolumn = 36MPa to 72MPa),
and with various compressible clay layer strengths (c, = 20kPa to 60kPa) and
thicknesses (L = 5m to 15m) were prepared using this calibrated 3D finite

element model.
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It was found that, the settlement improvement factor increases as the area ratio,
pier modulus and footing pressure increase. On the other hand, the settlement
improvement factor is observed to decrease as the undrained shear strength and

thickness of compressible clay and footing size increase.

After using the model to study the behaviour of floating piers, it was concluded
that, the advantage of using end bearing piers instead of floating piers for
reducing settlements increases as the area ratio of piers increases, the elasticity
modulus value of the piers increases, the thickness of the compressible clay
layer decreases and the undrained shear strength of the compressible clay

decreases.

Key Words: Ground Improvement, Stone Column, Rammed Aggregate Pier,

Settlement Impovement Factor, Floating Piers.



o0z

TOKMAKLANMIS TAS KOLON GRUPLARINA OTURAN
TEMELLERDEKI OTURMALARIN TAHMINTI ICIN
YENI BiR YAKLASIM

Kuruoglu, Ozgiir
Doktora, Insaat Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Orhan Erol

Temmuz 2008, 145 sayfa

Bu calismada, enstriimente edilmis temeller {lizerinde gergeklestirilen arazi
grup yikleme deneylerinin sonuglar1 kullanilarak kalibre edilmis, {ic boyutlu
bir sonlu elemanlar programi tokmaklanmis tas kolon gruplarina oturan
temellerde oturma iyilestirme faktoriiniin tahmin edilmesinde kullanilmigtir. Bu
amacla, kolonlar etrafinda tokmaklama sirasinda meydana gelen sikilagsmay1
dikkate alan basitlestirilmis bir {i¢ boyutlu sonlu elemanlar modeli (Kompozit

Zemin Modeli) gelistirilmistir.

Bu kalibre edilmis {i¢ boyutlu sonlu elemanlar modeli kullanilarak, degisik alan
oranlarmma (AR = 0.087 - 0.349) ve kolon modiillerine (Ecolumn = 36MPa -
72MPa) sahip tokmaklanmis tas kolon gruplar1 iizerine oturan degisik
boyutlardaki (B = 2.4m - 4.8m) kare temellerin farkli mukavemet
ozelliklerinde (c, = 20kPa - 60kPa) ve kalinliklardaki (L = 5m - 15m)
sikigabilir kil tabakalarindaki oturma iyilestirme faktorleri i¢in tasarim abaklari

tiretilmistir.

vi



Analizler sonucunda oturma iyilestirme faktoriiniin alan orani, kolon modiilii
ve temel basincinin artmas ile arttig1 sonucuna varilmistir. Ote yandan, oturma
tyilestirme faktoriiniin sikigabilir kil tabakasinin mukavemetinin ve kalinliginin

ve temel boyutlarinin artmasi ile azaldig1 gézlenmistir.

Ayni model yiizen tas kolon gruplarinin davraniglarinin arastirilmasi igin de
kullanilmistir. Analizler sonucunda, alan orani, kolon modiilii arttikca,
sikisabilir kil tabakasi kalinlig1 azaldik¢a ve sikisabilir kil tabakasinin
mukavemeti azaldik¢a, oturmayr azaltmak i¢in yiizen kolonlar yerine ug

kolonlar1 kullanmanin avantajinin artti§1 sonucuna varilmaistir.

Anahtar Kelimeler: Zemin lyilestirmesi, Tas Kolon, Tokmaklanmis Tas Kolon,

Oturma lyilestirme Faktorii, Yiizen Tas Kolon.
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CHAPTER 1

INTRODUCTION

1.1 General

As the world’s population continues to grow, there is an increasing need to
construct on marginal or inadequate soils. Traditionally, deep foundation
methods such as piles and drilled concrete shafts have been used to transfer
loads either deeper within these marginal or inadequate soils or to better
materials below them. Recently, there has been a trend toward improving the
load-carrying capacity of these soils using reinforcement, modification, or
stabilization techniques. Stone columns are one of these soil improvement
methods that are ideally suited for improving soft silts and clays and loose silty
sands and offer a valuable technique under suitable conditions for (1)
increasing bearing capacity, (2) reducing settlements, (3) increasing the time
rate of settlement, (4) reducing the liquefaction potential of sands and (5)

improving slope stability of both embankments and natural slopes.

Stone columns have been used succesfully in a variety of applications such as
a) avoiding stability and settlement problems of embankments and bridge
approach fills over soft soils, b) improving soft foundation soils, in terms of
bearing capacity and settlement control, under structures (buildings, bridge
bents, storage tanks etc.) on shallow foundations, c) landslide stabilization

projects, d) liquefaction mitigation projects.

Stone columns can be accomplished using various excavation, replacement and
compaction techniques such as a) vibro-replacement (wet) process; in which a

vibrating probe (vibroflot) opens a hole by jetting using large quantities of



water under high pressure. The uncased hole is flushed out and then the stone
is added in 0.3-1.2 m increments and densified by means of an electrically or
hydraulically actuated vibrator located near the bottom of the probe. b) vibro-
replacement (dry) process; in which the probe, which may utilize air, displaces
the native soil laterally as it is advanced into the ground. ¢) rammed stone
colums; which are constructed by either driving an open or closed end pipe in
the ground or boring a hole. A mixture of sand and stone is placed in the hole
in increments, and rammed in using a heavy, falling weight. d) sand
compaction piles; which are constructed by driving a steel casing down to the
desired elevation using a heavy, vertical vibratory hammer located at the top of
the pile. As the pile is being driven the casing is filled with sand. The casing is

then repeatedly extracted and partially redriven using the vibratory hammer.

Stone columns can be constructed by the vibro-replacement technique in a
variety of soils varying from gravels and sands to silty sands, silts, and clays.
For embankment construction, the soils are generally soft to very soft, water
deposited silts and clays. For bridge bent foundation support, silty sands having
silts contents greater than about 15 percent and stiff clays are candidates for

improvement with stone columns.

Stone columns should not be considered for use in soils having shear strengths
less than 7 kN/m% Also stone columns in general should not be used in soils
having sensitivities greater than about 5; experience is limited to this value of
sensitivity (Baumann and Bauer, 1974). Caution should be exercised in
constructing stone columns in soils having average shear strengths less than

about 19 kN/m? as originally proposed by Thorburn (1975).

For sites having shear strengths less than 17 to 19 kN/m?, use of sand for
stability applications should be given in consideration. Use of sand piles,
however, generally results in more settlement than that for stone columns
(Barksdale and Bachus, 1983).



For economic reasons, the thickness of the strata to be improved should in
general be no greater than 9.0m and preferably about 6.0m. Usually, the weak
layer should be underlain by a competent bearing stratum to realize optimum

utility and economy (Barksdale and Bachus, 1983)

Design loads applied to each stone column typically vary depending on site

conditions from about 15 to 60 tons.

Area replacement ratios used vary from 0.15 to 0.35 for most applications. The
diameter of the constructed stone column depends primarily upon the type of
soil present. It also varies to a lesser extend upon the quantity and velocity of
water used in advancing the hole and the number of times the hole is flushed
out by raising and dropping the vibroflot a short distance. Stone columns

generally have diameters varying from 0.6m to 2.0m.

1.2 Aim of the Study

This study uses a 3D finite element program (PLAXIS 3D Foundation),
calibrated with the results of a full scale instrumented load test on a limited size
footing (3.0mx3.5m). The full scale load tests were carried out both on
untreated soil and on three different rammed aggregate pier groups of different
lengths (floating to end-bearing) in soft silty clay. (Ozkeskin, 2004) This
calibrated 3D finite element model will be used to investigate the effects of
area ratio, column modulus, column length, footing size, strength of
compressible layer, bearing pressure and floating piers on the settlement
reduction factor of rammed aggregate pier groups of limited size. The results
will be compared with available analytical methods and similar studies. Design

charts will also be produced for practical applications.

A comprehensive literature survey on the settlement of stone columns is given
in Chapter 2. An explanation of the calibration procedure for the 3D finite

element model is given in Chapter 3. Results of finite element analyses carried

3



out with the calibrated 3D model are presented in Chapter 4. The results of the
finite element analyses are discussed in Chapter 5. Finally, Chapter 6

concludes the study by highlighting the findings.



CHAPTER 2

LITERATURE REVIEW ON SETTLEMENT OF STONE COLUMNS

2.1 Introduction

Presently available methods for calculating settlement of stone columns can be
classified as either (1) simple, approximate methods which make important
simplifying assumptions or (2) sophisticated methods based on fundamental
elasticity and/or plasticity theory (such as finite elements) which model
material and boundary conditions. Several of the more commonly used
approximate methods are presented first. Following this, a review is given of
selected theoretically sophisticated elastic and elastic-plastic methods and
design charts are presented. All of these approaches for estimating settlement
assume an infinitely wide loaded area reinforced with stone columns having a
constant diameter and spacing. For this condition of loading and geometry the
unit cell concept is theoretically valid and has been used by the Aboshi et.al
(1979), Barksdale and Takefumi (1990), Priebe (1990 and 1993), Goughnour
and Bayuk (1979).

2.2 Equilibrium Method

The equilibrium method described for example by Aboshi et.al.(1979) and
Barksdale and Goughnour (1984), Barksdale and Takefumi (1990) is the
method in Japanese practice for estimating the settlement of sand compaction
piles. In applying this simple approach the stress concentration factor, n, must
be estimated using past experience and the results of previous field

measurements of stress.



The following assumptions are necessary in developing the equilibrium
method: (1) the extended unit cell idealization is valid, (2) the total vertical
load applied to the unit cell equals the sum of the force carried by the stone and
the soil, (3) the vertical displacement of stone column and soil is equal, and (4)
a uniform vertical stress due to external loading exists throughout the length of
stone column, or else the compressible layer is divided into increments and the
settlement of each increment is calculated using the average stress increase in
the increment. Following this approach, as well as the other methods,
settlement occurring below the stone column reinforced ground must be
considered separately; usually these settlements are small and can often be
neglected (Barksdale and Bachus, 1983).

For purposes of settlement and stability analysis, it is convenient to associate
the tributary area of soil surrounding each stone column as illustrated in
Figures 2.1 and 2.2. The tributary area can be closely approximated as an

equivalent circle having the same total area.

For an equilateral triangular pattern of stone columns, the equivalent circle has

an effective diameter of:

D, = 1.055 (2.1)

while for a square pattern ,

De = 1.13s (2.2)

where s is the spacing of stone columns. The resulting equivalent cylinder of
material having a diameter D, enclosing the tributary soil and one stone column
is known as the unit cell. The stone column is concentric to the exterior

boundary of the unit cell (Fig.2.2a).



Pile Spacing
s

=1.05 s

(a) Triangular Arrangement of Stone Columns

Pile Spacing

N s Y
de=(—)"“%s
m

.'... \Ur =lL13s

(b) Square Arrangement of Stone Columns

Figure 2.1 A typical layout of stone columns a) triangular arrangement b)

square arrangement (Balaam and Booker, 1981)

For an infinitely large group of stone columns subjected to a uniform loading
applied over the area; each interior column may be considered as a unit cell as
shown in Figure 2.2b. Because of symmetry of load and geometry, lateral
deformations cannot occur across the boundaries of the unit cell. Also from
symmetry of load and geometry the shear stresses on the outside boundaries of
the unit cell must be zero. Following these assumptions a uniform loading
applied over the top of the unit cell must remain within the unit cell. The
distribution of stress within the unit cell between the stone and soil could,
however, change with depth. As discussed later, several settlement theories
assume this idealized extension of the unit cell concept to be valid. The unit
cell can be physically modeled as a cylindrical-shaped container having
frictionless, rigid exterior wall symmetrically located around the stone column
(Fig.2.2c).
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Figure 2.2 Unit cell idealizations (Bachus and Barksdale, 1989)

To quantify the amount of soil replaced by the stone, the area replacement
ratio is introduced and defined as the ratio of the granular pile area over the
whole area of the equivalent cylindrical unit within the unit cell and expressed

as.

a, =—> (2.3)

where a; is the area replacement ratio, As is the area of the stone column and A
is the total area within the unit cell. The area replacement ratio can be
expressed in terms of the diameter and spacing of the stone columns as

follows:



a :cl[EJ (2.4)

where : D = diameter of the compacted stone column
s = center to center spacing of the stone columns
c1 = a constant dependent upon the pattern of stone columns

used; for a square pattern c; = mw/4 and for an equilateral

triangular patternc, =n/(2/4/3) .

After placing a uniform stress with an embankment or foundation load over
stone columns and allowing consolidation, an important concentration of stress
occurs in the stone column and an accompanying reduction in stress occurs in
the surrounding less stiff soil (Aboshi etal, 1979; Balaam etal, 1977;
Goughnour and Bayuk, 1979). Since the vertical settlement of the stone
column and surrounding soil is approximately the same, stress concentration
occurs in the stone column since it is stiffer than a cohesive or a loose

cohesionless soil.

When a composite foundation is loaded for which the unit cell concept is valid
such as a reasonably wide, relatively uniform loading applied to a group of
stone columns having either a square or equilateral triangular pattern, the
distribution of vertical stress within the unit cell (Fig.2.2c) can be expressed by

a stress concentration factor n defined as:

n=os (2.5)

where o5 = stress in the stone column

o = stress in the surrounding cohesive soil



The average stress ¢ which must exist over the unit cell area at a given depth
must, for equilibrium of vertical forces to exist within the unit cell, be equal for
a given area replacement ratio, as:

c=c,a,+0.(1-a,) (2.6)
where all the terms have been previously defined. Solving Equation (2.6) for
the stress in the clay and stone using the stress concentration factor n gives

(Aboshi et.al., 1979):

o.=c/fl+(n-1)a, ]=p.c (2.7a)

Cc
and

o, =nofl+(n-1)a, ]=p.c (2.7b)

From conventional one-dimensional consolidation theory

st:(lcc jmgm[co +,G°JH 2.8)
+€, (O

where St = primary consolidation settlement occurring over a distance

H of stone column treated ground

H = vertical height of stone column treated ground over which
settlements are being calculated.

oo = average initial effective stress in the clay layer

o = change in stress in the clay layer due to the externally
applied loading, Equation (2.7a)

C. = compression index from one-dimensional consolidation
test

e, = initial void ratio

10



From Equation (2.8) it follows that for normally consolidated clays, the ratio of
settlements of the stone column improved ground to the unimproved ground,

Si/S, can be expressed as

G, + U0
Iogm[o.“J
Gy
S, /S=

G, +G
log,, .
Gy

This equation shows that the level of improvement is dependent upon (1) the

(2.9)

stress concentration factor n, (2) the initial effective stress in the clay, and (3)
the magnitude of applied stress c. Equation (2.9) indicates if other factors are
constant, a greater reduction in settlement is achieved for longer columns and

smaller applied stress increments.

For very large oo (long length of stone column) and very small applied stress

o, the settlement ratio relatively rapidly approaches
S, /S=1/[1+(n-1a,]=p, (2.10)

where all terms have been previously defined. Equation (2.10) is shown
graphically in Figure 2.3.

The stress concentration factor n required calculating o is usually estimated
from the results of stress measurements made for full-scale embankments, but
could be estimated from theory. From elastic theory assuming a constant
vertical stress, the vertical settlement of the stone column can be approximately

calculated as follows:

11



S, =—2 (2.11)

where Ss = vertical displacement of the stone column
o = average stress in the stone column
L = length of the stone column
Ds = constrained modulus of the stone column (the elastic

modulus, Es, could be used for an upper bound)

Using Equation (2.11) and its analogous form for the soil, the following

equation is obtained by equating the settlement of the stone and soil:

c. D
G _Ys 2.12
- D (2.12)

C C

where o5 and o are the stresses in the stone column and soil, respectively and

Ds and D, are the appropriate moduli of the two materials.

Use of Equation (2.12) gives values of the stress concentration factor n from 25
to over 500, which is considerably higher than that measured in the field. Field
measurements for stone columns have shown n to generally be in the range of 2
to 5 (Goughnour and Bayuk, 1979). Therefore, use of the approximate
compatibility method, Equation (2.12), for estimating the stress concentration
factor is not recommended for soft clays (Barksdale and Bachus, 1983). For
settlement calculations using the equilibrium method, a stress concentration
factor n of 4.0 to 5.0 is recommended based on comparison of calculated
settlement with observed settlements (Aboshi et.al. 1979).

12
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Figure 2.3 Maximum reductions in settlement that can be obtained using stone
columns- equilibrium method of analysis (Barksdale and Bachus, 1983)

2.3 Priebe Method

The method proposed by Priebe (Bauman and Bauer, 1974; Priebe, 1988, 1993
and 1995; Mosoley and Priebe, 1993) for estimating reduction in settlement
due to ground improvement with stone columns also uses the unit cell model.

Furthermore the following idealized conditions are assumed:

« The column is based on a rigid layer
« The column material is incompressible

« The bulk density of column and soil is neglected

Hence, the column cannot fail in end bearing and any settlement of the load
area results in a bulging of the column, which remains constant all over its
length.

The improvement achieved at these conditions by the existence of stone

columns is evaluated on the assumption that the column material shears from

13



beginning whilst the surrounding soil reacts elastically. Furthermore, the soil is
assumed to be displaced already during the column installation to such an
extend that its initial resistance corresponds to the liquid state, i.e. the
coefficient of earth pressure equals to K=1. The results of evaluation, taking
Poisson’s ratio, u=1/3, which is adequate for the state of final settlement in

most cases, is expressed as basic improvement factor no:

n0:1+i{ S-A A —1} (2.13)
Al 4K, (1-A A

where A = cross section area of single stone column
A = unit cell area
Kac = tan® (45-¢/2)

¢c = angle of internal friction angle of column material

The relation between the improvement factor n,, the reciprocal area ratio A/A;
and the friction angle of the backfill material ¢ is illustrated in Figure 2.4 by
Barksdale and Bachus (1983) comparing the equilibrium method solution

(equation 2.10) for stress concentration factors of n = 3,5 and 10.

The Priebe curves generally fall between the upper bound equilibrium curves
for n between 5 and 10. The Priebe improvement factors are substantially
greater than for the observed variation of the stress concentration factor from 3
to 5. Measured improvement factors from two sites, also given in Figure 2.4,
show good agreement with the upper bound equilibrium method curves, for n
in the range of 3 to slightly less than 5. Barksdale and Bachus (1983)
underlined that the curves of Priebe appear, based on comparison with the
equilibrium method and limited field data, to over predict the beneficial effects

of stone columns in reducing settlement.

14
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Figure 2.4 Settlement reduction due to stone column- Priebe and Equilibrium
Methods (Barksdale and Bachus, 1983).

Later Priebe (1995) considered the compressibility of the backfill material and
recommended the additional amount on the area ratio A(A/A;) depending on
the ratio of the constrained moduli D./Ds which can be readily taken from
Figure 2.5. Priebe (1995) also stated that weight of the columns and of the soil
has to be added to the external loads. Under consideration of these additional
loads (overburden), he defined the depth factor, fqand illustrated in Figure 2.6.
The improvement ratio no (corrected for consideration of the column

compressibility, Fig. 2.5) should be multiplied by fg.
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Due to the compressibility of the backfill material, the depth factor reaches a

maximum value, which can be taken from the diagram given by Priebe (1995)

in Figure 2.7.
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Figure 2.7 Limit value of the depth factor (Priebe, 1995)

The basic system of Priebe’s Method discussed so far assumes improvement by
a large grid of stone columns. Accordingly, it provides the reduction in the
settlement of large slab foundation. For small foundations, Priebe (1995) offers
diagrams, given in Figure 2.8a and 2.8b, which allow a simple way to
determine the settlement performance of isolated single footings and strip
foundations from the performance of a large grid. The diagrams are valid for
homogeneous conditions only and refer to settlement s down to a depth d

which is the second parameter counting from foundation level.
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footings (Priebe, 1995)

2.4 Greenwood Method

Greenwood (1970) has presented empirical curves, which are based on field
experience, giving the settlement reduction due to ground improvement with
stone columns as a function of undrained soil strength and stone column
spacing. These curves have been replotted by Bachus and Barksdale (1989) and
presented in Figure 2.9 using area ratio and improvement factor rather than

column spacing and settlement reduction as done in the original curves. The
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curves neglect immediate settlement and shear displacement and columns
assumed resting on firm clay, sand or harder ground. In replotting the curves a
stone column diameter of 0.9m was assumed for the c, = 40 kN/m? upper
bound curve and a diameter of 1.07m for the ¢, = 20 kN/m? lower bounds
curve. Also superimposed on the figure is the equilibrium method upper
bounds solution, Equation 2.10 for stress concentration factors of 3, 5, 10 and
20. The Greenwood curve for vibro-replacement and shear strength of 20
kN/m? generally corresponds to stress concentration factors of about 3 to 5 for
the equilibrium method and hence appears to indicate probable levels of
improvement for soft soils for area ratio less than about 0.15. For firm soils and
usual levels of ground improvement (0.15 < as < 0.35), Greenwood’s suggested
improvement factors on Figure 2.9 appear to be high. Stress concentration n
decreases as the stiffness of the ground being improved increases relative to the
stiffness of the column. Therefore, the stress concentration factors greater than
15 required developing the large level of improvement is unlikely in the firm

soil.
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Figure 2.9 Comparison of Greenwood and Equilibrium Methods for predicting
settlement of stone column reinforced soil
(Bachus and Barksdale, 1989)

19



2.5 Incremental Method

The method for predicting settlement developed by Goughnour and Bayuk
(1979Db) is an important extension of methods presented earlier by Hughes et.
al. (1975), Bauman and Bauer (1974). The unit cell model is used together with
an incremental, iterative, elastic-plastic solution. The loading is assumed to be
applied over a wide area. The stone is assumed to be incompressible so that all
volume change occurs in the clay. Both vertical and radial consolidations are
considered in the analysis. The unit cell is divided into small, horizontal
increments. The vertical strain and vertical and radial stresses are calculated for

each increment assuming all variables are constant over the increment,

Both elastic and plastic responses of the stone column are considered. If stress
levels are sufficiently low the stone column remains in the elastic range. For
most design stress levels, the stone column bulges laterally yielding plastically
over at least a portion of its length. Because of the presence of the rigid unit
cell boundaries, a contained state of plastic equlibrium of the stone column in

general exists.

The assumption is also made that the vertical and, radial and tangential stresses
at the interface between the stone and soil are principle stresses. Therefore no
shear stresses are assumed to act on the vertical boundary between the stone
column and the soil. Both Goughnour and Bayuk (1979b) and Barksdale and
Bachus (1983) noted that because of the occurrence of relatively small shear
stresses at the interface (generally less than about 10 to 20 kN/m?), this

assumption appears acceptable.

In the elastic range the vertical strain is taken as the increment of vertical stress
divided by the modulus of elasticity. The apparent stiffness of the material in
the unit cell should be equal to or greater than that predicted by dividing the
vertical stress by the modulus of elasticity since some degree of constraint is

provided by the boundaries of the unit cell. The vertical strain calculated by
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this method therefore tends to be an upper (conservative) bound in the elastic

range.

Upon failure of the stone within an increment; the usual assumption (Hughes
and Withers, 1974, Bauman and Bauer, 1974, Aboshi et.al. 1979) is made that
the vertical stress in the stone equals the radial stress in the clay at the interface
times the coefficient of passive pressure of the stone. Radial stress in the
cohesive soil is calculated following the plastic theory considering equilibrium
within the clay. This gives the change in radial stress in the clay as a function
of the change in vertical stress in the clay, the coefficient of lateral stress in the
clay applicable for the stress increment, the geometry and the initial stress state
in the clay. In solving the problem the assumption is made that when the stone
column is in a state of plastic equilibrium the clay is also in a plastic state.

Radial consolidation of the clay is considered using a modification of Terzaghi
one-dimensional consolidation theory. Following this approach the Terzaghi
one-dimensional equations are still utilized, but the vertical stress in the clay is
increased to reflect greater volume change due to radial consolidation. For
typical lateral earth pressure coefficients, this vertical stress increase is
generally less than about 25 percent, the stress increasing with an increase in
the coefficient of lateral stress applicable for the increment in stress under

consideration.

For a realistic range of stress levels and other conditions the incremental

method was found to give realistic results.

2.6 Granular Wall Method

A simple way of estimating the improvement of the settlement behavior of a
soft cohesive layer due to the presence of stone columns has been presented by
Van Impe and De Beer (1983) by considering the stone columns to deform, at

their limit of equilibrium, at constant volume. The only parameters to be
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known are the geometry of the pattern of the stone columns, their diameter, the
angle of shearing strength of the stone material, the oedometer modulus of the
soft soil and its Poisson’s ratio. They also presented a diagram for estimating

effective vertical stress in the stone material.

In order to express the improvement on the settlement behavior of the soft

layer reinforced with the stone columns, the following parameters are defined:

m=—ti—q%u (2.14)
I:tot I:)O
S
B=—Y (2.15)
Sv,O
where F, = the vertical load transferred to the stone column

Fit = the total vertical load on the area a, b (Fig. 2.10).

Sy = the vertical settlement of the composite layer of soft
cohesive soil and stone columns

Svo = the vertical settlement of the natural soft layer without

stone columns

In Figure 2.11, the relationship between m and a is given for different values

of ¢; and for chosen values of the parameters Po/E and .

In the Figure 2.12, the B (settlement improvement factor) values as a function

of a are given for some combination of Po/E and p and for different ¢; values.

The vertical settlement of the composite layer of soft cohesive soil and stone

columns, s, is expressed as:

SV:BH(l—MZ){l— a 2}— (2.16)
1-p
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where B =1(a b, ¢, n, Po/E), obtained from Fig. 2.10

u = Poisson’s ratio of the soft soil

¢1 = angle of shearing strength of the stone material

E = oedometer modulus of the soft soil

Po = vertical stress
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Figure 2.10 Definitions for Granular Wall Method

(Van Impe and De Beer, 1983)

23



= =ol. \|'||
ani po
!
- 7
—2-0.05 =
E 2
=3 g ’,;’5$
ogl -—— —=00 P,
3 E f[/
f
’,
/ ¢l=
1 45°

06 -
e 350

04 bry
/
/
I/
[/
02 —
0
) 0.2 0.4 0.6 o8 1.0
_mw.D2
% Zab

Figure 2.11 Stress distribution of stone columns (Van Impe and De Beer, 1983)

B2 (%)
sv,o
100 P
— -2 =005
\\ . i E
"3 Po _
80 M
,|= |
30°
60| a5e
400
N
NN T 45°
A
AN |
T TN
N
~ [
\i I
~ |
g NN
0
o] 0.2 0.4 0.6 08 LO
_ mD?
4ab

Figure 2.12 Improvement on the settlement behavior of the soft layer
reinforced with the stone columns (Van Impe and De Beer, 1983)

24



2.7 Finite Element Method

The finite element method offers the most theoretically sound approach for
modeling stone column improved ground. Nonlinear material properties,
interface slip and suitable boundary conditions can all be realistically modeled
using the finite element technique. Although 3-D modeling can be used, from a
practical standpoint either axisymmetric or plane strain model is generally
employed. Most studies have utilized the axisymmetric unit cell model to
analyze the conditions of either uniform load on a large group of stone columns
(Balaam et.al. 1977, Balaam and Booker, 1981) or a single stone column
(Balaam and Poulos, 1983); Aboshi et.al.(1979) have studied a plane strain

loading condition.

Balaam et.al.(1977) analyzed large groups of stone columns by finite elements
using the unit cell concept. Undrained settlements were found to be small and
neglected. The ratio of modulus of the stone to that of the clay was assumed to
vary from 10 to 40, and the Poisson’s ratio of each material was assumed to be
0.3. A coefficient of at rest earth pressure Ko = 1 was used. Only about 6%
difference in settlement was found between elastic and elastic-plastic response.
The amount of stone column penetration into the soft layer and the diameter of
the column were found to have a significant effect on settlement (Figure 2.13);

the modular ratio of stone column to soil was of less importance.

Balaam and Poulos (1983) found for a single pile that slip at the interface
increases settlement and decreases the ultimate load of a single pile. Also
assuming adhesion at the interface equal to the cohesion of the soil gave good

results when compared to those obtained from field measurements.

Balaam and Booker (1981) found, for the unit cell model using linear elastic
theory for a rigid loading (equal vertical strain assumption), that vertical
stresses were almost uniform on horizontal planes in the stone column and also

uniform in the cohesive soil. Also stress state in the unit cell was essentially
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triaxial. Whether the underlying firm layer was rough or smooth made little
difference. Based upon these findings, a simplified, linear elasticity theory was
developed and design curves were given for predicting performance. Their
analysis indicates that as drainage occurs, the vertical stress in the clay
decreases and the stress in the stone increases as the clay goes from the
undrained state. This change is caused by a decrease with drainage both the

modulus and Poisson’s ratio of the soil.
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Figure 2.13 Effect of stone column penetration length on elastic settlement
(Balaam et.al., 1977)

Barksdale and Bachus (1983) presented some design curves for predicting
primary consolidation settlement. The finite element program was used in their
study. For a nonlinear analysis load was applied in small increments and
computation of incremental and total stresses were performed by solving a

system of linear, incremental equilibrium equations for the system.

Curves for predicting settlement of low compressibility soils such as stone

column reinforced sands, silty sands and some silts were developed using
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linear elastic theory. Low compressibility soils are defined as those soils
having modular ratios E¢/E; < 10 where E; and E. are the average modulus of
elasticity of the stone column and soil, respectively. The settlement curves for

area ratios of 0.1, 0.15 and 0.25 are given in Figure 2.14.

The elastic finite element study utilizing the unit cell model shows a nearly
linear increase in stress concentration in the stone column with increasing
modular ratio (Figure 2.15, Barksdale and Bachus, 1983). The approximate
linear relation exists for area replacement ratios as between 0.1 and 0.25, and
length to diameter ratios varying from 4 to 20. For a modular ratio EJ/E. of 10,
a stress concentration factor n of 3 exists. For modular ratios greater than about
10, Barksdale and Bachus (1983) noted that elastic theory underestimates
drained settlements due to excessively high stress concentration that theory
predicts to occur in the stone and lateral spreading in soft soils. For large stress
concentrations essentially all of the stress according to elastic theory is carried
by stone column. Since the stone column is relatively stiff, small settlements
are calculated using elastic theory when using excessively high stress

concentrations.

27



Symmetrical

Q 400 T T T T | T 40 :
: De 0 a =0]0 e
g ~  %=035 L!D=2V" B
- B S
A HEB = v,=0.30 _~1 e
- R 2 300 ¢ P 30 -
3ft H A Granular 8 S=ld— - 22
L “Distribution £ Eql { go°
?: Sénl AN of Blanket S s 33
e ;:.'-Ei\“\stone 5 - meé-/ e E E
*‘ .19 "ﬁ Column :E' b / L/D=15 - E a
—={P Zle—D Es /7/‘”"' o E
5> g L/D=10 -
ANSSNSNIRNRNNNYNR = . a—
(Note: | ft.= 0.305 m) 3 i | =%
initi o = 0 10 20 30 40
Definitions: ag=Ag/A Where Ag )
Area of Stone and A=Totg| Area Modular Ratio, Elec
Vertical Settlemen'r,S=Is(EsL) Where
P=c.A =
Z o
400 = T T T S [ T T T T 'd 25 ol
o |03 T | L/0=20 w035 | 5
- ':;5-_6 30 L/D=20 - gg — =030 E
S 300l 2 -1(=E- ) —308 £300 / s=12(P-) O L
S a1 3 S Egl 8z
& ® {1 28 L/D = s §3
§ / L=l 28 - T3 o 2 <
§ 200 - 20 § £200 - 20 E o
2 ﬁ“ L/D=15 ® = - =2
s E # 4 88 [ 1 23
T / $S L/D=10 o §2
$ 100 L/D=10 10 % .% 100 22
E -9 @
£ ‘,/fun-s 4 58 K7 L/D=5 {1 o
@ = @
3 o ' —Jo§ o ' ' L —Jo
0 10 20 30 40 :-.:’ 0 10 20 ) 30 40
Modular Ratio, Eg/Eg » Modular Ratio, Eg/E¢

Figure 2.14 Notations used in unit cell linear elastic solutions and linear elastic

settlement influence factors for area ratios, a; = 0.10, 0.15, 0.25
(Barksdale and Bachus, 1983).

28



' LEGEND

; ® a;=0.25 '
A ag=0.16
B ag=0.10

e  45<L/DXI9.5 =

l l L i
[2 16 20 24 28 32 36 40 44

Modular Ratio, Eg/ E¢

Stress Concentration Factor, n
H

Figure 2.15 Variation of stress concentration factor with modular ratio- Linear

elastic analysis (Barksdale and Bachus, 1983)

To calculate the consolidation settlement in compressible cohesive soils (Es/Ec
> 10), design curves were developed assuming the clay to be elastic-plastic and
the properties of the stone to be stress dependent (non-linear stress-strain
properties). The non-linear stress-strain properties were obtained from the
results of 305mm diameter triaxial test results. In soft clays not reinforced with
stone columns, it was observed that lateral bulging can increase the amount of
vertical settlement beneath the fill by as much as 50 percent. Therefore, to
approximately simulate lateral bulging effects, a soft boundary was placed
around the unit cell to allow lateral deformation. Based on the field
measurements, a boundary 25mm thick having an elastic modulus of 83 kN/m?

was used in the model, which causes maximum lateral deformations due to
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lateral spreading, which should occur across the unit cell. To obtain the
possible variation in the effect of boundary stiffness (lateral spreading), a
relatively rigid boundary was also used, characterized by a modulus of 6900
KN/m?,

The unit cell model and notation used in the analysis is summarized in Figure
2.16. The design charts developed using this approach is presented in Figure
2.17. Settlement is given as a function of the uniform, average applied pressure
o over the unit cell, modulus of elasticity of the soil E., area replacement ratio
as, length to diameter ratio, L/D, and boundary rigidity. The charts were
developed for a representative angle of internal friction of the stone ¢s = 42°,
and a coefficient of at rest earth pressure Ky of 0.75 for both the stone and soil.
For soils having a modulus E¢ equal to or less than 1100 kN/m? the soil was
assumed to have a shear strength of 19 kN/m% Soils having greater stiffness
did not undergo an interface or soil failure; therefore, soil shear strength did not

affect the settlement.

Figure 2.18 is given by Barksdale and Bachus (1983), which shows the
theoretical variation of the stress concentration factor n with the modulus of
elasticity of the soil and length to diameter ratio, L/D. Stress concentration
factors in the range of about 5 to 10 are shown for short to moderate length
columns reinforcing very compressible clays (E. <1380 to 2070 kN/m?). These
results conclude that the nonlinear theory may predict settlements smaller than
those observed (Barksdale and Bachus, 1983).
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Ambily and Gandhi (2007) carried out experimental and finite element
analyses to study the effect of shear strength of soil, angle of internal friction of
stones, and spacing between the stone columns on the behavior of stone
columns. Model experiments were carried out on a 100mm diameter stone
column surrounded by soft clay in cylindirical tanks of 500mm high and a
diameter varying from 210 to 835mm to represent the required unit cell area of
soft clay around each column assuming triangular pattern of installation of
columns. For single column tests the diameter of the tank was varied from 210
to 420mm and for group tests on 7 columns, 835mm diameter was used. Tests
had been carried out with shear strength of 30, 14, and 7 kPa. The stone
column was extended to the full depth of the clay placed in the tank for a
height of 450mm so that L/D ratio was 4.5.

Finite element program PLAXIS was used to simulate the results of the model
tests and to carry out further parametric analyses. Axisymmetric analyses were
carried out using Mohr-Coulomb’s criterion considering elastoplastic behavior
for soft clay and stones. Load settlement curves obtained from finite element
analyses usually match well with the measured values from the model tests. As
a result of the finite element analyses carried out in line with the model tests
the following conclusions were drawn:

- Single column behavior with a unit cell concept can simulate the field
behavior for an interior column when a large number of columns is
simultaneously loaded.

- Stiffness improvement factor was found to be independent of the shear
strength of surrounding clay. (Figure 2.19)

- Stiffness improvement factor depends mainly on column spacing and on the
angle of internal friction of the stones. (Figure 2.20) Improvement factor
increases with decreasing column spacing and increasing internal angle of
friction of stones. For column spacing to diameter of stone column ratios of s/d
greater than 3, there is no significant improvement in the stiffness.

- Figure 2.21 compares the stiffness improvement factor obtained from this

study with the existing theories such as Priebe (1995) and Balaam et.al. (1977)
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for different area ratio (area of unit cell/area of stone column) and angle of
internal friction of stones. It can be concluded that, this study predicts a slightly
higher stiffness improvement factor for an area ratio more than 4 and a lower

value for an area ratio less than 4 compared to Priebe (1995).
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Figure 2.19 Effect of c, on stiffness improvement factor
(Ambily and Gandhi, 2007)
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Figure 2.20 Effect of s/d and ¢ on stiffness improvement factor
(Ambily and Gandhi, 2007)
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Clemente et.al. (2005) carried out three-dimensional numerical analyses, using
the finite difference software FLAC-3D to numerically develop relationships
between settlement improvement factor (IF) and area ratio (ARR) that take into
account the actual subsurface and stone column mechanical properties, as well
as the effects of bearing pressure and foundation size. The geometry consisted
of square spacing of stone columns with different s/d (1.5, 2.0 and 3.0) and L/d
(3.0, 6.0 and 9.0) ratios, loaded by rigid square footings of different sizes.
Finite difference mesh terminated at the tip of the stone columns, hence the
columns were end-bearing. Both the soil and stone columns are modeled as
Mohr Coulomb materials having a modulus ratio of Ec/Es = 6.9. Settlement
improvement factor (IF) versus area ratio (ARR) graphs obtained from the
results of the 3-D finite difference analyses are shown in Figures 2.22, 2.23 and
2.24 for different stone column groups. Comparison with one of the existing
theories, i.e. Priebe (1993), is also present on the figures. As can be seen from
the figures the settlement improvement factor decreases with increasing area
ratio, and the decrease in improvement is negligible after a certain area ratio
level. Another important calculation derived from this study is the bearing
stress dependence of the improvement factor. The improvement factor tends to

increase with increasing bearing pressure.
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4 y----- 1 Priebe, phi=40 degrees
—6— Bearing pressure=40 kPa

—&— Bearing pressure=140 kPa

Figure 2.22 Comparison of Priebe 1993 and FLAC IF (improvement factor)
versus ARR (area ratio) for the 1x1 configuration
(Clemente et.al., 2005)

- - - == Priebe, phi=40 degrees
—O— Bearing pressure=40 kPa

——————

ARR

Figure 2.23 Comparison of Priebe 1993 and FLAC IF (improvement factor)
versus ARR (area ratio) for the 2x2 configuration
(Clemente et.al., 2005)
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Figure 2.24 Comparison of Priebe 1993 and FLAC IF (improvement factor)
versus ARR (area ratio) for the 5x5 configuration
(Clemente et.al., 2005)

Domingues et.al. (2007) carried out a parametric study in an embankment on
soft soils reinforced with stone columns using a computer program based on
finite element method to investigate the effect of stiffness of the column
material on the settlement improvement factor. Embankment height was 2.0
meters and the soft soil thickness was 5.5m. The column depth was equal to the
thickness of the soft stratum. The diameter of the column was 1.0 meter and the
replacement area ratio was 0.19. The unit cell formulation is used considering
one column and its surrounding soil with confined axisymmetric behaviour.
The computer program incorporates the Biot consolidation theory (coupled
formulation of the flow and equlibrium equations) with constitutive relations
simulated by the p-g-6 critical state model. As it is shown in Figure 2.25, it is
concluded that the settlement improvement factor increases as the stiffness of

the column increases as a result of this parametric analysis.

41



n=0.0278(m) + 0.9905

C T T Ri=oeses

t factor,n

men

Improvel

m =}, seil / & col

Figure 2.25 Variation of settlement improvement factor with column stiffness
(Domingues et.al., 2007)

2.8 Subgrade Modulus Approach

Lawton and Fox (1994) uses the subgrade modulus approach for settlement
analyses of rigid footings and rafts supported by rammed aggregate piers. They
state that the total settlement under the footing is a summation of the settlement
of the upper zone (UZ) and lower zone (LZ). Upper zone (UZ) is defined as the
composite soil zone plus the soil beneath the composite soil zone that is
densified and prestressed during the construction process. The thickness of this
densified soil zone is usually assumed equal to the diameter of the rammed
aggregate piers. Lower zone (LZ) is defined as the untreated soil zone below
the upper zone. They state that by assuming that the footing is perfectly rigid
and using the subgrade modulus, the following equations apply for calculating

the upper zone settlement:

0p=0.Rs/(Ra. Rs—Ra+ 1) (2.17)

dm=0p/Rs (2.18)

Suz=0p/ kp=0m/ Km (2.19)
where Op = bearing stress applied to the aggregate piers

q = average design bearing pressure
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gm = bearing stress applied to matrix soil
Rs = subgrade modulus ratio

a = arearatio
Ky, = subgrade modulus for aggregate piers

km = subgrade modulus for matrix soil

Values of subgrade moduli for the aggregate piers are determined either by
static load tests on individual piers or by estimation from previously performed
static load tests within similar soil conditions and similar aggregate pier
materials and installation methods. Subgrade moduli for the matrix soils are
either determined from static load tests or estimated from boring data and

allowable bearing pressures provided by geotechnical consultants.

Ozkeskin (2004) proposes a method which modifies the method given by
Lawton and Fox (1994), stating that using subgrade modulus of composite soil,
Keomp, 1N equation (2.19) yields better results for estimating the upper zone
settlement. It is suggested that the subgrade reaction of the composite soil,

Keomp, Can be estimated from the following equations:

Keomp = 8s . Ks / (1 - as)ke (2.20)
or

kcomp =n. kc (2.21)
where Kcomp = subgrade reaction of the composite soil

as = area ratio
ks = subgrade reaction of the aggregate piers

k. = subgrade reaction of the native soil

Another approach to estimate the settlement of the upper zone (pier-soil
composite) is presented by White et.al (2007). Their approach is to divide the
footing stress by the stiffness of the pier-soil composite. They state that the

stiffness of the pier-soil composite can be determined by a full scale load test
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or by using a scaling relationship proposed by Terzaghi (1943) that uses the
stiffness of an isolated pier to estimate the stiffness of the pier-soil composite

as follows:

where Keomp = stiffness of the pier-soil composite
By = diameter of the pier
B = footing width

kg = stiffness of the isolated pier

Lawton and Fox (1994) state that the settlement of the lower zone can be
calculated using the conventional settlement estimation methods given in the
literature. For this purpose, an estimation of the applied stresses transmitted to
the interface between the upper zone (UZ) and the lower zone (LZ) is needed.
The authors state that, since the presence of a stiffer upper layer substantially
reduces the stresses transmitted to the lower layer, the use of Boussinesq type
equations are inappropriate and they usually use a modification of the 2:1
method, and use a stress dissipation slope of 1.67:1 through the upper zone
(UZ) by engineering judgement. Tekin (2005) also confirms this assumption,
by observing the slope of the stress dissipation to vary from 1.53:1 to 1.69:1 in

her experimental study of the floating pier groups
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CHAPTER 3

CALIBRATION OF THE FINITE ELEMENT MODEL

3.1 Introduction

The finite element model that is going to be used for the parametric studies that
will be presented in the proceeding chapters of this study is calibrated with the
results of full-scale field load tests detailed in Ozkeskin (2004). The full scale
field tests consist of load tests on both untreated soil and on three different
groups of rammed aggregate piers with different lengths on the same site, and
therefore offers the unique opportunity of calibrating geotechnical parameters
for a finite element model. Once calibrated by these field data, the finite
element model can be used as a powerful tool to investigate the effect of
rammed aggregate piers on different foundation geometries and material

properties.

3.2 Details of the Full-Scale Load Test

The test area which is approximately 10 m x 30 m is located around Lake
Eymir, Ankara. Site investigation at the test area included five boreholes which
are 8 mto 13.5 m in depth, SPT, sampling and laboratory testing, and four CPT
soundings. (Figure 3.1) The borehole, CPT logs and laboratory test results are

presented at Appendix A.
The variation of SPT-N values with depth is given in Figure 3.2. It can be seen

that, N values are in the range of 6 to 12 with an average of 10 in the first 8 m,

after 8 m depth, N values are greater than 20.
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Figure 3.2 Variation of SPT N values with depth at the load test site (Ozkeskin,

2004)
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Based on the laboratory test results, the compressible layer, first 8 m, is
classified as CL and SC according to USCS. The fine and coarse content of the
compressible layer change in the range of 25% to 40% and 10% to 25%
respectively. As liquid limit of the compressible layer changes predominantly
in the range of 27% to 43% with an average of 30%, the plastic limit changes

in the range of 14% to 20% with an average of 15%.

Based on the CPT soundings, the average of the tip and friction resistance of
the compressible soil strata can be taken as 1.1 MN/m? and 53 kN/m?
respectively. The variation of soil classification based on CPT correlations is

given in Figure 3.3.

The bearing stratum under the weak stratum is weathered graywacke. The

ground water is located near the surface.

Four large plate load tests were conducted at the load test site. Rigid steel
plates having plan dimensions of 3.0 m by 3.5 m were used for loading. First
load test was on untreated soil. Second load test was Group A loading on
improved ground with aggregate piers of 3.0 m length, third load test was
Group B loading on improved ground with aggregate piers of 5.0 m length and
finally fourth load test was Group C loading on improved ground with
aggregate pier lengths of 8.0 m. Each aggregate pier groups, i.e. Group A,
Group B, and Group C, consisted of 7 piers installed with a spacing of 1.25 m

in a triangular pattern. The pier diameter was 65cm. (Figure 3.4)
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Figure 3.3 Variation of soil classification at the load test site based on CPT
correlations (Ozkeskin, 2004)
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For each group of aggregate piers, deep settlement plates were installed at 1.5
m, 3 m, 5m, 8 mand 10 m depths. 10 cm thick fine sand layers were laid and
compacted to level the surface before placing the total pressure cell on top of
the center aggregate pier. The loading sequence for untreated soil load test was
cyclic and at each increment and decrement, load was kept constant until the
settlement rate was almost zero. For aggregate pier groups, the loading
sequence was 50, 100, 150, 200, 250, 150, 0 kPa. Two surface movements, one
at the corner and one at the center of the loading plate, and five deep movement

measurements were taken with respect to time.

3.3 Details of the Finite Element Model

Geotechnical finite element software PLAXIS 3D which offers the possibility
of 3D finite element modeling was used for the analysis. Loading plate, which
has dimensions of 3.0mx3.5m, was modeled as a rigid plate and the loading
was applied as a uniformly distributed vertical load on this plate according to
the loading scheme used during the actual field test. The boundaries of the 3D
finite element mesh was extended 4 times the loading plate dimensions in order
to minimize the effects of model boundaries on the analysis. The height of the
finite element model was selected as 12 meters. The first 8 meters was the
compressible silty clay layer and the remaining 4 meters was the relatively
incompressible stiff clayey sand layer. An isometric view of the 3D model is

given in Figure 3.5.

Both the compressible and incompressible soil layers was modeled using the
elastic-perfectly plastic Mohr-Coulomb soil model. Groundwater level was
defined at the surface. The parameters of the incompressible layer was set to
relatively high values, and various geotechnical parameters was assigned to the
compressible layer until the surface load-settlement curve calculated from the
finite element model matches with the field test data carried on untreated soil.
The closest match, which is shown in Figure 3.6, was obtained with the

following parameters:
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Silty clay ( 0-8m depth)
y =18 kN/m®

c =22 kPa

$=0°

E = 4500 kPa

v=0.35

Clayey sand ( 8-12m depth)
vy =20 kN/m®

¢’ =0kPa

¢’ =40°

E = 50000 kPa

v=0.30

Figure 3.5 Isometric view of the 3D finite element model
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The back calculated parameters (cohesion and deformation modulus values) for

the compressible silty clay layer is verified using the results of load test carried

out at the site as follows:

The ultimate bearing capacity value of the untreated soil is determined
from the measured surface pressure-settlement curve (Figure 3.6) by
multiplying the pressure corresponding to a surface settlement of
25mm, i.e. the allowable bearing capacity, by three. The ultimate
bearing capacity values for untreated soil is determined as qult=186kPa,
by using this approach. This value is also verified by the double tangent
method. The undrained cohesion value of the compressible silty clay
layer corresponding to this ultimate bearing capacity value can be back-
calculated as :

cy =qult/5.7 (1+0.3 (B/L)) (Terzaghi, 1943)
cy =186 /5.7 (1+0.3 (3/3.5))
Cu = 25 kPa

The estimated value above is very near to the used value, ¢ = 22 kPa at
the finite element analyses.

The deformation modulus value of compressible silty clay layer can be
estimated from the measured surface pressure-settlement curve (Figure

3.6) as follows:

pz = B.p.L / Eu (Sovinc, 1969)

p; = vertical displacement of a uniformly loaded rigid rectangle area
resting on a finite layer with smooth frictionless interface at the base.
This value is measured as 0.030m for a uniform load of p=75kPa as it
can be seen from Figure 3.6.

p; = dimensionless constant (identified as 0.58 from Sovinc, 1969)
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p = foundation load (=75 kPa)
L = foundation length (=3.5m)

E, = undrained elasticity modulus of the silty clay layer.

From here, E, value for the silty clay layer is back calculated as
E,=5075 kPa.

Therefore, the drained elasticity modulus value for the silty clay layer
can be calculated as :

E=E. (1+v)/ (1+w)

E = 5075 (1+0.35) / (1+0.5)

E = 4568 kPa

The back calculated value above fits to the used value, E = 4500 kPa at

the finite element analyses.

To investigate the effect of silty sand layers that were observed at the CPT
soundings, those silty sand layers were modeled in the 3D finite element
analysis at a separate model. The silty sand layers were defined as two layers at
depths 0.75m to 1.25m and 2.5m to 2.75m. The silty sand layers were also
modeled by Mohr-Coulomb soil model and the geotechnical parameters were

assigned as follows:

Silty Sand Layers
y =20 kN/m®

¢’ =5kPa

¢’ =33°

E = 10000 kPa
v=0.30
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Surface load-settlement curve computed by this model is also presented in
Figure 3.6. As it can be seen from the figure, the presence of silty sand layers
have no significant effect on the computed load-settlement curve. Therefore,
the analysis were continued with the homogoneous silty clay layer as the

compressible layer.

Pressure vs. Settlement (Surface)
Pressure (kPa)
0 50 100 150 200
0.00
=
= 2000 I
S

: .
=~ 40.00 X
; n
|5 60.00 N
= N
§ 8000 -

100.00 T
—e— Measured Calculated (honogenous clay)
—-® - - Calculated (sand layers)

Figure 3.6 Comparison of surface load-settlement curves for untreated soil

3.4 Modeling of Field Tests on Rammed Aggregate Pier Groups

Once the geotechnical parameters of the native soil was determined, the next
step was to model the field tests on three different rammed aggregate pier
groups (i.e. Group A, Group B and Group C). In all three tests the rammed
aggregate pier layout was similar (Figure 3.7) and the lengths of the aggregate
piers were 3m, 5m and 8m for Group A, Group B and Group C, respectively.
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The size of the loading plate was 3.0mx3.5m, as it was the case at the field test

on untreated soil.

The field load tests on rammed aggregate pier groups were again modeled by
PLAXIS 3D. The size of the finite element mesh was kept the same as the
model for the test on untreated soil for comparison purposes. Material model
and geotechnical parameters derived from the calibration process detailed in
Section 3.2 was used for the native soil. Rammed aggregate piers were
modeled with linear elastic material model and modulus of elasticity value was
given as E = 39 MPa, as recommended by Ozkeskin (2004), after
backcalculating the single pier loading tests carried out at the site with the
finite element method. Loading plate, which has dimensions of 3.0mx3.5m,
was modeled as a rigid plate and the loading was applied as a uniformly
distributed vertical load on this plate according to the loading scheme used
during the actual field test. Calculated surface pressure-settlement curves for
each aggregate pier groups are compared with the field measurements in Figure
3.8, Figure 3.9 and Figure 3.10. Surface pressure values are normalized with
respect to the ultimate bearing capacity, qu, of the untreated soil. The ultimate
bearing capacity value of the untreated soil is determined from the measured
surface pressure-settlement curve (Figure 3.6) by multiplying the pressure
corresponding to a surface settlement of 25mm, i.e. the allowable bearing
capacity, by three. The ultimate bearing capacity values for untreated soil is
determined as qult=186kPa, by using this approach. Investigating Figure 3.8,
Figure 3.9 and Figure 3.10, the following conclusions can be drawn:

- Measured surface load-settlement curves show near-linear-elastic
behaviour.

- Calculated load-settlement curve for Group A shows plastic behaviour,
after a normalized surface pressure of g/qult = 0.50 whereas calculated
load settlement curves for Group B and Group C loading are more close
to the near-linear-elastic behaviour. This difference may be attributed to

the fact that Group A rammed aggregate piers are floating piers and
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plastification occurs in the unimproved soil benath the floating columns
at high stress levels.

- Calculated surface settlements are larger than the measured settlements
for all cases. But the calculated values get closer to the measured ones
from Group A to Group C. (i.e. from floating pier to end bearing pier)

Rammed aggregate pier

0,4175

Y

0,50 0,50

3,00
|

1,1250/\ 1,25 /'“‘\1,1250
1, RNV
|

Loading plate

0,4175

Figure 3.7 Field test rammed aggregate pier group layout
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Figure 3.8 Comparison of surface load-settlement curves for loading on

Group A rammed aggregate piers (Normal 3D FEM Model)
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Figure 3.9 Comparison of surface load-settlement curves for loading on
Group B rammed aggregate piers (Normal 3D FEM Model)
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Figure 3.10 Comparison of surface load-settlement curves for loading on

Group C rammed aggregate piers (Normal 3D FEM Model)

The observed stiffer and near-linear-elastic behaviour of aggregate pier groups
can be explained by the increase of lateral stress in the matrix soil around the
rammed aggregate piers caused by the ramming action during the installation
of the piers. This increase in lateral stress of matrix soil results in improved
stiffness characteristics as explained by Handy (2001). Handy (2001)
investigates this situation by the help of Mohr circles. Figure 3.11 shows Mohr
circle sequence and stress path during normal consolidation. An increase in
vertical stress that causes a soil to consolidate yields a proportionate increase in
horizontal stress so that the Mohr circle remains tangent to the consolidation
envelope, according to stress path EF in Figure 3.11. On the other hand, a
reduction in vertical stress leaves the horizontal stress mostly intact, and
therefore approximately follows stress path FG in Figure 3.12. On reloading,
the path approximately reverses along path GF. Because the soil behavior
during unloading and reloading up to the preconsolidation pressure is near-

linear-elastic, the stress zone enclosed by the consolidation envelopes is
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referred to as the near-linear-elastic zone. Because unloading may extend the
stress path past the consolidation envelope into an area between the
consolidation and shear envelopes, this is referred to as the extended near-

linear-elastic zone, or simply the extended zone. (Handy, 2001)

Lateral stresses indicative of passive conditions have been measured close to
and between rammed aggregate piers (Handy, 2001). Lateral stress imposed on
a normally consolidated soil gives stress path AB in Figure 3.13, and can
proceed as high as the passive limit. Subsequent foundation loading then
follows a stress path BC, which is in the near-linear-elastic zone. At C the
Mohr circle intersects the consolidation envelope, ending the expanded near-
linear-elastic response and initiating consolidation. Foundation loads on a
normally consolidated soil confined by high lateral stress therefore should elicit
a near-linear-elastic response instead of immediately initiating consolidation.
(Handy, 2001)

The theoretical maximum vertical stress before consolidation can begin is
obtained from definitions of K,=H,/V1 and Ko=H,/V, (Figure 3.13), where H
and V represent horizontal and vertical stresses and the subscripts denote

before-and-after loading. Solving each for H, and equating gives

VaIV1 = KplKo = K, (3.1)
K, = (1+sin¢’) / (1-sing’)?

where,

V, = vertical effective stress required for consolidation

V1 = in situ vertical effective stress or overburden pressure
Kp = passive coefficient

Ko = at-rest coefficient

K, = reinforcement factor
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In an ideal undrained situation with a friction angle of zero and the soil at

incipient failure, the analogous chain of Mohr circles gives;
Ki=1+ (4c/Vy) (3.2)

where:
¢ = cohesion on a total stress basis

V1 = initial vertical stress

Thus using equation 3.1, it can be stated that, for example, for the normally
consolidated soil of Figure 3.13 with a friction angle of 28° subjected to
passive lateral stress, the overburden pressure at any depth may be exceeded by
a factor of 5.2 before consolidation can begin. Without the additional lateral

stress, consolidation settlement would initiate as soon as additional load is

applied.

: Consolidation stress path EF

Shear siress
o

Harizontal stress O,
Increasing

Vertical siress @,
Increasing

Figure 3.11 Mohr circle sequence and stress path EF during normal
consolidation (Handy, 2001)
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Figure 3.13 Increasing horizontal stress on normally consolidated soil (Stress
path AB) increases consolidation threshold stress from V; to V, (Stress path
BC) (Handy, 2001)
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In order to match the observed stiffer and near-linear-elastic behaviour of
actual field test measurements, it is decided to define linear elastic improved
zones around the rammed aggregate piers at the 3D finite element model. Two
different improvement assumptions are made for comparison purposes. In both
trials, it is assumed that a circular zone with a radius equal to two times of the
rammed aggregate pier radius is improved around the rammed aggregate piers.
This circular zone is also divided into two zones. (Figure 3.14) For both trials,
it is assumed that the material model for the rammed aggregate piers and the
improved zones are linear elastic. For the first trial (which will be called
Modified Ring Model 1) it is assumed that the modulus of elasticity value of
the improved soil around the rammed aggregate pier increases to 1/2 of the
modulus of elasticity value of the rammed aggreate pier at the first improved
zone - 1 = 1.5rggregate pier -, and to 1/4 of the modulus of elasticity value of the
rammed aggreate pier at the second improved zone - r = 2.0raggregate pier -~ FOr
the second trial (which will be called Modified Ring Model 2), these improved
modulus of elasticity values were selected as 2/3 of the modulus of elasticity
value of the rammed aggreate pier at the first improved zone - r = 1.5rggregate pier
-, and to 1/3 of the modulus of elasticity value of the rammed aggreate pier at
the second improved zone - r = 2.0rggregate pier -- It Must be mentioned that these
improved values are related to the ramming energy value imposed at the site.
To give an idea about the ramming energy level, it can be stated that the
granular material used for the aggregate piers were compacted in 1.0m to 1.5m
thick lifts by dropping a weight of 1.5tons from a height of 1.0m for 10 times
for each lift. (Ozkeskin, 2004) Calculated surface pressure-settlement curves
for each aggregate pier groups are compared with the field measurements in
Figure 3.15, Figure 3.16 and Figure 3.17. Surface pressure values are
normalized with respect to the ultimate bearing capacity, qu, of the untreated
soil, as explained before. Investigating the figures, the following conclusions

can be drawn:

- Calculated load-settlement curves fit to the expected near-linear-elastic

behavior much better than before.
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- The agreement with the measured surface settlement values are quite
satisfactory for Group B and Group C loadings. For Group A loading,
although the calculated values get closer to the measured values than
before, agreement with the measured values is not as good as Group B
and Group C loadings, especially at higher load levels.

- Investigating the analysis results, it is decided that best match with the

measured values are achieved with the Modified Ring Model 2.

aggregate pier

oved Zone 1

Improved Zone 2

Figure 3.14 Geometry of the assumed improved zones around the rammed

aggregate piers
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Figure 3.15 Comparison of surface load-settlement curves for loading on

Group A rammed aggregate piers (Modified Ring Model)
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Figure 3.16 Comparison of surface load-settlement curves for loading on

Group B rammed aggregate piers (Modified Ring Model)
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Figure 3.17 Comparison of surface load-settlement curves for loading on

Group C rammed aggregate piers (Modified Ring Model)

The next step is to try to simplify this improved near-linear-elastic zone
assumption (Modified Ring Model) so that it can be easily used for practical
analyses. For this purpose, the area under the loading plate with the rammed
aggregate piers is modeled as a composite soil block (Composite Soil Model).
Linear elastic material model is used for the composite soil block and the
modulus of elasticity of this composite zone is calculated as the weighted
average of the rammed aggregate pier, improved zones around the rammed
aggregate pier, and native soil, according to their respective areas. The
improved modulus of elasticity values were selected as 2/3 of the modulus of
elasticity value of the rammed aggreate pier at the first improved zone - r =
1.5raggregate pier - ,» and to 1/3 of the modulus of elasticity value of the rammed
aggreate pier at the second improved zone - r = 2.0raggregate pier - ,» &S concluded
before. Calculated surface pressure-settlement curves for this case are

compared with the field measurements in Figure 3.18, Figure 3.19 and Figure
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3.20. The results of Modified Ring Model 2 are also given in the figures for

comparison purposes.
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Figure 3.18 Comparison of surface load-settlement curves for loading on

Group A rammed aggregate piers (Composite Soil Model)
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Figure 3.19 Comparison of surface load-settlement curves for loading on

Group B rammed aggregate piers (Composite Soil Model)
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Figure 3.20 Comparison of surface load-settlement curves for loading on

Group C rammed aggregate piers (Composite Soil Model)
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Investigating Figure 3.18, Figure 3.19 and Figure 3.20, the following

conclusions can be drawn:

- Calculated load-settlement curves with the Composite Soil Model yield
more close results to the measured values than the Modified Ring
Model, especially for floating pier groups. (i.e. Group A and Group B)

- The agreement with the measured values get worse for floating pile

group (Group A) at higher stress levels.

In order to understand the reason of this discrepancy between the calculated
and measured surface settlement values at floating pier group (Group A), it was
decided to compare the increase in vertical stress with depth at the center of the
footing, with the analytical elastic solutions at the literature. Three theoretical
elastic solutions were used for this purpose. These are:

i) Giroud (1970); which gives the distribution of vertical stress
increase with depth under a rectangular flexible footing on an
elastic soil of infinite depth.

i) Burmister (1956); which gives the distribution of vertical stress
increase with depth under a rectangular flexible footing on an
elastic soil of finite depth underlain by a rigid layer.

iii) Fox (1948); which gives the distribution of vertical stress increase
with depth under a rectangular flexible footing on a two layer

elastic soil with E; > E,.

It is to be noted that all of the analytical solutions were derived for flexible
footings, while the full scale load test was on a rigid footing. Unfortunately,
no reliable analytical solutions exist at the literature for the vertical stress
increase with depth under rectangular rigid footings. Besides, all of the
analytical solutions assume a homogenous soil layer under the footing and
none of the solutions is able to model the stress concentration that occurs
under the footing because of the stone columns. Therefore, primarily the

the vertical stress increase at the lower zone (untreated zone under the
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floating piers) were compared as shown in Figure 3.21, Figure 3.22 and
Figure 3.23 for different surface pressure levels. Surface pressure values
are normalized with respect to the ultimate bearing capacity, qui, of the

untreated soil, as explained before.
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Figure 3.21 Comparison of vertical stress increase in the lower zone for

Group A rammed aggregate piers (q / qult = 0.27)
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Figure 3.22 Comparison of vertical stress increase in the lower zone for

Group A rammed aggregate piers (g / qult = 0.54)
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Figure 3.23 Comparison of vertical stress increase in the lower zone for

Group A rammed aggregate piers (g / qult = 0.81)

Investigating Figure 3.21, Figure 3.22 and Figure 3.23, it is noted that
Modified Ring Model yields higher vertical stress increase in the lower
zone for floating pier Group A than the analytical solutions and the
Composite Soil Model. The difference increases with increasing surface
pressure level. It is believed that, this results in additional plastification and
settlements in the lower zone, which explains the reason of the discrepancy
between the measured and calculated surface settlement values for floating

pier Group A, especially at higher load levels.
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As a result of the calibration process detailed in this chapter, it is concluded
that the 3D finite element model, i.e. the Composite Soil Model, in which
the area under the loading plate with the rammed aggregate piers is
modeled as a composite soil block with equivalent linear elastic soil
properties taking the stiffness increase around the piers during the
installation process into account, satisfactorily models the surface pressure-
settlement curves of uniformly loaded footings supported by rammed
aggregate piers. It is to be mentioned that the model should be used
cautiously for floating pier groups with pier lengths less than 1.5B (B =
width of the footing), especially at high surface pressure levels , i.e. q / Quit

> 0.5, where gy = ultimate bearing capacity of the native soil.
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CHAPTER 4

RESULTS OF THE PARAMETRIC STUDY

4.1 Introduction

Once the 3D finite element model (Composite Soil Model) to be used for the
analysis of rigid footings resting on rammed aggregate piers was calibrated
using the results of full-scale load tests as presented in the previous chapter, the
next step is to carry out a parametric study using this finite element model to
investigate the effect of both geometric parameters (area ratio of rammed
aggregate piers, foundation load, width of foundation, rammed aggregate pier
length) and material parameters (strength of foundation material, modulus of
elasticity value of rammed aggregate piers) on the settlement improvement
factor. Design charts to estimate settlement improvement factors for footings
resting on rammed aggregate piers will also be presented as a result of this

parametric study.

4.2 Details of the Parametric Study

Three different footing sizes (2.4mx2.4m, 3.6mx3.6m and 4.8mx4.8m) were
used for the parametric study. The thickness of the compressible clay layer
under these footings was varied as Lcay = 5m, 10m and 15m for each different
footing size. Four different area ratios (AR= 0.087, 0.136, 0.230 and 0.349)
were used for the rammed aggregate pier groups under each different footing
and compressible layer combination. Foundation pressures, g, were selected as
g=25-50-75-100-125-150 kPa. Schematic representation of these parameters
can be seen in Figure 4.1. The strength and deformation modulus values of the

compressible clay layer were varied as shown at Table 4.1. The deformation
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modulus value of the rammed aggregate piers were selected as Ecolumn = 36
MPa and 72MPa.

Table 4.1 Strength and deformation properties of the compressible clay layer

used at the parametric study.

Y c ) Eciay
3 2 v 2
(KN/m°) | (KN/m?) | (°) (KN/m°?)
18 20 0 | 0.35| 4500
18 25 0 |0.35| 5625
18 30 0 |0.35 6750
18 40 0 | 0.35| 9000
18 60 0 | 0.35| 13500

For each case, first the untreated case is analyzed by modelling the uniformly
loaded rigid footing on compressible clay using PLAXIS 3D. Untreated soil
settlements were obtained by this way. Next, the rigid footings resting on
rammed aggregate piers were modeled by PLAXIS 3D using the Composite
Soil Block approach that was explained in detail in Chapter 3. This approach,
which was calibrated with the results of the full scale loading tests, takes into
account the increase in stiffness around the rammed aggregate piers that results
from the installation process. Two circular improved zones are assumed around
the rammed aggregate piers (Figure 3.14) and it is assumed that the elasticity
modulus value of the soil in these improved zones are 2/3 and 1/3 of the
elasticity modulus value of the rammed aggregate pier. The soil perimeter
under the footing improved by the rammed aggregate piers is modelled as a
linear elastic composite soil block. The elasticity modulus of this composite
soil block is calculated as the weighted average of the elasticity modulus values

of the rammed aggregate piers, improved zones around the rammed aggregate
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piers, and native soil, according to their respective areas. (Figure 4.1) Once the
settlement values for the footings resting on rammed aggregate pier groups are

calculated using this method, settlement improvement factors are calculated as:

IF =S untreated / S treated

where:

IF = settlement imporovement factor

S untreated = Settlement of rigid footing resting on untreated soil.

S weated = Settlement of rigid footing resting on soil treated with rammed

aggregate pier group.

Clay layer
Y, C, ¢! v, Eclay
I—clay

Rammed Aggregate Pier
FHEHE 2 ¥, Vs Ecolumn, AR

Rigid Base

BxL

Ly

TG
Lo T

Clay layer
(Mohr-Coulomb Model)

Y, C, 4), v, Eclay
Composite Soil Block
(Linear Elastic Model)
v i Y.V, Ecomposite

I—clay

Rigid Base

Figure 4.1 Schematic representation of composite soil model
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4.3 Presentation of the Results of the Parametric Study

The results of the parametric study detailed in Section 4.2 are presented as
design charts at Appendix B. A sample design chart is shown in Figure 4.2.
Since, the calculated values of settlement improvement factors were
unreasonably large under footing pressures of q = 125 kPa and q = 150 kPa for
compressible clay layer with ¢, = 20 kPa, these values were excluded from

design charts.
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Figure 4.2 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=2.4m) resting on end bearing rammed aggregate piers
(L=5m, E=36 MPa)
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4.4 Design Example

To illustrate the use of the design charts given in Appendix B, a design
example will be solved in this section. The geometry and the parameters of the
problem are given in Figure 4.3 and it consists of a square footing (3.0mx3.0m)
resting on a compressible clay layer of 8m thickness. The footing is uniformly
loaded with a load of g=75 kPa, and the total untreated soil settlement under
this load is calculated as 4.5cm. Since the permissible total settlement for the
footing is 2.5cm, the soil under the footing will be improved by rammed

aggregate piers with a column elastic modulus of Ecolumn = 60 MPa.

'B x L =3.0mx3.0m >

g=75kPa

Clay layer
y =18 kKN/m®

EHEH i L ¢y = 30 kPa
Lay=8m  pE G 4u=0

Rammed Aggregate Pier
Ecolumn = 60 MPa

-

Rigid Base

Figure 4.3 Geometry and the parameters of the design example

The required area ratio for the rammed aggregate piers will be calculated using

the design charts given in Appendix B as follows:

The required settlement improvement factor can be calculated as :
IF=45/25=1.80
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For a square footing with B=2.4m, q=75kPa and a compressible layer thickness

L=5m,

for Ecolumn = 36 MPa and AR =0.230 ; IF = 1.54 (From Figure B1) (4.1)
for Ecolumn =72 MPa and AR =0.230 ; IF = 2.30 (From Figure B2) (4.2)
for Ecolumn = 60 MPa and AR = 0.230 ; IF = 2.05 (by linear interpolation of
4.1 and 4.2) (4.3)
For a square footing with B=2.4m, g=75kPa and a compressible layer thickness
L=10m

for Ecolumn = 36 MPa and AR =0.230 ; IF = 1.36 (From Figure B7) (4.4)
for Ecolumn =72 MPa and AR = 0.230 ; IF = 1.84 (From Figure B8) (4.5)
for Ecolumn = 60 MPa and AR = 0.230 ; IF = 1.68 (by linear interpolation of
4.4 and 4.5) (4.6)

For a square footing with B=2.4m, g=75kPa and a compressible layer thickness

L=8m,
for Ecolumn = 60 MPa and AR = 0.230 ; IF = 1.83 (by linear interpolation of
4.3 and 4.6) 4.7)

For a square footing with B=3.6m, g=75kPa and a compressible layer thickness

L=5m,

for Ecolumn = 36 MPa and AR =0.230 ; IF = 1.69 (From Figure B3)  (4.8)
for Ecolumn =72 MPa and AR =0.230 ; IF = 2.70 (From Figure B4) 4.9
for Ecolumn = 60 MPa and AR = 0.230 ; IF = 2.36 (by linear interpolation of
4.8 and 4.9) (4.10)
For a square footing with B=3.6m, g=75kPa and a compressible layer thickness
L=10m

for Ecolumn = 36 MPa and AR =0.230 ; IF = 1.44 (From Figure B9)  (4.11)
for Ecolumn =72 MPa and AR =0.230 ; IF = 2.08 (From Figure B10) (4.12)
for Ecolumn = 60 MPa and AR = 0.230 ; IF = 1.87 (by linear interpolation of
4.11 and 4.12) (4.13)
For a square footing with B=3.6m, g=75kPa and a compressible layer thickness

L=8m,
for Ecolumn = 60 MPa and AR = 0.230 ; IF = 2.07 (by linear interpolation of
4.10 and 4.13) (4.14)
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For a square footing with B=3.0m, q=75kPa and a compressible layer thickness

L=8m,
for Ecolumn = 60 MPa and AR = 0.230 ; IF = 1.95 (by linear interpolation of
4.7 and 4.14) (4.15)

For a square footing with B=2.4m, q=75kPa and a compressible layer thickness

L=5m,

for Ecolumn = 36 MPa and AR =0.136 ; IF = 1.31 (From Figure B1) (4.16)
for Ecolumn = 72 MPa and AR =0.136 ; IF = 1.80 (From Figure B2)  (4.17)
for Ecolumn = 60 MPa and AR = 0.136 ; IF = 1.64 (by linear interpolation of
4.16 and 4.17) (4.18)
For a square footing with B=2.4m, g=75kPa and a compressible layer thickness
L=10m

for Ecolumn = 36 MPa and AR =0.136 ; IF = 1.20 (From Figure B7)  (4.19)
for Ecolumn =72 MPa and AR =0.136 ; IF = 1.53 (From Figure B8)  (4.20)
for Ecolumn = 60 MPa and AR = 0.136 ; IF = 1.42 (by linear interpolation of
4.19 and 4.20) (4.21)

For a square footing with B=2.4m, q=75kPa and a compressible layer thickness

L=8m,
for Ecolumn = 60 MPa and AR = 0.136 ; IF = 1.51 (by linear interpolation of
4.18 and 4.21) (4.22)

For a square footing with B=3.6m, q=75kPa and a compressible layer thickness

L=5m,

for Ecolumn = 36 MPa and AR =0.136 ; IF = 1.40 (From Figure B3) (4.23)
for Ecolumn = 72 MPa and AR =0.136 ; IF = 2.03 (From Figure B4)  (4.24)
for Ecolumn = 60 MPa and AR = 0.136 ; IF = 1.82 (by linear interpolation of
4.23 and 4.24) (4.25)
For a square footing with B=3.6m, g=75kPa and a compressible layer thickness
L=10m

for Ecolumn = 36 MPa and AR =0.136 ; IF = 1.25 (From Figure B9)  (4.26)
for Ecolumn =72 MPa and AR =0.136 ; IF = 1.66 (From Figure B10)  (4.27)
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for Ecolumn = 60 MPa and AR = 0.136 ; IF = 1.52 (by linear interpolation of
4.26 and 4.27) (4.28)

For a square footing with B=3.6m, q=75kPa and a compressible layer thickness

L=8m,

for Ecolumn = 60 MPa and AR = 0.136 ; IF = 1.64 (by linear interpolation of
4.25 and 4.28) (4.29)
For a square footing with B=3.0m, g=75kPa and a compressible layer thickness
L=8m,

for Ecolumn = 60 MPa and AR = 0.136 ; IF = 1.58 (by linear interpolation of
4.22 and 4.29) (4.30)

For the required settlement improvement factor of IF=1.80, the required area
ratio of rammed aggregate piers is calculated as:
AR =0.192 (by linear interpolation of 4.15 and 4.30)
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CHAPTER 5

DISCUSSION OF THE ANALYSIS RESULTS

5.1 Introduction

Key parameters (i.e. area ratio of rammed aggregate pier group, undrained
shear strength of compressible clay layer, elastic modulus of rammed aggregate
pier, footing pressure, thickness of compressible layer and footing size)
effecting the settlement improvement factor for footings resting on
compressible clay improved by end bearing rammed aggregate piers will be
discussed in this chapter, using the results of the parametric analyses presented
at Chapter 4. Also, settlement improvement factors derived from the method
presented at Chapter 4 will be compared with some conventional methods
presented in the literature. Finally, the effect of floating rammed aggregate pier
groups on the settlement improvement factor will be discussed on some

selected cases.

5.2 Effect of Area Ratio on Settlement Improvement Factor

As it can be seen from the design charts presented at Appendix B, the
settlement improvement factor increases as the area ratio of the rammed
aggregate pier group, AR, increases. The effect is more pronounced for smaller
values of undrained shear strength of the compressible clay layer and higher

values of the modulus of elasticity values of the rammed aggregate piers.
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5.3 Effect of Undrained Shear Strength of Compressible Clay Layer on

Settlement Improvement Factor

The settlement improvement factor increases as undrained shear strength of the
compressible clay layer, c,, decreases, as it can be seen from Figure 5.1. The

effect is more pronounced for higher values of footing pressure.

5.4 Effect of Elasticity Modulus of Rammed Aggregate Pier on Settlement

Improvement Factor

The settlement improvement factor increases as the elasticity modulus of the
rammed aggregate pier, Ecoumn, iNCreases, as it can be seen from Figure 5.2.
The effect is more pronounced for higher values of area ratio of rammed

aggregate piers.

5.5 Effect of Footing Pressure on Settlement Improvement Factor

The settlement improvement factor increases as the footing pressure, q,
increases, as it can be seen from Figure 5.3. The effect is more pronounced for
higher pressure levels and lower undrained shear strength values of

compressible clay layer.

5.6 Effect of Compressible Layer Thickness on Settlement Improvement

Factor

The settlement improvement factor decreases as the compressible layer
thickness under the footing, Ly, increases, as it can be seen from Figure 5.4.
The effect is more pronounced for higher pressure levels and lower undrained
shear strength values of compressible clay layer and is not very significant for
low footing pressures and comparitavely high undrained shear strength values

of compressible clay layer.
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Figure 5.1 Effect of undrained shear strength of compressible clay layer (c,) on
settlement improvement factor (IF) for footings resting on aggregate pier

groups
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Figure 5.2 Effect of elasticity modulus of rammed aggregate pier (Ecorumn) ON
settlement improvement factor (IF) for footings resting on aggregate pier

groups
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Figure 5.3 Effect of footing pressure (g) on settlement improvement factor (IF)

for footings resting on aggregate pier groups
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Figure 5.4 Effect of compressible layer thickness (Lciay) on settlement

improvement factor (IF) for footings resting on aggregate pier groups
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5.7 Effect of Footing Size on Settlement Improvement Factor

The settlement improvement factor increases as the footing size, B, increases,
as it can be seen from Figure 5.5. The effect is more pronounced for higher
pressure levels and lower undrained shear strength values of compressible clay
layer and is not very significant for low footing pressures and comparitavely

high undrained shear strength values of compressible clay layer.

5.8 Comparison of Calculated Settlement Improvement Factors with

Conventional Methods

The settlement improvement factors calculated from the 3D finite element
analyses described in Chapter 4 are compared with two of the conventional
methods (i.e. Equilbrium method and Priebe method) in the literature. (Figure
5.6) The comparison is made for a selected square footing size (B=3.6m),
under a footing pressure of q=100kPa, resting on end bearing rammed
aggregate piers with a length of 10m and elasticity modulus values of Ecojumn =
36 MPa and 72 MPa. The undrained cohesion value of the compressible clay
layer is selected as cu = 25 kPa and 40 kPa. Settlement improvement factors
calculated from the Priebe method usually gives higher values than those
obtained by the finite element method, especially for higher area ratio (AR) of
rammed aggregate piers and higher elasticity modulus values of rammed
aggregate piers (Ecoumn). The settlement improvement factors calculated from
the Equilibrium method depends heavily on the selected value of the stress
concentration factor n. Settlement improvement factor values for stress
concentration factor values of n=3 and n=10 are plotted on Figure 5.6 for
comparison values. Settlement improvement factor values calculated with
stress concentration factor of n=10 forms an upper bound to the problem and is
significantly higher than the calculated values by the finite element method,
especially for lower values of elasticity modulus of rammed aggregate piers.
(Ecolumn).  Settlement improvement factors calculated with stress

concentration factor of n=3, yields closer results to the calculated values by the

90



finite element method. It must be kept in mind that both Priebe method and
Equlibrium method are derived for loading on wide areas and contains

important simplfying assumptions as described at Chapter 2.

5.9 Effect of Floating Columns on Settlement Improvement Factor

Two cases are selected to investigate the effect of using floating rammed
aggregate pier groups instead of end bearing pier groups as shown in Figure
5.7. The length of the floating piers is selected equal to the width of the square
footing for both cases. The undrained cohesion value of the compressible clay
layer is selected as cu = 25 kPa and 40 kPa. The elasticity modulus value of the
rammed aggregate piers is varied as Ecoumn = 36 MPa and 72 MPa. The
floating pier groups are also modelled by 3D finite element model (Composite
Soil Model) described in Chapter 3. To investigate the effectiveness of using
floating piers instead of end bearing piers, the ratio of settlement improvement
factor for floating pier groups over settlement improvement factor for end
bearing groups (IF floating / IF end bearing) are plotted against area ratio of
rammed aggregate pier groups (AR), as shown in Figure 5.8 and Figure 5.9.
These figures can be used in combination with the design charts for end-
bearing piers which are presented at Appendix B to judge the feasibility of
using floating pier groups for selected cases.

As it can be seen from Figure 5.8 and Figure 5.9, the advantage of using end
bearing piers instead of floating piers for reducing settlements increases as the
area ratio of piers increases, the elasticity modulus value of the piers increases,
the thickness of the compressible clay layer decreases and the undrained shear

strength of the compressible clay decreases.
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Figure 5.5 Effect of footing size (B) on settlement improvement factor (IF) for

footings resting on aggregate pier groups
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Figure 5.6 Comparison of settlement improvement factor (IF) values
calculated by the Finite Element Method (FEM) with the conventional methods

in the literature for footings resting on aggregate pier groups
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Figure 5.7 Geometry of the cases used to investigate the effect of floating piers

on the settlement improvement factor
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end bearing pier group vs. area ratio (for selected Case I)
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

3D finite element modelling was used to model a uniformly loaded rigid
footing resting on compressible clay improved by rammed aggregate piers. The
results of a full-scale field load test were used to calibrate the finite element
method. As a result of the calibration process, it was decided to define linear
elastic improved zones around the rammed aggregate piers at the 3D finite
element model. Two linear elastic improved zones with radius r1=1.5ryer and
r,=2rpier are defined around the piers. The elasticity modulus value of the first
improved zone is taken as E1=(2/3)Epier and that of the second improved zone
is taken as E;=(1/3)Epier. It must be mentioned that these improved values are
related to the ramming energy value specific to the site, which was discussed in
detail at Section 3.4. Native soil was modelled by Mohr-Coulomb soil model.
By this way, it was possible to model the improved stiffness properties around
the piers which were caused by the increase of lateral stress in the matrix soil
around the rammed aggregate piers caused by the ramming action during the
installation of the piers and it was possible to match the surface settlement
pattern observed at the full scale load tests.

The next step was to try to simplify this improved near-linear-elastic zone
assumption (Modified Ring Model) so that it can be easily used for practical
analyses. For this purpose, the area under the loading plate with the rammed
aggregate piers is modeled as a linear elastic composite soil block (Composite
Soil Model). The elasticity modulus of this composite soil block is calculated
as the weighted average of the elasticity modulus values of the rammed
aggregate piers, improved zones around the rammed aggregate piers, and
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native soil, according to their respective areas. This simplified model was also
satisfactory to match the surface settlement values observed at the full scale
load test. In fact, the model yielded closer results to the measured values for

floating pier groups.

Once the 3D finite element model (Composite Soil Model) to be used for the
analysis of rigid footings resting on rammed aggregate piers was calibrated
using the results of full-scale load tests, the next step was to carry out a
parametric study using this finite element model to investigate the effect of
both geometric parameters (area ratio of rammed aggregate piers, foundation
load, width of foundation, rammed aggregate pier length) and material
parameters (strength of foundation material, modulus of elasticity value of
rammed aggregate piers) on the settlement improvement factor. Design charts
to estimate settlement improvement factors for footings resting on
compressible clay improved by end bearing rammed aggregate piers were also
presented as a result of this parametric study. A design example illustrating the
use of the design charts was also given.

The effect of the key parameters (i.e. area ratio of rammed aggregate pier
group, undrained shear strength of compressible clay layer, elastic modulus of
rammed aggregate pier, footing pressure, thickness of compressible layer and
footing size) on the settlement improvement factor for footings resting on
compressible clay improved by end bearing rammed aggregate piers can be
summarized as below, using the results of the parametric analyses presented at
Chapter 4.

6.2 Effect of Area Ratio on Settlement Improvement Factor

The settlement improvement factor increases as the area ratio of the rammed
aggregate pier group, AR, increases. The effect is more pronounced for smaller
values of undrained shear strength of the compressible clay layer and higher

values of the modulus of elasticity values of the rammed aggregate piers.
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6.3 Effect of Undrained Shear Strength of Compressible Clay Layer on
Settlement Improvement Factor

The settlement improvement factor increases as undrained shear strength of the
compressible clay layer, c,, decreases. The effect is more pronounced for

higher values of footing pressure.

6.4 Effect of Elasticity Modulus of Rammed Aggregate Pier on Settlement

Improvement Factor

The settlement improvement factor increases as the elasticity modulus of the
rammed aggregate pier, Ecoumn, inCreases. The effect is more pronounced for
higher values of area ratio of rammed aggregate piers.

6.5 Effect of Footing Pressure on Settlement Improvement Factor

The settlement improvement factor increases as the footing pressure, g,
increases. The effect is more pronounced for higher pressure levels and lower

undrained shear strength values of compressible clay layer.

6.6 Effect of Compressible Layer Thickness on Settlement Improvement

Factor

The settlement improvement factor decreases as the compressible layer
thickness under the footing, Lgay, increases. The effect is more pronounced for
higher pressure levels and lower undrained shear strength values of
compressible clay layer and is not very significant for low footing pressures
and comparitavely high undrained shear strength values of compressible clay
layer.
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6.7 Effect of Footing Size on Settlement Improvement Factor

The settlement improvement factor increases as the footing size, B, increases.
The effect is more pronounced for higher pressure levels and lower undrained
shear strength values of compressible clay layer and is not very significant for
low footing pressures and comparitavely high undrained shear strength values

of compressible clay layer.

6.8 Comparison of Calculated Settlement Improvement Factors with

Conventional Methods

The settlement improvement factors calculated from the 3D finite element
analyses described in Chapter 4 are compared with two of the conventional
methods (i.e. Equilbrium method and Priebe method) in the literature. (Figure
5.6) Settlement improvement factors calculated from the Priebe method usually
gives higher values than those obtained by the finite element method,
especially for higher area ratio (AR) of rammed aggregate piers and higher
elasticity modulus values of rammed aggregate piers (Ecowumn). The settlement
improvement factors calculated from the Equilibrium method depends heavily
on the selected value of the stress concentration factor n. Settlement
improvement factor values calculated with stress concentartion factor of n=10
forms an upper bound to the problem and is significantly higher than the
calculated values by the finite element method, especially for lower values of
elasticity modulus of rammed aggregate piers. (Ecolumn). Settlement
improvement factors calculated with stress concentration factor of n=3, yields
closer results to the calculated values by the finite element method. It must be
kept in mind that both Priebe method and Equlibrium method are derived for

loading on wide areas and contains important simplifying assumptions.
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6.9 Effect of Floating Columns on Settlement Improvement Factor

Two cases are selected to investigate the effect of using floating rammed
aggregate pier groups instead of end bearing pier groups and the length of the
floating piers is selected equal to the width of the square footing for both cases.
The floating pier groups are also modelled by 3D finite element model
(Composite Soil Model) developed during this study. To investigate the
effectiveness of using floating piers instead of end bearing piers, the ratio of
settlement improvement factor for floating pier groups over settlement
improvement factor for end bearing groups (IF floating / IF end bearing) are
plotted against area ratio of rammed aggregate pier groups (AR). These figures
can be used in combination with the design charts for end-bearing piers which
are presented at Appendix B to judge the feasibility of using floating pier

groups for selected cases.

As a result of the study, it was concluded that, the advantage of using end
bearing piers instead of floating piers for reducing settlements increases as the
area ratio of piers increases, the elasticity modulus value of the piers increases,
the thickness of the compressible clay layer decreases and the undrained shear

strength of the compressible clay decreases.

6.10 Further Research

Further research on this subject can be concentrated especially on the
behaviour of footings resting on floating pier groups. Full scale field load
testing concentrating on the stress distrubition beneath the footing and the
floating piers combined with 3D finite element modeling calibrated with the

field test results will be the key to the success in that manner.

Additional research on the behaviour of rammed aggregate pier groups under

large areas (rafts and embankments) equipped with 3D finite element
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modelling calibrated with carefully planned full scale load tests will also be

very helpful.
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Figure A.4 Borehole log of SK-3
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Figure A.7 Borehole log of SA8
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ZSoll behavior type and SPT based on data from UBC-1883

ZEMAR Ltd.

Operator:  Tunay Cetin
Sounding: CPT023
Cone Used: 822TC

Tip Resistance Local Friction
Qc (MN/m*2) Fs (kN/m"2) Pw (kPa)
0,0 200 00 200,0 -80,0 80,0

Pore Pressure Inclination

CPT Date/Time: 10-18-03 13:13
Location: ODTU EYMIRGOLU
Job Number: CPT1

Soil Behavior Type® SPT N*

Zone: UBC-1983  60% Hammer

| {deg)
0.0 00 120 00 250

00 T T T T T T TITTTTTT TITTTT

10,00

Maxdmum Dapth = 8,30 meters

W4 sityclay to clay
B 5 clayey silt to sity clay
M6 sandy silt to clayey silt

Depth Increment = 0,05 meters

W7 sitty sand to sandy silt 10 gravelly sand to sand
I8 sand tosilty sand M 11 very stiff fine grained (*)
9 sand 12 sand to clayey sand (*)

Figure A.11 Log of CPT-1
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| Sod banavior type and SPT based on data from UBC-1883

ZEMAR Ltd.

CPT Date/Time: 10-18-03 14:25
Location: ODTU EYMIRGOLU

Operator: Tunay Cetin
Sounding: CPT024
Cone Used: 822TC Job Number: CPT2

Tip Resistance Local Friction Pore Pressure Inclination Soil Behavior Type® SPT N*

Qe (MN/m*2) Fs 2) Pw (kPa) 1 {deg) Zone: UBC-1983  80% Hammer

0,0 300 00 400,0 -80,0 200 00 40 00 12,0 00 40,0
T TTTTTTT TTTTTIT(T T T T
|

0,00 o

(m)

Depth Increment = 0,05 meters

Maxmum Depth = 9,55 meters
1 sensitive fine grained W4 sitty clay to clay W7 silty sand to sandy silt
M2 organic material W5 clayey silt to silty clay W8 sand tosity sand
B 6 sandy sitt to clayey silt 9 sand

Figure A.12 Log of CPT-2
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10 gravelly sand to sand
1M 11 very stiff fine grained (*)
W12 sand to clayey sand (*)
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ZEMAR Ltd.

Operator:  Tunay Cetin CPT Date/Time: 10-18-03 15:47
Sounding: CPTO25 Location: ODTU EYMIRGOLU
Cone Used: 822TC Job Number: CPT3
Tip Resistance Local Friction Pore Pressure Inclination Soil Behavior Type® SPT N*
Qc (MN/m*2) Fs (kN/im*2) Pw (kPa) | (deg) Zone: UBC-1983  60% Hammer
0.0 250 00 800,0 -70,0 200 0.0 40 00 120 00 160,0

0,00 -

Depth
(m)
10,00
Madimum Depth = 9,35 meters Degpth Increment = 0,05 meters
1 sensitive fine grained B4 sity clay to clay M7 silty sand to sandy silt 10 gravelly sand to sand
M2  organic material 5 clayey silt to silty clay 8 sand tosilty sand I 11 very stiff fine grained (*)
| K] clay W6 sandy silt 1o clayey sit 9 sand W12 sand to clayey sand (*)

Figure A.13 Log of CPT-3
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ZSoll behavior type and SPT based on data from UBC-1983

ZEMAR Ltd.

CPT Date/Time: 10-18-03 13:13

Operator: Tunay Cetin
Sounding: CPT023 Location: ODTU EYMIRGOLU
Cone Used: 822TC Job Number: CPT1
Tip Resistance Local Friction Pore Pressure Inclination Soil Behavior Type* SPT N*
Qe (MN/m*2) Fs ) Pw (kPa) | {deg) Zone: UBC-1983 60% Hammer
0,0 200 00 200,0 -80,0 80,0 00 20 00 120 00 250
0.00 L TTITTTTTIT TTTyTTT T Llll

10,00

1 sensitive fine grained
M2 organic material
|} clay

Depth Increment = 0,05 meters

W7 sity sand to sandy silt 10 gravelly sand to sand
W8 sand tositty sand I 11 very stiff fine grained (%)
] sand 12 sand to clayey sand (*)

Madmum Depth = 8,30 meters

B4 sty clay to clay
B 5 clayay silt to sity clay
M6 sandy silt to clayey silt

Figure A.14 Log of CPT-4
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APPENDIX B

DESIGN CHARTS

B=24m, q =25kPa, Lclay = 5m, Ecolumn = 36 MPa B=24m, q =50kPa, Lclay = 5m, Ecolumn = 36 MPa
250 250
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050 050
000 000
0000 000 0100 0150 0200 0250 0300 0350 0400 0000 0050 0100 0150 0200 0250 0300 0350 0400
AR AR
—e—cu=20a cu=25kPa —=—cu=30kRa cu:40ma+cu:aoma‘ ‘+cu:2(ld:€\ cu=25kPa —8— cu=30kRa cu=40kPa —k— cu=60kFa

B=24m, q = 75 kPa, Lclay = 5m, Ecolumn = 36 MPa B=24m, g =100 kPa, Lclay = 5m, Ecolumn = 36 MPa
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B=24m, q = 125 kPa, Lclay = 5m, Ecolumn =36 MPa

B=24m, q =150kPa, Lclay = 5m, Ecolumn = 36 MPa
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Figure B.1 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=2.4m) resting on end bearing rammed aggregate piers
(L=5m, E=36 MPa)
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Figure B.2 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=2.4m) resting on end bearing rammed aggregate piers
(L=5m, E=72 MPa)
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Figure B.3 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=3.6m) resting on end bearing rammed aggregate piers
(L=5m, E=36 MPa)
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Figure B.4 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=3.6m) resting on end bearing rammed aggregate piers
(L=5m, E=72 MPa)
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Figure B.5 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=4.8m) resting on end bearing rammed aggregate piers
(L=5m, E=36 MPa)
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Figure B.6 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=4.8m) resting on end bearing rammed aggregate piers
(L=5m, E=72 MPa)
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Figure B.7 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=2.4m) resting on end bearing rammed aggregate piers
(L=10m, E=36 MPa)
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Figure B.8 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=2.4m) resting on end bearing rammed aggregate piers
(L=10m, E=72 MPa)
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Figure B.9 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=3.6m) resting on end bearing rammed aggregate piers
(L=10m, E=36 MPa)
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Figure B.10 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=3.6m) resting on end bearing rammed aggregate piers

(L=10m, E=72 MPa)
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Figure B.11 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=4.8m) resting on end bearing rammed aggregate piers
(L=10m, E=36 MPa)
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Figure B.12 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=4.8m) resting on end bearing rammed aggregate piers
(L=10m, E=72 MPa)
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B=24m, g =25kPa, Lclay = 15m, Ecolumn = 36 MPa

B =24m, g =50 kPa, Lclay = 15m, Ecolumn = 36 MPa
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Figure B.13 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=2.4m) resting on end bearing rammed aggregate piers
(L=15m, E=36 MPa)
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B=24m, q=25kPa, Lclay = 15m, Ecolumn =72 MPa B=24m, q=50kPa, Lclay = 15m, Ecolumn =72 MPa
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Figure B.14 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=2.4m) resting on end bearing rammed aggregate piers
(L=15m, E=72 MPa)

140



B=36m, q=25kPa, Lclay = 15m, Ecolumn = 36 MPa B=36m, g =50kPa, Lclay = 15m, Ecolumn = 36 MPa
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Figure B.15 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=3.6m) resting on end bearing rammed aggregate piers
(L=15m, E=36 MPa)
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B=3.6m, g =25kPa, Lclay = 15m, Ecolumn = 72 MPa

B=36m, q=50kPa, Lclay = 15m, Ecolumn =72 MPa
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Figure B.16 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=3.6m) resting on end bearing rammed aggregate piers
(L=15m, E=72 MPa)
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B =4.8m, q = 25kPa, Lclay = 15m, Ecolumn = 36 MPa B=4.8m, q=50kPa, Lclay = 15m, Ecolumn = 36 MPa
200 200
150 / 150 /
—— /
o// [ //:/’
& 100 L 100
050 050
000 000
0000 0050 0100 0150 0200 0250 0300 0350 0400 0000 000 0100 0150 0200 0250 0300 0350 0400
AR AR
—e— cu=20kPa cu=25kPa —=—cu=30kPa cu=40kPa —e—cu=20ka cu=25kPa —8— cu=30kRa cu=40kPa —¥— cu=60kRa
B=4.8m, q=75kPa, Lclay = 15m, Ecolumn = 36 MPa B=4.8m, g =100kPa, Lclay = 15m, Ecolumn = 36 MPa
250 400
350 —
200 ——
| — 300
150 / /7——/' 250 /
w ./k/ L 200
| — % [ =
100 150 —
e S—R—
100 K]
050
050
000 000
0000 0050 0100 0150 0200 0250 0300 030 0400 0000 0050 0100 0150 0200 0250 0300 0350 0400
AR AR
—e—cu=20ka cu=25ka —8— cu=30kA cu=40kPa —%— cu=60 kFa —e—cu=20ka cu=25kPa —=— cu=30ka cu=40kPa —%— cu=60kFa

B=4.8m, q =125 kPa, Lclay = 15m, Ecolumn = 36 MPa B =4.8m, q =150 kPa, Lclay = 15m, Ecolumn = 36 MPa
350 550
500
300
450
250 400
350
200 = 300
w | L e  d
150 ——
| 200 —
X —
100 —*— 150 —
"
100
050
050
000 000
0.000 0.080 0100 0150 0.200 0.250 0.300 0380 0.400 0.000 0.080 0100 0150 0200 0250 0.300 0350 0.400
AR AR
cu=25kPa —#— cu=30kRa cu=40KPa —%— cu=60kPa cu=25kPa —#—cu=30kRa cu=40kPa —¥— cu=60kPa

Figure B.17 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=4.8m) resting on end bearing rammed aggregate piers
(L=15m, E=36 MPa)
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B=4.8m, q =25kPa, Lclay = 15m, Ecolumn = 72 MPa B=4.8m, g =50kPa, Lclay = 15m, Ecolumn = 72 MPa
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Figure B.18 Settlement improvement factor (IF) vs. area ratio (AR) charts for a
rigid square footing (B=4.8m) resting on end bearing rammed aggregate piers
(L=15m, E=72 MPa)
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