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free-fall hammer energy to the
drill stem

SPT energy ratio
Cones factors (11 to 19)

Cavity pressure at infinite
distance

Normalized cone resistance

Measured cone resistance

Units

%

%

%

tsf/MPa

tsf/IMPa
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O Corrected cone resistance tsfIMPa
[ac + (1-a) u]

S Tip movement inch/cm

S Total settlement inch/cm

S Undrained shear strength tsf/MPa

Uo In situ pore water pressure tsf/MPa

& Radial strain —

€0 Tangential strain —

Oh Horizontal stress tsf/MPa

Gvos Ovo. Overburden stress (total, tsf/IMPa
effective)

Op Tangential stress tsf/MPa

¢’ Effective friction angle degree

Alc.ef Average tip resistance values tsf/IMPa

within the top 3 diameters of
displacement aggregate pier

Ad(c,ef Effective amount improvement tsf/MPa
(11 tsf or 1 mpa)

a Radial distance ft/m
D Diameter ft/m
DAP Displacement aggregate pier -
DCP Cone penetration test -

E Young's modulus tsf/MPa
FC Fines content %

G Shear modulus tsf/MPa
IRAP Impact rammed aggregate pier -

N Number of blows in an SPT Blow/ft; blow/0.3m



OCR

SPT

Unit Convert
1ft=0.31m
1 ksf = 48 kPa

1 tsf = 96 kPa
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Over consolidation ratio

Cavity pressure at the r distance
Standard penetration test

Void ratio

Radius

Pore water pressure

Total friction angle

tsf/MPa

ft/m
tsf/IMPa

degree



Xiv
ABSTRACT

Many ground improvement techniques are subjected to the limitations of cost, sdfety a
construction time. Innovations in industry are resulting in new technologies ancuctiost
methods to overcome these limitations. Displacement Aggregate Pier (EehiRptogy
developed byseopief™ Foundation Companig one such technology and is the focus of this
research. Specifically, the influence of pier installation on matrix sogifieation is
addressed based on evaluation of several full-scale field studies. Cazgsshése presented
describing the use of cone penetration test (CPT) and standard penetra{l6R T¢so
investigate matrix soil densification for a range of ground conditions. Additjohal scale
load tests were studies for single piers and pier groups to confirm the cusigntalgproach.
Data from sixteen of sites were analyzed. Although site specificasiagyeals the unique
behavior of IRAP elements, an effort was made to combine data from multiplesites
investigate general relationships between matrix soil densification artgimildepth, initial
relative density, pier spacing, radial distance, groundwater tabkologand soil strata. Key
findings from this study show that ground densification is highest for matrix stidess
than 20% fines and that the relative density increases for groups of piers anttiutgpdotr
sandy matrix soils. Evaluations of group effective factor, improvement indexadr
modification and settlement are also presented in this research. Simpigudtdbkes
presenting change the CPT tip resistance for individual DAPs and group of BAResent

as one outcome from this study.



CHAPTER 1: INTRODUCTION

This chapter is arranged in five sections, background about displacement aggergate pi
technology, the research goals, the research objectives, benefits andasigaibf this

research, and the arrangement of the thesis.

BACKGROUND
Because many projects are constructed on weak soils, such as soft clay asdridpse

and because all structural loads finally transfer to the matrix soil ibetieatoundation, that
soil often requires improvement to adequately support the structures. Trddjtmunad
improvement techniques, such as deep foundations, preloading, and overexcavation and
replacement, can be costly and time consuming. In recent years, elispta@ggregate piers
(DAP) have been developed and increasingly are used to improve such soddwe r
foundation settlement.

The Geopier Foundation Compaityhas developed DAP technologies including
Geopief’, Impacf Rammed Aggregate Piers (IRAP or IP), Pyramid Plerand Taper
Mandrel Rammed Aggregate Piers (TMRAP). These technologies haveseto support
economical construction of commercial buildings, oil tanks, warehouses, and yighwa
embankments.

Many instruments are used to investigate ground improvement, such as Presssremet
and large plate load tests, but Cone Penetration Tests (CPT), and StanetnatiBe Tests
(SPT) are the most commonly used. CPTs provide continuous, detailed profiles of tip
resistance, sleeve friction, and pore water pressure, and SPTs provide a wfeasure
penetration resistance or blow count incrementally with depth. These tebis eapirical

related to engineering parameter values that estimate matrohsaogcteristics before and



after the installation of displacement aggregate piers. Full-scale mddatlests are used
to investigate the performance of pier elements and confirm pier perfoemden it is
subjected to structural loads. The combination of modulus load test results arsdfresult
CPTs and SPTs may be used to describe the interactions between piers arnsbitsatand
more importantly, the overall effectiveness of DAPs as a ground improveysésmms

CPTs, SPTs, and modulus load tests conducted on three kinds of displacement aggregate
piers—IRAPs, pyramid piel¥, and TMRAPs—from 16 sites provided the data used in this
study.
RESEARCH GOAL

The main goal of this research was to produce two simple design tabledingdioatrix
soil improvement for DAPs. Three areas of investigation were planned tohsegdal: an
investigation of matrix soil improvement around displacement aggregase thier
identification and examination the matrix soil factors that influence tdettlement
response of these piers during vertical loading; and a study of the ilmesdmtween matrix

soil and piers.

RESEARCH OBJECTIVES
In order to create the design tables that indicate matrix soil improvemerfisstthe

objective was to investigate matrix soil improvement around displacemengatgpsers
based on soil parameters determined by CPTs and SPTs that were conductexhdedtisx
installation of the piers at the case sites. The magnitudes of improventerd faere

studied with respect to soil types, fines content, initial relative demsitypier spacing.



The second objective was to evaluate the performance of these piers basedaabefull
modulus load tests and soil information from CPT profiles and SPT boring logs. The third

objective was to study the interactions between matrix soil and piers.

RESEARCH BENEFITS AND SIGNIFICANCE
The most important result of this research will be two design tables that ediasix

soil improvement for displacement aggregate piers which will allow desmjneers to
predict the matrix soil improvement for known ground conditions. Using these tables c
reduce the number of tests that have been required, which will result in savings ofhboth t

and money as well as more efficient engineering design and constructiorspsoces

ARRANGMENT OF THE THESIS
The next chapter is a review of literature about aspects of construciphacdiment

aggregate piers identified from the case studies, some theoreticaldaukgelated to soll
improvement, and information about in situ testing methodology. The third chapter present
sixteen case histories that the Gedpldfoundation Company providéd.

The fourth chapter presents the results, and the fifth chapter provides a discussion and
analysis of the results. The final chapter outlines the conclusions of the nesedsuggests

applications for industry and future research.

1| am grateful to the Geopiel Foundation Company for supporting this research.



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

This chapter first presents background information on equipment, construction
procedures, and materials involved in displacement aggregate piers. Secondtioform
about the theoretical background of lateral stress, cavity expansion, demesetivill be
presented. The chapter concludes with a review of the literature about irstsitg teethods,

including CPTs, SPTs, and full-scale modulus load tests.

EQUIPMENT, CONSTRUCTION PROCEDURES, AND MATERIALS
This section discusses the equipment, construction procedures, and materiads that ar

used in constructing displacement aggregate piers.

Equipment
Specific equipment is used in the process of constructing displacementzaggriegs

and the selection of particular equipment depends on ground conditions and design purposes
at a given site. In general, displacement aggregate piers areictetivith installation
machines and mandrels; aggregate is usually delivered by loaders.

e Installation machines
o0 Excavator
0 ABI or Liebherr Mobileram
o Piling hammer
e Mandrels
0 Cylinder mandrels
o Pyramid mandrels
0 Taper mandrels

Figure 1 shows examples of these kinds of equipment, a telltale used in testing bott

settlement of a pier, and a profile of a displacement aggregate pier.



Excavator

Cylinder
mandrel

Piling
hammer

Pyramid
mandrel

Rammed
aggregate

Figure 1: Selected equipment for DAP installation and an illusation of a DAP



Construction Procedures
The major construction procedures for DAPs are:

1. Drive the mandrel through the soil to the design depth using heavy crowd force and
vertical hammer rams.
2. Load hopper and mandrel with 2—4*ymtush rock.
3. Raise the mandrel to charge hole with rock.
4. Ram mandrel into rock to expand the rammed aggregate pier diameter, densify loos
sand, and stiffen weak soil.
5. Repeat steps 3 and 4 until the DAP is installed to the design elevation.
Figure 2 shows the typical construction procedures of impact DAPs that @rssgid in
this report. The uses of alternative methods, such as different mandrel shdpes
raise/rammed thicknesses, normally depend on design requirements. Insasstloae
construction methods are used: raised 3 ft (1 m) and rammed 2 ft (0.65 m) (&B&) 4ré
(2.33 m) and rammed 3 ft (1 m) (4'/3"); and raise 4 ft rammed 4 ft then raises 4 fidr&nfime

(44" and 473").



Step 1

Drive mandrel with 20\L : :

to 30 tons
Mandrel/

Temper foot —_

End cap

Heavy crowd force
plus vertical hammer
rams impact mandrel
thrugth soil to the
design depth

Step 4

Drive mandrel 20 to
30 tons static crowd
N oo

Drive mandrel (3
100-150 tons
vibratory pile
hammer to RAM

Load hopper and
mandrel with 2 to 4
cube yard crush rock

Step 5

rock

Raise mandrel into
rock to expand RAP
diameter, density
loose sand and stiffen
weak soil.(Re-ram
rock lift to increase
improvement where
need

Repeat steps 3 and 4
until RAP is installed
to design elevation
(add grout when
required by
specification

Raise mandrel to
charge hole with rock

Step 6

Impact Pier, with 20
to 30 inch diameter
RAP to 50 feet deep

Stiff, strong ground
improvement and
liguefaction mitigation

Figure 2. Impact rammed aggregate pier installation process (after Fartelnc.)

Materials

DAPs typically use both open graded and well graded aggregate with appedyximat
1.0 in. (2.5 cm) maximum particle size. Flow restriction is observed duringeotmnst for

aggregate with 2— 2.5 in. (5 to 6.3 cm) particle size. The internal friction anglesrof op



graded aggregate and well graded aggregate are about 48 degrees and 52 degrees,
respectively (Fox and Cowell 1998). The high friction angle of the aggregateasfteing
is related with the stiffness ratio, which is defined as the relstiffeess between the
aggregate pier elements and the matrix soil (Pitt and White 2003). Open gracsrhseggr
are typically used below the water table to provide vertical drainageyelhdraded
aggregates, which have larger internal friction angles, are typicatlyalsee the water
table. The permeability of the well gradated aggregate is similaatotfine grained soils

(Pitt and White 2003). In some cases, clean sand can be used as an alteatatiagé m

THEORETICAL BACKGROUND
This section discusses prior research and theory about lateral straysexjaansion, and

DAP settlement during loading.

Lateral Stress
DAP installation involves the lateral displacement of the soil surrounding theéysiag

mandrel penetration and ramming action. The lateral stresses inducedRiNRNg
installation are radial stress, tangential stress, and verticsd;stinese stresses are shown in
Figure 3. Pier element lateral outward displacement tends to incredatethepressure in
soil around the piers. Handy (2001) explained the lateral stress changthesstrgss path
that is illustrated in Figure 4. Due to the cavity expansion, horizontal stoesasing in
matrix soil allows the bearing capacity to increase as well. Véhae (2000) pointed out
that the high lateral stress induced by the high-energy impact ramnmad adht generate

the soil passive stress conditions in matrix soil.



Figure 3. The stresses induced by ramming of IRAP
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Figure 4. Lateral stresses change due to the cavity expansion (from Handy 2001)
According to White et al., (2000), the passive zone seems to be related to the overburden
pressure and the soil conditions (Figure 5). Further, Handy and White (2006) rejpatted t

radial cracks that occur during construction would affect the lateral ststiglsudions in the

fine grain ground.




| COMGEPTUALIZED
= Z0HE OF
REMOLDING

Figure 5. Passive zone due to the rammed aggregate pier (from White et al. 2000)

Figure 6 illustrates the bulging behavior of the rammed aggregate pieg thading,
Wissmann et al. (2001) found that lateral stress increases as the resulbafgirey during
loading. The similar results were confirmed by the in situ tests resdltsuamerical analysis

(Ham and White 2006).

rif |

Figure 6. Schematic of bulging behavior and stress distribution in one diemsion

(from Hughes and Withers 1974)
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Cavity Expansion Theory
Construction processes of the mandrel penetration and impact ramming raoioe i
with the cavity expansion phenomena. Based on different assumptions, cavitgieran
be classified as cylinder cavity expansion and spherical cavity expankismeport will
mainly discuss the situation of cylinder cavity expansion. The equilibrium afytimeler
cavity expansion problem for the infinite boundary conditions in 2-dementions can be

expressed as follow (Figure 7):
p

v by ddd

_> 4__
_> <_
Po 4— Po
_> <_
_’ 4_
_> <_
Po
Figure 7. Cavity expansion modes
T%‘I—(O}-—O'g):o (1)

dar

Wherego,.= radial stressgy= tangential stress. The equation is subject to two boundary

conditions:
O-r|r=a = —P (2)
Orlr=co = =P 3)

Yu (2000) derived the following equations under elastic-perfectly plastic camditfor
cylinder cavity expansion in the forms:

Stresses in the plastic region:
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op=—+Ar a 4)

09:L+—r a (5)

Where,

2Ccos ¢
1-sin¢

Y = ; C = cohesion = 0 (clean sand)

__1+sing
1-sin¢

A = constant of integration
Stress in the elastic region:
0y = —po — Br? (6)
0o = —po + B ™)
B = second integration constant

The strain in plastic zone:

& = In(;H) €)
go = In(;) (9)

The displacement in elastic zone:
u=8(:) (10)

Where:

_ Y+(a-1)po
T 2(1+a)G

Both Randolph et al (1979) and Yu (2000) modeled pile driving that involved with the

cylindrical cavity expansion as the undrained expansions. The excess pore esgerqy
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generated in driving were assumed to dissipate by means of outward radiaf fleexpore

water. Radial displacement can be estimated by the known soil parameters.

DAP Settlement During Loading
Rammed aggregate piers were well documented to design to reduce theepétiein

increase the footing bearing capacity (Lawton et al. 1994; Wissmann et al. 2001). The
settlements of the DAP were normally overestimated than the preditted ydandy et al.
1999; Wissmann et al. 2001). The mechanisms of the pier-soil interactions are not fully
understood. Hughes and Withers (1974) indicated that the stress transfer fppen thehe
soil through the skin friction that vertical stress would rapidly diminish andgbeegate
pier would likely bulge near the top of the pier. Fox and Cowell (1998) proposecktheaal
stress was transferred to the matrix soil more than 90% downward beyond abowmédsur ti
diameters depth.

Aboshi (1991) introduced the settlement reduction factor to estimate the eattldime
settlement reduction factor was determined from the area replacement inatiafter-
treatment settlement was obtained from the original ground without any impgntzem
settlement multiplied by the settlement reduction factor. Fox and CoweéB)roposed a
method to estimate the settlement. They separated the stress affecteth zqgupeer zone and
lower zone. The upper zone consists of the DAP zone while the lower zone is found below
the upper zone soil layers (Figure 8).

Wissmann et al (2001) proposed that the load response and aggregate pier deformation
was indicated in the top settlement and bottom settlement curves. The bulging behavior
indicated that the inflection point for the top plate but not for the tell-tale near toenbot

(Figure 9).
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Figure 8. Schematic of upper zone and lower zone (from Fox and Cowell 1998)
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Figure 9. Typical modulus load test results (from Wissmann et al 2001)
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Punching deformation was defined that the inflection of the top of pier response
corresponds to an inflection point in the tell-tale response.

Wissmann and Fox (2000) reported that the stiffness of the pier related witfetivef
friction angle of the matrix soil. Figure 10 shows the total stresssstaduced the aggregate
pier installation. They concluded the three failure models for pier groups: zppe shear

failure, individual punching failure and composite punching failure.

A '
0 1 2 2a 3 4 G'

Circle A represants matrix soil in-situ stress prior to Irslallation of agyregale piers.
Circle B represents the Increase in matrix soll laleral stross during pier installation,
Clrcla C represants tha increase in malrix soll stresses from pler bulging,

Circle D represents tha polantial ulimate stress state of the aggregate pier

Figure 10. Stress path of the matrix soil and pier element (from Wissmann 1999)

IN SITU TESTING
Many field testing methods have been used to evaluate the efficiencysoilthe

improvement. The performance of cone penetration test (CPT) and standardipertesa
(SPT) are most commonly used to field verification in current researchiobgec
Additionally, modulus load tests were performed in most IRAP projects taotiife

design approach.
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In testing procedures, it is important to recognize the differences lretheenproved
ground and elsewhere. The testing of soils reinforced by lateral reithfpieemust
recognize the different response of the ground when testing granular in congari
predominantly cohesive soils (Slocombe and Moseley 1991). Table 1 provides their
suggestions on how useful certain commonly performed methods are for testirdydodate
Recently, new equipment is used to investigate the soil improvement, such as PMTs and K
stepped blade tests (Pitt and White 2003). Full-scale load tests on isolated jpier and

groups were conducted to verify the DAP bearing capacity and settlement.

Cone Penetration Test (CPT)
The cone penetration test (CPT) has been widely used to evaluate the groundileoil prof

because it is simple, quick and economical test. The data obtained from CPT sounding can be
used to determine the soil parameters in certain level reliable. Figlust&ies a typical

piezocone penetrometer apparatus. Three main measurements are cestdnresf. ),

sleeve friction f;) and pore water pressung)( The tip resistanceq ) is calculated as the

force (Q.) and the project area of the cork)( The sleeve friction was calculated by the net
force acting on the friction sleeve divided by the surface of the sldgkelhe friction ratio

(R¢) is the ratio of the sleeve friction dived by the tip resistance.
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f—Friction Sleave
; (fs)

Porous F\ner—_.:” B
tuj /4 Conical Tip
r (at)

Figure 11. Schematic showing of typical cone penetrometer and location of cpaments

Table 1: Suitability of testing lateral displacement pier (from Sbcombe and Moseley

1991)

Test Granular Cohesive Comments

Efficiency of test and recovers
Boreholes + SPT ok **

samples

CPT Frkk o Can be affected by lateral
earth pressures generated by
treatment. Best test for
seismic liquefaction
evaluation.

Full-Scale bl Fhxk Could be installed some other
instrument such as
inclinometer, stress cell etc.,
to study the mechanism.

Pressuremeter hx * No often used

Small Plate * * Does not adequately confine
pier and affected by pore
water pressures

Large Plate o ** Better confining action

Note: * least suitable, **** most suitable
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fs
Ry = 2% 100% (11)

The empirical and theoretical correlations between the soil paramete@Pa results
were used to estimate the soil parameters in this report. Table 2 dastratapplicability

of using the CPT to estimate the soil parameters.

Table 2: Suitability of testing matrix soil improvement (from Lunne et al. 1997)
Soil o
profile u Q' Sy Ip M, C, k G Oh OCR
type -€

A A A B B AB B AB B B B/C B C

Note Applicability: A = high; B = moderate; C = low.

Soil parameter define: u = in situ static pore water pres@uregffective internal
friction angle,S,, = undrained shear strength, mv = constrain modulgsc@efficient of
consolidation, k = coefficient of permeabilityp€shear modulus at small straing =
horizontal stress, OCR = over consolidation ratie,= stress-strain relationship, ¥

density index

Soil Classification from CPT
It is observed that different types of soils exhibit distinctive responsegydharcone

penetration, which make it possible to classify the soils based on their respdasg

researchers characterized that sandy soils were high cone resisidim® &iction ratio,

soft clays are low cone resistance and high friction ratio (Douglas et al 49%%hertson

1990). Roberson and Campanella (1988) summarized the soil behavior types based on the tip
resistanceq. ) values and friction ratiaR) (Figure 12). Recently, Lunne (1992) noted that

the soil classification correlated with pore water pressure.
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To conduct a better method to estimate the soil behavior types, Jefferiesveesl Da
(1991) suggested the following conversions to provide a conventional method ty thessi
soil behavior types from CPT. They introduced the soil behavior type ihdexhich was
defined as follows:

I, = ((3.47 — logQ.)?* + (logE. + 1.22)%)°5 (12)

— qt-owo

Where,Q; = —— normalized cone resistaneg,= corrected cone resistanégs

'vo ’
normalized friction ratio.

They tabulated the boundary of the soil behavior types and the range of the corresponding

I. values (Table 3).

111 o e o B [ T S S T ¥ B S B B S T R

=
T

ConeRezsidancze g, (MPa)

o1 i i i i i i i i i i

1 z 3 4 & 3 7 8
Friction Raﬁu,;i 1 001(%)
|
1 - Sensitive, Fine Grained, 2 - Organic Material, 3 - Clay, 4 - Silty Clay to Clay, 5 - Clay Silt to Silt Clay

6 - Sandy silt to Clayed Silt, 7 - Silty Sand to Sandy Silt, 8 - Sand to Silty Sand, 9 - Sand, 10 - Gravelly Sand
11 - Very Stiff Fine Grained *, 12 - Sand to Clayey Sand *. (note: * Overconsolidated cemented)

Figure 12. Soil classification chart present by Robertson and Champanella (1997)
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Table 3: I; boundaries of soil behavior types (from Jefferies and Davies 1991)

Soil Behavior Types Index, Ic Zone Soil Behavior Types

lc<1.31 7 Gravel sand
1.31<<2.05 6 Sands- clean sand to silty sand
2.05<}<2.60 5 Sand mixtures — silty sand to sangly

silt

2.60<}<2.95 4 Silt mixtures — clayey silt to silty clgy
2.95<}<38.60 3 Clays

lc>3.60 2 Organic soils - peats

Fines Content(FC) from CPT
Recently, CPT is commonly applied to evaluate soil fines content and partiaiegrain

size, B. Robertson et al (1983) studied the correlations between CPT-SPT with mean grain
size, and found that increase gain size would increasedpg/(dso values. Kulhawy and
Mayne (1990) found that increasing FC (particle size < 0.075 mm) will dedieas
(a¢/pa)/Ngo values. Further, Robertson and Fear (1995) reported a method to approach the
fines content from CPT soundings.

FC(%) = 1.751.3%° — 3.7 (13)

Where,I. = soil behavior types index.

The equation provided above is only a method to estimate the percentage of the fines, but

it does not provide the information to classify the silt or clay types of the fines.

Relative Density from CPT
The relative densityl},.) of sand is an important engineering index property for

cohesionless soil that gives the level of compaction. It is defined in the term of

Dr — (émax - €) (14)

(émax - emin)
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Where,eis the void ratiog,,,, IS the maximum void ratio ardg,;,, is the minimum

void ratio. Table 4 shows the different methods have been approached by researchers.

Table 4. The methods to approach the relative density by different rearchers

Equations researchers Comments
Predicted by five silica sands usé¢d
dc under control laboratory
D, = —98 + 66l — . . o
’ 0910 (0p0)%° Jamiolkowski | conditions;
et al (1985) | Use to calculate in this report;

Figure 13(a)

Mayne (1990)

D. = C In—Je Based on extensive calibration
" 276 (0,0)C Baldi et al | testing on Ticino sand,;
(1985)
D2 = dc1 Consider the interbedded deposits
305Q, - Qpcr - Q4 Kulhawy and | where the cone resistance may rjot

have reached the full value withip
thin layer;

et e (p_a)O-S

D% = .
" 7 305Q.-0CR%15-Q, p, ‘o,

Kulhawy and
Mayne (1990)

Experiments performed on clean
fine to medium silica sands;

(N1(60)
D, =100 - /T

Skempton
(1986)

Results from SPT and quartz
sands; Figure 13 (b)

_ [der
Dy =100 =55

qt1
D, =100- /—
" 300 - OCRY-2

Marcuson ang
Bieganowsky

Normal consolidation for unaged
uncemented sands;
Figure 13 (c)

(1991)

over consolidation for unaged
uncemented sands

Where,o;,,= effective vertical stress,, C,, C, = soil constants (Table 3.4;, =

dc
Pa__ = dimensionless normalized

(&)0.5

Pa

cone resistapge;atmosphere pressure in same units

as qc;Q.= compressibility factor, 0.91 €.<1.09;Qcr= over consolidation factor = 0.18 ;

dc

Qa= aging factorg; = T

= normalized tip resistance.
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Relative Density, Dp (%)
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Figure 13. Several methods to approach the relative density: (a) from Jamkawski et

al. 1985; (b) from Skempton et al. 1986 and (c) from Marcuson et al.1991



23

Lateral Earth Pressure from CPT
Many theories exist to evaluate the in situ lateral steégs, or coefficient of earth

pressure at rest..K

K, = Zho (15)

O'vo

Hughes and Robertson (1985) reported that the estimated vd{yenafs extremely
sensitive to the measurement accuracy of the horizontal stfgss (hich might be result
of the extreme stresss relief and disturbance that occurs as elensmtpass the tip of the
penetrometer.

Masood and Mitchell (1991) studied the relationships between Rankine passive
coefficient and the sleeve frictiofy) from CPT during penetration.

fs = c, + Ksoytand (16)

Since the sleeve friction&) are different between pre- and post-installation, it is
possible to evaluate the post-installation soil Rankine passive coeffiaémtKa.

fso = Cao + Kso0yotand, a7

fs1 = ca1 + Kg105,tand, (18)

Let c 0= Ca1, Oy0= Ovyq, aNdS,=8,=0"/3, (18) - (17) rewrite:

Ks; = Lfsow + Kso (19)

Oy tan (3)

Where, denote 0 = pre-installation, 1 = post-installatior,sleeve frictionc,= adhesion
between soil and the sleevé, = angle of friction between soil and sleege,= effective
stress friction angle of the displaced soil.

The authors noted that usekaf for loose sand may overestimate the horizontal stress

during penetration, since tli& lead to overestimate the post-installakgn
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Calculating soil parameters from CPT data
Design engineers calculate soil parameters by using data frons@fdings in several

equations. Table 5 summarizes the kinds of correlations, the equations used to obtain the

correlations, and the researchers who proposed the equations.

Table 5: The equations for soil parameters from CPT and their refegnces

Terms Equations References
qe
CPT-SPT correlation Ngo = M Lunne et al. (1997)
8.5(1—1,)
_ Neo
SPT- (N1} (Ngo = ————— P Das (2007)
( v/pa) '

Internal friction anglep’ @' =+/15.4(Ny)go + 20 Das (2007)
Pre-installation Ko Ky, = 1 — sing’ Lade and Lee (1976)
For sand

1
- T=sing’
OCR OCR = (Kogov)/Kowey) Huang and Mayne (2008
For clay
1
OCR = (Ko(ov)/Ko(nc)) 065
i — O
Undralndedssjhear strength S, = 9c - vo Lunne and Kleven (1981
k

Young’'s modulus E

Depends of the soil types
Typical values:
E =25q,

Schmertmann (Fang,
1997)
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Standard Penetration Tests (SPTs)
SPTs are performed both before and after installation to investigatspoaviement.
SPTs are more effective in granular deposits than cohesive soil. In usualréwtecbblow
count (Nsg) is used to estimate the improvement.
It is possible to evaluate the simple correlation between the SPT and CPT on the same
site which was performed both the SPTs and CPTs. The correlation of SPT Naralues

CPT results of sands was shown as follow:

de/pg _
fra = 4 (20)

Where,p,= atmosphere pressure.

Modulus Load Tests
Modulus load test performs to safety confirmation of the DAP. The modulus load test

measures the top{) and bottom deformatiors{) and records the applied stresg)(
Stiffness is defined as the ratio of applied stress divided by the amount of tapatesar
(o:/S:). Figure 10 shows a schematic of a typical modulus load test. Normally, otekésst

about several hours. Any record in the settlements takes about every 20 minutes.

: Uplift
b ] : Reaction
Fre] ; P Flement
(e Pl o
C‘crmpressiun/ \
Element i Telltale

Figure 14. Schematic of the modulus load test (from Wissmann 1991)
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The results of full scale testing of the aggregate pier using load celb@xm in Figure
15. The results show that the vertical stress decreases to less than 20% on ¢henftiPat
a depth of about 3 diameters. That means the most vertical applied stresdigtelista the
matrix soil at the depth of about 3 diameters. The ability of stress distnbatmatrix soil is
strongly related with the characteristics of the matrix soil in tmgeaf depth.

0.0 0.1 0.2 0.3 04 05 0.6 07 08 09 1.0
[+ T T T T T T T T T T T T T T T T T T T T T
(O Lateral Displacement of Bent Cap = 12 in. =305 mm
" [ Lateral Displacement of Bent Cap = 10 in, = 254 mm
& Lateral Displacement of Bent Cap = 8 in. = 203 mm

- . Best-Fit Line through Experimental Data

bt b L PR B | 1

00 01 02 03 04 05 06 07 08 09 L0
Normalized Induced Vertical Stress, Ao, (2)/Ac,(z=0)

Normalized Depth below Top of Geopier, z/dg

Figure 15. Distribution of compressive vertical stress within midte rammed aggregate

pier (from Fox and Cowell, 1998)
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CHAPTER 3: CASE HISTORIES

The Geopier Foundation Compal{ (GFC) provided case study data from 16 sites
where displacement aggregate piers were installed. The data for eathatas presented in
this chapter were extracted from the data provided by GFC and prepared so they were
consistent between the cases. Each case history includes a description oéttetpeoj
subsurface conditions at each site, the pier system installed at each stziiole of the in
situ tests that resulted in the study data, and the results and prelimingsysanfahe data
from these tests. This chapter has two main parts, the case histories @hdfttiee data

from the case studies. Table 11 to Table 13 summarizes the brief informadibnases.

INDIVIDUAL CASE STUDIES

Salinas, CA

Project Description
The project involved the construction of cinemas in Salinas, CA. A DAP system was

selected to support the foundation footing with a bearing capacity of 18.33 ksf (0.88MPa)

and a foundation up-lift resistance of 40 kips (178 kN).

Subsurface Conditions
The results from two pre-installation SPTs showed that the matrix 1sdd st the site

consisted of soft to firm clay and firm silt and sand fill to a depth of around 17 ft 5.2 m
underlain by soft to firm silt to a depth of about 22 ft (6.7 m), and then underlain by soft to
medium dense sand (Table 20b).

The laboratory tests show the fines content (passing #200 sieve) varied frorm 34% t

in the sand layers. The groundwater table depth was around 29 ft (8.8 m).
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Pier System
Geopiers were installed on 11 ft (3.4 m) centers. The Geopier diameter was

approximately 30 inches (0.76 m) and the height was approximately 14 ft (4.27 m).

Tests and Results
SPTs were performed before installation, and CPTs and modulus load tests were

conducted after installation. Seven CPTs were performed within one pier group;Tthe CP
locations are shown in Figure 16a, and CPT results are show in Figure 17. Tige &yera
value (calculated from CPT data) increased from 15 to 40 after Geggiedtation. The soill
seems not improved at a depth of about IO ft (3 m). A modulus load test and and uplift test
were also performed. Total settlement and telltale settlementighdéeess was about

0.2 in. (0.5 cm) and 0.02 in. (0.05 cm), respectively. The calculated stiffness modulus was
639 pci (173 kN/cr) at design stress. The pier moved up about 0.16 in (0.41 cm) at design

uplift load of 40 kips (178 kN). These results are shown in Figure 18

-,
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Minneapolis, MN

Project Description
The project involved the construction of a 12,56q¥L61 nf) single story, slab on grade

facility. The project consisted of IRAP elements that were instaée@ath column and wall
footings. The column loads varied from 5 to 80 kips (22 kN to 356 kN). Three pier types—

IRAPs, TMRAPSs, and Geopiers—were installed for research purposes.

Subsurface Conditions
The soil stratum consisted of silty to clayey sand with organics to a depth of abdut 2.5 f

(0.76 m), underlain by very loose to loose, poorly graded sand to depth of around 15 ft (4.5
m), and then underlain by medium dense sand. The SPT N-values in the sand ranged from 2
to 16. No groundwater was encountered. Figure 20 shows the CPT results and SPT soi

profiles.

Pier System
IRAPs were designed to support the columns and walls for the entire project. Tle®e ty

of DAPs—IRAPs, TMRAPSs, and Geopiers—were installed for research purgdees
design capacity of the DAPs was 40 kips (178 kN). The IRAPs and Geopiers waltednst
by the conventional methods. After installation, one of the three test TMBidP®t have
additional compation. The top of the second pier was compacted for 15 seconds using a
standard RAP hammer. For the third pier, the final two lifts were compadctegaus

modified (non-tapered) mandrel.

Tests and Results
Only SPTs were performed before the piers were installed. CPTs and moddltestsa

were performed after the piers were installed. The dimensions, typescatidis of the

piers and locations of the CPTs are shown in Figure 19.
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Modulus load tests were performed on three TMRAPs (TP-1, TP-2, and TP-3) where
three different top compaction methods were used; modulus load tests werefalsoguer
on one IRAP and one Geopier. The modulus load tests were performed one day after the
installation of TMRAPs and two days after the installation of the IRAdPthe Geopier. The

tell-tale of TP-1 was damaged during the modulus load test.

Location 1 %onng 6

::Foundaﬂon

Footing

Location 2

10"
1%2 TP-4

14 ‘ TP-5

¢ 13 12 11 G N

20" 10 Location 3
Boring 4 TP—684 [

IP: Impact Pier (D =18in, H = 14 ft)
TP-1: Pyramid Pier + RAP Hammer Compaction 6"
TP-2: Pyramid Pier + No Additional Compaction -
ﬂg
IP-6

TP-3: Pyramid Pier + Modified Mandrel Compaction
Pyramid Pier D =16 in at top and 5-3/4 in at bottom ( Mandrel) 26"
GP: Geopier (D =301in, H =14 ft)

_IP-1, TP-2, TP-3, IP-1and GP-1: Modulus load test locations
Q : SPT Locations

A . CPT Test Locations

Scale &1

Figure 19. Minneapolis, MN: IRAP, TMRAP, and Geopier layout and CPT and SP
locations
The CPT results indicated soil improvement within 5 ft (1.6 m) of the center of tise pier
(Figure 20). The mean CPT tip resistance values of the matrix soihwhe pier group were
almost 1.5 times greater than those of the matrix soil outside group. The modadltsst
results are shown in Figure 21 and summarized on Table 6. Since the design Isteessf va

the DAPs were unknown, the assumed values are given on Table 7. The CP§tapaesi
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results indicated that the additional RAP hammer compaction and modified mandrel

compaction did not significantly increase the stiffness of TMRAPs aghemed design

stress levels. The tell-tale deflection of the TP-2 was 0.1 inches (0.28htlmthe top

deflection was 0.5 inches (1.25 cm) under the assumed design stress. Thes stffthe

IRAP was the highest, whereas the Geopier stiffness was tlbstlow
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Figure 20. Minneapolis, MN: CPT tip resistance profiles and SPFoil profiles
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Figure 21. Minneapolis, MN: Applied stress and deformation resultsrbm modulus load

tests

Table 6: Summary results from modulus load tests

Days after Design
Pier pier Diameter, | Height, Stress
ID installation D (in) H (ft) (ksf) k; (pci)

TP-1 1 16 14 22.7 433
(assume)

TP-2 1 16 14 22.7 441
(assume)

TP-3 1 16 14 22.7 330
(assume)

IP-1 18 14 22.65 469

GP-1 30 14 8.15 255
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Lacrosse, WI

Project Description
The project consisted of a six-story building located on the east side ofdbiedppi

River in La Crosse, WI. The design load for the columns was between 330 kips (1468 kN)
and 880 kips (3914 kN). The allowable soil bearing pressure for the footings wasdessgn

6 ksf (0.29 MPa), and the design stress was 22 ksf (1.05 MPa) for the IRAPs elements.

Subsurface Conditions
The soil stratum consisted of loose sand fill with construction debris (concretesaet g

fragments) to depths of about 10 ft (3 m) to 16 ft (5 m), underlain by loose to medium dense
sand. The SPT N-values ranged from 2 to 12 between the depths of 10 ft to 15 ftZB)gure

The groundwater table was at approximately 10 ft (3 m) to 15 ft (4.5 m).

Pier System
The IRAPs were designed with a capacity of 60 kips (267 kN), an allowablengres$

ksf (0.29 MPa), and with a stiffness modulus of 150 pci (554 MN/fine pier penetration
depth was 30 ft (9 m), and the piers were spaced on 3 ft (1 m) centers within thg. faont
the footings were supported by up to seventeen IRAPs.

Aggregate with nominal diameter of 2 to 2.5 in. (5 to 6.7 cm) was too large to flely fre
from the bottom of the mandrel. Aggregate with a nominal diameter of 1 in. (2.5 cnm) had a

acceptable withdrawal rate of 0.2 ft/s.

Tests and Results
SPTs and CPTs were performed before and after the IRAP installationn8EPa and

were conducted at the vicinity piers group. The design parameters of tRs,IRAting size,

and SPT and CPT locations are shown in Figure 22.
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A modulus load test was conducted on a group of five piers after the CPTs and four days
after the IRAPs were installed. Another modulus load test was conductednghegoser

near the pier group.

fefetey_ ey
@’ 1 IP2 A

1 CPT-1
SPT-5 SPT-4  SpPT-3

7 ft square footing
SPT-2 ¢; CPT-2
SPT-1 ' CPT-3CPT-4 CPT-5
€ [P3 P4 A A A

[ Ay w A

IP 1: Impact Pier (D = 20 in, H = 30 ft)
IP 2: Impact Pier (D =20 in, H = 15 ft)
IP 3: Impact Pier (D = 20 in, H = 15 ft)
IP 4: Impact Pier (D = 20 in, H = 30 ft)
IP 5: Impact Pier (D = 20 in, H = 15 ft)
: Pre-installation SPT Boring Locations
: Pre-installation CPT Locations
é : Post-installation SPT Boring Locations
A : Post-installation CPT Locations
Scale &
Figure 22. Lacrosse, WI: The plan layout of the 7 ft x 7 ft (2.1 m x 2.1 m) footing and
locations of pre-and post-installation SPTs and CPTs
The pre-installation SPT profiles and the post-installation CPT profiéesharwn in
Figure 23 and Figure 24, respectively. The average SPT N-values incressditd 17 at a
distance of 2 ft away from the pier group after the piers were installechvEinege SPT N-
value within the pier group was 21. In CPT-2, the tip resistance reached.réhesaverage
tip resistance values increased from 36 tsf (1.7 MPa) to 88 tsf (4.2 MPa) and%7 ¥Pa)
at distances of 2 ft (0.6 m) and 5 ft (1.5 m) away from the group, respectively.
The single pier and pier group modulus load tests were performed to confirm blecepta
levels of performance. Figure 25 shows the results of both the single pier and &ull scal

footing load test results. Based on this, it is indicated that the stiffness modulus of 609 pc
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(2247 MN/n?) was obtained at the design stress level of 22.2 ksf (1.1MPa). The full scale
footing load tests results indicated the deflection of the footing was 0.2 inchemjGabtbe

design stress level of 6 ksf.
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6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

O: Very loose sand (N: less than 3),I: Loose sand (N = 4 to 9), Il: Medium dense sand (N = 10 to 29), IIl: Dense sand (N = 30 to 49),
IV: Very dense sand (N: greater than 50)

Figure 23. Lacrosse, WI: SPT and calculated fines content profiles
The CPTs showed that the fines content in this site was approximately 5% and 25%. Ti
resistance values increased at a depth of 13 ft where the transit laykmatefiial and
native soil were found. Figure 26 indicates that the lower fines contentrgestip

resistance increment.
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Figure 24. Lacrosse, WI: CPT baseline profiles and SPT profiles
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Figure 25. Lacrosse, WI: Modulus load test results for an individual pier ad a pier

group
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Figure 26. Lacrosse, WI: Fines content from CPT compared with incre&sg tip

resistance

Manalapan, NJ

Project Description
The project was designed for highway embankment subsoil improvement in Manalapan

NJ. The improvement area was about 250 ft (76.2 m) by 60 ft (18.3 m). IRAP system was
designed for the soil improvement and supported the keystone retaining wall andeconcre
retaining wall. Approximately around total 800 IRAPs were installed insites Sheetpile

was constructed after the DAP installation.

Subsoil Conditions
The SPT soil exploration indicated that the subsoil conditions were consisted of very

loose sand trace silt to silty sand to a depth of about 15 ft (4.5 m), underlain by loose to
medium dense sand. The water table was varied from 1 ft to 3 ft (0.3 m to 0.9 m) from test

locations surface. The soil exploration profiles are shown in Figure 29.

Pier System
Pyramid RAPs and IRAPs were designed to install in this site. The doneraithe

pyramid mandrel were about 24 inches (0.65 m) diameter at the top and 8 inches diamete

the bottom. The design penetration depth of the pier was 14 ft (4.3 m). The spacing of the
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piers was around 8 ft (2.4 m) on centers. The pier layout was considered asogaaafiel
The two construction methods, which were pyramid hammer compaction in upper 5 ft (1.5

m) and blunt tip compaction in upper 4 ft (1.2 m), were conducted for research purpose.

Tests and Results
CPT, SPT, and modulus load tests were performed at the vicinity of the pooptains.

SPT was performed before the IRAP installation. CPT was performedrefttRAP
installation. The locations of the tests are shown in Figure 28. The OHE iadicated that
the soil was not improved much by IRAP (Figure 29)

The modulus load tests results pointed out the settlement as 2 inches at theti@dssign s
level of 18 ksf (0.86 MPa) and 15 ksf (0.72 MPa) for the pyramid compaction and the blunt
tip compaction, respectively (Figure 30). The pier stiffness modulus was BBLFAVIN/nT)
and 51 pci (188 MN/R) at the design stress level for the pyramid compaction method and
blunt tip compaction method, respectively.

The test results indicated that the initial very loose sandy ground did not have too muc

improvement by IRAP.
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IV: Very dense sand (N: greater than 50)

Figure 29. Manalapan, NJ: The CPT profiles for tests performed outsidpier groups

(CPT 5 to 8) and pre-installation SPT profile (SPT located in the vicinity othe CPT
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tests
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Reynolds, IN

Project Description
The project consisted of providing TMRAP to support a 105 ft (32 m) diameter grain

storage bin with an 8.25 ft (2.51 m) wide concrete ring wall footing. The design maximum
slab pressure was 5 ksf (0.24 MPa). The design upper zone settlement and wtarsettl
was 2 inches (5 cm) and 2.5 inches (6.4 cm), respectively. The in situ testsni®and

proposed footing locations are shown in Figure 31.

Subsoil Conditions
The subsoil conditions are shown in Figure 32, and generally were consiStéd bb

m) medium stiff to stiff clay fill overlying loose to medium dense sand to dnaedt7 ft
(5.2 m), underlain by the stiff to hard glacial till. The groundwater table was alio(it.5

m) from the ground surface.

Pier System
The TMRAP was designed and selected to facilitate the construction of trecdmpht

RAPs for the project site. The test piers were constructed at 4.5 ft (1.4 er) toecenter
distance. The dimensions of the RAPs were 24 inches (0.6 m) top diameter and 16.6 ft (5 m)

height.

Tests and Results
The in situ tests were consisted of SPT and modulus load tests. SPT r@raquk

before and after the DAP installation. The in situ test locations and paertlare shown in
Figure 31. The modulus load tests were performed on the piers within the confingng pier
(TP-1) and without confining piers (TP-2). SPT-5 and SPT-6 were performed on the mat

soil within the piers group. SPT-8 and SPT-9 were performed outside the pier group.
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The SPT results indicated that soil was significantly improved to a depth of Hb&iyB
m) (Figure 32). The average SPT value was increased from 12 to 22 in piers group for upper
10 ft (3 m). Soil was not improved below the depth of about 10 ft (3 m). Load test results
indicated that the pier with confining piers did not significantly increasdiffreess and
reduce the settlement. Tell-tale settlement of TP-1 show lariignsent at the pier bottom
during load test. But the tell-tale settlement of TP-2 was zero. Thalehay be damaged

during the construction.

Proposed Grain Bins

Warehouse B-3
\ B-1
Existing Grain @ D
Storage Bin B-4—70 B-

Proposed

Metal Grain Bin

' 2
1200 ! /1
v
pommmmmem Yo
TP : Tapered Mandrel RAP (24 in diameter, 16.6 ft length) i
B1 to B4: Pre-installation SPT locations i
B5 to B8: Post-installation SPT locations ' B8

Figure 31. Reynolds, IN: Pier and SPT locations plan layout



44

SPT-N (bpf) BaselirlSoil Behavior Type
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O: loose sand (N: less than 3),I: Loose sand (N = 4 to 9), II: Medium dense sand

(N =10to 29), lll: Dense sand (N = 30 to 49),IV: Very dense sand (N: greater than 50).
i: Very soft clay (N: <2), ii: Soft clay (N = 2 to 3), iii: Medium stiff clay (N=4 to 6)

iv: Stiff clay (N = 7 to 12), v: Very stiff clay (N = 13 to 26), vi: Hard (N: greater than 26)

Figure 32. Reynolds, IN: SPT profiles for tests performed outside piggroups (B-7 and
B-8) and within pier groups (B-5 and B-6)
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Figure 33. Reynolds, IN: Applied stress and deformation results from odulus load

tests
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Tampa, FL

Project Description
The project was to design and support a gasoline tank located in Tampa, FL. The

diameter was designed about 120 ft (36.4 m). The site presented a tight work environment.

Subsoil Conditions
The subsoil profiles consisted of sand stone fill to a depth of 5 ft (1.5 m), underlain by

sand with clay and shell fragments to a depth of 15 ft (4.6 m), underlain by silayéy
sand. Groundwater was encountered at a depth of about 3 ft (1 m). The soil profiles are

shown in Figure 35.

Pier System
IRAPs with 20 in. top diameter and 20 ft height were designed to support the gasoline

tank footing foundations and matrix soil improvement. The IRAP elements egigndd
between 5 ft to 7 ft (1.5 to 2.1 m) center to center distance. It was reportdtetiRaP
work continued effectively in the ground conditions without creating excess avapoils

that would require disposal during construction.

Tests and Results
Both CPTs and SPTs were conducted before and after the IRAP instaliations

investigate the matrix soil improvement. SCPTs (Seismic CPT) pexfermed during the
pre-installation and post-installation in the matrix soil. The additional S@/efies performed
through the IRAP elements to investigate the DAP stiffness and streihgthochations of
CPTs, SCPTs and SPTs are shown in Figure 34. Load modulus load test was gerforme

the project area, and identified the nearest boring (T-08-01) is shown in the Bty
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"l ;1 e

10 11 12 13 14
10 1.0 10ji jm 1.0+1.0 10115

IP : Impact pier (D =20 in, H = 20 ft)

-¢- :Pre-installation SPT locations
:Post-installation SPT locations

A :Pre-installation CPT locations

A :Post-installation CPT locations

& :Pre-installation Seismic CPT locations

& :Post-installation Seismic CPT locations

Figure 34. Tampa, FL: Pier and CPT locations plan layout

SCPT 9 and 15
pushed through
the piers

The CPT results indicated that the ground was improved in the sand stonerfiliagle
was indentified upper about 5 ft (1.5 m) from the ground surface (Figure 38ix Btal was
not significantly improved for the very loose to loose clayey sand layer. TheeSEIs
were similar to the CPT results (Figure 35).

The results of the CPT and SPT which were performed through the IRAP elements
indicated the pier stiffness resistance from CPT that was highlgddlathe stiffness of the
matrix soil. The CPT tip resistance through the pier elements was apptelira to 3 times
greater than through the loose to medium dense clayey sand soil layeevdrdive tip
resistance of the pier element tended to equalize to the matrivrsedry loose clayey
sandy layers.

The modulus load test results were obtained at approximately 0.35 inches (0.8em) f

the top deformation of the pier at the design stress level of 18 ksf (0.86 Mirag(87),



a7

which indicated that the stiffness modulus of the pier was 374 pci (1380 Nimtell-tale
settlement during loading may be due to:
e Budging deformation domination during the load test

e The telltale was damaged during the construction

SPT-N (bpf) SPT soil profiles SPT-N (bpf) SPT soil profiles
Baseline Baseline
OO 5 101520 25 30 B1 0 5 101520 25 30 B2 T-08-01
I I Salrlm
Sand Sand gltl?ne
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] i 1 L ]
° 1
} 1
} o) | B
: ° |l e %
1 " I 1 + 11 & S
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£ S = g
g 118 i -] 2 =
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g - B4 k3 ——— B3(IP99) g ®
8 B5 g ) 2
e o o T r 71| © o
B6 g £ 2
g : 5
= ° 23]
. H . F O 4] & 3
2 o <
3 o [
%] 2
_ ] sc,sm) &
I
I
I
I
] | ] L ]
' L
-
I
4 | i L 4
|
I

22

O: Very loose sand (N: less than 3),I:

Loose sand (N =4 to 9), Il: Medium dense sand (N = 10 to 29)

Figure 35. Tampa, FL: SPT N-values and soil exploration profiles
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O: Very loose sand (N: less than 3),I: Loose sand (N = 4 to 9), II: Medium dense sand (N = 10 to 29), lll: Dense sand (N = 30 to 49),
IV: Very dense sand (N: greater than 50).

Figure 36. Tampa, FL: SPT N-values and soil exploration profiles
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Figure 37. Tampa, FL: Applied stress and deformation results from mdulus load tests

(IRAP located in the project area, identified nearest boring profile:T-08-01)
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Seattle, WA

Project Description
The project was designed the construction of a 64,6@8946 nf) high bay warehouse

facility. The column load was designed up to 250 kips (1112 kN) and floor loads up to 1000
psf (47.9 kPa). Site liquefaction mitigation was required. The total and différsgiti@ment

was required less than 1 in. (2.5 cm) and 0.5 in. (1.7 cm), respectively.

Subsoil Conditions
Subsurface conditions were consisted of 10 ft (3 m) to 12 ft (3.6 m) of existinglsand f

over soft clay that extended to approximately 30 ft (9.1 m) underlain by loose tanmedi
dense sand to a depth of about 60 ft (18.2 m). Groundwater was encountered at a depth of
about 5 ft (1.5 m). The results of soil behavior types classifications from CPT sdptiaat

explored soil information.

Pier System
IRAP system was selected to install in this site. The IRAP was ddsagne ft (1.5 m)

center on the center distance. The top diameter and height was designed to be Z0.5iches

m) and 39 ft (11.9 m), respectively.

Tests and Results
The in situ tests included the CPT and modulus load tests. The pre-irstaiadi post-

installation CPT locations are shown in Figure 38. Two modulus load testparésemed
on IP-1 and IP-2. The IP-1 that was located at the south area of the sjierfeasned after
16 days later the pier installation. The IP-2 which was located at the nodhemstas
performed after 9 days later the pier installation.

The pre-installation and post-installation CPT results are shown in F§uaed Figure

40. The results indicated that the IRAP was effective to improve the samagéilwhich
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consisted of 12 ft (3.6 m) depth. And it is not effective to improve the soft clay layer that
extent from a depth of 12 ft (3.6m) to a depth of about 28 ft (8.5m). Figure 41 shows that soil
with less than 20% fines content was effective to improve.

The isolated IRAP placed by 1 ft (0.3 m) thick concrete cap was used to modulus load
test. Figure 42 shows the modulus load test results. The top deflections afdRAH-2 were
approximately 0.21 inch (0.53 cm) and 0.15 inches (0.38 cm) at a designed stress of about 18
ksf (0.86 MPa), indicating an impact stiffness modulus of 619 pci (2284 R)Nmd 873 pci

(3221 MN/n?), respectively. The results indicated that the pier increased timessifdue to

26"
CPT-170 ' CPT-171 .

CPT-8 6

CPT 189 ' 6 CPT 190
IP 189

IP 170, IP 171, IP 189, IP 190: Impact
Piers (20 in diameter, 39 ft length)

: Pre-installation CPT locations

. Post-installation CPT locations

the aging effect.

e
1)}

Figure 38. Seattle, CA: Pier and CPT locations plan layout
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

(b)

Figure 39. Seattle, CA: Pre-installation and post-installation CPT radts, fines content
and soil behavior types profiles between (a) pier-170 and pier-171, and (b) pie/1 and

pier 190
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

(d)
Figure 40. Seattle, CA: Pre-installation and post-installation CPT redts, fines content

and soil behavior types profiles (c) pier-189 and pier-190, and (b) pier-190 andepil70
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Figure 41. Seattle, CA: The fines content versus increasing tip resnce
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Figure 42. Seattle, CA: Applied stress and deformation results frormodulus load tests
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Springfield, MA
Project Description
The testing plan was located in the Church of God site in Springfield, MA. Dueng th

construction, the difficulties with flow of the 3/8 inches (1 cm) to 3/4 inches (2 cm)
aggregate were observed within the sand fill layers above the peat soil tering t
construction. It was suspended that clogging of the mandrel might occuntiddiction of
water was used after the flow restriction. The purpose of this project wasfyctivat the
strength and stiffness of the piers constructed prior to the usage of waemandrel that

was adequate in the sand fill layer above the peat.

Subsurface Conditions
The subsoil consisted of loose to dense sand fill materials to a depth of about 14 ft (4.3

m), underlain by peat to a depth of about 19 ft (5.8 m), and then underlain by loose to dense

sand.

Pier System
IRAPs were selected to install in the project site. The piers were dddigia height of

25 ft (7.6 m).

Tests and Results
CPTs were conducted to test the stiffness and strength of the piers and matrikesoil

of the thirteen CPTs were performed at the center of the IRAP elembatethler three CPT
soundings were performed in the matrix soil which is shown in Figure 43 (CPT 41A, 41B
and 66A).

CPT results are shown in Figure 44. The tip resistance varied from 10266 tsf (9.6
MPa to 19.2 MPa) in pier element, was usually 2 to 3 times greater than thatiofamiain

the sand fill layer. The tip resistance of the piers in the peat zone seemeasht@bt the
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tip resistance in the matrix soil. The pier strength and stiffness in the up[asetfi verified

that the construction of the piers prior to adding water was acceptable.

CPT4
IP-41 @

. IP Number CPT Number
41A A—} 177 177
16"
1-6"

280 280
438 438

318 318

319 319

341 341

342 342
542 542

41B A—}L
GGAM
543 543
IP-66 __535 543

CPT 6

IP-66: Impact Pier(D = Unknown,
H =25 ft)

A cpT through center of piers
A\ : CPT in matrix soil
Note: Except CPTs 41A, 41B and
66A are test in matrix soil, all CPTs
through at center of piers)

Figure 43. Springfield, MA: The locations of CPT soundings
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24t
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay,
5: sand mixtures - silty sand to sandy silt, 6: Sands - clean sand to silty sand, 7: Gravelly Sand.
*Based on Robertson and Fear (1995)

Figure 44. Springfield, MA: CPT profiles performed on center on piersand matrix soil

(only CPT 41A performed in the matrix soil)
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Prince George County, MD

Project Description
The IRAP system was designed for alternative footing foundation for chaikgant

located in Prince George County., MD. The construction equipment is used both trexr_iebh

hammer and ABI hammer.

Subsurface Conditions
The subsoil conditions consisted of the sand and silt mixture to a depth of about 35 ft

(10.6 m). The groundwater table was at the depth of 25 ft (7.6 m) based on the CPT results.

Pier System
IRAP was design spacing at about 9 ft (2.7m) in the 160 ft x 90 ft (48.5 m x 27 m) project

area.

Tests and Results
The pre-installation and post-installation CPT locations are shown ineF&u From the

test results (Figure 46), the average tip resistance values outsidditiaual piers and
within the piers group were 142 tsf (13.6 MPa) and 162 tsf (15.5 MPa), respectigetg. F
47 shows the results of fines content and the tip resistance increasing. Tisandgated

that soil with less than 20 percent fines content showed a better improvement
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Figure 45. Prince Geoge County, MD: Plan layout of CPT locations (CPTs ingmi

groups located at the vicinity project locations)
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

(b)
Figure 46. Prince Geoge County, MD: CPT results profiles for individal pier (a) and

pier groups (b)
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Figure 47. Prince Geoge County, MD: The fines content versus the tipsistance

increasing

Waterloo, IA

Project Description
The project was located at the Wagner Road test site in Waterloo, 1A. Thegafplbis

project was to study the construction methods, materials, individual and pier gribeqs’. e
Additionally, the modulus load tests investigated the aging effect of theestfbf a single

pier. The piers’ information and locations and in situ test locations are showgune BB.

Subsurface Conditions
The SPT borings profile near the CPT locations indicated that the subsoitedmdis

granular alluvium which was composed of poorly graded sand with varying amoumssof fi

and gravel. The fine sand trace clay and organics to a depth of 2.5 ft (0.75 m), underlain by
fine to medium sand trace clay and gravel to a depth of about 25 ft (7.5 m). The groundwater
table was observed to be between 9 and 12 ft (2.7 m to 3.7 m) based on the recorded pore

water pressure.
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Pier System
The types of DAP consisted of IRAP, rampact pier (RP) and chain mantitgl TGe

materials included sand and aggregate. The diameters of the DAP variechiizivireehes
(0.51 m) and 24 inches (0.61 m) The height of the piers was designed to be between 7 ft (2.1
m) and 14 ft (4.2 m). The results indicated that the nominal diameter of the IR&Rsyst

varied from 21.6 inches to 24 inches (0.55 m to 0.6 m).

Tests and Results
The in situ tests consisted of CPTs and modulus load tests. CPTs were performed both

pre-installation and post-installation of DAP. Modulus load tests were performeeign e

type of pier, including one group of four IRAPs. Another four piers were performed modulus
load tests on the different days after installation to investigate thg eifect. The CPT

results are shown in Figure 49 to Figure 52. The modulus load test results amgrshow

Figure 53 and Figure 54. The summaries of modulus load test results are si@bteir

and Table 8.

The total average tip resistance increased from 58 tsf to 126 tsf (5.55 MPa to B}.1 MP
in pier group.

The orders of average tip resistance values of the matrix soil at 2 ft (Océhm¢énter of
piers are: IP-S > RP > RP-S > CM > IP. The orders of the stiffnesersfatidesigned stress
level are: IP-S > RP > RP-s > CM > IP. The results show that the lgrgesistance values
of the matrix soil indicated larger stiffness of the piers at the desggsdevel.

The pier stiffness increment may be due to the aging (time) effectielign stiffness

modulus might increase to 1.5 times in two months.
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The modulus load test results of IP-1 and IP-2 indicated that the stiffness madllus a

bearing capacity were not significantly different from the single pirdf 7 ft (2.1 m)

height and 14 ft (4.3 m) height.

For aggregate material, the stiffness modulus of impact processes and anopesses
were not significantly different. But the stiffness modulus of rampact gsesevas 1.3 times

greater than that of the impact processes for sand material.

Figure 55 shows the fines content is not a significant factor to influencestiie soil

improvement for the soils with fines content less than 15% in this test site.

J Bridge Truss (~ 60 ft. in length)

| Modulus Load Tests at: CM-2, RP-2, IP-7,8, IP-S, RP-S
+ IP-1, 2: Impact Pier (D =20 in, H = 14 ft)

| IP-31t0 6: Impact Pier (D=20in, H=13.25 ft)

i IP-7: Impact Pier (D =24 in, H = 14 ft)

| IP-8: Impact Pier (D = 20in, H = 14 ft)

| RP-1: Rampact Pier (D = 20 in, H = 14 ft)

| RP-2: Rampact Pier (D = 24 in, H = 14 ft)

1 CM-1: Chain Mandrel (D = 20 in, H = 14 ft)

| CM-2 Chain Mandrel (D = 24 in, H = 14 ft)

i IP-S: Impact Pier w/ Sand (D = 20 in, H = 14 ft)

| RP-S: Rampact Pier w/ Sand (D = 20 in, H = 14 ft)

| CM-A, IP-A: Chain Mandrel and Impact Piers (Aug'07)
' $ B-1: Terracon Soil Boring (Aug'07)

! A CPT Test Locations

Figure 48. Waterloo, IA: Pier and CPT locations plan layout
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand

(b)

Figure 49. Waterloo, IA: CPT profiles for tests performed near the (a)IP-3 ad (b)IP-4
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand

(d)

Figure 50. Waterloo, IA: CPT profiles for tests performed near the (c)P-5 and (d) IP-6
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand

(b)

Figure 51. Waterloo, IA: CPT profiles for tests performed near (a) CM-1 andlf) RP-1
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand
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Figure 52. Waterloo, IA: CPT profiles for tests performed near (c) IP-S ad (d) RP-S
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Figure 53. Waterloo, IA: Applied stress and deformation results from modlus load

tests for individual piers
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Figure 54. Waterloo, IA: Applied stress and deformation results from modlus load

tests for footings
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Table 7: Waterloo, IA: Summary results from modulus load tests for indsidual pier

Days after
pier Diameter, Height, | Design Stresy Kiggs
Pier ID installation D (in) H (ft) (ksf) (pci)
CM-2
Test # 1 14 24 14 31.83 210
CM-2
Test # 2 21 24 14 31.83 350
RP-2 Not Given 24 14 31.83 442
1P Test 13 20 14 45.85 206
IP-8 Test 20 20 14 45.85 329
#2
IP-7 Not Given 24 14 31.83 186
IP-S Not Given 20 14 45.85 671
RP-S
12 24 14 31.83 271
Test#1
RP-S
Test # 2 57 24 14 31.83 539

Table 8: Waterloo, IA: Summary results from footing load tests

Days after F%?Sg 9 Rep?gggment Design
pier Diameter, D| Height, Ratio, Ar = Stress | k100%
Pier ID installation (in) H (ft) (ft X ft) Ag/AF (ksf) (pci)
CM-1 Not Given 20 14 3.5X 3.5 0.18 8.163 204
IP-1 0 20 14 3.5X 3.5 0.18 8.163 1545
IP-2 0 20 9 3.5X35 0.18 8.163 169
RP-1 Not Given 20 14 35X35 0.18 8.163 174
IP-S Not Given 20 14 3.5X35 0.18 8.163 14p
IP-3,4,5,6 0 20 13.25 70X7Pp 0.18 8.163 106
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Figure 55. Waterloo, IA: Fines content and tip resistance increasing

Lynn Haven, FL

Project Description
This project involved the construction of the alternative footing foundation of the

elementary school facility which was located in Lynn Haven, FL. IRAP setected to
support the columns and walls’ footings for increasing the bearing capacityasieg the
settlement and reducing the construction cost. Depending on the column loads, 2Rs6 IR
were designed beneath the column footings. The distance between piath biemevall

footings was varied from 7 ft (2.1 m) to 12.8 ft (3.9 m).

Subsurface Conditions
The SPT soil explored vicinity of the project location indicated that the soileprof

consisted of clayey fine sand to medium fine sand to a depth of 18 ft (5.4 m), underlain by

silty sand with mica.
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Pier System
Several hundred IRAPs were designed and installed in the construction arear3he pie

were designed as 20 in. (0.51 m) diameter and 6 to 7 ft (1.8 to 2.1 m) height.

Tests and Results
The in situ tests were consisted of SPT, CPT and modulus load test. SPTfamsque

before the pier installation and located at the vicinity of the CPT locafitresCPTs were
conducted both before and after the pier installation where its locatiortsoane s Figure

56. The modulus load test was performed on the IP-1 (Figure 56).

g g @ :_1_ - _6'4' -~ ; - ;:@ ilflilf—sj‘b i elo
A
) e
- %
|
o & :
D ﬁ%}f ﬁtg
® @ I
Modulus 10-9"
Load Test pier
A

O : Impact Pier Locations (IP 318 and 319 have D= 20 in, H = 7 ft. Other Piers'
D=20in, H=6ft)

A : Pre-installation CPT Loctations

/\ : Post-installation CPT Locations
: Pre-installation SPT Locations

Figure 56. Lynn Haven, FL: Pier and CPT locations plan layout
Figure 57 shows the CPT results which the values were estimated at31nfi) (@tervals
from hard copies. The CPT results indicated that the soil densification in gweasit
difficultly quantifiable. The possible reasons might be due to the followirgscas

e Significant amount of fines content existing on the construction site
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e Clayey soil types of the fine-grained soil may significantly reducefthetereness of
the improvement

e The soil stratum were complicated

The deformation was about 0.2 inches at the top of the design stress level of 18 ksf

(0.86 MPa indicating 663 pci (2446 MN/M of the stiffness modulus from load test. The

results of the modulus load test are shown in Figure 58.
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,

6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995);

O: loose sand (N: less than 3),I: Loose sand (N = 4 to 9), Il: Medium dense sand (N = 10 to 29), Ill: Dense sand (N = 30 to 49),IV: Very dense
sand (N: greater than 50)

(@)
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,

6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995);

O: loose sand (N: less than 3),I: Loose sand (N = 4 to 9), II: Medium dense sand (N = 10 to 29), lll: Dense sand (N = 30 to 49),IV: Very dense
sand (N: greater than 50)

(b)
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,

6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995);

O: loose sand (N: less than 3),I: Loose sand (N = 4 to 9), Il: Medium dense sand (N = 10 to 29), lll: Dense sand (N = 30 to 49),IV: Very dense
sand (N: greater than 50)

(€)

Figure 57. Lynn Haven, FL: CPT and SPT profiles within the three diffeent groups

[group (a), group (b) and group (c)]
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Figure 58. Lynn Haven, FL: The modulus load test results on IP-1

Jacksonville, FL

Project Description
IRAPs were introduced as an alternative foundation of JEA Kennedy Gen&ttian

located in Jacksonville, FL. IRAPs were designed to support the footingsteoinst
buildings, demineralization tanks and GSU transformer. The SPTs and full szhieim

load test were conducted in the project site.

Subsurface Conditions
The soil profile consisted of the loose to dense fine sand to a depth of 35 ft, underlain by

the weather limestone to a depth of 45 ft, underlain by stiff to hard clay. EQwteows the

subsoil profiles.

Tests and Results
The in situ tests included SPT and modulus load tests. The SPTs were performed both

before and after the piers installation. The locations of SPTs are indicatigdria 9.
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The impact mandrel was observed to refusal during the installation at a deptiubi@
ft to 13 ft (3.1 m t0 4 m). SPT results profiles indicated that IRAP was effaectiugroving
the soil around 2 diameters depth beneath the piers bottom in this site. The average SPT
values of pre-installation (B-2, B-4 and B-6) and post-installation (B-1, Bd3a5) are 8
and 19 within the piers depth, respectively.

The modulus load test results are shown in Figure 61. The total deflection at time desig
stress of 28.2 ksf (1.35MPa) was about 0.21 inches (0.53 cm). The calculated stiffness

modulus was 913 pci (3369 MN7n

IP: Impact Pier (D=20 in, H = 20 ft)
: Pre-installation SPT Locations
4} : Post-installation SPT Locations

Figure 59. Jacksonville, FL: Piers and SPT locations plan layout
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Figure 60. Jacksonville, FL: Pre-installation and post-installation SPT mfiles
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Figure 61. Jacksonville, FL: Modulus load test results on trial pier at vimity B-2

location
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Westminster, CA

Project Description
More than 2500 IRAPs were installed for the matrix soil improvement of tharMor

Asian Garden project located in Westminster, CA. The design piers weretat 1.4 fit (3.1
m x 2.3 m); for research purposes, piers were at 3 ft x 6 ft (0.9 m x 1.8 m). TwenGFdsr
were performed to compare the matrix soil improvement effectiveness/eT@GBTs were
performed before the IRAP installation, and another 12 CPTs were performethaftRAP
installation. The locations of the CPTs and IRAPs are shown in Figure 6 RARS in
“Test area A” were installed by the single-pass process and thesliRAPest area B” were

installed by double-pass process.

Subsurface Conditions
The subsoil conditions from the previous drill investigation indicated that theaste w

generally interbedded layers of loose to medium dense sand (SP, SP-SM, anchsid), fi
very stiff non-plastic silt (ML), and firm to very stiff clay (CL). Thédlgests showed that the
fines content at the site contain approximately 58% to 82% for the fine graiayssil The
silts were found to be non-plastic. The groundwater table was approximately 20078 fto

1 m) below the ground surface.

Pier System
The diameters of the IRAP were about 24 in.(0.62 m) in “Test area A” locations and 30

in.(0.76m) in “Test area B” locations. The piers were installed to a depth of 26 ff in

testing area.
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Tests and Results
CPT was conducted to investigate the soil improvement. The CPT locations areirshown

Figure 62.The CPTs were performed for 2 weeks after the pierBansta Thus, the pore

water pressure induced during the construction was considered fully dissipate.

T

., Group | . Group Il
a8 7-4" 4 7-4"
5A ALF 11A
3-8" 4adb »ler .
1'-6" @ﬁ ] é% C%
2534
@ --==_ Group Il Q Group v

&

10"

gt 1 o f &

9 o f'

Test Area A (Single-pass Installation) Test Area B (Double-pass Installation)

a 215

. Impact pier (Teat Area A: D= 24 in, H = 25 ft.
Test Area B: D = 30 in, H = 25 ft length)

: Impact pier beneath footing

A : Pre-installation CPT locations
: Post-installation CPT locations

Figure 62. Westminster, CA: Plan layout of test pier, CPT locations
Figure 63 and Figure 64 show the CPT results. Based on the CPT sounding profiles, the
ground may be reasonably defined as interbedded of soft layers and stdf Mgay
researchers indicated that the tip resistance of stiff soil layer beuldderestimated if the
stiff layer was less than 2.5 ft (0.76 m) in such interbedded layers @é&ehi et al. 1994).

Selecting the peak tip resistance in each layer to evaluate the sméltimprovement in the
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sandy layer could represent the in situ conditions. The peak values fofftlagers are
summarized on Table 9. The soft layers were not shown to improve from the test result

The average values of the peak tip resistance ratio of the double-pass anpassg|
methods were 1.5 and 1.32, respectively. The average values of the peak tip eesaitanc
of the smaller pier spacing and larger pier spacing were 1.42 and 1.45, vedp€ethe
results indicated that the double-pass construction method had benefit for tlhesmhtri
improvement. The pier spacing is in the range between 6 ft (1.8 m) and 7.3 ft (2.3 m) did not

significantly influence the improvement in this site.
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q, (tsf) F, (tsf) P, (psi) FC (%)~ Soil Behavior Type
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)
q, (tsf) F, (tsf) P, (psi) FC (%)* Soil Behavior Type
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

(b)
Figure 63. Westminster, CA: CPT profile before and after installationof piers in Group

Il (&) and Group | (b)
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q, (tsf) F, (tsf) P, (psi) FC (%)* Soil Behavior Type
Baseline
00 100 200 300 400 0 1 2 3 4 5 6-20 0 20 40 600 20 40 60 80 100 CPT-7 CPT-19
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4 - CPT-8 |F r 1F 4
6 — CPT-9 6
...... CcPT-19 || r s 7 s
8 — CPT-20 || L 1L |
- CPT-21 7 26
10 T r F 6 4F 6 o
12 1 [ a5 |[ 45
14 1 [ [ 6 [ 6 T
AlG 4 8 "o 1 es ]
£ 18 4 8 r 1F A
£ 34
g 20 1t F iz 3
[a}
22 4 8 L s JL 5 |
24 4 8 F 1
6 6
26 4 b E -t 1
5 5
28 4 4 L A
30 ] [ [35 70 35
32 4 8 F 1F B
b 3 3
34 1t H 1t 1
36t 1t g F It 4
38

Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

(d)
Figure 64. Westminster, CA: CPT profile before and after installationof piers in Group

IV (c) and Group Il (d)



Table 9: Westminster, CA: Summary results of peak tip resistance
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Group Il
L CPT 13/CPT CPT 14/CPT CPT
ayer 1 2 15/CPT 3
1 1.35 1.3 1.55
2 1.33 1.34 1.24
3 1.47 1.48 15
4 2.6 1.71 1.35
Group |
L CPT 16/CPT CPT 17/CPT CPT
ayer 4 5 18/CPT 6
1 1.27 1.43 1.52
2 1.39 1.21 1.39
3 1.43 1.67 2.07
4 1.2 1.23 2.03
Group IV
L CPT 19/CPT CPT 20/CPT CPT
ayer 7 8 21/CPT 9
1 1.13 1.07 1.43
2 1.16 1.12 1.56
3 1.24 1.19 1.93
4 1.26 1.15 1.3
Group Il
L CPT 22/CPT CPT 23/CPT CPT
ayer 10 11 24/CPT 12
1 1.39 1.46 1.29
2 1.27 1.27 1.14
3 1.61 1.75 1.69
4 1.09 1.15 0.99
Summary
Catalogs Post/pre peak gc ratio
Single-pass
installation 1.32
Double-Pass
installation 1.5
larger spacing of
piers 1.45
smaller spacing of
piers 1.42
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Oakland, CA

Project Description
The project was designed for alternative foundation footing for restaunawitldeated

in Oakland, CA. CPTs were conducted to investigate the matrix soil improveBaseid on
the provided information, there were not CPTs conducted before the pieairmtall Six

CPTs were performed within the pier groups.

Subsurface Conditions
Subsoil conditions which were estimated from the CPT results and consistatigf

soil to a depth of 5 ft (1.5 m), underlain by clayey soil to a depth of about 24 ft (7.3 m), and

then underlain by interbedded sandy layers and clayey/silty layers.

Pier system
The IRAP was designed to matrix soil improvement. The spacing of the pei&fiva

(2.3 m).

Tests and Results
Since the pre-installation CPTs were not conducted in this site, it is not pdssible

compare the soil improvement between pre-installation and post-installatiore Bl
shows the locations of the pos-installation CPTs.

Figure 66 shows the CPT results of the post-installation CPT profileasitifficult to
guantify the soil improvement. But it was noted that the pore water in clayeydayePT-1
from the depth of about 12 ft (3.7 m) to a depth of 24 ft (7.3 m) was significantly larger than
the other two. It might be due to the distance between the CPT-1 and the IRARasthat
greater than that of the CPT-2 and CPT-3. This induced the pore water need take langer tim

to dissipate. The tip resistance values of the CPT-5 were significaa#liegthan that of the
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CPT-4 from the depth of 12 ft (3.7 m) to 28 ft (8.5 m). The reasons are probably due to the

original soil stratum or the ground disturbed.

Group |

: Impact pier (pier information is not available)

/A CPT locations

Group Il

Figure 65. Oakland, CA: Pier and CPT locations plan layout
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q, (tsf) F, (tsf) P, (psi) FC (%)*
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Figure 66. Oakland, CA: Pier and CPT locations plan layout
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Waterloo, 1A (Liquefaction)

Project Description
The project was to investigate the soil densification based on the differgttuction

methods. The equipment, construction methods and CPT locations are illustrategen Fig
67. The installation time was recorded for quality control for each pietlatgta. After the
pier installation, the average of 4'/3' method took an average of 5 minutes/4Thed!3'/2'
methods took an average 15 minutes, while the pull-drive 4'/3' method took an afer@ge
minutes. The averages of the diameters of the piers for the above three metied2ts. Svin.

(0.65 m), 29.9 in. (0.76 m), and 28.7 in. (0.73 m).

Subsurface Conditions
The SPT borings profile near the CPT locations indicated that the subsogtedri

granular alluvium which was composed of poorly graded sand with varying amoumissof fi

and gravel. The fine sand trace clay and organics to a depth of 2.5 ft (0.76 m), underlain by
fine to medium sand trace clay and gravel to a depth of about 25 ft (7.6 m). The groundwater
table was observed to be between 9 and 12 ft (2.7 m and 3.7 m) based on the recorded pore

water pressure.

Pier system
IRAPs were constructed on the project area with a spacing of 8 ft. The dmofdtee

piers varied from 22 to 30 in. (0.56 m to 0.76m). The height of the piers was designed as 15

ft (4.5 m) and 20 ft (6m).

Tests and Results
The pre-installation in situ tests included SPT boring logs and CPT. Only CPd's wer

conducted after IRAP installations. The CPT locations were shown in Figure 67.
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Figure 68 to Figure 70 show the CPT results profiles. The general fremdghe tests
results indicated that the soil profiles in the upper about 5 ft (1.5 m) were nibicargfly
improved. The average values of the tip resistance of the three construdtoadsrere
summarized on Table 10. The results indicated that the pull-drive 4'/3’ method did not
provide any benefit. The 4’/4’and 4'/3' method generated the densest methocehaweas
time consuming. The average tip resistance of soil profiles using Lididmamer and ABI

hammer were 130 tsf (12.4 MPa) and 134 tsf (12.8 MPa), respectively.

iIP 2 o PS5
P 1 P a %735 Liebherr Hgmmer
: 3

RS (D =25.6in, H=230ft)
e e
IP6 |p7 IP8 IP9 IP 10
1P 12 IP 14 IP 15
e . O O ;
P11 lﬁ_AZ; IP 1%7&10 lﬁ_i% Liebherr H_ammer
BaXC) (D =30.3in, H=15 ft)

e e ® w)
IP 16 P17 IP 18 IP 19 IP 20

IP 22 IP 24 IP.25
& & 9 8
IP 21 13 IP 23 217 ABI Hammer

1-6
14 15218 218 (D=25.3in, H=20ft)

%15

® @ S )
P26 IP27 IP28  IP29 IP30

IP 32 IP 34 IP 35

. )
P31 {419 P33 23 ABI Hammer
=20 22 24 (D =30.41in, H =15 ft)
@ () % - -
IP 36 IP 36 IP 38 IP 39 IP 40

‘ : Impact Pier locations (4'/3' compaction stroke)
Q : Impact Pier locations (4'/4', 3'/2' compaction stroke)

@: Impact Pier locations (4'/3' compaction stroke with initial loose aggregate
pier)

A : CPT locations

Figure 67. Waterloo, IA (Liquefaction): Pier and CPT locations plan layout
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

Figure 68. Waterloo, IA (Liquefaction): CPT profiles for tests performedby 4°/3’

method using 20 ft (top) and 15 ft mandrel (bottom) (Waterloo, 1A, CPT - 22 — Baseline)
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

Figure 69. Waterloo, IA (Liquefaction): CPT profiles for tests performedby 4’/4’and

4’'/3' method using 20 ft mandrel (Waterloo, IA, CPT - 22 — Baseline)
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Soil Behavior Type 2: Organic soils - peats, 3: Clays, 4: Silt mixtures - clayey silt to silty clay, 5: sand mixtures - silty sand to sandy silt,
6: Sands - clean sand to silty sand, 7: Gravelly Sand. *Based on Robertson and Fear (1995)

Figure 70. Waterloo, IA (Liquefaction): CPT profiles for tests performedby pull-drive

4’3 method using 20 ft mandrel(Waterloo, IA, CPT - 22 — Baseline)
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Table 10: Waterloo, IA (Liquefaction): Summary results for three nmethods

Construction Construction time
. Average g, tsf
methods (minutes)
4’/3' method 5 128
4'l4'and 413’
15 145
method
Pull-drive 4'/3’ 10 123

Rochester, NH

Project Description
The project involved the design of IRAP to support the New Hampshire Route 16 Ramp

F MSE wall located in Rochester, NH. The subsoil profiles were selected thg logs
(W2-125, W2-126 and W2-127) where the relative locations are illustrated ireFigjuirhe
locations of the post-installation boring logs are also shown iné-iglurThe boring W2-126,
which was the closest to the post-installation boring log profiles, waseskleccompare

with the post-installation results. The piers were constructed on apprekimdi ft (1.5 m).

Subsurface Conditions
The subsoil conditions within the pier installation elevations, which were apprakyma

from 148 ft to 168 ft (45 m to 51 m), were consisted of loose to medium dense fine sand trace

silt. The SPT varied between 5 and 28 and had average value of 10.

Pier system
Hundreds of piers were installed to ground improvement. The diameter and height of the

pier were designed about 21in. (0.53 m) and 24 ft (7.2 m), respectively. The spacing of the

pier was 4.5 ft (1.5 m).
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Tests and Results
The locations of the post-installation boring logs are also shown in Figure 7hofihg

W2-126, which was the closest to the post-installation boring log profiles, wateddie
compare with the post-installation results.
The results indicate that soil was significantly improved by the IRAliagon. The

average N values increased from 10 to 24. Figure 72 shows the in situ SPT results.

. " 1 Station
I
10" | ss1.___, 11
16 i S2
Wa-k26--- W2-125
B-108 !

IP : Impact Pier (D=21 in, H=24 ft)
: Pre-installation SPT locations
: Post-installation SPT locations

Figure 71. Rochester, NH: Piers and SPTs locations plan layout
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sand (N = 10 to 29), Ill: Dense sand (N = 30 to 49),IV: Very dense sand
(N: greater than 50)

Figure 72. Rochester, NH: Pre-installation and post-installation SPT files

SUMMARY OF THE CASE STUDIES
The projects are including recently six years and from 11 states. The sobsitilons

varied from clean sands to clayey soils. Total six types of DAPs wereceddo the
projects sites, especially, the IRAPs were constructed in total 14 grejes. Diameters of
piers varied from 20 in. to 30 in. (0.51m to 0.76 m). Heights of piers varied from 7 ft (2.1 m)
to 39 ft (11.9 m). Spacing of piers varied from 4.2 ft (1.3 m) to 11 ft (3.4 m). And calculated
area replacement ratio varied from 0.035 to 0.2. Several construction methodsesare us
the piers installations.

Modulus load tests were performed at ten project locations. SPTs were pdrédrme

eleven project locations before piers were installed and at five locattenpiafs were
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installed. CPTs were performed at six project locations before piers \stakad and at
twelve project locations after piers were installed. Table 11 summénzesites and
subsurface conditions of the project sites; Table 12 summarizes thepgigrdymensions,
and spacing of the projects; and Table 13 summarizes the kinds of modulus loashtests
pre-installation and post-installation tests by project.Table 14 sunmesdhie construction

methods and tips during construction.



93

Table 11: Summary of dates and subsurface soil conditions by project

Project

L . Year Subsurface Soil Conditions
ocation
2002- Soft to firm clay, firm silt and sand fill to a depth of about 17 ft,
Salinas, CA 2004 underlain by soft to firm silt to a depth of about 22 ft, underlain by
loose to medium dense sand
Minneapolis Silty to clayey sand with oganics to a depth of about 2.5 ft, un_derlain
MN ’ 2004 by very loose to loose sand to depth of about 15 ft, underlain by
medium dense sand
Loose sand fill with construction debris (concrete and gravel
Lacrosse, Wi 2005 fragments) to depths of about 10 to 16 ft, underlain by loose to
medium dense sand
Manalapan, 2005 Very loose sand to depth of about 15 ft, underlain by loose to medium
NJ dense sand
Clay fill to a depth of about 5 feet, underlain by loose to medium
Reynolds, IN 2006 dense sand trace gravel to depth of about 17 ft, underlain by stiff to
hard glacial till
Sand stone fill to a depth of about 5 ft, underlain by sand with clay
Tampa, FL 2006 and shell fragments to a depth of about 15ft, underlain by silty to
clayey sand
Gravel sand layer to a depth of about 6 ft underlain by silt sand
Seattle, WA 2006 | medium to a depth of about 14.5 ft, underlain by clays to silt medium
and sand medium to sand to a depth of about 39.5 ft
Springfield, 2006 Loose to dense sand fill to a depth of about 14 ft, underlain by peat to
MA a depth of about19 ft, underlain by loose to dense sand
Prince George 2007 Sand and silt mixture to a depth of about 35 ft
County, MD
Fine sand trace clay and organics to a depth of about 2.5 ft, underlain
Waterloo, IA 2007 by fine to medium sand trace clay and gravel to a depth of about 25 ft
Lynn Haven, 2008 Clayey fine sand to medium fine sand to a depth of about 18 ft,
FL underlain by silty fine sand with mica
Jacksonville Loose to _dense fine sand to a depth of about 35 ff[, underlain Dy
= ' 2008 weathered limestone to a deptlh about 45 ft, underlain by stiff to hard
clay
Westminster, 2008 Silty clay to clayey silt with interbedded layers of loose to medium
CA dense sand to a depth of about 35 ft
Oakland, CA 2008 Sandy soil to a depth of about 5 ft, u_nderlain by cla_y layer to a depth
of about 12 ft, underlain by sandy sail
Waterloo, 1A 2008 Fine sand trace clay and organics to a depth about 2.5 ft, underlain by
(Liguefaction) fine to medium sand trace clay and gravel to about 25 ft
Roclz\thester, 2008 Loose to medium dense fine sand trace silt

Legend: 1 ft=0.31 m.
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Table 12: Summary of pier types, dimensions, and spacing by project

PrOJe_ct Pier Pier Dimensions and Spacings
Location Types
Salinas, CA Geopier D =30 in, H=14 ft, about 11 ft on-center spacing (Ar*=0.04)
Pyramid | D = 16 in at top and 5-3/4 in at bottom (Pyramid Pier), D =18
Minneapolis, MN pier, in (IRAP), D=30 in (Geopier), H = 16 ft, and 4 ft on-centef
Geopier spacing (Ar=0.11)
Lacrosse, W IRAP D=20in,H=15to0 30 ff and 3.5 ft on-center spacing
(Ar=0.21)
Pyramid | D =24 in at top and 8 in at bottom, H = 14 ft, and 8 ft on-cepter
Manalapan, NJ pier spacing (Ar =0.057)-[Pyramid pier];
IRAP 8 ft center spacing for impact pier
Reynolds, IN TM RAP D=24in,H =16.6 ft, 4.5 ft on-center spacing (Ar=0.15
D=20in,H=20ft 6ft7into 6 ft 11 in on-center spacing
Tampa, FL IRAP (Ar=0.045)
Seattle, WA IRAP D =20in, H =39 ft, and 6.3 ft on-center spacing (Ar = 0.072)
_— H =16 to 30 ft, 4.5 ft on-edge spacing
Springfield, MA IRAP (pier D information not available)
Prince George IRAP 9.5 ft to 25.7 ft on-center spacing
County, MD (pier D and H information not available)
IRAP
Rampact | D=24inand 20in, H=7to 14 ft, 4ft 8 in to 5 ft 3 in on-center
Waterloo, 1A RAP spacing for group piers, and 12 ft 6 in to 18 ft 10 in on-center
Chain spacing for single piers (Ar = 0.089)
Mandrel
D =20 in, H=10 ft, 4.5 to 10 ft on-center spacing
Lynn Haven, FL IRAP (Ar = 0.048)
. D=20in, H=20ft, 6 ft 7 in to 7 ft 10 in on-center spacing
Jacksonville, FL IRAP (Ar=0.035)
- D =24 inand 30in, H= 25 ft, 4.2 ft to 6 ft on-center spacing
Westminister, CA IRAP (Ar = 0.144 and 0.225)
7 ft on-center spacing
Oakland, CA IRAP (pier D and H information not available)
Waterloo, 1A IRAP D =22 to 30 in, H=15 ft and 20 ft,
(Liquefaction) 8 ft on-center spacing (Ar=0.065 and 0.089))
Rochester, NH IRAP D =21+in, H = 24 ft, and 4 ft 6 in on-center spacing (Ar=0.15)

Legend: D = Diameter. H = Height. Ar = area repiaeat ratio. 1 ft =0.31 m; 1 in. = 2.54 cm.
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Table 13: Summary modulus load tests, pre-installation, and post-itedlation tests by

project
Project Location | Modulus Load Test Pre-installation Post-instakition
Salinas, CA Yes (UL) SPT CPT
Minneapolis, MN Yes (TT) SPT CPT [0]
Yes (Compared to Full
Lacrosse, Wi Scale Footing Load SPT, CPT SPT, CPT [0-1]
Test)
Manalapan, NJ Yes (TT) SPT CPT [U]
Reynolds, IN Yes (TT) SPT SPT [1]
Tampa, FL Yes (TT) SPT SPT [U]
Seattle, WA Yes CPT CPT [U]
Springfield, MA No SPT CPT [U]
Prince Glt\e/loDrge County, No CPT CPT [U]
Yes (TT) (Compared
Waterloo, IA to Full Scale Footing CPT CPT [19]
Load Test)
Lynn Haven, FL Yes (TT) SPT CPT
Jacksonville, FL Yes (TT) SPT SPT
Westminster, CA No CPT CPT [14]
Oakland, CA No — CPT [U]
Waterloo, 1A No CPT SPT CPT [12]
(Liguefaction)
Rochester, NH No SPT SPT [U]

Legend: UL = up lift test; TT = telltale; U = numbef days post-installation is unknown




96

Table 14. Summary of IRAP construction characteristics

Project Name

Construction characteristics

Minneapolis, MN

The number of lifts to construct pyramid piers in a grouj
piers) was related with the construction order.
Construction of the first pier required 7 lifts and spent 2
minutes penetration.

Construction of the second pier required 4 lifts and spe
49 seconds penetration.

Construction of the third pier required 3 lifts and spent 3
seconds penetration.

Construction of the forth pier required 2 lifts and spent 1

seconds penetration.

D (4

6

5

Lacrosse, WI

The nominal size of open graded aggregate (2 to 2.5
inches) is too large to free flow through the mandrel ang
hopper to the bottom of mandrel.
1 inch size open graded aggregate was satisfied to flow
for IRAP construction.
After construction of several piers in group, the subseqt
piers may be difficult to penetrate to the design depth.

]

rate

jent

Springfield, MA

During constructing of IRAP, the difficulties with the floy
of % inches to 3/8 inches aggregate was observed with
sand fill layer above the peat soil at the site.

Using water through the mandrel to help the aggregate
flow to the mandrel bottom.

It is verified that the pier strength and stiffness was
acceptable by prior adding water.

na

to

Westminster, CA

Single pass (3 ft up and 2 ft down) and double pass (31
3ft down, and then 3 ft up and 2 ft down) were employe
research purpose.

The double pass methods induce larger diameter (30
inches) than single pass method (24 inches).

The improvement efficiency of double pass method is
slightly greater than that of single pass method.

t up,
d to

Waterloo, IA (Lig.)

Construction methods included: 4'/3’; 4'/4’ then 3'/2’
double compaction; 4'/3’ with initial loose aggregate.
4’3" method took about 5 minutes to construct and ach
design requirement.

4’14’ and 3'/2' method took about 15 minutes to constru
and exceeded design requirement.

eve

Ct

4’/3" drive-pull and re-drive method took about 10 minutes

and provided no benefit compared to the single 4'/3’
method.
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CHAPTER 4: RESULTS

As descript in the back ground chapter, matrix soil improvement and soil engineering
properties can be estimated from the CPT data and SPT data. Results snoatrtkaolil
improvement is affected by fines content, initial relative density andspaaing. Based on
the individual project test results, this chapter will descript the asalyshe data and a

summary of the results that support these findings.

CPT Data
Most of the CPT data base provided the tip resistance, sleeve friction and pore wate

pressure (Table 15). It can be seen from the Table 15 that some projectdangeenamber
of CPT profiles while other projects were limited too few CPT profilestdulee differential
pier height and the interval of CPT data. The analysis results biased towprdjduogs
contain more data. The tip resistance values were sensitive fovanmaions in
stratigraphy and misalignment. That means that the more complicateaaitrshas larger
bias, such as multiple soil layers, differential elevations. The averageofahe CPT tip
resistance in one foot depth increment to represent one data was employedetoheskic
biases for some analysis. However, the heights of the piers are differdifei@nt projects.

The results biased toward longer piers.



Table 15: Summary results of CPTs
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Depth No. of data | No. of data

Proiect Name CPT Intervals of pier / profile / profile

) Soundings (ft) (f% (before (after

average) average)
_ Corrected
Salinas, CA 0.5 17 34 17
N60

Minneapolis, MN qc 0.065 14 215 14
Lacrosse, WI * qc, fs andu 1 28 8 (refusal) 8
Manalapan, NJ * qc, fs andu 0.32 14 44 14
Tampa, FL * qc, fs andu 0.16 20 125 20
Seattle, WA * qc, fs andu 0.16 39 244 39
Prince Geo. Co,, MD * | q., f; andu 0.16 24 150 24
Waterloo, IA * qc, fs andu 0.16 14 88 14

Lynn Haven, FL qc 1 9 9 9
Westminster, CA * qc, fs andu 0.16 25 156 25
Waterloo. IA (Liq.) * qc, fs andu 0.16 15 93 15

obtained matrix soil fines content

Legend:q.= CPT tip resistancg,= sleeve frictionu = pore water pressure; * = can be

Notes and Observations from CPT Results
To reduce the bias of the data analysis, the following methods were used in the data

collection and analysis.

e The same depths from the CPT profiles were used to analyze the improverhent wit

distance. The elevation of some tests had to be adjusted to provide matching results

(Figure 73a).

e |If the CPT data did not include a pre-installation test, the test profilehwdre

influenced least by the DAPs were used as the baseline. If two CPTsdiative

large distance (more than 5 ft), elevations were considered by matcHistyetai

(Figure 73Db).
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In some cases, the CPT tip resistance values were lower than expbteday be

due to ground disturbance or possible adjacent CPT hole. It has been reported that tip
resistance values will be influenced if the distance between twosedtser than

10-20 cone diameters (1-2 ft) (Lunne et al. 1997). In some cases, the tip resistance
values increase due to penetration of the edge of the pier. (Figure 73c and d)

In some cases, for highly variable interbedded soil profiles with sggfsathinner

than 2.5 ft, the tip resistance values may be underestimated due to the tramsition f
one layer to another layer (Vreugdembhil et al. 1994). The peak values of the layers
are less influenced by the transition. It is better to use the peak vahegsdsent the

stiff layers conditions.
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DATA ANALYSIS

General Analysis
Overall, the key observations from case histories are listed as followvErakprojects

indicate that the surface soils to the depth of about 1-2 pier diameters did notuchve m
improvement; (2) most projects indicate the overburden pressure or depth was not a
significant factor to influence the matrix soil improvement at elevationseddlean 1 to 2
diameters; (3) some projects show the soil improvement can be achieved as 2leep a

diameters beneath the pier bottom.

Summary of CPT and SPT Data
SPTs were performed at five of the sixteen project sites before angiafiewere

installed to investigate the matrix soil improvement. Figure 74 shows thé&lS@alues

profile which was combined the pre-installation and post-installation SPTudsvarofiles
from the five sites. The post installation SPT N-values profiles wesetsdl within the pier
groups. The mean values of SPT N-values increased from 9 to 20 after DAPs tedlezlins
The mean values of SPTgdNvalues, which were calculated from CPT data, increased from
11 to 21 after DAPs were installed. Figure 75 shows the statistical syrahtae SPT N-
values and calculated SPEMNalues. The cumulative curves in Figure 75a are
approximately parallel starting from N-values around 5. That means WaéulNs increased
approximately equal from N-values larger than 5. It similar trendes woleservated for §y§

values larger than 7 from Figure 75b.
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Determining the Effective Soil Improvement Zone

CPTs were performed in matrix soils at only 11 out of 16 sites. Table 16 suesie
CPT information for these 11 sites. Three sites did not have sleeve frictazumeent and
at one site the cone tip refusal was encountered. Two of the cases were peafdiraeshme
site (Waterloo, IA) and were later combined. The CPT data from theingssilt sites were
used to predict and generate the relationship between soil types and the effective
improvement zones for piers groups (Table 16). Figure 76shows the summary of the tip
resistance and friction ratios in pier groups with 2 ft (0.65 m) between individusl pier
Figure 77a shows the initial CPT data for two catalogues, which areedfaaprovement
and non effective improvement, on the Robertson’s soil classification chart. €beveft
improvement is defined as thg values larger than 1 MPa (11tsf) after DAPs installation.

Figure 77b shows the effective improvement zone that was generated fuma Fig.
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Table 16: Summary results of CPTs from 11 sites
Project Name CPT Soundings No. of Fiata/ Comments
profile
Salinas, CA Correctelly, 34 Not CPT data profiles (only within group
Minneapolis, MN 7 215 CPTs were performed within and outside
group
CPTs were performed within and outside
Lacrosse, Wi G, fs andu 8 (refusal) group, but CPTs were refusal within grou
Manalapan, NJ * 4o, f> andu a4 CPTs were performed within and outside
group
Tampa, FL * 4o, f> andu 125 CPTs were performed within and outside
group
Seattle, WA * qc, fs andu 244 CPTs were performed within group only|
Prince Geo. Co., MD * 4o, f, andu 150 CPTs were perft;rrgss within and outside
Waterloo, 1A * + 4o, f, andu 88 CPTs were performed within and outside
group
CPTs were performed within and outside
Lynn Haven, FL qe 9 group, but it is the estimated values
Westminster, CA * qc, fs andu 156 CPTs were performed within group only,
Waterloo. IA (Liq.) + qc, fs andu 93 CPTs were performed within group only

Legend: *: CPT data are used to the determineffeetive improvement zone; +: have the same irstd profile
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Determining Matrix Soil Improvement from Friction Ratios

Figure 77 indicates that the effective improvement soil is likelglate with both the tip

resistance and friction ratio. However, most of the effective improvemisbse
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concentrated in low friction ratio zones. Friction ratios may be used togiisth the
effective improvement soils from non effective improvement soils. Figure 78ssihew
correlation between increasing tip resistance and the friction ragonddpative values of
increment of tip resistance may be due to the differential elevations and grouriidatiodi
The results indicate that the soils with friction ratios that are less tharadd%e significantly

improved.
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Figure 78. The increasing tip resistance with regard to friction ratio ér all available

case histories

Determining Matrix Soil Improvement from Fines Content (FC)
Previous research has indicated that the FC of the matrix soil influéxecésdree of

improvement for compaction and displacement methods. For example, Hussin and Ali
reported that the effective FC for vibro-technologies was less than 12 % (1883} ashi

et al.(1991) reported that the soil improvement was reduced with FC greaté20%, but



109

when sandy soil had less than 20% FC it was not possible to estimate th®nedusoil
improvement (Aboshi et al. 1989). Figure 79 shows the relationship between SPT N-values
and FC from the study of Aboshi et al. (1991). Slocombe et al. (2000) found that FE€ affect
soil radial densification, and for the deep compact method, soils show no obvious

improvement for FC greater than 15%.
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Figure 79. Relationship between SPT N-values and fines content (frofboshi et al.
1991)
The results from this study indicate that the soil is significantly impréwmeBC of less
than 20%, and that soil improvement will reduce when the FC is greater than @@%eH,
in sandy soil with less than 20% FC, it is difficult to estimate the reduictimnprovement.
In some of the cases in this project where the FC was less than 20%, ground conditions
induced different amounts of matrix soil improvement are listed as follow:
e Although the FC is less than 20%, the CPT results indicate the tip resistainee in t
very loose sandy layer does not increase as much as in denser layer. Thasindica

that the initial relative density somewhat affects the degree of improvement
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e It appears that the sandy soil with clay does not significantly improsene cases,
which means that the type of fines affects the degree of improvement.

e The calculated FC was underestimated for the unimproved soil layers.
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Figure 80. The increase tip resistance versus calculated fines cortttoom CPT for all

available case histories

Soil Behavior Types
The method for classifying soil behavior types proposed by Jefferies and D@81 (

was used in this study. The soil behavior types in the cases in this study rangé&d fr
(Clays) to 6 (Clean Sand to Silty Sand). The soil behavior types werdiethbsised on
CPT soundings obtained before IRAPs were installed. In this study, the amoumeasiing
tip resistance/q.) tended to decrease as the soil behavior type index increased, and it
appeared that the clean sand to silty sand soils were significantly mapolty sand to
sandy silt soils were improved to a lesser degree; and clayey soilsdshownprovement.

(Figure 81).
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Figure 81. Increases in tip resistance compared with soil behavior tgp in pier groups
for all available case histories (following classification method proposed/Refferies

and Davis 1997)

Statistical Summary of Sandy Soil (FC<20%) Improvement
Previous studies indicated that the sandy soils can be effective to improv&msnt

category will use statistical tools to summarize the improvement in saidyFC<20%)

from the case histories data base.

Improvement Index
The direct estimate of the soil improvement can be obtained by comparinggmest-

installation SPT-N vales or CPT tip resistance. Using CPT tip resistaonge et al. (2000)

defined an improvement indéy, as:

_ Ycafter 1

Iq = (20)

dcbefore
Schaefer and White (2004) indicated that this improvement index could alternbgvely
based on any in situ quality control measurement technique, where the spégifioggerty

is measured before and after improvement. Using SPT N-vdjwal,be defined as:
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Iy = —after _q (21)

N N pefore
Figure 82 shows the statistic summary of the sandy soils (FC<20%)vempeat index
values from CPT results. The peak value of the predicted normal distribution cumee of t
improvement index of the sandy soils with FC less than 20% is 0.62. Figure 83 shows the
statistic summary of the improvement index values from SPT results. Thealaa of the
predicted normal distribution curve of improvement index from SPT is 1.2. The sargly soil

improvement indices for individual projects are summarized in Table 17.
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Figure 82. Statistic summary of improvement index (J) from (q) for sandy ground

with calculated fines content less than 20% for available case histosie
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Figure 83. Statistic summary of improvement index (J) from SPT N-values for sandy

soils for all available case histories

Group Effective Factors
CPTs were performed on the matrix soil both within and outside pier groupsén som

projects sites to estimate the group effective factor for those $ie group effective factor

(fy) is defined as:

For CPT,

fg — S X q.c,in group p'ier . or q.c,in group p'ier . (22)
dc,at same distance outside group pier dc,at same distance outside group pier

For SPT,

fg _ > N,in group pier or N,in group pier (23)

XN at same distance outside group pier N at same distance outside group pier
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Table 17 summarizes the improvement index and group effective factors foduadivi
project sites. The group efficiency factors varied from 1.14 to 1.8 and had a avelteegyef

1.35.

Table 17. Summary of soil improvement index and group effective factor in sagd

layers
Project Location Soil Information Improvement Indexig) Gr?aucgzo?ﬁ(g (;tive
Cinemas, CA * Loose to medium dense sary 167 -
Minneapolis, MN Loose to mfdsi‘;,m dense san 1.35 1.25
Lacrosse, WI * Loos_est‘;, TFeg”gl}odZeS”;S sand 1.45 1.2
Manalapan, NJ Veréll/?czég:sgtgo/sofa;;—%?ﬁ 0 -
Reynolds, IN * Me"'{;‘#ggle_“;‘\e,vs%”g trace 16 18
Tampa, FL Very loose _tosllc\)/lose silty sand 0.25 _
Seattle, WA Loose o medium dense sary 2.4 -
Prince Geo. Co., MD Loose to i“segi_usns/lde”se sang 0.57 1.14
Waterloo, 1A Locfgéo(?g?g‘;? tgefgf/o )sa”d 1.16 1.34
Lynn Haven, FL Loose to medium dense sanfly 0 -
Jacksonville, FL * Medium dense sardSP 0.6 -
Westminster, CA Loo_seSth)) (T:(éd'ggl A)d_ %r(;so/(z)sand 0.6 —
Waterloo. IA (Lig.) LOO_SZE,O(?S?E(QSTSS(;)Sand 1.04 -
Rochester, NH * Loose to medium dense sary 14 -

Legend: *: From SPT N values or calculateg dalues from CPT
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Figure 84. Cavity expansion modes
From the cavity expansion theory, either the radial stress or tangémsal ieduces with
the radial distance away from pier. For the elastic model, Yu (2000) reportedlidlestress

of cavity expansion could be represented in the form:
or = —po — (p = Po) (3 )? (24)
0o = —Po + (p = Po) (5 )? (25)
Similarly, the redial densification using CPT tip resistance could be ssqurén the

form:
de1 = deo + Geo (5) 72 (26)
Where,q.; = the post installation tip resistance values in matrix ggjl= the pre-

installation tip resistance values,
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Figure 85. Radial densification from modified equation for sandy soilsnisitu test

results and in situ test average curves (Manalapan, IN and Waterloo, IA)

Relative Density
The relative density is an important parameter for sandy soil. [@8velwith the sandy

soil strength and liquefaction. CPT can be used to estimate the in siterditsity of
sands. However, there are many factors will influence the calculdétidealensity results,
such as overconsolidation ratio, particle size and aging (Skempton 1986, Kulhawy and
Mayne 1990). Based on the comparison of the several equations provided on Table 4, the
equation developed by Jamiokowski et al is used in calculations.

D, = —98 + 66log1%,v“‘$ (27)

The effective overburden pressiirs,,) of this empirical equation is determined by the
unit weight, depth and groundwater table elevations. The relative density escdegesto the
decreased voids ratio. The voids ratio is relative large in the very loose to Indsetseh is

easy to lateral compress and reduce the void ratio. Since the aggregatederedras

placing the constant volume for each lift procedure, the very loose to loose sands induc



117

same among densification by impacting same volume aggregate in someframg

initial relative density. The larger diameters of DAPs have been found in tleedaongdy

ground than in the dense ground (Figure 86). Because the aggregate tends to be more
difficult to be impacted as many volumes in the dense sands as in loose sands due to the
much higher lateral pressure required to change the same amount of void rate §Fgur

That may induce some volumes of aggregate to push back to the mandrel. Figure 88 shows
the relationship of relative density between before and after DAPs wtakeidsThe results
indicates that the relative density increase about 20% for the sand withratatieve density

less than about 40% (Figure 88: A to B). The relative density increases lessianse sand

than in the loose sand (Figure 88: B to C).

constant load from
weight of aggregate
constant load from
weight of aggregate’]

the portion volume
due to the smaller
diameter in dense

sand

high confining
stress - dense layer

low confining
stress - Lose layer

Larger diameter smaller diameter

(A) (B)
Figure 86. The construction profiles of constructing pier in the loossand (A) and dense

sand (B)
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Figure 88. Comparisons of the relative density changes between pre-alition and

post-installation at seven sites

Load Test Settlement

The load test results are related to the soil types and strength detbths of the upper 3

to 4 times diameters (Fox and Cowell 1998).Table 18 lists of the top soil typdsedndd

test results are pointed out. The relationships between the settlements dlsldiRAP and

the ratios of design stress to average tip resistance within the top 3 diateptaref matrix

soil were shown in Figure 89 . This figure combines the design stress, stidfikeesnatrix

soil and deformation of individual pier under design stress. The results indicaterthe pie
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settlement was related with the matrix soil stiffness with the top 3etkaisndepth. It may be
used to give a quick approaximation of the design stress by giving settienpeatict the
individual pier settlement under design stress.

Typically, bulging and tip movement during the load test contributes to the défmmma
of a single aggregate pier. Because the tip movement deformation cam\belegamed by
using tell-tale, the amount of bulging deformation can be determined lietotal

deformation and tell-tale deformation. The term of settlement indexdasluded here, which

is defined as:
= @

Where,s; = total telltale settlement durin§ load, s;, = total telltale settlement during
(i+1)" load;S; = total settlement durindf'iload;s;, ;= total settlement during (i+1)oad.

Increasing applied stress on the top of pier induces the total settlemeasén@esume
the amount of total settlement increase fréfthloading to(i + 1)%" loading equals to the
amount of tell-tale settlement (bottom settlement) fioading to(i + 1)** loading, the
pier element will not contribute any settlement. The settlement indexsaquiin this
situation. Conversely, if the tell-tale settlement equals to zero, thesétti@ment will be
totally contributed by the pier element. Between these two extreme conditienstal
settlement is contributed both bulging and tip movement.

Figure 90 shows the settlement index values with the applied stress fos¢h@staries.
The results indicated that the deformations of piers in the most sites were pra@omi
contribution by bulging. The trends of the bulging and tip movement during loading appear

to be to wave change for most case histories.
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Table 18. Summary of modulus load test results

Soil type with Settlement | Settlement at Position of
Proi ; depth equal to 3 at design 150% design
roject Locations i - . - load test Comments
imes pier load (in load (in ier
diameter inches) inches) P
Sand to silty
Salinas, CA Sﬂd— SM 0.2 0.33 — Geopier
(Ngo = 16)
TP -0.4 0.77 TP-pyramid
Minneapolis, MN Sand §:=65 IP-0.34 0.54 Individual per, IF.>-|mpact
tsf) pier; GP-
GP -0.22 0.34 Geopier
Sand, gravel 0.24 0.35 Individual
Lacrosse, WI fragment fill —
(g.=32 tsf) 0.2 0.39 Pier group
. Assumed typical
Manalapan, NJ (S_”t_ylﬁrsl?) 2.15 — — design stress
qc= 118.3 tsf
Reynolds, IN Sandy soil 1.47 31 Individual Design stress =
' (N=8) 1.31 2.4 Within group 28 ksf
Silty sand . Design stress =
Tampa, FL (@2=509 tsf) 0.35 0.54 Individual 18.6 ksf
Silty sand to Design stress
Seattle, WA sandy silt 0.21 0.35 Individual _13 3 ksf
(=91 tsf) T
Sand §.=50 o Design stress =
Waterloo, 1A tsf) 1.54 3.17 Individual 45 85Ksf
SW-SP-SC Lo Design stress =
Lynn Haven, FL =100 ts 0.19 0.35 individual 18.6 ksf
qc
. — Lo Design stress =
Jacksonville, FL Sand {V=10) 0.21 0.36 individual 28 2 ksf
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2.5 1 S=2.76 G0 design/qc, 3p - 0-13
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Figure 89. Relationship between total settlement and the ratio of dgsi applied stress

and pre-installation average @ sp values @gesigfdc,3p ) Within the top 3 times diameters

depth
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Figure 90. The settlement index values with the applied stress
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CHAPTER 5: DISCUSSION OF RESULTS

This chapter is arranged into two parts, a discussion of matrix soil improvement and a

discussion of the characteristics that influence the stability of DAPsglveirtical loading.

MATRIX SOIL IMPROVEMENT
This section will present the conclusions of matrix soil improvement accaaling

construction methods, area replacement ratios, pier group efficiency, and soiegngine

parameter changes before and after pier installation.

Area Replacement Ratio
The area replacement ratiofRvas defined as the ratio of the sectional area of the DAP

to the hypothetical cylindrical area. The DAP to footing rati) (R&s defined the ratio of the
total pier area beneath the supporting footing to the footing area. Figure &teddhe
different between area replacement ratio and the DAP to footing ratiorddnesplacement
ratio involved with the matrix soil improvement, however the DAP to footing ratiovedol
with the footing bearing capacity. The area replacement ratio was afauttoe to affect the
efficiency of matrix soil improvement. Figure 92 shows the correlations batmeatrix soil

improvement and the area replacement ratio.

footing

(p—) o 4
&— O

Figure 91. Schematic(a) the area replacement ratio and (b) the DAB tooting ratio
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Figure 92. lllustration of the matrix soil improvement and area replacemetratio — (a)
Waterloo, 1A and (b) Westminster, CA (1 tsf = 0.096 MPa)
Several results may be induced by increasing area replacement ratio
e Larger area replacement ratio may induce the greater ground heave.
e Larger area replacement ratio will increase the matrix sodssxpore water pressure

that will against the partially lateral pressure during rammingract
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e Larger area replacement ratio may cause greater soil disturdnachcemolding of the

interbeded soil strata.

Matrix Soil Improvement within Pier groups
Overall, the sandy matrix soil improvement has been discussed as the improveleent i

in Chapter Four; however, the different locations in the group have the diffdreieinefy of

the degree of improvement. Figure 93 shows the improvement index and the locations wit
and outside the pier groups. Different ground conditions showed differentrefficie
improvement. The heterogeneaasl strata are more difficult to observe the improvement
(Figure 93a and b) than relative homogeneous soil strata (Figure 93cg S4gsinows the
idealized contour improvement field of the Waterloo, IA site, which consistdative
homogeneous fine sand soil profiles. The descriptions indicated the soil in the groue is mor
improved than outside group, and also the soil element near the piers have larger degree of

improvement. But this trend is difficult to identify for the heterogeneouisata.
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Figure 93. The improvement index (4) values of sandy soils at the vicinity of the pier
groups in (a) Lacrosse, WI; (b) Prince George County, MD; and (c) Watio, IA

(Note:l4=0c after/c pefore1)
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Figure 94. (a) The idealized contour field of improvement index §) of sandy ground

and (b) the actural test results in Waterloo, IA (Note:l4=0c after/Jc before1)

Soil engineering parameter changes between pre- and post-installation
To gain further insight into the matrix soil densification of DAPs, soil parersef pre-

installation and post-installation are used to compare between the piaiimst and post-
installation in this section. The soil parameter profiles, which weceleaéd from CPT
results, are attached in the Appendix Il. The average values oflssikesngineering
parameters at the mid-depth and greater depth are summarized on Table 1Sufipti@s
of normal consolidated soils with 120 pcf (1.92kg/liter) unit weight is used icatlcalations.
The results indicate that the friction angle of the sandy soils increasd fram 2 to 6
degree after the DAP installation. The undrained shear strength and friagies af clayey
soils were not significant increasing after DAP installation. lahtgress coefficient and

OCR increased for both sandy soils and clayey soils.
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Table 19. Summary the matrix soil parameters for pre-installation angost-installation

o' S, (tsf) K, OCR
Case
Pre- Post- Pre- Post- Pre- Post- Post-
Riverside Center 315 37 - - 0.48 1.2] 6.3
Road O Crossing 25.5 275 - - 0.57 0.88 3.94
Washington Liquor* 27.9 27.3 1.6 1.63 0.54 0.58 -
Chalk Point P.P. 32.3 38 - - 0.52 2.3 65
Wagner Road 34 39 - - 0.55 24 18
Moran Asian* 28 31 1.8 1.8 0.56 0.59 2.7
Wagner Road Ligf. 34 40 - - 0.55 2.5 21

Note: *:obtained from silty or clayey soils

THE STABILITY OF DAPS DURING LOAD TEST
The DAP tends to lateral bulge out to the matrix soil and vertical tip movemerteénto t

ground during loading. The stiffness of matrix soil are affected the syalfiihe DAP. The
first subsection is to discuss the stiffness of DAP and matrix soil from GBTAta then,
the performances of the single pier and group pier during loading are discusady, fhie

effect of pore water pressure is analyzed in this section.

Stiffness of DAP and Matrix Soil from CPTs data
The various construction methods used to install DAPs affect the matrix soil

improvement during mandrel penetration before ramming. The matrix soil impeovesn
be separated to two phases. The first phase is similar to pile driving. The secsndtha
lateral enhance by ramming action. Both phases will increase the precdrmolassure

and reinforcing the matrix soil. The CPT and SPT are introduced to intedtigastrength



of piers and the strength of matrix soil. The method is performing the CPT anohSRe
DAP shaft and the surrounding matrix soil. Figure 95 shows the results of tipmesisf
DAP shaft and matrix soil. The results indicate that the tip resistance pittisas generally

2 to 3 times greater than the matrix soil, but the tip resistance of the pieespeat zone is
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approximately equal to that of the matrix soil.
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Figure 95. The CPT tip resistance results of the RAPs and matrix soil ifa) Tampa, FL
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and (b) Springfield, MA
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Deformation of Single DAP during Loading

Since no tensile strength of the DAP during loading, the pier tends to lateaiessnthe
soil and bulge in response to the load. The radial stiegsof the soil increases and contacts
against the aggregate pier lateral compression and bulging. The vemigakssion stress is
quickly decreasing along the pier. As discussion in the background, the most gsadEs
will be dissipated to the soil within 3 diamters depth from ground surface for RAPre Figu
96 shows the settlement results and the soil strength from CPT tip resistdrectom 3

diameters deep.

0.0 4% 1
o ®  Minneapolis, MN
% o o Lacrosse, WI
-0.2 - ne - < Manalapan, NJ
’%. o A Seattle, WA
= @e o o Waterloo, IA
g -0.4 A Ao *  Lynn Haven, FL
g <>A * . o
g -0.6 A .
Q A
8 o
-0.8 A A
o
-1.0 A °
-1.2 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Applied Stress / qc, 3 diameter depth

Figure 96. The results of combination in situ CPT results in matrix soil ath single IRAP

load test results

Deformation of Pier Groups
Both the single pier and pier groups load tests were conducted in the several pegject si

The matrix soil under loading induces the additional lateral stress whicmporagse the
resistance of the DAP. The interaction between the soil and pier elemenakked. Stress

cell recorded in another site indicated the stiffness ratio of the pierbanthtrix soil tends
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to increase during load increasing (White et al. 2001). Comparison the testween full
scale small size footing and large size footing load test resultsavagmize the difference
between the larger scale group and small scale group. Figure 97 showsl tiestioasults of
single pier with cap, single pier footing and pier groups footing. The resultaiedhat the
footing contained matrix soil will increase the bearing capacity. Thieupiein group tends
to reduce the bearing capability.

The difference between the single pier and the single pier footing may be Hae to t
matrix soil sharing partial load and the pier stiffness increasingddysincreasing the
confining pressure. The load capacity of single pier with matrix sofldags is lower than
single pier footing, one reason may be due to that the uneven confining pressutesenchic
the pier to slide, and the boundary conditions are different in group.

Applied Load (kips)
0 50 100 150 200

2

3 (total load / 4 piers)

Deformation (in)
N

1 2
O [0 b d

—e— |P Isolated Pier

—=— |P Footing (3.5' x 3.5

—a— Average individual IP
in Footing (7' x 7"

Figure 97. Load tests results indicating single pier unit in Waterloo, 1Aite
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Pore Water Pressure in Piers and Matrix Soil
High pore water pressure will be generated in the surrounding soil during thengamm

action that may induce the temporary liquefaction of saturated soil (Handy laite] 2006).
After the pore water dissipates, the total stress decreases athigefiressure increases,
which may increase the interaction between the pier and matrix soil andsetneastiffness
of the pier (Figure 99). The relatively greater permeability of aggeqgats is beneficial
because they can provide drainage in constant low permeability soil éangesand-clay-
sand interbeded soil layers. Further, because the drainage path from the pointidiia@im
the space between piers, more time is required to dissipate pore waterepfeggire 100).
However, pore water pressure in DAPs appears to be highly related witlattive sail
conditions (Figure 101).

In situ CPT soundings indicate that negative pore water pressures aeptmetow
permeability layers during initial penetration. One reason for thisinegaressure may be
that initial unsaturated silty or clayey soils have negative air pregsuoéher reason for
negative pore water pressures may be the combination of soil remolding, reduntiporex

water being forcing away from the piezometer by air. Figure 101 showdfirenices in
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pore water pressures before and after DAP installation, differencesahdienthe result of
ground modification and remolding after the installation.

Applied Stress (ksf) Applied Stress (ksf)

0 10 20 30 40 50 60

0O 10 20 30 40 50 60 70 80 90

20 days
fter installation

12 days after installation

Deformation (in)
N

-2 4

—e— RP-S Test# 1 Total

—=— RP-S Test # 2 Total
-3 4 3

S
after installation
-4 " " i -4 4 . . .
0 50 100 150 200 0 50 100 150 200

Percent Design Stress Percent Design Stress
Figure 99. Comparison modulus load test results for time effect for Watko, 1A site

(1 tsf = 0.096 MPa)
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Figure 100. Schematic of the drainage paths of the sand-clay-sand inteduled soil

layers after DAP installation
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PROJECTED MATRIX SOIL IMPROVEMENT TABLES

This section provides two tables that can be used to predict soil improvemebi/d?er
are installed. These tables are based on tip resistance data and friiigooktined from
CPTs performed both before and after DAPs were installed at the casélstasil
classifications used in the tables are based on the Jefferies and Davikatas) system
(1997), and Figure 101 shows the distribution of increases in CPT tip resistancewtilues
respect to the pre-installation soil index. Because clayey soils did not sippgwément
(Figure 103), only clean sand to silty sand soils and silty sand to samslilsilivere used to

construct the two design tables.

250

200 - 800 \

‘ :
’6 - Clean Sand to Silty Sand ‘ ’ 5 - Silty Sand to Sandy Silt ‘ 4 - Clay Siltto | 3-Clays
Silty Clay :

150 H

100 H

AqQ, tsf

50 +

Pre-installation soil behavior types index, I,

Figure 103. Increases in tip resistance with respect to pre-instaliah soil behavior
types in pier groups (following classification method proposed by Jeffees and Davis
1997)
Table 20 summarizes the predicted matrix soil improvement for sandy rsoissitg soils

within pier groups. Table 21 summarizes the predicted matrix soil improvemenhdyr sa
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soils and silty soils measured at 2 ft from the center of an individual pier not in a §roup o
piers.

Table 20. Predicted matrix soil improvement for sandy soils and silty soilsithin pier

groups
Clean sand to silty sand Silty sand to sandy silt
AQc (ts Adc (ts
Pre-installation tip G (ts0) Pre-installation tip Ge (tsf)
resistance, g(tsf) Ojs—%F 100 resistance (tsf) Ojs—%F 100
ave. 75 ave. 75
10-30 5-30-60 5-20 5-25-45
30-60 15-55-80 20-40 5-15-35
60-100 20-55-85 40-80 5-25-55
100-160 30-60-85 80-100 —
Legend: 1 tsf 0.096 MPa

Table 21. Predicted matrix soil improvement for sandy soils and silty soilmeasured at

2 ft from the center of an individual pier not in a group of piers
Clean sand to silty sand Silty sand to sandy silt
AQ (ts AQ (tsf
Pre-installation tip G (1sf) Pre-installation tip Ge (sf)
resistance (tsf) OH—O—F% 100 resistance (tsf) OH—O—FZS 100
ave. 75 ave. 75
10-30 5-20-40 5-20 5-10-20
30-60 5-40-70 20-40 5-15-35
60-100 5-30-85 40-60 —
100-160 20-60-85 60-80 —
Legend: 1 tsf = 0.096 MPa

The soils can be classified several groups which have different amount improvement

after group DAPs are installed on Robertson et al.’s classification ¢hartesults are

shown in Figure 104.

Comparing the design table and Figure 104, the former is used to the known solil types

and initial tip resistance, the later is applicable to for the soil profilgstip resistance and
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friction ratio. Both methods have quite large variance, but the results aeeistdl/ed to the

purposes of this study.

5 ; 1 7 AJc< 2 MPa
mean: 0.9 MPa
/ Std Dev: 0.6 MPa
=250
//'ZJ% :
|/ /)
\
% 2 MPa <AQc< 5 MPa
\ mean: 3.4 MPa
I\ Std Dev: 1 MPa
% % n =195
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N
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=
o

o
o

Pre-installation friction ratio, Rt, (%)
[N
o

0 20 2 MPa<pge<15 MPa
] o ) Mean: 8 Mpa
Pre-installation tip resistance, qc, (MPa) Std Dev: 2.7 MPa
n =300

6: Silt sand to clayey silt

7: Silty sand to sandy silt

8: Sand to silty sand

9: Sand

Note: Robertson et al. (1997)

Not data available outside
the shaped zone

Figure 104. Soil improvement projected from initial tip resistances ath friction ratios
(the amount increment respected to matrix soils within pier group; the spacing of the

piers within the range of 4 ft and 7 ft)
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CHAPTER 6: CONCLUSIONS

Conclusions based on the data from the 16 cases provided by the Geopier Foundation
Company resulted in the following conclusions. These conclusions are grouped into these
categories: matrix soil improvement and soil-pier interactions. Thetfumasections of this

chapter offer suggestions for future research and implications for constriDétiPg

MATRIX SOIL IMPROVEMENT

¢ The following methods can be used to identify the pre-installation effective
improvement and non effective improvement soils:
o CPT friction ratio less than 1%

o Fines content less than 20%
o Effective improvement chart (Figure 77).

e The types of fines may affect the soil improvement. Clay types may rédteidegree
of improvement.

e Based on soil behavior index, clean sand to silty sand soils, sandy silt soildtyand si
clay to clay soils show major improvement, minor improvement and no improvement,
respectively.

e The initial relative density affects the degree of improvement fondaad to silty
sand soil. The very loose sandy soils (for example, SPT=0) indicate much less
improvement than dense sand after IRAP installation.

e Overall, the average SPT N-vales increased from 9 to 20 after DAP saitiataih
groups; The average SPEMNalues, which were calculated from CPT results,
increased from 11 to 21 in the groups.

e Typically, the surface soils to the depth of 1 to 2 DAP diameters do not have much
improvement.

e The overburden pressure (or depth) was not a significant factor to influence the
matrix soil improvement at elevations deeper than 1 to 2 diameters.

e Soil improvement can be achieve as deep as 2 diameters beneath the pier bottom, but

strongly depends on the soil types and soil strata.
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The average values of improvement index of clean sand to silty sand s&i0L

from CPT and SPT were approximately 0.62 and 1.2, respective.

The average group effective factor was approximately 1.35 for sandy soils.

The relative density of the sandy soils increased after DAPs installat

CPT results indicated the effective improvement zone of single pier to be wittin the
ft from center.

DAP may induce the subsoil disturbance and modifications which may reduce the tip

resistance values at some points.

SOIL-PIER INTERACTIONS

The pier stiffness and strength from the tip resistance tend to stroraiby/wéth the
stiffness and strength of the matrix soil. The tip resistance values of tregeie
normally 2 to 3 times greater than the matrix soil composed of sand layers.
DAPs provide a vertical drainage to dissipate the pore water pressurge lelgers.
The CPT results indicated that the pore water pressure in DAP was reltied t
matrix soil conditions.

The interactions, which are represented by the stiffness, between thedpseila
increase after the pore water pressure dissipates.

Settlement index was introduced to study the settlement of DAPs.
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SUGGESTIONS FOR FUTURE RESEARCH

It is recommended to future researchers to use and update the desigmthbitpses.

Numerical analysis of the single pier and pier groups settlement insseewbmmended.
The sliding effect may be considered for pier groups simulation.

The temporary liqguefaction may be occurred during ramming compaction in $aeds.
correlations of sandy soil densification with the critical voids ratio, groungeheédatants

and drainage path are not fully understood. It is recommended to future research @athis ar
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APPENDIX I: SAMPLE CALCULATIONS

Sample calculations of area replacement ratio

(g—)

&—=~4

Assume the diameter of piers = D, Ar = area replacement ratio

3 nD?

A =70
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APPENDIX II: SAMPLE SPREAD SHEET AND SOIL PARAMETERS PROFIL ES

1 2 3 4 5 6 7 8 9 10 11
Depth, Pw, n Overburdent Soil
m ft Qc, tst Fs, tsf psi | (degrees) (osh) FR (%) Qt lc Type
0.05 0.16 5.60 0.00 0.00 0.00 19.68 0.00 568.11
0.10 0.33 23.90 0.02 0.00 0.00 39.36 0.08 1213.43 0.41 7.00
0.15 0.49 41.90 0.13 -0.60 0.01 59.04 0.31 575.78 1.01 7.00
0.20 0.66 53.50 0.22 -0.30 0.00 78.72 0.41 876.98 0.99 7.00
0.25 0.82 58.90 0.29 -0.20 0.00 98.40 0.49 925.33 1.04 7.00
0.30 0.98 61.00 0.33 0.00 0.01 118.08 0.54 1032.20 1.06 7.00
0.35 1.15 61.20 0.35 0.00 0.00 137.76 0.57 887.50 1.11 7.00
0.40 1.31 59.70 0.37 0.00 0.00 157.44 0.62 757.38 1.17 7.00
0.45 1.48 56.20 0.26 0.00 0.00 177.12 0.46 633.60 1.11 7.00
0.50 1.64 50.20 0.26 -0.10 0.01 196.80 0.52 474.45 1.23 7.00
0.55 1.80 38.80 0.22 0.00 0.01 216.48 0.57 357.46 1.34 6.00
0.60 1.97 31.10 0.17 0.00 0.00 236.16 0.55 262.38 1.42 6.00
0.65 2.13 27.50 0.14 0.00 0.01 255.84 0.51 213.98 1.47 6.00
0.70 2.30 28.60 0.13 0.00 0.01 275.52 0.46 206.61 1.45 6.00
0.75 2.46 30.50 0.14 0.00 0.00 295.20 0.46 205.64 1.46 6.00
0.80 2.62 32.20 0.15 0.10 0.00 314.88 0.47 213.28 1.45 6.00
0.85 2.79 36.50 0.19 0.10 0.01 334.56 0.52 226.97 1.46 6.00
0.90 2.95 46.30 0.27 0.00 0.00 354.24 0.59 260.40 1.44 6.00
0.95 3.12 54.90 0.37 0.00 0.01 373.92 0.68 292.65 1.45 6.00
1.00 3.28 55.50 0.41 0.20 0.01 393.60 0.74 303.20 1.47 6.00
1.05 3.44 51.10 0.46 0.20 0.01 413.28 0.90 264.74 1.57 6.00
1.10 3.61 47.50 0.56 0.20 0.01 432.96 1.18 233.98 1.70 6.00
1.15 3.77 47.70 0.60 0.10 0.01 452.64 1.26 216.66 1.74 6.00
1.20 3.94 56.20 0.62 -0.40 0.01 472.32 1.11 211.22 1.71 6.00
1.25 4.10 65.40 0.62 -0.50 0.01 492.00 0.95 231.04 1.63 6.00
1.30 4.26 67.80 0.60 -0.90 0.01 511.68 0.89 210.65 1.64 6.00
1.35 4.43 65.70 0.55 -0.80 0.01 531.36 0.84 202.41 1.63 6.00
1.40 4.59 63.70 0.59 -0.10 0.01 551.04 0.93 224.34 1.63 6.00
1.45 4.76 59.40 0.41 -0.50 0.01 570.72 0.69 183.95 1.61 6.00
1.50 4.92 54.80 0.51 -0.40 0.01 590.40 0.94 168.22 1.72 6.00
1.55 5.08 51.90 0.51 -3.60 0.01 610.08 0.99 91.44 1.94 6.00
1.60 5.25 55.20 0.48 -5.30 0.01 629.76 0.87 78.80 1.96 6.00
1.65 5.41 58.70 0.37 -0.40 0.01 649.44 0.63 165.13 1.62 6.00
1.70 5.58 58.80 0.39 0.00 0.01 669.12 0.67 174.75 1.61 6.00
1.75 5.74 59.70 0.42 0.00 0.01 688.80 0.71 172.34 1.63 6.00
1.80 5.90 60.00 0.40 0.00 0.01 708.48 0.67 168.38 1.63 6.00
1.85 6.07 58.50 0.41 -0.10 0.01 728.16 0.71 156.58 1.66 6.00
1.90 6.23 56.70 0.41 0.00 0.01 747.84 0.73 150.64 1.69 6.00
1.95 6.40 53.50 0.38 0.00 0.01 767.52 0.72 138.41 1.71 6.00
2.00 6.56 55.90 0.38 -0.10 0.01 787.20 0.68 138.49 1.70 6.00
2.05 6.72 59.40 0.40 -0.10 0.01 806.88 0.68 143.67 1.68 6.00
2.10 6.89 59.20 0.40 -0.10 0.12 826.56 0.68 139.81 1.69 6.00
2.15 7.05 59.50 0.40 0.00 0.12 846.24 0.68 139.62 1.69 6.00
2.20 7.22 60.00 0.40 0.10 0.12 865.92 0.67 139.91 1.69 6.00
2.25 7.38 59.60 0.39 0.10 0.13 885.60 0.66 135.81 1.69 6.00
2.30 7.54 57.00 0.39 0.10 0.13 905.28 0.69 126.95 1.73 6.00
2.35 7.71 51.70 0.40 0.00 0.14 924.96 0.78 110.79 1.81 6.00
2.40 7.87 49.20 0.38 0.10 0.14 944.64 0.78 104.76 1.83 6.00
2.45 8.04 51.20 0.27 -0.10 0.14 964.32 0.53 103.64 1.74 6.00
2.50 8.20 59.10 0.26 0.10 0.14 984.00 0.44 120.89 1.64 6.00
2.55 8.36 65.80 0.37 -3.80 0.15 1003.68 0.57 84.21 1.83 6.00
2.60 8.53 69.70 0.46 -3.60 0.15 1023.36 0.66 89.75 1.84 6.00
2.65 8.69 74.40 0.48 -3.40 0.15 1043.04 0.65 96.41 1.81 6.00
2.70 8.86 79.10 0.52 -3.10 0.16 1062.72 0.66 104.13 1.79 6.00
2.75 9.02 81.60 0.54 -2.60 0.15 1082.40 0.67 111.28 1.77 6.00
2.80 9.18 86.00 0.58 -2.30 0.15 1102.08 0.68 119.24 1.75 6.00
2.85 9.35 88.80 0.64 -2.20 0.15 1121.76 0.73 122.68 1.75 6.00
2.90 9.51 90.60 0.68 -1.80 0.16 1141.44 0.76 128.55 1.75 6.00
2.95 9.68 91.30 0.70 -1.70 0.15 1161.12 0.77 129.05 1.75 6.00
3.00 9.84 94.30 0.70 -1.60 0.15 1180.80 0.75 132.81 1.73 6.00
3.05 10.00 98.10 0.71 -1.50 0.31 1200.48 0.73 137.66 1.72 6.00
3.10 10.17 101.60 0.74 -1.40 0.30 1220.16 0.73 142.06 1.71 6.00
3.15 10.33 99.20 0.77 -1.40 0.30 1239.84 0.78 136.78 1.74 6.00
3.20 10.50 92.30 0.74 -1.30 0.30 1259.52 0.81 126.73 1.77 6.00
3.25 10.66 85.30 0.69 -1.20 0.30 1279.20 0.82 116.61 1.80 6.00
3.30 10.82 83.90 0.65 -1.20 0.30 1298.88 0.78 113.14 1.80 6.00
3.35 10.99 78.80 0.62 -1.10 0.30 1318.56 0.79 105.81 1.83 6.00
3.40 11.15 69.00 0.57 -1.00 0.30 1338.24 0.83 92.20 1.89 6.00
3.45 11.32 60.10 0.36 -1.00 0.30 1357.92 0.61 79.13 1.86 6.00
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12 13 14 15 16 17 18 19 20 21 22
Fines effective Friction stress
Content N60 Es stress N80 angle Kopre) (tsf) fs or €
0.62 14.00 0.01 6.28 29.83 0.50 0.00 1.00 51.66 0.79
-3.60 2.92 59.75 0.02 20.80 37.90 0.39 0.01 1.00 83.32 0.63
-1.92 5.96 104.75 0.02 42.48 45.58 0.29 0.01 1.00 99.41 0.59
-2.02 7.57 133.75 0.07 28.08 40.79 0.35 0.01 1.00 87.69 0.63
-1.70 8.47 147.25 0.06 34.29 42.98 0.32 0.02 1.00 92.97 0.61
-1.60 8.80 152.50 0.06 34.91 43.19 0.32 0.02 1.00 93.37 0.61
-1.26 8.96 153.00 0.06 36.88 43.83 0.31 0.02 1.00 94.53 0.61
-0.76 8.91 149.25 0.07 33.93 42.86 0.32 0.03 1.00 91.61 0.63
-1.25 8.23 140.50 0.08 29.34 41.26 0.34 0.03 1.00 87.96 0.64
-0.30 7.61 125.50 0.09 25.57 39.84 0.36 0.04 1.00 83.04 0.66
0.81 6.08 97.00 0.11 18.72 36.98 0.40 0.04 1.00 73.13 0.72
1.81 5.01 77.75 0.11 15.21 35.31 0.42 0.05 1.00 66.44 0.76
2.42 4.49 68.75 0.12 13.07 34.19 0.44 0.06 1.00 61.66 0.78
2.18 4.64 71.50 0.13 12.99 34.14 0.44 0.06 1.00 61.64 0.78
2.23 4.96 76.25 0.14 13.36 34.35 0.44 0.06 1.00 62.42 0.78
2.12 5.22 80.50 0.15 13.59 34.47 0.43 0.07 1.00 62.99 0.77
2.24 5.94 91.25 0.15 15.32 35.36 0.42 0.07 1.00 66.33 0.76
2.08 7.50 115.75 0.16 18.75 36.99 0.40 0.07 1.00 72.24 0.73
2.19 8.92 137.25 0.18 21.19 38.07 0.38 0.07 1.00 75.67 0.72
2.44 9.07 138.75 0.19 20.98 37.97 0.38 0.08 1.00 75.21 0.73
3.96 8.64 127.75 0.18 20.22 37.65 0.39 0.08 1.00 73.19 0.75
6.09 8.37 118.75 0.19 19.09 37.15 0.40 0.09 1.00 70.34 0.79
6.92 8.53 119.25 0.20 18.98 37.10 0.40 0.09 1.00 69.75 0.80
6.23 9.93 140.50 0.22 21.21 38.07 0.38 0.09 1.00 73.29 0.78
4.88 11.26 163.50 0.26 21.88 38.36 0.38 0.09 1.00 74.91 0.75
4.98 11.70 169.50 0.28 22.03 38.42 0.38 0.10 1.00 75.05 0.75
4.90 11.32 164.25 0.32 19.99 37.55 0.39 0.10 1.00 72.31 0.77
4.91 10.98 159.25 0.32 19.30 37.24 0.40 0.11 1.00 71.31 0.77
4.46 10.14 148.50 0.28 19.08 37.14 0.40 0.11 1.00 71.22 0.77
6.54 9.74 137.00 0.32 17.18 36.26 0.41 0.12 1.00 67.08 0.81
11.31 9.97 129.75 0.32 17.51 36.42 0.41 0.12 1.00 65.40 0.88
11.78 10.67 138.00 0.56 14.21 34.79 0.43 0.14 1.00 59.22 0.92
4.63 10.06 146.75 0.70 12.05 33.62 0.45 0.14 1.00 57.96 0.83
4.55 10.06 147.00 0.35 16.92 36.14 0.41 0.14 1.00 67.73 0.78
4.91 10.29 149.25 0.33 17.79 36.55 0.40 0.14 1.00 68.96 0.78
4.79 10.31 150.00 0.34 17.57 36.45 0.41 0.14 1.00 68.68 0.78
5.45 10.19 146.25 0.35 17.12 36.23 0.41 0.15 1.00 67.56 0.79
5.84 9.95 141.75 0.37 16.32 35.86 0.41 0.15 1.00 65.99 0.81
6.29 9.46 133.75 0.37 15.47 35.44 0.42 0.16 1.00 64.22 0.82
6.06 9.85 139.75 0.38 15.89 35.64 0.42 0.16 1.00 65.11 0.81
5.78 10.41 148.50 0.40 16.44 35.91 0.41 0.17 1.00 66.22 0.80
5.97 10.41 148.00 0.41 16.24 35.82 0.42 0.17 1.00 65.78 0.81
5.95 10.46 148.75 0.42 16.13 35.76 0.42 0.18 1.00 65.58 0.81
5.90 10.54 150.00 0.42 16.20 35.79 0.42 0.18 1.00 65.73 0.81
5.99 10.48 149.00 0.43 16.07 35.73 0.42 0.18 1.00 65.45 0.81
6.66 10.15 142.50 0.44 15.38 35.39 0.42 0.19 1.00 63.85 0.83
8.30 9.47 129.25 0.45 14.19 34.78 0.43 0.20 1.00 60.73 0.86
8.71 9.07 123.00 0.46 13.34 34.33 0.44 0.21 1.00 58.77 0.88
6.79 9.14 128.00 0.47 13.40 34.36 0.44 0.21 1.00 59.83 0.85
4.97 10.20 147.75 0.49 14.58 34.98 0.43 0.21 1.00 63.22 0.81
8.68 12.13 164.50 0.48 17.42 36.38 0.41 0.20 1.00 66.43 0.84
9.01 12.92 174.25 0.78 14.67 35.03 0.43 0.22 1.00 61.35 0.87
8.33 13.63 186.00 0.77 15.53 35.46 0.42 0.22 1.00 63.30 0.85
7.84 14.38 197.75 0.77 16.42 35.90 0.41 0.22 1.00 65.14 0.83
7.39 14.72 204.00 0.75 16.94 36.15 0.41 0.22 1.00 66.26 0.82
7.01 15.41 215.00 0.73 18.05 36.67 0.40 0.22 1.00 68.27 0.81
7.16 15.95 222.00 0.72 18.84 37.04 0.40 0.22 1.00 69.42 0.81
7.06 16.25 226.50 0.72 19.16 37.18 0.40 0.23 1.00 69.94 0.80
7.15 16.40 228.25 0.70 19.60 37.37 0.39 0.23 1.00 70.55 0.80
6.78 16.83 235.75 0.70 20.07 37.58 0.39 0.23 1.00 71.42 0.79
6.41 17.39 245.25 0.71 20.70 37.86 0.39 0.23 1.00 72.50 0.78
6.24 17.96 254.00 0.71 21.34 38.13 0.38 0.23 1.00 73.45 0.78
6.83 17.72 248.00 0.71 21.01 37.99 0.38 0.24 1.00 72.71 0.79
7.53 16.69 230.75 0.72 19.66 37.40 0.39 0.25 1.00 70.45 0.81
8.17 15.59 213.25 0.72 18.33 36.80 0.40 0.26 1.00 68.13 0.82
8.14 15.33 209.75 0.73 17.99 36.64 0.40 0.26 1.00 67.61 0.83
8.74 14.54 197.00 0.74 16.95 36.15 0.41 0.27 1.00 65.62 0.84
10.13 13.01 172.50 0.74 15.14 35.27 0.42 0.28 1.00 61.76 0.88
9.55 11.23 150.25 0.74 13.05 34.17 0.44 0.30 1.00 57.75 0.89
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