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Sites that contain soft soils extending to appre-

¥ ciable depths typically require the installation of
deep foundation sysiems (O wransfer structural
loads to competent soils and reduce potential sel-

Construction of lightly to moderately

because the cost of the foundation system becomes
disproportionate to the cost of constructing the su-

- perstructure.  One method to cope with this diffi-

culty is to provide a “lloating foundation” sysiem
for the structure by increasing the rigidity of the
uppermost soils sufficiently to limit settlerments 10

design tolerances. Historical examples of this ap-

proach include making use of natural “crusts” of
stiff soil overlying softer deposits, over-excavating
and replacing soft soils with stiffer materials, and
driving or hydraulically pushing relatively short
friction piles and connecting the piles o the
siructure with concrete caps or a mat. Geopier soil
reinforcing elements have been used to create
floating foundation systems at sites in the United
States, the Philippines, and Germany {(Figure 1}.

This paper describes engineering methods used
to design Geopier soil reinforcing elements Lo create
a floating foundation system for sites in the Mekong
Delta region of Vietnam. Construction techniques
and design background are discussed. Three case
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GEOPIER® FLOATING FOUNDATIONS -
A SOLUTION FOR THE MEKONG DELTA REGION, VIETNAM

Nathaniel S. Fox, Ph.D. and Bon Lien, Ph.D.
Geapier Global Corporation, LISA,

A at, consisting of very stiff short aggregate piers, has been used in
the United States since 1989 and is gaining acceplance in Asia and Europe. This ground improvement

system is unique with stiffness modulus values measured 10 be :
atrix soils. The described method effectively and economically reinforces peat, highly organic seil and
d Edil, 20007, This paper discusses the feasibility of using Geopier elements
as a “floating foundation” system within the very soft soils of the Mekang Delta region of Viclnam,

10 to 45 times greater than unimproved
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histories of Geapier-supported floating foundations
are presented and followed by approaches formu-
lated for two sites in Vietnam. This paper is of sig-
nificance because it provides design approaches for
a technically feasible and cost effective solution to a
costly problem of foundation support in the very soft
Mekong Delta soils.
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Fig.1 Concept of floating foundations




1.2. Geopier constructio

Geopier soil reinforcing elements are con-
structed by drilling 760 mm diameter holes 1o
. depths typically ranging between 2 to & meters
helow the footing bottoms: placing controlled, 200
mm lifts of aggregate within the cavities; and
compacting the aggregate using a specially de-
signed, beveled, high-energy impact tamper (Fig-
ure 2 and Picture 1), The first lift consists of clean
stone and is forced into the soil thus forming a
bottom bulb. The bottom bulb extends the effec-
tive design length of the aggregate pier element by
one pier diameter. The remainder of the pier is
constructed of well-graded aggregate, densified in
thin lifts. During the densification, the beveled
tamper forces stone laterally into the sidewall of
the excavated cavity. This action increases the lat-
eral stress in the surrounding matrix soil thus pro-
viding additional stiffening. Detailed discussions
on the seil pre-stressing and pre-straining effects
are presented by Handy (2001).

ikt

- f"fuf ¢ stone at bottan r{fc aviey,

C - Ram stone to form botron bull

D - Densify stone in lifts to form undilated-
sidled shaft.

Fig.2. Geopier Construciio

2. FLOATING FOUNDATIONS

Floating foundations do not extend completely
through soft, compressible soil layers. Rather, the
foundation system consists of a stff composite
laver that extends sufficiently deep to reduce the
applied pressure and reduce foundation settlement
contributed by compression and consolidation of
the underlying soft soil. Geapier elements are de-
signed to create this stiff zone by increasing the
composite stiffness of the subsurface soils at
depths in which footing-induced stresses are the
Chighest. The end result is to limit long-term total
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and differential foundation settlements to satisiy
structural design criteria.

Picture 1. Geopier construction site

2.0 Geopier design approach

The Geapier design methodology is o create a
stulf layer of composite material that exhibits suffi-
clent rigidity 1o control foundation settlements to the
design wlerances.  Settllement design criteria of 23
mm (otal settlement and 12 mm dilferential setle-
ment between columns are commeonly used in de-
S1EN praciice.

Foundation settlements are estimated by sum-
ming the settlement contributions computed from
the upper Geapier-reinforced zone and from the
lower non-reinforced zone (Figure 3. Detailed up-
per zone calculations are described by Lawton and
Fox (1994) and Lawton et al, (1994), and are sum-
marized herein for completeness.

‘ Upper
| Lone
2B

Lower
Jone

Geopier

Fiz.3 Schematic of upper- and lower-zone

s Assuming the footing is rigid relative to the
foundation materials, stresses applied to the
composite foundation materials depend on their
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relative stiffnesses (R,) and area coverage. The
total downward force (Q) on the fooling 1s re-
sisted by resistance provided by the Geopler (1)
and matrix so1l (0L

Q=qA=Q,+Q=q A +q. A (1)

e Recause the settlement of the footing portion
hearing on the pier will equal the settlement of
{he footing portion bearing on the matrix soil, the
{oundation settlement (s) can be estimated by ap-
plied stresses (g, and q,) and stiffness modulus
(k. and k) of Geopier and matrix sol:

5= q'_ "f K!! = q- "‘l k'\- sz

Rewrile equation 2 to express the matrix soil
stress in terms of the Geopier stress and the ratio of
the pier and matrix soil modulus values ([2.):

q.=q, (k. /k)=q,/(k/KI=g, /K, (3)

¢ Combining Equations | and 3 and defining area
ratio (R,) as the ratio of A, 10 A:
q =lg [R,R.+1-R]/R} (4
« Rewriting g, in terms of ¢
q, = {qRJIRR +1-R] | (3

« Upper-zone settlements are then computed using
Eguations 2 and 3,

e Settlements in the lower, nen-reinforced zone
material are computed using conventional geo-
technical stress distribution (such as Westergaard
solution) and settlement analysis procedures de-
seribed in the literature (Terzaghi and Peck 1967)
combined with soil deformation modulus values
interpreted from field or laboratory testing. This
assumption is believed 10 be conservative because

: the presence of the plers results in a more efficient
: stress transfer and stress dissipation with depth
below the footing bottom than that which occurs
for conventional spread [ootings (Lawton, 1999).

2.2 Madulus foad test

¢ To verify the assumed Geopier stiffness modulus
- value (k,.), modulus load tests are conducted prior to
* construction,  The test is performed by applying
. pressure in gradual increments over the full cross-
-~ section area of a Geopier element. The stiffness
© maodulus value corresponding te 100% of the design
.~ stress applied 1o the top of the pier is determined
based upon the load test results,

3 CASE STUDIES

~ The design approaches described above are illus-
 trated by the following selected case histories:

3.1 Puger Sound Condominiian, USA

A waterfront site was selected for the develop-
ment of a condominium project in Anacorles,
Washington, USA. The site was underlain by 15 to
22 meters of deep, soft to firm clay. The structure
produced typical column loads of 160 tons and con-
tinuweus wall loads ol 13 t/meter.

Geopier soil reinforcing elements were installed
to depths of 3.5 to 4.5 meters beneath foundation
bottoms. A modulus load test performed on site
confirmed the Geopier stiffness modulus value of 82
MN/m’, which was greater than the 35 MN/m’ used in
the design upper zone settlement analysis. Based upon
calculations using equations 2 and 3, and results of the
modulus load test, the Geopler-reinforced upper zone
settlement contribution ranged from 10 mm to 12 mmn,
Lower zone settlement contribution, computed using
results of consolidation tests and Westergaard stress
influence factors, was calculated to be less than 13
mm. The condominium has been constructed with ex-
emplary foundation performance. Design soil profile
data and Geopier modulus load test results of the proj-
ect are presented in Table 1 and Figure 4.

Table 1. Design soil profile data, Puget Sound
condominium

|

Do 3m -Sand and SilL SPT-N =310 13
110 22 m - Very soft to firm clay, SFT-N=2107
Groundwater table close to the ground surface.

Load (kM)
400 g00

Deflection {rmm)

Modulus & Design Load = B2 MN/m*3

[_g_ Tap Pate _g— Bottom Haﬁ]

Fig. 4. Puget Sound modulus load test results

3.2 Marrion Courtyard Hotel, USA

The Marriott Courtyard Hotel in Portland, Ore-
gon, USA, is a five-story concrete and wood-frame
hotel building. Column loads range between 100
and 175 tons. The site is underlain by 14 meters of
very soft floodplain deposits that precluded the fea-
sibility of using conventional spread footings on the
native soils.  Geopier elements were installed 1o
depths of only 3.7 meters below footing botloms 1o




support footings with design bearing pressures of
215 kN/m®. The Geepier modulus load test con-
firmed that a design bearing pressure of at least 283
kN/m® was feasible for limiting upper zone settle-
ments o 12 mm or less. Based upon the results of
the modulus load test, the Geopier-reinforced upper
zone settlements were calculated to range from 10
mm to 12 mm. Lower zone settlements were esti-
mated ranging from 10 to 13 mm. Design soil pro-
file data and Geopier modulus load test results of the
project are presented in Table 2 and Figure 3.

Table 2 Design soil profile data, Marriott Courtyard
Hotel

Thickness of compressible, very soft silty clay = 14 m ‘
With SPT-N=1102

| Groundwater table at approximately 3 m deep
|
Load {kN} _ ‘
o 100 200 300

Deflection (mm)

Modulus @ Design Laad =55 MHN/m~3

I—_._ Top Pate 5 Boltom HateJ'

b - —

Fig.5 Marrior Courtvard moduius load test results

3.3. Pricesmart, Philippines

The Pricesmart Superstore project was the first
Geopier application in the Philippines constructed
in the summer of 2001. The project site, located in
Pasig City, is situated in poor swampland where
soft soils extend down to 18 meters below zround,
The original design called for the floor to be
structurally  supported by drilled shafts (bored
piles).  Geopier soil reinforcement eliminated the
costly bored piling and suspended structural floor
s¥stem, and allowed the heavil v loaded floor to be
Geopier-supported as a lightly reinforced slab-on-
grade system. The Geopier elements were installed
to an average length of 3 to 3.5 m below slab and
footing bottoms. A maodulus load test performed
on site produced a Geapier stiffness modulus value
of 83'MN/m", which was greater than the 35
MN/m* used in the design upper zone settlement
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analysis. The Geopier-reinforced upper zone sei-
tlements were estimated to range from 10 mm 1o
IS5mm. Geopier construction saved more than
30% of foundation cost compared to allernative
solutions.  Design soil profile data and Creopier
modulus load test results of the project are pre-
sented in Table 3 and Figure 6.

Table 3 Design soil profile data, Pricesmart

0to5m - Very soft to medium clay, SPT-N=2 109 ]

[ 3to 8 m - Very loose to medium dense silty sand,
SPT-N=21011
Bto 13 m- Very soft to soft silty clay, SPT-N =2 104

LGrnundwater table at 1.2 m deep

Load (kM)
Q 100 200 300

[}
]
i

_______ F=- === -==

Deflection (mm)
en
[

\\;k'—lh.
10.0 | : . |
Modulus @ Design Laad = 74 M N/ /m~T
—a— lop F.’a'ﬂ
—— J

Fig.6 Pricesmert modulus load rest resules

4. GEOPIER DESIGNS FOR MEKONG DELTA

The Mekong Delta region of Vietnam is charac-
terized by very soft soils that extend to great depths.
Typical soil undrained shear strengths range from 3
to 15 kN/m’®, and soil moisture contents range from
63 1o 120%. Table 4 presents representative profile
data of soil conditions at the two sites.

Table 4 Design soil profile data of Mekong Delta sites

!_Vuug Tau Site
o Do dd m— Very soft clay
* Undrained shear strength of clay = 10 w 17
kM/m”
= Soil moisture contents 63 o 909,
» Groundwater table close to the ground surface
Mha Be Site
* 010 14 m - Very soft fat organic clay
* Undrained shear strength of clay = 3 1w 12
kN/m’
= Soil moisture contents 70 to 1209,
Groundwater table close to the ground surface |
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To evaluate the feasibility of Geopier soil rein-
forcement for the creation of floating foundations,
preliminary Geopier soil reinforcement designs
were formulated for the two Mekong Delta sites
described above, where unconfined COMPIessive
strength of the silty clay within depths of interest
was 24 kPa (0.244 kgiem®) and 6 kPa (0.063
kgfem®). The Geopier soil reinforcement system
designs for these sites are summarized in Table 5
and Table 6.

Because of the very weak subsoils within the
Mekong Delta, a special construction procedure
will be required to install the Geopier elements.
The elements will have to be “over-drilled”, and a
thicker laver of clean stone placed for the bottom
bulb, than is normally used in Geopier construc-
tion for sites with better soil conditions (Wissmann
and Fox, 2000; Wissmann et al,, 2000; and Wiss-
mann et al., 2001). The drilled shaft should be
over-drilled one meter deeper than required by the
Geopier shaft lengih calculations.  Clean stone 1%
then dumped 1o a height of about 1.4 1o 1.5 meters
abave the cavity bottom, and tamping of the bot-
wom bulb begins. This will prevent shearing of the
weak soil from the high energy impact ramming
action of the Geopier Tamper, and will produce a
reasonably stable bottom bulb prior 1o constructing
the 300 mm compacted Geopier shaft layers.

Table 5 Geopier preliminary design for Yung Tau site

Table 6 Geopier preliminary design for Nha Be Site

Design Column '

Load 151 541 o] 1
Allowable

Footing Bearing
Pressure (kPa)

164t

168 168 168 168

I

[ Diesign
Column Load

[
[

GEI [131 | 2051

Allewable Foot-

ing Bearing Pres- 1490 190 190 190
sure (kPa)

Dresign Square

Footing Width | 1.1y | 1.9m | 2.5m | 3.25m

Mo. of Geopier
Elements per 1 3 ] 4]
footing

Design Geapler
Drill Depth Below | 2 751

Footing

4.75m | 6.25m

: Design Geopler
Compacied Shafl
Length |

1.75m _ 3.75m | 5.25m

Estimarted Foun-
dation Total Set- 25mm
I tlement | a

25mm 253mm

Design  Square

Footing Width | 1 1 1.8m 2.3m 3lm

Mo, of Geaper
Elements  per
Footing

Design Geopier
Drill Depth Be- |

Jow Footing 2.73m | 3.753m | 4.60m

a.10m

| Design Geaprer
Compacied
Shaft Lengzth
Estimated

Foundation  To-
tal Settlement

2.75m | 3.60m | 5.10m

Fdmm | 23mm | 23mm | 23mm

5. CONCLUSIONS

The Geopier floating foundation system has been
successfully applied 1o a number of sites with simi-
lar subsurface conditions to the Mekong Delta.
Three case historics of Geopier floating foundations
in comparable subsurface conditions have been de-
scribed in this paper,

Applications of the Geopier soil reinforcement
system in supporting floating foundation systems in
the Mekong Delta region of Viemam have been
shown to be technically feasible and appear to be
cost effective compared to deep foundation systems
and massive over-excavation and replacement meth-
ods. By installing the Geopier elements 10 creale &
stiff composite upper reinforced zone, the floating
foundation design approach can be utilized to con-
trol foundation settlements and satisfy reasonable
structural design criteria.

APPENDIX: SYMBOLS USED

A = Gross footing area.

A,= Footing arca supported by Geopier elements.
A.= Footing area supported by matrix soil.

k, = Stiffness modulus of Geopier.

k.= Stiffness modulus of matrix soil.

Q= Total downward force on footing.

Q= Resisting force of Geopier. ’

0.= Resisting force carried by matrix soil sur-

rounding Geopier elements.




q = Composite bearing pressure at base of footing.
: Stress applied to top of Geapler.
q, = Stress applied to matrix soil surrounding
CGeopier elements.
Ratio of cross-sectional area of Geopier to
gross footing area,
R.= Ratio of relative stiffness of Geopier and ma-
trix soil.
"5 = TFooting settlement,
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