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Centrifuge Modeling of the Load Settlement Behawab8hallow Foundations on
Geosynthetic-Reinforced Soils
Thesis directed by Dr. John S. McCartney

Geosynthetic reinforcement of granular fill ovenlgi soft soils is a possible approach to
improve the load-settlement behavior of foundati@dsosynthetic reinforcement of granular fill
is intended to function by providing lateral resitao the fill, which reduces the potential for
settlement of underlying soils by distributing fle@eindation load to a wider area. The approach
may help avoid high costs associated with othegrmdttives such as deep foundations or
modification of the underlying soil. Further, theeuof geosynthetic reinforcement may require
less backfill soil to adequately distribute the ridation load to a wider area. In other words,
geosynthetic reinforcements are expected to inerghs lateral restraint of granular fill,
minimizing lateral deformations during applicatioha surficial foundation load. The objective
of this research project is to use small-scalerifage tests to evaluate the load-settlement
curves of surficial foundations on geosynthetiai@iced sand layers overlying soft material.
The variables investigated in this study include depth and number of geosynthetic layers and
the centrifuge acceleration level. It was found tip@osynthetic reinforcement only leads to an
improvement in the load-settlement curves whencthdining pressure is low enough that the

pullout resistance of the geosynthetics can be lmebi
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CHAPTER|
INTRODUCTION

1.1 Motivation

Geosynthetic reinforcement of compacted granularoVerlying soft soils is a possible
approach to improve the load-settlement behavidreaking capacity of foundations (Gabr et al.
2000; Giroud et al. 2004). Geosynthetic reinforcetedunction by adding tensile resistance and
lateral restraint to the compacted granular féinfhil and Raymond 1997), leading to a wider
area of stress distribution and reduced settlemeahderlying soils. This approach is typically
used with the goal of avoiding high costs assodiatéth other alternatives such as deep
foundations, modification of the foundation soilt mcorporation of additional structural
granular fill. Geosynthetic reinforcement may giewmit distribution of stresses to a wider area
of the soft soil with a thinner layer of granuldl, feducing material costs.
1.2 Research Objectives

The main objective of this study is to evaluate eéffect of using geogrid reinforcement to
improve the load-settlement behavior of shallownfdations on granular fills overlying a soft
layer of soil. Further, a secondary objective isdavelop a centrifuge testing module which
could be used to evaluate the impact of geosymthetnforcement on the bearing capacity of
foundations in an instructional centrifuge. Speaeifly, because the resisting forces of the
geosynthetic depend on the self-weight of the guaglsoil, the geotechnical centrifuge may be
suitable to evaluate the impact of the geosyntheticthe load-settlement behavior may be
evaluated in a geotechnical centrifuge. In additio the technical outcomes of the centrifuge
testing program, the outcome of this researchlvélthe setup and procedures for an educational

centrifuge module suitable for use in an introduttio geotechnical engineering course



1.3 Research Approach

The research approach used in this study is tatireanigaboratory-scale models of soil layers
atop a soft subsurface layer, and to measure ltreadrsettlement curves during centrifugation in
the instructional centrifuge at the University afl@ado at Boulder. The soft subsurface layer is
modeled by styrofoam to decrease preparation tingeimprove repeatability. In addition to a
modeling of models study to evaluate the load-aeigint curves of different centrifuge models,
the impact of centrifuge acceleration layer on libed-settlement curve of soil layers having
geosynthetic reinforcements at different depthswatl as multiple geosynthetic layers is
investigated. The impact of centrifuge acceleratsonseful to assess the impact of particle self-
weight on the load-settlement curve of a foundatiora reinforced soil layer.
1.4 Scope of thisthesis

A literature review is provided in Chapter 2 to snarize experiments and theory for the
bearing capacity of foundations on reinforced soilhe experimental testing program in this
study is described in Chapter 3, including the dpson of the model and the instrumentation.
The materials used in this study and their engingesroperties are presented in Chapter 4. The
test procedures, including preparation of the devace described in Chapter 5. Results from the
series of tests performed in this study are presemt Chapter 6. An elastic analysis of the
layered soil profile is presented in Chapter 7ntenpret the results of the tests. The conclusions

and recommendations are presented in Chapter 8.



CHAPTER I
LITERATURE REVIEW
2.1 Overview of the L oad-Settlement Behavior of Foundations
2.1.1 Load-Settlement Failure Modes

This study involves an evaluation of the load-setént curves of foundations on
geosynthetic reinforced soils. Accordingly, a revief the expected shapes of load-settlement
curves for different soils is presented in thistisec Bearing capacity failure can be classified to
three principal modes, including general sheaufailCaguot, 1934; Buisman, 1935; Terzaghi,
1943), local shear failure (Terzaghi, 1943; De Beat Vest, 1958), and punching shear failure
(De Beer and Vesj 1958; Vesi, 1963).

General shear failure is typically observed in @esands and stiff clays. In stress-controlled
loading conditions such as those present in founkt failure is often observed to be sudden
and catastrophic unless the structure preventsfabigng from rotating. In strain-controlled
loading conditions, for example when the load amsémitted to a foundation by jacking, a visible
decrease of load necessary to produce footing meneafter failure may be observed (strain

softening. The failure surface for general sheduriis well defined, as shown in Figure 2.1.

Load per unit area, g
r

(a)

(b)

Figure 2.1 General shear failure (Das 1999): (agiMeism; (b) Typical load-settlement curve.
Local shear failure is observed where a foundaosupported by medium dense sand or

slightly overconsolidated clay. Failure in thisusition is not as catastrophic as general shear



failure. From Figure 2.2, the load-settlement cuipeeomes steeper and erratic as the applied
load increases. When the bearing capacity (q) esattte ultimate value (g the failure surface

reaches the ground surface. A peak load is typicalt observed in the load-settlement curve for

this failure mode.

Load per unit area, g

=

s
\
Settlement, S

@ ®
Figure 2.2 Local shear failure (Das 1999): (a) Matbm; (b) Typical load-settlement curve.
Punching shear failure is noted in foundationsamsé¢ sand or soft clayey soil. In this mode,
the footing will start penetrate and continue punghthe soil as the vertical load increases.
Continued penetration of the footing is made pdsshy vertical shear around the footing
perimeter. There is no visible collapse exceptsiaiiden small movements of the foundation in

the vertical direction. Also, the failure surfaceed not extend up to the ground surface, as

shown in Figure 2.3.

Settlement, S

(a)

®)

Figure 2.3 Punching shear failure (Das 1999): (agiMinism; (b) Typical load-settlement

curve.



2.2Previous Studies on Bearing Capacity of Geosynthetic-Reinforced Soils

Geosynthetics have been used in reinforcement cgpigins since the mid-1970s (Binquet
and Lee 1975a, 1975b). These researchers investitfa@ mechanisms of using reinforced earth
slabs to improve the bearing capacity of granutéis sThey tested the load-settlement behavior
of model strip footings on sand reinforced with ®istrips of household aluminum foil. They
developed an analytical method for estimating titegased bearing capacity based on their tests.
They indicated that both the bearing capacity attlesnent can be improved by a factor of 2 to
4 compared to unreinforced sand. This study wdevield by many experimental studies on the
bearing capacity of footing on reinforced sandsstmaf which were based on small-scale
laboratory tests. The results of previous worksicagd that the use of reinforcements can
appreciably increase the soil's bearing capacity raaluce the footing settlement. However, the
self-weight of the soil can have an important intpac the bearing capacity of soils, so these
results under full-scale conditions are uncertain.

Das et al. (1994) constructed two foundation mqdwmie in sand and the other in clay. Each
foundation was constructed from aluminum platessueag 76.2 mm in width by 304.8 mm in
length. A rough-base condition was achieved by ceimg a thin layer of sand to the bases of
the model foundations. Two sand layers were prepgrdoxes with internal dimensions of 1.1
m length, 0.3048 m width, 0.91 m depth using dmyviation. The foundation was tested in
plane-strain conditions, so the inside walls ofttb&es were polished to reduce friction with the
ends of the foundations as much as possible. Tkey biaxial geogrid as the reinforcement
material for all tests. The geogrid layers wereegthat the desired depths during pluviation, and
the model foundations were placed on the surfacth@fcompacted soil bed. The load and

corresponding foundation settlement were measusedjla proving ring and two dial gauges.



For the tests on clay, the settlement of the $trimdation at the ultimate load on reinforced and
unreinforced case was the same. However, for #te t; sand, an increase in the ultimate load
brought about by the reinforcement is accompanigdam increase in the settlement of the
foundation. The total depth for the geogrid laytramobilize the maximum possible ultimate
bearing capacity was 2.00B in sand and 1.75B iy, ckdnere B is the footing width. The first
layers of the geogrid layer were recommended tpldeed at depths of 0.3B to 0.4B to obtain
the most improvement.

Gabr and Hart (2000) performed a total of 9 platalltests on full-scale layers of Ohio river
sand. Their tests were performed in a box havimgedsions of 1.52 m in length, 1.52 m in
width, and 1.37 m in depth. These dimensions werected based on estimated stress
distributions. Two types of biaxial geogrids wet#ized in the testing program (SR1 and SR2),
where SR1 and SR2 have initial tangent moduli &kK20m and 329kN/m, respectively. The top
geogrid layer placed at depths (u) of 150, 229, 20@ mm from the bottom of the plate. Three
geogrid layers were used, with a vertical spacieigvben the geogrids of 300 mm. The soil was
compacted using a jackhammer with a footing are206fmm by 200 mm. Test on unreinforced
soil layers were performed to provide a baselirmec@he load increments were applied to the
test plate using a hydraulic jack with a capacity® kN. The load was applied in increments,
each of which were maintained until the settlenmate was less than 0.05 mm/hour. The surface
deformation was measured at four points using et dial gages. Each gage had a resolution
of 0.0025 mm.

Figure 2.4shows the load-settlement curves with SR1 geogfitls. depth ratio (u/B) was
taken as 0.5, 0.75, and 1.0 based on previousesttiaat indicated the critical depth ratio ranges

from 0.25 to 1.0 depending on the reinforcemenedsynumber, spacing, and stiffness. As



observed in Figure 2.4, settlement increased asddph of the top reinforcement layer

increased. The stiffness and ultimate load carrgeygacity of the plate on unreinforced soil was

the smallest, while they were the greatest wheméuogrid layer was placed near the surface.

SR 1 Geogrid |
— Bottom Layer Spacing = 300 mm :
E .y
E L
=
c -
2 °o o L™
© Vo < P -
£ ° -
L °
7}
o % <
5] v o
@© v
o 14 v
2 ® No Geogrid
O 46 v u=300mm v o
2 ® u=150mm
< 18 - © u=229mm
20 0 No Geogrid - Repeated
200 400 600 800

Applied Pressure (kPa)
Figure 2.4 Tests performed on the sand with §€bgrid (Gabr and Hart 2000).

The tests which incorporated geosynthetic SR2 wpegformed with geosynthetic
reinforcements at depths u of 150 mm, 195 mm, &tdrBm, respectively. The test with depth
(u) = 150 mm was repeated with two different sammesand. Comparing with geogrid SR1,
there was improvement for the bearing capacitytifier three depths, but in this case, it was
consistent with the results obtained by Miyazakil &firokawa (1992). Gabr and Hart (2000)
found that there is a critical depth ratio (u/B)wmich the maximum stiffness and ultimate
capacity was obtained. For depth ratios less aatgrahan the critical depth ratio, the bearing

capacity was less than the maximum value.
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Average Plate Deformation (mm)

12

No Geogrid
u=150 mm
u=195 mm
u =300 mm
u =150 mm - Repeated

® ®
SR 2 Geogrid
. ) . . Elolnorn Layer Spacing - 300 mm
0 100 200 300 400 500 600 700 800

Applied Pressure (kPa)

Figure 2.5 Tests performed on the sand with S&®dd (Gabr and Hart, 1994).

2.3Effect of Relative Density

The relative density of the granular fill has ansfigant effect on its bearing capacity because
of the increase in friction angle and stiffnesshef soil. Berry (1935) used 81 mm circular model

footing on Ottawa sand layers having various redatiensities. Figure 2.6 shows that for a

constant width footing, the bearing capacity insesaas the relative density;([creases.

Load (Ib/in%)

50

40 |

81 mm (3.2 in) Circular Plate ‘

0.04

0.06 0.10

Settlement (in)

Figure 2.6 Effect of relative density on bearingp@eity (Berry 1935).



Vesic (1967) performed a comprehensive serieestston sands with different densities
using 150 mm square footing. He loaded foundationsthe surface of dry uniform sand
compacted to a void ratios ranging from 0.8 throtigh Figure 2.7 shows the influence of the
sand density on the stiffness and ultimate capadfitthe foundation. Further, the dense soil
shows a more brittle stress-strain curve with steiftening compared to the looser soils, which

is consistent with a general shear failure modevsha Figure 2.1.

o 25 50 75 (mm})
! !

80

- 500

#61, Py = 96.2 pef

40 + #62, Py = 93.0 pef

STRESS (psi)
STRESS (kPa)

20 #63, Py =91.7 pcf

#64, Py =850 pcf

t t t t t a
0.0 0.5 1.0 1.5 2.0 25 3.0 (inch)
SETTLEMENT

Figure 2.7 Stress versus settlement curve (Ve$@)19

2.4 Impacts of Footing Shape

Footing shape is another important issue which iogmact the load-settlement curve for
foundations on reinforced soils (DeBeer 1963). €hsrconsiderable evidence that in the case of
the granular materials the bearing capacity fa@tg)y depends on the width of the footing (e.g.,
Hettler and Gudehus 1988; Ueno et al. 1998; Ueiid 2Bhu et al. 2001). Berry (1935) showed
that bearing capacity of circular footings on tbé surface increases with the width of a footing

(0.0508, 0.0718, 0.1016, and 0.1437 m) on denseé. S&ns implies that the bearing capacity

factor (N) for the foundation will decrease as the footirzg sncreases.



Cerato and Lutenegger (2007) evaluated the loakseint behavior of a model-scale
square and circular footing on two compacted sanydrs with different characteristics. Their
goal was to evaluate the impact of grain size,ifgosize, and relative density on the bearing
capacity factor (). The two different sands were tested were: Brdwortar sand (6=2.69,
pmin=1.41 Mg/m¥, pmax = 1.70 Mg/mi, Dsg = 0.6 mm, G = 2.1) and Winter sand (&2.69,
pmin=1.61 Mg/m3,pmax = 1.96 Mg/m, Dsp = 1.6 mm, G = 4.5). These sands were compacted by
hand with a 0.152 fnsteel tamper to relative densities,)(Df 12.6, 42.8, and 69.9% for the
Brown Mortar sand and 23.7, 57.2, and 86.8% foMtheter sand. This study also evaluated the
impact of footing shape, and measured the loadesetht curves for square footings having
widths of 25.4, 50.8, and 101.6 mm, and circulatifggs having diameters of 25.4, 50.8 and
101.6 mm. The model footing tests were performed 762 m x 0.762m x 0.305 m steel box
with a concrete base, shown in Figure 2.8. Theibgarapacity factor (ly was calculated and
plotted versus footing size in Figures 2.9 and 2TIese figures show a decreasing trendn N
with footing width. It should be noted that thesedel-scale tests likely were affected by the

lack of self-weight effects due to the reducedescdlthe sand layer.

DC Variable Speed Controller
\ Motor Right Angle Drive

=1-1@}

O,

Worm Gear
Steel Load Frame|

Steel Testing Box

0.305m 0.762 1t

Figure 2.8 Test setup used to evaluate footingesk@prato and Lutenegger 2007).
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Figure 2.9 Bearing capacity factors for Brown Modand (Cerato and Lutenegger 2007).
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Figure 2.10 Bearing capacity factors for Winterds@@erato and Lutenegger 2007).

The load—settlement curves for foundations on lgpes of sand are presented in Figures

2.11 and 2.12. The results indicate that the radatiensity has a significant effect on the load

settlement curve, although the footing size anghshead to different failure modes. In general,

the stiffness and ultimate bearing capacity forasqufootings are higher than for circular

footings.
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Figure 2.12 Footing load test curves for winterdsa(a) Loose (3=24%); (b) Dense (B87%)
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2.5Impact of Multiple Layers of Reinforcement

The stiffness and bearing capacity increase whentipieu layers of geosynthetic

reinforcement are placed below the foundation (Aaunsakh et al., 2008; Gabr and Hart, 2000).

Also, by using five layers of geogrid, they fourt the settlement was reduced by 40% when

they tested silty clay. Boushehrian and Hataf (3(Qdformed a series of tests on circular and

ring footings placed on multi-layers of reinforcamdayers, whose results are presented in

Figure 2.13. The bearing capacity increases asuheer of reinforcement layers increases, and

this increase was observed up to four layers. Tas also observed by Akinusuru and

Akinbolade (1981).

Bearing Capacity(kPa)

300

250 -

200

150

100

- ~
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v’ /.//.
P
'..'ﬁ' —=— four layers reinforcement

two layers reinforcement

—#%— one layer reinforcement

—e— unreinforcement soil

three layers reinforcement

10 20 30
Settle ment{mm)

40

Figure 2.13 Effect of multi-layers reinforcent on bearing capacity of soil

(Boushehrian and Hataf 2010).

2.6 Effect of Reinforcement Type

Dong et al. (2010) evaluated the effect of geotypk on the bearing capacity and stiffness

of reinforced granular base material. They testaeet types of triangular aperture geogrids

placed in a layer of Kansas River sand at a deptham below a surface-loaded footing plate.
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Their experimental test setup is shown in Figufiet2The Kansas River sand was placed into a
box and compacted to 70% relative density. The gesgreferred to as Geogrids I, 1, and IlI,
had triangular apertures, and differed only ontthekness of the nodes (2.1, 3.1, and 4.1 mm,

respectively).

Figure 2.14 Experimental test performed by Donal.ef2010).

The results in Figure 2.16 indicate that the gebgype and junction characteristics may
have a significant effect on the load-settlemertabeor through comparison with tests on an
unreinforced soil layer. Also, the results in Figu2.15 show that the stiffness and ultimate
bearing capacity of the reinforced bases increasedgeogrid types |, 1l to Il due to the greater
junction strengths of each, respectively. For editd, the geogrid-reinforced sand yielded at a
displacement ranging from 5 to 10mm. All the teets the reinforced bases showed no
significant heaving which was minimized by the geddpelow the bases. As a result of that, the

failure of these reinforced bases was due to tihéed¢eof sand below the geogrid.
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Figure 2.15 Effect of reinforcement type on thalleattlement curve (Dong et al. 2010).

2.7Effect of Reinforcement Layer Spacing

Based on some tests to evaluate the effect of épghdbf a geosynthetic reinforcement and
the spacing between reinforcement layers, the hgaapacity of reinforced soil increases as the
depth of the first reinforcement layer approacimestiottom surface of the footing. This is due to
the high stresses that develop underneath thenfpotihich may cause the reinforcement to add
horizontal stiffness to the granular fill. Howevélrthe top reinforcement layer is placed at a
depth less than 0.2B, where B is the footing withlke, soil mass above this layer will be too thin
to create enough friction to prevent the reinforeatrfrom pulling out of the fill outside of the
area of the foundation. Akinusuru and Akinbolade8) recommended that the first
reinforcement layer should be placed at depth rmernthan 0.2D and the second layer at depth
of 0.4D where D is the depth of the footing. Yetghoet al. (1994) evaluated rectangular
footings on sand reinforced with planar geogrichfi@icements, and found that the highest
stiffness and ultimate bearing capacity correspontthie case when the first reinforcement layer

is placed at a depth of 0.25B, with a verticalcapg between two reinforcement layers of 0.2B.
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Dong et al. (2010) performed tests on geogrid typ#aced at depths of 5, 10, and 15cm.
Their results, shown in Figure 2.16, indicate thathe depth of the geogrid layer increases, the

ultimate bearing capacity and stiffness of the ftatron decrease.
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Figure 2.16 Effect of geogrid depth basedong et al. (2010).

2.8Centrifuge Modeling

The main concept of the centrifuge modeling isreate a stress field in a small-size model
which simulates prototype conditions in the fieldhder this stress field, the results from a
small-size model may be similar to those in a fstdle situation. In order to apply the same
conditions as in the field, the model has to cdnefsthe same material and have similar
geometry. The model can be tested at a gravityl Mviea order produce complete similarity in
stresses and strain as a prototype which is N tiarger. Scaling relations were derived to be
used to discover model measurements to represetdtype performance. According to Ko
(1988), these relations can be obtained from sewezthods. For example, dimensional analysis
using the Buckingham theorem can be used to olianensionless groups of parameters that
govern the phenomenon being studied. On the othed,hin situation where the phenomena
being studied can be described by differential #qnan terms of the field variations, it is easier

to analyze theses equation to deduce the dimees®skale factors that govern a phenomenon.
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A list of scaling relations is presented in Tablé.2These relations can be used to interpret
model measurements to reflect the behavior of topyee.

Table 2.1 Scaling Relations for Centrifuge Model{Kg 1988)

Quantity Prototype  Model
Length N 1
Velocity 1 1
Acceleration 1 N
Force N2 1
Stress 1 1
Strain 1 1
Energy N3 1
Time (Creep) 1 1
Time (Dynamic) N 1
Time (Diffusion) N2 1
Frequency 1 N

The concept of modeling of models can be used ¢galcthe centrifuge model testing scheme
and to validate scaling relations (Ko 1988). Alsmdeling of model helps to detect when the
modeling breaks down due to grain size effectsnbaty effects, and strain rate effects. The
concept of modeling of models is illustrated inUfg 2.17. Each of the models on the diagonal
lines in this figure should have the same behawasrJong as there are no g-level dependent

effects which are not considered in the scalingti@hs.
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I C, B, A, (Prototypes)
10 ~ Size
5 Cz B, Az Effect
o S o
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©

100
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Figure 2.17 Principle of modeling of models, Ko §8%.
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CHAPTER 111
Experimental Setup
3.1Centrifuge Container
The container used to define the load-settlemervesuof geosynthetic reinforced soil layers
was constructed from anodized aluminum with intedimensions of 10.06 in length, 4.0 in
width, and 7.0 in depth. One face of the contagmsisted of a 20 mm-thick Plexiglas plate to
permit visual observation of deformations in thal dayer during foundation loading. A

schematic of the setup is shown in Figure 3.1.cupe of the container is shown in Figure 3.2.

hO.SO

10.56 |

i :
j =
I

- 0.75—'

9.56

Figure 3.1 Dimensions of the container (dimensiariaches).

Figure 3.2 Centrifuge container.
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3.2Loading Apparatus

The piston used to apply loads to the foundatmmsists of an aluminum plate which can be
attached to the side walls of the container, asvaho Figure 3.3. A hydraulic piston is mounted
atop the aluminum plate. The hydraulic piston cstssof an outer shell and a thin inner rod
connected to a Delrin disc. When air is supplieth®outer shell, stresses are transmitted to the
Delrin disc, which applies a load to the pistoneTgiston is connected rigidly to a load cell to

measure the imposed loads.

Figure 3.3 Load frame, piston, and load cell.

3.3Footing

The primary footing used in this study is an alummmplate with has a width of 1 inch, a
thickness of 0.5 inches, and a width equal to efiéthe container. Accordingly, the foundation is
intended to apply plane-strain loading to the kgjker. The sides of the foundation were tapered
to minimize any friction with the container durit@ading. A dimple with a steel ball was used to
permit the footing to rotate during loading. A yeill and black tape marker was attached to the
side of the footing to permit digital image anasydn the modeling of models tests, the width of

the footing was increased by attaching wooden shedhe bottom of the footing.
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Figure 3.4 Footing with a yellow and black markar digital image analysis.
3.4Centrifuge
The tests in this study were performed using tlsériictional centrifuge at the University of
Colorado at Boulder. This facility was used becatlme module developed in this study will

eventually be used as part of an introduction meehnical engineering course.

Figure 3.5 Instructional centrifuge at theiversity of Colorado at Boulder.

The centrifuge has two baskets, one for the exmeriat device and the other for the
counterweigh balancing. Based on that, the cerftggravity must be determined in order to
calculate how much weight should be placed on thenierweight arm. The center of gravity
could be estimated by balancing the device on gtedrruler and measuring the distance from

the base of the container to the pivot point. Aftexr materials were placed inside the container,
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the center of gravity for the whole experimentalide could be calculated by determining the
center of gravity of the container and the matsrghced inside the container. The chart in
Figure 3.6 was used to balance the centrifugeiernew centrifuge container. This chart uses
the center of gravity and the weight of the corgaito determine how much counterweight must

be placed to balance the experimental device.
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=—C80
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=100
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2000 -
2000 3000 4000 5000 6000 7000 8000 9000 10000

Model mass (g)
Figure 3.6 Chart for counterweight mass determomati
3.5Instrumentation
A National Instruments data acquisition system wsed to collect the data during testing,
which includes the load from the load cell, thetifiog displacement from digital image analysis,
and the gravity level from an angular velocity sduacer.
A Futek 100 Ib load cell was used in this studyslaswn in Figure 3.7. This is a load button-

type load cell with threaded mounting holes to bxed with the piston. It has a very robust
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construction available in 17-4 Stainless Steelhwitl.25” outside diameter and a 10 feet long 26

AWG 4 conductor shielded Teflon cable.

+ outp

Figure 3.7 Load cell.
The load cell was attached directly to the loadnta and applies loads to a ball bearing
resting in a dimple on the footing. Figure 3.8 shdhe loading setup during a typical test. This

design allows the footing to rotate under the aaploading.

Figure 3.8 Picture of loads being applied to thatifay.

In order to monitor the displacement of the footiagspecial camera was placed inside the
centrifuge facing the footing. This camera is tgkthree pictures each almost one second. All
the pictures are collected and saved in an Exieeirfiaddition to the gravity, load, and time. The
camera was designed to be able to track any reamoyddisplacement. To create a prominent

edge to track, two pieces of yellow and black tapee attached to the footing.
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Figure 3.9 Camera used for digital image analysis.
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CHAPTER IV
Materials

4.1Geogrid

Miramesh geogrid, manufactured by Ten-Cate Mirafiwas used in this study because it
has a strength and stiffness which are approximdi@lto 20 times less than geogrids used in
practice (Lee 2010). This geogrid is typically usederosion control, an application which does
not require high strength. It consists of green afiteament polypropylene yarns that are woven
together to produce an open mesh grid. The Mirargeshrid has an aperture size of 3 mm by 3
mm, a stiffness at unit strain of 206 kN/m/m, amduitimate tensile strength 27.7 kN/m. The

geogrid was cut into strips equal to the widthhef tentrifuge container.

Figure 4.1 Miramesh geogrid.

4.2Granular Fill

Ottawa Sand (Grade F-75) was used as the grarillléayer in this study. It consists of
Quartz grains which are 99.8% Si@ has a rounded grain shape with a surface ¥ganf/g.
The specific gravity is 2.65. A relative densitgttevas performed to estimate the relative density

value in order to control the way of preparing g#aenple and avoid any deference in densities
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between the tests. The maximum void ratio was ar¢Bthe minimum void ratio was 0.44. The
maximum dry density was 1.839 gm/tand the minimum dry density was 1.53 gmicrThe
sand also has a coefficient of uniformity,J©f 1.71 and a coefficient of curvature;J©f 1.01.

In the centrifuge modeling of the load settlemesitdvior of foundations on reinforced soil the
grain size scale effect should be considered. Basguast studies (Yamaguchi et al. 1977), the
particle size will scale up N times its originatesiif the soil is subjected to an acceleration of N

This can be evaluated using modeling of models.

' N\

80 \\
70 + \
60 + \
40 + \

30 + \
20 +
10 + \

1.00 0.10 0.01
Grain size (mm)

Percent finer by weight

Figure 4.2 Gradation curve of the Ottawa sand.
4.3 Soft Subsurface Layer (Styrofoam)

Because the goal of this study was to evaluateb#tgavior of reinforced sand layers
overlying a soft soil layer, it was desired to havenaterial which could be quickly replaced
without difficult preparation procedures. Prelimipaests indicate that the bearing capacity of a
thick layer of sand is high enough that additionreihforcements would lead to a bearing
capacity which exceeds the capacity of the loadygiem. Two different styrofoam sheets with
different thicknesses were used to model layersaff soils which were below the granular

material. The maximum thickness of the soft lageapproximately 60% of the container, but

25



because this thickness was varied in the modelimgaalels tests the two styrofoam layers with
different thicknesses were required. The firstafyam sheet, which was placed directly below
the sand layer, has a thickness of 1.70 cm. Ther stlgrofoam sheet has a thickness of 7.35 cm.

The thicker styrofoam sheet has a slightly grestiéfness than the thin sheet.

Figure 4.3 Styrofoam sheets (thisgd to represent the soft layers.

Figure 4.4 Styrofoam sheets (thicked to represent the soft layers.
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CHAPTER YV
Test Procedures
5.1 Procedures
A testing program was performed in this study t@leate the impact of incorporating
geosynthetic reinforcements into a sand layer enladad-settlement behavior of the sand layer
and underlying soft layer. The steps involved ifgrening a centrifuge bearing capacity test are
summarized below:
1. The center of gravity of the centrifuge containersvdetermined by balancing the container
on an angular ruler.
2. The styrofoam sheets were stacked atop each athteicentrifuge container to represent
the soft subsurface layer as shown in Figure 5etaBse the stiffness of the two styrofoam
sheets were different, they were modeled as twierdifit layers. The initial thicknesses of

the styrofoam sheets were measured, and their wasssecorded.

Figure 5.1 Placement of the soil layer atop theo$tam sheets.
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3. The soil was prepared by air pluviation from a ¢ant height of 3 inches, as shown in
Figure 5.2. This approach was used to control thesity of the sand to minimize any
differences between tests. The goal of the pluwativas to prepare a soil layer with a

uniform, low relative density of approximately 40%.

Figure 5.2 Preparing the sand layer by air pluorati
4. The geosynthetic reinforcement was placed at tseatelocation as shown in Figure 5.3 and

sand pluviation was continued beyond this level.

Figure 5.3 Placement of the geogrid layer.
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. After preparation of the soil layer, the load framas attached to the centrifuge container,
and the experimental device was weighted. Theivelatensity was calculated using the
known volume and mass of the soil layers.

. The center of gravity was calculated for the devieduding the soil based on the heights
and masses of the different layers (and the madscanter of gravity of the container).

Based on the chart presented in Figure 3.6, thanestjcounterweight was determined.

. The experimental setup was placed in the centrifagd the instrumentation cable for the
load cell was connected to the data acquisitiotesysThe air pressure tube for the loading
piston was also connected to the fitting on the-shg stack.

The lid of centrifuge was closed and a target rdeige acceleration level was imposed by
the centrifuge.

. After the target gravity level was reached, thalleas applied to the footing by manually
adjusting the pressure using an air regulator. [bhd was applied in 1 psi increments until
the displacement recorded using the digital imagalysis reached a stable value. The
measured load, footing settlement, and g-level reasrded into an Excel file using the

LabView data acquisition system.

Figure 5.4 Control panel for the loading system gagssure regulator).
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5.2 Testing Matrix

Four testing series were performed as part ofstiidy. These include:

1. Evaluation of the load-settlement behavior of dtyam under different centrifuge
acceleration levels.

2. Evaluation of the load-settlement behavior of umi@iced sand under different
centrifuge acceleration levels.

3. Evaluation of the impact of centrifuge acceleratiewel on the plane-strain plate-load
stiffness of soil layers having geosynthetics plaeg different depths from the soil
surface. In these tests, the same geometry wasinisgadof the soil layers, so the tests
were not performed centrifuge modeling principl€be goal of this test series was to
evaluate the impact of confining pressure on thikopubehavior of the geosynthetic
reinforcement when placed at different depths.iffeigbnt tests, a geogrid was placed at
depths 0.25B, 0.5B, 0.75B, and 1.0B. An additiotest was evaluated for multiple
geogrids in the soil layer.

4. Evaluation of the capacity of foundations on reinéul soil involving modeling of

models following conventional centrifuge modeliminpiples.
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CHAPTER VI
Results
6.1 Styrofoam Test Series
A styrofoam system was assembled in the contaitéout the presence of the soil layer to
evaluate the stiffness of the styrofoam sublayétrsschematic of the styrofoam system

incorporating both styrofoam types is shown in Fegé.1.

i

Styrofoam 1 ——* 1.7Cm

<«

Styrofoam 2 ——* 7:35Cm

Figure 6.1 Schematic of the styrofoam system inm@fing both styrofoam sheets.
The results shown in Figure 6.2 indicate that thereo dependence of self weight on the
stiffness of the styrofoam system. This is alsostzient with the load-settlement curves of the

styrofoam when the load is plotted on a logaritheuale, as shown in Figure 6.3.

Footing load (kN)
0.0 0.1 0.2 0.3

Footing settlement (mm)

--109
=209
10 4 +30g
<409

12

Figure 6.2 Load-settlement plot for the styrofoarstem (model scale, natural scale).
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Figure 6.3 Load-settlement plot for the styrofogrstem (model scale, logarithmic scale).
6.2 Testson Unreinforced Soil under Different Gravity Levels

Unreinforced soil was tested at different gravigwdls with the same footing width to
evaluate the effect of the gravity and particld-sadight on the stiffness of the foundation load-
settlement curve. The dry and relative soil deesitire presented in Table 6.1 for each test..

Table 6.1. Dry densities and relative densitiesufareinforced soil tests.

G-Level Soil density Relative density
(gm/cm?) (%0)
10 1.634 37.93
20 1.632 37.40
30 1.632 37.42
40 1.633 37.61

The load settlement curves for the series of testsinreinforced soil layers are shown in
Figure 6.4, in model scale. In these tests, thd teguired to displace the footing by 2.5 to 6.5
mm was recorded. Under low gravity levels, it was possible to reach higher displacements
than 6.5 mm due to rotation of the footing. Theuhlssin Figure 6.4 indicate that the g-level

leads to a stiffening of the soil layer at low llsvef displacement, but at high displacements, the
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g-level did not have a significant impact. It shibbke noted that the tests in this section all have
the same footing geometry, so they are not modelmarlels. However, they emphasize the

importance of soil self-weight on the resistancéotaing loading.

Footing load (kN)
0 0.1 0.2 0.3 0.4

Footing settlement (mm)

--10g
--209g
6 4=30g
<-40g

Figure 6.4 Load-settlement curves of soil layeredkl scale, natural scale).
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Footing settlement (mm)

5 4#10g
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6 1=30g
2 l=a0g

Figure 6.5 Load-settlement curves of soil layerod@&l scale, logarithmic scale).
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6.3 Tests on geosynthetic reinforced soils

A series of tests were performed on geosynthetideeed soil layers under different
gravity levels to evaluate the impact of soil sefight on the load-settlement curve. As a
baseline case, a soil layer having a thicknessiB {where B is the width of the footing) was
placed atop the styrofoam layers without reinforeet Further, geosynthetics reinforcements
were placed at different depths from the foundatanging from 0.25B to 1B (listed as fractions
of the footing width B) in a soil layer having aidkness of 1.5B. Further, one scenario was
evaluated in which several geosynthetic reinforgasienvere included at different depths.
Similar to the soil-only tests, the Ottawa sancetaywas prepared using air pluviation, and the
dry and relative densities are presented in Talde 6

Table 6.2. Dry densities and relative densitesafl tests.

Test Drv density (am/cr’) Relative density (%)
1G 20G 40G 1G 20G 40G
No geogrid 1.628 1628 1.631 3599 36.05 36.96
Geogrid at depth 0.25B 1635 1.633 1.633 3850 37.62 537.8
Geogrid at depth 0. 5B 1634 1631 1630 38.03 37.14 336.6
Geogrid at depth 0.75B 1632 1698 1631 3746 3756 337.1
Geogrid at depth 1B 1635 1631 1629 3844 36.93 36.47
Geogrid at depths 0.25B, 0.5B, and 0.15B 1.638  1.629.6311| 39.47 36.25 37.09

The load settlement curves for the series of testanreinforced and reinforced soil layers
under 1G (no centrifugation) are shown in Figu& 6 these tests, the load required to displace
the footing by 2 to 3 mm was recorded. In theststdsgher displacements similar to the soil-
only tests were not possible because of rotatioth®ffooting under 1G conditions. This likely
occurs because of instabilities caused by the EWwegeight. The load settlement curves show a
hardening behavior which is different from the unf@rced soil, which can be attributed to the
mobilization of the geogrid tension at higher disgiment levels. The geogrid did not lead to a

change in the initial stiffness of the solil layer.
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Figure 6.6 Load-settlement plot for tests under(@del scale, natural scale).
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Figure 6.7 Load-settlement plot for tests under(@del scale, logarithmic scale).

The load settlement curves for the series of testsnreinforced and reinforced soil layers
under 20G are shown in Figure 6.8. In all of thiegeres, it can be seen that the reinforced and
unreinforced soil are behaving at the same wayatbeginning of loading where the geogrid
started bending and pulling down causing the saismatement as in unreinforced soil. By the

end of the loading where the load is higher, theggd will start showing resistance, by friction
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and soil stiffness under the geogrid, to pending) puling down. Therefore, penetrating of the
geogrid to the soil will be reduced and the setletrin reinforced soil will be less comparing

with the unreinforced soil.
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Figure 6.8 Load-settlement plot for tests under 20Gdel scale, natural scale).
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Figure 6.9 Load-settlement plot for tests under 20Bdel scale, logarithmic scale).
The load settlement curves for the series of testsinreinforced and reinforced soil layers

under 40G are shown in Figure 6.10. Similar redolttie previous cases are observed, in which
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the reinforced and unreinforced soil layers showsigiilar load-settlement curves at the
beginning of loading. At the end of the loadinge theogrids start mobilizing tension and
contribute to the load-settlement behavior of #iaforced soil.

Footing load (kN)
0 0.1 0.2 0.3 0.4

-=-No Geogrid
J-<-Geogrid at 0.25B
-=Geogrid at 0.50B
T=Geogridat 0.75B
4><Geogrid at 1.00B
—+Geogrid at 0.25B, 0.50B, and 0.75B

Footing settlement (mm)
© 00N O o h~ WNPEFE O

[ERN
o

Figure 6.10 Load-settlement plot for tests undés 40lodel scale, natural scale).

Footing load (kN)

0.0001 0.001 0.01 0.1 1

5
6 1=nNo Geogrid

7 4=Geogrid at 0.25B
8

9

Footing settlement (mm)

|=Geogrid at 0.50B
-+Geogrid at 0.75B
>Geogrid at 1.00B
—+Geogrid at 0.25B, 0.50B, and 0.75B

Figure 6.11 Load-settlement plot for tests undes {Blodel scale, logarithmic scale).
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6.4 Modeling of Models

Three models were evaluated in this study at graewels of 20G, 30G, and 40G. The
footings used in each of these tests had widthd.8finches, 2.0 inches, and 4.0 inches,
respectively. The same container was used in tm@egeling tests, but the thickness of the soill
layers was varied so that the stress distributi@s wqual in each tests. The details of the
modeling of models tests are presented in Table &8 the results of the tests are shown in
Table 6.4 in prototype scale.

Table 6.3 Details of the modeling of models tests.

Model Prototype
- i Sand Laye Soft Layel Footing GeogriqSoil Layer Soft Layel Footing Geogric
Description - G-level Thickness Thickness Width B Depth | Thickness ThicknessWidth B Depth
(mm) (mm) (mm)  (mm) | (mm) (mm) (mm)  (mm)

No geogrid 20 34 34 51 0 680 680 1016 0

No geogrid 30 23 23 34 0 680 680 1016 0

No geogrid 40 17 17 25 0 680 680 1016 0
Geogrid at 0.25B 20 34 34 51 13 680 680 1016 254
Geogrid at 0.25B 30 23 23 34 8 680 680 1016 254
Geogrid at 0.25B 40 17 17 25 6 680 680 1016 254

Table 6.4 Results from the tests in prototype scale

Prototype

Description G-level Applied Settlemer S_ecant

load measured stiffness

(kN) (mm)  (KN/mm)
No geogrid 20 115 40.73 2.544
No geogrid 30 146 50.51 6.815
No geogrid 40 213 59.39 7.436
Geogrid at 0.25B 20 115 40.77 2.520
Geogrid at 0.25B 30 146 48.01 6.864

Geogrid at 0.25B 40 213 56.97 7.485
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The load settlement curves for the three modelslaog/n in model scale in Figure 6.12 and
in prototype scale in Figure 6.13. This figure cates that the tests at a higher g-level had a
softer response with a smaller capacity. No sigaift difference was noted between the
reinforced and unreinforced soil layers at eachhefg-levels. The results shown in prototype
scale have similar load settlement curves, indigathat the boundary conditions, grain size, or

strain conditions are similar between each of theals.

Footing load (kN)
0.001 0.01 0.1 1

Footing settlement (mm)
w N
o o

--20g - No Geogrid
--20g - Geogrid at 0.25B
-+-30g - No Geogrid
-+-30g - Geogrid at 0.25B
409 - No Geogrid
50 =409 - Geoqgrid at 0.25B

B
o
1

Figure 6.12 Modeling of models for load settlemeuntves of reinforced soil layers (Model

scale, logarithmic scale).
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140 T 30g - No Geogrid
—=-30g - Geogrid at 0.25B
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180 =409 - Geogrid at 0.25B

Footing settlement (mm)

Figure 6.13 Modeling of models for load settlemeunves of reinforced soil layers

(prototype scale, logarithmic scale).
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CHAPTER VII
Analysis
7.1 Secant stiffness
The secant stiffness was calculated from the medsload-settlement curves by assuming

that the load-settlement curve is hyperbolic (Gimd Vail, 1973), as follows:

S
AS+B

(7.1) Q=
where S is the vertical footing settlement angdiQthe fitted load. The constants A and B can be
evaluated by rearranging the above equation tdéhew equation and plotting S/Q versus S.
The best fit straight line will give an interceft® and a slope of A. When interpreting these
constants, 1/B is the initial stiffness of the hyjmda, while 1/A is the ultimate value of the
hyperbola. This method was found to be unsuitable definition of the capacity of the
foundation, because the hyperbolic model tendedigdoificantly overestimate the maximum
load applied in the test (Duncan et al. 1970). Nogless, the fitted relationship for Q as a

function of S was useful in calculation of the sdcstiffness at any value of settlement.

S —_—

A typical fit of S/Q - S is shown in Figure 7.1. hlata was fit so that the fitted hyperbola

matched the initial stiffness of the curve, not tittenate capacity.
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Figure 7.1 Modified Q-S curve for Kordritting of a hyperbola.

After the values of A and B were determined usimg above approach, the secant stiffness
corresponding to any settlement can be calculaddll@ws:
(7.3) M = Q/Sq
where M is the secant stiffness (units of KN/mma atharacteristic settlemeng. $n this study,
all of the values of secant stiffness were corredpw to the settlement of3S= 0.5B.
Calculating the secant stiffness with incorporagettlement will show the differences between
the reinforced and unreinforced soil, depth and memof the geogrid effect, and the gravity
effect. The following tables and figures summaribe secant stiffness corresponding to the

settlement of 0.5B for soil only, styrofoam oniypdareinforced soil at different gravity levels.
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Table 7.1 Stiffness defined as the load correspmntti a settlement of 0.5B in

Model Scale — Styrofoam only.

M
g-level (KN/mm)
10 0.022
20 0.022
30 0.022
40 0.022

Table 7.2 Stiffness defined as the load correspmntti a settlement of 0.5B in

Model Scale — Soil only.

M
g-level (KN/mm)
10 0.051
20 0.053
30 0.053
40 0.054

Table 7.3 Stiffness defined as the load correspmntti a settlement of 0.5B in

Model Scale — Reinforced soil

19 209 409
G id Depth
eo?Qg | ep M M
(KN/mm) (KN/mm) (KN/mm)

0 0.0093 0.0268 0.0288

0.25 0.0105 0.0271 0.0289

0.5 0.0106 0.0272 0.0289
0.75 0.0106 0.0269 0.0289

1 0.0104 0.0269 0.0288
Multtiple 0.0109 0.0275 0.0288

From Figure 7.2 presented below, there is no eftécgravity on the stiffness of the

styrofoam sheets. All of the secant stiffness \akm@respond to the same displacement of 0.5B.
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Figure 7.2 Secant stiffness of dtyamn under different gravity levels.
The secant stiffness of the unreinforced soil lageshown in Figure 7.3 as a function of the
gravity level. Although a slight increasing trendnsted, the stiffness of the soil layers is

approximately constant with gravity level.
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0.00 . .
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Figure 7.3 Secant stiffness of soil under differgnatvity levels.
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In Figure 7.4, a summary chart for the tests urdifiéerent gravity level is presented, this
figure emphasizes that the soil self-weight hatelithpact on the load-settlement behavior of

footings on geosynthetic reinforced granular filserlying soft soil.
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+20g -+40g -=1g
0.001 T T T

0.00 0.25 0.50 0.75 1.00
Normalized geosynthetic depth (zg/B)

Figure 7.4 Secant stiffness of reinforceitllayers under different g-levels.

7.2 Settlement Model

To evaluate the effect of the geosynthetic that wgesl in this research, several linear elastic
theories to determine the settlement will be usdukes€ theories used by Vakili (2008) to
determine the settlement of a layered system loaded) a rigid plate having a diamegeand a
footing stress), given the elastic parameters of the individugéta. Vakili (2008) combined the
analysis of Thenn de Barros (1966) with that of Ralmand Barber (1940). Thenn de Barros
(1966) showed how the upper two layers in a threer laystem could be replaced by a single
layer having an equivalent modulug. BAccording to that regards, the two top layers im ou

system will be having an equivalent modulus of:

3
_ (nNE+n VE
(7.4) E,= (—s—1—1hs+h1
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where R and R are the thickness of the granular material andthire layer of the styrofoam,
respectively, Eand g are the Young’s modulus of the granular material @@ thin Styrofoam
layer, respectively. Palmer and Barber (1940) shatvatithe two top layers can be replaced by
a single layer having Young’'s modulus of &d Poisson’s ratio of,, but with a thickness of:

—v 32\ 1/3
(7.5) he =(hs + h1) (Z=2)

E,(1-v,)?

The Young’s modulus for the granular fill and thgrefoam sheets were determined by
performing one load-settlement test for each lagled using the following approach for
calculating the Young’s modulus (Schleicher 1926):

)

where the following variables can be defined assShe vertical settlement of any point on the

1-v
E

(7.6) $= Caq B(

surface of an elastic half-space subjected to éinfgdoad ¢, B is the width of the footing;, is
the Poisson’s ratio of a layer, E is the Young’s molod of a layer, and {ds a parameter which
accounts for the shape of the loaded area andigost the point for which the settlement is
being calculated. Equation 7.2 can be written imgeof M, as follows:
(7.7) E==22(1-v%)

Based on the model of Vakili (2008), the verticatlseenent of a footing on a layered system

of elastic materials can be calculated as follows:

78 W= (L) e o |1+ () - ()| s 1+ (0

where the parameters m and k are parameter aredefsmfollows:

h+h, 3|1-v, 2

(7.9) mas /EeLz
(7.10) k= \/g
Ee
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This model can be used to predict the settlemeatreinforced soil layer.

Poisson’s ratio for the both styrofoam sheets wasiraed to be 0.3, and from the above
approach, the Young’s modulus for the soil, thinrgtyam sheets, and the thick styrofoam
sheets were found to be 7.42 MPa, 0.41 MPa, andNIFi& respectively. For an applied stress,

the measured settlement for each geogrid case atasnined from the load-settlement curves

and the predicted settlement was calculated.

hy — +— FHg vs

hl/ ' \El.-“i

et | M w ot

Figure 7.5 Layered elastic analysis (Vakili 2008).

Under 1G, the displacements were calculated and ceahpéth the measured displacement
under the same load. The results indicated thabfalhe measured displacements were at the
same range with just 1 to 2 mm displacement diftelbetween unreinforced and reinforced soil.

The results under 1G are presented in Table 7.Dlatieéd in Figure 7.6.

Table 7.2 Measured and predicted footing settlemmemtresponding to an applied load under 1G

I—ayer qapplied hl h2 Ee he Wz,calc Wz,measurew
depth | (MPa)  (mm) (mm) ' @ owmPa) " m) (mm) (M)
None | 0.016 33 17 030 456 03 894 1500 1.246
0258 | 0.016 33 17 030 456 03  89.4 1500 1.365
058 | 0016 33 17 023 456 02 839 1482  1.213
0758 | 0.016 33 17 023 456 03 855 1487 1213
1B | 0016 33 17 025 456 03 866 1490 1.244

multi. 0.016 33 17 0.15 4.56 0.2 81.3 1.475 1.128
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Figure 7.6 Calculated and measured settlements Uile

The results under 20G indicate that the unreinfosmdand reinforced soil gave almost the

same displacement. The results under 20G are peelsenTable 7.3 and plotted in Figure 7.7.

The Poisson’s ratio of the reinforced granularviihs varied to result in an improved fit to the

data. A smaller Poisson’s ratio is intended to repméa soil layer with more lateral restraint.

Table 7.3 Measured and predicted displacementsmmoraling to an incorporated load - 20G

Layer qapplied h1 h2 v Ee he Wz,calc Wz,measure
depth  (MPa) (mm) (mm) ! (MPa) (mm)  (mm) (mm)
None 0.16 29 17 0.30 3.39 0.30 75.5 7.80 8.88
0.25B  0.16 29 17 010 339 016 667  7.66 6.94
0.5B 0.16 29 17 0.15 3.39 0.20 68.9 7.69 7.42
0.75B 0.16 29 17 0.12 3.39 0.17 67.6 7.67 7.12
1B 0.16 29 17 0.20 3.39 0.23 71.1 7.72 8.21
multi. 0.16 29 17 0.05 3.39 0.11 64.3 7.64 5.90
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Figure 7.7 Calculated and measured settisnender 20G
The results under 40G are showing that the reinfosmst did not reduce the expected
settlement, and the displacements from reinforoddasgere the same as in the unreinforced soil.

The results under 40G are presented in Table 7.$¢lated in Figure 7.8.

Table 7.4 Measured and predicted displacementsmmoraling to an incorporated load - 40G

Layer qapplied hl h2 v Ee v rb Wz,calc Wz,measure(
depth (MPa) (mm) (mm) ! (MPa) ¢ (mm) (mm) (mm)
None 0.158 29 17 0.30 3.59 0.30 76.0 7.28 7.47
0.25B  0.158 29 17 0.20 3.59 0.23 715 7.21 6.23
0.5B 0.158 29 17 0.27 3.59 0.28 74.6 7.26 7.45
0.75B  0.158 29 17 0.25 3.59 0.27 73.7 7.24 7.16
1B 0.158 29 17 0.22 3.59 0.25 72.4 7.22 6.74
multi. 0.158 29 17 0.15 3.59 0.20 69.4 7.18 6.22
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CHAPTER VIII
Conclusions
This study was performed to evaluate the impactaifining pressure on the pullout
behavior of the geosynthetic reinforcement whengaaat different depths under the centrifuge
modeling. The centrifuge was found to be usefuMaleate the impact of soil self-weight on the
impact of geosynthetic reinforcement on the loatlesaent curves of granular fill overlying soft
soils. The following specific conclusions can bevgrdrom this study are:

» Styrofoam sheets were found to be useful in mode$ioft soils underlying a layer of
granular fill.

* The centrifuge g-level was found to result in acréase in stiffness of the unreinforced soil
layers under low levels of displacements. At hightifap displacements, the g-level was
found not to have an impact on the footing settiaime

* The geosynthetic reinforcement did not have a Bagmt impact on the load settlement
behavior of the foundations at low levels of displaent. However, at higher levels of
displacement the load-settlement curves were foortd strongly dependent on the presence
of the geogrid reinforcement. Geogrid reinforcemdotated closer to the foundation were
found to lead to the stiffest load-settlement resgo

* Modeling of models was used to check the validityhef scaling relations and to evaluate the
impact of scale effects. A softer response was nfatefbundations tested under higher g-
levels. The results obtained from modeling of mededlicted that there was no effect of the
geogrid on the load-settlement curve.

* Future tests may benefit from using a soil haviigiér stiffness. Using material with higher

stiffness will increase the interaction between thesynthetic and the fill layer.
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