


AMERICAN UNIVERSITY OF BEIRUT

MECHANICS OF LOAD SHARING IN SOFT CLAYS
REINFORCED WITH SAND COLUMN GROUPS

by
ABDURRAHMAN AHMAD ALMIKATI

A dissertation
submitted inpartial fulfilment of the requirements
for the degree of Doctor of Philosophy
to the Department of Civil and Environmental Engineering
of the Maroun Semaan Faculty of Engineering and Architecture
at the American University of Beirut

Beirut, Lebanon
Juy 2021



AMERICAN UNIVERSITY OF BEIRUT

MECHANICS OF LOAD SHARING IN SOFT CLAYS REINFORCED
WITH SAND COLUMN GROUPS

by

ABDURRAHMAN AHMAD ALMIKATI

Approved by:

)

Z

Dr. Salah Sadek?‘P'l‘SEssor
Department of Civil and Enviro ngineering, AUB

WU Ol

Advisor

Dr. Mounir Mabsout, Professor
Department of Civil and Environmental Engineering, AUB

B BT

Chair of Committee

Dr. Shadi Najjar, Associate PxgteSsor
Department of Civil and Environmental Engineering, AUB

Member of Committee

Dr. Grace Abou-Jaoude, Associate Professor 7
Department of Civil Engineering, LAU

Y 2

Me"nber ofCommittee

Dr. Muhsin Rahhal, Pseféssor

Member of Committee

Civil Engineering Department of the Faculty of Engineering, USJ

Date of dissertation defense: July 07, 2021



AMERICAN UNIVERSITY OF BEIRUT

DISSERTATIONRELEASE FORM

Student Name: Almikati Abdurrahman Ahmad
Last First Middle

| authorize the American University of Beirut, to: (a) reproduce hard or electronic
copies ofmy dissertation(b) include such copies in the archives and digital repositories
of the Univerdly; and (c) make freely available such copies to third parties for research
or educational purposes

[ ] As of the date of submission
[] One year from the date of submission of digsertation
[] Two years from the date of submission of digsertation

X] Three years from the date of submission ofdisgertation

Al 14/07

Signature Date




ACKNOWLEDGEMENTS

| wish to express my sincerest gratitude and warm appreciation to my adwsSedah
Sadek andr. Shadi Najjar who contributed much in helping achieve and shape this
valuable piece of worlBig thanks goes as well to the committee memltigrsiviounir
Mabsout,Dr. MuhsinElie Rahhal and Dr. Grace Ab@aoude for their support and
help.l would also liketo express my deep sense of thankidrtalorge Gabriel

Zornberg for the amazing experience he offered me at The University of Texas at
Austin, which made me learn a lot.

| am extremely thankful to the lab managers Mr. HelmiKEatib and Ms. Dimal
Hassnieh for their kind help and encouragement throughout the years.

A debt of gratitude is also owed to my friends inside and outside the geotechnical circle
at AUB.

The biggest thanks and huge appreciation will of course go to my family members who
stood n&t to me throughout the fivgears of Ph.D., pushed me towards the best, and
help me reach this stage of myelif



ABSTRACT
OF THEDISSERTATIONOF

Abdurrahman Ahmad Almikati for Doctor of Philosophy
Major: Geotechnical Engineering

Title: Mechanics of Load Sharing in Soft Clays Reinforcéith\8and Column Groups

Granular columns are widely used as a soil improvement solaticoft clays. Given

that granular columns are seldom designed and constructed as individual elements, there
is a clear need to idéfy and quantify the group effeand load sharing under various
drainage conditiom This includes studying treress distbution between the columns

and the surrounding claynder varyingarea replacement ratiaifferent columnar
configurations, and different drainage conditi¢tisained and undraingdlhere is also

a need fostudying the effect of partial drainadae b radial flow from the clay to the
columnson the Bort-term stability of foundationen reinforced clay systems. To cater

for the above needa new fully instrumented triaxial test setup was developed and
utilized to investigate the overall response of the clay reinforced with single/group sand
columns. The instrumented setup allowed for collecting dat&olumetric strain

during consolidatin and shearingpore water pressure dissipatieontact stress
measurement above different soil materiaie global deviatoric stress variation with
axial strain. Thexperimental program revealed the reliability of the miniature pressure
sensorghatarecapable of quantifying the distribution of the stresses in the columns
and the surrounding clay at different levels of axial stiResultsndicated that the

stress concentration ratigaried significantly with strain, rate of loading, drainage
condtions, column configuratiomnd area replacement rattress concentration ratios

in the range of 4 to 6 could be mobilized at very low strains for drained loading
conditions. These relatively high ratios decrease to about 1.5 at relatively large strain
For the case of undrained loading, the stress concentration factors are very low (1.5 to
2) at small strains and increase to values as high as 6.5 and 9.5 for cases involving area
replacement ratios of 17.1% and 30.4%, respectiVélg.shear strengtmd stress
concentration factors measuredpartially drained tests were bracketed between the
fully drained and the fully undrained testgth average stressoncentration factors

ranging from 20t0 5.0. The presented work included also a geotechnical
characterization of Laponite, which is a transparent-tikieymaterial to be used as a
replacemento natural/synthetic netransparent clays. This will facilitate the

visualization of internal deformations and assess the mode of failure iniatnive
fashion. As such, future works soft claysreinforced with granular colummuld

utilize Laponite as the annulus clay to envision internal moveméhéinsights @ined

and reported in thiwork areanticipated tdacilitate the development of design
methodologies for soft clays reinforced with sand column groups.
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CHAPTER 1

INTRODUCTION

For structuresf relatively light to moderate loads that are distributed over large
areas, the costs associated with the use of deep foundations to bypass soft clay layers
may be prohibitive. In such cases, granular columnar inclusions have been successfully
used to imprage the mechanical properties of the soft clay. Columnar inclusions
generally include (1) sand drains or sand columns which are used to accelerate the rate
of construction of structures or embankments and (2) stone or gravel columns which are
associated wit vibro-replacement operatiotisatare aimed at replacing a percentage of

the soft clay with stiff granular columns.

The use of granular inclusions in the form of sand drains and/or gravel columns
has long been adopted apaentialalternative to deemtindation solutios) where it is
associated witthereplacement of an area/volume of weak soft clay dethsified
granular columngFigure . This technique results in siicant improvemers in
overall bearing capacityncreasedtiffness decreasedettlementaindincreased

hydraulic conductivity.

In current practice, two major installation methods are adopted to install
granular columns (whether sand or stone columns). The first method is the vibro
replacement technique under wet or dry conditionsimFts name, the method
incorporateseplacing an existing weak soil with a better material (granular), which is
then vibrated using a probedohieve a certain density. The second technique is
ramming the column (mostly gravel/stone) in layers insidgtiedrillednhole to achieve

a high density.
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Figurel: Stone column construction using a crauspended downhole vibrator (STA,
2018)

Currently in the Middle East and the region, granular columns is one of the
adopted groundnprovement techniques by several geotechnical specialty contractors
(e.g. KELLER, MENARD, BauerAmmicag). Ongoing projecténcludes sites in (1) Port
Said, Egypt for building a residential complé®) Ruwais, UAE for building a crude
oil refinery; (3) Sharjah, UAE, Lulu Hypermarket among many other sites. In Lebanon,
stone columns have been used in several pra@atsprove the soil in plagérom
which are:(1) Dbayeh Waterfrontity, (2) Crystal Tower Project, Antelyas, with the
foundation system degied and implemented by Terrasol; and (3) Normandy, Beirut,
with GeoPier company responsible for the construction of stone columns and

foundations system.

The response of soft clay systems that are reinforced with granular column

groups is governed by maifgctors including: (1) loading rate andrainage conditions

15



(whether drained, undrained or partially drained), (2) area replacement ratio (defined as
thecrosssectionalarea of the sand columns tatlf the surrounding clay), (3) density
of the column (4) length to diameter ratio of the granular columna(s) theuse of

encasemen@mong others.

Granular columns are seldom designed and constructed asedergknts, yet
most of the studies in the literature focused on the response of soft ctdgsced with
single granular columnsvith experimental investigations being predominantly based
on tests conducted in large edienensional (1D) loading chambers (Najjar 2013). Such
test setups may be considered to be-mpmesentative of actual field mditions
because of limitations related to: (1) inability to control and scale the drainage
conditions andherate of loading to mimic the field loading, and (2) inability to model
the correct field stress state which differs significantly from the Sieests
encountered isuchexperiments. As a result, findings from laboratory scale model
tests, even if conducted on specimens reinforced with column groups, cannot be

generalized or extrapolated to the field scale problem.

To overcome these limitationthere has been significant interest in utilizing
triaxial test setups to investigate the response of specimens that are reinforced with
sand/stone columns while controlling the stress state, the global drainage conditions,
and the rate of shearing. Triaktesting conditions allow for the control of (1) drainage
during testing (drained, undrained, or partially drained) and (2) confining stresses that
could be selected to be in the same order of magnitude as those expected in the field.
Examples of triaxiebased studies that utilized granular columns with soft clays include
the work reported in Juran and Guermazi (1988), Sivakumar et al. (2004), Black et al.

(2006), Black et al. (2007), Kim et al. (2007), Andreou et al. (2008), Najjar et al.
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(2010), Blacket al. (2011), Sivakumar et al. (2011), Almikati et al. (2020), and Najjar et
al. (2020). The vast majority of the abewentioned triaxial studies involve soft clays

that are reinforced with single central granular columns rather than column groups.

Contact stress measurement in granular columns and the surrounding clay
annulus haproven to be key element in understanding the stress transfer mechanism
between granular columns and the surrounding clay (Aslani et al. 2018). Contact stress
measurements allow for determining the stress concentration ratio (defined as the ratio
of the stress in thgranular column teéhatin the clay) during loading. The stress
concentration ratio is a key variable in the design of soft clay systems that are reinforced
with granular columns. The magnitude of the stress concentration factor depends on a
number of vaables including the relative stiffness of the column and clay material,
drainage conditions, column length, area replacement ratio and other construction

details (Hu, 1995).

In previous studies that targeted the measurement of the stress concentration
ratio (Charles and Watts 1983, Bachus and Barksdale 1984 Whad et al.2000,
McKelvey et al. 2004, Murugesan and Rajagopal 2010, Cimentada et al. 2011, Fattah et
al. 2011, Ghazavi et al. 2013, Miranda et al. 2017, and Nazariafshar et al. 2019)
continuousmeasurement of the contact stresses on the column and/or clay using
pressure sensors and load cells was dbmis.allowed for investigating the buildup of
stress concentration in the granular column with displacement/strain under laboratory
scale 1g mode setups or largscale odometers as a basis for testirgpitations
related to such tests were clearly stated in the previous paradgraphgrmorethe
vast majority of the studies did not quantify the effect of the drainage conditions and

rate of loaing on the reported stress concentration factors.
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Aside from measuring stresses in reinforced soft clays with granular columns
and trying to understand the hybrid systéime luxury ofvisualizing the internal mode
of deformation of soils using transpatenil-like materialhas been the subject of recent
studies in the geotechnical worlBuch materials that behave like soils are used to
visualize the internal structure of soils as well as internal displacements during shearing.
Specifically, the transpancy of these soils, combined with the use of a laser and
seeding particles, have mat@ossibleto trackthe movement of specifgarticles
within the sample/mas3ransparent soils result from mixing the solid particles with
solutions that match theiefractive index (RI), thereby decreasing the refraction of light
within the medium (Iskander 2010). Different groups of transparent soils have been
used, some of which behave like sands, and some behave like clays. Among those
behaving like clays and thaave been recently utilized in experimental setups to study
internal deformationis Laponite (Wallace & Rutherfoy@015).The characterization of
this material is at its itial stages andequires significant additional work and
exploration However, i it is deemed functional as clay material with acceptable
hydraulic conductivity, it could be used as a replacement to natural clays in a triaxial
system and then reinforced with granular colungwch setup would allow us a

visual/real insight into thedhavior/deformations of the granutaslumns.

The objective of this study is to address the abueationed neesl Therefore,
a newly developed fully instrumented largeale triaxial test setupill beutilized to
investigate the overall response of sudt clay specimens that are reinforced with
column groupsvith particular emphasis on monitoring pore water pressure and contact
stresses over sand columns and the surrounding clay. The metrics for assessing the

success in achieving this objective is lthea showing that the proposed test setup is
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capable of quantifying the evolution/distribution of the stresses between the sand
columns and the surrounding clay at different levelsvefrallaxial strain, while
controlling drainage and enforcing confinisgess levels that are castent with field
applicationsIn addition, full characterization of the new materiaponite, will be
done inanticipationpreparatiorof using it as a substitute for matrix clays in
experiments designed to document/seeadatternal deformatiosiof thegranular

columns or anythertype of reinforing elements

A major constraint in designing the test setup is its ability to test soft clay
specimens that are reinforced with column groups rather than single columns. This
constraint necessitates the utilization of a lasgale triaxial setup that is not commonly
adopted in conventional triaxial testing. It is anticipated that the test setup and results
presented in this study will facilitate the development/improvementsijiale

methodologies of soft clays that are reinforced with sand column groups.
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CHAPTER 2

LITERATURE AND BACKGROUND REVIEW

2.1 Behavior of Reinforced Soft Clays
In this sectionasummary of the main findings and conclusions drawn in the
past three to four decades witiferenceo the behavior of reinforced soft clays with

granular columngs presented

2.11 Area Replacement Ratio

The area replacement ratjdsh(defined aghec-s area of the sand columns to
the area of surrounding clagduld reach up to 40%, with an optimum Isg@ment ratio
of 30% to40%, above which the interaction between the soil matrix angrémeilar
columrs may becoménefficient (Black et al, 2011 The majority of the studies
reportedn theliteratureare based oaxperiments withio between 15% and 30% due
to practical consideratioaAse in workabilityMuir Wood et al.200Q McKelvey et al.
2004, Ghazavi et al. 20L3tudies show thahcreasing the area replacement ratio
leads to a stiffer response as the lshdringmechanism/distributiors dominated by

the granular columns.

2.12 Mode of Failure
The failure mode of columns that are loaded at their top is characterized by
bulgingat a distance of O0i3 column diameters from the top of the colufWatts et al.

2000) Under wide loads, the applied loads add to the lateral passive resistance of
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central columns, thus increasing their load carrying capacity and reducing bulging
(Greenwmd 1970, Brauns 1978frailure of groups is characterized by bulging, bending
or shearindMuir Wood et al.2000) Results from 3D FlBumericalanalyseSnodels

indicate that as one moves away from the center of the group, outward bending of the
columns inceases, with central columns not showing signs of ber{@hghu and

Reddy 2011)In long columns, deformations are generally concentrated in the upper
zones while for shorter columns, the columns tend to punch and penetrate into the soft

clay (Muir Woodet al. 2000)

In triaxial tests, short columns appeared to bulge and penetrate below the
reinforced portion of the clay, while fully penetrating columns bulged relatively
uniformly along their lengtiiSivakumar et al. 2004Bulging was found to be more
predominant in soft clays than in stiffer clafidarasimha et al. 1992)imited finite
element results from identical rammed anedrammedgranularpiers indicate that
deeper bulging is expected for-tammed piers compared to rammed p{@sen et al.
2009) When loads are applied to columns that are encased with a geofabric, bulging is
reduced significantly in comparison to the unreinforced col(Murugesan and
Rajagopal 2008)In addition, bulging for encased columns decreaséhe surface and
is transnitted to greater depths below ttog of the columr{Gniel and Bouazza 2009)

A recent study performed by Nazari Afshar et al. (2019) showed that a granular blanket
(gravel or sand) placed over the reinforced soil helps in reducing the bulging to a

reasonhble degree through stress redistribution for-eanased granular columns.
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2.13 Improvement in Bearing Capacity and Stiffness

The inclusion of granular columns in soft clays increases the bearing capacity
and the stiffness. Results from field, laborat@wd finite element analyses indicate that
as the area replacement ratio increases, both stiffness and strength of the reinforced clay
system increase. Results from field and laboratesis involving identical single
columns and column groups testednafitundation loading at the same area
replacement ratio indicate that the behavior was found to be similar (group efficiency of
about 1.0) indicating that a unit cell concept oaasonablgimulate the behavior of an
interior column in a large groupVhite et al. 2007)However, results from limited
finite element analyses indicate that the ratio of the settlement of the group to the
settlement of an equivalent unit cell was found to range frott0.8.25 depending on
the type of soil and width tiength ratio of the foundatiofRatiosthat are greater than
1.0indicate that the unit cell settlement is not necessarily the upper bound for settlement
prediction(Elshazly et al. 2008)These finite element results were confirmed by
laboratory tests wih showed that for area replacement ratios between 28 and 40 %, the
settlement improvement factors measured for the group were about half those measured

for the equivalent single columns.

2.1.4 Critical Column Length

For a given area replacement ratiaraasing the length to diameter ratio of the
columns results in an increase in the ultimate stress and stiffness. Field, laboratory and
finite element results indicate that the column length is significant up to a certain point
beyond which increasing tlmwlumn length will not lead to an increase in strength,

although it could still increase the stiffnégkighes and Withers 1974, Narasimha Rao
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et al. 1992, Gniel and Bouazza 200Bje stiffer response observed for longer columns
could indicate that longeolumns may be more efficient for settlement control
(McKelvey et al. 2004)it could be concluded that there is consensus that the optimum
length of stone columns for effective load transfer lies between 5 and 8 times the
diameter of the column. The a¢cal length may increase as the area ratio increases since
the failure mechanism could be pushed deeper below the f¢btiigWoodet al.

2000)

2.15 Effect of Encasement

The load carrying capacity and the stiffness of the composite increase when the
stone columns are encased with geotextiles or geogrids, whereas the generation of pore
pressure decreases. The load carrying capacity and the stiffness increase with increases
in the stiffness of the geofabriMurugesan and Rajagopal 2006, Castro and &#mas
2011, Pulko et al. 2011Measurements of lateral stresses next to columns indicated that
stresses were higher in encased columns as compared to ordinary détaitived and
Kempfert 2000) The improvement due to encasement was found to be smaller for
columns of larger diameters and for higher confining presg§Wasand Hong 2009)
With regards to the effect of density, data shows that loose specimens could gain more
strength from the confinement thtreir densecounterpart¢Wu and Hong 2009)
Resuts from triaxial tests on sand specimens indicate that the measured friction angle
for the encased specimen was equal to or generally smaller than the friction angle of the
ordinary sand speciméMurugesan and Rajagopal 200Blpwever, the encasement
resuted in an apparent cohesion that was reflected inzeon cohesion intercepts.

Most of the proposed design approaches for geosynieti@sed stone columns model

23



the effect of the presence of the encasement by an additional confining pressure that is
asumed to exist around the column. The magnitude of this additional confining
pressure is generally calculated based on the stiffness of the encasement, the thickness
of the encasement, the diameter of the column, and the design axial strain or

displacementf the columnLo et al. 2010)

2.1.6Drained, Undrainedand Partially DrainedLoading

The field behavior of clays that are reinforced with granular columns could
range from undrained to drainbdhaviordepending on the permeability of the clay, the
area replacement ratio, and the rate of loading. Gniel and Bouazza (2009) showed
through measurements of the water content of the clay before and after loading that
drained, or at least partially drained, loading occurred in the clay immediately
surroundinghe bulge zone of the column. Studies that targeted the effect of partial
drainage indicated that measured deviatoric stresses at failure in triaxial tests were the
highest for fully drained conditions, the lowest for undrained conditions, and
intermediatdor partially drained conditionas reported byuran and Guermagl 988
andAndreou et al(2008)and shown in Figure. 2t could be concluded that more
research is needed to investigate the effect of partial drainage on the load response of
clay-sand/sbnecolumn systems using field, laboratory, andexgeriments and

analyses.
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Figure2: Deviatoric stress variation with axial strain under different drainage conditions
(Modified from Juran and Guermazi 1988)

2.17 Effect of Arrangement, Installation MethodType, and Density of Columns

The limited previous work that aimed at studying the effect of stone column
configuration/arrangement on the consolidation rate, bearing capacity arshbraay
mechanism between the granutatumn and the surrounding clay was mainly based on
studying the effectiveness of the unit cell concept in representing column groups. Black
et al. (2007) conducted triaxial experiments with single and triangular configurations at
the same area replacemestio under drained condition3 heir results showed that the
clay specimens that were reinforced with the single column configuration exhibited a
stiffer response compared to specimens that were reinforced with the triangular
arrangement. Aslani et ak{18) conducted large direct shear tests to study the effect of
single, triangular and square configurations on the peak shear strength of the composite,

while measuring contact stresses using load cells. Results indicatdtethgtiare
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configurationexhbited the stiffest response, followed by the triangular and the single

column configurations

Data on the effect of column installatiorethods on the loads carried by
rammed and wnammedpiers from very limited FEM and field studissow
contradictingresults, with the data from the 3JtEM study by Chen et al. (2009)
indicating that theammed pier capacity could be more than twice thétebrdinary
equivalent aggregate pier capacity, whiie results from the field study conducted by
StuedleinandHoltz (2012)showedthat vibrecompactegiers exhibited a 15% increase
in capacity comparetb the tamped piers. With regards to the composéaimhdensity
of the column material, results from theld study conducted by Bergado and Lam
(1987)indicatedthat the capacity of single rammed aggregates that were comprised
of sands increased consisterdl/the density of the sand increased, whiletées in
which gravel replaced part or all of the saxthibited increases in capacity. Along the
same ihes,the field tests conducted by Stuedlein and Holtz (20idiyated that
columns comprised of uniformly gradgcavel exhibited a higher stiffness and load
carryingcapacity compared to columns comprised of wedldedmixture of gravel, silt,
and sandit should benoted however, that the effects of column materialraathod of
installation witnessed above in the testaducted by Stuedlein and Holtz (2012) on
singlecolumnsfivanishea for tests conducted in the same f@stgram on column
groups wih an area replacemenattio of about 30 %. This led the authors to conclude
that the role of the matrix soil in a group loading cdugdmore important than the

effects of installation andolumn type and composition.
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2.2 Experimental Setups, Instrumentaton and Stress Concentration Ratio
2.2.1 Setupsn Previous Studies

As mentioned previously, the majority of research experiments werdrdone
laboratoryscale 1g model setups or larggcale odometers as a basis for testith
very few utilizing triaxial setupdt is clear that any serious attempt at contributing to
the understanding of the mechanisms as work, would require trdewetop and build
a highly instrumented triaxial setugquipped with special sensors émntact stresses
measurementAs such,t wascritical that a thorough review of the availabterature
and a detailednalysis/assessmenitthe setups/systenthathave been used in similar
previous research studibe conducted. Such a review woukl ised to guide any/all

instrumentation and measurement systadupted

Charles and Watts (1983) used large scale instrumented laboratory tests to assess
the effectiveness of granular columns in reducing the vertical compression of soft clays.
The testingprogram consisted of running five testsaogroupof granular columns ia
triangular grid under drained conditioff$1e area replacement ratios used were 21%
and 33%The instrumentation of the testing program consistesr@l and large earth
pressureellsby Kulite Co.that read total stressabove the gravelolumns and above
the clay annulus, respectively. The small earth pressure cells had a diameter of 55 mm
anda thicknes®f 10 mm, whereas the regular earth pressure cells had dimensions of L
X W x t=200 x 300 x 10 mnFigure3 shows the side cross sectional view of the
odometer with the sample insideith the leads outlet being at the botteren though

the sensors were all mountatthe bottom ofthe top plate.

The authors did not show tlgeaphs of contact stresses with loading, but reported only

the residual stress concentration faétord ¢ p Rndo o with values of 2.2 and
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4.8, respectivelyErrors in all stress measuremeaorsthe order of 1% were detected
These errors were reported to occur due to improper calibration, rotation of the cells

during the test and temperature variation.
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Figure3: Cross section of large odometer sample (Retrieved from: Charles and Watts
1983)

Bachusand Barksdale (1984) conducted tests on single and group columns using
an experimental setup consisting of a Plexiglas unit cell with a diameter of around 11
cm and a height of 30.5 cm for the single tests and a box with dimensions of 17.3 cm x
50.5 cm x30.5 cm for the group tests. Pressure cells wseel ananounted at five
elevations in either the center of the end walls or the side faces of the box to measure
lateral pressures developed between adjacent col(Frquge4). The dimensions and
capacityof the pressure cells were not mentioned in the siligg.:D odometers allow

for placement of side pressure cells to measure lateral stgpgsesheirrigid outer

28



boundaryl oading was done using a loading plate instrumented with pressure cells to
measure stresses in the clay and sand col8amples wittw of 7% and 25% were

tested Stress concentration factokgre reported to incread®m 1.5 up to a peak of

5.0 at lowstress levelghenconverging to values &.54.0upon loading to failure.

These measurements were for tests performed under drained conditions, where for the

undrained conditions the stress concentration factor had an increasing trend to reach

values aound 4.0.
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Figure4: Schematic diagrams of tests chambers used in the model stone column studies
(Bachus and Barsdale 1984)

Juran and Guermagl988)used a modified triaxial cell to investigate the effect
of partial drainagefoa soft silty soilreinforced with sand columrs & of 4% and
16%. As shown in Figure 5, the testing setup inclddadporous stones located at the
bottom to measure the pore water pressure under the sand and the clay at different
locations. Two load cells, withnknown dimensionsapacityand type, were mounted

at the top to measure the deviatoric stress as well asnitect sress mobilizednthe
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clay. The loading plate used was of two parts, a central circular platehgitame

exact dimensions as the column, with the other part of the plate matching exactly the
dimensions of the surrounding clay. This made it ipts$o connect the second load

cell to the second part of the plate to measure the clay contact stwasteensuring a
proper strain compatibility between both plate compartmé&is stress in the sand
column was calculated rather than measuredderdo calculate the stress
concentration ratio. No details about the sensors used nor the

instrumentation/calibratiowere reportedh the study.

The stress concentration ratio was equal Gofor samples that were reinforced
with the drained colunsxcompared to-3 for samples reinforced with undrained
columns.The authors stated that the scolumn interaction depends on several
parameters, including the loading process and the loading rate, the replacement factor,
the group effect, and the partial cohdation of the soft soil due to radial drainage

through the column.
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Figure5: Modified triaxial cell for testing reinforced soil specimens (Retrieved from
Juran and Guermazi 1988)

Muir Wood et al. (2000) performed load testsstone column groups under a
footing in a onadimensional loading tank. The authors varied the spacing, diameter,
and length of columnand focused on studying the mode of failure of the coluifins
model tests were performed in a loading tank havidiguaeter of 300 mm using
Kaolin clay with quartz sand columns arranged in groups. The area replacement ratio
used were between 10% and 30%. Miniature pressure sensors welEslsated by
the authorabove the clay and the sand columns without indigdtie geometry and
their capacities. These sensors were used to determine the stress concentration ratio
without presenting the results of the contact stresses measured above sand columns and
above the clayThe reported stress concentration ratios warexaf 21% and 24% for
both a field and model tesgspectivelywhich showed a great correlation, increasing
from around 1.0 at low stresses to 5.0 after reaching higher stri@¥6gsn0 picture of

setup?)
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McKelvey et al. (2004) investigated the logeformation behavior of a small
group of sand columns under strip, pad, and circular footings. Two types of material
were used in the experimental work, the first being Kaolin clay and the second being a
transparent clalike material that had almost tsame properties as Kaolin clay. The
internal diameter of the loading chamber was 413 mm and its length was 1280dnm
an area replacement ratio of 24% was ugdtdr constructing the columns, a loading
plate was installed at the top of the columitsieeminiature pressure cells, 18 mm in
diameter, were located on the base of the pad fo(fiiggre 6) These were used to
measure the vertical pressures at various positions on the footing base. Each pressure
cell had a working pressure range of 600.KR@o types of columns were tested in
kaolin clay at the same area replacement ratio, the partially (P) penetrating and the fully
(F) penetrating columns. The results shown in Figurelicatethat there is an effect of
penetration depth on the stress mohitiizn in sand columns. The stress concentration
ratio for the test with fully penetrating sand columns were in line with previous studies
as mentioed by the author; however for the partially penetrating columns, the stress
concentration ratewere buildhg up with axial strain rather than going over a peak at
low axial strains and softening afterwards. Interestingly and at higher |cstdisges
the stress ratio appeared to appraacionstant value (approximately, regardless of
the column length. Tib observation agrees well with previously reported data,

particularly from field studie@Bachus and Barksdale, 1984).
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Figure7: Variation in the stress concentration ratio with axial strain for long and short
columns (Modified from McKelvey et al. 2004)

White et al. (2007) conducted four footing load tests on single and group
rammed aggregate piers hagia diameter of 0.76 m and installed to depths of &79
and 5.10 m in a site characterized by anighick deposit of soft alluvial clay (CL)

overlying glacial till and shale. The full scale tests were conducted using steel reaction
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beams secured to hedil anchors. All tests were stresmtrolled in which the
displacement under each load increment was allowed to reach a steady value before
adding another increment. Results of the load tests on single and group columns

indicated that shorter columns déyged more tip movement than the longer columns.

The instrumentation includetie installation omultiple 23 cm diametestress
cells:at thetop of the piers in the center, at a certain depth of the pier and above the
clayey soil The aim of this distribtion was to measure the vertical stress distribution.

As for the stress concentration ratio, it was calculated as the ratio of the contact stress
on top of the pier to the contact stress of the matrix soil without denoting which stress
cells were used fahis calculations and without showing the contact stress graphs. The
instrumentation also included telltales to measureda@érmatiors and inclinometers

to measure laterahovementFigure8 below shows the instrumentation and the array

configurationof the stress cells used.
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The mobilized stresses were not lagiden thatests were stopped at axial
strains around 3% to 4%. The refgal stess concentration ratiwasfor an area
replacement ratio of 35% and showed a peak at low axial strains (Eiguse 9) after
which the stress ratio did not showlramaticdrop, when compared tlaboratory tests,
and this might be attributed to tfect of having a stiffer, rammed aggregate piers in

this study.
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Figure9: Stress concentration ratio variation with axial strain for rammed aggregate
piers loaded in drained conditions (Modified from White et al. 2007)

Murugesan and Rajagopal (20@nducted laboratory model tests on stone
columns installed i clay bed prepared inlarge-scaletesting tankFigure 10a) The
model tests were performed on single and group stone columns, with and without
encasements. Bhauthors aimed at quantifying and qualifying the effect of different
encasements on the axial load capacity and$bating mechanism, where they
developedbased on the results of their experimental testing progyaitkelines for the

design of geosyn#tic encased stone columns.
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As for the instrumentation of the testing program, four pressure cells were used
to measure contact stresses altbvee sand columns with the fourth beaimpve the
central clay, which was between the loaded columns. Theamycaf the cells were 0.1
kPa, but no information about the type and geometry was mentioned. The cells were
positioned at the bottom of the loading plate (Figure) Bdd were maintained flush
with the loading surface. The stress concentration ratio fi@relnt tests were observed
to study the effect of encasements of stone columns on the mobilization of stresses
inside.lIt showed (Figure 11) that for ordinary stone columns (OSC) the peak stress
concentration ratio was around 6.0 at low axial strainsglwtiecreased to 2.0 at high
axial strains. This is a typical observation between the performed studies in literature.
On Figure 11 also, results for two different encasement type stone columns showed that
the peak could reach up to 128en encasing théae columns with geosynthetics
The residual stress concentration ratios for both tests with encased stone columns was

around 4.0.
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FigurelQ: Instrumentation of the large scale testing tank showing (a) loading frame
above theail; (b) schematic of the loading plate with pressure sensor position
(Modified from Murugesan and Rajagopal 2010)
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Figurell: Stress concentration ratio variation with axial strain for tests on ordinary and
two differentencasement type stone columns (Modified from Murugesan and Rajagopal
2010)

Cimentada et al. (2011) conducted tonsolidation tests on a unit cell that is
comprised of kaolin reinforced with single ordinary gravel columns with diameters of
8.47 cm and @5 cm. The kaolin was consolidated from a slurry in a RBaselen cell
with a diameter of 25.4 cm and a depth of 14.6 cm, resulting in area replacement ratios
of 11.11% and 6.25 %. Figured&howsa schematic of the loading platéth the
pressure sensoamd instrumentatiorhe schematic shovikatthree pore pressure
transducers and four contact pressure sensors were used at different radial distances to
measure the pore water pressure as well as the contact stresses, respectively. XPM10
10G-LC1 (quality by measurement, QBM) pressure cells of 8 mm diameter were used
for measuremenis the clay and XPM1650G-HA-LC1 cells with the same diameter

were used for measurements in the stone column. The calibration for all sensors was
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done first with water, anthen with both soil materials. The calibration showasi
mentioned by the authorgoodresultsin the measurement§he authors touch on the
fact of saturated soils being used for calibration of the pressurenckdislin clay and
this could be thoughof as minimizing the point loading of the soil grains with the

active part of the sensors, thus minimizing measurement noises and errors.
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Figure1l2: RoweBarden cell with (a) instrumentation of the base and (b) single column
reinforced kaolin sample in place (Modified from Cimentada et al. 2011)

The reported stress concentration ratios for the low area replacement ratios of
6.25% and 11% were extremely high, reaching values up to 16.6 at low loading steps,
but ranging on avege between 2.5 and 7.0, at higher stress levels, which is also
considered higher thahereported values in the literatyrespecially for this low area
replacement ratios without any use of encasem&his might be due to the fact of
applying a stressontrolled test and waiting for longer than usual tinvdsteover, the

sensors (8 mm in diameter) used above the gravel column could be a major source of
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error, as the grain size of this material is incompatibiethes i ze of t he sens

active part, ad couldeasilylead to inaccurate measurements. This type of sensors uses
theelastic deformationf the metallic surface of the active pastbasis for

measurement, and, theoretically, it is best used for liquid, as the pressure is distributed
all overthe sensor surface area. However in the case of measuring stresses over a gravel
column, it is expected to get a considerable variability in the measurements for the same

loading increment.

Fattah et al. (2011) conducted laboratoiy tests on CL soil (10 % sand, 42 %
silt, and 48 % clay) that was compacted at a water conteni 8624 inal.1m 1.0
m 0.8 m steel tankFigure 13ajand reinforced with single and group (2, 3, or 4)
crushed stone columns (densityl6.3 kN/n?) having a diameter of 5.0 cm and lengths
of 40 cm (fully penetrating with/D = 8) and 30 cm (partially penetrating witfD =
6). The area replacement ratios were as 83s10%, 15% ané0%. The loading was
strescontrolled with a 2Zm diameter loading plate with each loading step applied at

2.5 min until the settlement was 5 cm.

Different foundation plates were designed to cater for the loading of different
column configurations (single vs. group) as shown imfd 3b. Every configuration
has its own loading distributors and proving rings, as indicated by the atithers.
loading distributor shown in Figure 13b is for the two column configuration, which
could have a different geometry (1, 3 or 4 loading distoits) for the different
configurations. Théenstrumentation used consists dial gauges with proving rings to
measure the stresses on the sand alone as well as the clay annulus connected on the
reference beam for strain compatibilifyhe loading was danon stress increments and

continuous measurements of contact stresses were medhweedress concentration
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ratio was thus calculated based on the measured contact stresses from the dial gauges.
Two main conclusions with regards to the stress concemtnaitio were drawn from

this analysis: (1) long colunsmobilize higher stresses when compared to short
columns(Figure 14)and (2)for low area replacement rati®( 5%), the stress
concentration ratio was between 1.0 and 1.8 only, depictingdow efficiency when

using anw lower than 10%
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Figure13: Schematic diagram of the experimental setup showing (a) steel tank with soil
and (b) different plates for different configurations
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Figurel4: Stress concentration ratio with axial strain for differ®@nand
0FO (Modified from Fattah et al. 2011)

Ghazavi and Afshar (2013) conducted a series of laxgyéalboratory tests on
soft clays (CL) reinforced with single or group stone columrsslarge test box (Figure
15a). The granular inclusions were either ordinary or encased with different types of
geotextiles. The tests were strain controlled with a rate of 1 mm/min to ensure drained
conditions. The instrumentation used in this testingpsigitiuded one miniature load
cell(* v 1 & , other than the main load ceMith no information about the
accuracy and calibration of the sensor was mentioned. The miniature loadsell
mounted flush to the bottom of the loading pad as seen in Fi§breThis allowed for
measuring the total stress applied as well as the stress in either the column or the clay
matrix, depending on the configuration us€dus, the stress in the stone column was
calculated when the contact stress above the clay wasinedaand vice versa. This
allowed for the calculation of the stress concentration ratio, and was done for all
performed tests. Note that the diameter of the columns ranged between 60, 80 and 100
mm while ensuring a length to diameter ratio of 5 and ea egplacement ratio of 16%,

through varying the spacing between the columns.
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Figurel5: Testing setup showing the (a) large test box with the actuator and loading
frame, and (2) i nstr ume nmantddowverandinsidethe oa d
loading plate (Modified from Ghazavi and Afshar 2013)

The testing program allowed for observing the following: (1) the encasements
reduce the bulging due to the additional confinement provided, which also in its turn
increaseshe stiffness/strength of the column, (2) the stress concentration ratio increases
with the use of the encasemeriitaying higher peaks and higher residual vaBjethe
stress concentration ratio goes over a peak at low axial &rdinth the encasechd
ordinary stone columrasfter which it decreased to a residual value at high axial strains,

and this was true for both the OSC and ESC as shown in Figure 16.
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Figurel6: Stress concentration ratio with axial strain for ordyreand encased stone
columns under drained conditions (Modified from Ghazavi and Afshar 2013)

Miranda et al. (2017) conducted thre® Xonsolidation tests in a large
instrumented Row8arden oedometric cell which is the same used by Cimentada et al.
(2009)asshown in Figure 12. The paper presents the influence of geotextile
encasements on the laefior of the stone columns reinforcing soft soils. The soil used is
also kaolin clay prepared in a bed and consolidated after that, with the columns being
limestone gravel. The diameter of the columns was 8.5 cm corresponding to an area

replacement ratiofd. 1% only.

Results of stress distribution, pore pressure and soil settlement were presented.
The authors concluded that encased columns supported vertical stresses 1.7 times that
supported by ordinary columns. The range of the stress concentrationnfastor
between 11 and 25 for the encased columns while this ratio ranged between 3 and 10 for
the ordinary stone columns. Pore pressure dissipation which was related to the degree of
consolidation and was higher in the two experiments with encasements asebiop
the ordinary one. No graphs were presented for the stress concentration ratio and the

data provided was not enough to plot manually the stress concentration ratio with axial
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strain as the settlements/axials strains were not that clear, so graphzasieally
interpolated with few points, based on one axial strain value for one applied stress; this
is shown in Figure 17 below. The reported values for the stress concentration factor in
this study for just an 11% area replacement ratio are toodwgh,though with the use

of encasements. Values in the range eR%5neans that merely the clay is feeling the
load applied and all the load is carried by the stone column. The reported results are
also, as in the case of the results presented by Cinzeetad. 2011, quite off from

those found in the literature. Both researches used the same setup and gesssane
sensors with dimeter of 8 mm used over gravel columnd)his could kind of justify

the reason of having similar results.
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Figurel7: Stress concentration for encased and ordinary stone columins df7%
(Modified from Miranda et al. 2017)

NazariAfshar et al. (202) conducted 4g laboratory tests on group of long and
short stone columns to slyithe bearing capacity with the use of granular blankets
above the columns (thickness 7.5 cm). The testing setup, instrumentation and materials

used were the same as in the paper of Ghazavi et al. (2013). Geotextiles and geogrids
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were used to reinforceelstone columns and their effect on the bearing capacity was
studied. The columns were all 6 cm in diameter and the area replacement ratio was
maintained at 19%. Figure 18 below summarizes the main finding for the stress
concentration ratiof both encasednd norencased stone cahns. The results comply
with thosepresented previously in the literatuneterms of: (1xhe use oencasements
increase the contribution of granular columns to carrying more load and (2) fully
penetrating columns mobilize masgesses than partially penetrating coluniiese

effect of encasements decreased though when using short columns, this is shown as
having the ordinary fully penetrating column carrying more stresses than the encased
partially penetratingdepicted in Figre 18 as higher stress concentration ratio for the

former.
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Figurel8: Stress concentration ratio with axial strain for short and long stone columns
with and without encasements (Modified from Nazari Afshar et al. 2019)
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2.2.2Remarks onSensors, Contact Stress Measurements &tigess Concentration
Ratio

The literature review conductéocusedon the different setupand
instrumentation systenfpressure sensors and load gallsedto measure or calculate
the contact stressesate/below granular columns and the surrounding dtatso
presented all the work done in an attempt to evaluate the stress concentration ratio.
Table 1 summarizes mostthie relevant informatiofrom all published studies that
targeted measuring theess concentration ratio a laboratory settingCharles and
Watts 1983, Bachus and Barksdale 1984an andsuermazil988 Muir Wood et al.
200Q McKelvey et al2004 Murugesan and Rajago201Q Cimentada et aR01],
Fattah et al. 201Ghazavi et al. 2013, Miranda et 2017, and Nazariafshar et al.
2019). Theinformationpresentedn Table 1 leadto the followingobservations and

conclusions:

1. The contact stress measurement could be done using a load cell, pressure cell or
even a miniaure pressure sensor that usually used for fluid pressure
measurements.

2. Calibration of the sensors is critical, as it should be done on water, clay and sand;
however, the soil should be saturated to minimize pointdoadentratios.

3. If the granular clumn is not apoorly graded fine sangike well-graced sand,
gravel or stone column) the use of miniature load cells shoudddidedas it is
accompanied with high source of errors, aodld generate misleading stress

data.
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4. There are no data ftine atualmeasured conta stresses aboveedifferent soib
tested. The only data availablen the literature is in the form of stress
concentration ratiosnly.

5. The stress concentration ratsonot a constant for a given reinforced clay system
(given areareplacement ratio and given column length/penetration) since it
depends on the strain level, magnitude of the applied stress relative to the failure
stress, time from the application of the load, and drainage conditions

6. The reported stress concentraticatio for fully penetrating columns under
drained conditions and an area replacement ratio between 7 % and 25% showed
an early peak at low axial strains in the range of 4.0 to 6.0, after which it decreased
to residual values between 2.0 and 3.0.

7. The post pak strain softening behavidor fully penetrating columns under
drained conditiongn the sand column is related to a load transfer to the nearby
soil from the yielding columrDrainage and progressive consolidation of the soill
affects the total bearingapacity as well as the load sharing between the column
and the soil.

8. Encasing the granular columns with geosynthetics or geogrids could increase the
stress concentration ratigy la factor of 1.5 to 2.0, whicactually increassthe
contribution ofgranula columnsin load carrying through providing additional
confinement

9. Little to no data is available for stress concentration ratio measureoreder
undrained loading. Most of the studies focus on drained/prolonged loading.

10. The vast majority of the studiedid not quantify the effect of the drainage

conditions and rate of loading on the reported stress concentration factors.
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11 All the studies, except Juran and Guermazi (198#)zed laboratoryscale 1g
model setups or larggcale odometers as a basististing. Limitations to such
tests were clearly stated in previous sections.

12. Even though Juran and Guermazi (1988) utilized triaxial setup to measure the
stress concentration ratio, the authors arntilized single calmns rather than

column groups.

Table 1: Experimental research programs with stress concentration factors reported

Sensor usedbr
Type of  Loading Conditions Area stress measureme Stress concentration factor
Experimen(Stress = stress controll (LC =load cell, (U =undrained, D = draine

Reference (S = single Strain =strain controllec Replacemer PS = pressure  F =fully pen., P = partial

G = group,D=drained, Usndrained Ratio (%) sen_spr) pen.)
m = miniature

Wats (o8 (9 Swes@ 2133 Ps a21% n=22
e, taee SO s L Sz
e TS Swnow) 4 c
A REE-1©) Strain (D) 10, 30 - ne=6
M ooy L3(©) Strain (U) 24 mPS Ne=5.2 P=2.8
R'\gg;gszf?zggz 19 G) Stress (D) 23 PS n=7.09.0
Cime(g(t)eidla)l eta 1—D((;)onsf31 Stress (D) 6.25, 11 m-PS n=259.0

Fa(t;%q f)t al. 1-9 (S/G) Stress () 5,20 Gauges n=1.46.0

G“?SSXE?‘ " 19(s00) Strain (D) 16 m-LC n=5562

Miranda et al. 1-g Cons2 (S) Stress (D) 11 m-PS n=3.06.0

(2017)
Na;?r(i;l(f)slgarte 1-g (G) Strain(U) 19 m-PS n=2243
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Table 1showsthat 10 out of the 11 reported studies utilized laborasonfe 1g
model setups or largecale odometers as a basis for testing. Limitations related to such
tests were clearly stated in the previous paragraphs. As indicated in Tablerlythe
triaxial-based study that measured the stress concentration factor utilized single
columns rather than column groups. Finally, results in Table 1 show that the vast
majority of the studies did not quantify the effect of the drainage conditions anaf rat
loading on the reported stress concentration factors. There are no studies that aimed at
measuring stress concentration factors within triaxial settings for soft clays that are
reinforced with column groupsnder different drainage conditiandny advancemers

that weremadédocumentedn the literature on this issw@aestill at nascenstages.

2.3 TransparentSoil
2.3.1 Materials Used

The use of transparent synthetic soils in laboratory testirgrgmesemerged as
anorrintrusive technique for thesualization of internal displacemerftskander,
2010; Ganiuy et al., 20)6Transparenaggregatesoils have been produced by
saturating a transparent aggregate with a pore fluid with matching refractive index, thus
creating ehomogeneoumedium(Iskander and Liu, 2010; Peters et al., 2011yahety
of transpareninaterialshave been used in this regard, includamgorphous silica
powder(e.g. Sadek et al., 200Riu et al., 2003)silica gel (Iskander et al., 2002; Liu &
Iskander, 2010andfused quartz (e.gezzein and Bathurst, 20,LEerreira & Zornberg,
2015; Peng & Zarberg,2019. The pore fluids used to match the refractive index of
thesetransparent aggregatmcludeliquids such as mineral oils, white oil, paraffinic oil

or even a bleretd mixture of two or more of these liquids.
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The amorphous silica powder, which requires the use aSpibre fluid, has
been used as a transparent material to modeligkagoils. This dates back to the work
of Lai et al. (1994). However, one main disantage of using this aggregate material is
the contingency of getting transparent mediuonly whenoil is used Also,
researchers faced challenges when uamgrphous silicédo model soft and highly
plastic clays, due to its low plasticitjere rose the need for another type of aggregate
material that behaves lilsoft clays, yetwithout the strict need for usirgl asthe pore

fluid.

Recently,and after the work of Wallace et al. (2015), a new material has
emerged, calletlaponite, which behaves like clays when mixed with watenatchits
refractive indexThere is no need to use different oil mixes to produce and match the
refractive index of Laponite; just by simply adding water to the white powder,
transparent clajike material will be formedin fact, Laponite presented a series of
advantages when used as a transparent soft clay surrogate in geotechnical physical

models, in terms of plasticity, rheology, and transparency.

The use of transparent like soils could belygaformative in the context of
geotechnical engineering when it comes to tracking displacement and stress fields of
soils in a norintrusive manner. Studies have shown thetking particles could be
done with laser aided imaging or simpising particks as references without the need
for a laser The laser isnainlyused (e.g. Black et al. 201Beng & Zonberg,2019
when the soilike material behaves like sands séica gel or crushed fused quartz
(Figure 19a)The application of the laser alloie capturing theedges of th@articles,
and thus tracking their movement could be easily dsingg digital processing

technigues fothe consecutive captured imagésowever, when ndaser is used, and if
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there is no other netmansparent materidike natural sand or geosynthetispme use
thefseeding particl es o tsiceessivetyhdds étd.2028) f ol | ow
Seeding particles could be anything small in volume and colored (e.g. black fine sand
particles) that can floah the claymatrix, and could be trackeglringtesting(Figure

19b) The installation of these particles should be done in a predetermined vertical

plane so that the analysisacingis done intwo-dimensionatoordinate system

The two famous image processing teiciues that are used for analysis are:
digital image correlation (DIC) and the particle image velocimetry (FBdjh
techniquegprovide the same outpute. vector fields for displacement of particlesth

the only differencdeingthe approach/tools ad for analyzing the images. These

methods are usddr images taken with and without laser.

Figure19: Image capturing with the use of (a) laser in fused quartz and (b) using black
sand patrticles in Laponite mixture without tnee of laser (Modified aftd?eng &
Zormberg,2019and Ads et al. 2020)
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2.32 Laponite Clay Surrogate

As mentioned earliet,aponiteis awhite powdethatforms a transparent clay
surrogatevhen mixed with waterThis material has a very low undrained shear
strengthwhich makes itomparable to that of marine soft clays. In the paaple of
years, attempts have been made withLifygonite material to characterize its
geotechnical properties (Wallace & Ruthed@015), assess its transparency (Yi et al.
2018) and quantify its shear strength using miniature ball penetrometer tests (Ads et al.
2020). Laponite was also used for physical modeling of geotechnical systems, such as
the work ofWallace & Rutherford (205), throughutilizing laser techniques and image

processing to visualize failure surfacetenfoading caisson foundations.

Laponite is characterized as having thixotropic behavior, which is defined by
Mitchell (1960) as a timelependent change in stréindor a norequilibrium state in
inter-particle forces after mixing, remolding or compaction, and is commbiglrty
sensitiveclays. In the technical literature, thixotropy has been referred to as aging,
thixotropic hardening and structuration (Mitch#860; Rodriguez & Santamarina
1999), and is a reversible, tindependent strength gain. Mitchell & Soga (2005)
reported two sources of shear strength gain: a fixed remolded strength and a reversible
aged strength. Sindeaponite exhibits a thixotropic batior, meaning thdtaponite
mixtures can go back and forth between gel and liquid state when left to age or mixed,

respectively, both sources of sheaesgth gain may be anticipated.

One major practical limitation dfaponite is that mixtures cannot pepared in
high concentrations, partly because of the comparatively rapid gelation process.
Consequently, the use of additives was proposedakitionto this problem in order

to retard the time of gelation of the@ponite when mixed with water durisgmple
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preparation (Beemer et al. 2016). A specific additive, Sodium Pyrophosphate (SPP), has
been used in recent studies in order to facilitate the preparatiGapohite mixtures at
comparatively higher concentrations, which has in turn produced nsxtéire

comparatively higher shear strength and stiffness. However, oalgtavelysmall

number of mixtures has been investigated so far that would allow assessment of the
impact on geotechnical properties of factors such as laponite content, SPP dosage or
aging time. This would be particularly relevant because variables such as SPP dosage,
which facilitate the preparation of mixtures at highaponite content, may also result

in a decreased thixotropic behavior. Consequently, the impact of increasimtp&iefe

on the geotechnical properties of laponite is unclear.

2.33 Applications of Laponite

Many geotechnical experiments could be more informéititree researcher
visualize internallythe displacement of particlemainlyif it is related to describing
qualitativelythe mode of failure during loading/shearifg. such, Laponite could
replace natural/synthetic clays in many geotechnical laboratory applications from which
are: (1) pullout tests, (2) larggeale beds with geg granular reinforcement (3)

modeling fault failure, (4) modeling slope failure, (5) triaxial testing and much more.

In the context of this research, using Laponite as a replacement to typical clays
when reinforced with granular columns would be reallypable. This is true in the
shearing phase to analyze continuously the mode of failure with axial strains.
Determining the mode of failure for typical soils tested in laboratories is normally

determined by slicing the samples in half by looking macrospically to determine
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the overall failure (whether bulging or failing along a sheared pl&twyever, when
using transparent soil as a replacement to typical clay material, this willfalomon
intrusive measurements of the failumede,throughstudying the displacement vector

fields from the continuous captured images during shearing.

In summaryl aponite is still a new material that is being studied in geotechnical
laboratories. There is still a clear needtiady the behavior dhis material under
different concentrations conduct geotechnical experiments to better understand the
undrained shear strength, thixotropic behavior, permeatality consolidation

parametersamong others.
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CHAPTER 3

LARGE-SCALE INSTRUMENTED TRIAXIAL SETUP FOR
INVESTIGATING THE RESPONSE OF SORTLAY
REINFORCED WITH SAND COLUMN GROUPS

3.1Introduction and Background

The use of granular inclusions in the form of sand draimgaorel (stone)
columns is a common ground improvement solution in many geotechnical engineering
applications, particularly those involvimglatively light to moderately loaded systems
extending over large areas (Najjar et al. 20T0js ground modification technique
consists primarily ofeplacinga certainareaof weak soft clay with stiff granular
columns. The area replacement ratio cdagdcanywhere between 5% up to 40/ith
optimum replacement ratios mostly in the range of 30% to 40%, above which the
interaction beveen the soil matrix and the granular columns may become inefficient

(Black et al 2011).

Granular columns are designed and constructed in groups rather than as
individual elements. Given thahere is a clear need study thegroup effects and load
shaing under various drainage conditioMost of the studies reported in the literature
focused on the response of soft clays reinforcedavitts i ngl ed granul ar
Experimental investigations were predominantly based on tests conducted in large one
dimensional (1D) loading chambers (Najjar 2013). Such testing arrangements may be
considered to be nemepresentative of actual field conditio%is is true due to the
inability to control the drainage conditions and rate of loading to mimic the field

loadng, in addition to thenability to model the correct field stress state, which differs
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significantly from the stress levels encountered in such model experiments. As a result,
findings from laboratory scale model tests, even if conducted on specinrgoscesl

with column groups, cannot be generalized or extrapolated to the field scale.

In order to overcome these limitatigsgynificant interest was shown by
researchers to usdriaxial testing setup to investigate the response of specimens that
are renforced with sandor stong columns while controlling the stress state, the global
drainage conditions, and the loading rate. Triaxial testing conditions allow for the
control of (1) drainage during testing (drained, undrained, or partially draine@)and
confining stresses that could be selected to be in the same order of magnitude as those
expected in the fieldMany researchers studied the behavior of granular columns
installed in soft clays in triaxial testing setups. This includes the walyrahand
Guermazi (1988), Sivakumar et al. (2004), Black et al. (2006), Black et al. (2007), Kim
et al. (2007), Andreou et al. (2008), Najjar et al. (2010), Black et al. (2011), Sivakumar
et al. (2011), and Almikati et al. (2020). The vast majority of the eboentioned
triaxial studies involve soft clays that are reinforced &igingle central granular

column rather than column groups.

The existing work available in the literaturéhat specifically addressed column
groups include the efforts of Bachus @watksdale (1984), Muir Wood (2000), Black
et al. (2006, 2007), White et al. (2007), Murugesan and Rajagopal (2010), Fattah et al.
(2011), Miranda et al. (2017), and Aslani et al. (2018). The majority of these studies
utilized large onaimensional (1D) lading chambers to investigate the effects of (1)
spacing between adjacent columns, (2) configuration of columns in the group, (3)
column diameter and penetration depth, and (4) area replacement r#tie response

of the composite.

56



The measurement of otact stresses on granular columns and the surrounding
clay annulus has been identified as a key element in understanding the stress transfer
mechanism between the granular inclusions and the surrounding matrix (Aslani et al.
2018). Contact stress measuests at different stages of loading allow for determining
the stress concentration ratio, whicliefined as the ratio of the stress in the granular
column to the stress in the clay. This ras@ikeyparameter when designing reinforced
soft clay system Several parameters and factors affectiagnitude of the stress
concentratiomatio from which arethe relative stiffness of the column and clay
material, drainage conditionslenderness of the columarea replacement ratio and

other onstruction @tails (Hu, 1995).

Table 1 summarizes results from all published studies that targeted the
measurement of the stress concentration ratio in a laboratory setting (Charles and Watts
1983, Bachus and Barksdale 1984, Juran and Guermazi 1988, Muir Wood@0al. 2
McKelvey et al. 2004, Murugesan and Rajagopal 2010, Cimentada et al. 2011, Fattah et
al. 2011, Ghazavi et al. 2013, Miranda et al. 2017, and Nazariafshar et al. 2019). In
these studies, continuous measurement of the contact stresses on the colclayn and
using miniature pressure sensors and load cells allowed for the investigation of the
buildup of stress concentration in the granular column awthl strain. The tests in
Table 1 are limited to loading setups involving axial compression, includaxggir

compression, footing loading, and area loading.

Information in Table 1 indicates that 10 out of the 11 reported studies utilized
laboratoryscaleone dimensionahodel setups or larggcale odometers as a basis for
testing. As indicated in Table the only triaxialbased study that measured the stress

concentration factor utilizedsingle column rather than column groups. Finally, results
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in Table 1 show that the vast majority of the studies did not quantify the effect of the
drainage conditions arrate of loading on the reported stress concentration factors. As
such, there appears to be a clear need for additional studies that are aimed at measuring
stress concentration factors within triaxial settings for soft clays that are reinforced with
column groups under contrasting drainage conditions. The objective of this study is to

address the aboveentioned need.

Table2: Experimental research programs with stress concentration factors reported

Loading Conditions

Type of _ Sensor usefor  Stress concentratidactor,
. (Stress = stress
Experimer controlled Area stress measureme n
t L (LC =load cell, (U = undrained, D =
Reference _ Strain =strain Replacemer _ .
(s= controlled Ratio (%) PS = pressure drained
single, G - D=drained 0 sensor) F = fully pen., P = partial
group) U=undrained) m = miniature pen.)
Charles and 1-g Cons? a=33%,n=4.8
Watts (1983)  (S) Stress (D) 21,33 m-PS a=21%, n = 2.2
Bachus and
Stress (D S-n=284.2
Barksdale  1-g (S/G) ; 7,25 LC o
(1984) Strain (D) G-n=254.0
Juran and
Guermazi TX(S) Strain (D/U) 4 LC np=6.0, nu=3.0
(1988)
Muir Wood . _
(2000) 1-g (G) Strain (D) 10, 30 m-PS np=6
McKelvey et al . _ _
(2004) 1-g (G) Strain (U) 24 m-PS NE=5.2 n=2.8
Murugesan an
Rajagopal 1-g (G) Stress (D) 23 PS n=7.09.0
(2010)
Cimentada et ¢ 1-D Cons? _
(2011) S Stress (D) 6.25, 11 m-PS n=259.0
Fattah et al. _
(2011) 1-g (S/G) Stress () 5,20 LC n=1.46.0
Ghazavi et al. . _
(2013) 1-g (S/G) Strain (D) 16 m-LC n=>556.2
Miranda et al. 1-g Cons? _
(2017) S Stress (D) 11 m-PS n=3.06.0
Nazariafsharte . _
al. (2019 1-g (G) Strain(U) 19 m-PS n=2243

4 argescale odometer
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To achieve this objective, a newly developed fully instrumented-Eogke
triaxial test setup is utilized to investigate the overall response of the composite with
particular emphasis on monitoring pore water pressure and contact stresses over sand
columns and the surrounding clay. The metrics for assessing the success in achieving
this objective are based on showing that the proposed test setup is capable of
quantifying the distribution of the stresses between the sand columns and the
surrounding clay afifferent levels of axial strain, while controlling drainage and
enforcing confining stress levels that are consistent with field applications. A major
constraint in designing the test setup was the need to test soft clay specimens that are
reinforced wih column groups rather tharsingle column. This constraint necessitated
the utilization of a triaxial setup capable of accommodating large diameter cylindrical
matrix samples. Details about the novel test setup including the design of the cap,

sensors,nstrumentation and data acquisition are presented in the following section.

It should be noted that the large scale reinforced specimen that was used in this
study extends the unit cell triaxial model to a more realistic group model that could
reflect theinteraction among the different columns in the group. The triaxial boundary
conditions in the case of the group do not diverge from the triaxial boundary conditions
of the unit cell in Najjar et al. (2010 and 2020) since the reinforced clay specimen in
both cases is confined by a constant confining pressygya(d is allowed to bulge in
the radial direction during triaxial compression. The benefit of large cell tests with
groups is that they allow for multiple arrangements of columns at various repldcemen
ratios while modeling the interaction between the columns in the group and the
surrounding clay. The normalized spacing between the sand columns (s/d) and their

location within the specimen were carefully chosen so that the reinforced specimen will
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represent the area replacement ratio and the s/d ratio of a subset of a large group in the
field. It is anticipated that the setup and results presented herein will facilitate the

development of design methodologies of clays reinforced with column groups.

3.2 Triaxial Test Setup and Instrumentation

A Humboldt triaxial celkcapable of testing cylindrical specimens with a
diameter of 145 mm and a height of 300 nvas customized (see Fi@0a) to allow for
the collection of data from Three miniature contact press sensors, three pore
pressure sensors, a volume change apparatusiiigmar variable differential
transformer (LVDT), a load cell, and a displacement sensor (LVLg.setup was
designed to allow for testing soft kaolinite clay specimens that war®rced with up

to four sand columns arranged in a square configuration as indicated 20kig.

3.2.1Upper Cap Design
An upper capith a diameter of 145 mmvas designednd fabricatedrom a
solid aluminumblock to includehousings for threaccesgorts for water sources
addition tohousings for three miniature contact pressure seBmys21a). Porous
stones were fitted into the housings of the pore water ports and they were maintained
flush with the bottom side of the cap. Similarly, #Hudve part of the pressure sensor

(Fig. 21b)was maintained flush with tHeottom side of the upper cap.
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Triaxial Frame Upper Cap Design

| }
300 mm °

Load Cell
Upper Cap

Pressure Source

Specimen

LVDT 2

Odev
Porous Stone lil
1 A Volume Change Apparatus
22on], I
145 mm
Miniature Pressure Sensor
Pore Water Pressure Sensor Data Acquistion Box

(a) (b) (©)

Figure20: Testing setup showing (a) upper cap design with dimensions; (b) testing
frame with sample dimensions; and (c) datguisition box, pressurized water source
and the volume change apparatus

Two miniaturepressuresensos (MP1 and MP2gand twoporewaterports(WS
and PP3) are arrangeda square configuratiof4 mm away from the centeaf the cap,
with a thirdminiaturepressuresensor (MP3Jocatedat t he up p.€fhethicdap 6 s
porewaterportin the upper cafPP2) is located between MP1 and MP2order to
allow forthemeasurment of thepore pressure in the clayatrix between two sand
columns The wre watemport (WS) allowsfor the application of backpressurem the
top side of the specimen addition to the measurement of volume change in the
consolidation and drained shearstggesAlthough most of, if not all, the sensors are
installed withn the upper cap, an additionmdrewater pressure sensor (PF)
connected to one of the tubes that accesses the lower porous stone at the base of the

specimen.

61

c



(a) (b)

Shielded

MPi: Miniature pressure sensor Active
part ~—

PPi: Pore water pressure sensor

WS: Water source port

Figure21: Upper cap setup showing (atbbom view of the top cawith miniature
pressure sensors and porous stpaed (b) Omega miniature pressure sensor used.

A threedimensionakide view of the upper cap (FigR) shows the complete
assembly of the upper cap with sensors, fittings and tubing. The mirpatsuire
sensorsod electronic board is lb)lwhishe t o t he
prohibits installing the sensor without proper isolation of the electronic board from the
sensor itself. As such, it was critical to ensure complete water e¢ghtf the fittings to
eliminate the possibility of cell water leakage into the sensor chambers through any of

the tubing and connections.

3.2.2 PressureControl and VolumeMeasurements

As shown in Fig. 20dwo waterpressurdinescontrol the stress statn the
triaxial cell. Thefirst is apore water linghat isconnected t@volume change device
that allows for the measurementvalumetric change durinthe different testing
stagesThe second iacell pressure linghatis directly connected tavater in the

triaxial chamber to control the isotropic confining pressure around the specimen
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Figure22: Side view of the upper cap showing the fittings and tubing to completely
isolate the cell pressurized water from leakiogards the sensors and the specimens.

The volume change apparatus has a double acting piston for measuring volume
change during consolidation drained sheawith a capacity of 100 mlt is equipped
with adisplacement transducer thatcalibrated toneasureéhe volume of water passing
through the chamber. A-Gonnection is used to connect the volume change device to
theappropriatgore wateports in the upper and lower caps in contact withsoil
specimenthus allowing for the application of ardoolled backpressure to both ends of
the specimenThebackpressure and the cell pressure are controlled from a panel that is
pressurized using compressedTdie Humboldt HM3000 master loader and franvas
used to run the triaxial tests. It is capatfiéoadinglarge soil specimengp to 14 mm
in diameter an@00 mm in height. Theallowable shearing rates range betw@dn

mm/min and 75 mm/min. The cell chamber can withstand pressures up to 1200 kPa.
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3.2.3Sensors, Data Acquisition, and Calibration

The miniature pressure sensased in the setugre manufactured by OMEGA
Engineering Compangnd havea capacity of 1400 kR@&ig. 21b). Thetransducer
diaphragm and sidewalare made of stainless steEhemain applicatiorfor these
sensorss to detetand measurpressures from flugl Their intended use in the testing
setup described is to measure contact pressures above the clay matrix and above the
sandreinforcing column. In order to verify their ability to provide reliable
measurements of contattesses with soils (kaolinite clay and sand), the sensors were
calibrated under three conditions: (1) contact with water, (2) contact with kaolin clay,
and (3) contact with sand. Under conditions of water contact and kaolin clay contact,
thesensors exbited a linear response and showed repeatatleration coefficients
This was somewhat expected given the cl ayd¢

saturation, where minimal variations and noises were detected in the measurement of

contact stress above the clay matrix.

Conversely, thealibrationof the sensors using the ddgtawa sangielded
nontlinear resultsThis was attributed to larg@ntact forces betweehe sand grains,
which are larger than the clay particlaad the sensérmembrane. Furtheralibration
usingsaturated sanitterfaceresulted inamoreor-less linear response the pressure
range of interest. Since all specimens in the test program were backpressure saturated
prior to shearing, it was considered that thespuee sensors would yield reliable
measurements for both the sand and the clay in thedasje composite specimens,

provided the respective calibration constants were applied.

It should be noted thattibration using pressurized water was done using an

enclosed triaxial chamber, with the pressure sensors mounted flush with the bottom side
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of the loading caprhecalibration of the sensors using kaolin ctaysandwvas done
using a custom made oxémensional odometer consolidation upper cap that has a
central manufacturespacefor the pressure sensors to be mounted in. The one
dimensionabketuphas a closetbop pressure option that helps maintaianiform

appliedpressure.

The electric signalfrom the pressure sensors exhibited some doisdoissies
related taconnectios, wiring, andsoldering.The noise in thealtagewas found to be
minimal duringcalibrationin water. Thevoltage output from clagnd sandalibratiors
gave linealand repetitive result3.he noise was filtered using-ime amplfication with
aTLO72CPoperational amplifiefrom Texas Instrumentatiofhe TLO72CP wasalso
usedto amplify the output to values in the order of-8.oltsthat is suitabldor the

data acquisition module.

The pore pressure sensors did not presenpeobfems or challenges given that
the active component of the sensor is outside the triaxial setup. All tubes connected to
the pore pressure sensors were maintained saturated at all times. The pore pressure
sensors incorporated in the testing setup am fAmetek Co. with a maximum capacity
of 1,400 kPaAll sensors were connecteddalata acquisition bothathouseghedata
acquisitionmodules signal conditioning, signal amplification and noise filtering. The
modules used are from National Instrumemd the interfacadoped for data
collectionwasLabVIEW. A customdesignedyraphical user interface wasedto
control data collectiofrom all nine sensorand provide realime plots the data during

the test
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3.3Material Characterization
Thematerials used in this testing program are Kaolin clay and Ottawa sand.

Detailed properties of these materials are presented in the following sections.

3.3.1Kaolin Clay

The kaolin clay (Supreme China Clayas sourcedfom the United Kingdom. It
has diquid limit of 65% plasticity index of 19%andspecific gravity o2.56. A ;me-
dimensional consolidation testasconducted om 50 mm diametespecimen trimmed
from a sample consolidated from slurry undefertical stress df00 kPa. Seven
loadingand tiree unloadingncrements were used tieterminghee-log p curve, where
each increment was left for 24 heub complete thprimary consolidation stagé&he
resulting elog p curve for the kaolin clay is presented in Rig. The recompression
(6 , compressiond and swelling 6 indices were determined to be 0.19, 0.50 and
0.17, respectively. The@reconsolidatiopressure was determinaabe 92 kPa using
Casagrande (193anethod,ndicating that thed.00 kPaconsolidatiorpressure that was
appled to the slurry in the 1D consolidometers may not lialxe transferred to the

specimen due to frictional lossa®ng the mold surfaces
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Figure23: el o g forthormally consolidated kaolin clay

In order to characterizé¢ shear strength of the kaolin cldyge isotropically
consolidated undraingeCU) tests and three consolidated drai(€d) tests were
conductedn backpressure saturated specimenth a height of 12 mm and a
diameter of 71 mm at effective confining pressures 0, 150 and 200 kP& he results
of the drained and undrained triaxial tests on kaolin clay are presented o?v&igad

24c, respectively.

Thestressstrain response from the consolidatiedined testé§Fig. 24a)
indicated a strainhardening effector all confining pressuregp toan axial strain of
16% where a peak deviatoric stress was reachid volumetric changeadicated
contractive behavior thad typical of soft normally consolidated clay specimtre ae
sheared in a drained condition towards critical state. The effective drained Mohr
Coulomb failure envelope was used to determine the drained shear strength parameters
of the kaolin clayThe measured effective strength parameters for kaolinne@agcee

ntkPa anc C @3
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For the consolidated undrained tests, the variation of the deviatoric stress and the

excess pore water pressure with axial strain @4g) indicates that thkaolin clay used
in this experimental program softens at axial sgairthe order ofl0%to 12% The
maximum deviatoric stresses were 56.9, 79.4 and 100.4 kPa corresponding to

i ¥, ratiosof 0.28,0.26 and 0.25 respectively, whereepresents the undrained
shear strength ang  represents thiitial effective confining pressure. The

i ¥, ratiosare typicalof normally consolidated clays sheared in undrained
conditions (Lin and Penumadu, 2Q0Bbor the different effective confining pressures of
100, 150 and 200 kPa, the maximteoordedpore watepressures were 60.0, 92.9, and
119.3 kPa, corresponding t oo c®klemhit3 and

1.19,respectively (Skempton, 1954).
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Figure24: Results of consolidated drained (CD) and consolidated undréiig)
triaxial tests on Kaolin clay and Ottawa sand
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3.3.20ttawa Sand

Thesand used in #test program is classified as poorly graded Ottawa sand
(SP) according to the Unified Soil Classification System. The physical and mechanical
propertief thesand are presented in TaBleThesandshear strength was determined
using isotropically consolidated drained and undrained triaxial tests that were conducted
on specimens with a height of Zdhm and a diameter of 71nmatinitial confining
pressures 0100, 150, and 200 kPa. The specimens were prepared at a dry density of
p& T "4 corresponding to a relative densitiy8%, and a void ratio of 0.5\l
sand columns used in the testing program had a dengigy ab "@&

T8t @ "Fa  ensuing high consistency during testing.

Table3: Physical and mechanical propertieQifawa Sand

Solil property Value
D10 (mm) 0.22
D30 (MmM) 0.3

Dso (MmM) 0.5

Specific gravity 2.65
Coefficient of uniformity (Ro/D1o) 2.3
Coefficientof curvature (B)%(Dso*D 10) 0.82
Maximum void ratio; gax 0.75
Minimum void ratio; @in 0.49
Angl e of internal 39

The drainedriaxial testresultspresented iffrig. 24b showstressstrain and
volumetric responses that are typicatlehse sandClear peaks were exhibited in the
stressstrain responses at axial strains in the order of 3 to 5%, followed by softening all

the way to critical state. The softening was associated with the dilation of the dense
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sand during drained shedhedrained tests indicated that the sand can be characterized
with ade mkPa anc o @t JThe consolidatedndrained testesults in Fig24d
reflect the dilative tendency of the dense sand through the generation ofdgegere

excesgore water pressesduringundrained shearing.

3.4Laboratory Testing Program

The testing program is summarized in Taklén total, threeisotropically
consolidated draineCD) andthreeisotropically consolidated undrain€@U) triaxial
tests were performed on sp@eins having a diameter of 14%mand a length of Z9
mm. Tests were performed on control specimens and specimens reinforcad)roitip
of four non-encasd, fully penetratingdense sand colummgth diameters of @ and40
mm, representing area replacemeatios ofw p ® Pando & b, respectively. The
columns were installed in predrilled holesing a square arrangemen#4 mm offset
from thespecimercenter. The holes were drilled usingustomfabricatedaugering
apparatus. All specimens were satadusingabackpressure of 300 kPa and
isotropically consolidated undaneffective confining pressure of 100 kPa. Skempton
B values were around.98for all tests(Skempton, 1954), indicating adequate degrees
of saturation. All tests were strain casited and terminated at axial strawf ~20%.

The strain rate chosen for every test was functian adis per the ASTM standards.

3.4.1Clay Specimen Preparation
Kaolin clay (China Clay) powder was mixed with watetvad times its liquid
limit (i.e. 130% water contentp form a slurry. The mixture was then pouretbin

customfabricatedsplit PVC pipesand subjected t&-D consolidation using
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sequenced application déad weightsThree 1D consolidometers were fabricated for
this purpos€Fig. 25. Customfabricatedsplit PVC pipes functioneds split molg 3

mm thick,500 mm highwith aninternal diameteof 145 mm. Slurry was placed inside
thewell-tightenedPVC pipe segmeni$ig. 26a). High strength duct tapendmetallic
bandswere usedo canfine the split PVGvhile maintainingnegligible lateral strains
during onedimensional consolidation of the slurry under a vertical applied pressure of

up to 100 kPa.

The advantagef using split moldss that an undisturbed, relatively soft,
homogenouslay specimertould be retrieve@Fig. 26)with minimal disturbance
Perforated metallic upper and lower capth filter papersenedasporousboundaries
Dead weights were seated @aircular steel plate that transfedthe load to the top of
the claythrough acylindrical steel rodDead weights were added gradually and in

incrementdasednthe time schedule presented in Table 4.

Table4: Laboratorytesting program and results

Drained Diameter Increase Reductior Reduction

Number  Area Maximum Excess

(D) of L Volumetric  in in excess in
Test of  replacemer deviatoric pore . o )
or sand . strain  deviatoric pore  volumetric
number Undrainec column sand ratio AC/As  stress  pressure (%) stress pressure  strain
0,
L) (mm) columng (%) (kPa) (kPa) (%) (%) (%)
1 U 0 0 0 56.6 61 - 0.00 0.00 -
2 U 30 4 17.1 78.3 45 - 384 26.2
3 U 40 4 304 146.5 12 - 158.8 80.3 -
4 D 0 0 0 119.0 - 6.44 0.00 - 0.00
5 D 30 4 17.1 128.1 - 4.57 7.65 - 29.0
6 D 40 4 30.4 166.4 - 0.97 40.0 - 84.9
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Figure25: Custom fabricated-D consolidometers

The loading schedule was selected using trial and &riaxhieve repeatabéand
uniform samples with minimal disturbancEhe quality of the specimenthus formed
was evident in (1)he uniformity in theinal specimen height (~ 315 mrahd (2)
consistency inthewater content along the specimen lengthis consistency was
verified through a trial experiment in which a specimas sliced into 6 pieces and the
water contenand voidratio determinedor each sliceThevariation of the water
content and void ratio along the height of the specimen as presefiigd27 indicate

a relatively uniform degree of consolidation along the specimeeght.
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(b)

Figure26: (a) Sealed PVC split sections; (b) dismantling of PVC sections; and (c)
kaolin specimen consolidated to 100 kPa
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Figure27: Variation of water content and void ratio along the height of the sample after
1D consolidation

All samples weresubsequently isotropicaligconsolidated at 100 kPa in the
triaxial cell, which eliminated any ordimensional stress history that migitatve

existed in the samplellowing consolidation in the 1D consolidometers
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Table5: Loading sequence duringCl consolidation

Test information S1 S2 S3 S4 S5 S6  S7
Applied weight (kg) 0O 10 20 40 80 120 170
Applied pressure (kPa) 0 6 12 24 48 71 101
Duration (hr) 12 24 24 24 24 24 24

Note: Slrefers to Stage No.dnd so on

3.4.2Construction of Sand Columns

After dismantling the cylindrical kaolin specimen frahe PVC
consolidometers and trimming it thet specified final height of 295 the sample
was placed in austomfabricated augring apparatus that is capable oifllohg up to
300 mm inside the soil specimefif. 28). Two auger bits were then used tilldeither
30 mm or 40 mm diametéolesin the clay specimen to form the column group-Pre
prepared frozesand columns were then placed in their respective fieetholes. The
sand columns were frozen in fabricated3D-printed tubes. The tubes were printed as
split moldswith a total height 0800 mm and a walkhickness of 2 mm. The freezing
method was used for the preparation of sand columns (e.g., Sivaguata?004;
Black et al. 2007as it has shown goaépeatability and consistengyterms of the

relative density of the sand columiiNajjar et al. 2010).

The sandplit tubes were held in place using high strength duct tape to ensure
no lateral strains during sand freezing. The saas filledin layerswhile vibrating the
tubesfrom the outside to achieve a firdily densityof p& ™ "Fa ™8t @ A&
correspondingo 85% relative densityollowing densification, ater was added to

achieveawater contenof around 20%. The columns wdbreenplaced in the freezer for
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at least 24 hours. After drilling each hole, a sand column is removed from the,freezer
the tubesgit and the column insertedtaithedrilled hole andallowedto thaw(Fig.

28).

Figure28: Drilling holes in kaolin specimen and sand column installation

3.5Test Results and Analysis

The modified triaxial test setup with its nevdgvisedinstrumentation wassed
to run large scaldrained and undrained triaxigstson control clay specimens and
specimens that were reinforced with a group of four sand columns distributed in a
square arrangememtll samples were isotropically consolidated urateeffective
confining pressure of 100 kRaior to the shearing stagdter ensuring saturation
through applying an incremental backpressfr@00 kPaThe test results are presented
in Table 1 and include two tests on control clay specimenggistson specimens
reinforced withanarea replacement rati®o  p ® Handtwo tests on specimens
reinforcedwith anarea replacementratto ¢ & E8The analysisocused on the

effect ofsand columnsn: (1)consolidation (2) bearing capacitgnd stress
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distribution (3) reduction in volumetric straend pore pressuduring $earing and (4)

development o$tress concentratiomithin the sand columns.

The drained and undrained triaxial tests were conducted in accordance with

ASTM standards. In the consolidated drained tests, the rate of shearing was calculated

as- ——, where- represents the axial strain at failure (chosen as 10%) aisl

thetime corresponding to a degree of consolidation of 50%. For the consolidated

undrained testshe rate of shearing was calculated as—— to achieve equalization

of pore water pressure throughout the height of the specimens. As a result, the strain
rate that was adopted in the consolidated drained tests ranged. frtmi..2 mm/hy

while the rate adopted for the undmihntests ranged from1 to 28.5 mm/hrlt should

be noted that in the drained tests, fully drained conditions during shearing were
confirmed by monitoring thexeess pore water pressure at three locationsKige20).

The excess pore pressures were always in the range®0 @ 0 ¢Q0,0

indicating complete dissipatioof excess pore water pressir¢he specimens

3.5.1Consolidation Stage

The isotropic consolidation response of the six test specimens under an effective
confining pressure of 100 kPa is presenieBig. 29. Three observations can be made
from the volumetric strain versus time curves: (1) The incorporation of sand column
groups in the reinforced clay specimen reduced/themetric strairof the control
specimen by about 35% and 46#6th a highea percentreduction for the highearea
replacement rati¢a = 30.4%),(2) Thetime required for consolidation to be completed

decreased significantly as theea replacement ratincreased, with theme

76



corresponding to 50% consolidation decreasingrom around 80 minutes in the case

of the control clay specimen i minutesand 4 minutegor the specimen reinforced at

® p ® Pando B b respectivelyand (3) the difference in the consolidation
response between identical drained and undrainecrapns (whether control or
reinforced) was little indicating a high level of repeatability and consistency in sample

preparation, testing, and instrumentation.

The reductions observed in the volumetric strain and consolidation time are
expected given théual role that sand columns play in (1) increasing the overall
stiffness of the composite specimen, and (2) enhancing radial drainage by functioning as
vertical drains that reduce the horizontal drainage paths of water leaving the clay. In the
control clayspecimens, the drainage was mainly vertical with the maximum drainage
distance being equal to half of the specimen height (~ 145 mm). In the reinforced
specimens, the drainage direction is-@oeninantly radial with maximum drainage
distances in the ordef 35 mm and25mm in the case ofd = 17.1% and 30.4%,
respectively. Since consolidation times are roughly proportional to the square of the
maximum drainage distance, the reductions observed in the primary consolidation times

in the reinforced specime may be considered reasonable.
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Figure29: Variation of wlumetric strairwith time duringisotropicconsolidatiorof
control and ranforced specimens.

3.5.2StressStrain Response

The stressstrain curves for the control and reinforced clay specimens are
presented in Fig80a and30b, for the CD and CU triaxial tests, respectively.
Irrespective of the drainage conditions, results as presented BOfiglicate that the
sand colummgroup improved the bearing capacity and stiffness of the soft clay. The
maximum deviatoric stress measured in the control clay specimen incres&¥d by
O pPPadd%(® o B Pinthedrainedtestsandby 3% p ® P

and 15% (0w o & B inthe undrained tests.

For reinforced clay specimens, the strstsain curves in FigB0 show signs of
strainsofteningstarting from axial strains in the order of 5 to 10%, particularly in
specimens reinforced at the higher area replacement ratio of 3DM$4sesponse
reflects the dominant role of the dense sand columns, which are expected to dilate
during shear, particularly in the drained tests. The dilative tendency of the sand columns
and its role in dominating the response of the composite isyckdribited in Fig30

through the variation of the volumetric strain (drained tests) and the excess pore water
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pressure (in undrained tests) with axial strain. Reinforcing the clay with the sand
column group reduced the compressive volumetric strainlatefan the CD tests from
6.5%1t04.69400 p ® Pand1.0%w o B D, and reduced the excess positive
pore water pressure in the CU tests from 60 kPa to 45ckPa p ® P and 10 kPa

(0 o B’ P, respectively.

It should be noted that although trenesolidated undrained tests could be
considered to be fAglobally undrainedo, exc
sand columns and the surrounding compressive soft clay is inevitable. This local
exchange will lead to partial drainage of the sandmaohiin the group and the
surrounding clay leading to local volume change. Evidence of this partial drainage in
the consolidated undrained tests is clear in the sstes®s response, which shows clear
signs of strain softening. Had the sand columns beeiiyt undrained, the generation of
large negative pore pressures in the sand would have prohibited strain softening in the

reinforced clay specimen.

In the consolidated undrained testscess pore water presswasmeasured at
three locations, namely abe one sand column, abotve clay annulus between two
sand columnsand at the bottom as a global measure for the composite sl Eest,
the pore pressumlensors gave similar resyligespective of their position in the
specimen.This indicates that even with the relatively high rate of loading that was used
in the undrained tests, equilibration of pore water pressure occurred within the test
specimen leading to the saim@re water pressuraeasurement in the sand and the clay.
As a result, data from only one pore water pressure sensor was included in Fig. 30 for

the undrained tests

79



175

150
125
100
75
50

Control
»ws ¥k 0 eeeas Area Ratio =17.1%

Deviatoric Stress (kPa)

Area Ratio = 30.4%

-1 F \\ /'

L .. AreaRatio=30.4%

3 Sa Area Ratio=17.1%

Volumetric Strain (%)

L Control

~N @ (S I SN w N
T
I
’
]
]
i
i
[
1

0 5 10 15 20

Axial Strain (%)

(a) Consolidated Drained (CD)

Figure30: Results of the large scale triaxial tests (a) Drained and (b) Undrained.

For the particular case of thie = 30.4% specimens, Fig30b clearly shows that
at relatively small strains, the dilative tendency of the large diameter columns results in

a significant reduction in the overall positipere pressure generation during shearing.
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However, as strains accumulate towards significant values of 20%4the gradual

reduction in the pore pressure is clearly interrupted andsedeThis could be

attributedto excessiveshear stregstrainconentrations along the failure surface

leading to a tendency for dislocation of the sand columns and interruption of their

continuity. This explanation of the observed response is supported by the pictures

shown in Fig. 31d and32d which show the magnitud# distortionand bulginghat

wasinduced in the sand columns at large strains.
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3.5.3Mode of Failure

An investigation of the mode of failure of control and reinforced clay specimens
indicated that the mode of failure was affected by the drainage amsliopr the three
drained test¢Fig. 31), thecontrolling mode of failure was uniform bulging alotig
height of the clay specimens. At the onset of reaching a peak in the deviatoric stress,
formation of afailure planewas observed in control and reinforced specimens, followed
by strain softening all the way to critical state conditions. On the other hand, undrained
specimens (Fig32) that were reinforced with column groups showsshlized bulging
that wasconcentratedh the upper halbf the specimens with no evidence of the
formation of a failure plane (unlike the control clay undrained specimen which showed

a clear failure plane).

To examine the internal mode of deformation of the sand columns in drained
and undraiad tests, the specimens reinforced with 40 mm sand column greeps (a
30.4%) were cut along a vertical section passing through two of the sand columns in an
attempt to expose the columns and the surrounding clay. The cross sections are
presented in Fig8ld and32d for drained and undrained tests, respectively. For the
drained test, the cros®ction clearly shows the failure plane cutting the sand columns
along a predefined direction. No such failure plane was evident in the undrained test on
the reinfoced specimen. However, it is interesting to note that the sand columns in the
undrained tests showed asymmetrical bulging, with the columns showing signs of
outward bulging towards the exterior of the specimen and almost no inward bulging
towards each otlmeThe restraining action that internal sand columns exhibit within a
column group wasbserved in the group testonducted byBachus and Barksdale

(1983) among others.

81



(a) Control Clay (b)a=17.1% (¢)a, =30.4% (d) Cross Section (a,=30.4%)

Figure31: External and Internal Mode of Failure in Colidated Drained Triaxial
Tests

(a) Control Clay (b) a=17.1% (¢)a;,=30.4% (d) Cross Section (a,=30.4%)

Figure32: External and Internal Mode of Failure in Consoliddtedirained Triaxial
Tests

3.5.4Measured Contact Stresses

Local contacstresses were measungking miniature pressure sensors located
over two sand columns and over the clay at the center of the uppeheavriation of
the measured contact stresses witlalestrain is presented in Fig. 8% all test
specimens. Also shown in Fig3 are thecurves representing the variation of the overall

global deviatoric stress with strain as measured using the global load cell.
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For the control clay specimens, measuring contact stresses using the miniature
pressure sensors allowed for testing the effegéigs and reliability of the miniature
pressure sensors in measuring stresses under draine83jignd undrained (Fig.
33b) conditions. These contact stresses for the case of the control clay indicated that the
three pressure sensors gagkable and epeatableesultscompared to the global
deviatoric stresses measured by the load cell. As expected, the stresses measured by the
miniature pressure sensors at three locations exhibited some natural variability that was
quantified to be withirb to 10% ofthe measuredlobal deviatoricstressat least for
axial strains below 10% his observation is important since it indicates that the utilized
sensors can be effectively used to monitor stresses drdiveed and undrained

normally consolidated kaolin gtavith minimal errors.

As for the reinforced specimens, the square configuration of the four sand
column group permits stress measurenrefwo sand columns and in the central clay.
The variations of these measured contact stresses with axial strarasseted in Figs.
33c,d and Figs. 33e,f for specimens reinforced with 30 mm and 40 mm sand column
groups, respectively. Results from stress measurements above the sand columns (MP1
and MP2) indicated that: (1) the stiff sand columns attracted stressasetinatich
larger than those measured in the clay, irrespective of the drainage conditions and area
replacement ratio, (2) some variability in the contact stresses is observed between the
sand columns in the same composite specimen, and (3) the magnitheensfasured
sand stresses in the columns is affected by the drainage conditions and the area

replacement ratio.
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Figure33: Variation of deviatoric and contact stresses with strain for control and
reinforced clay specimemsder drained and undrained loading conditions.

The inherent variability in the response of identical sand columns within the
same composite specimen can be attributed to multiple factors. Firstysligtiitors in
relative density between the columnghe group could affetche unifornity or lack of

in thestress wtribution between the columns. Second, the stresses may have been
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affected by slighpossible rotatiogin the upper cap, particularly at larger strains (10%
to 20%) following the formatio of distinct failure planes or excessive bulgingeT
reliability of the sensoreadings can be considered as somewhat degraded by the large
movementsHowever all tests wereontinued to axial strains of 20% to get a sense of
what is happening well begd the peak responsence it was assumed that even with
large distortions, the measurements still gigease of the distribution of the loadis
should be noted that the contact stresses measured by sensor MP2 in the case of the
consolidated undrainddst that was conducted on the sample reinforced at an area
replacement ratio of 17.1% were flawed (See B@g). As a result, these measurements

were disregarded from the analysis.

In order to validate and verify the applicability and reliability of shress
measurements in the sand columns, the clay stresses that were measured by MP3 and
the global deviatoric stresses for the composite clay specimen were used to back
calculate the average stress in the sand columns in the group. The variation okthe ba
calculated stresses in the columns with axial strain is presented 88kig.ed. The
backcalculated stresses were calculated using Equation 1 by assuming that the global

deviatoric stress on the composite specinsahwasshared by thetressn theclay

(sciay) and the average stress in the four sand colusyag)(such that:

” 6 ” 6 ” 6 (1)

WhereAday andAcoumnsare the area of the clay and the area of the sand columns
in the reinforced clay specimen, whileampleis the total cross sectional area of the

composite specimen. Given the global deviatoric stsegsafd the measured stress

(MP3)in theclay (scay), Equation 1 was used to bacélculate $sand. Interestingly,
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results on Fig33indicate that the variation of the bac&lculated average stresses in

sand §sang With axial strain (red curves) compare well with the stresses in sand
measured using MP1 and MP2. In fact, the baadkulated stresses in sand constitute a
realistic representation of the average stresses measured by MP1 and MP2, irrespective
of the area replacement ratio and drainage conditions. These results are insporéant

they indicate that the stresses measured by the miniature pressure sensors are reliable

and reflective of the true stress distribution in the composite specimen.

To scrutinize the mechanics of load sharing between the sand columns in the
group andhe surrounding clay and its dependence on the area ratio and drainage
conditions, the stresses mobilized in the clay (MP3) for the control and reinforced
specimens were plotted on the same figures @g.and34b for CD and CU tests) for
comparison. Sintarly, the stresses mobilized in the columns in the composite
specimens were compared to the deviatoric stress measured from the triaxial tests

conducted on the control sand specimens (Bdsand34d).

Results presented in Fig4 lead to many intereisig observations that show the
effect of drainage conditions and area replacement ratio on the mechanics of load
sharing between the sand and the clay and its dependence on the strain level. First,
results for the stresses in clay (Fig4a, b) indicatehat the clay under drained
conditions was able to carry higher stress than the undrained case. In fact, the stresses
mobilized in the clay surrounding the columns in the drained tests approached the
maximum deviatoric stress mobilized in the drained cootay specimen, without
reaching it. For the case with the lower area replacement ratid {al%), the
variation of the stress in clay with strain was closer to the drained-strassresponse

of the control clay specimen, indicating that the failorechanism was dominated by
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the clay. In the composite specimen with the higher area replacementratkD(4%),

the stresses in clay were lower indicating that the response was governed by the stiff

larger diameter sand columns.
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Figure34: Effect of area replacement ratio and drainage conditions on the mobilized

clay and sand contact stresses.

On the other hand, results for the undrained tests indicate that the stresses in clay

in the composite specimens were (1) insensitive to the area replacement ratio and (2)

consistent with stresses measured in the control clay specimen. These observations

indicate that the undrained response in the composite clay specimens was largely

governed by the relatively low undrained shear strength of the clay and that the
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presence of sand columns did not affect the undrained shear strength of the surrounding
clay. It is interesting to note that in the range of axial strain of 4% to 6%, the measured
stresses in clay in the composite specimens were slightly larger than those observed in
the control clay specimen. This slight increase could be due to partial lochl radia
drainage from the clay into the sand columns, leading to slight local increases in the

strength of the surrounding clay, despite the fact that the tests were globally undrained.

An investigation of the gradual stress buildup in the sand columns in3Bays.
and34d leads to two main observations: (1) the average stresses in sand in the column
group were highly dependent on the area replacement ratio, particularly in the
composite specimens that were sheared undrained, and (2) the stresses in sand
mobilized in the fAglobally undrainedo tests st
between the sand columns and the surrounding clay, leading to significant reductions in
the mobilized stresses in sand compared to the stresses in sand observed in the control
sand specimen that was sheared under true undrained conditions. This local partial
drainage in the case of composite specimens is expected to prohibit the dense sand
columns from generating negative pore water pressure even under fast loading rates.
Unlike the undrained control sand specimen that exhibited a maximum peak deviatoric
stress of about 1800 kPa (not shown on B4g. so as not to distort the scale of the y
axis), the maximum stresses in sand in the sand columns did not exceed 210 kPa for the
composite specimen with & 17.1% and 375 kPa for specimens witk 80.4%. In
fact, the stresses in sand in the case ofl&.1% (undrained test) were smaller than the
stresses in sand observed in the identical drained test. The combination of low

undraned shear strength in the surrounding clay and the inability to generate negative
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pore water pressure in the columns due to partial drainage resulted in extremely small

stresses in sand in the undrained test involving ahl¥.1%.

3.5.5Stress Concemation Ratio

The stress concentration ratio was calculated for all composite specimens by
dividing the average measurstilesses in sar®P1 and MP2) by the stresses in clay
measured with sensor MP3 at all strain levels, except for the undrained teshnsde
of 17.1%, where the measured stress in sand from sensor MP1 was only used in the
analysis The variation of the stress concentration ratio with axial strain is presented on

Figs.35a and35b for the drained and undrained tests, respectively.

Resuls on Fig.35reveal a clear distinction between the mechanics of load
sharing in drained and undrained conditions. For the drained tests, the variation of the
stress concentration ratio with strain shows a sharp increase in the ratio at relatively low
strans, reaching maximum values 46 and 6.3for area replacement ratio$
p ® Pando B B respectively. After the peak, the stress concentrationdaticease
graduallyto reach values as low as htlarge axial strains. Conversely, the variation of
the stress concentration ratio with strain in undrained tests indicates a gradual
monotonous increase leading to peaks in the ord@b@ind9.5,for area replacement
ratiosof p ® Pando B B respedtely. These peaks are observed at relatively large
strains (greater than 13%). It should be noted that irrespective of the drainage
conditions, the cases with the higher area replacement ratios resulted in the higher stress

concentration ratiosyhich isin line with the work of Bichus and Barksdale (1984)
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Figure35: Variation of ¢ress concentration ratio with axial strain for the draged
undrainedests

For the drained tests, the early peaks in the stress concentration ratio and the
gradual but significant reduction that follows can be attributed to two main factors: (1)
the softening that is observed in the sand columns which dilate and soften atlyelativ
small strains, and (2) the progressive gradual strain hardening that is exhibited in the
clay surrounding the columns as the clay consolidates and compresses during drained
shear (Black et aR011).These two factors lead to an initial early peakhim stress

concentration ratio followed by a significant reduction at large strains.

For the undrained tests, the monotonous increase in the stress concentration ratio
with strain and the significantly larger stress concentration ratios in the specimens
reinforced at the higher area replacement ratio of 30.4% can be attributed to two main
factors: (1) the undrained conditions that governed the response of the clay in the
composite specimens leading to the mobilization of relatively low undrained stresses in
the clay, irrespective of the area replacement ratio (Se84hy.and (2) the gradual
increase in the mobilization of stresses in sand with strain (up to strains in the order of

10%) and the clear superior response of the 40 mm sand columns compared to the 30
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mm columns (see Fi@4d). The superior response of th@da&olumns in the specimen
reinforced at an area replacement ratio of 30.4% is a direct consequence of the drainage
conditions within the composite specimen and the role that the large diameter sand
columns played in reducing the overall generation oftjvespore water pressure in the

composite specimen.

The results on Fig5 point to several implications that could affect the design
of clay systems that are reinforced with granular columns in practical field applications.
The first implication is the iportance of identifying the strain range that is relevant to
practical design, given the significant variations that the stress concentration ratios
exhibited in Fig35. For applications in which serviceability limit states are expected to
govern the degn of the reinforced clay system, results on Bigindicate that stress
concentration ratios in the range of 3 to 4H47.1%) and 5 to 6 (& 30.4%) should be
adopted in quantifying the load sharing between the clay and the sand column group if
draired conditions are expected to govern. The stress concentration ratios pertain to
estimated axial strains that are less than 1% in the blue shaded are&8 Fite
designer is interested in the ultimate limit state (failure of composite systeraly;ime
range of interest shifts to around 5 to 7% (see3dy.In this strain range, the stress
concentration factors that should be adopted in design assuming drained conditions

reduces to around 2.5to 3.0 (seeshdded area in Fig5).

Iffastloadi ng condi tions that wil!/ result
are expected to govern the design, results on35igndicate that for serviceability
considerations, stress concentration factors as low as 1.5 to 2.0 are required to model

the loa sharing between the sand and the clay. For ultimate limit state considerations
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that involve undrained failure, stress concentration factors as high as 2.5 to 3.5 (ar =
17.1%) and 5.5 to 6.5 (ar = 30.4%) should be adopted to realistically model the stress
distribution. It should be noted that these ranges for the stress concentration factor apply
to the clay and sand used in this study and should not be generalized to cases involving

different soil conditions.

3.6 Conclusiors

In this paper, a newly devegded fully instrumented large triaxial systésn
introducedio examine the behavior of soft clay specimens reinforced with group
granular columns under both drained and undrained conditions. An innovative upper
cap with three miniature pressigensorandtwo pore water pressure sensors was
designed with proper calibration of the contact pressure sensors on different soil types

and conditions.

Tests on large contralay specimens argpecimenseinforced with a group of
four sand columns &ivo area repleement ratiogd p ® Pando & P) were
conductedunder drained and undrained conditiofilse stress measurements were used
to investigate the mechanics of the stress distribution and load sharing between the sand
column group and the surrounding clay, with emphasis on identifying the variation of
thestress concentration rasiavith strain andheir dependence on the drainage
conditions and area replacement ratio. Based on the results, the following conclusions

can be made:

1. The newly developed instrumented lagpale triaxial setup allowed for

collecting reliable data on pore pressures, voluwhange, overall deviatoric
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stress, and development of local stresses in the clay and the surrounding columns.
The measurements were repeatable and reliable for studying the mechanism of
the interaction between the sand column group and the surroundyngnclar
different drainage conditions and rates of loading.

2. The use of dense sand columns to reinforce soft kaolinatlayea replacement
ratios of17.1%and 30.4%could increase thdrainedultimate strength of the
specimenby 8% and 9©%, and the undraied strength by 39% and 159%,
respectively This increasd strength is attributed to tttkee n s e cabilityduann s 6
carry additional stresses Thi s was proved by the mir
measurements placed above dense sand columrshthe¢d mobiked stresses
as high as50 kPa. In comparison, the miniatypeessuresensorabovethe clay
annulus indicatedtresses as low &0 kPa to60 kPa.

3. Local stress measurements indicated thatsthess concentration ratiegried
significantly with strainyate of loading, and area replacement ratio. At very low
axial strains and under drained conditions, stress concentration ratios bétween
and 6 could be mobilizedThese relatively high ratios decrease to about 1.5 at
relatively large straing-or the cas of undrained loading, the stress concentration
factors are very low (1.5 to 2) at small strains and increase to values as high as 6.5

and 9.5 for cases involving area replacement ratios of 17.1% and 30.4%,

respectively.

It should be noted that the measiistress concentration factors pertain to the
particular case of a clay specimen that is reinforced with a group of four sand columns.
For a given area replacement ratio, there is a possibility that the measured stress

concentration factor might be affedtby the numbeand configuration of the columns
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in the group (triangular vs square configuratioRsssible dferences in the response

for singleand multiplecolumn casgcan berelated to dferences in the slenderness

ratio of the columndléngth todiameter atio). In a triaxial setup, arggle large

diameter centratolumn will exhibita smaller slenderness ratompared tanultiple

columns. In additionglay specimens that are reinforced with a single column may

exhibit aninternal state of stresat may locally diverge from that exhibited in the

multiple column case, where the shear plane will have to interact with multiple

columns. Moreover, the stress state in the two cases might be affected by local
differences inheinternal drainage conditions arndlumn stiffnessThe effect of these
parameters on the response of the composite and particularly on the stress concentration

factors will be studied in future work

The sand columns used in this research are of dilevtrece to applications
related to the use of granular columnwedically draining elements (sand drains) or as
reinforcing elements (sand compaction piles). As far as the comparison to stone or
gravelcolumns and the potential size gmalg effects,the use okand columns instea
of gravel orstone columns in physical modeling is dictated by testing constraints. The
size of specimens that can be accommodated in triaxial setups is kEvéed the
large triaxial cell used in this studyevertheles, results from published studies
indicate that the type of material used to construct the granular column (gravel, sand, or
a mixture of both) does not change the mechanics of the interaction between the
caumns and the surrounding clay. The reportedsstomncentration ratios in this study
are very much needed for a better understanding of tharaasfer mechanism
between the clay matrix and granular columns in applications involving both short and

long-term stability of foundations.

94



CHAPTER 4

STUDYING THE EFFECT OF PARIAL DRAINAGE ON THE
RESPONSE OF SOFT CAS REINFORCED WITH &ND
COLUMN GROUPS

4.1 Introduction and Background

Reinforcing soft clays with columnar inclusions has proven to be an effective and
economical ground improvement techniquét @mhances the stiffness, strength,

permeability and consolidation timesthe composite soil system (eBachus and

Barksdale 1984; Muir Wood 2000; Najjar 2013; Najjar et al. 2020; Almikati et al.

2020) For soil improvement applications involving j[ma&ding/surcharging of soft clay,

the role of radial drainage in facilitating the dissipation of pore pressure in the clay
surrounding the column/drain is w&thown among practicing engineers. However, the
role of radial drai-tnargmo ilmeamicmg acamacitthye
embankments that are supported on clays reinforced with granular columns (sand,

gravel, or stone columns) is yet tofody exploredfjuantified.

Common design practice for soil improvement schemes involving granula
columns is based on bounding the stability problem byulheundrained or fully
drainedloading conditions. In reality, loading rates and drainage conditions in the clay
surrounding the columns will govern the response of the complbsite.consider
typical/practical construction rategheassunption that the clay around the columns will
respond in fully undrained conditions does not reflect the true drainage conditions in the
soil, as consolidation and pore pressure dissipation will inevitably occur as a result of

radial drainage. The degree of palrtirainage will depend on the rate of loading, the
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permeability of the clay, the spacing and diameter of the sand/gravel columns, and the
possibility of smearing of the clay around the column during installation (Najjar 2013).
Current design procedureskaa systematic approach for quantifying the effect of

partial drainage and accounting for it in design. Disregarding the positive effect of
partial drainage on the shdgrm ultimate bearing capacity of the composite system

will inevitably lead to overconservative designs (Najjar et al. 2010).

Studies pertaining to the investigation of partially drained behaviclay-
reinforcing granular columns systemar® relatively scarce (Juran and Guermazi 1988;
Andreou et al. 2008; and Bou Lattouf 2013). Junath Guermazi (1988) studied the
effect of partial drainage of a silty soil sample reinforced with river sand using a
modified triaxial cell. The authors allowed the sand column to drain freely in one series
of tests and blocked drainage from the columreniother. The freely drained column
had a maximum load carrying capacity of about twice that of the undrained column.
Andreou et al. (2008) conducted triaxial tests on Kaolin samples reinforced with single
columns of Hostun sand and gravel. They obserst ceductions in strength when
the rate of | oading was fAacceleratedo witt
to slower rates of loading (fully drained). However, the measured strength remained
hi gher than that of ddamplerBouLatioaf (2618)d Af ul | y
conducted triaxial tests on Kaolitay sampleseinforced with Ottawa sand columns.
They varied the drainage conditions and loading rates (3.5%, 40%, and 80% strain per
hour). For the partially drained tests, the stsissincurvesobtainedwvere boundedy
the undrained (lower bound) and drained (upper bound) results. The main conclusion

from previous work is that the undrained behavior generally underestimates the strength
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of soft clay reinforced with sand columns and thatipl drainage could significantly

improve the shostermstrengthbearing capacity.

The key to understanding the impact of partial drainage on the response of a
clay/column composite is to investigate the buildup of contact stresses and pore water
pressue in the column and the surrounding clay during loading. Measurement of
contact stresses is critical for understanding the stress transfer mechanism between the
columns and the clay matrix (Aslani et al. 2018). Contact stress measurements at
different stges of loading allovior thedetermiration ofthe stress concentration ratio,
defined as the ratio of the stress in the granular column to the stressimrthending
clay (Charles and Watts 1983, Bachus and Barksdale 1984, Wood et al. 2000, Black et
al. (2006), Cimentada et al. 2011, Fattah et al. 2011, and Almikati et al. 2021). Local
pore water pressure measurements at different time intervals also reflect the impact of
radial drainage on the response and provide useful data dedhee of consolidain
of the soft clay at different stages of loading (e.g. Juran and Guermazi 1988; Sivakumar

et al. 2004).

Almikati et al. (2020) designed and implemented an innovative-sogke
triaxial experimental setup that is capablénofependentlyneasuring exas pore water
pressure above a group of granular columns and above the surrounditig clay.
addition, he setugomprised miniature pressure sensdrattollect data on the
development of stresses in the columns and thecdagurrently Such a setup psents
a unigue opportunity to study the impact of partial drainage on the development of
contact stresses and pore water pressures within a reinforced clay specimen in an effort
to quantify the global response of the composite clay/sand column systeheaticbss

concentration factor.
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Despite the advancement in sensing and instrumentation in large scale triaxial
testing (Almikati et al. 2020), available test setups only allowtfecollection of data
from sensors that ar esoiisamplgé @ord peessaradensors; o nt a
miniature pressure sensors, LVDTSs, load cells). The/pmgarytool that is available
for examining Ainternal o6 stresses, strainse
reinforced clay systems is numerical anal/sSeveral studies targeted analyzing the
radial consolidation problem of soft clays reinforced with vertical drains (Lei et al.
2017). Barron (1948) proposed an analytical solution for radial consolidation. Since
then, multiple researchers presented madic at i ons t o Barronds sol
different boundary conditions, different types of materials, and loading scenarios (Table
6). The majority of available models utilize the axisymmetric unit cell concept in
analyzing the response, with few aymihg the problem as a plane strain model (Tan et
al. 2008). In almost all the cases considered, results from numerical and analytical
analyses arealidated with data from-D consolidometers rathénantriaxial setups.
Onedimensional consolidometers dot allow for modeling the true response of
reinforced clay specimens under true foundation/shearing Iohds, there is aeed
for validating the effectiveness of available models in predicting the radial consolidation
response of soft clay specimehattare reinforced with sand column groups under

controlled triaxial shear conditions.

This paper aims at investigating the impact of partial drainage on the response of
large-diameter soft clay specimens that are reinforced with a group of sand columns. A
newly developed fully instrumented largeale triaxial test setup is utilized to
investigate the overall response of the comppwiith particular emphasis on

monitoring contact stresses ovke sand columns and the surrounding clasained,
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undrainedand partially drained testgere conducted on 14.5 ediameter clay

specimens reinforced with a group of four fully penetrating-8@meter dense

columns. Partial drainage is enforced by prohibiting drainage from the bottom of the
clay and allowing it oly through the miniature porous stones in the upper cap of the
triaxial cell. Different shearing rategere used to represent relatively quick loading

(strain rate of 40% per hour), slow loading (a strain rate of 0.5% per hour) and average
loading (strairrates of 3% and 10% per hour). All testre performed on slurry
consolidated, bachressure saturated, clay specimens at a confining pressure of 100

kPa.

The main objectives of the test programre to (1) compare the behavior of
partially drained sampsk to that of fully drained and fully undrained samples under
similar conditions, and (2) establish a relationship between the mobilized partially
drained strength and the theoretical estimates of the degree of consolidation calculated
using finite differece solutions that take into consideration the radial dissipation of
pore pressures in the partially drained tests. Continuous measurements of contact
stresses on the clay and above sand columns will allothé@valuaton of the impact
of partial drainge on the stress concentration ratio and will provide valuable data that
could guide andiacilitate the development of design methodologies for reinforced clay

systems under different drainage conditions and rates of loading

4.2 Experimental Program
4.2.1Large-Scale Triaxial Test Setup

The testing setup used to run the experimental program is shown in Btgére
large triaxial frame capable of testing cylindrical soil samples as large as 145 mm

diameter and 300 mim length was modified fathis studytesting. An upper cap with
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housings for miniature pressure sensors and pore water pressure sources was designed
and fabricated. The upper cap is made from alumiandhhasn outer diameter of 145

mm. The innovative upper cap was designed to inchamlesings for three miniature

pressure senso(sP1, MP2 and MP3and three water sources, two of whi€tP@ and
PP3)were used for pore water pressure measurement above a sand coluhecky
whereas the third water source was used for back pressuration and volume
changameasurementd\ third pore water pressure sensor (PP1) was connected to the

bottom porous stone.

Table6: Various research studies to study the radial drainage in reinforced soft clays
with vertical dains

. . Prefabricated
Free Unit Cell Smear Zone Ver_t|cal Analysis Type: Vertical
Strain ) Drainage g :
and Well ) . Experimental (E) Drain
Reference or or Plane 3 Consideration ical
Equal  Strain  ooooro® with Radial Nxm?;'t‘?a I(?'A))OY (gvo) o
; onsideration . nalytica ranular
Strain (PS) Drainage Drain (GD)
Barron (1948) Equal U \Y X A PVD
Hansbo (1981) Equal PS \Y \ A PVD
Atkinson et al. (1985) Equal U X X E (Triaxial) GD (Sand)
Hird et al. (1992) Free U and PS V X N (Finite element) PVD
Indraratna and Redana o
Equal PS \ \% N (Finite element) PVD
(2000)
Han and Ye (2001) Equal U X \% A PVD
Seah and Juirnarongrit .
Equal U X X E Consolidometer) PVD
(2003)
Leo (2004) Equal U V \Y A PVD
Tan et al. (2008) Equal PS X X N (Finite element)  GD (Stone)
Conte and Troncone (2009 Equal \ \ A PVD
Bo et al. (2016) Equal X X E Consolidometer) PVD
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Volume change and back pressure saturation lines can be connected to both the
upper and lowecapsvia a T-connection. The baegressure (pressurized water) comes
from the pressure source controller to the volume change deeiceeaches the
sample through either/both the upper and lower liiks.measurement of volume
change is done usirayvolume change apparatus that has @btk acting piston

connected to a linear variable differential tidunser(LVDT 2).

The instrumentation includes addition tathe aforenentioned sensors, a load
cell and an LVDT connected to the top of the sample. All sesat$ransducerare
connecgd to acentraldata acquisition box. The data logging is done on LABVIEW

software.

Upper Cap Design Triaxial Frame

Data Acquistion/Logger

— 1 —

Specimen 300 mm = =

O U

Pressure Source

30 mm
LVDT 2

145 mm

Miniature Pressure Sensor
Pore Water Pressure Sensor
Back Pressure Access

Volume Change Apparatus

Figure36: Testing setup with all sensors and equipment used in triaxial testing
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4.2.2Materials
Kaolin clay and Ottawa samdere used in thériaxial testing program. General
properties of both materials are presented in the following sections. Additional

information about the sa@lusedcan be found in Almikati et al. (2020).

The clay used in this experimental studiKepolin clay (Supreme Cha Clay)
sourcedrom the United Kingdom. The liquid limit and plasticity index of the clay are
65% and 29%, respectively, wigdspecific gravity'O ¢® @The consolidation
parameters were determinfgdm a onedimensional consolidation test and the
recompressiond , compressiond and swelling 6 indices were found to be 0.19,
0.50 and 0.17 respectivelgotropically consolidated drained and undrained triaxial
tests were performed on tK&olin clay under three confining stresses (100, 150 and
200 kPa) to determine the effective shear strength parameters, yigelimgkPa and
. ¢ @ dPore water pressure measuremgrekled Skempton pore pressure

par ame ft efrl.86, 1113 and 1.19, for effective confining stresses of 100, 150 and

200 kPa, respectively (Skempton, 1954).

Ottawa sangused in this testing prograiis classified as poorly graded sand
(SP) as per the Unified Soil Classification System. The spagidivity of this sand is
2.65, with minimum void ratio of 0.49 and maximum void ratio of 0.75. Additional
physical and mechanical properties of the Ottawa Sand are found in Almikati et al.
(2020). Consolidated drained and undrained triaxial tests werelate on Ottawa
sand at a relative density of 85%, which is the density chosen for the granular columns.
Dilative behavior was predominant for the drained tegtde negative pore water

pressures wenmeasuedin theundrained tests. For a range of ¢nimg stresses
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between 100 and 200 kPa, results indicated thagfthetive friction angle of the dense

sand i & o u3]

4.2.3Specimen Preparation

Sample preparation consisted of mixing kaolin powder with water at twice the
liquid limit. After proper mking, the slurry was poured in custom fabricated, well
tightened PVC split pipes that are 500 mm in length and have an internal diameter of
145 mm. Dead weights were used to consolidate the clay in-dimeasional setting
under a normal stress of 100 kRhkile allowing upper and lower drainage. Ottawa sand
was used for the preparation of the dense sand columns at a relative density of 85%
using the freezing method as per the recommendatiBfaok et al. (2007), Najjar et

al. (2010), and Almikati et a(2020).

The final length of all specimens after trimming was 290 mm (Figéag with
a diameter of 145 mm, representing a length to diameterdEdo ¢. The sand
columns were prepared to the target density one day prior to testing and left in the
freezer. They were removed from the freezer and installed diredtheipredrilled
holes (Figure 30), after which they were left to thaw prior to testing. A total of four 30
mm diameter columns were installed in a square configuration represantnea

replacement ratiav  p X KFigure 3%).
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(a) (b) (©)

Figure37: Sample preparation showing (a) kaolin prior to drilling; (b) drilling process
and (c) reinforced sample ready for testing with four sand columns installed

4.2.4TestingProgram

The large triaxial testing setup was used to conduct six triaxial tegtaaim
specimens that were reinforced with a sand column group. Theoestsisedour
partially drained tests (PD), one consolidated drained test (CD) and one condolidate
undrained (CU) test. In addition to the tests on reinforced specimens, two additional
tests were conducted to determine the drained and undrained response of unreinforced

clay specimens (control specimens).

The main difference between the partially deal tests and the consolidated
drained and undrained tests is the drainage pattern. In all partially drained tests,
drainage was prohibited from the bottom side of the specimen to enforce a drainage
pattern that is predominantly radiBltainage from the pper cap was facilitated by the

placement o cylindricalfilter at the top of the samplghich connects the columns to
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t he fAsmal | @&tthehasedf the uppgerocageouttse CU and CD tests, two

way drainage was allowed during consolidafiGty, CD) and drained shearin(¢D).
Volumetric change was monitored during consolidation (for all tests) and shearing
(drained and partially drained tests) to quantify the volumetric strains. For undrained
and partially drained tests, pore water pressweremeasured below the porous stone
in the base cap belotle claymatrix. All tests were isotropically consolidated to an
effective confining pressure of 100 kPa (bgckssure of 300 kPa and a cell pressure of
400 kPa). The shearing ratehosen for the caolidated drained and consolidated
undrained tests were as per ASTM standards. For partially drained tests, the loading
rates were selected to cokezeatedifferent scenarios of partial draina@rain rates of
40%/hour, 10%/hour, 3%/hour and 0.5%/ho@revselected faestsPD1, PD2, PD3

and PD4, respectively.

4.3 Experimental Test Results

Table7 shows theraluesof peak deviatoric stresses, pore water pressures, and
volumetric strains for all reinforced clay speciméssted In order b link the results to
the drainage conditions that dominateithin each specimen, the volume change data
that was collected during the isotropic consolidation stage was used to detesntinee t
time required for 50% consolidation to be achieved (se&TabThe time to failure
(trailure) Of each specimen was determined and normalized by the assogiatdde and
reported in Tabl&. Theratio triurd/tso is an important indicator that is expected to
correlaeto the degree of consolidation thatshieved in each partially drained test

failure.
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Table7: Test results for drained, undrained, and partially drained reinforced clay
specimens

: Peak Peak Exces ) .-
1.;.3;: (nt15ion) SREZ? Eﬁ"ﬁ:; trailure/tso Desvtire;t;)éic Imp?é(leeséent Pg:gsvsvlitee' VOISLi?;ier:”C &(P?J}:))vﬁ) Di;:enrgrewe
(%/hour) (kPa) Factor (%) (kPa) &, (%) Us (%)
CuU 51.0 1.20 - - 78.5 - 43.81 0.00 - -
PD1 87.0 40.00 13.33 0.17 85.5 13.9 41.30 0.33 7.2 9.4
PD2 85.0 10.00 53.33 0.71 96.2 35.0 29.41 1.53 335 28.2
PD3 820 3.00 178 244 111.6 65.5 17.84 294 64.3 59.5
PD4  84.0 0.50 1,067 14.29 130.0 101.2 1.40 4.22 92.3 94.5
CD 47.0 0.067 - - 129.4 - 0.00 4,57 - -

* CU: Consolidated Undrained, CI@onsolidated Drained, PD: Partially Drained

4.3.1StressStrain and Volumetric Strain Response

Curves showing the variation in the deviatoric stress, excess pore water pressure,
and contractive volumetric strain with axial strain are shown in Figd8aet 33c for
all reinforced specimens. The stressain curve of the control clay specimen that was
sheared under undrained conditions is also included in the plot to serve as a reference

for quantifying the improvement brought by the inclusion of the sahdmn group.

The stressstrain curves exhibited consistent increases in deviatoric stresses
with strains as the samples were sheared towards critical state conditions. All tests
exhibited clear peaks indicating failure at axial strains varying betweean8%2%.

The measuredlobalvolumetric strains (partially drained and drained tests) were all
contractive. The pore water pressures (partially drained and undrained tests) were
positive and increased as the deviatoric stresses reached their maximunaweiltresn
decreased or leveled out at larger strains. In fully drained tests, the compressive
volumetric strain that was measured in the unreinforced clay specimen (~ 6.5% at large

strains) was reduced to around 4.Bsamples reinforced with ti8m dianeter sand
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column group. As expected, this reduction in contractive behavior was more significant
for the partially drained tests, particularly for faster shearing rates. This higher reduction
in contractive behavior for the specimens sheared at a faist Istte isassociatedvith
higher pore pressuréisatdid not have enough time to dissipate.

The deviatoric stress versus axial stigliots show thatheall those
corresponding tthe partially drained specimens lie between two bowghdurves the
higheris that ofthe fully drained testwhile the lower is that of thendrained test.
These results are consistent with the findings of Andreou et al (2008). As the strain rate
increased, a clear reduction in the peak deviatoric stress was observedlily parti
drained testsThe reduction in the peak deviatoric stresses with faster loading rates in
partially drained tests is linked to the decreased degree of consolidssaciated with
radial drainage that can develdpringthe sheaing phaseEven at tle highest strain
rate of 40% per hour, the strestsain and volumetric stracurves show that some
degree of drainage has occurred in the tested specimen despite the fact that the ratio of
trailure/tso was relatively low (0.23). In theomewhaslower patially drained tests (PD2
and PD3) withiurdtso Of 1.4 and 4.7, it is clear from the results that the sand columns
acted as drainage boundaries that allowed significant pore water pressure dissipation
predominanththrough radial drainagés the shearing rate decreases, the partially
drained curves become closer to the fully drained cuimterestingly, the slowest
partially drained test (PD4) wittiure/tso Of aboutl5 yielded a stresstrain response

that was almost identical to thatserved in the fully drained CD test.
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Figure38: The variation of (a) deviatoric stregxcess pore water pressuangd (b)
volumetric strain with axial strain

It is important tonote that although g | ovolanietvic straing@nd pore water
pressure generation in the reinforced clay specimens indicated a net contractive

tendency (positive excess pore pressure and compressive volumetric strain), it is
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hypothesized that the dense sand columns exhibited a dilative tendencystinaaskad
by the contractive tendency of the soft clay matrix. Given the relatively low area
replacement ratio (17%), it is likely that the positive pore water pressures in the clay
satisfied the negative pore pressures in the sand, resulting ip@srige pore pressure
response at the lower porous stone. This is supported by the measured volumetric
strains which reflected the overall contractive volume change in the sample. Volumetric
strains that approach zero indicate that enough compressive strangdcurred in the
clay to balance the dilative volumetric strains that inevitably occurred in the freely
draining dense column. Unfortunately, the local pore pressure sensors that were
incorporated in the upper cap of the triaxial cell to measure localgyessure in the
sand column and the clay matrix did not yield reliable local pore pressure data that
could be used to isolate the pore pressure response in the sand columns from the

response of the clay matrix.

4.3.2Mode of Failure

An investigation of the failure mode for the reinforced drained, undrained and
partially drained tests indicated that all samples failed alomglladefinedshear plane
regardless of drainage condition (Fig@&. The formation of the failure plane is
consistent with peaks exhibited in theessstrain responsgFigure 38a), irrespective

of the drainage conditions and loading rate.

For the drained tests, the formation of a failure plane could be traced to the
dilative tendency of the dense sand columnwisch is expected to dominate the failure

mode of the composite specimen. Drained triaxial tests on dense Ottawa sand (Almikati
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et al. 2021) clearly indicate a strain softening behavior with an associated formation of a
failure plane as the sand dilatagidg shear. On the other hand, for the undrained tests,
the soft clay generates positive pore water pressiumeng shearinghus adecreasén

the effective stresses in the clay matmd associatesbftening. Control clay

specimens that were shearedler undrained conditions also showed the formation of a
failure plane. It could thus be concluded that the formation of a failure plane in the
reinforced clay specimens during undrained loading is attributed to the dominant role of
the soft clay matrixhatcontrolled the mode of failure. For the partially drained tests,

the mode of failure of reinforced specimens was consistent with the drained and

undrained cases, as it is somewhere in between the two similar modes of failure.

(a) Reinforced Undrained (b) Reinforced Drained (c) Cross Section (Reinforced Drained)

Figure39: Failure mode for reinforced clay specimens (a) Clstést CD test, and {ic
PDtest(s)under varying drainage conditions
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4.3.3Effect of Partial Drainage on the Ultimate Strength

Figure40a shows the variation of deviatoric stressdaiatre with the ratio
trailure/tso plotted in logarithmic scale. The graphical representation is for the partially
drained and fully drained tesstwvith the fully undrained test representsdred square
markes serving as a lower bound to the strengtkthefcompositsystem Resultan
Figure40a indicate that as the ratigure/tsoincreases, the maximum load carrying
capacity of the claygand column composite improves. This improvement in shear
strength levels off at an approximagguts/tsoof 15, where the measured deviatoric
stress of the slowest partially drained test approaches the upper bound strength observed
in the fully drained test. It is worth noting that the ragi@d/tso is typically used to
determine the shearing rates requii@dconsolidated drained tests (ratio in the range of
80-120) and for consolidated undrained tebty the lattetheratiois taken as 10 to

ensure pore water pressure equalization.

For comparison, data from partially drained triaxial tests that werdgucted by
Bou Lattouf (2013) on sma#icale triaxial clay specimens (7.1 cm diamededthat
were reinforced with a single centratB diameter sand column are plotted on Figure
40a. Thestrain rates adopted in the partially drainests reported in &1 Lattouf
rangedfrom 3.5% to 80%. Despite differencesimrinsic propertiegplasticity and
permeability)of theclays used in their study in comparison to ouhg resultdrom the
Bou Lattouf (2013plso show that partial drainage improves the maxindeviatoric
stresses in reinforced specimens compared to the fully undrained reinforced specimen
(Figure40a). Themaximum deviatoric stresses in the partially drained tests of Bou
Lattouf (2013) increase with the ratiaui-o/tsoand level off at angproximate wiure/tso

of 10 to 30 which is a behavior similar to the one we observed
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In order b generalize the results of the partially drained tests and analyze them
in a systematic contexve usedh normalized stress improvement index;This
index isdefined as the ratio of the difference in the maximum deviatoric stress in a
partially drained test and the undrained test ( ,, , to the difference between the
maximum deviatoric stresses of the fully drained and undrained tests, .The
strength improvement indgx, is analogous to the liquidity index for clays in the
sense that it provides a relative measure of the magnitude of strength that could be
mobilized in a partially drained test infeeenceto the minimum and aximum
strengths that could be obtained assuming undrained and drained conditions,

respectivelyThe formula used for the calculation ofs shown in Equation:2

| 2

The strength improvement indexs plotted against thetio triurdtso in Figure
40b. The values of the stress improvement indices of the partially drained tests were
0.14, 0.35, 0.66 and 1.01 for PD1, PD2, PD3 and PD4, respectively. It is interesting to
note that although the fastest partially drained(fébtl) portrayed small contractive
volumetric strain of 0.34% at the end of shearing, it exhibited a strength improvement
index of about 0.14, indicating a 14% increase in strength relative to the fully undrained
test. The slowest partially drained testtba other hand (PD4) mobilized the full
drained strength of the specimen eventalia/tso of about 15, which could be

considered to be practical ratio at which the drained strength is mobilized.

Interestingly, the trend between the strength impraregrmdex and the ratio
trailure/tso for the partially drained tests conducted in Bou Lattouf (2@l@markably

similarthatobserved in this study despite differences in clay type/properties, sample
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scale, single versus group column reinforcement, and density of the sand columns.
Based on the data presented in Figlile, the ratio otaiure/tso could be seen/adopted as
a practical normalized indicator of the improvement in the deviatoric stréskieg,

for partially drained testsnreinforced clay specimens. This observatiolh need
further/futurevalidaion fromadditional triaxial tests on different types of clay and sand

columns.

4.3.4Contact Stresses in Clay and Sand Column

Local contact stresses were measured using miniature pressure sensors located
over two sand columns and over the alaatrix belowthe center of the upper cap. The
variation of the measured contact stresses with axial strain is presenteddibfbicall
test specimens. Also shown in Hid. are the curves representing the variation of the
overall global deviatoric stress with strain as measured using the loadredicted to

the test frame

For the control clay specimens, measuring contact stressgsthigiminiature
pressure sensors allowed for testing the effectiveness and reliability of the sensors in
measuring stresses under drained (#1g) and undrained (Fig.1b) conditions.
Contact stresses for the case of the control clay indicated thatdleepressure sensors
gave reliable and repeatable results compared to the global deviatoric stresses measured
by the load cell. As expected, the stresses measured by the miniature pressure sensors at
three locations exhibited some natural variability esede within 5 to 10% of the

measured global deviatoric stress. This observation is important sgoedirtnsthat
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the utilized sensors can be effectively used to monitor stresses in the drained and

undrained normally consolidated kaolin clay with minimaors.
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Figure40: (a) Variation of deviatoric stress withiitro/tso and (b) Variation of
normalized stress improvement index withu/tso

For test involvng reinforced specimens, the square configuration of the four
sand column group permits stress measurefoehivo of thecolumns andtthe
central clay. The variations of these measured contact stresses with axial strain are

presented in Figgllc to41h for specimens tested under different drainage conditions
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and rates of loading. Results from stress measurements above the sand columns (MP1
and MP2) indicated that: (1) the stiff sand columns attracted stresses that are much
larger than those measuredhe clay, irrespective of the drainage conditions, (2) some
variability in the contact stresses is observed between the sand columns in the same
composite specimen, and (3) the magnitude of the measured stresses in the columns is

affected by the drainageweditions and rate of loading.

In order to validate and verify the applicability/reliability of the stress
measuremenigt the sand columns, the clay stresses that were measured by MP3 and
the global deviatoric stresses for the composite clay specimen were used to back
calculate the average stregshe sand columns in the group. The variation of the-back
calculated stressesthe columns with axial strain ghownin red in Fig.41. The back
calculated stresses weaybtainedusing Equatior8 by assuming that the global

deviatoric stresssg) was shared by the stress in the ckysf) and the average stresis

the four sad columns $sang such that:

” 6 ” 6 ” 6 (3)

WhereAcay andAcoumnsare the areas of the clay the sand columns in the reinforced clay
specimen, whildsampleiS the total cross sectional area of the composite specimen.
Given the global deviatoric stress) and the measured stress (MP3) in the dayy),
Equation3 was used to baekalculate $sang. Interestingly, results on Figlindicate

that the vaation of the bacicalculated average stresses in sagh§ with axial strain

(red curves) compare well with the stresses in sand measured using MP1 and MP2.
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In fact, the bacicalculated stresses in sand constitute a realistic representation
of the average stresses measured by MP1 and MP2. These results are important since
they indicate that the stresses measured by the mmiatessure sensors are reliable

and reflective of the true stress distribution in the composite specimen.

Themechanics of load sharing between the sand columns in the group and the
surrounding clay and its dependence on the drainage conditions and rate of\weading
further explored by plottinthe stresses mobilized in the clay (MP3) #maksein the
sand calmns on Figurd2. The stresses in the clay matrix indicate that the clay was
able to carry higher stresses under drained conditions compared to the undrained case.
For the drained test, the stresses mobilized in the clay matrix approached, but did not
reach, the maximum deviatoric stress mobilized in the drained control clay1&)g
This indicates that the failure mechanism in the drained test was governed by the failure
of the sand columns. On the other hand, results for the undrained test indictite tha
stress in the clay matrix was consistent with stresses measured in the undrained control
clay specimen (Figtlb). These observations indicate that the undrained response in the
composite clay was largely governed by the relatively low undrained stneagth of
the claymatrix. The premature undrained failure in the clay matrix prohibited the sand
columns from mobilizing large stresses, with column stresses that were 30% to 40%
smaller than the column stresses mobilized in the fully drained tespéee blue lines

in Figure42).

In the partially drained tests, an investigation of the gradual stress buildup in the
sand columns and the clay shows clear evidence of the dissipation of positive pore
water pressure due to radial drainage from the clayixmato the sand columns. This

increased the effective confinement of the clay and resulted in a clear increase in the
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mobilized clay stresses compared to the fully undrained case. The increase in the load
carrying capacity of the clay matrix as a resfilpartial drainageallowed the sand

column group to carry additional stresses as indicated by the measured contact stresses
in the sand (Figd2). As the rate of loading decreased from 40% per hour to 0.5% per
hour, the ability of the sand column and suerounding clay matrix to carry deviatoric

loads increased with the increase in the degree of consolidation until it approached that

of the fully drained specimen.
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Figure42: Variation of clay and sand contact stresses virdirsfor all reinforced
specimens
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4.3.5Stress Concentration Factor

The measured contact stresses were used to calculate the stress concentration
f a c t dor all Gomposite specimens by dividing the average meastneskes in the
sand(MP1 and MP2) by the stresses in the clay measured with sensor MP3 at all strain
levels. The variation of the stress concentration ratio with axial strain as presented on
Fig. 43 reveals a clear distinction between the mechanics of load sharing in dxathed
undrained conditions. For the drained test, the variation of the stress concentration ratio
with strain shows a sharp increase in the ratio at relatively low strains, reaching
maximum values o4.5 and then decreasing gradually to reach values assldv@ at
large axial strains. Conversely, the variation of the stress concentration ratio with axial
strain in the undrained test indicates a gradual monotonous increase leading to peaks in
the order of 6 to 7 at axial strains ranging from 10% to TH9éirends of both CD and
CU tests are well in line with previous research done on drained and undrained response
of soft clays as in the work of Bachus and Barksdale (1984an and Guermazi

(1988), Han and Ye (1991) and Fattah et al. (2011).

For the draied test, the early peak in the stress concentration ratio and the
gradual but significant reduction that follows can be attributed to two main factors: (1)
the softening that is observed in the sand columns which dilate and soften at relatively
small strams, and (2) the progressive gradual strain hardening that is exhibited in the
clay surrounding the columns as the clay consolidates and compresses during drained

shear (Black et al. 2011).
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Figure43: Stress concentration facteariation with axial strain for all conducted tests

For the undrained test, the monotonous increase in the stress concentration ratio
with strain can be attributed to two main factors: (1) the undrained conditions that
govern the response of the claythe composite specimen leading to the mobilization
of relatively low undrained stresses in the clay, and (2) the gradual increase in the

mobilization of stresses in sand with strain (up to strains in the order of 10%)

The variations of the stress concentration factor with axial strain for the CD and
CU tests theoretically define the two boundaries of the variation of the partially drained
tests. The variation of the stress concentration factor with strain for the stestes
(PD4) was almost identical to the fully drained test although the strain rate in PD4 was
six times fastert-or the other relatively faster partially drained tests, the stress
concentration factors at axial strains less than 10% ranged from 2 itt 4ow

particular trend with the applied strain rate. Interestingly, for axial strains exceeding
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10% where the stress concentration factors in the CU test were as high as 7, stress
concentration factors in the PD tests remained relatively low, with averagjees of

2.2, 3.0, and 3.6 for PD3, PD2, and PD1, respectively. These results indicate that even
minor partial drainage could result in significant reductions in the stress concentration

factors at larger strains compared to the fully undrained dasfeould be noted that the
reductions in Aino due to partial drainage
columns, but to an increase in the stress that is carried by the clay due to an increased
degree of consolidation. Even with the decreasedl ues of Ano6, the net

drainage is to increase the deviatoric stress of the composite specimen in comparison to

the undrained case.

4.3.6Effect of Partial Consolidation on Mobilized Strength

Although strong correlation was observed igufe 40 between the strength
improvement index and the ratho 70 , the more direct and traceable correlation
is expected to be between the strength improvement factor and the average degree of
consolidation of the clay matrix, which istuwrn correlated to the rate of dissipation of
pore water pressure due to partial drainage. The most relevant indicator of the degree of
consolidation in the triaxial test measurements is the volumetric SRasults on
Figure39 clearly indicated thatt volumetric strains for cases involving partial
drainage were directly correlated to the rate of loading. In the absence of direct
measurements of the degree of consolidation in the clay matrix, the measured global
volumetric strains in drained and patly drained tests could be utilized to reflect the
dissipation of excess pore water pressures and are directly linked to the progression in

the consolidation of the clay matrix
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To test this hypothesis, the variation of the strength improvement indetheith
Avol umetric i mprovement indexo, defined
in the partially drained test to the volumetric strain in the fully drained tegt , is
plotted in Figured3. The four data points represent the four pdlstidrained tests while
the 45 line serves as the line of unity. The plot indicates a strong correlation between
the strength improvement indéxand the volumetric improvement index, 7- . A
similar correlation could also be observed usingortially drained test data reported
in Bou Lattouf (2013) and which were added to Bgfor completeness. This finding
is significant because it indicates that simple measurements of volumetric strains from a
triaxial test could provide valuable feedback on the degree of consolidation that has
occurred during shearingnd could be used adasis for predicting the relative
mobilization of shear strength for the partially drained tests relative to the drained and

undrained strengths through the strength improvement index.
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Figure44: Variation of strength improveemt factor with volumetric improvement
index
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4.4 Finite Difference Analysis
4.4.1 Modeling and Assumptions

In this section, a finite difference analysis is conducted to study the localized
progression of consolidation and pore pressure dissipation xvghs#rains for
different shearing rates. The realistic estimation of the degree of consolidation requires
a coupled radial and vertical consolidation solution, necessitating the calculation of
generated and dissipated pore pressiier the largescaletriaxial tests conducted in
this study, vertical drainage is expected to be negligible given that the length of the
sample (290 mm) is significantly larger than the longest radial drainage path (~37 mm)
from the furthest clay particle to the nearest sadnon (Figure45a). As a result, the

finite difference solution that is adopted involves radial drainage only.

To simplify the problem further, the solutioisedreduces the-8imensional
specimen that includes the group of columns to a unit cell thadesla central sand
column acting as a drain for the surrounding clay matrix (FigHog The equivalent
diameter of the assumed unit cell was selected to be 72.5 mm to yield an area
replacement ratidd p @ Passuming a sand column with a diameter ofr30. The
assumed dimensions of the unit cell also ensure a representative area replacement ratio
compared to the area ratio that is typically calculated for the square/hexagonal sand

column configuration@ p® © that was used in the largeale triaxial specimens.
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(a) (b)

Figure45: Modeling of (a) sample reinforced with group sand columns as (b) unit cell
with equivalent diameter

The explicit finite difference solution to the radiarp water pressure
dissipation problem is presented in Equadoithe unit cell is defined as a matrix of
nodes that are spaced at a radial dist&ficef 1 mm and the solution targets a time

incrementYo of 5 second The predicted pore water pressare  at a radial distance

"Qand at timéQ+1 is calculated in the finite difference solution such that:

0 6 W P — Orp ( 0 ® P = (4

- @ dhorizontal coefficient of consolidation

-1 dradial distance to nod@from the sand column

-0  isthe pore pressure at a radial distafkd@nd a timgj+1)
-0 | isthe pore pressure at degkhl) and a timdj)

-0 j is the pore pressure at dekhand a timdj)

-0 | isthe pore pressure at dekk1) and a tim€)
Thehorizontal coefficient of consolidation) is backcalculated using Equation
5 from the consolidation stage of the triaxial tests usiag aalue of 85 mins (see

Table7) as an aveige between the PD tests. Equatiai©lson 1985; Sridharan et al.

1996)assumes only radial drainage occurring from the clay matrix to the sand columns.
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The radial coefficient of consolidation is affected by the radius of the sand calumn
the radiusof the specimeni and the ratio between the two such that:

0z°0s 21 1P
QOaIIpY )

Pz o

@

Where Q Nis the equivalent diameter of the unit cell (72.5 ni@} is a
factor that is determined in Equatiéras a function of the ratio of the equivalent
diameter of the unit cell and the sand column diameter;Yarslthe degree of

consolidation (50% whea is used).

"O¢

(6)

& — @)

The backcalculated coefficient afonsolidation was 0.032 mm/$eyielding an

| T @ssuming ¥0of 5 seconds and a radial distance increm¥nisf 1 mm.

The use oEquations4 to 7 allows for estimating the degree of consolidation
that a partially drained sample undergoes at any time with particular emphasis given
to the time at which failure occurBhe finite difference solution yields values of pore
water pressure during shearinghe clay surrounding the sand column at different
times @ Yo or (Q YQ and at different radial distancds Yi or (Q YQ for
a grid composed of 22 radialgpaced nodes. The generation of the initial pore water
pressure was calculated frahe measured contact stresses in the clay multiplied by
Skemptonds por e OpHFigers4uhr ewsc otef & i wa reinat,i on o
pore pressure coefficient A with axial strain based on the CU test of the control clay.

The predicted pore pregsun the clay was then input into the finite difference
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solution to predict the pore pressure dissipation with tirhe.average degree of
consolidation at different times and strain levels was then computed by subtracting the
excess pore pressures thamnain in the clay from the total excess pore pressures that

were generated up to that time.
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Figured6:Var i ati on of Skemptonds pore pressure

4.42 Finite Difference Results

The finite different solution for the radial distribution of excess pore water
pressure in the clay matrix at different strain levels is presented in Bigtwethe four
partially drained tests. Each curve in Fig&,c,e,g represents the pore watespure
at nodes spaced radially atrim increments from the edge of the sand column. The
pore pressure results allow for a detailed investigation of the impact of the strain rate on
the extent of partial drainage during shear. The pore pressure datsevase to

calculate the spatial variation in the degree of consolidation in the clay matrix at
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different radial distances frothe central sand drain (Figs.Bld,f,h). In the absence of
instrumentation that could measure the local distribution and digsipof pore water
pressure in the clay, the finite difference analysis presents a unique tool to achieve this

objective.

For the fastest partially drained test (PD1), the pore pressure results on Figure
47a indicate that minimal pore pressudlissipation occurred in the clay matrix. The
only exception is the clay that is in direct contact with the sand column (at radial
distances of 1 to 5 mm), which showed some pore pressure dissipation given the short
drainage path to the sand drain. The eiséed degree of consolidation for the clay in
close proximity to the column was in the order of 10% to 50%. For radial distances that
were larger than 5 mm, pore pressure dissipation was minimal, resulting in degrees of

consolidation that were generalBsk than 10%.

The extent of pore pressure dissipation in the clay matrix clearly
increased for the lower strain rates applied during shearing in tests PD2, PD3, and PDA4.
In test PD2, although the clay carried stresses that were similar to those caggtd in
PD1 (indicating similar initial pore pressure generation), results odkgndicate
lower magnitudes for the overall positive pore pressure values in the clay matrix, with
pore pressures ranging from 20 kPa (close to the sand drain) to 40 &iad(atier
boundary). These pore pressure values are much smaller than those observed in PD1 (40
kPa close to columns and 70 kPa at the outer boundary). Reductions in pore pressure
were associated with higher degrees of consolidation ranging from 30%oton Gbe
inner 5mm clay zone surrounding the column. For clay in the outer zone (5mm to

22mm), the degree of consolidation ranged from 30% to around 10%.
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Figure47: Finite difference solution for pore water pressure and dedre@ngolidation
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