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ABSTRACT

The performance of marginal soils and their intezfavith geosynthetic reinforcement
can be complex under construction or service lgadionditions and may include
excessive deformations and loss of strength aswltref wetting. Therefore, design
procedures for reinforced soil structures needatce tinto account the influence of
suction on the strength and deformation charatiesi®f the soil, soil-geosynthetic
interface and the resulting factors of safety agfafailure. Such design provisions are

currently not available for reinforced soil strues constructed with marginal soils.

This study presents descriptions and results otivechle pullout and interface shear
tests on a woven polypropylene (PP) geotextilefoetrement material in a marginal
quality soil to develop a moisture reduction fac(dRF) for the pullout resistance
equation in the currently available design guidsdinin addition, three (3) 1m-high
indoor model embankments and one (1) 1.5 m-high saguificantly wider outdoor

model reinforced soil embankment were constructéldrae different gravimetric water
content (GWC) values to study their performance @ndetermine the MRF value in

actual embankment configurations.

All the tests described above were carried outguaitean clay at different gravimetric
water content (GWC) values ranging between OMC-28d ®&@MC+2% andwere

reinforced with woven polypropylene geotextile femsement (OMC: Optimum
Moisture Content). The embankment models were ungtnted with a total of 67

sensors to measure the soil GWC, matric suction amrdess pore pressure,

XV



reinforcement strains, earth pressure, and defaonsabf the embankment models and
the test box during the tests.

Results of the pullout, interface tests and embamitrmmodels indicate that the
reinforcement interface strength and pullout resisé could decrease significantly as a
result of the loss in matric suction (e.g. by 42%qullout/interface tests and 74% in
embankment models). It is concluded that wettinthefsoil-geotextile interface during
construction or service life of a reinforced sdilusture can measurably reduce the
interface strength and pullout resistance of thetegaile reinforcement resulting in
lower factors of safety for their stability whicleeds to be accounted for in design.
Results of the study will be also useful to estarthie difference in the pullout capacity
and interface shear strength of geotextile reirgorent in a marginal soil when placed

at different GWC values during construction.
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CHAPTER 1

INTRODUCTION

1.1. Background

Oklahoma Department of Transportation (ODOT) ancheot departments of
transportation across the U.S. are faced with aigtent problem of landslides and
slope failures along the highways. Repairs and t@aance work due to these failures
are extremely costly (i.e. in millions of dollararaally nationwide). In Oklahoma,
many of these failures occur in the eastern antralgparts of the state due to higher
topography and poor soil type (Hatami et al. 200,02011). A recent example of these

failures is the landslide on the US Route 62 inck&isha, Oklahoma (Figure 1.1).

Local failure in embankment

(@) (b)

Figure 1.1. A failed embankment in US Route 62 ckaisha, Oklahoma

For proper construction or repair of highway sloped embankments, an ideal solution

would be to work with large quantities of coarseaiged, free-draining soils to stabilize



the structures as recommended by design guidedimgspecifications for Mechanically
Stabilized Earth (MSE) structures in North Amer(eag. Elias et al. 2001, Berg et al.
2009). However, coarse-grained soils are not contynawailable in Oklahoma and
many other parts of the U.S. Consequently, thesco$tthe fill material and its

transportation can be prohibitive depending ondlation of the high-quality soil.

One possible solution in such cases would be to laselly available soils as
construction materials because they would requimgnifccantly less material
transportation, fuel consumption and generatedupoffi compared to using high-
guality offsite soils. It has been estimated the fiosts constitute about 20% of the total
costs for transportation of high-quality soil (Ot &. 1982). On the other hand,
commonly available soils in Oklahoma for the camstion of reinforced slopes are of
marginal quality (e.g., soils with more than 15%ek). Geosynthetic reinforcement can
be used to stabilize marginal soils. Using the Meadtally Stabilized Earth technology
(MSE) could help reduce the cost of fill materiglup to 60% (Keller 1995). However,
in order to reinforce earthen structures involvingrginal soils, it is important to obtain
a satisfactory soil-reinforcement interface perfante. The performance of marginal
soils and their interface with geosynthetic reintanent can be complex under
construction or service loading conditions and nregjude strain softening behavior,

excessive deformation and loss of strength asudt i@swetting.

An important consideration in the design of reinta soil structures constructed with
marginal soils is the possibility of reduction mterface shear strength and/or pullout
resistance due to the increase in the soil moistorgent (wetting), loss of matric

suction and possible development of excess porerwaessure. This can result in

2



excessive deformations and even failure of thefeeted soil structure. As a result, the
design procedures need to take into account theeimde of soil moisture content and
suction on soil strength, the strength of soil-getisetic interface and the resulting
factor of safety against failure. Such design mBiovis are currently not available for
reinforced soil structures constructed with marpisails. Typically, construction

materials for reinforced soil structures are testéédmoisture content values near
optimum (i.e. Optimum Moisture Content - OMC). Hoxee in actual construction,

several factors could make the fill moisture cohtdaviate from the design value.
Examples include precipitation during constructiagroundwater infiltration and

development of excess pore water pressure due rgpaciion. These factors, in
addition to seasonal variations of soil moisturateat, can significantly reduce the
strength of the soil-reinforcement interface anddldo excessive deformations or
failure. A primary objective of this study is towddop a moisture reduction factor
(MRF) for the pullout resistance and interface slst@ngth of soil-geotextile interface

for the design of reinforced soil structures withrginal soils.

It should be noted that this study is not intenttedubstitute the need for an adequate
and properly located and constructed drainage iystereinforced soil structures and
slopes. In addition, quality control and qualitg@sance in both design and construction
of these structures are obviously required. In ofde reinforced soil structures with
marginal soils to be safe and provide satisfacfmyformance, a number of crucial
factors need to be included in their design andstrantion including proper drainage

systems, quality control during compaction (i.eaggiment moisture content and



density), small spacing between reinforcement Ryerd relatively low construction

speed to avert the consequences of loss of suatie backfill.

1.2. Theory

For internal stability of reinforced soil structare pullout resistance of the
reinforcement, P and interface shear strength of soil and reigfiorent ¢ ) are

determined using Equations 1.1 and 1.2, respeytivel

‘B Fas'yL.C (1.1)

T=c, + (0, — ug) tand' (1.2)

Where:

Le: Embedment or adherence length in the resisting bamind the failure surface

(m)
C. Reinforcement effective unit perimeter; e.g., @ for strips, grids, and sheets

L, C: Total surface area per unit weight of reinforcetmarthe resistive zone behind

the failure surface
F* =tand,.q - Pullout resistance factor

6

peak: EQuivalent peak friction angle of the soil-geos$wtic interface (°)

o A scale effect correction factor to account fanamlinear stress reduction over

the embedded length of highly extensible reinforeets



o, Effective vertical stress at the soil-reinfarent interface (kPa)

Op: Normal stress on the interface (kPa)

Cq. Interface adhesion at specific suction (kPa)

Ug: Pore air pressure

'

The angle of friction between soil and reinfament with respect t@,, — u,)

Pullout tests are typically used to obtain the petersa and F* for different

reinforcement materials. The correction faatodepends on the extensibility and the
length of the reinforcement. For extensible shéiets, geotextiles), the recommended
value ofa is 0.6 (Berg et al. 2009). The paramétér(especially in reinforcement types
such as geogrids and welded wire mesh) includds mtsive and frictional resistance

components (e.g., Palmeira 2004, Abu-Farsakh @0ab, Berg et al. 2009).

The hypothesis of this study is that changes inrimatuction and gravimetric water
content due to wetting of the soil-reinforcemerteiface could significantly influence
the interface strength and the reinforcement ptlicapacity as determined from
Equations 1.1 and 1.2. Depending on the type afrain reinforced soil structures (i.e.
pullout failure or sliding over the length of reinfement), a moisture factor, q(

needs to be included in the above equations touatdor the influence of gravimetric
water content and suction on the unsaturatedremifercement interface strength

(Equation 1.3 and 1.4):



Bucs2os = [F*a d'v Le Clomc2s H(@) (1.3)

Tomcizy = [€, + (0, — Ug) tand’] omc-z00 M (@) (1.4)

The main objective of this study was to determin@isture reduction factors from
multi-scale interface and embankment tests forins&tability analysis of reinforced
soil walls and slopes. A series of moisture redurcfiactors has been produced for a
selection of Oklahoma soils and two different wogetextile reinforcement materials
as described in detail in this dissertation. Howgetee methodology and discussions
described herein can be used for a wider seleci@oils and reinforcement materials
in order to account for the influence of the sed\gmetric water content and suction on
the soil-reinforcement interface strength and $itgbof reinforced soil structures

involving marginal soils.

1.3. Extended Mohr-Coulomb Envelop

The shear strength of an unsaturated soil depemdw® stress variables: net normal
stress ¢, — u,) and soil matric suctionu, — u,,) (Fredlund et al. 1978). Net normal
stress is the difference between the total stragspamre air pressure, and the matric
suction is the difference between the pore airtaedpore water pressures. This theory
is also valid for dry and saturated soil conditioltller and Hamid (2005) proposed
the following equation to determine the shear gjiferof unsaturated soil-structure

interfaces:
T =C,+ (0, —uy) tan§’ + (ug — u,,) tan 6° (1.5)

Where:



C,: Adhesion intercept
u,,: Pore water pressure

8%: The angle of friction between soil and reinforcemarith respect to suction

(ua - uw)

In the case of an unsaturated soil, Mohr circlegregenting failure conditions
correspond to a 3D failure envelope, where therssieass €) is the ordinate and the
two stress variables are the abscissgs—u,) and(u, — u,,). The locations of the
Mohr circles in the third dimension are functiorfsneatric suction ¢, —u,,). The

planar surface formed by these two stress varialslesalled the extended Mohr-

Coulomb failure envelope.



CHAPTER 2

LITERATURE REVIEW

A survey of related literature was carried out flois study and salient findings are

summarized in this section.

2.1. Pullout and Interface Shear Tests

Palmeira (1987) performed a series of direct shedr pullout tests to investigate the
interaction between sand and reinforcement. Thalteeshowed that the reinforcement
caused a significant increase in the shear resistas compared to unreinforced sand. It
was also observed that when the reinforcementterecoincides with the direction of
minor principal strain, shear strains in the cdntesgion were limited. The results
showed that the friction on the front wall of thextin pullout tests could severely affect

pullout test results.

Chua et al. (1993) carried out pullout tests oty shnd and clay with geogrid. Their
results indicated that the degree of saturation dathnificant influence on the soil-
reinforcement interface strength in both soils. Titerface strength in wet silty sand
(SP) and clay (CL) was reduced by as much as 5@2%%, respectively, compared to

the values in relatively dry conditions.

Adanur et al. (1994) investigated the effects ofnmal pressure and strain rate on
pullout capacity of three woven and four non-wowmotextiles in different granular

soils. The study concluded that for woven geotestit the slow test rate, the peak



pullout capacity occurred at the higher displaceme&he results also showed that the
woven fabric’s ultimate strength and displacementfadlure increased as the test
displacement rate decreased. It was also obsenatdhte fine particle soils had higher
soil/non-woven fabric cohesion components and lovrétional components as

compared to coarser soils.

Interface frictional characteristics of non-woverotextiles buried in Sabkha (a
problematic soil in Arabian Gulf) and sand was s&ddy Muhammad Ali (1999). The
pullout tests showed that the strength of Sabklceedsed as the moisture content of the
reinforced soil matrix increased. The results asticated that the geotextile with high
tensile strength resulted in a large pullout foasethe interface was sand-geotextile-
sand, while the Sakhba-geotextile-sand interfadedemaximum pullout force for the

least extensible geotextile.

Ellithy and Gabr (2000) performed a series of disdear test on kaoline clay to study
the effect of compaction moisture on geomembraag-ohterface strength. Their
results indicated that in both unconsolidated uinédh and consolidated undrained
direct shear tests, the interface shear strengttedsed by 60% and 37%, respectively,
as the water content increased from dry side oimywh (i.e. 28%) to wet side of

optimum (i.e. 32%).

Goodhue et al. (2001) carried out small-scale tisbear tests, large-scale multistage
interface shear tests and pullout tests using foursdnds reinforced with three
geosynthetics (i.e., geotextile, geogrid and geobrane) to investigate interaction

mechanisms between soil and geosynthetics. It wasreed that bentonite content of



the sands did not affect the interface frictionlarfigr both as-compacted and drained
conditions. The effect of fines content on inteefaxlhesion depended on the drainage
condition and the type of geosynthetic. For thairdrd condition, the interface

adhesion decreased slightly with increasing thesfinontent, while the as-compacted

interface showed an increase in adhesion with &sing fine content.

Ling et al. (2001) studied the interaction betwptstic soils (i.e., with the plastic limit
of 35% to 100%) and a polyvinyl chloride geomemleravith a smooth or textured
surface using a direct shear apparatus under apasied conditions. The results
indicated that the interface adhesion and angleiaion increased for plasticity index
up to 70% and then started decreasing. It alsoreparted that for peak strength the
adhesion was larger as compared to the residwalgilr and it was reversed for the
angle of friction. The results also indicated taathe residual strength, the smooth and

textured surfaces of the geomembrane showeddiffierence.

Hossain and Inoue (2002) performed a series of rédbry pullout tests using
geosynthetic and wire mesh to evaluate the solfsetement interaction mechanisms.
The results showed that the pullout stress incceas¢h displacement and normal
stress. The results also showed that the vertisplatement increased with an increase
in horizontal displacement, especially at highernma pressures. The results also
indicated that for soil structure with clay, theeusf geosynthetic is more suitable than

wire mesh.

Mohiuddin (2003) analyzed soil-geosynthetic intéats in a marginal soil using

laboratory and field pullout tests on different gediles and geogrids. The study
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concluded that the coefficient of interaction waghler in high strength geogrids as
compared to weaker geogrids. The study showed thiatcoefficient of interaction

increased as the confining pressure and geotebeiigth decreased. According to
Mohiuddin (2003), the maximum average shear sthegpened in the frontal part of

the fabric and decreased along the length of theda

Interaction properties of geosynthetic in a margisity clay soil were studied by

Farrag and Morvant (2004). Field and laboratoryiquiltests were carried out on four
types of geogrids and three types of geotextilesvestigate the effects of geosynthetic
length and confining pressure. Pullout tests infiblel indicated that pullout capacity

increased with an increase in specimen length anfireng pressure.

Lee and Bobet (2005) carried out pullout testsl@are sand, 5% silty sand, 10% silty
sand, 15% silty sand and 35% silty sand under dadined and undrained conditions
using steel inclusions. Their results showed tkatforcement pullout capacity for all
overburden pressures decreased significantly unolrained conditions due to
development of excess pore pressures in the dggced to rapid loading. In addition,
undrained tests resulted in smaller initial stifeevalues, and the maximum pullout
capacity occurred at smaller displacements whenpeoed to otherwise identical
drained tests. Lee and Bobet (2005) found thatréweforcement pullout capacity

consistently decreased as the silt content ofdhd screased.

Niemiec (2005) investigated the soil-geosynthetteriface properties for three different
soil types (i.e., sand, silt and clay) and threesgathetic materials using direct shear

and pullout tests. The results showed that moistargent, geosynthetic type, normal
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stress and soil properties had effects on soilygebstic interface behavior. The direct
shear test results indicated that the friction arigt the sand-geosynthetic interface was
close to that of the sand-sand interface and wasfifected by the tensile strength of
the geosynthetic. The pullout test results showead shear stress values increased with
increases in normal stress. Also, the pullout desa showed that the interface friction
angle increased as the tensile strength of theyg#uetic increased and the clay content
of the soil decreased. The research also indidheidhe failure shear stress decreased

as the clay content of the soil increased.

Zornberg and Kang (2005) carried out a study onpilieout capacity of geosynthetic
reinforcement with in-plane drainage capability foarginal soils. They compared the
pullout behavior of a nonwoven geotextile and aggebwith and without drainage
capability. Their results indicated that reinforeeh materials with in-plane drainage
capability provided a significantly higher pullocapacity as compared to those without

drainage function.

Abu-Farsakh et al. (2007) performed an extensibertory testing program using a
large direct shear test apparatus to investigatetfiect of soil moisture content and dry
density on cohesive soil-geosynthetic interfacengith. Four different soils were

reinforced with three different geogrids and a wogeotextile. The results showed that
the increase in soil moisture content or decreasdry density caused an appreciable

reduction in interface shear strength.

Sharma et al. (2007) conducted a series of labyréésts to measure unsaturated soil-

geomembrane interface shear strength parametersniAture pore-pressure transducer
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was installed at a silty sand-geomembrane intertaceecord suction during the
shearing process. The results indicated that the ssation contributed to the
mobilization of shear stress at the interface at fmrmal stress because the suction
caused the effective normal stress to be higher tbtal stress, resulting in a higher
interface shearing strength. However, at highem@abrstresses, the shearing process

was governed only by the magnitude of the totamabistress.

Bergado et al. (2008) performed pullout tests talwate the interface parameters of
reinforced silty sand and weathered clay with gadeeand compared the results with
the assumption of uniform shear stress distributibhe results showed that the
distributions of shear stress along the interfaegewhighly non-uniform. Hence, the
conventional interpretation methods based on umifoshear stress distribution
assumption would not yield the correct parameterssbil-geotextile interface. The
research concluded that the conventional methoerestimated both shear stiffness

and shear strength at the soil-geotextile interface

Chandrakaran et al. (2008) conducted pullout tesevaluate the frictional and bearing
resistance of woven geotextiles based on the gpaginyarns in warp and weft
directions. The results showed that the spacingasp and weft yarns influenced both
interface friction and passive resistance. It wia® @bserved that the contribution to

total pullout resistance of warp yarns was highantthe weft yarns.

Subaida et al. (2008) performed a series of laboyatests on the woven coir
geotextiles to examine the interface propertiegeaitextile in sand. The results of direct

shear tests on coir geotextile in sand indicatedl &h lower overburden pressures (e.g.
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100 kPa), the geotextile-sand interface resistavae up to 70% more than the soil
shear strength, while at higher normal stressesdhees obtained were not consistent.
The pullout tests data showed that the tensilegtheof geotextile and the relative size
of mesh opening to particle size of fill materiadvgrned the pullout resistance of
geotextile. Their results showed that the pullagistance of open meshed geotextile
was more in fine-grained sand as compared to thabarse-grained sand because of

good interlocking and bearing resistance.

Chadi and Milind (2009) conducted vertical pullowsts (VPT) to measure peak
interface friction angle and adhesion betweenawil planar geosynthetic products. The
results were compared with those parameters olotdioen a conventional direct shear
test apparatus. The comparison showed that the ipéaface parameters measured

using VPT were within 12% of the values obtainemhfrdirect shear tests.

Hamid and Miller (2009) studied the shearing bebtiaef an unsaturated low-plasticity
fine-grained soil using a modified direct sheat tggparatus in which the matric suction
of the soil specimen was controlled. Their resglt®wed that the matric suction
contributed to the peak shear strength of unsa&tdratterfaces but did not influence
their post-peak shear strength. However, variatmnset normal stress affected both

the peak and post-peak shear strength values.

Liu et al. (2009) performed a series of direct sheats on sand and various types of
geogrids to evaluate the contributions of geogricissverse ribs to the interface shear.
The test results showed that the interface sheangth of sand and geogrid was

considerably higher than that of sand-geotextiterfaces. Also, shear displacement-
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strength response of the interfaces indicated that transverse ribs provided
approximately 10% of the overall sand-geogrid ifiaes resistance and this contribution
was positively correlated with the tensile strengtidl the stiffness of geogrid ribs, but

was negatively correlated with the percent opea afe¢he geogrid.

Anubhav (2010) conducted a series of direct shests tto examine the shear stress-
displacement behavior of sand-geotextile interfaddse results indicated that peak
interface shear strength in sand-coarse texturetegge was significantly higher (i.e.
up to 35%) than that of fine textured geotextilaeTesults also showed that the shear

displacement at peak shear strength increasedheithal stress.

Hatami et al. (2010a,b) performed a series of lsa@e pullout tests and small-scale
pullout/interface shear tests to investigate thiece$ of interface soil moisture content
on pullout capacity of a geotextile in Minco silthe results indicated that the pullout
capacity decreased as the soil moisture contemeéased and the greatest interface
strength was obtained in soil compaction at 2% we@ptimum moisture content

(OMC).

Lopes and Silvano (2010) investigated the interfasigavior in direct shear and pullout
tests. The study concluded that the ratio of shieass to vertical stress at the maximum
pullout force at the interface of geosynthetic witle full plane contact area with the
soil were lower than those for the sliding movemanthe interface. The results also
showed that characteristics of the soil-geosynthetterface in pullout, when the
geosynthetic had a full plane contact with the,soduld not be obtained from the

results of direct shear tests.
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Khoury et al. (2011) used a modified direct shggraaatus to study the effect of soil

suction on soil-geotextile interface behavior. Rissof the study indicated that the peak
shear strength of the soil-geotextile interfacaaased nonlinearly with soil suction.

The study showed that increasing soil suction agtdormal stress led to increases in
the interface peak shear strength. Also, the iserea suction reduced the horizontal
displacement at peak shear strength. The testsaitedi that the increase in soil suction
resulted in higher interface adhesion but no changmterface friction angle with

regards to net normal stress.

Lawson et al. (2013) performed a series of laboygtallout tests on sandy backfill and
steel reinforcement used for MSE walls. Their rissshowed that relative compaction
could significantly impact pullout resistance ofjfniadherence (HA) strips so that a
slight drop in compaction would dramatically reddice pullout resistance of strip. The
data also indicated that the pullout resistancetofa¢F*) was independent of
reinforcement length and transverse and longitudiaa spacings could significantly

influence pullout resistance of welded steel grids.

Sayeed et al. (2014) conducted a series of large-stirect shear tests on non-woven
geotextile and sand to determine interfacial shekeracteristics at different normal
stress values. Their results showed that the aderfriction angle of sand-geotextile
was in the range of internal friction angle of medidense sand patrticles. It was also
observed that non-woven geotextile consisted o€ malypropylene (PP) fibers had
higher initial shear stiffness compared to Jutegpapylene hybrid non-woven

geotextile. However, the contact efficiencies @&an@), (where ta implies the
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friction coefficient between sand-geotextile whin® is the friction coefficient for

sand sliding on sand) of either geotextiles withdsaere similar.

2.2.  MSE Wall and Reinforced Embankment Tests

Huang et al. (1994) tested a series of reinforecetlumreinforced sand slopes subjected
to footing loading. Their results showed that theading capacity of the footing

increased when reinforcement layers were placeliwihe active wedge. They also
found that the bearing capacities and failure padteof the reinforced slopes was

dependent on the arrangement of reinforcement membe

Liu et al. (1994) studied the performance of a gebgeinforced cohesive soil test
embankment over a period of seven (7) years. TBerghtions showed that the tensile
strains in the geogrid and the horizontal stramghie cohesive fill were essentially
uniform and comparatively small (i.e. less than @pBfor the bottom half (i.e. 6 m) of
the embankment during construction. After the erkb@nt was constructed beyond
the first 6 m up to the full height, the slope &drto deform significantly and tensile
strains increased to a maximum of 2.8% and 2.0%henuniaxial and biaxial geogrid
sections, respectively. Liu et al. (1994) foundtth@inforcement strains varied from
zero at the slope surface to a maximum value befeceeasing at locations deeper into
the fill. They also observed that the fill and tfeeindation exhibited their greatest

settlements only after the final stage (i.e. 6 frthe construction was completed.

17



Adams et al. (1997) conducted large-scale moddirfgdoad tests on a frictional soil
reinforced with geogrids and geocells. In theirdgtuthey varied factors such as the
number of reinforcement, reinforcement spacingl density, reinforcement type and
the depth of the first reinforcement layer. Theasults showed that geosynthetic
reinforcement could increase the ultimate beariagacity (BC) of shallow spread

footings by a factor of 2.5.

Lee et al. (1999) studied the influence of geolextinforcement and the thickness of
sand layer on ultimate bearing capacity and settieérbehavior of a footing supported
on soft clay overlaid by granular fill (sand). Theesults showed that the foundation
bearing capacity increased with the ratio of saye thickness to footing width up to
0.8 (which was called the optimum thickness of faad layer). Their study also
showed that the use of a geotextile reinforcemegyerlat the interface between the sand
and clay significantly improved the footing bearirggpacity and decreased its

settlement.

Lee and Manjunath (2000) examined the influencgeaflsynthetic reinforcement on the
bearing capacity of footings on sloped embankmenteir study confirmed that the
load-settlement behavior and ultimate bearing d@paof the footing could be
significantly improved as the reinforcement layexswnstalled in an optimum location
within the slope. Their test data indicated thatdptimum depth of reinforcement layer
was 0.5 times the width of the footing (B). Thedstualso showed that when the
distance between the footing and the slope crestless than five times the width of
the footing (5B), the footing bearing capacity d&sed as the slope angle increased and

the footing distance from the slope edge decreddeybnd 5B, the bearing capacity of
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the footing was found to be practically independ#rhe distance between the footing

and the slope.

Cassidy et al. (2002) described a work-hardenirgstjgity theory model for the

behavior of rigid circular footing on carbonate daihey utilized a series of tests on
loose carbonate sand to verify its suitability ias soil type and conditions. The model
made use of the force resultants and the corregpgriisplacements of footing and

allowed prediction of response for any load or ldispment combinations.

Bathurst et al. (2003) studied the performanceeaiforced and unreinforced slopes
under a strip footing load. Their study showed taatincrease in the reinforcement
length and stiffness increased the ultimate logoaciéy of the strip footing. Their

results also indicated that the bearing capacithefreinforced embankment was up to

two times as large as that of an otherwise idelnticeeinforced embankment.

Kumar and Saran (2003) carried out several testslasely spaced strip and square
footings resting on geogrid-reinforced sand to wttite influence of footing spacing

and reinforcement size and continuity of reinfore@mon the bearing capacity and
rotation of the footing. Their results showed angigant improvement in bearing

capacity and settlement of strip footings when icamtus reinforcement layers were
used in the models. However, the improvement ircdse of square footings was found
to be rather insignificant. Their data showed tbath strip and square footings

experienced less tilting when continuous reinforeetwas placed in the soil.

Zhang et al. (2003) evaluated the effect of symthi#ers and non-woven geotextile
reinforcements on the stability of clay embankmeiitseir results showed that every
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unit increase in moisture content led to 3% de@@ashear strength of the reinforced
soil. The study concluded that fiber reinforcememild compensate for the loss of soil
shear strength caused by increases in soil moistumeent. The results also indicated
that repairing failed slopes with the nonwoven ggtile can decrease repetitive surface

failures in slopes of highly plastic soils.

Bueno et al. (2005) studied the field performanteetaining walls reinforced with
non-woven geotextiles. A series of nonwoven gedé&reinforced soil structures was
built and instrumented to measure face displacenventical settlement of backfill and
horizontal displacement within reinforcements. Htedy also showed that the Finite
Element Method could be a useful tool to prediet thsponse of structures reinforced

with geosynthetic.

Mofiz et al. (2005) carried out a field instrumeida program to measure the matric
suction in a granite residual soil slope. Tenismrsewere used to measure the soll
matric suction and it was concluded that matridisndncreased the soil shear strength.
They also observed that the change in matric Sucttes greatest near the ground

surface and decreased with depth.

Sitharam et al. (2005) performed a series of laboyaloading tests on a circular
footing placed on a geocell-reinforced clay to stigate the influence of the geocell
layer depth and the width and height of the geamelthe foundation bearing capacity.
Their test results showed that using geocell reggiment layer could improve the

bearing capacity of soft clay by a factor of 4.8campared to unreinforced clay. Their
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results also indicated that a sufficiently deep amdle geocell could also decrease the

swelling of the soft clay significantly.

Kato and Kohashi (2006) monitored the deformatiohsa slope and were able to
capture its failure following continuous rainfalling optical fiber sensors. They
concluded that optical fiber sensors are suffityeatcurate to measure and monitor

slope deformations in the field.

Sako et al. (2006) performed numerical analysasvestigate the failure mechanism of
unsaturated soil slopes due to increases in satardtheir results showed that the slope
failure was preceded by a rapid increase in the p@ter pressure. It was also observed
that as the soil became more saturated, the fauftasafety against slope failure

decreased.

Zhan et al. (2006) studied the effect of rainfafiliration on soil-water interaction in an
unsaturated expansive soil slope. Tensiometerantieeonductivity sensors, vibrating
wire earth pressure cells and inclinometers weeel tis measure the soil matric suction,
water content, earth pressure and deformationsi@fstope. ThetaProbe is an in-situ
sensor which measures the volumetric moisture atrdgé the soil by measuring its
dielectric constant. The measured changes are dedv® a millivolt signal which is
proportional to the soil moisture content (or GWEZhan et al.’s results indicated that
the horizontal displacement and pore water pressiftén the slope increased with
rainfall. The data showed that the horizontal stre¢so increased with swelling

pressure.
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Briaud (2007) performed a study on ultimate beadagacity of footings in sand to find
out the shortcomings in the bearing capacity eqonathrough load test data. He
concluded that there was no scale nor embedmeattefin the normalized load-
settlement curve, which was a plot of the meanguresunder footing normalized to a
soil strength parameter versus the settlement elivioy the footing width. Their study
showed that the general bearing capacity equasiappropriate for sands with a soil
shear strength which increases linearly with deith should not be used for any other

soil including the profile of constant shear stibngith depth.

Cerato and Lutenegger (2007) investigated the sfédets on the bearing capacity of
shallow foundations in granular materials. Thest teesults showed that the bearing
capacity factor §,) for square and circular footings depends on tutirfg width or

diameter (as applicable). Their data indicated Ajadecreased with footing size but
increased with the relative density of the sanceyTalso found that scale effects were

more important for dense sands.

Dash et al. (2007) performed a series of laboratesys to investigate the behavior of
geocell-reinforced sand beds under strip loadirfte $tudy showed that the strain in
geocell wall is largest at the center and much emal the extended portions outside
the footing width. The authors also concluded that geocell mattress behaved as a
subgrade composite beam under the footing loadmyfar deeper mattress the deep

beam effect becomes more predominant.

Hossain and Sakai (2007) studied the effect of m@irtent on the behavior of geogrid-

reinforced clayey backfill. The tests were perfodneg the range of water content
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between 6% and 33% and normal stress of 48 kP&®2okPa. Their results at the
moisture content of 32.5% showed that the pullorgngth of geogrid increased from
75 kPa to 150 kPa with the increase in the normmaks. The study also showed that
the maximum difference in pullout strength as ailtesf a difference in water content
happened at the lowest normal stress and its Yaiube test constructed at 6.6% water

content was 2.3 times as large as the strengtteatater content of 32.5%.

Kumar et al. (2007) performed a series of testa strip footing rested on a reinforced
layered sand to determine its ultimate bearing ci&palhe foundation consisted of a
strong sand layer overlying a low bearing capas#égpd deposit. They observed that
replacing the top 1B-thick layer of the weak s@ili§ the strip footing width) with well

graded sand reinforced with 2 to 4 layers of gebgeinforcement could increase the

ultimate bearing capacity of footing up to 4 tinaesl reduced the footing settlement.

Tohari et al. (2007) carried out a series of testslaboratory-scale soil slopes to
investigate the effects of rainfall on slope faglurhe dominant failure mode was found
to be a shallow noncircular slip surface after fation of a seepage zone near the slope
toe. Tohari et al. found that although the zonebdcdlized failure reached a saturated

state, the major part of the unstable soil slopge wesaturated.

Yoo et al. (2007) evaluated the pullout capacitg drainage properties of three types
of geosynthetics (i.e. a geogrid, a geotextile andomposite reinforcement) in a
weathered granite backfill which contained a siigaifit amount of fines between 25%
and 33%. From the results of their pullout testd &inite difference analysis, they

concluded that tensile resistance and deformatidheogeosynthetic reinforcement was
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improved when the material included drainage prigri.e. composite reinforcement
such as geogrids was used in combination with gétdse with good drainage

capability.

Germer et al. (2008) investigated the effect ofirsdion on the development of failure
processes within a soil slope. Their results shotted the slope could sustain 20%
more load to reach failure when the shear bandnlegdtive pore pressure as compared

to the case where the shear band was below thedjmater level.

Thanapalasingam and Gnanendran (2008) performesn@ncal analysis to study the
effects of using multiple layers of reinforcemenidao determine the most effective
layout for reinforced slopes. The study indicatedt tthe locations and spacing of the
reinforcement layers are key factors to improve libed-displacement response of

footing on a slope.

Bilgin and Kim (2010) investigated the effect ofinfercement length on wall

deformation at different soil conditions. The reésuindicated that the reduction in
reinforcement length from 0.7H to 0.4H (H: heigltlee wall) could increase the wall
deformation and reinforcement load more than 80% wmto 20%, respectively. The
study also showed that an increase in soil fricaogle from 30° to 42° could reduce

the maximum wall deformation up to 50%.

Castelli and Motta (2010) used a limit equilibritmethod to find the threshold distance
(i.e. d/B in which d is the footing distance frotretslope crest and B is the footing
width) at which the influence of the slope on tleting bearing capacity would be

negligible. Their results indicated that the d/Bueaincreased with the soil friction
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angle varying from d/B= 1 for an undrained conditim d/B= 6 for the soil with a

friction angle equal to 40°.

Georgiadis (2010) studied the undrained bearingagpof a strip footing on a slope as
a function of the footing width, its distance frahe slope and the slope height using
the finite element method. Their results indicathdt three different failure modes
could occur depending on the height of slope nedatd the footing width. Their study
also indicated that the undrained bearing capamfityhe footing increased with its

distance from slope.

Shiau et al. (2011) used the Finite Element Metiooithd a critical strength ratio which
separates two types of failures in the stabilitglgsis of cohesive slopes (i.e. bearing
capacity failure vs. slope failure). Their resudteowed that if GyB is greater than a
critical value which is proportional to H/B (i.eeight of slope/footing width), the slope

will be stable otherwise it would experience a glatlope failure.

Sawwaf and Nazir (2012) studied the behavior okecentrically loaded ring footing
on a geogrid-reinforced compacted sand which owettaose sand. Their test results
showed that the behavior of the ring footing coesatdly improved as the thickness and
relative density of compacted sand layer increa$bdir investigation also confirmed
that using geosynthetic reinforcement could redbeerequired thickness of compacted

sand and/or lead to increased bearing capacityeofaoting.

Gill et al. (2013) performed a series of large-sdaloting tests on geogrid reinforced
coal ash slope to study the effect of number ofifoecement and edge distance of

footing from slope crest on load bearing capacitglope. Their results showed that
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increasing the number of reinforcement layers imedothe bearing pressure of footing
as well as the stiffness of foundation bed. Howgethez bearing capacity ratio became
less significant while the number of geogrids usethe slope exceeded 3. The data
also indicated that the edge distance of footind &asignificant effect on the load
bearing capacity of unreinforced and reinforcedsispe. Also, the authors showed that
the bearing capacity of footing increased withraarease in the edge distance up to 3B

(B: footing width) and beyond that the improvembatame insignificant.

Hossain et al. (2013) investigated the influencénténsity and duration of rainfall on
slope constructed on expansive clay using numesicalilations. The results of study
showed that the factor of safety against slopeirfaibdropped from 2.13 to 1.3 after 7
days rainfall. The results also indicated that tdiigation and low intensity rainfall had
more adverse effect than short-duration and higgnsity rainfall in unsaturated slopes

constructed on low permeability expansive clays.

Hsu et al. (2013) constructed several silty sampes to investigate the effect of
infiltration on slope stability. Their results sheavthat the failure was initiated at toe of
slope after 28 hours due to infiltration and loweatric suction and led to retrogressive

failure along the slope after 57, 98 and 102 hotirain.

Kawamura et al. (2013) constructed a series of Issnale volcanic slopes and then a
large-scale slope (i.e. H: 5 m, W: 2 m and L: 12with the same soil to investigate the
failure mechanism and to monitor the slopes perémre. The results confirmed that
the depth of failed wedge due to rainfall was dedpethe 45°-slope compared to 65°

one. It was also observed that the first collapskath slopes was generated at the toe
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of slope and then, the second failure was inducitldl tive increase in water level for
each slope irrespective of its angle. The authtss eoncluded that the evaluation of

soil moisture content was significant for evaluatad slope stability in all seasons.

Keskin and Laman (2013) performed a series of ktiooy tests to evaluate the
influences of footing setback from the slope crekipe angle and relative density of
sand on the ultimate bearing capacity of strip ifg®. Their study showed that the
ultimate bearing capacity increased with the sdtliistance and relative density of the
sand but it decreased with the slope angle. Tlesuilts also indicated that at a setback
distance of 5 times the width of the footing, theating capacity of the footing

practically approached that of the same footing devel ground.

Kim and Lee (2013) studied the effect of rainfalt the stability of unsaturated

weathered granite slope in Korea. Results of tealysis indicated that the slope with
higher initial suction had greater initial factdr safety and the failure happened later
than that with lower initial suction. The data atsmfirmed that the slope with higher
saturated permeability was more vulnerable to aliiduced landslide as compared to
that with lower saturated permeability. The stutbpahowed that the slope constructed
at wetting soil water characteristic curve (SWCE@nahed failure earlier than that

placed at drying SWCC.

Shivashankar and Jayaraj (2013) performed a sefikedoratory bearing capacity tests
to investigate the influence of reinforcement orersgith improvement and settlement
reduction of reinforced granular bed overlying weaak. The results indicated that the

improvement of bearing capacity depended on thekrieiss of granular bed, magnitude
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of reinforcement prestress, direction of presteass number of layers of reinforcement.
Their results showed that for the granular bed wfith thickness of B (B: width of

footing) and uniaxially prestressed single reinéonent layer, the bearing capacity ratio
(BCR) increased until the prestress reached 2%baydnd that the BCR reduced.
While the reinforcement was biaxially prestres€20R was maximum at 1% prestress.
In the cases with granular bed of thickness of BBR increased with prestress in both
biaxial and uniaxial. In granular bed of thickne#sB and 2B with two layers of

reinforcement, the maximum BCR was attained at phestress of 2% and 3%,

respectively.

Yoo (2013) performed a numerical investigation & teffect of rainfall on the

performance of reinforced soil wall. The result®whd that a geosynthetic reinforced
soil wall backfilled with marginal soil could expence significant increases in wall
displacement and reinforcement load leading toesiogtability. It was also observed
that the wall displacement increased continuougtyta 90 mm at the end of
construction at the location of 1/3 H (H: wall heiipfrom the base. It was concluded
that the reinforcement load tended to increasendurinfall with a maximum increase

of 8 KN/m.

Bilgin and Mansour (2014) performed a parametrialgsis to study the effect of
reinforcement types on the required minimum reicéonent length in mechanically
stabilized earth (MSE) walls. The parameters inetudvall height, reinforcement
vertical spacing, soil and foundation propertiesl éney used geotextiles, geogrids,

metal strips and metal bar mats as the reinforcematerials. Results indicated that the
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reinforcement type affected the required minimumfogcement lengths as well as the
governing failure mode. The reinforcement type &aignificant effect on the required
minimum reinforcement length for relatively shortesall heights and the effect
decreased as the wall height increased. Their teesldo showed that the required
length of reinforcement increased for external uf@l modes (i.e. overturning,
eccentricity, sliding and bearing capacity) as thmt weight and friction angle of
backfill soil increased and decreased, respectiédyvever, the pullout failure was not
affected by the change in backfill soil unit weighheir results also confirmed that the
effect of reinforcement type on the reinforcemeahgth was minimal when the
reinforcement vertical spacing was small. Howetse, effect was significant when the
reinforcements were placed at 0.8 m vertical sgaciime effect of reinforced soil was
also investigated by authors and they concluded dhaincrease in its unit weight
decreased the required reinforcement length faed#rnal failure modes and had slight

effect in pullout mode.

Kibria et al. (2014) studied the effects of soihfercement on excessive movement of
a MSE wall backfilled with frictional soil in Texassing numerical Finite Element
method. Numerical analysis results showed thatré&forcement stiffness did not
have noticeable effect in 4 m high wall compared3tand 12 m high. Their data
indicated that, while the reinforcement stiffnessreased from 250 to 42000 KN/m at
1H reinforcement length (H: wall height), the horital movement of the wall varied
from 74 to 29 mm. The study also showed that arrease in reinforcement
length/height (L/H) ratio from 0.5 to 1 caused &6/072.5% and 44.2% reduction in

horizontal movement of 12-m, 8-m and 4-m wall, exdjvely.
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Riccio et al. (2014) monitored the performance bfack-faced geogrid wall built using
fin-grained soil as backfill. The results indicatddht the induced stress due to soll
compaction influenced the reinforcement tensione Hata showed that the friction
mobilization at the soil-block interface and battkdiertical stress transferred to the
blocks and the loads in block facing reduced tmsiten mobilized in reinforcements.
The data from inclinometers indicated that latem@vements increased from the
bottom of the wall to top and the maximum deflectiwas 1.5% of the wall’'s height at

the end of construction.

Yang et al. (2014) monitored the performance of7aml high two-tiered geogrid
reinforced soil wall backfilled with granular setck mixture under gravity load after
construction. The authors monitored horizontal re@ressures at the back of facing,
strains in reinforcement layers and lateral fadigplacement at the toes and top of the
wall. Their results showed that the large partidleshe backfill reduced the bond
strength between backfill and geogrid in localizedions. The displacement data also
indicated that the post-construction displaceméneiaforced wall was small (i.e. 0.3%
H; H: height of wall) and this lateral movement wése to backfill-reinforcement

slippage and time-dependent properties of soail.

The above literature review is summarized and iladsn Table 2.1 based on the type
of tests carried out and observations made in staaly. It can be concluded that only a
few studies have been performed on unsaturatedysosiynthetic interface to examine
the influence of matric suction on strength prapsrt Additionally, none of them

included an extensive series of multi-scale lalwyatests to quantify the reduction in
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pullout and interface shear strength of soil widotgxtile due to an increase in as-

compacted moisture content, which is the focusisfstudy.

Table 2.1. Summary of literature review performedhis study

Author (s) Type of test Type of soil  Major finding

Palmeira (1987) Interface/Pullout Sand wall friction affected pullout results

Chua et al. (1993) Pullout Sand/clay  wetting of soil reduced interface strength by
50%

Adanur et al. (1994) Pullout Granular reduction in pullout rate increased strength
of fabric

Ali (1999) Pullout Sand moisture content decreased interface
strength

Ellithy and Gabr Interface Clay strength decreased by 60% from dry to wet

(2000) side of OMC

Goodhue et al. (2001) Interface/pullout Sand fines content and drainage condition
influenced adhesion

Ling et al. (2001) Interface Plastic adhesion increased for Pl values up to 70
and then decreased

Hossain and Inoue Pullout Clay geosynthetics were more suitable than wire

(2002) mesh for soil structure with clay

Mohiuddin (2003) Pullout Marginal peak strain was observed in the fabric front
end and decreased toward the tail end

Farrag and Morvant  Pullout Clay pullout capacity increased with fabric length

(2004) and confining pressure

Lee and Bobet (2005) Pullout Sand pullout capacity decreased as silt content of
sand increased

Niemiec (2005) Interface/pullout Sand Interface strength was greater for stronger
fabrics

Zornberg and Kang Pullout Marginal in-plane drainage increased pullout capacity

(2005)

Abu-Farsakh et al. Interface Cohesive shear strength decreased at higher moisture

(2007) contents

Sharma et al. (2007) Interface Sand suction at low normal stress increased shear
strength

Bergado et al. (2008) Pullout Sand/clay  shear stress along the interface was non-
uniform

Chandrakaran et al. Pullout - spacing of warp and weft yarns influenced

(2008) passive resistance

Subaida et al. (2008) Interface/pullout Sand fine-grained sands produced larger pullout
resistance than coarse-grained sands

Chadi and Milind Pullout Peak interface parameters from VPT were

(2009) 12% of interface properties from DST

Hamid and Miller Interface Fine-grained Matric suction contributed to the interface

(2009) strength

Liu et al. (2009) Interface Sand sand -geogrid interface strength was greater
than that of sand-geotextile interface

Anubhav (2010) Interface Sand Peak interface strength was higher in coarse
textured geotextile than that of fine
textured geotextile

Hatami et al. (2010a,b] Pullout Marginal pullout capacity decreased as moisture

content increased
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Table 2.1 (Cont'd). Summary of literature reviewfpamed in this study

Author (s) Type of test Type of Major finding
soil

Lopes and Silvano Interface/pullout ------ soil-geosynthetic properties in pullout differs rfro

(2010) those from interface tests

Khoury et al. Interface Sil-Co-Sil  interface shear strength was higher at higher

(2011) suctions

Lawson et al. Pullout Sand degree of compaction could impact pullout

(2013) resistance of fabric

Sayeed et al. (2014 Interface Sand pure PP fibers had higher shear stiffness than Jute
PP hybrid

Huang et al. (1994) Embankment Sand bearing capacity of slope was dependent on
reinforcement arrangement

Liu et al. (1994) Embankment Cohesive  strains in embankment increased up to 2.8% during
construction

Lee and Manjunath Embankment Beyond 5B, bearing capacity was independent of

(2000) setback distance

Bathurst et al. Embankment bearing capacity of reinforced embankment was

(2003) twice as large as unreinforced model

Zhang et al. (2003) Embankment Clay 1% increase in moisture content led to 3% decrease
in shear strength

Mofiz et al. (2005) Embankment Granite matric suction increased the soil shear strength

Kato and Kohashi Embankment — ----- Optical fiber sensors are accurate for measuring

(2006) slope deformations

Zhan et al. (2006) Embankment  Expansive horizontal stress increased with swelling pressure

Dash et al. (2007) Embankment Sand strain in geocell was largest at center and smaller
outside footing

Germer et al. Embankment slope with negative pore pressure sustained 20%

(2008) more load

Tohari et al. (2007) Embankment = ------ dominant failure due to rainfall was a shallow
noncircular slip

Gill et al. (2013) Embankment Coal ash bearing capacity of footing increased with setback
distance up to 3B and beyond that the improvement
became insignificant

Hossain et al. Embankment clay factor of safety against slope failure dropped from

(2013) 2.13to 1.3 after 7 days of rainfall

Hsu et al. (2013)  Embankment Sand failure was initiated at toe of slope after 28 twour
due to water infiltration and reduced matric suttio

Kawamura et al. Embankment Volcanic depth of failed wedge due to rainfall was deeper fo

(2013) the 45° slope as compared to a 65° slope

Keskin and Laman Embankment Sand bearing capacity increased with the setback distanc

(2013) and relative density of the sand but it decreaséd w
the slope angle

Kim and Lee Embankment = ------- slope with higher saturated permeability was more

(2013)

Adams et al. (1997,

Lee et al. (1999)

Sitharam et al.
(2005)
Cerato and

Lutenegger (2007)

Bearing capacity Frictional

Bearing capacity Sand

Bearing capacity Clay

Bearing capacity Granular

vulnerable to rainfall-induced landslide as comgare
to that with lower saturated permeability
reinforcement could increase ultimate bearing
capacity by a factor of 2.5

bearing capacity increased with ratio of sand
thickness to footing width

geocell layer could improve bearing capacity by a
factor of 4.8

N, decreased with footing size but increased with
relative density
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Table 2.1 (Cont'd). Summary of literature reviewfpamed in this study

Major finding

Author (s) Type of test Type of
soil

Kumar et al. (2007) Bearing Sand

capacity

Sawwaf and Nazir Bearing Sand

(2012) capacity

Shivashankar and Bearing Granular

Jayaraj (2013) capacity

Hossain and Sakai MSE Clay

(2007)

Yoo et al. (2007) MSE Weathered
granite
with fine
content

Bilgin and Kim MSE @ -

(2010)

Yoo (2013) MSE -

Riccio et al. (2014) MSE Fine-
grained

Yang et al. (2014) MSE Granular

Cassidy et al. Numerical Sand

(2002) bearing capacity

Kumar and Saran  Numerical
(2003) bearing capacity

Bueno et al. (2005) Numerical MSE  ----
Sako et al. (2006) Numerical slope -------

Briaud (2007) Numerical Sand
bearing capacity

Thanapalasingam  Numerical slope ------

and Gnanendran

(2008)

Castelli and Motta Numerical slope ------

(2010)

Georgiadis (2010) Numerical slope ------
Shiau et al. (2011) Numerical slope ------
Bilgin and Mansour Numerical MSE ~ ------

(2014)
Kibria et al. (2014) Numerical MSE ~ ------

replacing weak soil with reinforced sand increased
bearing capacity by a factor of up to 4

geosynthetic reinforcement reduce thickness of
compacted sand and led to increased BC of footing
improvement of bearing capacity depended on the
thickness of granular bed and magnitude of
reinforcement prestress

pullout strength increased 2.3 times at lower water
content

tensile resistance of fiber improved with drai@ag
properties

reduction in reinforcement length below L/H = 0.7
increased wall deformation

reinforcement load tended to increase during rdinfa
with a maximum increase of 8 kKN/m

lateral movement increased from bottom of wall
toward the top and deflection was 1.5% of wall
height at end of construction

post-construction displacement of reinforced wall
was small and this lateral movement was due to
backfill-reinforcement slippage and time-dependent
properties of soil

prediction of rigid footing response for any load o
displacement

improvement in bearing capacity footing with
continuous reinforcement

FEM could be useful to predict response of

reinforced structures

factor of safety against slope failure decreased as
soil became saturated

general bearing capacity equation is not valid for

sands with constant shear strength

spacing of reinforcement layers influenced bearing
capacity of slope subjected to footing load

ratio of footing setback to footing width, at which
the effect of slope on BC was negligible, increased
with soil friction angle

undrained bearing capacity of footing increasedh wit
its distance from slope

for a slope to be stable, the/fB should be greater
than a critical value

reinforcement type had significant effect on regdir
minimum reinforcement length for short walls
horizontal facing movement varied between 74 and
29 mm for models with reinforcement stiffness
ranging between 250 and 42000 kN/m
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CHAPTER 3

MULTI-SCALE PULLOUT AND INTERFACE SHEAR TESTS

The soil used in the pullout and interface shestisteas a lean clay found on US Route
62 in Chickasha, OK (Figure 3.1). In this studye soil is referred to as the Chickasha
soil. Physical and mechanical soil property testsencarried out on the soil samples in
general accordance with ASTM D1140 to determinefithess content and ASTM D422
for sieve analysis and hydrometer test. A serfegirect shear tests (ASTM D3080)
was carried out on the soil at three different GW#lues (i.e. OMC-2%, OMC and
OMC+2%) and at a rate of 0.06 mm/min to determiseshear strength parameters (i.e.
c'and®’). The results are given in Figure 3.2 and Table &ctording to the Unified
Soil Classification System (USCS) and AASHTO, thé s classified as CL and A-6,

respectively.

Figure 3.1. Excavation pit where soil samples weleen from the failed slope in
Chickasha, OK
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Figure 3.2. Gradation curve of Chickasha soil. Ndtee vertical broken line shows the
location of #200 sieve.

Table 3.1. Summary of Chickasha soil propertiesl isgullout and interface tests

Property (Lean clay) Value

Liquid Limit (%) 38

Plastic Limit (%) 20

Plasticity Index (%) 18

Specific Gravity 2.75

Gravel (%) 0

Sand (%) 10.6

Silt (%) 49.4

Clay (%) 40

Maximum Dry Unit Weight, kN/nt 17.3

Optimum Moisture Content (%) 18

Cohesion at OMC-2%, OMC and OMC+2% (kPa) 42.6, 29.3, 20.4
Friction angle at OMC-2%, OMC and OMC+2% (°) 29.6, 27.3, 27.1

35



Four compaction tests (one standard, two Harvardature, and one modified proctor
test) were carried out on the Chickasha soil toem@ne the values of the soail
maximum dry unit weight and optimum moisture cohtetore accurately. Figure 3.3
shows the compaction test data and a series ofdtie curves of the soil dry unit
weight versus moisture content for different degre€saturation. These curves show
different values of degree of saturation at maximdmnunit weight that were obtained

from Equation 3.1:

Gs
Ya = (Tchs) Yw (3.1)

Where:

G,: Specific gravity

w: Moisture content
S: Degree of saturation
Yw. Water unit weight

vq- Soil dry unit weight

The curves corresponding to S = 1, 0.9 and 0.8shosvn as the zero air void line
(ZAVL - representing the minimum void ratio attaoba at a given moisture content),
10% AVL and 20% AVL, respectively (Budhu, 2000).€Tair void lines in Figure 3.3
were determined from Equation 3.1. To plot the ZAVhe soil saturation was set to
unity (S = 1). Then, having specific gravity for i€kasha soil from Table 3.1G{ =

2.75) and water unit weigh,f= 10 kN/n?), the dry unit weight)(;) was calculated at
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different moisture content] values. This procedure was repeated to obtairl@4é

and 20% air void lines. Based on the results o€athpaction tests, the best values for

the maximum dry unit weight and optimum moistur@teat were chosen @gmax =

17.3 kN/ni and OMC = 18%, respectively.

20 —
¢ Standard proctor test, maximum
dry unit weight and optimum \
moisture content RN
19 1 o Harvard miniature test, trial (1)\ N
maximum dry unit weight and . N\
— optimum moisture content ’ N
E 18 - A Harvard miniature test, trial (2), \ o
5 maximum dry unit weight and °. N
= optimum moisture content AN
< - = ZAVL
o
‘o 17
=
c eecese 10% AVL
S5
> 16 -
(@]
— +20% AVL
15 -
—&=— Modified proctor test
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0 5 10 15 20

Moisture content (%)

25

Figure 3.3. Compaction test results for Chickastibused in pullout and interface tests

Seventeen (17) 300-gram samples of Chickasha soé mrepared at different moisture

content values. Approximately 100 grams of eachptamnvas used to measure its

moisture content using the oven-drying method. rEs¢ of the soil was used to make a

40 mm (diameter) by 6 mm (height) sample for theAV€Buipment at the same dry unit

weight as was used in the laboratory pullout t€See section 6.1.4 for descriptions on
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WP4 and sample preparation). Figure 8hbws the Soil-Water Characteristic Curve

(SWCC) for Chickasha soil that was obtained throwgP4 tests.
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Figure 3.4. SWCC for Chickasha soil using WP4 Potentiometer

Results shown in Figure 3.4 indicate that the tstaition in Chickasha soil varies
between 300 kPa and 1200 kPa for the range of umeisibntents between OMC-2%
and OMC+2%. This range of soil suction is consistth the values that can be found

in the literature for lean clay (Cardoso et al. 208am et al. 2009).

Analysis of WP4 results also allowed us to deteenmwrhether or not Chickasha solil is
classified as an expansive clay. For this purpasaiocedure called McKeen analysis

was used. In the McKeen’s classification methodyplfuy expansive soils the slope of
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the SWCC in a semi-log plot is used to determipar@meter called the “total suction-
water content index”. The swelling potential of paxsive soils is qualitatively
classified (e.g. “low” or “high”) based on thenagnitude of the total suction-water
content index (Table 3.2) (McKeen 1992). Figure &hdws a plot of the gravimetric

moisture content vs. total suction for the Chiclashil.

Table 3.2. Summary of McKeen (1992) Expansive Staksification Methodology

Category Slope Ch Hc (%) Expansion

I >0.17 -0.027 10 Special case

Il 0.1-0.17 -0.227t0-0.12 5.3 High

11 0.08-0.1 -0.12t0-0.04 1.8 Moderate

\Y, 0.05-0.08 -0.04t0 0 - Low

\Y, <0.05 0 - Non-Expansion

Note: @ and H are the suction-compression index and verticaleanent, respectively
as computed by McKeen (1992).
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Figure 3.5. GWC vs. total suction for Chickashd snisemi-log plot (pF is the base 10
logarithm of the suction expressed in cm of water)
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According to Table 3.2 and Figure 3.5, since tlopelof the graph is less than 0.08,
Chickasha soil is classified under category IV @ading that its expansive tendency is

low.

A woven polypropylene (PP) geotextile (Mirafi HP3A®Das used in the pullout and

interface shear tests carried out in this studih wie properties as given in Table 3.3.

Table 3.3. Properties of HP370 woven geotextile

Property ASTM test Unit Maximum average

method Roll Value

HP370
MD CD

Tensile strength (at ultimate) D4595 kN/m 525 47.3
Tensile strength (at 5% strength  D4595 kN/m 219 228
Factory seam strength D4884 kN/m 24.6
Permeability D4491 cm/sec 0.05
Permittivity D4491 sec! 0.52
Apparent opening size (AOS) D4751 mm 0.6

3.1. Large-ScalePullout Tests

A series of large-scale pullout tests were caroedl in Chickasha soil and Mirafi
HP370 woven geotextile. These tests were carrigdabuhree different moisture
content values OMC-2%, OMC and OMC+2% (Table 3®)e differences in the
magnitude of geotextile pullout resistance amorggehcases were used to determine a
moisture reduction factor (MRF = @)) in Equation 1.3 and 1.4 to account for the loss

of reinforcement pullout resistance due to incrdaseisture content. The tests for each
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moisture content value were carried out at thréferént overburden pressures as given

in Table 3.4.

Table 3.4. Large-scale pullout test parameters

Test information

Soil Chickasha soil
Geosynthetic reinforcement Mirafi HP370, woven PP
Overburden pressure, kPa 10, 20, 50

GWC OMC-2%, OMC, OMC+2%

3.1.1. Test Equipment

The nominal dimensions of the large-scale pull@st box used in this study (Figure
3.6) are 1800 mm (LXx 900 mm (W)x 750 mm (H). The size of the box and its basic
components, including metal sleeves at the frodtexteed the minimum requirements
of the ASTM D6706 test protocol (ASTM 2010). Theubdary effects were further
minimized by lining the walls of the test box wipkastic sheets. The large pullout test
equipment has a 100 mm bore, 450 mm stroke hydraylinder with a high precision
servo-control system. A surcharge assembly incydim airbag and reaction beams on
the top of soil surface was used to apply overbuptessures up to about 50 kPa on the
soil-reinforcement interface. The pullout load dre treinforcement specimen was
applied using a 90 kN, servo-controlled hydraukituator. In the pullout tests carried

out in this study, only one half of the box lengtle. 900 mm) was used.
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Air tube to fill up air bag
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Plastic sheed to minimize
sidewall friction
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ched to actuator

Vertical columns to limit horizontal
deformation of test box

Figure 3.6. One of the pullout test boxes at theR@drs laboratory

3.1.2. Test Procedure
3.1.2.1.Processing of the Soil

After the soil was transported from the borrow gigure 3.1) to the Fears lab, the
clayey soil was air dried and broken into smalkpgusing two soil processors (Figure
3.7a,b). Afterwards, the soil was passed througid sieve in a 7-tray Gilson screen
shaker. Next, the soil was mixed with water to hetiee desired moisture content for
each test (Figure 3.7c). This procedure took apprately 5 to 7 days depending on the
initial soil moisture content. The wet soil wasrstbin thirty five to forty 25 kg-buckets

and was sealed for more than 24 hours to reachtum@iequilibrium. The soil moisture
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content in each bucket was measured using the dmemng method (Figure 3.8). The

above procedure was repeated for every test.

(@) ) (b

Figure 3.7. Soil processing equipment at the OUd-ksdooratory, (a, b) Soil processors,
(c) Soil mixer
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(a) (b)

Figure 3.8. (a) Sealed buckets containing processddbefore placing in the pullout
box, (b) Soil samples in the oven to determinerthmisture content

3.1.2.2.Placement of Soil in the Pullout Box

The pullout box was lined with plastic sheets tesagrve the soil moisture content and
to minimize the friction between the soil and thdewalls during each test. Next, the
soil was placed and compacted in the test box me 0-mm lifts. The soil was
compacted to 95% of its maximum dry unit weighe.(kq = 16.4 kN/m). The
compaction for each layer took approximately 1 hdime instrumented geotextile was
placed at the mid-height of the box. The pulloux lsontaining compacted soil at its
target moisture content was sealed with plastietshen the top (Figure 3.9). In all
pullout tests, a rectangular block of Styrofoamhwdimensions of 900 mm (W), 457
mm (H) and 140 mm (T) was used in front of the sp#cimen, which in addition to the
200 mm-wide metal sleeves, helped further minintige influence of front boundary
condition on the soil-geotextile interface.
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() (b)

Figure 3.9. (a) Sealed compacted soil at the enldrgk-scale pullout box setup, (b)
Geotextile specimen at the mid-height of the pullmox

3.1.2.3.Pullout Test and Dismantling of the Test Setup

The pullout phase of the test usually took betwgesnd 2 hours depending on the
overburden pressure and target soil moisture caniér pullout force was applied on
the geotextile reinforcement at a target displacemege of 1 mm/min according to the
ASTM D6706 test protocol. After the test was congalle and the reinforcement
underwent pullout failure, the test assembly wasefady dismantled. First, the

surcharge assembly was removed from the top obthxeand the soil was carefully
excavated from the box. It usually took about % toours to carefully dig the entire soil
out of the test box. All together, a complete tesfuired 45 to 50 hours of hands-on
operation including soil processing, mixing andisgtup the box, 24 to 48 hours as

equilibrium time for suction sensors and 1 to 2rkdo run the pullout test.

3.2. Small-Scale Tests

In addition to large-scale pullout tests, a seoiesmall-scale pullout tests and interface

shear tests were performed to develop a betterrstaaheling of the influence of soil
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moisture content on marginal soil-geotextile iraeds using a multi-scale laboratory
testing approach. The small-scale tests were daoig on the same soil used in the
large-scale pullout tests. In addition, these tewtse carried out at the same soil
moisture contents (OMC-2%, OMC and OMC+2%), unitghe (i.e. 95% of maximum

dry unit weight from standard Proctor test) andrbueden pressure magnitudes (10

kPa, 20 kPa and 50 kPa) as those in the large{soltrit tests (Table 3.5)

Table 3.5. Small-scale pullout and interface tesameters

Test information Chickasha Soil

Type of small-scale test Pullout, Interface shear
Geosynthetic reinforcement Mirafi HP370, woven PP
Overburden pressure, kPa 10, 20, 50

Moisture content OMC-2%, OMC, OMC+2%

Pullout tests and interface shear tests were daoig using the direct shear testing
(DST) equipment at the OU Geotechnical Testing katooy. The soil in both tests was
placed in a 60 mnx 60 mm square test cell that was supplied withtélseé equipment.
A rectangular block of Styrofoam with the dimensd®@0 mm (W), 23 mm (H) and 9
mm (T) was used in the small-scale pullout tesfgant of the soil specimen to provide
a compressible boundary condition similar to tmathe large-scale pullout box. A 20
mm (W) x 40 mm (L) geotextile specimen was used in eacloputest. The linear
scale factor between the small-scale and largeespallout tests was 1:15. In the
pullout tests, the geotextile specimen was pullat ai a fixed test cell filled with

Chickasha clay at a speed of 0.06 mm/min (i.e. &5 mm/min nominal rate at large
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scale). In the direct shear tests, the lower both@fDST machine was pushed laterally

at a speed of 0.06 mm/min to apply a shear lodth@soil-geotextile interface.

3.2.1. Small-Scale Pullout Tests

Pullout tests were carried out in Chickasha soilOMC-2%, OMC and OMC+2%
(Figure 3.10). Clay was prepared for small-scaldoptitests using the same process as
was followed for the large-scale tests: The clag fitst processed, then passed through
#4 sieve in a 7-tray Gilson screen shaker and mixgld water to reach the target
moisture content and its moisture content was nmredsusing the oven drying method
preceding and following each test. The bottom bathe 60 mmx 60 mm test cell was
filled with four layers of Chickasha soil at targebisture content and each layer was
compacted to 3 mm. The geotextile specimen washathto a custom-made clamp
mounted on the test box and was embedded 40 mdeittse test cell. A U-shape metal
spacer was used to maintain a gap within the pulstat to prevent any frictional
contacts within the test cell frame during the puilprocess. The top half of the box

was filled with 4 more layers of clay, each compddb 3 mm thickness.

Figure 3.10. Small-scale pullout tests in Chickasbil using a DST machine
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3.2.2. Interface Shear Tests

A series of interface shear tests was carried authe HP370 woven geotextile with
Chickasha soil at different moisture content valtesietermine the Chickasha soil-
geotextile interface properties (interface adhesiod friction angle). Filler aluminum
panels were placed in the bottom half of the te#itic the DST machine. A geotextile
specimen was attached to an aluminum panel and@lae the top in the bottom half of
the test cell. The top half of the test cell wdkedi with four layers of Chickasha soil

each of which was 3 mm thick after compaction.
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CHAPTER 4

REDUCED-SCALE REINFORCED EMBANKMENT TESTS

A significant amount of soil (on the order of 5 aulyards) from the Chickasha
highway slope failure site (Figure 3.1) was requifer the reduced-scale embankment
tests. Obviously, it was not feasible to collectls@amount of soil at the Chickasha
highway embankment site. Therefore, the Web Soil/&u (WSS) online utility was
used and four alternative sources of soil nearGhiekasha site were identified that
indicated properties similar to those of the emipaerkt soil. A trip was made to the
area near the Chickasha highway embankment sithédyesearch group and met up
with Dr. Jim Nevels to inspect the sites closelyg gake some soil samples. The soil that
was used originally in the construction of the enkmaent is categorized as McLain
Series which is primarily a thick layer of siltyagl material (weathered loamy
alluvium). The locations where the soil samplesenteken are marked with red stars in
Figure 4.1. These areas are located on U.S. RAut 6ross section numbers 2770,
2780, 2790 and 2800. The soil samples were tal@n ttepths between 170 mm and
1270 mm below the ground surface and were transghad the soils laboratory at OU

for testing and classification.
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Figure 4.1. Soil sampling locations on U.S. RoweGhickasha, OK; (a) Cross section
2770, (b) Cross section 2780, and (c) Cross sexf@A0 and 2800

Physical and mechanical soil property tests wergethout on the soil samples taken
from the four candidate cross sections identifiearnthe borrow source locations in
Chickasha (i.e. CS 2770, 2780, 2790 and 2800) merge¢ accordance with ASTM
D1140 and ASTM D422 to determine the soil gradatamd fines content. The
laboratory test results showed that the liquid tlighiL), plastic limit (PL) and the
plasticity index (PI) values of the soil located @6 2780 (i.e. 39, 22 and 17,
respectively) were comparable with those of theckdsha soil at the roadway
embankment site (i.e. LL=38, PL=20 and PI1=18). Fegd.2 shows the gradation curves
from sieve analysis and hydrometer tests for the ssomples taken from different

depths at the CS 2780 location. The soil from blmsow source is classified as CL and
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A-6 according to the Unified Soil Classification ssgm (USCS) and AASHTO,
respectively, which is the same as the soil from fiilure site. Table 4.1 shows a
comparison of the soil properties for the sampbenfiICS 2780 as compared to those of

the Chickasha soil at the failed embankment site.
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Figure 4.2. Gradation curves for the soil sampddéen from CS 2780 (different depths)
as compared to that of the Chickasha soil (failethankment slope used in
pullout and interface tests). Note: The verticalken line shows the location
of #200 sieve.
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Table 4.1. Properties of the soil sample taken f@& 2780 as compared to those of
the original Chickasha soil

Property Chickasha soll CS 2780
Liquid Limit (%) 38 39
Plastic Limit (%) 20 22
Plasticity Index (%) 18 17
Sand (%) 10.6 4.8

Silt (%) 49.4 69.2
Clay (%) 40 26
Maximum Dry Unit Weight, kN/ni 17.3 18.8
Optimum Moisture Content (%) 18 14.9
Cohesion at OMC-2%, OMC and OMC+2% 42.6, 29.3, 33.1, 20.7,
(kPa) 20.4 15.9
Friction angle at OMC-2%, OMC and 29.6, 27.3, 35.3, 34.2,
OMC+2% (°) 27.1 34.0

Figure 4.3 shows the SWCC for the test soil (frowea €S2780 borrow source) that was
obtained through WP4 tests as compared to thenatidi.e. failed embankment)
Chickasha soil. A modified proctor test was carrieat on the CS 2780 soil to
determine the values of its maximum dry unit weightl optimum moisture content

(Figure 4.4).
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Figure 4.3SWCC for the test soil using WP4 Potentiometeraaspared to the original
soil from a failed embankment in Chickasha, OK. &dRed dashed lines
show the OMC-2% and OMC+2% lines for the test soil

The woven polypropylene (PP) geotextile, Mirafi HB5was used as the single-layer
reinforcement in the embankment models. Table dr@pares the properties of HP370,
used in the earlier study by Hatami et al. (20bd HP570, used in this study, and

their interface with CS 2780 lean clay.
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Table 4.2. Comparison of HP370 and HP570 geo&egtibperties

Property ASTM Unit Maximum average Roll
test Value
method HP370Y HP570
MD MD
Tensile strength (at ultimate) D4595 KN/m 52.5 70
Tensile strength (at 5% strength  D4595 KN/m 21.9 35.0
Factory seam strength D4884 KN/m 24.6 43.8
Permeability D4491 cm/sec 0.05 0.05
Permittivity D4491 sec 0.52 0.4
Apparent opening size (AOS) D4751 mm 0.6 0.6
Soil-geotextile interface property
Interface adhesion at D5321 kPa 17.9,12.4, 13.0,11.9,
OMC-2%, OMC and OMC+2% 11.7 10.1
Interface friction angle at D5321 ®) 27.8,24.9, 13.2,12.8,
OMC-2%, OMC and OMC+2% 21.8 12.4

“The results of reduced-scale embankment tests WRB70 are reported in a recent
study by Hatami et al. (2014)
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Figure 4.4. Compaction test results for clay (€& 2780) as compared to the original
Chickasha soil

55



The model embankments were constructed and sueltaag tested at three different

GWC values equal to OMC-2%, OMC and OMC+2% (Tab®).4

Table 4.3. Test information for reduced-scale @icdd embankments

Test information

Sall Silty clay
Geosynthetic reinforcement Mirafi HP370 and HP570, woven PP
Moisture content OMC-2%, OMC, OMC+2%

4.1. Test Equipment

A 2000 mm (L)x 750 mm (W)x 1200 mm (H) portable embankment test box with an
integrated loading frame was fabricated for théstearried out in this study. In this
configuration, the self-reacting loading frame loé test station was mounted on the test
box itself as opposed to the strong floor (Figur®).4A main advantage of this design
was that the test station would not be restricte@ry particular location within the
laboratory where a strong floor would have to bailable. In addition, the loading
frame was designed so that it could be mountedhertdp of the test box at several
designated locations to allow for flexibility insténg scenarios in the current and future
projects. The sidewalls of the test box were limeth of 30-mm-thick polycarbonate
glass panels so that the embankment deformatioduding the formation of slip
plane) could be monitored and measured. The stdeintis and the thickness of the
polycarbonate glass panels were designed so taaidbwalls of the text box would be

essentially rigid when the embankment models webgested to surcharge loading.
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Figure 4.5. Test box and self-reacting loading fafabricated for the reduced-scale
reinforced embankment tests

42. Test Procedure
4.2.1. Processing of the Soil

After the soil was transported from the borrow $iteCS 2780, Chickasha OK to the
Fears lab at OU, the silty clay soil was air drigad broken into small pieces.
Afterwards, the soil was passed through a #4 siesieg a Royer shredder and sifter
machine (Figure 4.6). Next, the soil was mixed withter to reach the target GWC
value for each test (Figure 4.7a). The wet soil stased in one hundred and forty (140)

25kg-buckets and was sealed for more than 24 htoureach moisture equilibrium
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(Figure 4.7b). The soil gravimetric water conteB¥C) in each bucket was measured

using the oven drying method. The above procedaerepeated for every test.

Figure 4.6. Soil processing for reduced-scale efiant tests using a crusher-sifter
machine
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Figure 4.7. (a) Mixing of soil to reach target gragtric water content, (b) Sealed
buckets containing processed soil before conshgctithe model
embankment in the test box
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4.2.2. Construction of Embankment M odels

The model embankments were designed with a fadiogesof 69.5 degrees from
horizontal. This was the steepest slope that cbaldsed in the category of reinforced
soil slopes (e.g. Berg et al 2009) to instigatgdardeformations in the models in order
to be able to detect differences in the performaméaifferent models for the available
loading capacity of the test equipment. Before tocsing the model embankments in
the test box, its side walls were lined with thiear sheets of plexiglass to protect the
polycarbonate glass panels against scratches dadilgplacement and compaction.
Next, the soil was placed and compacted in theltestin five 100-mm lifts followed
by nine 50-mm lifts. Preliminary testing and nuroatisimulation had indicated that the
geometry of the failure plane would be containedhini the upper half of the
embankment models which would also exhibit sigaifity larger deformation as
compared to its lower region (Appendix I). Thisoaled the bottom half of the
embankment models to be constructed with larges id expedite the otherwise time-
consuming construction process without adverselgaicting the performance of the
model embankments relative to the study objectifé® soil was compacted to 85%
and 95% of its maximum dry unit weight (ijgumax = 18.8 kN/n) within the 100-mm
and 50-mm lifts, respectively. The compaction facle layer took approximately 2
hours. The instrumented geotextile layer was plaebdut 180 mm below the
embankment surface. The embankments were not nteabe reinforced models.
Rather, they provided a single-reinforced soil masserify or modify MRF values

from earlier interface tests in an embankment cpmétion
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The test box containing compacted soil at its taggavimetric water content was
sealed with plastic sheets on the top for a fewsdaytil the moisture and suction
sensors inside the embankment reached equilibritmtiweir surrounding soil. Figure
4.8a shows covering the embankment with plastietstiering construction to preserve
its moisture content. Afterwards, the facing slopas trimmed to complete the

construction stage before the model was subjeotedrcharge loading (Figure 4.8b).

Figure 4.8. (a) Sealing of model embankments dudogstruction to preserve their
water content, (b) Trimming slope of the model enMmaent before
applying the footing loading on the top
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4.2.3. Loading of Model Embankments and Dismantling of the Test Setup

The loading phase of the embankment tests typidaldk between 6 and 10 hours
depending on the gravimetric water content of tdankment soil. The strip footing
was placed on the embankment 320 mm away fromrtiiEekment crest. The bottom
of the footing was covered with sandpaper to siteuka rough counterface (e.g. a
concrete bridge abutment). A 22-ton, 150-mm stroleraulic cylinder (Enerpac
Model 506) was used to apply a vertical line loademnbankment via the strip footing.
It was made sure that the hydraulic cylinder waacedl precisely at the center of
footing and the reaction beam to avoid unexpedtedgt of the strip footing (Figure
4.9). The vertical load was applied statically #0Xkg increments after it was observed
at each load step that the rate of footing settigrhad been reduced to less than 0.05
mm/min following the application of the load. Theading continued until a clear and
continuous failure surface was started from thedbihe embankment and extended to

the slope.

Figure 4.9. Placing the hydraulic cylinder at tleater of footing and reaction beam in
embankment tests
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After the test was completed and the embankmemédfaithe test assembly was
carefully dismantled. First, the surcharge assemidg removed from the top of the
box and the soil in failure zone was carefully esatad out of the box. It typically took
between 8 and 10 hours to carefully dig the emstieout of the test box and remove all
the sensors buried within the embankment. Altogetlae complete test required
approximately 65 to 70 hours of hands-on operaticluding processing and mixing of
the soil, construction and instrumentation of thedel embankment in the test box, 36
to 48 hours as equilibrium time for moisture andtgun sensors and 8 to10 hours to run

the surcharge loading test.
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CHAPTERS

FULL-SCALE REINFORCED EMBANKMENT TEST

The experience with Chickasha clay in the pulloud eeduced-scale embankment tests
(Chapters 3 and 4) indicated that its mixing, pssagg and compaction for large-scale
experiments would be time-consuming and therefoneuld not be a practical soil for
the significantly larger outdoor test. Additionalthe soil becomes stiff at lower water
contents resulting in reduced influence of reinéonent on the embankment behavior.
Therefore, it was decided to look for a more sugabarginal soil in the Norman-OKC
area to study the soil-reinforcement interface grenfince. After communications with
selected ODOT field offices and local contractors,source of soil was identified from
excavations in a recently completed 1-35/Main Stile&rchange project in Norman,
OK. Several samples were brought to the OU Solisritory and tested to determine
the soil gradation, Atterberg limits, Proctor corofpan curve and suction values at
different gravimetric water contents (GWC). The i) Limit (LL), Plastic Limit (PL)
and Plasticity Index (Pl) of the soil samples wévand to be 18.3, 16.7 and 1.6,
respectively. The target range of Pl values fouiable range of matric suction and
plastic behavior was between 4 and 10. Thereforeas decided to mix the soil sample
with a high-grade sodium bentonite (SUPER GEL-Xptoduce a soil mix with desired
ranges of matric suction and plasticity index. $avportions of SUPER GEL-X were
blended with the soil sample and it was eventudéitermined that a mixture of 98%
soil and 2% SUPER GEL-X would produce a desired withh Pl = 7.8 and 500-900

kPa of suction for the GWC values within the rabgéveen 8.1% and 12.1%.
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Subsequently, 40 cubic meters of the soil fromltB&/Main St. project and twenty five
22-kg bags of SUPER GEL-X were obtained and trartegdo the Fears laboratory to

prepare and process for the large-scale embankesr(fFigure 5.1).

Test box

Shed for DAS and instrumentation .l'

S ‘o \

Figure 5.1. Soil deposit at Fear laboratory fol-fdale reinforced embankment tests

A series of sieve analysis, hydrometer tests andifiad proctor tests were conducted
on the blended soil with 2% SUPER GEL-X and thailtssare shown in Figure 5.2.
The solil is classified as SC according to the @difSoil Classification System (USCS)

and its physical and mechanical properties are sanmed in Table 5.1.
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Figure 5.2 (a) Gradation curve from sieve analgsid hydrometer tests on sand, (b)
Maximum dry unit weight and OMC of sand from moedi proctor test.
Note: Dashed line in ‘a’ indicates the locatiorSeéve# 4.
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Table 5.1. Physical and mechanical properties efided sand-SUPER GEL-X used in

this study
Property
Liquid Limit (%) 24.7
Plastic Limit (%) 16.9
Plasticity Index (%) 7.8
Specific Gravity 2.65
Gravel (%) 36.2
Sand (%) 37.1
Silt (%) 21.7
Clay (%) 5
Maximum Dry Unit Weight, kN/nt 20.6
Optimum Moisture Content (%) 10.1
Cohesion at OMC-2% and OMC+2% (kPa) 12.2, 10.8
Friction angle at OMC-2% and OMC+2% (°) 37.5,34.3

The full-scale reinforced embankment was constouatéh the HP370 geotextile as the
reinforcement layers. The properties of HP370 wogeotextile is shown in Table 3.3.
The model embankment was constructed and surchaaddested at GWC value equal

to OMC-2%.

5.1. Test Box

Different design alternatives were initially expgdrfor the full-scale test unit including
a steel test box, an embankment pit and a reindocmncrete test box which was
selected as the final design alternative (Appendix This selection was made
considering the project needs (e.g. to minimizeoxeétion tolerance of the testing

unit) and value as a long-term investment for faitprojects. The reinforced concrete
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design alternative of the outdoor testing unit iiaslized for this study and it was
designed by Dr. Ramseyer, P.E. (Director of ther$~€aboratory) as shown in Figure
5.3. The nominal dimensions of the test box ame®) x 3 m (W) x 2.8 m (H). All the
walls are 0.3-m thick with the exception of the iwavhich the base plates are mounted
to, which are 0.45-m thick. The loading frame wasunted on the test box together
with two 180-ton hydraulic cylinders purchased fr&merpac company (Figure 5.3a).
The access earth ramp also was built to facilita¢etransportation of processed soil to

the test box for embankment construction (Figudbpb.

(@)
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(b)

Figure 5.3. Test box and loading frame fabricated the full-scale reinforced
embankment tests; (a) Mounting the loading frame) Ramp for
transporting soil to the test box using front loade

5.2. Test Procedure

After the soil was transported from 135-main inteange project, Norman OK to the
Fears lab at OU, the required clayey sand for etwoylifts was spread on the ground
and 5 samples were taken from the bottom, top addlenof the soil to determine the

initial GWC values. 2% of SUPER GEL-X and watersvealded to the sand and mixed
using a tiller at the back of tractor to reachtdrget GWC value (i.e. OMC-2%). Then,
the moisture samples were taken from the prepasiédoscheck how close the GWC

was to the target value (i.e. 8.1%). Figure 5.4nghthe procedure of preparing the soil

to be placed in the test box in the next day.
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Figure 5.4. Preparing the soil for full-scale enlbaant test constructed at OMC-2%:
(a) Taking GWC sample for oven-drying method, (ki ik the soil with
SUPER GEL-X and water, (c) Covering the mixed stwl reach
equilibrium before placing inside the test box

5.2.1. Construction of Embankment M odédl

Before constructing the embankment model in theles, its side walls were painted
to possibly reduce the friction between concreté soil embankment during the test.
The soil was placed and compacted in the test btaven (11) 150-mm lifts and to
the target value of 95% of its maximum dry unit gigi (i.e.yq = 20.6 kN/nj). The

compaction of each layer was conducted using aa@bipneumatic rammer (Model

9662) and stayed consistent throughout the embamikfRgure 5.5).
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(b)

Figure 5.5. (a) Placement of the soil in the test, Ijb) Compaction of the prepared soill
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The embankment was reinforced with four (4) laydrmstrumented geotextile with the
uniform spacing of 300 mm. Compaction of eachidagek approximately 45 minutes
and oven-drying method, tube sampling and rubb#dodra method (ASTM D2167)
was used to determine the as-compacted GWC andmiryveight/compaction degree
of each lift at seven (7) different locations (Figtb.6). Figure 5.6a shows the geogrid
used as a reference point to take consistent sagnpli over the embankment. The
compacted soil inside the test box was covered aviteavy duty tarp every day before

leaving the site to preserve moisture content efsthil (Figure 5.7).

(@)
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(b)

Figure 5.6. (a) Location of moisture and densitysies in each compacted lift using a
reference grid, (b) Tube sampling for density measent, (c) Rubber
balloon method for density measurement. Note: Allehsions in (a) are in

mm-.
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Figure 5.7. Covering the embankment with tarp afabtie sheet to avoid losing
moisture content and reach moisture equilibrium

After the embankment was fully constructed, thenfgslope was trimmed to complete

the construction stage before the model was swdgdot surcharge loading. Then, eight
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(8) 25-mm square plates were installed into the arkiment’'s facing as the reference

points to monitor the slope deformation during ltheeding stage (Figure 5.8).

600 mm

Pl
Reference square plates

?

LWIN|0I 39UsIoPY

(b)

Figure 5.8. (a) Trimming the embankment’s faciig,l(ocations of reference plates on
the slope
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5.2.2. Loading of Embankment

The location of loading beam was first leveled e £mbankment to prevent its
possible rotation during loading. Then, the beans weoved to the test box using a
forklift and it was placed on the embankment & 8tm away from the crest (Figure
5.9). The load cells were calibrated and placetherioading beam and were tied to the
reaction beam using two long chains to keep thenplace after the embankment
failed. The surcharge load on embankment was appiging two 200-ton, 300-mm
stroke hydraulic cylinder (Enerpac Model CLRG-20Pp1&hd an Enerpac Pump
Electric, Model ZU4420SB, was used to apply théistaad (Figure 5.10). The loading
stage continued until a clear and continuous siffase was started from the top of the

embankment and extended to the slope.

(@)
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(b)

()

Figure 5.9. Preparing loading beam for the tegtLéveling off under the beam, (b)
Moving the beam to the test box using forklift, el Location of loading
beam from the embankment crest
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Figure 5.10. Hydraulic cylinders and load cellsdut® embankment test
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CHAPTER 6

INSTRUMENTATION

In this study, several different sensors were stidaind examined to find suitable
methods for measurement of soil suction, gravirmetvater content, earth pressure,

embankment deformation and geotextile strain asritesl in the following sections:

6.1. Suction Sensors

6.1.1. Fredlund Sensors

The thermal conductivity of a porous medium incesawith its moisture content. The
thermal conductivity of a standard porous (e.gaweec) block in equilibrium with the

surrounding soil can be used to measure the meistontent of the ceramic block,
which in turn, is dependent on the matric suctibmhe surrounding soil (Perera et al.
2004). The concept described above makes it pesdibl calibrate the thermal

conductivity of Fredlund sensors against the matiction in the surrounding soil.

Samples of the Chickasha soil (refer to Table 8risbil properties) were placed and
compacted in a test bucket to examine the perfocsanh our three available Fredlund
thermal sensors in measuring soil suction (Fredktral. 2000, Perera et al. 2004). Five
tests were carried out using these sensors. For teat; the bucket was filled with a
sample of Chickasha soil in three lifts which weagnpacted to 95% of its maximum

dry unit weight similar to the target compactiomdkin the pullout tests. Once each lift
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was compacted, a cylindrical core was excavatedinvihe soil to place the Fredlund

sensor. The soil was then backfilled around themeand compacted (Figure 6.1).

Figure 6.1. Fredlund sensors placed in a calibmatiacket to measure matric suction of
the Chickasha soll

The positions of the three sensors in the bucleseanhematically shown in Figure 6.2
After taking suction readings and finishing eacst,teoil samples were taken from the
areas around each sensor to measure their mointent. The waiting time between
consecutive readings for sensors was 24 hoursuiitggte with the surrounding soil.
This procedure was repeated on the soil placechénbiucket at different moisture
content values. The resulting Soil Water CharastieriCurves (SWCC) from Fredlund

sensors are plotted in Figure 6.3.
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Figure 6.2. Schematic cutaway section indicatirgy ltcations of Fredlund sensors in

the calibration bucket
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Figure 6.3. Soil suction versus GWC for Chickasbih fsom Fredlund sensors. Note:
The vertical lines indicate the mean values of measGWC in each test.
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The data in Figure 6.3 show a reasonable trenddxfation in the soil suction at higher
moisture contents. However, the scatter in datsigsificant. Moreover, the range of
suction values is significantly lower than whaeigected for Chickasha soil (i.e. on the
order of 1000 kPa on the dry side of optimum) aasueed using WP4 equipment (see
section 6.1.4). A possible reason for the abovetsbimings is that the Fredlund sensors
need to be in complete contact with the backfiil &ofunction properly. Extra care was
taken to compact the soil as best as possible drithvnsensors after they were placed in
the cavities in the calibration bucket. Howevere da the small amount of soil that
needed to be compacted and space limitations arthendensors, achieving proper
compaction without disturbing the intact soil arduhe hole proved to be challenging.
Results in Figure 6.3 indicate that readings froese sensors could be very sensitive to
the placement procedure. Therefore, it was dedidesgtarch for other suction/moisture

sensors for this study.

6.1.2. PST 55 Psychrometers

PST 55 is an in-situ psychrometer which can measniteéotal suctions up to 5000 kPa.
Under vapor equilibrium conditions, water potenbéits porous cup is directly related
to the vapor pressure of the surrounding air. Tisns that the soil water potential is
determined by measuring the relative humidity af thhamber inside the porous cup
(Campbell et al. 1971). PST 55 psychrometers arehnsmaller than Fredlund sensors
and are commonly used in geotechnical researcle@mjPST 55 Psychrometer sensors

can lose their factory calibration over time. THere, in this study they were calibrated
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using a 1000 mmol/kg NaCl solution before usingrihe the large-scale pullout tests.

Figure 6.4 shows a snapshot of the calibrationpsatul procedure for these sensors.

@) (b)

Figure 6.4. (a) A PST 55 sensor submerged in NaCitisn; (b) Sensor calibration
setup

The data logger shown in Figure 6.4b was useddad tkee water potential of the NacCl
solution samples, and the ice chest provided araibed temperature and moisture
environment for the calibration of the sensors. $hasors were submerged in NacCl
solutions and kept in the ice chest for about 2r&ido reach equilibrium (Wescor Inc.
2001). Then, each sensor was connected to théadgar (one at a time) and the water
potential of the control NaCl solution was readnitrovolts(uV). Four Psychrometer

sensors were calibrated to be utilized in thisytud
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6.1.3. Filter Paper

In-contact and non-contact filter paper techniqaes used to measure the soil matric
and total suction values, respectively. In the ontact filter paper technique, water
content of the initially dry filter paper increasése to a flow of water in liquid form
from the soil to the filter paper until the two necdome into equilibrium with each
other. After equilibrium is established, the watentent of the filter paper is measured.
Then, by using the appropriate filter paper catibracurve, the soil matric suction is
estimated. In the non-contact technique, the dtgrfpaper is suspended above a soil
specimen in a sealed container for water vaporlibgum between the filter paper and
the soil specimen at a constant temperature. Thervgpace above the soil specimen
acts as a true semi-permeable membrane whichygenineable to water vapor but not
to ions from the pore-water. The separation betwherfilter paper and the soil by a
vapor barrier limits water exchange to the vapoasghonly and prevents solute
movement. Therefore, in this technique, the totattisn is measured. After
equilibrium, the filter paper is removed and watentent of the filter paper determined
as quickly as possible. Then, by using the appatpfilter paper calibration curve, the

soil total suction is estimated (Pan et al. 2010).

Chickasha soil samples were prepared at OMC-2%Cavi@+2% moisture contents to
predict maximum and minimum suction levels in ouflqut tests (See Table 3.1 for
soil properties). The filter paper test method wsed as an alternative means to
measure the soil matric suction as per the ASTMI85P0 test standard (ASTM 2010).
Each soil sample was cut into two halves with smaairfaces. A circular piece of

Whatman filter paper with the diameter d = 42 mnsvpéaced between two larger
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papers (d = 55 mm). All three papers were sandwlidhetween the two soil halves
which were then taped together. The entire assemab/placed in a jar. To measure
total suction, a piece of geogrid was placed onttipeof the taped soil specimen and
two large filter papers were placed on the top. §kegrid provided a suitable and
convenient way to leave a small gap between thatursted soil sample and the filter
paper assembly. Next, the jar lid was put back rwoh labeled with the information on
the soil sample. The jar was placed in a well-iaged container for suction equilibrium
and its temperature was monitored and recorded. droicess was repeated for all other

samples (Table 6.1).

Table 6.1. Total suction in Chickasha soil frontefilpaper tests

Measured Suction OMC-2% OMC+2%
Top FP  Bottom FP Top FP Bottom FP
---------- —~ —~~ - —~~ —~~ —~~ —~ —~~
— N a9 — N
N—r N—r p— N—r N—r N—r p—
4 +— +— 4 +— +— 4 4
173} 7] 0 173} 7] 7] 173} 177}
Q O @ Q O O O O
= L, [ (.-
o o N To} o) 0
Log kPa N9 N O © © K ©
< < < ™ ™ ™ ™
: o S 9 o o o o o
Sucton(kPa) N &8 &8 N © © o
xQ - - ™~ © =2 528 3
NS N o N v N
) Q o
Ave. Suction (kPa) S S
X ©

Note: 'Two tests were carried out at each target moistargent (OMC-2% and
OMC+2%).® FP stands for Filter Paper
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According to Table 6.1, since the difference betwége two suction values in the
repeat trials of nominally identical samples islésan 0.5 Log kPa (ASTM D5298-10),
the results are acceptable and no results shoutlisbarded. Therefore, the mean value
of total suction for each of the OMC-2% and OMC+28éses for the Chickasha solil is

given in the last row of Table 6.1. Results of Eabl1 are plotted in Figure 6.5.
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<
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< 15000 -
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°
|_
5000 -
0 T T T T
13 15 21 23

17 19
GWC (%)
Figure 6.5. Variation of GWC and total suction @hickasha soil from filter paper tests

Although the results irfFigure 6.6 show a reasonable trend of lower tasatien at
higher moisture content values, the measured vaftigstal suction for Chickasha soil
are significantly higher than what is expected @&&tion 6.1.4). There are three critical
parameters that must be considered in order teeaehieasonable results from filter
paper tests. First, this test method requires &emely clean lab environment. Second,
the test should be carried out at constant temyrerand relative humidity. Third, the

weights of the filter papers need to be measuredadiately after the samples reach
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equilibrium. Failure to adhere to any one of thesgquirements could result in

significant errors in the measured results.
6.1.4. WP4 Potentiometer

The WP4 equipment measures the soil total suctioronsists of a sealed block
chamber equipped with a sample cup, a mirror, a gemt sensor, a temperature
sensor, an infrared thermometer and a fan (Figuie Bhe soil sample is placed in the
sample cup and brought to vapor equilibrium with #ir in the headspace of the sealed
block chamber. At equilibrium, the water potentékhe air in the chamber is the same
as the water potential or suction of the soil sampg?lease refer to chapters 3 through 5

for SWCC of soils tested in this study using WP4.

________ 1
_ Function keys :

[

1

1

1
Y EE

1

Prepared soil :
sample :

]z -wed-t@

OrereLOoan
-~

Sample

Figure 6.6. WP4 Water Potentiometer equipment &oihples in sealed cups are shown
in the inset)

The WP4 samples are placed in sealed disposabse(Eigure 6.6). Before testing each
soil sample using WP4, a salt solution of knownewrabtential (0.5 molal KCl in D)

is used to calibrate the WP4 sensor. For eachttessample is placed inside the WP4
sample drawer and is allowed to reach temperatquélilerium with the equipment
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internal chamber. Then, the knob on the tray isddrto the “READ” position to read
the water potential of the soil sample. The maglataf the soil total suction is recorded

once the displayed reading stabilized at a constoe.

Based on previous experience with different metrafddetermining the soil suction as
described earlier in this section, psychrometersevieund to be the most suitable for
in-situ testing and WP4 as the most suitable laboysequipment to determine the soil

suction in this study.

6.2. Soil Moisture Sensors

The capabilities of several different sensors wetamined to measure GWC in the
embankment soil based on the past experience laypwnd interface shear tests and
the available literature. Example sensors surveyetie literature included models 5-
TE, EC-5, 10-HS, 5-TM, Hydra probe, SM-300 and &hptobe. Major factors that
were the focus of this study included the sensog, sineasuring range, precision and
cost. The objective was to look for the smallesitsse that would operate over a wide
range of GWC values and would be suitable for diffé types of soils. Based on the
specifications and capabilities reported in therdéiture and prior experience, the EC-5
sensors were chosen to measure the GWC in the &mbkahmodels. EC-5 sensors are
capable of continuous reading of the soil volunsetvater content which is related to
the GWC through the following relationship:

0,=w X Z—i (6.1)

Where:
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8,: Volumetric water content (VWC)

w: GWC

pa: Dry density of the soll

pw: Density of water

The EC-5 sensors were installed in the vicinitytied soil-reinforcement interface to
monitor changes in the soil GWC value in that phrthe embankment models before,
during and after each test. Also, HS2P moisturesaefrom Campbell Scientific was
utilized as a quick method for measurement of V\WGQuil-scale embankment models

to verify the readings obtained from EC-5 sensors.

6.3. Earth Pressure Cells (EPC) and Tactile Sensors

Earth pressure cells (EPC) (i.e. Geokon model 4&0d Model 4810) were used to

measure the vertical and lateral earth pressumdeirthe embankment models and to
verify surcharge loading in pullout box. In additito the EPC, 40-mm.-diameter free-
form tactile pressure sensors (TPS, Sensor Pro@)20&re used to measure earth
pressure at various locations in the reduced-smaleankment models. The flexibility

and small surface area of the tactile pressureosengere advantageous in that these
attributes helped minimize the influence of thdiygical presence on the initiation and
growth of the failure surface in the embankment el®during the embankment models

surcharge loading tests. Tactile sensors were fdonte impractical in full-scale
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embankment tests due to the larger size and angjudgue of soil particles and this fact

that the sensors might be torn during compacti@hleading.

6.4. Piezometers and Glass Beads

Piezometers were installed within the embankmemdaitor any possible excess pore
water pressure due to loading. Due to their conmipaty large size, the piezometers
were placed horizontally (Myers and Scofield 2004.)sufficient distances from the
loading beam inside the embankments so that theydwaot interfere with the stress
distribution and embankment deformation duringshecharge loading stage of the test
(Figure 6.7). 10-mm.-diameter glass beads were afsnl inside the embankment

models to monitor the internal movements of the @mkiment soil.

FeH
W
R4

A N

3

Figure 6.7. Piezometer placed in th& #ift of the model embankment to measure
possible changes in the soil pore water pressure
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6.5. Wire Potentiometers (WPT) and Linear Variable Differential
Transformers (LVDT)

Celesco PT101 cable extension position transdyeers potentiometers) were used to
determine the geotextile strains. The PT101 traresdhas a precision potentiometric
output with a range of 0 to 10 inches and an acgush up to 0.1% of full scale. Wire

potentiometers were also installed on the striptifigoin embankment models to

monitor the footing settlement while loading thebamkment until failure.

The deformation of the embankment along its fa@ng top surface was monitored
and measured using LVDTs (Figure 6.8). AdditionsDTs were used to measure the

lateral deformation of the test box to check thamsyetric behavior of the test setup.

Figure 6.8. LVDT used to measure facing deformatibreduced-scale embankments
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6.6. I nstrumentation Plan

6.6.1. Large-ScalePullout Tests

A set of PST 55 Psychrometer sensors was placeowa above and below the soil-
geotextile interface to measure the soil suctiod aristure content near the soil-

reinforcement interface (Figure 6.9).

The geotextile strains and local displacements wegasured using four (4) wire-line
extensometers attached to different locations aliwegreinforcement length (Figure
6.11a). A Geokon Earth Pressure Cell (EPC) was tsegrify the magnitude of the

overburden pressure applied on the soil-geotekititierface using the airbag that was

placed on the top of the soil (Figure 6.10Db).

Sandto level EPC Airbag

N

«—
Soil — Plastic sheet
Y

Timber

\ _
4 Teee=ei \ Styrofoam
/

460 mm Geotextile

A

Figure 6.9. Schematic diagram of the large-scalloyutest box setup (not to scale).
Notes: Y Black and white circles represent the location®8T-55 sensors
and soil samples for the WP4 sensor, respecti{@ljhe distance between
the sensors and the interface is 25 rfiithe sleeves above and below the
geotextile layer are 200 mm wide
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#4,L= 559 mm

51 mm
#3,L=432 mm

76 mm
#2,L= 305 mm

64 mm

Pullout Direction phEs e mm

(@)

(b)
Figure 6.10 (a) Wire-line extensometers attachethéogeotextile reinforcement (the
numbers in the figure indicate the extensometerbminand distance from

the tail end of the geotextile); (b) Earth presstet placed on the top of the
soil in the pullout test box

6.6.2. Reduced-Scale Embankments

Figure 6.11 shows the schematic diagram of theumsntation plan for the reduced-
scale embankment tests. Most sensors were plate ap half of embankments and

around geotextile layer to better monitor the geibtextile interface behavior.
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v 164 22

H =915 mm H = 960 mm
(b)

Figure 6.11. Instrumentation plan for reduced-scalaforced embankment tests; (a)
cross sectional view, (b) plan view. Not¢* numbers in bracket in (a)
indicate the numbers of each sensors used in eat/tH, V, P and C in
(a) stand for “horizontal”, “vertical’, “plan view’and “cross-sectional
view”. @ The distances between WP #1-WP #2 and WHRWV#5#6 are 65
mm and those between all other WPs are 90 fHirdatum for the reported
elevations is the bottom of the test b&% All dimensions are in “mm”®
Dimensions and locations of sensors are not irescal

6.6.3. Full-Scale Embankments

Three (3) EPC sensors and three (3) LVDTs were irséitk full-scale embankments
to measure the vertical pressure within the emba&mitrand to monitor the vertical

deformation of embankment surface near loading beaspectively. The locations of

EPCs were determined based on our initial numesicalilations and they were placed
around the presumed failure wedge to give us tpeogpiate vertical pressure on each
reinforcement layer for MRF calculation. Sixtee®)YWPTs were attached to four (4)
layers of reinforcements to measure the local d@hent and strain of geotextil

strips. Two WPTSs also were used to measure thenfpsettlement (Figure 6.12).
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(b)

Figure 6.12. (a) WPTs installed at the back oftdst box to measure geotextile local
displacements, (b) WPT used for footing settlenmedsurements
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Nine (9) EC-5 sensors were placed near the sotegéte interfaces to monitor the
GWC during construction and while loading. The rdake deformations of
embankment’s facing were monitored using obsermatinethod by installing

references square plates over the height of theaekmbent. Figure 6.13 shows the

details and location of sensors used for this test.
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Figure 6.13. Instrumentation plan for full-scalénferced embankment test; Noté*
All dimensions are in “mm”,® Length of reinforcement layers
throughout the embankment is uniform and equal5001mm,® WPs

were attached at an equal distance over the lefgthch reinforcement,
® Dimensions and locations of sensors are not ilesca
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CHAPTER 7

LABORATORY RESULTSOF PULLOUT AND INTERFACE

SHEAR TESTS

7.1. Large-ScalePullout Tests

7.1.1. Water Content and Suction

Figures 7.1 and 7.2 show distributions of the @WC and suction in each layer for the
large-scale pullout tests carried out at differ&@MVC under 50 kPa overburden
pressure. The mean and Coefficient of Variation \{t®alues for these parameters
were calculated for the fifth layer (lift) in theulpout box (i.e. for the soil layer in

contact with the geotextile reinforcement) to exaanihe proximity of their as-placed

and target values.
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Figure 7.1. Distributions of soil GWC with depthpallout box for different pullout test
cases. Note$? One soil sample was taken from each bucket tdte&WC
value;® The number of soil samples from each soil lifthie pullout box is
given in Table 7.3 (caption The horizontal line indicates the target GWC
for each test cas&’ The vertical dashed line shows the location ofsibie
geotextile interfaces® The mean and COV values reported in the legends
are calculated for the fifth layer (i.e. soil-gedtke interface) data only.
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Figure 7.2.Distributions of the soil suction with depth in tpallout box from WP4 at
different GWC. The number of soil samples from eadi lift in the
pullout box is reported in Table 7.3.

Table 7.1 shows the mean and COV values for the GWCsuction in the fifth layer in
large-scale pullout tests. The accuracy of the sodtion values from the PST-55
psychrometers was also examined by comparing thiémtiae readings from the WP4
potentiometer as shown in Table 7.2. The GWC amticgu COV values for all test
cases as given in Figures 7 and 8 and Table 7.avarall reasonable and indicate that
the soil moisture condition was fairly uniform acahsistent throughout the large-scale

test models.
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Table 7.1. Mean and COV values for the GWC andiauch the fifth layer (in contact
with geotextile) in large-scale pullout tests

Mean¥ COVp Meanw COVw)

Targetw (%) o, (kPa)
(kPa) (%) (%) (%)
10 1236 7.3 15.7 1.5
20 1196 5.9 15.8 1.1

16 (OMC-2%)

50 1125 3.4 16.0 0.7
10 513 5.7 18.5 0.9
18 (OMC) 20 570 6.7 18.1 1.1
50 590 8.2 18.0 1.5
10 304 11.2 20.1 1.8
20 (OMC+2%) 20 352 9.9 19.6 1.6
50 298 11.0 20.1 1.7

Table 7.2. Comparison of suction values in Chickagoil as measured using
psychrometers (in-situ) and WP4 (offsite equipment)

MeanV¥ (kPa) MeanV¥ (kPa)

Targeto (%) o, (kPa) wp4® PST-55%
10 1243 921
16 (OM-2%) 20 1200 906
50 1135 910
10 520 488
18 (OMC) 20 570 520
50 580 543
10 311 303
20 (OMC+2%) 20 360 335
50 282 310

Notes: ") Mean values were calculated using four undisturbeaiples from the fifth
layer (in contact with geotextile) for each pullaest;® Mean values were determined
using three PST-55 psychrometers placed in the didil layer.
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7.1.2. Reinforcement Strain and | nterface Strength

Figure 7.3 shows the strain distributions over lérggth of geotextile reinforcement at
maximum pullout force based on the extensometellteesThe strain near the front end
of the geotextile reinforcement was calculated hptsacting the displacements
measured at the location of Extensometer 1 froraehmeasured at the front end of the
geotextile exiting the soil. The displacements ta front end were determined by
subtracting the calculated elongation of the ingortion of the geotextile specimen

from the actuator displacement. Results in Figuri@ indicate that strains in the

geotextile reinforcement are greater at higher lmwelen pressures and lower GWC

values (i.e. higher soil suction).
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Figure 7.3. Axial strain distributions in geotegtiteinforcement subjected to pullout
load from large-scale pullout tests on Chickashkatdalifferent GWC and
overburden pressure values.

Figures 7.4 shows the pullout test data and restllitsterface shear strengtt) for the

Chickasha soil for different magnitudes of GWC andrburden pressure. Theralues

were calculated by dividing the pullout force faach case by the in-soil area of the

geotextile specimen (i.e. two times the geotexiiea). The target GWC values in the

pullout tests include OMC-2% (16%), OMC (18%) anflO+2% (20%) (see Table 3.1

and 3.2). In Figures 7.4a-c, the measured pullotdef is plotted as a function of the

actuator displacement. Results shown in Figure qudntify the increase in the

reinforcement pullout resistance in Chickasha wilh overburden pressure for a given

GWC value. It should be noted that for the testOMIC-2% subjected to 50 kPa
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overburden pressure (Figure 7.4a) it was found ttatgeotextile had been ruptured
before pullout. Therefore, the pullout force atuse was estimated using the trends in
the corresponding test data at OMC and OMC+2%.xp&&ed, increasing suction led
to a higher maximum reinforcement pullout resistanc otherwise identical test
specimens (Figures 7.4d and 7.4e). Results showagimre 7.4dndicate that apparent
adhesion increases at lower GWC due to higherauclihis observation is consistent
with those reported by Khoury et al. (2011) fronetgan-controlled interface testing of

fine-grained soil specimens.
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Figure 7.4. Pullout test data and interface stiemgsults from large-scale pullout tests

for Chickasha soil at different GWC values: (a)d@@d-displacement data;
(d) failure envelopes for the soil-geotextile ifidee on frontal plane; (e)
failure envelopes for soil-geotextile interface lateral plane. Note: in (a),
dashed line indicates the estimated pullout failure
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Results shown in Figure 7.4a-d represent the flaiéaes of extended Mohr-Coulomb
failure envelopes for the soil-geotextile interfatedifferent GWC and suction values.
These failure envelopes can be considered to hetigally linear for all GWC cases
examined. The interface strength results, i.e.vilees for the slope (tasl) and the
intercept (g) of the failure envelopes on these frontal plasmessummarized in Table
7.3. Abu-Farsakh et al. (2007) studied the effé¢the GWC on the interaction between
three cohesive soils and a woven geotextile retefment material. They found that an
increase in the molding GWC of the soil from 24%38% caused 43% reduction in the
interface shear resistance. The data summarizédbte 7.3 are overall consistent with
Abu-Farsakh et al.’s observations. For instance pililout resistance (Pat OMC+2%

is between 17% and 35% lower than the correspondihge at OMC-2% depending on
the overburden pressure. A smaller confining pressesulted in a greater reduction in

pullout resistance for a given increase in the GYIIC value.

Table 7.3. Interface strength properties fromeasgale pullout tests in Chickasha soil

Ta(r%tm o (kPa) '\Qoe/:;{‘l? Qf;j;(‘g P(kNIm) (£ 8() (kCI;aa)
10 160 1153 206 243

16 (OMC-2%) 20 16,0 1151 348 285 17.3 21.6
50 16.0 1135 452 371
10 18.3 550 248 203

18 (OMC) 20 18.2 566 207 244 154 181
50 18.1 576 387 317
. 10 20.3 286 101 157

20 20.0 312 288 236 147 153
(OMC+2%) 50 20.2 290 338 277

Notes:™” Mean values were calculated using 45 GWC sampiesdch pullout test (5
samples from each of the nine 2-inch soil lif®)Mean values were determined from
SWCC for Chickasha soil based on GWC values detenfor each test (i.e. 45 data
points).
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Results in Figure 7.4e show the failure envelopethe three-dimensional extended
Mohr-Coulomb failure surface on the lateral plaoethe soil-geotextile interface as a
function of the soil suction. The line interceptasiope represent the effective adhesion
at zero overburden pressukg, € 0 kPa) and interface friction angle with respect
suction ¢?), respectively. The data shown in Figure 7.4edatdi that the interface
friction angle with respect to suction for the (K@sha soil-geotextile tested is
negligible (it is less than’1note the significantly different scales of theihontal and
vertical axes in the figure). These results indicttat as the overburden pressure
increases, interface adhesion and consequentlyintegace shear strength increases.
The extended Mohr-Coulomb envelope in Figure 7.6wshthe variation of the
interface shear strength) {vith the values of soil suction and overburdesspure at the
soil-reinforcement interface. Taken together, #mults based on the description of soil
shear strength using two stress state variabkess@il suction and net normal stress) as
presented in Figures 7.4 and 7.5 and Table 7.3iragood agreement with those

reported by Hatami et al. (2010a) and Khoury ef24111) on other marginal soils.
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Figure 7.5. Extended Mohr-Coulomb envelope frorgdascale pullout tests

Table 7.4 shows F (Equation 1.1) values calculated from all largalsqullout tests
in Chickasha soil. Example calculations éoaccording to the FHWA guidelines (Berg
et. al. 2009) are shown in Figure 7.6. Based onitersection of the horizontal
asymptote with the y-axis, the design valuedorfrom pullout tests in Chickasha soil
was found to be 0.8igure 7.6e). This value of indicates a fairly extensible geotextile
material and a linear strain distribution alongléagth. It is also comparable to the
value reported by Hatami et al. (2010a) for theesgeotextile material tested in Minco
silt (i.e.a = 0.59) and the value = 0.6 recommended by FHWA for geotextiles (Berg

et al. 2009). F* values were calculated using Equat.1.
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Table 7.4. Calculated valuesaf from large-scale pullout tests in Chickasha soil

Targeto (%)  on(kPa) P (kN/m) T (kPa) aF*
10 29.6 24.3 2.43
20 34.8 28.5 1.43
16 (OMC-2%)
50 45.2 37.1 0.74
10 24.8 20.3 2.04
20 29.7 24.4 1.22
18 (OMC)
50 38.7 31.7 0.64
10 19.1 15.7 1.57
20 28.8 23.6 1.18
20 (OMC+2%)
50 33.8 27.7 0.56
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Figure 7.6. Pullout parameters for HP370 geotextiben large-scale pullout tests at
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7.2. Small-Scale Pullout Tests

Figure 7.7 shows the plots of pullout force veraagiator displacement for the small-
scale pullout tests in Chickasha soil. Soil-gedkexinterface strength properties

obtained from the small-scale tests are summaiiz&dble 7.5.

The pullout test results given in Table 7.5 anduFég7.7 show a clear influence of the
soil overburden pressure and GWC on the soil-géitdanterface strength and pullout
resistance. It is observed that the pullout formraases with overburden pressure. The
interface adhesion contributing to the geotextiléqut resistance decreases by 31% as
the soil GWC increases from OMC-2% to OMC+2ZPhe interface friction angle also
decreases by 40% from OMC-2% to OMC+ZPhese results are consistent with those

obtained by the authors in a previous study on biitt (Hatami et al. 2010a,b).
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Figure 7.7. Pullout test data and interface sttengisults from small-scale tests on
Chickasha soil and comparison of failure envelopms soil-geotextile
interface at different GWC: (a)-(c) load-displacernedata; (d) failure
envelopes on frontal plane; (e) failure envelopaslaieral plane. Note:
suction values were calculated from the SWCC.
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Table 7.5. Interface strength properties from stsedile pullout tests

Targeto (%) o, (kPa) o (%) Y (kPa) 1 (kPa) & (©) Ca(kPa)
10 16.3 1036 56.5
20 15.9 1164 76.3 30.2 56.7
16(OMC-2%)
50 16.0 1131 83.8
10 17.8 633 46.8
20 17.9 613 53.9 23.8 43.5
18 (OMC)
50 18.3 538 65.2
10 20.0 310 40.6
20 19.9 320 475 18.1 38.9
20 (OMC+2%)
50 19.8 331 54.7

Note: Suction values were calculated from the SWCC.

Results in Figures 7.7d and4d indicate that the interface adhesion from both kmal
scale and large-scale pullout tests depends osdh&WC and it is consistently larger
for greater soil suction values (i.e. lower GWChe$e results also indicate that the
magnitudes of soil-geotextile interface adhesioomfrsmall-scale pullout tests are
greater than those from the corresponding largkegeats. This could be attributed to
the smaller size and greater boundary effects ensthall-scale tests. Consequently, a
calibration (or scale) factor needs to be deterthiaed applied to the small-scale test

results before they can be used for practical epptins.

The data in Figure 7.7e indicate that the interfgbear strength increases with
overburden pressure as a result of increase irffasgeadhesion £§. The results shown
in Figure 7.7e indicate that the interface frictimmgle with respect to suctig®) for

the Chickasha soil-geotextile tested is less than 2
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7.3. Small-Scalelnterface Shear Tests

Figure 7.8 shows the Mohr-Coulomb envelopes frotarface shear tests at different
GWC values. The results show that the soil-gedeextiterface strength increases
consistently with the overburden pressure and thighsoil matric suction. According to
Figure 7.8a, the interface friction angle was foumdiecrease by 15% from OMC-2%
to OMC+2%. Results in Figure 7.8b indicate that theerface friction angle with
respect to matric suction on the lateral planess than 1°, which is consistent with the
data from large-scale pullout tests (Figure 10e@uie 7.9 shows the extended Mohr-
Coulomb envelopes from small-scale pullout andrfate shear tests. The plots of
Mohr-Coulomb envelopes in Figure 7.9 show thatatikesion values calculated from
pullout tests are greater which could be attributedhis fact that, in pullout tests, as
opposed to the interface shear tests, the geaeésttretched during the test. This could
result in the enlargement of the geotextile openigich, in turn, could allow the fine-
grained soil to penetrate into the plane of thetgdide. Similar to geogrids but at a
smaller scale, the soil within the openings of femtextile subjected to overburden
pressure could exhibit some passive resistancastgaie pullout force which could be
responsible for the larger adhesion intercept ithabserved for the pullout test results
as compared to the interface shear data. Tablantd@-igure 7.10 summarize the data

from all laboratory tests carried out in this study
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Table 7.6. Summary of the results from all pullant interface tests performed in this

study
Large-scale Small-scale
Type of test Interface shear
pullout pullout
Targeto (%) on(kPa) & (°) Ca(kPa) 6 (°) Ca(kPa) & () Ca(kPa)
10
20 173 216 302 567 21.0 348
16(OMC-2%)
50
10
20 154 18.1 23.8 43.5 20.0 27.0
18 (OMC)
50
10
20 20 14.7 15.3 18.1 38.9 18.0 21.2
(OMC+2%) 50
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CHAPTER 8

LABORATORY RESULTSOF REDUCED-SCALE EMBANKMENT

TESTS

8.1. Soil Gravimetric Water Content and Suction

During construction of each embankment model, GWAlluer of each soil lift was
determined by taking 6 soil samples while compactising oven drying method
(ASTM 2216-10). In addition, random soils samplegavtaken (on the order of 3 from
the surface of the solil after each 2-3 layers heshltompacted) to measure their GWC
values and make sure that the loss of soil watetecd as a result of the compaction
procedure was negligible. Figure 8.1 shows theridigions of soil GWC within the
embankment for all test cases carried out in thidys The results are compared with
the GWC values obtained from the SWCC (Figure 4r8) PST-55 psychrometers to

examine how close the as-placed values were ttatget values.
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Figure 8.1. GWC data within the embankment modeadsstucted with HP570
geotextile reinforcement from oven-drying method d anPST-55
psychrometers; (a) Test case at OMC-2%, (b) Tes¢ e OMC and (c)
Test case at OMC+2%. Noté¥Red dashed line shows the target GWC
value, @ Six (6) samples were taken from each layer to deter an

average GWC value before compactiGhThree (3) random samples were
taken immediately after compaction of 2-3 layergmbankment

The EC-5 sensors also were used to monitor thensaér content in the embankments
before and after the tests. However, they were asbd at the end of construction to
find out when the water content in the embankméattikzed before the embankment
could be loaded (Figure 8.2). Figure 8.3 showgdthta from EC-5 sensors versus time,
which indicate that the GWC within the embankmeatl bbeen stabilized before the

loading tests started.
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Figure 8.2. Placement of the sensors before copaaf the layer
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Figure 8.3. Average GWC data from EC-5 sensors; @&)C-2%, (b) OMC, (c)
OMC+2%. Note: The vertical and horizontal linesiaade the time when the
loading started and target GWC, respectively.

130



The results in Figure 8.3 show that the soil watamntent in the model embankments

remained essentially constant for nearly all calsggg construction and after loading.

8.2. Load- Settlement Data

Figure 8.4shows the load-settlement data for all three emip@mk tests built with

HP570 geotexile reinforcement as compared to thha tam HP370 (Hatami et al.
2014; Chan, E., 2014). The measured compressi@hifoplotted as a function of the
strip footing settlement. Failure loads of the endment models at OMC, OMC+2%
for HP370 and OMC-2%, OMC and OMC+2% for HP570 wdetermined using

tangent intersection method (TIM, e.g. Phoon anth&wuy 2008) as shown in Figure
8.4 for the test case at OMC+2% constructed witlBHPgeotextile reinforcement
(Table 8.1). Results in Figure 8.4 and Table shitw consistently higher footing
bearing capacity in the soil at OMC-2% as compdeethe values in the OMC and
OMC+2% cases. As expected, increasing suctiondedhigher soil bearing capacity in
otherwise identical embankment models and the hgacapacity of embankment
constructed at OMC+2% and reinforced with HP370 BEiftb70 woven geotextile is

40% and 33% lower than that of compacted at OMC+2%pectively.
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Table 8.1. Maximum and failure footing load for eankment models constructed at
different GWC

GWC Embankment with HP370 (Hatami

et al. 2014; Chan, E., 2014) Embankment with HP570
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Figure 8.5a indicates that the maximum displaceroétite test box’s wall for the test
case at OMC-2% constructed with HP370 is negligibk20.4 mm) and validate the
assumption of rigid side boundaries for the teBhe results in Figure 8.5a also show
that the test box performed almost symmetricallylevtests since the values recorded
by LVDTs 1 and 2 are close to each other (The wiffee between LVDT 1 and 2 is

less than 0.1 mm, depending on the test cases).

Figures 8.5b and Figure 8.6 show the displacemahieg for the surface of the
embankment in the vicinity of the footing and tlaeihg while the embankments were
loaded. Results in Figures 8.blulicate that the soil at the back of footing whex®T

3 was installed settled before the failure readmedmbankment and started to dilate

around the ultimate load (Hatami et al. 2014; Clt&an2014).
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LVDT 4 was used to record the crest vertical movetme the model embankments.
LVDT 4 results in Figure 8.5b indicate that the emkment crest started to heave once
the embankment was subjected to the vertical lgpdirthe strip footing 370 mm away
from the crest. The heaving continued throughbettest but started to reverse into
settlement when the embankment approached failarall embankment models, the
failure wedge developed immediately below LVDTs id a7 except in the model
reinforced with HP570 built at OMC-2% in which ti&lure occurred immediately
above LVDT 6. In all tests, no detectable movemerese observed in the coordinates

of the glass beads that were embedded in the em@artknodels.

The readings from the EPC sensors are shown inrésg8.7 and 8.8. Boussinesq
method (Budhu 2000) was used to compare theorgiredlictions of the vertical and
horizontal incremental stresses within the embamkrdee to a line loading (as given in
Equations 8.1 and 8.2yith the measured values. With X, Y and Z reprdsgnthe
directions along the running length, width and Hept the model embankments,
respectively, the incremental vertical stress agbil is given by:

3
Ao, = —212 (8.1)
(x2+z2)

Where:

Ao,. Increase in vertical stress
q: Vertical line load, Ib/in

z, X. Vertical and horizontal distance between the pthatstress should be calculated
and center of line load

2g9
Ao 1z

Y T n(2+22) (8.2)

Where:
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A g, Increase in horizontal stress

I: Soil Poisson’s ratio
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Figure 8.7. Comparison of measured and theorgpialicted incremental stresses due
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Figure 8.8. Comparison of the measured and theatgiredicted (Boussinesq method)
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model embankments reinforced with HP570: (a) OMC-gétformed on
11/04/2013, (b) OMC performed on 12/12/2013 anii @MC+2%
performed on 09/18/2013

Results shown in Figures 8.7 and 8.8 indicate ttieatertical pressures predicted from

the Boussinesq equation are greater than the nezhsatues in almost all test cases

shown which could be partly attributed to this fd@t in contrast to the embankment
configuration in the current tests, the Boussinesihod assumes a line load on an
elastic and isotropic half space. Another possieéson for the smaller measured earth
pressures as compared to the theoretical valui® ixfluence of sidewall boundaries
in a limited-width test box. The frictional boundzs invariably present between the
embankment soil and the sidewalls transfer a poricthe surcharge load to the walls,

resulting in reduced pressures at larger depthsoagared to the theoretical values

derived for infinitely wide models. Figure 8.9 shewmcremental vertical stresses (i.e.
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due to footing load only) inside the embankmentl dalure as recorded by the tactile

SEensors.
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Figure 8.9. History of incremental earth pressumnethe model embankment subjected
to footing loading constructed with HP570 at OMC-Z3%rformed on




Figure 8.10 shows the pore pressure data measwetivd piezometers in the
embankment constructed with HP370. The resultsigure 8.10a indicate that no
positive pore water pressure was developed in tiee ohodel constructed at OMC-2%
throughout the testing period. The data for the ehethbankment at OMC consistently
show slightly greater positive pore pressure valtisvever, their magnitudes remain
practically negligible throughout the testing petidrherefore, piezometers were not

used for the second series of embankment testeresd with HP570 geotextile.
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Figure 8.10. Changes in pore water pressure asrdettoby piezometers during
surcharge loading (Hatami et al. 2014; Chan, E1420(a) OMC-2%
performed on 04/04/2013, (b) OMC performed on RAQ13
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8.3. Strain Distributions

Geotextile strains and local displacements weresored using six (6) wire-line
extensometers attached to different locations aliwegreinforcement length (Figure
8.11). The failure wedge in all six embankment niedested involved a bilinear slip
plane that originated from the upstream side offtieting beam on the surface of the
embankment and was intercepted by the reinforcetagat, forming a two-part wedge
sliding block bracketed by the slip plane and thankment facing (Figures 8.12 and
8.13). In Figure 8.12, s and Ls indicate the length of soil which sheared overdbi¢

and geotextile reinforcement, respectively.

Figure 8.11. Wire-line extensometers attached weytile reinforcement to measure
geotextile strains

Figure 8.12 shows the failure wedges formed atetit of the surcharge loading stage
for the six test cases (i.e. HP370 and HP570 resafoent at OMC-2%, OMC and
OMC+2%). The data shown for each test case aremim@n values of failure plane

geometries that were traced near both sidewalteeotest box and at the center of the
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model (i.e. mean value of three curves along timming length of the slope). It can be
observed that in all three embankment models, thmapy failure wedge was
intercepted by, and slid over the geotextile layerthe model reinforced with HP370
geotextile and tested at OMC-2%, an additionalfailwedge was observed above the
geotextile layer (Failure plane #1 in Figure 12d dj) Another failure was observed at
the bottom of the facing in the same model embamikmeénich is consistent with
significantly larger displacement readings recortbgdLVDT #8 (Figure 8.5c). After
failure had occurred, the loading assembly was vethoThen, excavation started by
carefully removing the soil of the failure wedgd$ie plexiglass sidewalls helped to
trace the failure wedges so that the excavationga®does not produce any additional
cracks beyond the failure wedges. Figure 8.13b shtber embankment after the failure
wedge had been excavated. The geometry of thedalladges was measured, recorded
and plotted in Figure 12. In all the test cases,félure wedges formed at the back of
the footing and propagated until they intercepted geotextile reinforcement and
continued along the soil-geotextile interface agposyed to penetrate through the
geotextile. Since there was relatively negligidle.(almost zero) movement recorded
by WP 6 (tail-end), the failures were defined aopmbination of soil shearing and soil-
geotextile interface shearing (i.e. without pullofigeotextile). These phenomena could
be caused by the size of the embankment modelr¢ideiced-scale). Thus, the footing

ultimate bearing capacity was not large enougteteegate pullout failure.
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Figure 8.12. Failure planes observed in model ekiants; (a)-(b) Comparison of
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Figure 8.13. Failure wedge in the tested model ekants; (a) Front view of the
displaced soil block in the test case at OMC, @}iBlly excavated failure
wedge for embankment at OMC-2%.
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Figure 8.14 shows strain distributions over thegtbrof the geotextile reinforcement at
the maximum vertical load on the strip footing. Resin Figure 8.14 indicate that the
strains in both geotextile reinforcements are great higher matric suction and lower

gravimetric water content due to greater interfstcength properties in a drier soil.
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Figure 8.14. Strain distributions in the geotextéaforcement at different model
embankments
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CHAPTER 9

RESULTSOF FULL-SCALE REINFORCED EMBANKMENT
TEST AND SLOPE STABILITY ANALYSIS

9.1. Gravimetric Water Content (GWC) and Density of the Embankment Soil

GWC value of each solil lift was measured duringstarction, immediately after

compaction and before placing the following lift taking 7 soil samples from each lift
using the oven drying method (ASTM 2216-10). Figlre shows the distributions of
the soil water content within the large-scale modeibankment as measured at

locations #1 through #7 (Figure 5.7a).
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Figure 9.1. Distribution of GWC within the embankmhenodel, (a) Immediately after
compaction of each lift, (b) Before placing next.liNote: Horizontal
dashed line indicates target GWC value.

Nine (9) EC-5 sensors were also used to monitor gbié water content in the
embankment during construction and surcharge lgadiigure 9.2 shows the data from
the EC-5 sensors which indicates that the GWC withe embankment was practically

stable and uniform before the loading phase started
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Figure 9.2. Average GWC data from EC-5 sensorkandrge-scale model embankment
constructed at OMC-2%; (a) Construction and loaditages, (b) Loading
stage only performed on 10/18/2014. Note: The e&rtind horizontal lines
indicate the time when the loading started and tdrget GWC value,
respectively.
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Results in Figure 9.2 show that the GWC value m itiodel embankment remained

essentially constant during construction and adiding.

Figure 9.3 shows the variation in the soil denaitg degree of compaction throughout
the embankment using brass tube and rubber baftehods at locations #1 through
#7 as shown in Figure 5.6a. Care was taken to congaech lift with equal amount of
energy (i.e. equal passes of compactor equipmiiotiever, measured values for the
degree of compaction in Figure 9.3 indicate tha degree of compaction over the
entire embankment varied between 85% and 89% (akpndensities between 1750
and 1840 kg/r) respectively). Apart from the natural spatial iafion of density
throughout the embankment, the observed differesmdd partly be attributed to

possible disturbance of the local soil during sanapl
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Figure 9.3. Density data in the model embankmeet abmpaction of each lift
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9.2. Load-Settlement and EPC Data

Figure 9.4shows the load-settlement data for the model enthank constructed at
OMC-2%. Results indicate that the reinforced embaetkt showed an essentially linear
response up to a total load of 140 kN (285 kPdlpvu@d by a nonlinear performance

up to a failure load of 220 kN (450 kPa).
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Figure 9.4. Load-settlement response of the lacgéesreinforced model embankment
constructed at OMC-2%

Figure 9.5 shows the measured (EPC) and predicteds€ yz) earth pressure values
within the embankment during the construction amdtsarge loading stages. Results in
Figure 9.5a indicate that measured earth pressural three locations/elevation were

significantly greater than the corresponding thecaévalues. Additionally, the vertical
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pressures did not increase linearly with the nundbdifts placed during construction.
These observed differences could be attributedheéarifluences of factors such as the
weight and dynamic loading of compaction equipngerd construction crew during the
construction activity, which resulted in lockedstresses. It is also observed that the
differences between the measured and predictetalegtarth pressures at all locations
shown in Figure 9.5a are more significant earliedaring the construction period and
decrease toward the end of construction. This caratlributed to the fact that the
influence of construction activity on each EPC diisined as more layers of soil were
placed over each sensor during construction. Theesored vertical earth pressure at the
bottom of the embankment from EPC #1 was 38 kPamwisionly 20% greater than the
corresponding theoretical value. Results in Figlu®a also show that the maximum
difference in vertical earth pressure at the enccafstruction due to construction
activity was recorded by EPC #2 which is approxeha#d0% of the measured total
earth pressure value. Results shown in Figure fh8igate that maximum recorded
earth pressure at failure at mid-height of the sI¢gPC #3) is 35 kPa, which is

approximately 75% of the values measured by EP&wdl#2.
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Figure 9.5. Earth pressure data in the model resatbembankment constructed at
OMC-2%, (a) During construction, (b) During suraipatoading
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9.3.  Embankment Defor mation

Deformation of embankment near footing was measusedg LVDTs at 3 different
locations as shown in Figure 6.14a. Figure 9.6 shaweasured settlements of the
embankment top surface during surcharge loadingsulRe indicate that the
embankment surface behind the footing (LVDT 2)lsdttonsistently throughout the
loading stage but started to dilate at load leaplsroaching the failure load. In contrast,
LVDT 1 results in Figure 9.6 indicate that the emiraent crest started to heave once
the embankment was subjected to the strip footwad.l The heaving continued
throughout the test but started to reverse intdleseént when the embankment
approached failure. The LVDT 3 data indicates ttte vertical displacement of
embankment surface just outside the reinforced {825 mm away from the footing
center) was negligible (less than 0.1 mm at failload). The LVDT results are

consistent with the data obtained from reducedesealbankment models (Figure 8.5b).

Heave
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o
S
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g o LVDT# 1
°
o
(T8 LVDT# 2
— | VDT# 3

-0.5 0.5 1 1.5 2
Displacement (mm)

Figure 9.6. Measured settlements of the embanktoprgurface near the footing during
surcharge loading
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Figure 9.7 shows the facing displacement of embamitrmodel constructed at OMC-
2%. Plates #1, 4, 5 and 8 are the bottom left, l&fp bottom right and top right
reference plates, respectively, as shown in Fig8bp and 6.14a. Two additional
plates were mounted at the crest level. Howevewy fbll off the embankment during
surcharge loading. Nevertheless, based on obsemgadiuring the loading stage and the
displacement data shown in Figure 9.7, the dispheces at the crest of the
embankment are expected to be very close to thessured using Plates #4 and #8.
Results in Figure 9.7 indicate that a significaotitontal displacement occurred in the
embankment slope 150 mm below the top (i"9.rdinforcement layer. The failed block
slid between 116 and 146 mm outward on tle geotextile layer as measured using
25- mm square reference plates on both (i.e. ladt right) sides of the slope facing

(Figure 5.8Db).
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Figure 9.7. Facing deformation of embankment coegtid at OMC-2% as measured
using reference plates, (a) Load-deformation da)aacing profile

94. Slip Surfaceand Strain in Geotextile Reinforcement Layers

Figure 9.8 shows traced geometry of the slip pdumeng embankment excavation after
the end of the surcharge loading test. It canliseved that the failure wedge in the
reinforced mass originated from the back of thedilog beam on the surface of the
embankment and was intercepted by the t8) ¢éotextile layer and slid over the third

geotextile (Figure 9.8 and 9.9).
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Figure 9.8. Failure plane geometry as traced a#iezful excavation of the failed block
at the end of the test. Note: all dimensions arenm”.

159



nderneatH“égeotextrlé
Whlch sltd on theg relnforcement

()

160



Figure 9.9. Failure wedge for the embankment mtettked at OMC-2%; (a) Initiation
of slip plane on embankment surface, (b) Excavatad of failure wedge
above the fourth layer of geotextile, (c) Continomat of slip plane
underneath the fourth geotextile layer and (d) Eated part of slip plane
shown in “c” which slid over the third layer of gestile

At the end of test, the loading assembly was remh@red the construction equipment
was moved out of the test box. Afterwards, excawvasitarted by carefully removing the

soil within the failure wedge (Figure 9.10).

(@)
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(b)

Figure 9.10. (a) Moving construction equipment oluthe test box using a forklift, (b)
Digging the soil around sensors during the excanagphase after surcharge
loading was completed

Figure 9.11a shows local displacements of the toprth) geotextile layer and Figure
9.11b shows the corresponding strain distributiain&ilure load over the length of all
reinforcement layers. The results show that theetadl of geotextile (i.e. WP# 12)
moved about 5 mm and confirms that the failure kapd as a combination of soil
shearing, pullout of the top geotextile reinforcainand interface shearing between soil
and third geotextile. Results in Figure 9.11b shbat the top geotextile reinforcement
experienced a maximum strain of 2.4% at the frowat which decreased to 0.4% at its
tail end. The strain distributions for the top femsement layer which experienced

pullout are consistent with those from earlier éaggale pullout tests (Figure 7.3).
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Figure 9.11. Local displacement of the top (foughdtextile layer as measured using 5
wire potentiometers; Note: Black, red, green ang lhdicate the footprint
of the loading beam af%12" 3% and 4" geotextile elevations.
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9.5. Slope Stability Analysis

Slope stability analysis was carried out using FLBICOPE (ltasca 2005 and GSTABL
(Gregory Geotechnical Software 2003) to study ttadibty of large-scale reinforced
embankments in the outdoor testing program. Theaakinents were modeled at two
different GWC values of OMC-2% and OMC+2%. The Hsstor the embankment
constructed at OMC-2% were validated using theelacple outdoor test and ancillary
laboratory data (See chapters 5 and 9). The dtabflian otherwise identical reinforced
embankment constructed at OMC+2% was subsequergtiigied using the GSTABL

program.

9.5.1. Stability Analysisusing GSTABL

A series of slope stability analysis was carrietl with GSTABL using Janbu Method
of Slices in addition to the General Limit Equiliom (GLE) and Bishop methods. In
contrast to the GLE and Bishop methods which satisiment and force equilibriums
(the Bishop method does not satisfy horizontal doequilibrium), the Janbu method
does not satisfy moment equilibrium and only inesicequilibrium of vertical and
horizontal inter-slice forces. However, it was fduhat stability calculations using the
Janbu method were more reasonable and comparalte experimental data in this

study.

A series of reduced-scale pullout tests was camgdat different GWC values (i.e.
OMC-2% and OMC+2%) and overburden pressures (i0g. 7 and 100 kPa) to
determine the pullout capacity of the geotextilsfigcement per unit width (P at

different GWC values for GSTABL analysis. Table $dows the results of pullout
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tests on the soil that was used in the large-s@idorced embankment and HP370

geotextile reinforcement, and the corresponding MRIEesS.

Table 9.1 Reduced-scale pullout test data and M&#eg for the large-scale
reinforced embankment soil and HP370 geotextilefoecement at
different overburden pressures

Forcein reduced-scale pullout tests

Pr rs(KN/m)
Test Case Overburden Pressure, (kPa)
------------ 50 75 100
OMC-2% 0.9 1.4 1.8
MRF 0.77 0.78 0.78

Table 9.2 shows the input parameters used in th€ABE stability analysis. The
average vertical stress on each reinforcement lay¢ne laboratory failure load was
determined using Boussinesq method (Budhu 2000) teedR values were either
interpolated or extrapolated from the pullout testults. The Pvalues were determined
by prorating the reduced-scale pullout capacityueslPR s by the ratio k/Lp in the

form:

P =R rsx LJLp (9.2)

where L. and L, are the reinforcement embedment lengths in tHesfalle reinforced
embankment and in the reduced-scale pullout ted® rim; see Chapter 3),

respectively.
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Table 9.2. Input parameters used in the GSTABLIilgiahnalysis

Geotextile

1th 2t h 3th 4th

Soil | e
layer | layer | layer | layer

y (kN/m®) | 19.3

OMC-2% | c(kPa) | 12.2,| P, (kN/m) | 33.8 | 39.2 | 46.7 | 56.4
o (°) 375

y (kN/m® | 20

(1)
OMC+2% | ¢ (kPa) | 10.8, Pr (kN/m) 26.4 | 30.5| 36.4 440

o (°) 34.3

WP, values in the embankment at OMC+2% were calculagidg the following
equation: Pomc+2%= P omc-20¢MRF

9.5.2. Stability Analysisusing FLAC/SLOPE

The embankment model at OMC-2% was also analyz#d MLAC/Slope with input

parameters as given in Table 9.3.

Table 9.3. Input parameters foAE analysis

Soil Interface
¥y (KN/m°) 19.3
oMc-205 | ¢ (kPa) 12.2, ca(kPa) | 8.7,
¢ (°) 375 3 (%) 31.9
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9.6. Reaults

9.6.1. Embankment Model at OM C-2%

Figures 9.12a and b show the factor of safety awingtry of failure as obtained from
the GSTABL analysis after applying the observedeexpental failure pressure (i.e.
450 kPa). Results in Figure 9.12b indicate thatah@lytical slip plane intercepted the
top geotextile layer and slid over the third remsEment consistent with the
observations in the large-scale outdoor test (lEig@.8 and 9.9). Also, the factor of
safety obtained from GSTABL (i.e. FS= 1.086) issa@@ably close to unity, indicating

impending failure.

In order to quantify the effect of reinforcement tbe stability of the embankment, the
bearing capacity of unreinforced model for the sdawtor of safety of 1.086 was
analyzed and determined to be 127 kPa, which is 32#ller than the failure pressure

of the reinforced embankment (Figure 9.12c).
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Figure 9.13 shows the results of stability analyssing FLAC/Slope for the
embankment built at OMC-2%. The model reinforcedankment was subjected to the
actual experimental failure load, and the failuredge and factor of safety were

determined.

FLAC/SLOPE 5.00.346 - Itasca Consulting Group, Inc
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Figure 9.13. Slope stability analysis using FLAGIRE, (a) Embankment geometry
(b) Critical slip plane (FS= 1.24)

Results in Figure 9.13b indicate that the slip plamthe FLAC/SLOPE analysis was
formed above the top geotextile layer with the daatf safety of 1.24, which was
different from what was observed in the outdoot.t&herefore, it was decided to

analyze the stability of reinforced embankment nhadastructed at OMC+2% using

the GSTABL program.
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9.6.2. Embankment Moddl at OM C+2%

Figure 9.14 shows the predicted slip surface aotbfaf safety within the embankment
as it was subjected to the laboratory failure pressf 450 kPa. Results in Figure 9.14
indicate that the MRF value applied to the soiltgzble interface lowered the factor of
safety from 1.086 to 0.937 and show that the ema@nit constructed on wet side of
optimum would be unstable when subject to the fapfpressure of 450 kPa. Figure
9.15 shows that the surcharge load needed to thackame factor of safety obtained
for the OMC-2% model (i.e. FS= 1.086) for the caéeembankment constructed at
OMC+2% is 320 kPa. The results indicate that wHes interface strength of soil-

geotextile decrease by 22% (MRF= 0.78) as a resulivetting, the load bearing

capacity of the embankment decreases by 30% asarethpp the model constructed at

OMC-2%.

173



IZA’

Done

2.5

csTABL7 M
<>

T T T
Load Value
Ll 9400pd '
9,400 psf or 450 kPa
) |- U | 3
i1 3
......................... S R S o M eeemeeeeememeeememeseememeseememee e e meeseememesemesasmememasememaee]
1 ! H
25 15 10 125
GSTABL7 v.2 FSmin=0.937 [0.80.-1.20 |

Figure 9.14. Predicted slip plane and factor oétsafor the embankment model constructed at OMC+H2¥n GSTABL

analysis



G.T

T T T T

Load Value
Done| Ll gnops | ¥~

6,700 psf or 320 kPa)

X NSRRI S S — ARS—— A — 4

H H
—_————— . —— — — —— — — —%
1 1

. s s s ;
0 29 5 7.5 10 12.5
3.45,-1.99

GSTABL7 v.2 FSmin=1.086

csTABL7 M
-

Figure 9.15. Slip plane and bearing capacity ofdimdankment model constructed at OMC+2% from GST/ARBA&lysis to
reach the factor of safety equal to 1.086. Noteit¥tircles on the facing slope indicate the itidia points of
possible slip planes formed within the large-sestdankment in GSTABL model.



CHAPTER 10
IMPLICATIONS OF STUDY RESULTSTO DESIGN:
MOISTURE REDUCTION FACTOR

Figure 10.1 shows the variations @fw) for the Chickasha soil-woven geotextile
interface as a function of the soil GWC at diffaremerburden pressures from large-
scale and small-scale pullout tests and interfaearstests carried out in this study. In
the calculation ofi(w), the pullout resistance and/or interface stregth = OMC-2%

is taken as the reference value (Hatami et al. 2@)0

Results shown in Figure 10.1 indicate that consitvacof reinforced soil slopes and
embankments on the wet side of OMC or wetting efgbil-geotextile interface during
construction or service life of the reinforced sifucture (as compared to e.g., the case
of OMC-2%) could result in considerably lower puitoresistance of the geotextile
reinforcement. The calculated amounts of redudtianterface strength from OMC-2%
to OMC+2% as obtained from the large-scale andlIssoale test data are between 27%
to 36% depending on the test cases. Results shoviAigure 10.1 indicate that the
variation ofu(w) with the soil GWC could be approximated as linéar practical

purposes for the range of GWC values examinedisnstiady.
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Figure 10.1. Moisture reduction factor for the wowgeotextile in Chickasha soil: (a)
Large-scale pullout tests; (b) Small-scale pulltests; (c) Small-scale
interface shear tests

Based on the results of this study, the observidardawedges in all six reduced-scale
embankment test cases involved sliding a sheareck bdf soil over the geotextile
reinforcement with comparatively insignificant pudt behavior (Figure 8.12). Figure
10.2 shows theyw) values (i.e. MRF) for reduced-scale embankmestistealculated
from Equation 10.1. The,values in Equation 10.1 are determined using tiaréa

loads in Table 8.1.

[(Ca+0'7/1 tana)LIS]for each test case

Wo) = (10.1)

[(cqa+on tand)Lis| at omc—2%
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Where Ls is the shear length over the length of geotexéieforcement and is defined

in Figure 8.12ac, andé are interface shear strength parameters.
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Figure 10.2. Moisture reduction factors for the amitment models constructed with
HP370 and HP570 geotextile reinforcement

Results shown in Figure 10.2 for the model embamtsnéndicate that the moisture
reduction factors [MRF qi(o)] for the model embankments reinforced with HP370
and HP570 geotextile reinforcement for a changaensoil GWC value from OMC-2%
to OMC+2% are approximately 74% and 79%, respegtiveigure 10.3 shows the
variation of MRF with soil, geotextile and type tafst from current and recent studies

(Hatami et al. 2010a,b; 2013; Hatami et al. 201d @han, E. 2014)).
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CHAPTER 11
CONCLUSIONS AND RECOMMENDATIONS

11.1. Conclusions

The primary objective of this study was to devedomoisture reduction factor [MRF or
u(w)] for the pullout resistance and interface shéa@ngth of geotextile reinforcement
for the design of reinforced soil structures withrginal soils. Based on the results of
this study, the current FHWA design equation fa@is&nce of geotextile reinforcement
was modified to account for the influence of thergin@al soil moisture content on the
pullout resistance of geotextile in reinforced stiuctures. The MRF values indicated
to what extent the interface shear strength infeeted embankment models changed
from dry side of optimum moisture content to the gide. Based on the results of this

study the following conclusions are made:

1. Results from large-scale and small-scale testoingsotextile interfaces in this
study indicated that changes in the soil suctiash @RVC can have a significant
influence on the geotextile reinforcement pullagistance.

2. Results from large-scale pullout tests showed #tedin distribution in the
geotextile was nonuniform with the greatest valué@s front end and lowest in
its tail end. The same results also indicated dleatextile strains were greater in
dryer soil (e.g. OMC-2% as compared to OMC+2%) ahdigher overburden
pressures.

3. Pullout and interface shear tests carried out frdint scales showed that the

interface adhesion and, consequently, pullout gtrenof reinforcement
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increases with matric suction. Small-scale pull@sts indicated that interface
adhesion and friction angle values were 31% and 40fdller, respectively, in
specimens at OMC+2% as compared to those test@i@-2%. The interface
shear tests also indicated that the interfaceidricangle was 15% smaller in
specimens at OMC+2% as compared to those testeM@r2%.

. Small-scale pullout test results showed greateresidhs than those from
corresponding large-scale tests which could béated to the smaller size and
boundary effects.

. Adhesion values calculated from pullout tests wgreater than those from
interface shear tests, which could be attributeth&éopassive resistance of the
fine-grained soil which penetrated into the strettlyeotextile when subjected
to pullout force.

. The collective range of MRF values from all thelput and interface shear tests
in this study varied between 64 and 73% dependmghe soil GWC and the

scale and type of test.

. The results of embankment tests indicated that é¢h@gbankment model

constructed at OMC-2% resulted in the largest faiload when subjected to a

line surcharge load simulating loading from bridg@itments.

. Failure loads of model embankments constructed Wif#370 and HP570

geotextiles at OMC+2% were 40% and 33% smallereetsgely, than that of
the model compacted at OMC-2%.
. Earth pressures determined using the Boussinestothetverestimated the

measured values in the model embankment tests.ibRosgasons were

182



attributed to deviations in the geometry of the ankments and load transfer
through test box sidewalls from the assumptionthéBoussinesq’s theoretical

approach.

10. Strains in two similar geotextiles that were diffiet in their tensile strength and

tensile modulus values were consistently largedrier model embankments
with higher matric suction. The value of peak stnaieasured in the model that

was built with the stronger HP570 woven geotextl©MC-2% was 3.4%.

11.The MRF values for the case of OMC+2% (using the @R% case as

11.2.

baseline) for the embankment models constructeth WiP370 and HP570

geotextiles were 74% and 79%, respectively.

Recommendations for Future Work

The behavior of a marginal soil that is initialllaped and compacted at OMC
2% and wetted to OMC+2% is different from that bé tsame marginal soll
placed and compacted at OMC+2%. Therefore, it wiaddcomplementary to
this study to produce MRF values for soil-geotexifiterfaces that are initially
set up at OMC-2% and subsequently wetted to OMC,C®®% and beyond
(e.g. using an irrigation system in the test fagilio simulate field conditions.
Extend the results of this study to a larger raoig&WC values on the dry and
wet sides of optimum (i.e. OMCz4).

Extend the results of this study to different typégeotextiles (i.e. woven and
non-woven) to investigate the influence of reinGorent properties on the

moisture reduction factor.
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. Perform pullout and interface shear tests usin@ en3 x 30 cm DST machine to
include medium-scale test results in the datab&ddRF values produced in

this study.

. Study the influence of front boundary conditionsngsStyrofoam, cardboard

and rubber on the small-scale pullout test results.

. Investigate the influence of footing setback (fogtdistance from embankment
crest) and reinforcement design on the bearing aigpaf embankment and

MRF values.

. Perform embankment tests on various types of makgiils (i.e. silt and sand)
to determine the MRF values and compare them \wighdata from pullout/IST

on the same soil carried out in the author's recgotly to find how the

embankment geometry would influence the moistudeicgon factors.
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APPENDIX |

PRELIMINARY STABILITY ANALYSISFOR REDUCED-SCALE

AND LARGE-SCALE EMBANKMENT MODELS

Several preliminary slope stability analyses weaeried out using FLAC/Slope with

various types of loading, soil and interface prapsr slope angles and geotextile
locations to determine the location and geometrgritical failure plane. Figures A-1

and A-2 show sample initial models that were used design reduced-scale
embankments that were set up and tested in thdy.stu
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Figure A-1. Stability analysis of a 45° reducedlsaginforced embankment slope; (a)
Model at the end of construction, (b) Slip planeometry in the
embankment with cohesion = 10 kPa and friction @rgB0°, (c) Slip plane
geometry in the embankment with cohesion = 30 kféiafiaction angle = 5°
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Figure A-2. Stability analysis of a 69.5° reducedis reinforced embankment slope; (a)
Model at the end of construction, (b) Slip planeometry in the
embankment with cohesion = 20 kPa and friction argR7°
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Various test cases were also modeled for outdanforeed embankments to find the
appropriate height for the test box. The modelsewkiferent from one another in the
location of loading beam, geotextile arrangememsd geometry of embankment
(Figure A-3).
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Figure A-3. Stability analysis of a MSE wall and ankment models (cohesion = 60
kPa, friction angle = 25°); (a)-(b) MSE wall at teed of construction and
slip plane geometry (uniform vertical geotextilasipg = 150 mm), (c)-(f)
Embankment at the end of construction and slip eplggometry (non-
uniform vertical geotextile spacing: 100 mm at soy@ 850 mm at bottom),
(9)-(j) Embankment at the end of construction ahg plane geometry
(non-uniform vertical spacing = 100 mm at top af@ &m at bottom)
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At the beginning of the outdoor project, it wasided to design and build the test box
using steel frames which was changed to reinfoooettrete after more investigations.
Frame 3-D program was utilized to model and depigtiminary steel outdoor test box
(Figure A-4a) and its maximum deflection was fotodbe 1.7 mm (0.067 inch) (Figure
A-4b). Table A-1 summarizes the design output eflibx.
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Figure A-4. Modeling outdoor test box in Frame $idgram, (a) Box dimensions, (b)
Box deflections

Table A-1. Results of structural design for outdt@st box

M ember color/name Profile section

Red W 8x28

Green TS 6x6x5/16

Chromatic blue TS 8x8x5/16

Light blue W 8x31

Pink W 5x19

Reaction beam W 14x120

Frame columns Double C 15x50 + 4mm plate welded in

flange and 2 mm plate in web.
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